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Lipoxygenases 

General 

Lipoxygenases (LOXs) are non-heme, iron containing enzymes which can be found in both plant and 

animal kingdoms. Located in the cytosol or other organelles,[1] lipoxygenases catalyze the regio- and 

stereospecific insertion of oxygen (O2) into polyunsaturated fatty acids (PUFAs), such as arachidonic or 

linoleic acid, which contain a series of cis double bonds.[2] These molecules are essential fatty acids in 

humans and are formed from hydrolyzed membrane lipids by the cytosolic phospholipase A2 

(cPLA2).[3] These conversions result in hydroperoxy fatty acids, or eicosanoids, that are further 

metabolized into signaling compounds such as leukotrienes and lipoxins,[4–8] which play a regulatory 

role in several inflammatory and respiratory diseases. 

The LOX family is classified in ten types of regiospecific lipoxygenases, namely 5-, 8-, 9-, 10-, 11-, 12-, 

13-, 15-, fusion-, mini- and Mn-LOXs[8] but from all the existing lipoxygenases, four of them, namely 

5-, 8-, 12- and 15-LOX are found in mammals. The overall structure of the plant and animal 

lipoxygenases is similar but with low sequence similarity, around 25%.[9] However, human 5-, 12- and 

15-LOXs share a higher sequence similarity of 60%.[10] In general, mammalian lipoxygenases have a 

single-polypeptide-chain with a molecular mass of 75-81 kDa consisting of 662-711 amino acids.[2] 

These enzymes contain highly conserved domains and sequence motifs which are important both for 

the distinct structure of lipoxygenases and for the binding of a catalytic iron atom.[11] Lipoxygenases 

consist of a small N-terminal β-barrel domain and a large C-terminal subunit that harbours the 

catalytic non-heme iron. Based on available x-ray data, the N-terminal β-barrel domain seems to 

consist primarily of anti-parallel β-strands. The second part of the enzyme is the C-terminal domain 

and consists of 18 α-helices which interrupted by a small β-sheet subdomain.[12] It is tightly 

associated with the N-terminal domain through the aromatic amino acid, tyrosine, which located in 

the N-terminal domain. This is important for the stability of the protein and for its catalytic activity.[13] 

The C-terminal domain harbours the substrate-binding pocket and the catalytically active non-heme 

iron. The core of this domain is formed by two long helices which contain four of the five ligands of 

the ferrous atom. This iron in all LOX-isoforms is octahedrically coordinated by five amino acid side 

chains and a water or hydroxide ligand.[3,14] These five amino acids are four histidines and a C-

terminal isoleucine in rabbit 15-LOX. Other LOX proteins have three histidines and one asparagine or 

serine rather than four histidines. The substrate-binding pocket is a hydrophobic cavity which is 

accessible from the protein surface. Moreover, the geometry of the substrate binding pocket and the 

orientation of the substrate determine the positional specificity of oxygenation in the distinct 

isoforms. Even though these bits of information can help with unravelling the active site of the 

proteins, no full structure information is available yet. 
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Figure 1. The products from arachidonic acid after the reaction with different lipoxygenases. 

 

Radical mechanism of Lipoxygenases  

The metal in the catalytic center, is a single iron atom which interacts with the side chains of the 

surrounding amino acids and the carboxylic group of the C-terminus. With the aid of these ferrous, 

lipoxygenases are able to oxygenate their substrates through a radical reaction.[4,14] When a substrate 

is near to the iron atom, the reaction is initiated by a stereospecific hydrogen abstraction (Figure 2). 

This leads to a radical carbon with both the removed proton and the resulting electron is taking up 

by the iron atom. During this process, the non-heme iron is reduced to Fe2+. Then a radical 

rearrangement takes place to form a conjugated diene. When oxygen is inserted, it reacts with the 

radical carbon forming a peroxy radical. Subsequently, the last step, the radical reduction takes place. 

The peroxy radical is reduced by an electron from the ferrous to result in an anion which then it will 

be protonated to give the hydroperoxide. In this process, the iron atom is oxidized and turns into its 

active Fe3+ state to start the cycle again. The hydrogen abstraction and oxygen insertion occur 

antarafacially. In other words, it occurs from the opposite direction of the plane determined by the 

double bond system of the substrate. With the radical mechanism explained, there is however, no 

unifying mechanistic concept that explains the reaction specificity of all LOX isoforms.  
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Figure 2. The free radical mechanism of lipoxygenases. 

 

15-Lipoxygenase 

Human 15-LOX existing in two isoforms, namely 15-LOX-1 and 15-LOX-2.[15] 15-LOX-1, which is the 

main focus in this project, seems to prefer linoleic acid as its major substrate over arachidonic acid, 

[16–18] which is the major polyunsaturated fatty acid in human nutrition and diet.[19,20] This is quite 

remarkable since arachidonic acid is the major substrate for most other mammalian lipoxygenases. 

15-LOX-1 has a molecular mass of 74.804 Da and consists of 662 amino acids. Both isoforms of 

human 15-LOX are predominantly expressed in airway epithelial cells, reticulocytes, eosinophils, 

alveolar macrophages, mast cells and dendritic cells.[16,21–27] Certain interleukins have shown to induce 

the expression of 15-LOX in cultured mast cells, monocytes and epithelial cells.[27–29] These findings 

suggest that these cytokines may act as important physiological and pathophysiological regulators of 

15-LOX in vivo.[22] Being expressed in many immune cells found in the respiratory tract and in the 

skin, these enzymes have been implicated in several immune diseases.  

When arachidonic acid becomes available, 15-LOX converts this polyunsaturated fatty acid into 15S-

hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HPETE). This compound can be reduced to 

15(S)-HETE[25,30–32] and eventually to 15-oxo-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-OxoETE).[33] Some 

studies suggest that these molecules are involved in cancer. For example, 15(S)-HPETE and 15(S)-

HETE have been shown to inhibit chronic myeloid leukemia cells by inducing apoptosis.[34] Therefore, 
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it is suggested that 15-LOX might have anti-carcinogenic effects. 15(S)-HPETE is also metabolized into 

lipoxins or eoxins. 5-LOX is able to convert 15(S)-HPETE to 5S,6S,15S-epoxytetraene which then can 

be further metabolized in lipoxins A4 (LXA4), lipoxins B4 (LXB4) and Lipoxin C4 (LXC4) by LXA4 

hydrolase, LXB4 hydrolase and GSH-transferase, respectively. From LXC4, lipoxin D4 (LXD4) and 

lipoxin E4 (LXD4) are produced by γ-glutamyl transferase and dipeptidase respectively. Aside from 

lipoxins, eoxins, first referred as 14,15-leukotrienes,[22] can be produced by further conversion of 

15(S)-HPETE by 15-LOX itself to eoxin A4 (EXA4).[21,22,30,31] To produce the other eoxins EXC4, EXD4 

and EXE4, a chain reaction with EXA4 as the starting molecule occurs.[21,22,35] While lipoxins are anti-

inflammatory, eoxins have shown to be pro-inflammatory mediators. Having similar actions as 

leukotrienes, they may be implicated in several respiratory diseases such as asthma, COPD and 

chronic bronchitis. In addition, they may play a role in atherosclerosis, rhinitis and in certain types of 

cancer like Hodgkin’s disease.[21,22,35] In conclusion, 15-LOX is responsible for the biosynthesis of 

lipoxins and eoxins which are anti-inflammatory and pro-inflammatory mediators, respectively. 

Application of small molecule inhibitors of 15-LOX in disease models is the next step towards 

defining the role of 15-LOX as a potential therapeutic target in inflammatory diseases. 

 

The role of human 15-Lipoxygenase-1 in asthma 

Asthma affects millions of people worldwide, creating a major burden to the healthcare system. This 

disease is associated with chronic inflammation in the airways, causing symptoms such as coughing, 

wheezing and shortness of breath. Novel medicines are needed to relieve the symptoms associated 

with asthma in order to improve the quality of life. Inflammatory airways diseases are closely 

associated with aberrant activity of enzymes which produce mediators that regulate inflammation. 

Development of novel small molecule inhibitors for these enzymes provides perspective in drug 

discovery for asthma. 

Current therapeutic strategies for asthma focus on regulation of different inflammatory mediators like 

leukotrienes, lipoxins and eoxins. Synthesis of these mediators requires polyunsaturated fatty acids 

(PUFAs), such as arachidonic or linoleic acid, as well as a very important class of enzymes, the 

Lipoxygenases (LOX’s). A growing body of evidence suggests that human 15-lipoxygenase-1 (h-15-

LOX-1, also denoted 12/15-LOX) plays an important role in airway inflammatory diseases. h-15-LOX-1 

is mainly expressed in airway epithelial cells, eosinophils, alveolar macrophages, dendritic cells and 

reticulocytes.[21] It has been shown that 15-LOX-1 plays a key regulatory role in the production of 

lipid mediators that regulate inflammation. 
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Figure 3. Biosynthesis of Lipoxins and Eoxins through 15-LOX. In this figure, the biosynthesis of lipoxins and eoxins 

is shown. After the conversion of arachidonic acid to 15(S)-HPETE, this molecule can be further reduced to 15(S)-

HETE and 15-OxoETE. Alternatively, 15(S)-HPETE can be metabolized into lipoxins through 5-LOX or eoxins through 

15-LOX. This scheme is made based on the information of several studies.[21,22,25,30–33,35–37] 

 

Inflammatory mediators. The 15-LOX-1 expression level connected with its enzymatic activity 

highlights the importance of this enzyme in asthma. Several studies describe high expressed levels of 
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h-15-LOX-1 in airways of patients with severe asthma.[28,38–40] In addition, different cytokines, like 

interleukins or interferon-γ (INF-γ) have been associated with high expression levels of h-15-LOX-1 

and asthma. For example, in human lung epithelial cells, it has been shown that interleukin 4 (IL-4) 

and interleukin 13 (IL-13) are responsible for the increased expression of this enzyme [41] and thus 

enhance the production of its metabolites. 15-LOX-1 arachidonic acid metabolites, such as 15(S)-

HETE, eoxins (EX’s) and lipoxins (LX’s), and linoleic acid, like 13(S)-HpODE and 13(S)-HODE, have been 

connected with airway inflammatory diseases and most importantly with asthma. In brief, the 

enzymatic activity of 15-LOX-1 plays a key role in the disease process in asthma. 

15(S)-HETE and 13(S)-HODE. The enzyme 15-LOX-1 can convert arachidonic acid and linoleic acid into 

15(S)-HpETE and 13(S)-HpODE that can be reduced to 15(S)-HETE and 13(S)-HODE. These mediators 

have been shown to play a key role in asthma as demonstrated in several studies. In severe 

asthmatics, increased levels of 15(S)-HETE have been associated with airway eosinophil 

accumulation.[42,43] Moreover, in human epithelial cells, high levels of h-15-LOX-1 activity has been 

found to stimulate the formation of 15-HETE esterified to phosphotidylethanolamine (15-HETE-PE), 

which contribute to the increase of secreted mucins MUC5AC observed in asthma.[44] In addition, in 

vivo studies in human asthmatic epithelial cells have shown that 15-HETE-PE interacts with 

phosphatidylethanolamine binding protein 1 (PEBP1) to displace Raf-1 and sustain mitogen-activated 

protein kinase/extracellular signal-regulated kinase (MAPK/ERK) activation. This could conduce to 

mucus hypersecretion and eosinophilic inflammation in asthma.[45] Finally, the linoleic acid metabolite 

13(S)-HODE has been found to cause airway epithelial injury which leads to asthma.[46] Thus the 

production of 15(S)-HETE and 13(S)-HODE by 15-LOX-1 contributes to the inflammatory process in 

asthma. 

Eoxins (EX’s). EX’s are another type of inflammatory metabolites originating from the catalytic 

conversion of arachidonic acid by 15-LOX-1. EX’s are pro-inflammatory molecules which have been 

found to be 100 times more potent pro-inflammatory molecules than histamine and almost as potent 

as leukotriene C4 (LTC4) and leukotriene D4 (LTD4).[47] It has been reported that the h-15-LOX-1 

pathway can generate EX’s in eosinophils, mast cells, and nasal polyps from allergic subjects.[47] For 

instance, elevated levels of 15(S)-HETE, eoxin C4 (EXC4) and LTC4 have been identified in activated 

eosinophils from severe and aspirin-intolerant asthmatics.[48] To conclude, biosynthesis and biological 

effects of EX’s in cells related to airway inflammation, suggest that h-15-LOX-1 inhibition could be a 

treatment of inflammatory respiratory disorder such as asthma.[21,47]  

Lipoxins (LX’s). The enzyme h-15-LOX-1 appears to play a versatile role because they can also 

produce lipoxins (LX’s), which are anti-inflammatory mediators. The presence of LXs has been 

demonstrated in the respiratory tracts of patients with asthma.[49–51] In particular, lipoxin A4 (LXA4) and 
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lipoxin B4 (LXB4) have been characterized as anti-inflammatory mediators with various actions in 

different target cells.[52] In asthma, LXA4 has been proved to suppress airway hyper-responsiveness 

and pulmonary inflammation.[53] LXB4 along with LXA4 has been reported to inhibit neutrophil entry 

into inflamed sites and counter-regulate the main aspects of inflammation.[52] Thus 15-LOX-1 is a 

versatile enzyme that plays a role in both the onset as well as the termination of immune responses. 

Therefore, the effects resulting from inhibition of this enzyme should be carefully considered in each 

disease model under investigation in order to estimate the contribution of the different effects to the 

final outcome. 

To sum up, human 15-lipoxygenase-1 (h-15-LOX-1) plays a key role in airway inflammation. It can 

convert polyunsaturated fatty acids (PUFAs) into different inflammatory mediators. Elevated levels of 

the enzyme and its metabolites have been connected with airway inflammatory diseases and most 

importantly with asthma. Inhibition of the enzyme has been showing encouraging results. These 

findings suggest that targeting h-15-LOX-1 by small molecule inhibitors is a potential novel 

therapeutic approach for inflammatory respiratory disorders such as asthma. 

 

The role of human 15-Lipoxygenase-1 in CNS diseases 

Despite initial speculations that inflammation plays a minor role in central nervous system (CNS) 

disorders, most recent evidence shows the opposite. In various acute, chronic and psychiatric CNS 

disorders, pro-inflammatory mediators like cytokines, prostaglandins and leukotrienes, have been 

found to play pivotal roles.[54–57] In addition, elevated levels of IL-1, IL-6 and TNFα have been 

identified in brain tissue of patients with Alzheimer’s (AD)[54,58,59] and Parkinson’s (PD)[54,60] disease. 

Furthermore, several animal studies suggest a connection between IL-1 and stroke,[54] multiple 

sclerosis[54,59,61] and depression.[54]  

The Lipoxygenases (LOXs) are an important class of enzymes that demostrate regulatory roles in the 

inflammatory process. Several lines of evidence suggest that 15-LOX-1 (also known as 12/15-LOX, 

leukocyte-type 12-LOX), could be a potential therapeutic target for various neurological diseases with 

an inflammatory component. This enzyme is widely expressed in the CNS, and its catalysis products 

are critical factors in the emergence of brain pathology.[62] Moreover, it has been shown that 15-LOX-

1 is upregulated in mice following a stroke and the ensuing ischemia.[63] In addition, 15-LOX-1 has 

been recently linked in various CNS diseases[63–72] like Alzheimer’s and Parkinson’s diseases as well as 

stroke. Recent evidence shows that 15-LOX-1 plays conserved roles in the molecular mechanisms 

contributing to the pathophysiology of these diseases.  
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While in the airway, 15-LOX-1 causes inflammation, in the CNS, it can trigger apoptosis. In CNS 

diseases, the depletion of glutathione under oxidative stress conditions gives rise to a mechanism 

involving Bid activation that induces mitochondrion dependent cell death.[70] This provides a model in 

which 15-LOX-1 exhibits a key role in the induction of apoptosis under oxidative stress conditions 

(Figure 4). 

 

Figure 4. Overview on the mechanisms of glutamate-induced cell death in HT-22 cells. Glutamate induces 

glutathione depletion by inhibition of xc-transporters and consequently leads to GpX4 depletion and increased 15-

LOX-1 activity followed by an increase in lipid peroxides. This leads to Bid activation and mitochondrial damage 

followed by a second boost in ROS production and release of mitochondrial pro-apoptotic proteins such as AIF. 

 

15-Lipoxygenase inhibitors 

Considering the potent pro-inflammatory properties of lipoxygenases and their products, the 

modulation of the lipoxygenase pathways using small molecule inhibitors should provide new 

therapeutic approaches for numerous inflammatory diseases and cancer. Due to the key role of 15-

LOX-1 in several disease processes, small molecule inhibitors of this enzyme have been developed. 

One of these inhibitors is PD-146176 (1), reported by Parke-Davis (now Pfizer).[73] Other researchers 

from Bristol-Myers Squibb (BMS) identified tryptamine-based compounds (3),[74] imidazole-based 

compounds (4) [75] and pyrazole-based compounds [76] as inhibitors for 15-LOX with low nanomolar 

affinity. However, since these compounds have unfavourable physical properties, it is unlikely that 

these compounds would continue for the development as a drug.[77] In addition, 3-aroyl-1-(4-

sulfamoylphenyl)thiourea (5) [78] and pyrimidinylthio-pyrimidotriazolothiadiazines[79] derivatives were 

published as 15-LOX inhibitors. These compounds have shown to have affinities against soybean 15-

LOX with IC50 values ranging of 2-25 µM.  
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Due to the important role of this enzyme in airway inflammation, h-15-LOX-1 inhibitors have been 

tested in various disease models demonstrating very encouraging results. For example, the inhibitors 

PD-146176 (1) and ML351 (2) have been tested in human lung macrophages, confirming the 

regulatory role of the enzyme in the production of chemokines induced by LPS and IL-4/IL-13.[80] 

Another inhibitor, baicalein (6), has been applied in mouse models, reducing the pro-inflammatory 

mediators such as 13-(S)-HODE.[81] Moreover, 15-LOX-1 appears as an emerging drug target for the 

treatment of neurological diseases. Therefore, different 15-LOX-1 inhibitors, such as baicalein (6) or 

LOXBlock-1 (7), have shown encouraging results in neuroprotective studies.[63,68–70] In addition, PD-

146176 (1) has been found to mitigate the effects of the AD phenotype.[66] 

 

Figure 5. 15-lipoxygenase inhibitors. 

 

Activity-Based Protein Profiling 

ABPP is a powerful and attractive tool to label enzymatic activities in protein extracts, living cells and 

tissues and even in animal models.[82] It can be applied for relatively easy target enzymes and for 

difficult and less abundant enzymes. For this labeling, an activity-based probe (ABP) is fundamental 

and can be viewed as a chemical antibody to report on the expression of a protein. At the same time 

it can act as a probe to detect the target active enzymes in a living system.[82] An ABP can be 

therefore a mechanism-based inhibitor or protein-reactive natural product. Its reactive group, which 

binds to the enzyme, is usually an electrophile. The second part of an ABP is its tag which may be 

either a reporter such as a fluorophore or an affinity label such as biotin. Labelling of the enzyme 

with the ABP can be performed in a one-step or two-step manner, depending if the probe already 
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contains or lacks its tag. When the probe already has a tag, only one step is needed to label the 

protein. In case of a two-step labelling, the probe which lacks its tag first binds to its target protein. 

When bound, a chemical reaction, like click chemistry, is used to attach the probe to the tag. This can 

only be done when the probe has a second reactive group to make the click reaction happen. When 

the probe is bound to its target enzyme a method is needed to detect the enzyme activity. The 

original version of ABPP uses a gel-based method.[83–86]  

 

 

Figure 6. Gel-Based Activity-Based Protein Profiling. 

 

After the probe is bound to its target enzyme, the proteins are separated using SDS-PAGE. When 

observing the gel using in-gel fluorescence scanning, the band of the target enzyme should appear. 

When an inhibitor is first pre-incubated, the probe is not able to bind to the enzyme, which results in 

the disappearance of the target enzyme band.[87]  

First the probe, using either a one-step or two-step method, has to bind to the enzyme. Then, the 

probe bound enzyme is separated from the unbound proteins using sodium dodecyl sulfate 

polyacrylamide electrophoresis (SDS-PAGE). Subsequently, these proteins can be visualized by either 

in-gel fluorescence scanning when a fluorescent probe is used or avidin blotting when a biotinylated 

probe is used. Only the bands of enzymes bound to its probe can be detected. When a biotinylated 

probe is used, the probe-labelled enzymes can be further identified using mass spectrometry analysis 

after separation of unlabeled proteins using (strept)avidin chromatography. This technique can also 

be used to observe enzyme inhibition. In this case, the inhibitor is first pre-incubated with the 

enzyme. When this has occurred, the probe is not able to bind to its target and therefore no enzyme 

activity is detected. This can be observed by the disappearance of the band of the target enzyme in 

the gel, compared to the control. 
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Scope of the thesis 

Human 15-lipoxygenase-1 (15-LOX-1) is an important mammalian lipoxygenase and plays a crucial 

role in the biosynthesis of inflammatory signaling molecules, having a regulatory role in several 

inflammatory lung diseases such as asthma, COPD and chronic bronchitis and more recently in 

various CNS diseases like Alzheimer’s and Parkinson’s as well as stroke. Novel potent inhibitors and 

new detection methods for 15-LOX-1 are urgently required to further explore the role of this enzyme 

and enable drug discovery efforts. There are two parts presented in this thesis. Part A includes 

chapters 2, 3, 4 and 5 in which we presented the design of new inhibitors while Part B includes 

chapter 6 in which we described the synthesis of activity-based probes of 15-LOX-1. 

Part A – Inhibition of 15-LOX-1 

In chapter 2, we describe the synthesis and the characterization of 6-benzyloxysalicylates as a new 

class of inhibitors of 15-LOX-1. Inspired by our previous studies, we designed novel salicylate 

inhibitors introducing an asymmetric aliphatic chain. Enzyme inhibition and kinetic studies as well as 

molecular modeling studies were performed in order to characterize a structurally novel inhibitor. 

These structure activity relationships will support further design of improved inhibitors and the 

exploration 15-LOX-1 as a drug target. 

Several types of ruthenium(II) (Ru(II)) complexes as novel inhibitors of 15-LOX-1 are presented in 

chapter 3. Our study included two novel Ru(II) complexes which were characterized by high-

resolution NMR spectroscopy, X-ray crystallography and other standard physicochemical methods. 

These novel complexes and previously described Ru(II) complexes were tested for inhibition of 15-

LOX-1. Furthermore, we identify lipoxygenases as a new class of enzymes that is inhibited by Ru(II) 

complexes, which is important for a better understanding of the action of ruthenium based drugs. 

In chapter 4, we establish a novel approach for fragments screening based on the diverse 

substitution pattern in order to find lead compounds for 15-LOX-1 inhibition. We optimized our 

results using structure-based design and molecular modeling studies and we developed a very potent 

indole inhibitor. This inhibitor was evaluated in cell-based studies using RAW 264.7 macrophages and 

ex vivo studies in mouse precision-cut lung slices and showed remarkable anti-inflammatory 

properties by a significant increase of interleukin-10 (IL-10). 

Based on substitution oriented screening (SOS) approach, we designed inhibitors to explore 15-LOX-1 

as a drug target in various inflammatory and neurological diseases, which is described in chapter 5. 

The best inhibitor was evaluated for anti-inflammatory activity in ex vivo studies using animal tissue 

and neuroprotective activity in cultured neuronal cells. Our approach enabled the identification of a 
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15-LOX-1 inhibitor with desired physicochemical properties which is active in advanced disease 

models for inflammation as well as neurodegeneration, providing a novel concept to explore this 

enzyme as a drug target. 

Part B – Detection of 15-LOX-1 

A study of activity-based labeling of 15-LOX-1 is described in chapter 6. We have created for the first 

time an activity-based probe as an efficient chemical tool for activity-based labeling of recombinant 

15-LOX-1 that also provides 15-LOX-1 activity dependent labeling in cell lysates and tissue. 

Mimicking the natural substrate of the enzyme, we designed activity-based probes that covalently 

bind to the active enzyme and include a terminal alkene as chemical reporter for bioorthogonal 

linkage of a detectable functionality via the oxidative Heck reaction. This reaction was applied for the 

first time in activity-based labeling. Our approach enabled the identification of a 15-LOX-1 activity-

based probe which provides a novel concept to explore this enzyme as a drug target. 

Part C – Summary and Future plans 

Finally, a summary of the studies described in this thesis as well as a general discussion and future 

perspectives are described in chapter 7, 8 (in Dutch) and 9 (in Greek). 
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Abstract 

Lipoxygenases metabolize polyunsaturated fatty acids into signaling molecules such as leukotrienes 

and lipoxins. 15-lipoxygenase (15-LOX) is an important mammalian lipoxygenase and plays a crucial 

regulatory role in several respiratory diseases such as asthma, COPD and chronic bronchitis. Novel 

potent and selective inhibitors of 15-LOX-1 are required to explore the role of this enzyme in drug 

discovery. In this study we describe structure activity relationships for 6-benzyloxysalicylates as 

inhibitors of human 15-LOX-1. Kinetic analysis suggests competitive inhibition and the binding model 

of these compounds can be rationalized using molecular modelling studies. The most potent 

derivative 37a shows a Ki value of 1.7 µM. These structure activity relationships provide a basis to 

design improved inhibitors and to explore 15-LOX-1 as a drug target. 
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Introduction 

Lipoxygenases (LOXs) are non-heme, iron containing enzymes which can be found in both plant and 

animal kingdoms. Located in the cytosol or other organelles[1], lipoxygenases catalyze the regio- and 

stereospecific insertion of oxygen (O2) into polyunsaturated fatty acids (PUFAs), such as arachidonic or 

linoleic acid, which contain a series of cis double bonds[2]. These molecules are essential fatty acids in 

humans and are formed from membrane lipids that are hydrolysed by cytosolic phospholipase A2 

(cPLA2)[3]. These conversions result in hydroperoxy fatty acids, or eicosanoids, that are further 

metabolized into signaling compounds such as leukotrienes and lipoxins,[4–8] which play a regulatory 

role in several inflammatory and respiratory diseases. Mammalian lipoxygenases are denoted 5-, 8-, 

12- and 15-LOX based on the site of oxygenation of arachidonic acid [2]. Human 15-LOX appears in 

two isoforms h-15-LOX-1 and h-15-LOX-2[9]. This study aims at identification of new types of 

inhibitors to explore h-15-LOX-1 as a potential therapeutic target. 

Arachidonic acid and linoleic acid can both act as substrates of 15-LOX-1, however linoleic acid 

seems to be the preferred substrate by this enzyme[10–12]. Interestingly, this lipid is the major 

polyunsaturated fatty acid in human nutrition and diet[13,14]. This is quite remarkable since arachidonic 

acid is the major substrate for most other mammalian lipoxygenases. 15-LOX-1 has a molecular mass 

of 74.804 Da and consists of 662 amino acids. Both isoforms of human 15-LOX are predominantly 

expressed in airway epithelial cells, reticulocytes, eosinophils, alveolar macrophages, mast cells and 

dendritic cells[10,15–21]. Certain interleukins have been shown to induce the expression of 15-LOX in 

cultured mast cells, monocytes and epithelial cells[21–23]. These findings suggest that these cytokines 

may act as important physiological and pathophysiological regulators of 15-LOX in vivo[16]. Being 

expressed in many immune cells found in the respiratory tract and in the skin, these enzymes have 

been implicated in several immune diseases.  

When arachidonic acid becomes available, 15-LOX converts this polyunsaturated fatty acid into 15S-

hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HPETE). This compound can be reduced to 

15(S)-HETE[19,24–26] and eventually to 15-oxo-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-OxoETE)[27]. Some 

studies suggest that these molecules are involved in cancer. For example, 15(S)-HPETE and 15(S)-

HETE have shown to inhibit chronic myeloid leukemia cells by inducing apoptosis[28]. Therefore, it is 

suggested that 15-LOX might have anti-carcinogenic effects. 15(S)-HPETE is also metabolized into 

lipoxins or eoxins. 5-LOX is able to convert 15(S)-HPETE to 5S,6S,15S-epoxytetraene, which then can 

be further metabolized in lipoxins A4 (LXA4), lipoxins B4 (LXB4) and Lipoxin C4 (LXC4) by LXA4 

hydrolase, LXB4 hydrolase and GSH-transferase respectively. Lipoxin D4 (LXD4) and lipoxin E4 (LXD4) 

are produced from LXC4 by γ-glutamyl transferase and dipeptidase respectively. In addition to 
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lipoxins also eoxins (also referred as 14,15-leukotrienes[16]), can be produced by  conversion of 15(S)-

HPETE by 15-LOX itself to eoxin A4 (EXA4)[15,16,24,25]. To produce the other eoxins EXC4, EXD4 and 

EXE4, a chain reaction with EXA4 as the starting molecule occurs[15,16,29]. While lipoxins are anti-

inflammatory, eoxins have shown to be pro-inflammatory mediators. Having similar actions as 

leukotrienes, they may be implicated in several respiratory diseases such as asthma, COPD and 

chronic bronchitis. In addition, they may play a role in atherosclerosis, rhinitis and in certain types of 

cancer like Hodgkin’s disease[15,16,29]. In conclusion, 15-LOX is responsible for the biosynthesis of 

lipoxins and eoxins which are anti-inflammatory and pro-inflammatory mediators, respectively. 

Application of small molecule inhibitors of 15-LOX in disease models is the next step towards 

defining the role of 15-LOX as a potential therapeutic target in inflammatory diseases. 

Due to the key role of 15-LOX-1 in several disease processes, small molecule inhibitors of this 

enzyme have been developed. One of these inhibitors is PD-146176, reported by Parke-Davis (now 

Pfizer)[30]. Other researchers from Bristol-Myers Squibb (BMS) identified tryptamine-based 

compounds[31], imidazole-based compounds[32] and pyrazole-based compounds[33] as inhibitors for 15-

LOX with low nanomolar affinity. However, since these compounds have unfavourable physical 

properties, it is unlikely that they would continue for the development as drugs[34]. In addition, 3-

aroyl-1-(4-sulfamoylphenyl)thiourea[35] and pyrimidinylthio-pyrimidotriazolothiadiazines[36] derivatives 

were published as 15-LOX inhibitors. These compounds have shown to have affinities against soybean 

15-LOX with ranging IC50 values of 2-25 µM. 

Inspired by our previous identification of a 6-benzyloxysalicylate as an allosteric activator of h-5-

LOX[37], we now present 6-benzyloxysalicylates as a new class of compounds for competitive inhibition 

of h-15-LOX-1. A focused compound collection of 6-benzyloxysalicylate and benzyloxyphenyl 

derivatives was synthesized and screened for inhibition of h-15-LOX-1 to derive structure activity 

relationships. The results were rationalized using molecular modelling studies. 

Results and discussion 

Synthesis 

A compound collection was designed based on previously published salicylates 8b-c that were 

reported as modulators for human 5-lipoxygenase activity[37,38]. In this study, we expanded the 

compound collection by the synthesis of compounds that consist of three parts, A, B and C (Figure 1). 

For the A part, different substituted aromatic moieties were used, which include hydrogen bond 

donors or acceptors or halides. The B part was kept constant and for the C part, four aliphatic chains 

with a different number of carbons were used to explore hydrophobic interactions.  
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Figure 1. General structure of the synthesized compounds, with parts A, B and C highlighted with different colours. 

 

The p-alkyloxybenzylbromides 4a-d were prepared in three steps starting from p-

hydroxybenzaldehyde. Alkylbromides were coupled with p-hydroxybenzaldehyde using the Williamson 

ether synthesis to give the corresponding benzaldehyde ethers 2a-d. Subsequently, benzaldehydes 

were reduced to benzyl alcohols 3a-d using sodium borohydride in high yields. The p-

alkyloxybenzylbromides 4a-d were obtained after the bromination of the benzyl aclohols 3a-d using 

PBr3 as a reagent in high yields. The three salicylate final products 8a-d were prepared in three 

reaction steps. Firstly, 2,6-dihydroxybenzoic acid 5 was converted to acetonide 6 as previously 

described by Uchiyama et al[37,39,40]. Secondly, acetonide 6 and the p-alkyloxybenzylbromides 4a-c 

were coupled via the Williamson ether synthesis to the corresponding ethers 7a-c. Finally, the final 

products 8a-c were obtained after the deprotection of the acetonide group using potassium 

hydroxide in THF in good yields. In order to avoid degradation of the salicylate products 8a-c, the 

products were not acidified in the last step. Instead the final products were isolated as potassium 

salts. The compounds 17-28 were prepared by the direct coupling of the substituted phenols 9-16 

and the p-alkyloxybenzylbromides 4a-d in good yields. 

The enantiomerically pure products 37a,b were prepared in eight reaction steps starting from 

commercially available (R)-(+)- or (S)-(-)-Citronellal. As a first step the aldehydes 30a,b were reduced 

to alcohols 31a,b using sodium borohydride and the double bonds were reduced with Pd/C under H2 

atmosphere to give 32a,b. The alcohols were brominated using tetrabromomethane to give 33a,b. 

Bromides 33a,b were coupled to p-hydroxybenzaldehyde using the Williamson ether synthesis to give 

the ethers and after reduction of the aldehydes the corresponding alcohols 34a,b were obtained in 

high yields. 34a,b were converted into the bromides 35a,b by bromination of the corresponding 

alcohols. After the coupling between the bromides 35a,b and acetonide 6 and the deprotection using 

potassium hydroxide in THF in good yields the final compounds 37a,b were isolated as potassium 

salts. 
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Scheme 1. Reagents and conditions: a) 1-bromo alkane, K2CO3, DMF, R.T. overnight; b) NaBH4, MeOH, R.T. for 1h; c) 

PBr3, CH2Cl2, 0oC for 2h; d) SOCl2, DMAP, DME, Acetone, 0 °C for 1h, then R.T. overnight ;e) compounds 4a-d, K2CO3, 

DMF, R.T. overnight; f) 5 M KOH, THF, 60 °C overnight. 

 

 

 

Scheme 2. Reagents and conditions: a) NaBH4, MeOH, R.T. for 1h; b) H2, Pd/C, EtOH, R.T. overnight; c) CBr4, PPh3, 

CH2Cl2, 0 °C for 3h; d) K2CO3, DMF, R.T. overnight; e) PBr3, CH2Cl2, 0oC for 2h; f) 5 M KOH, THF, 60 °C overnight. 
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Table 1. Compound collection 

Compounds R1 R2 R3 R4 

 

8a (PK147) 

 

- - - 

8b (N194) 
 

   

8c (PK131) 
 

- - - 

8d 

(TBK10)  
- - - 

37a 

(N206)  

- - - 

37b 

(N219)  

- - - 

 

17 (TBK25) 

 

Cl H H 

18 (N78) H 
(indole) 

19 (N193) 
 

H H 

20 (TBK29) 

 

Cl H H 

21 (B10) 
 

H H 

22 (B11) H NO2 H 

23 (TBK33) 

 

Cl H H 

24 (TBK47) I H H 

25 (TBK48) 
(naphthyl) 

H 

26 (TBK55) CHO H H 

27 (TBK57) H H CHO 

28 (B5) 

  

H H 

29 (B6) H NO2 H 



 Chapter 2 

 

38 

 

Enzyme inhibition 

Recombinant h-15-LOX-1 was expressed in E. coli BL21(DE3) containing a pET26 h-15-LOX-1 

expression plasmid.[41] The enzyme was purified by gravity flow on a Ni-sepharose column. h-15-LOX-

1 activity was determined by the conversion of linoleic acid to 13S-hydroperoxy-9Z,11E-

octadecadienoic acid (13(S)-HpODE). The conversion rate was followed for by UV-absorbance at 234 

nm over time. We observed, however, that the stability of the purified h-15-LOX-1 was relatively poor 

and the enzyme loses its activity after four days storage at -80oC. Nevertheless, the crude bacterial 

lysate containing the expressed enzyme provides enzyme activity after prolonged storage at -80oC (6 

months) (figure S7). Control experiments were performed to test if the observed activity could be 

assigned to the expressed h-15-LOX-1 and not to other proteins present in the crude bacterial 

lysates. Towards this aim the lysates of bacteria without the h-15-LOX-1 expression plasmid gene 

were tested in the same dilution for their ability to convert linoleic acid in this assay. In these tests no 

background activity has been observed (figure S8).  

 

 

Figure 2. 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. Linoleic acid was used as substrate at concentration 

of 25 µM. The enzyme activity in absence of inhibitor was set to 100% and the background signal in absence of the 

overexpressed h-15-LOX-1 was set to 0%. The averages and standard deviations of the individual measurements are 

shown.  

 

Using the crude bacterial lysates with overexpressed h-15-LOX-1 a collection of previously 

published[37,38] and newly synthesized products were screened for inhibition at concentrations of 50 

M. The residual enzyme activity was measured after 10 min pre-incubation with the inhibitors at 

room temperature. Aside from the newly synthesized compounds, the known inhibitors, PD-146176 

(15-LOX) and Zileuton (5-LOX), were also tested. The results of the screening are shown in Figure 2. 
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The inhibition of h-15-LOX-1 for the compounds with the salicylate functionality were 70% for 8a 

(PK147), 50% for 8b (N195) and no inhibition for 8c-d. This indicates that the aliphatic tail in the C 

part should be larger than 5 carbon atoms and branching of the aliphatic tail improves the activity. 

Furthermore, the compounds in which the salicylate functionality (part A) is replaced for other 

aromatic functionalities little inhibition is observed (18 (N78), 28 (B5) and 29 (B6)). Considering these 

data the most potent inhibitor 8a (PK147) and the known 15-LOX-1 inhibitor PD-146176 were 

subjected to IC50 determination, which proved to be 10 ± 1 M for 8a (PK147) and 16 ± 2 M for 

PD-146176 (figure S9). In literature, PD-146176 is described as a selective non-competitive inhibitor 

for 15-LOX with reported IC50 values of 0.54 µM[42], 1.1 µM[43] and 3.8 µM[44]. These values cover the 

same concentration range and the differences are most likely due to differences in the applied 

substrate concentrations in the assays. Taking this together we conclude that we identified 8a (PK147) 

as a hit with comparable potency as the known inhibitor PD-146176. Interestingly, 8a (PK147) has 

been subjected to inhibition studies on h-5-LOX and Cyclooxygenase-2 (COX-2) in a previous 

study[37]. It inhibits h-15-LOX-1 with 80%, h-5-LOXs with 50%, and COX-2 with 30% at 50 µM, which 

indicates a certain level of selectivity for h-15-LOX-1 inhibition (figure S10). Both enantiomers of 8a 

(PK147) were synthesized and their inhibitory potencies were investigated. The (R)-(+) enantiomer 37a 

(N206) showed an IC50 of 7.1 M and the S-(-) enantiomer 37b (N219) showed an IC50 of 42 M, 

which indicates a 6-fold difference in potency between both enantiomers.  

 

A  

                   Table 2. IC50  and Ki values of the inhibitors 
 

 Compound IC50 (M) Ki (µM) 

 PD-146176 16 ± 2.5 3.9 ± 0.6 

 8a (PK147) 10 ± 1.3 2.4 ± 0.4 

 37a (N206) 7.1 ± 4.6 1.7 ± 1.1 

         B 37b (N219) 42 ± 12 10 ± 3.0 

 

Figure 3. A) IC50 Plots of h-15-LOX-1 Inhibition with 37a (N206) and 37b (N219). The results were the average of 

triplicates and non-linear curve fitting was used. B) Table of the IC50 and Ki values of the inhibitors PD-146176, 8a 

(PK147), 37a (N206) and 37b (N219). All the values are reported with the standard deviation after non-linear curve 

fitting. After t-test, the p-value (0.009) showed significant difference between the IC50 values of compounds 37a 

and 37b. 
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Enzyme kinetic studies 

After having identified the most potent inhibitors in this compound collection we moved on to 

enzyme kinetic analysis. The enzyme kinetics of h-15-LOX-1 using linoleic acid as a substrate revealed 

substrate inhibition at concentrations above 60 µM (figure 4A). Therefore, the analysis was done with 

substrate concentrations below 60 μM for enzyme kinetic studies. In order to establish the 

mechanism of h-15-LOX-1 inhibition, enzyme kinetic analysis in presence of inhibitor 8a was 

performed (figure 4B). Inhibitor 8a causes an increase in Km compared to the control whereas the Vmax 

remains more constant compared to the control (table 3), which indicates competitive inhibition. 

Using the Cheng-Prusoff equation the binding affinity (Ki) of the inhibitor 8a was calculated to be 2.4 

µM and for the inhibitor 37a 1.7 µM. For comparison we previously reported a Ki for h-5-LOX of 70 

M for 8a,[37] which indicates a more then 10-fold affinity difference between h-5-LOX and h-15-LOX-

1 inhibition. The Ki value for the inhibitor PD-146176 was calculated to be 3.9 µM (table 2) which is 

in line with previous mentioned literature.  

A  B  

Figure 4. A) Substrate inhibition plot of the h-15-LOX-1 from the linoleic acid, B) Steady-State kinetic 

characterization of h-15-LOX-1 in presence of different concentrations of inhibitor 8a (PK147). 

 

Table 3. Enzyme kinetic parameters for inhibition of h-15-LOX-1 by 8a (PK147) 

8a (PK147) (µM) Km
app (µM) Vmax

app (absorbance/s) P-value 

0 8.17 ± 4.9 7.4 x 10-4 ± 3.1 x 10-4
 0,040 

10 14.9 ± 5.0 7.7 x 10-4 ± 2.3 x 10-4 0,012 

20 18.9 ± 14 4.7 x 10-4 ± 3.6 x 10-4 0,022 

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

significantly non- zero (p-value < 0.05).   
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Molecular Modelling 

A docking study was performed in order to gain insight in the mode of binding of these compounds. 

Because there is no crystal structure of human 15-LOX available the study was performed with the 

crystal structure of rabbit 15-LOX as determined by Gillmor et al.[45] This is justified by the high 

sequence similarity (87%) between rabbit 15-LOX and human 15-LOX-1 (figure S6). Since competitive 

inhibition was observed both enantiomers 37a and 37b were docked in the active site of the enzyme. 

In the highest scoring docking poses, the inhibitor 37a forms a hydrogen bond between the salicylate 

carbonyl and the amino acid Arg403 (figure 5A). In addition, the methyl group of the branched lipid 

chain of 37a is involved in an arene-hydrogen interaction with His361. The lipid chain seems to 

occupy the entire space in the substrate binding pocket (figure 5B). Docking of the S-enantiomer 37b 

demonstrates a mismatch of the aliphatic tail with the substrate binding pocket resulting the absence 

of the arene-hydrogen interaction with His361, which is in line with the observed 6-fold difference 

between both enantiomers (figure S8).  

The other salicylate inhibitors with shorter and non-branched aliphatic tails were docked in the same 

way and the docking poses with the highest scoring bind similarly in the active site. However, it 

seems that they cannot bind the enzyme as well as the compound 37a because of a mismatch in the 

hydrophobic pocket. In case of the compounds 8d and 8c, the aliphatic chain is too short and in case 

of the compound 8b the chain is long enough but not branched to fill the entire pocket thus 

providing less activity than 37a. The good fit of 37a in the binding pocket is reflected in its relatively 

high docking score compared to the other investigated compounds with weak of no inhibition for h-

15-LOX-1 (table 4). 

 

Figure 5. A) The interaction of the compound 37a with the active site of the enzyme, B) the surface of the active 

site of the enzyme and the lipophilic surface, with green lines, of the compound 37a. 
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Table 4. Comparison of h-15-LOX inhibition values with docking scores in the enzyme active site. 

Compound IC50 (μM) Score 

8b ≈50 -5.44 

8c >50 -4.73 

8d >50 -4.86 

37a 7.1 ± 4.6 -6.93 

37b 42 ± 12 -5.49 

20 >50 -4.24 

21 >50 -3.37 

22 >50 -4.81 

23 >50 -4.68 

24 >50 -4.13 

25 >50 -4.44 

26 >50 -4.62 

27 >50 -4.67 

28 ≈50 -5.65 

29 ≈50 -5.22 

 

Additional Studies 

Focusing on compound 37a with the highest affinity, ligand efficiency metrics were calculated (table 

5). Ligand efficiency is defined as the binding affinity of a ligand in relation to the number of non-

hydrogen atoms (HA)[46]. Compound 37a has 29 heavy atoms (non-hydrogen) and the Ki value is 1.7 

μM, which gives a LE equal to 0.27 Kcal per mol per heavy atom. This value is close to the proposed 

acceptable values of LE for drug candidates, which should be > 0.3 Kcal per mol per heavy atom. 

Furthermore, the binding efficiency index (BEI) and the surface efficiency index (SEI) were calculated 

according to equations 3 and 4. BEI is the binding efficiency index relating potency to molecular 

weight on a per kDa scale and SEI is the surface efficiency index monitoring the potency gains as 
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related to the increase in polar surface area (PSA) referred to 100 Å2. [47] The MW of the compound 

37a is 399 Da or 0.399 KDa, so the BEI is 14.46. The Polar surface area (PSA) was estimated from 

ChemDraw 12.0 software to 78.82 and according to that the SEI is equal to 7.31. Mapping of the 

surface-binding and binding efficiency indices (SEI–BEI values) for the 92 examples of marketed drugs 

showed average SEI of 14.5 ± 8.7 and BEI of 25.8 ± 7.9.[48] Therefore, according to the ligand 

efficiency metrics, compound 37a approaches the requirements as a candidate drug. All the ligand 

efficiency metrics were presented at the table 5. 

𝐿𝐸 = (
1.37

𝐻𝐴
) × 𝑝𝐾𝑖 𝐵𝐸𝐼 =

𝑝𝐾𝑖

𝑀𝑊
 

𝑆𝐸𝐼 =
𝑝𝐾𝑖

𝑃𝑆𝐴

100 Å2

 

 

Table 5. Binding affinity of the inhibitor 37a (N206) and ligand efficiency metrics 

Name Calculated values Reference values[47,48] 

Ki (µM) 1.7 - 

LE 0.27 > 0.3 

BEI 14.4 25.8 ± 7.9 

SEI 7.3 14.5 ± 8.7 

 

Conclusions  

In this study, we described the synthesis and the characterization of 6-benzyloxysalicylates as a new 

class of inhibitors of h-15-LOX-1. Enzyme inhibition and kinetic studies as well as molecular 

modelling studies were performed in order to characterize a structurally novel inhibitor 37a (N206), 

which proved to be a competitive inhibitor of h-15-LOX-1 with a Ki value of 1.7 µM. Compound 37a 

is the R enantiomer of the racemic mixture 8a, while the S enantiomer, compound 37b is 6-fold less 

active. Molecular modelling studies indicate that compound 37a occupies most of the available space 

in the substrate binding pocket while the S-enantiomer 37b demonstrates a mismatch of the aliphatic 

tail with the substrate binding pocket. In the future, these inhibitors could be employed as starting 

point for drug discovery effort aimed at h-15-LOX-1 and in pharmacological studies on the utility of 

this enzyme as a drug target. 
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Experimental Section  

Synthesis and characterization 

General 

The solvents and reagents were purchased from Sigma-Aldrich and Acros chemicals and were used 

without further purification. Reactions were monitored by thin layer chromatography (TLC). Merck 

silica gel 60 F254 plates were used and spots were detected with UV light. MP Ecochrom silica 32-63, 

60Å was used for flash column chromatography. 1H NMR (500 MHz) and 13C (126 MHz) spectra were 

recorded with a Bruker Avance 4-channel NMR Spectrometer with TXI probe. Chemical shifts are 

reported in ppm relative to the solvent. Atmospheric Pressure Photoionization mass spectra (APPI-

MS) were recorded on an Applied Biosystems/SCIEX API3000-triple quadrupole mass spectrometer 

and electrospray ionization mass spectra (ESI-MS) were recorded on a Waters Investigator Semi-prep 

15 SFC-MS instrument. 

The compounds 8a, 8c, 8b, (4-(pentyloxy)phenyl)methanol, 1-(bromomethyl)-4-(pentyloxy)benzene, 

(4-((3,7-dimethyloctyl)oxy)phenyl)methanol, 1-(bromomethyl)-4-((3,7-dimethyloctyl)oxy)benzene, (4-

(nonyloxy)phenyl)methanol, 1-(bromomethyl)-4-(nonyloxy)benzene were resynthesized and 

characterized as described previously by  Wisastra et al. [37] 

Synthetic procedure 1: Williamson ether synthesis 

Substituted benzyl alcohol (1.0 mmol) and K2CO3 (3.0 mmol) were dissolved in DMF (10 mL). Then, 1-

bromo alkane (1.1 mmol) was added and the suspension was stirred overnight at room temperature. 

The reaction mixture was diluted with ethyl acetate (15 mL) and washed with water (3 x 20 mL) and 

brine (2 x 20 mL). The organic layers were dried over MgSO4, filtered and the solvent was evaporated 

under reduce pressure. 

Synthetic procedure 2: Reduction of the aldehyde 

NaBH4 (1.1 mmol) was added to the alkoxy benzyl aldehyde (1.0 mmol) in methanol (5.0 mL) under 

nitrogen atmosphere. The reaction was stirred for one hour at room temperature. The reaction 

mixture was concentrated under reduced pressure and water (20 mL) was added. The mixture was 

extracted with ethyl acetate (3 x 20 mL). The combined organic layers were dried with MgSO4, filtered 

and the solvent was evaporated under reduced pressure. 

Synthetic Procedure 3: Bromination of the alkoxy benzyl alcohol 

Alkoxy benzyl alcohol (2.0 mmol) was dissolved in DCM (5.0 mL)under nitrogen atmosphere at 0 °C. 

After 3 min phosphorus tribromide (1.0 mmol) was added dropwise and then the solution was stirred 
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for two hours at 0 °C. Subsequently, water (20 mL) was added and the mixture was extracted with 

dichloromethane (3x 20 mL). The combined organic layers were dried with MgSO4, filtered and the 

solvent was removed under reduced pressure. 

Synthetic procedure 4: Protection of 2-6, dyhydrobenzoic acid with acetone 

2-6, dihydroxybenzoic acid (1.0 mmol) and DMAP (0,050 mmol) were dissolved in DME (10 mL) under 

nitrogen atmosphere at 0 °C. Acetone (1.3 mmol) and thionyl chloride (1,3 mmol) were subsequently 

added dropwise each over 5 minutes. The solution was stirred at 0 °C for one hour, then at room 

temperature for 24 hours. An aqueous saturated NaHCO3 (30 mL) was added slowly. 1N HCl (60 mL) 

was added and extracted with ethylacetate (3x 100 mL). The combined organic layers were dried with 

MgSO4, filtered and the solvent was removed under reduced pressure.  

Synthetic procedure 5: Deprotection of the acetonide 

The acetonide product (1.0 mmol) was dissolved in THF (10 mL). An aqueous solution of 5M KOH  

(2.0 mmol, 0.40 mL) was added and the reaction was heated to 60 °C and stirred for 24 hours. THF 

was removed under reduced pressure and the product was obtained as potassium salt. 

Synthetic procedure 6: Reduction of the alkene 

The alkene (1.0 mmol) and Pd/C (10%) (0.10 mmol) were suspended in EtOH (10 mL). The suspension 

was stirred under H2 atmosphere at 40oC overnight. Subsequently, the mixture was filtered through 

Celite and after that, the solvent was evaporated under reduce pressure. 

Synthetic procedure 7: Bromination of aliphatic alcohols 

Tetrabromomethane (1.1 mmol) and triphenylphosphine (1.2 mmol) were dissolved in DCM (5.0 mL). 

The solution was cooled down to 0°C and the alcohol (1.0 mmol) was added. The solution was stirred 

for three hours at 0°C. Subsequently, petroleum ether (30 mL) was added to precipitate the side 

product phosphine oxide. After filtration, the organic layer was washed with water (30 mL) and brine 

(30 mL). The combined organic layers were dried over MgSO4, filtered and concentrated under reduce 

pressure. The product was purified using column chromatography with petroleum ether:EtOAc 20:1 

(v/v) as eluent. 

 (4-propoxyphenyl)methanol 

The product was obtained by coupling of bromopropane and 4-hydroxybenzaldehyde using synthetic 

procedure 1 followed by aldehyde reduction using synthetic procedure 2. The product was used for 

the next reaction step without further purification. Colorless to white crystal, yield 87%. 1H NMR (500 

MHz, CDCl3) δ 7.24 (d, J = 8.6 Hz, 2H), 6.87 (d, J =8.6 Hz, 2H), 4.57 (s, 2H), 3.90 (t, J = 6.5, 2H), 2.02 (s, 
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1H), 1.83 – 1.76 (m, 2H), 1.03 (t, J =7.3, 3H). 13C NMR (126 MHz, CDCl3) δ 158.4, 132.9, 128.4, 114.3, 

69.3, 64.4, 22.4, 10.3. MS (ESI): m/z 149.4 [M-H2O]+. 

1-(bromomethyl)-4-propoxybenzene 

The product was obtained from (4-propoxyphenyl)methanol using synthetic procedure 3. The product 

was obtained in high purity and no further purification was required. Yellow oil, yield quantitative. 1H 

NMR (500 MHz, CDCl3) δ 7.28 (d, J = 8.6 Hz, 2H), 6.85 (d, J =8.6 Hz, 2H), 4.48 (s, 2H), 3.90 (t, J = 6.5, 

2H), 1.83 – 1.75 (m, 2H), 1.02 (t, J =7.5, 3H). 13C NMR (126 MHz, CDCl3) δ 159.2, 130.3, 129.6, 114.6, 

69.4, 34.0, 22.5, 10.4. MS (ESI): m/z 149.1 [M-Br]+. 

potassium 2-hydroxy-6-((4-propoxybenzyl)oxy)benzoate (8d, TBK10) 

1-(bromomethyl)-4-propoxybenzene was coupled to 5-hydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-

4-one using synthetic procedure 1. The final product was obtained after deprotection according to 

synthetic procedure 5. Brown solid, yield 68%. Decomposed above 200 oC . 1H NMR (500 MHz, 

MeOD) δ 7.44 (d, J = 7.8 Hz, 2H), 7.10 (t, J = 8.2 Hz, 1H), 6.90 (d, J = 7.8 Hz, 2H), 6.45 (m, 2H), 5.08 (s, 

2H), 3.94 (t, J = 6.3 Hz, 2H), 1.92 (s, 1H), 1.85 – 1.75 (m, 2H), 1.06 (t, J =7.4 Hz, 3H) 13C NMR (126 

MHz, MeOD) δ 191.3, 175.6, 162.2, 161.1, 133.5, 132.2, 130.9, 116.4, 111.5, 106.9, 99.9, 72.7, 71.6, 24.8, 

11.9. MS (ESI): m/z 301.1 [M]+.. Elemental analysis for [C17H17KO5 + K+ + OH-]: found C: 51.47, H: 4.61 

and calculated C: 51.49, H: 4.58  

1-chloro-4-((4-((3,7-dimethyloctyl)oxy)benzyl)oxy)benzene (17, TBK25) 

1-(bromomethyl)-4-((3,7-dimethyloctyl)oxy)benzene was coupled to 4-chlorophenol using synthetic 

procedure 1 to obtain the final product. The product washed with methanol. Yellow solid, yield 30%. 

mp 63 – 65 oC. 1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.9 Hz, 2H), 6.90 (m, 

4H), 4.95 (s, 2H), 4.07 – 3.92 (m, 2H), 1.83 – 1.81 (m, 1H), 1.61 – 1.52 (m, 3H), 1.34 – 1.30 (m, 3H), 1.18 

– 1.15 (m, 3H), 0.97 – 0.84 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 159.3, 157.6, 129.5, 129.4, 128.5, 

125.9, 116.4, 114.8, 70.3, 66.6, 39.4, 37.5, 36.4, 30.0, 28.1, 24.8, 22.9, 22.8, 19.8. MS (ESI): m/z 373.3 

[M]+.. Elemental analysis for [C23H31ClO2]: found C: 73.61, H: 8.35 and calculated C: 73.68, H: 8.33. 

4-((4-((3,7-dimethyloctyl)oxy)benzyl)oxy)-1H-indole (18, N78) 

1-(bromomethyl)-4-((3,7-dimethyloctyl)oxy)benzene was coupled to 1H-indol-4-ol using synthetic 

procedure 1 to obtain the final product. The product was purified using column chromatography with 

heptane:EtOAc 10:1 (v/v) as eluent. Orange oil, yield 50%. 1H NMR (500 MHz, CDCl3) δ 8.04 (s, 1H), 

7.36 (d, J = 8.3 Hz, 2H), 7.23 – 7.18 (m, 2H), 7.12 - 7.11 (m, 1H), 6.93 – 6.89 (m, 3H), 6.45 (s, 1H), 5.01 

(s, 2H), 4.05 – 3.95 (m, 2H), 1.84 – 1.80 (m, 1H), 1.54 – 1.50 (m, 3H), 1.34 – 1.26 (m, 3H), 1.18 – 1.14 

(m, 3H), 0.94 – 0.93 (m, 3H), 0.88 – 0.87 (m, H).  13C NMR (126 MHz, CDCl3) δ 158.8, 153.4, 131.1, 
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129.2, 128.2, 124.9, 114.5, 113.1, 111.6, 104.0, 103.4, 102.3, 70.7, 66.3, 39.2, 37.3, 36.2, 29.8, 27.9, 24.6, 

22.7, 22.6, 19.6. MS (ESI): m/z 378.3 [M]+..  

1-(4-((4-((3,7-dimethyloctyl)oxy)benzyl)oxy)phenyl)propan-1-one (19, N193) 

1-(bromomethyl)-4-((3,7-dimethyloctyl)oxy)benzene was coupled to 1-(4-hydroxyphenyl)propan-1-one 

using synthetic procedure 1 to obtain the final product. Yellow solid, yield 70%. mp 70 - 72 oC. 1H 

NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.6 Hz, 2H), 

6.92 (d, J = 8.5 Hz, 2H), 5.04 (s, 2H), 4.04 – 3.96 (m, 2H), 2.96 (q, J = 7.5 Hz, 2H), 1.86 – 1.79 (m, 1H), 

1.62 – 1.50 (m, 3H), 1.34 – 1.26 (m, 3H), 1.18 – 1.14 (m, 3H), 0.95 – 0.86 (m, 9H). 13C NMR (126 MHz, 

CDCl3) δ 199.5, 162.5, 159.2, 130.2, 129.3, 127.9, 114.7, 114.5, 100.0, 70.0, 66.4, 39.2, 37.3, 36.1, 31.4, 

29.8, 28.0, 24.6, 22.7, 22.6, 19.6, 8.4. MS (ESI): m/z  419.3 [M+Na]+.. Elemental analysis for [C26H36O3]: 

found C: 78.72, H: 9.18 and calculated C: 78.75, H: 9.15. 

1-chloro-4-((4-propoxybenzyl)oxy)benzene (20, TBK29) 

1-(bromomethyl)-4-propoxybenzene was coupled to 4-chlorophenol using synthetic procedure 1 to 

obtain the final product. White solid, yield 20%. mp 89 – 91 oC. 1H NMR (500 MHz, CDCl3) δ 7.32 (d, J 

= 8.5 Hz, 2H), 7.23 (d, J = 8.9 Hz, 2H), 6.90 (m, 4H), 4.95 (s, 2H), 3.93 (t, J = 6.6 Hz, 2H), 1.86 – 1.77 

(m, 2H), 1.04 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 159.3, 157.6, 129.5, 129.4, 128.5, 125.9, 

116.4, 114.8, 70.3, 69.8, 22.7, 10.7. MS (ESI): m/z 275.1 [M]+.. Elemental analysis for [C16H17ClO2]: found 

C: 69.56, H: 6.26 and calculated C: 69.44, H: 6.19  

1-(4-((4-propoxybenzyl)oxy)phenyl)propan-1-one (21, B10) 

1-(bromomethyl)-4-propoxybenzene was coupled to 1-(4-hydroxyphenyl)propan-1-one using 

synthetic procedure 1 to obtain the final product. Yellow solid, yield 90%. mp 87 – 89 oC. 1H NMR 

(500 MHz, CDCl3) δ 7.95 (d, J = 8.8 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 8.8 Hz, 2H), 6.94 (d, J 

= 8.5 Hz, 2H), 5.07 (s, 2H), 3.95 (t,  J = 6.6 Hz, 2H), 2.96 (m, 2H), 1.85 – 1.80 (m, 2H), 1.21 (t, J = 7.5 

Hz, 3H), 1.06 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 198.9, 162.2, 158.7, 134.3, 129.7, 128.9, 

114.5, 114.1, 114.1, 69.5, 69.1, 36.0, 30.9, 30.8, 22.1, 10.1, 7.9. MS (ESI): m/z 297.1 [M]+.. Elemental 

analysis for [C19H22O3]: found C: 76.41, H: 7.51 and calculated C: 76.48, H: 7.43  

1-nitro-3-((4-propoxybenzyl)oxy)benzene (22, B11) 

1-(bromomethyl)-4-propoxybenzene was coupled to 3-nitrophenol using synthetic procedure 1 to 

obtain the final product. Yellow solid, yield 95%. mp 72 – 74 oC. 1H NMR (500 MHz, CDCl3) δ 7.83 (m, 

2H), 7.44 (t, J = 8.7 Hz, 1H), 7.37 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.7 Hz, 1H), 6.96 (d, J = 8.5 Hz, 2H), 

5.08 (s, 2H), 3.96 (t,  J = 6.7 Hz, 2H), 1.87 – 1.80 (m, 2H), 1.07 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 159.3, 134.4, 129.9, 129.9, 129.3, 127.5, 122.0, 115.8, 114.7, 110.5, 109.2, 70.5, 69.6, 22.5, 10.5. 
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MS (ESI): m/z 286.0 [M]+.. Elemental analysis for [C16H17NO4]: found C: 66.83, H: 5.98, N: 4.91 and 

calculated C: 66.89, H: 5.96, N: 4.88  

1-chloro-4-((4-(pentyloxy)benzyl)oxy)benzene (23, TBK33) 

1-(bromomethyl)-4-(pentyloxy)benzene was coupled to 4-chlorophenol using synthetic procedure 1 

to obtain to final product. The product washed with methanol. White solid, yield 46%. mp 88 – 90 oC. 

1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.9 Hz, 2H), 6.90 (m, 4H), 4.95 (s, 2H), 

3.96 (t, J = 6.6, 2H), 1.82 – 1.75 (m, 2H), 1.49 – 1.33 (m, 4H), 0.93 (t, J = 7.1 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 159.1, 157.4, 129.3, 129.2, 128.3, 125.6, 116.2, 114.6, 70.1, 68.0, 28.9, 28.2, 22.5, 14.0. 

MS (ESI): m/z 303.0 [M]+.. Elemental analysis for [C18H21ClO2]: found C: 70.87, H: 6.98 and calculated C: 

70.93, H: 6.94 

1-iodo-4-((4-(pentyloxy)benzyl)oxy)benzene (24, TBK47) 

1-(bromomethyl)-4-(pentyloxy)benzene was coupled to 4-iodophenol using synthetic procedure 1 to 

obtain the final product. The product washed with methanol. Light brown solid, yield 50%. mp 101 – 

103 oC. 1H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 8.9 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 

Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 4.95 (s, 2H), 3.96 (t, J = 6.6 Hz, 2H), 1.83 – 1.75 (m, 2H), 1.49 – 1.34 

(m, 4H), 0.93 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 159.3, 158.9, 138.4, 129.4, 128.4,117.5, 

114.8, 83.1, 70.1, 68.2, 29.1, 28.4, 22.6, 14.2. MS (ESI): m/z 395.3 [M]+.. Elemental analysis for 

[C18H21IO2]: found C: 54.54, H: 5.33 and calculated C: 54.56, H: 5.34 

2-((4-(pentyloxy)benzyl)oxy)naphthalene (25, TBK48) 

1-(bromomethyl)-4-(pentyloxy)benzene was coupled to naphthalen-2-ol using synthetic procedure 1 

to obtain the final product. The product washed with methanol. White solid, yield 40%. mp 103 – 105 

oC. 1H NMR (500 MHz, CDCl3) δ 7.78 - 7.72 (m, 3H), 7.45 - 7.32 (m, 3H), 7.24 – 7.20 (m, 2H), 6.93 (d, J 

= 8.5 Hz, 2H), 5.10 (s, 2H), 3.97 (t, J = 6.6 Hz, 2H), 1.84 – 1.76 (m, 2H), 1.49 – 1.35 (m, 4H), 0.94 (t, J = 

7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 159.3, 157.0, 134.7, 129.6, 129.5, 129.2, 128.9, 127.8, 127.0, 

126.5, 123.8, 119.3, 114.8, 107.3, 70.1, 68.2, 29.1, 28.4, 22.6, 14.2. MS (ESI): m/z 319.4 [M]+.. Elemental 

analysis for [C22H24O2]: found C: 82.49, H: 7.51 and calculated C: 82.46, H: 7.55 

4-((4-(pentyloxy)benzyl)oxy)benzaldehyde (26, TBK55) 

1-(bromomethyl)-4-(pentyloxy)benzene was coupled to 4-hydroxybenzaldehyde using synthetic 

procedure 1 to obtain the final product. Brown solid, yield 63%. mp 65 – 67 oC. 1H NMR (500 MHz, 

CDCl3) δ 9.88 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 6.92 (d, 

J = 8.5 Hz, 2H), 5.06 (s, 2H), 3.96 (t, J = 6.6 Hz, 2H), 1.83 – 1.75 (m, 2H), 1.48 – 1.34 (m, 4H), 0.93 (t, J 

= 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 190.9, 164.0, 159.5, 134.9, 132.1, 130.4, 130.2, 129.4, 128.8, 
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127.8, 115.3, 114.9, 70.3, 68.2, 29.1, 29.0, 28.3, 22.6, 14.2. MS (ESI): m/z 297.2 [M]+.. Elemental analysis 

for [C19H22O3]:  found C: 76.44, H: 7.45 and calculated C: 76.48, H: 7.43 

2-((4-(pentyloxy)benzyl)oxy)benzaldehyde (27, TBK57) 

1-(bromomethyl)-4-(pentyloxy)benzene was coupled to 2-hydroxtbenzaldehyde using synthetic 

procedure 1 to obtain the final product. Brown solid, yield 54%. mp 28 – 30 oC. 1H NMR (500 MHz, 

CDCl3) δ 10.55 (s, 1H), 7.87 (dd, J = 7.7, 1.6 Hz, 1H), 7.55 (td, J = 7.7, 1.6 Hz, 1H), 7.37 (d, J = 8.5 Hz, 

2H), 7.10 – 7.04 (m, 2H), 6.94 (d, J = 8.5 Hz, 2H), 5.13 (s, 2H), 3.99 (t, J = 6.6 Hz, 2H), 1.86 – 1.77 (m, 

2H), 1.50 – 1.38 (m, 4H), 0.96 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 190.0, 161.3, 159.4, 

136.0, 129.2, 128.5, 127.9, 121.0, 114.8, 113.3, 70.6, 68.2, 29.8, 29.1, 29.0, 29.0, 28.3, 28.3, 22.6, 14.1. 

MS (ESI): m/z 297.2 [M]+.. Elemental analysis for [C19H22O3]: found C: 76.39, H: 7.44 and calculated C: 

76.48, H: 7.43 

1-(4-((4-(nonyloxy)benzyl)oxy)phenyl)propan-1-one (28, B5) 

1-(bromomethyl)-4-(nonyloxy)benzene was coupled to 1-(4-hydroxyphenyl)propan-1-one using 

synthetic procedure 1 to obtain the final product. White solid, 72%. mp 73 – 75 oC. 1H NMR (500 

MHz, CDCl3) δ 7.96 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 7.03 (d, J = 8.7 Hz, 2H), 6.95 (d, J = 8.5 

Hz, 2H), 5.07 (s, 2H), 3.99 (t,  J = 6.5 Hz, 2H), 2.98 (q,  J = 7.0 Hz, 2H), 1.83 – 1.79 (m, 2H), 1.48 – 1.31 

(m, 12H), 1.24 (t, J = 7.3 Hz, 3H), 0.91 (t, J = 6.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ  199.5, 162.5, 

159.2, 130.2, 129.2, 127.9, 114.6, 114.5, 114.1, 70.0, 68.1, 31.8, 31.4, 29.5, 29.4, 29.2, 26.0, 25.9, 22.6, 

14.1, 8.4. MS (ESI): m/z 381.1 [M]+.. Elemental analysis for [C25H34O3]: found C: 78.32, H: 8.99 and 

calculated C: 78.49, H: 8.96 

1-nitro-3-((4-(nonyloxy)benzyl)oxy)benzene (29, B6) 

1-(bromomethyl)-4-(nonyloxy)benzene was coupled to 3-nitrophenol using synthetic procedure 1 to 

obtain the final product. Yellow solid, 62%. mp 52 – 54 oC. 1H NMR (500 MHz, CDCl3) δ 7.83 (s, 1H), 

7.75 (d, J = 8.5 Hz, 1H), 7.44 (t, J = 8.5 Hz, 1H), 7.37 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 8.5 Hz, 1H), 6.96 

(d, J = 8.6 Hz, 2H), 5.08 (s, 2H), 4.00 (t,  J = 6.5 Hz, 2H), 1.83 – 1.80 (m, 2H), 1.48 – 1.29 (m, 12H), 0.92 

(t, J = 6.5 Hz, 3H) . 13C NMR (126 MHz, CDCl3) δ  159.3, 129.9, 129.3, 127.5, 122.0, 115.8, 115.2, 114.7, 

110.5, 109.2, 70.5, 68.1, 31.8, 29.5, 29.4, 29.2, 29.2, 26.0, 22.6, 14.1. MS (ESI): m/z 370.0 [M]+.. Elemental 

analysis for [C22H29NO4]: found C: 70.94, H: 7.86, N: 3.87 and calculated C: 71.13, H: 7.87, N: 3.77 

(R)- or (S)-3,7-dimethyloct-6-en-1-ol (31)  

The product was obtained from (R)- or (S)-(− )-Citronellal using synthetic procedure 6. The product 

was obtained in high purity and no further purification was required. Colourless oil, yield quantitative. 

1H NMR (500 MHz, CDCl3) δ 5.05 (m, 1H), 3.58 (m, 2H), 1.97 – 1.90 (m, 2H), 1.63 (s, 3H), 1.54 (s, 3H), 
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1.53 – 1.49 (m, 2H), 1.33 – 1.29 (m, 2H), 1.14 – 1.11 (m, 1H), 0.86 (d, J = 6.6 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 130.9, 124.6, 60.6, 39.7, 37.1, 29.1, 25.5, 25.3, 19.4, 17.4.  

 (R)- or (S)-3,7-dimethyloctan-1-ol (32) 

The product was obtained from (R)- or (S)-3,7-dimethyloct-6-en-1-ol (31) using synthetic procedure 

2. The product was obtained in high purity and no further purification was required. Colourless oil, 

yield quantitative. 1H NMR (500 MHz, CDCl3) δ 3.65 – 3.60 (m, 2H), 2.18 (s, 1H), 1.58 – 1.48 (m, 2H), 

1.36 – 1.27 (m, 6H), 1.12- 1.10 (m, 2H), 0.87 – 0.83 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 61.0, 39.9, 

39.2, 37.3, 29.5, 27.9, 24.6, 22.6, 22.5, 19.6. 

(S)- or (R)-1-bromo-3,7-dimethyloctane (33) 

The product was obtained from (R)- or (S)-3,7-dimethyloct-6-en-1-ol (32) using synthetic procedure 

7. The product was purified using column chromatography with heptane:EtOAc 30:1 (v/v) as eluent. 

Yellow oil, yield 65%.1H NMR (500 MHz, CDCl3) δ 3.47 – 3.36 (m, 2H), 1.89 – 1.85 (m, 1H),1.68 – 1.61 

(m, 2H), 1.53 – 1.50 (m, 1H), 1.34 – 1.27 (m, 3H), 1.16- 1.11 (m, 3H), 0.89 – 0.85 (m, 9H). 13C NMR (126 

MHz, CDCl3) δ 40.0, 39.1, 36.7, 32.1, 31.6, 29.7, 27.9, 24.5, 22.6, 18.9.  

 (R)- or (S)-(4-((3,7-dimethyloctyl)oxy)phenyl)methanol (34) 

The product was obtained using synthetic procedure 1  between (S)- or (R)-1-bromo-3,7-

dimethyloctane and 4-hydroxybenzaldehyde using synthetic procedure 1 followed by aldehyde 

reduction using synthetic procedure 2. The product was used for the next reaction step without 

further purification. Yellow oil, yield 80%.1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 8.5 Hz, 2H), 6.91 (d, 

J = 8.5 Hz, 2H), 4.58 (s, 2H), 4.01 (m, 2H), 2.45 (s, 1H), 1.89 – 1.82 (m, 1H), 1.73 – 1.55 (m, 3H), 1.38 – 

1.27 (m, 3H), 1.22 – 1.18 (m, 3H), 0.99 (d, J = 6.7 Hz, 3H), 0.92 (d, J = 6.7 Hz, 6H). 13C NMR (126 MHz, 

CDCl3) δ 158.6, 132.9, 128.5, 114.4, 66.3, 64.7, 39.2, 37.2, 36.1, 29.8, 27.9, 24.6, 22.6, 22.5, 19.6. 

 (R)- or (S)-1-(bromomethyl)-4-((3,7-dimethyloctyl)oxy)benzene (35) 

The product was obtained from (R)- or (S)-(4-((3,7-dimethyloctyl)oxy)phenyl)methanol using synthetic 

procedure 3. The product was obtained in high purity and no further purification was required. Yellow 

oil, yield 87%. 1H NMR (500 MHz, CDCl3) δ 7.30 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 4.51 (s, 

2H), 4.00 (m, 2H), 1.86 – 1.79 (m, 1H), 1.70 – 1.52 (m, 3H), 1.35 – 1.28 (m, 3H), 1.19 – 1.15 (m, 3H), 

0.96 (d, J = 6.7 Hz, 3H), 0.89 (d, J = 6.7 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 159.2, 130.3, 129.6, 

114.6, 66.3, 39.1, 37.2, 36.0, 34.0, 29.7, 27.9, 24.6, 22.6, 22.5, 19.5.  
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 (R)- or (S)-5-((4-((3,7-dimethyloctyl)oxy)benzyl)oxy)-2,2-dimethyl-4H-

benzo[d][1,3]dioxin-4-one (36) 

(R)- or (S)-1-(bromomethyl)-4-((3,7-dimethyloctyl)oxy)benzene was coupled to 5-hydroxy-2,2-

dimethyl-4H-benzo[d][1,3]dioxin-4-one using synthetic procedure 1 to obtain the final product. The 

product was purified using column chromatography with heptane:EtOAc 20:1 (v/v) as eluent. Yellow 

solid, yield 68%.1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.5, 2H), 7.39 (t, J = 8.4, 1H), 6.90 (d, J = 8.5, 

2H), 6.66 (d, J = 8.5, 1H), 6.53 (d, J = 8.2, 1H), 5.18 (s, 2H), 3.98 (m, 2H), 1.83 – 1.79 (m, 1H), 1.70 (s, 

6H), 1.57 – 1.50 (m, 3H), 1.34 – 1.31 (m, 3H), 1.17 – 1.14 (m, 3H), 0.94 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 

6.7 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 160.4, 158.8, 158.0, 157.7, 136.2, 128.3, 128.0, 114.6, 109.3, 

107.4, 105.2, 70.6, 66.3, 39.2, 37.2, 36.2, 29.8, 29.7, 27.9, 25.6, 24.6, 22.7, 22.6, 19.6.  

potassium (R)- or  (S)-2-((4-((3,7-dimethyloctyl)oxy)benzyl)oxy)-6-hydroxybenzoate 

(37a/37b) 

The final product was obtained after deprotection of (R)- or (S)-5-((4-((3,7-

dimethyloctyl)oxy)benzyl)oxy)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (36)  according to synthetic 

procedure 5. The product was obtained in high purity and no further purification was required. White 

solid, yield quantitative. 1H NMR (500 MHz, MeOD) δ 7.38 (d, J = 8.3, 2H), 6.86 (d, J = 8.5, 1H), 6.83 (t, 

J = 8.0, 2H), 6.30 (d, J = 8.0, 1H), 6.16 (d, J = 8.0, 1H), 4.94 (s, 2H), 3.98 (q, J = 6.4, 2H), 1.80 – 1.75 (m, 

1H), 1.66 – 1.49 (m, 3H), 1.35 – 1.26 (m, 3H), 1.18 – 1.14 (m, 3H), 0.92 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 

6.7 Hz, 6H). 13C NMR (126 MHz, MeOD) δ 189.7, 165.2, 160.4, 158.0, 131.6, 130.2, 129.4, 115.4, 114.3, 

101.2, 71.6, 67.4, 40.6, 38.6, 37.5, 31.1, 29.3, 26.0, 23.2, 22.4, 20.4. Elemental analysis for 37a (N206) 

[C24H31KO5 +K+ + OH-]: found C: 58.24, H: 6.51 and calculated C: 58.27, H: 6.52, for 37b (N219) 

[C24H31KO5 +K+ + OH-]: found C: 58.23, H: 6.54 and calculated C: 58.27, H: 6.52 

Enzyme activity studies 

Expression and Purification of His6-tagged h-15-LOX-1 

The h-15-LOX-1-His6 protein, carrying an N-terminal His6-tag without a linker-sequence, was 

produced in E. coli BL21(DE3) using the T7 expression system. Fresh transformed BL21(DE3) 

containing the expression plasmid pET26 (15-LOX-1-His6) were collected from an LB plate and used 

to inoculate LB medium (5 mL). After growth for 3-6 h at 37 oC, this culture was used to inoculate 

fresh LB medium (1 L) to a starting OD600 of about 0.01. LB agar plates and LB medium were 

supplemented with kanamycin (30 μg/mL). After overnight growth at 37 oC, the culture was 

equilibrated at 26 oC for 1 hour after which expression of the 15-LOX-1 gene was induced by the 

addition of IPTG to a final concentration of 1 mM (from a 1 M stock solution in water). The culture 

was subsequently incubated at 26 oC for 4 hours for protein production. Throughout this procedure, 
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the culture was subjected to vigorous shaking (150 rpm). Subsequently, cells were harvested by 

centrifugation (10 min at 2300g) and resuspended in 25 mM HEPES buffer, pH 7.5, (Buffer A) to a 

total volume of about 10 mL. Protease inhibitors (Complete Mini, Roche, Mannheim, Germany) were 

added and cells were disrupted by sonication for 1 min at 50% duty cycle/50% output using a 

Branson Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT). Unbroken cells and debris were 

removed by centrifugation (30 min at 15000g). The supernatant was applied to a gravity flow column 

containing 0.5 mL Ni-Sepharose 6 Fast Flow resin. The nonbound proteins were removed from the 

column by gravity flow. The column was washed with 50 mM imidazole in buffer A, after which 

retained proteins were eluted with 1 mL of 250 mM imidazole in buffer A. Subsequently, the protein 

sample was applied to a PD-10 gelfiltration column, which was previously equilibrated in 25 mM 

HEPES buffer, pH 7.5, supplemented with 5% (v/v) glycerol (buffer B), and proteins were eluted with 

buffer B. Fractions (1 mL) were analysed by SDS-PAGE, and those containing highly purified 15-LOX 

were combined and concentrated to a protein concentration of about 10 mg/mL using a Vivaspin 

centrifugal concentrator equipped with a 30000 Da molecular weight cut-off filtration membrane 

(Sartorius Stedim Biotech S.A., France). The purified protein was flash-frozen in liquid nitrogen upon 

completion of this procedure and stored at -80 oC until further use. The purity of h-15-LOX-1 was 

assessed by SDS-PAGE (figure S1). 

Activity Assay 

For the activity assay, h-15-LOX-1 was expressed in BL21 DE3 cells and the crude lysate was used 

without further purification. h-15-LOX-1 activity was determined by the conversion of linoleic acid to 

13S-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-HpODE). The conversion rate was followed by 

UV-absorbance at 234 nm over time. The linear increase in absorbance was used to determine the 

enzyme activity. The linear part usually covers the first 10 to 16 minutes depending on the enzyme 

concentration after which the conversion rate goes down due to depletion of the substrate. The 

optimum concentration of h-15-LOX-1 was determined by an enzyme activity assay (x 640 times 

dilution). Data analysis was done using the Microsoft Excel Professional 2010 and Graphpath Prism 

5.01 software. 
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Figure S6. The purity of h-15-LOX-1 was determined by SDS-PAGE. The band for h-15-LOX-1 is detected around 75 

kDa, after elution with 250 mM imidazole. Abbreviations used: M, marker; CE, cell extract ; CFE, cell free extract; FT, 

flow through; 50, washing with 50 mM imidazole; 250, washing with 250 mM imidazole 

A  B  

 

Figure S7. A) The enzyme activity without purification, crude lysate, in the first 5 months and B) the enzyme activity after 

purification in the first 5 days. 

 

Figure S8. Activity assay with bacteria with and without the h-15-LOX-1 gene was performed. No activity was 

measured from the bacteria without the h-15-LOX-1 gene. Therefore the measured activity is confirmed to be only 

from the expressed h-15-LOX-1. 
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Human h-15-LOX-1 screening UV assay 

The screening UV assay of h-15-LOX-1 was also studied by the formation of 13(S)-HPODE at 234 nm 

using a similar experimental setup as for the enzyme activity assay. The assay buffer consists of 25 

mM HEPES titrated to pH 7.5 using a concentrated aqueous solution of NaOH. The substrate, linoleic 

acid (LA) (Sigma Aldrich, L1376) was diluted in ethanol to 500 µM. The enzyme was diluted 1:160 with 

assay buffer. The inhibitor (100 mM in DMSO) was diluted with the assay buffer to 125 µM. The 

inhibitor solution of 80 µL was mixed with 60 µL assay buffer, 50 µL of 1:160 enzyme solution and 

incubated for 10 min. at RT. After incubation, 10 µL of 500 µM LA was added to the mixture which 

provided a mixture with a final dilution of the enzyme of 1:640 and 25 µM LA. The linear absorbance 

increase in absence of the inhibitor was set as 100%, whereas the absorbance increase in absence of 

the enzyme was set to 0%. All experiments were performed in triplicate and the average triplicate 

values and their standard deviations are plotted.  

 

 

 

Figure S9. IC50 Plots of h-15-LOX-1 Inhibition with PD-146176 and 8a (PK147). The results were the average of 

triplicates and non-linear curve fitting was used 

 

The half maximal inhibitor concentration (IC50) of the inhibitors for h-15-LOX-1 was determined using 

the same assay. The inhibitor was diluted to 250 µM with assay buffer. Subsequently, using a serial 

dilution, the desired dilutions of the inhibitor were obtained ranging from 0.19-100 µM. 
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Figure S10. Comparison of inhibition of compound 8a in three different enzymes at concentration of 50µM. 

 

Michaelis-Menten Enzyme Kinetics 

In this kinetic study, 25 mM HEPES buffer, pH 7.5, was used as an assay buffer. The enzyme was 

diluted 1:160 with assay buffer while linoleic acid (Sigma Aldrich, L1376-1G) was diluted with EtOH to 

4 mM. LA concentrations ranging from 0.05 to 3 mM were made using the 4 mM LA stock solution. 

The enzyme activity was measured in the absence or presence of fixed concentrations of the inhibitor 

(0 µM, 10 µM and 20 µM). 50 µL of the enzyme solution was mixed with 80 µL of inhibitor (25 µM or 

50 µM), 60 µL assay buffer and incubated for 10 min. at RT. In absence of the inhibitor, the amount 

of inhibitor is substituted with assay buffer. Subsequently, 10 µL of LA solution ranging from 0.05 to 4 

mM was added to the mixture to provide a mixture with a final dilution of the enzyme of 1:640. The 

mixtures were immediately measured after 5 sec. of mixing the enzyme with the inhibitor and 

substrate for 16 min. These experiments were executed in triplicate. The reaction velocities (v) were 

plotted against the substrate concentrations in a Michaelis-Menten plot and the Km and Vmax in the 

presence of the inhibitor were derived. The reciprocal of the velocities were taken and plotted against 

the reciprocal of the LA concentrations in a Lineweaver-Burk plot. Substrate inhibition was obtained 

in concentration above 60µM. All experiments were performed in triplicate and the average triplicate 

values and their standard deviations are plotted. The data analysis was performed using Microsoft 

Excel Professional Plus 2013 and GraphPad Prism 5.01. 
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Molecular Modeling  

A  B  

Figure S11. The sequence  A) the identity and B) the similarity between the rabbit 15-LOX (1LOX) and h-15-LOX-1 

(2ABT). The alignment was performed in MOE software.  

 

37a (N206) 

  

Figure S12. The interaction of the compound 37a with the active site of the enzyme 

37b (N219) 

 

 

Figure S13. The interaction of the compound 37b with the active site of the enzyme 
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Abstract 

Lipoxygenases metabolize polyunsaturated fatty acids into signalling molecules such as leukotrienes 

and lipoxins, which play a regulatory role in several inflammatory lung diseases such as asthma, 

chronic obstructive pulmonary disease (COPD) and chronic bronchitis. Human 15-lipoxygenase-1 (15-

LOX-1) is an important mammalian lipoxygenase and plays a crucial role in the biosynthesis of these 

inflammatory signalling molecules. New classes of inhibitors are needed to explore the lipoxygenases 

as therapeutic targets. Here, we present the first study that identifies ruthenium(II) (Ru(II)) complexes 

as novel inhibitors of 15-LOX-1. Our study includes two novel Ru(II) complexes (C1a and C1b), 

bearing the sulfur macrocycle [9]aneS3, S-bonded dimethylsulphoxide (dmso-S), and chelate N,N- or 

N,O-donor ligands which were characterized by high-resolution NMR spectroscopy, X-ray 

crystallography and other standard physicochemical methods. These novel complexes and previously 

described Ru(II) complexes with the general formula [(η6-p-cymene)RuCl(O,O-ligand)]Cl were tested 

for inhibition of 15-LOX-1. This enabled identification of Ru(II) complexes that inhibit 15-LOX-1 with a 

potency in low micromolar range. Enzyme kinetic analysis was also performed, suggesting 

uncompetitive inhibition.  
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Introduction 

Lipoxygenases (LOXs) are non-heme, iron containing enzymes that catalyse positional and 

stereospecific insertion of oxygen (O2) into polyunsaturated fatty acids (PUFAs), such as arachidonic or 

linoleic acid.[1,2] In humans, LOX mediated conversion of PUFAs generates signalling molecules such as 

leukotrienes, lipoxins and eoxins,[3–5] which play a regulatory role in several inflammatory and 

respiratory diseases. New classes of inhibitors are needed to explore the lipoxygenases as therapeutic 

targets. 

The LOX enzymes are classified as 5-, 8-, 12- and 15-LOX based on their regioselectivity for 

arachidonic acid metabolism in mammals. In humans, there are two isoforms of 15-LOX, namely 15-

LOX-1 and 15-LOX-2.[6] The enzyme 15-LOX-1 (also referred to as 12/15-LOX) prefers linoleic acid as 

its major substrate over arachidonic acid,[7,8] which is remarkable since arachidonic acid is preferred by 

most other mammalian lipoxygenases. Arachidonic acid is converted into 15S-hydroperoxy-

5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HpETE), which can be reduced to 15(S)-HETE (Figure 1).[9] 

Comparably, linoleic acid is converted into 13S-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-

HpODE), which can be reduced to 13(S)-HODE. 

 

 

Figure 1. Arachidonic acid and linoleic acid and their respective product upon conversion by 15-LOX. 

 

The 15-LOX-1 enzyme is predominantly expressed in human airway epithelial cells, reticulocytes, 

eosinophils, alveolar macrophages, mast cells and dendritic cells, which suggests a major role in 

airway inflammation.[10] Several studies describe a role for 15-LOX-1 in allergic airway diseases [11–13] 

and in chronic airway inflammation.[14] 15-LOX-1 has also been described to play a role in cancer,[15,16] 

and atherosclerosis.[17] 
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Due to the key role of 15-LOX-1 in several disease processes several types of small molecule 

inhibitors of this enzyme have been developed. The one of the first inhibitors for this enzyme is an 

indole based compound denoted PD-146176, which is active in the low micromolar range.[18] In a 

research program by the company Bristol–Myers Squib a series of inhibitors have been developed 

with potencies in the nanomolar range such as tryptamine-based compounds,[19] imidazole-based 

compounds [20] and pyrazole-based compounds.[21] These compound suffer however from poor 

pharmacokinetics in vivo. In addition, 3-aroyl-1-(4-sulfamoylphenyl)thiourea [22] and pyrimidinylthio-

pyrimidotriazolothiadiazine [23] derivatives were published as soybean 15-LOX inhibitors with activities 

in the micromolar range. Recently, our research group described anacardic acid derived salicylates as 

LOX inhibitors, which also proved to be active in the micromolar range.[24–26] 

Many ruthenium complexes were tested as potential anticancer agents and two complexes, namely 

NAMI-A (trans-[imH] [RuCl4(dmso-S)(im)]; im, imidazole) and KP1019 (trans-[indH][RuCl4(ind)2]; ind, 

indazole) have successfully entered clinical trials.[27,28] NAMI-A is selectively active against metastases 

of solid tumors,[29] while KP1019 is active against colorectal tumors.[30] It also has been shown that 

inhibition of enzyme activities is of great importance in the mode of action of ruthenium-containing 

compounds. In contrast with the omnipresent DNA, various proteins are overexpressed in cancerous 

cells thus making them valuable potential targets for drugs with high selectivity. This, together with 

the modest price of starting material RuCl3, its low toxicity and its predictable and established 

synthetic chemistry as well as the high number of possible structural modifications of the octahedral 

metal coordination scaffold in comparison with organic frameworks makes ruthenium highly attractive 

metal for the development of chemotherapeutics with novel modes of action.[31,32] Meggers and 

coworkers developed organoruthenium compounds as protein kinase inhibitors which are air- and 

water-stable.[33] Dyson and coworkers evaluated a series of ruthenium(II)-arene (RAPTA) compounds 

for the ability to inhibit thioredoxin reductase and chatepsin B, two possible targets for anticancer 

metallodrugs. Herein, the cleavage of the metal-chloride bonds is observed, in some cases followed 

by subsequent loss of the pta ligand.[34] Ruthenium compounds as protease cathepsin K inhibitors 

were investigated by Kodanko and coworkers. They demonstrated for the first time that intracellular 

light-activated enzyme inhibition is possible using ruthenium caging approach. This photoactivated 

inhibitors have potencies in the nanomolar range and no apparent toxicity.[35] Furthermore, ruthenium 

polypiridyl complexes were discovered to inhibit human telomerase and topoisomerase as well as 

show comparable cytotoxicities as cisplatin [36] as well as inhibit acetlycholineesterase and prevent 

amyloid-β aggregation thus making them promising candidates for anticancer and antialzheimer drug 

trials.[37] 
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In recent years, our group has investigated the possible application of organoruthenium derivatives of 

clinically used drugs as potential anticancer agents.[38] Application of metal-based drugs in non-

oncology applications is gaining importance and some interesting examples have been described for 

Ru(II) complexes.[39] Our complexes were for example tested for activity against tropical diseases [40] 

and fungal diseases.[41] Additionally, their affinity for potential macromolecular targets such as DNA, 

transport proteins was studied and their inhibitory action against various enzymes has also been 

tested (human topoisomerase, cathepsins, aldo-keto reductases).[40,42–44] 

Even though research in the past decade has been focused towards organometallic half-sandwich 

Ru(II) complexes,[45,46] it has been shown that the π-bonded aromatic ligands are not essential for the 

anticancer activity of ruthenium complexes.[47] Therefore the activities of Ru(II) complexes with face-

capping ligand like sulfur macrocycle 1,4,7-trithiacyclononane ([9]aneS3) substituting η6-arene ligands 

have also been investigated.[42,48,49] Since the exact mechanism of action of different types of 

ruthenium complexes is not fully understood and while it is possible that they hit multiple targets, it 

is important to investigate interactions with various potential targets to gain insight into the possible 

modes of action. 

In this paper, we present the continuation of our research on the physicochemical and biological 

properties of Ru(II) complexes with different ligands with the general formulas 

[Ru([9]aneS3)(dmso)(N,N- or N,O-donor ligand)](PF6)2 and [(η6-p-cymene)RuCl(O,O-ligand)]Cl. We 

evaluated the inhibitory action of Ru(II) complexes against the iron dependent 15-LOX-1 enzyme 

using the recombinant enzyme and an enzyme activity assay based on the UV-absorbance of the 

reaction product. Both newly synthesized compounds were characterized by NMR, X-ray diffraction 

and other standard physicochemical methods. The stability of the complexes in DMSO and aqueous 

solution was studied by the means of NMR spectroscopy. The enzyme inhibition and enzyme kinetics 

were also determined.  

Results and discussion 

Synthesis and Characterization of Ligand L1a and Ru(II) Complexes C1a and C1b 

The reaction between ruthenium precursor [Ru([9]aneS3)(dmso)3](PF6)2 (P1) and 1.05 equivalent of the 

appropriate N,N- or N,O-donor ligand in refluxing methanol led to the replacement of two dmso 

ligands, with the formation of the dicationic complexes (C1a and C1b) with the general formula of 

[Ru([9]aneS3)(N,N- or N,O-ligand)(dmso)](PF6)2, where the ligands were 4,5-bis(methoxycarbonyl)-[2,2’-

bipyridine] 1-oxide (L1a) and dimethyl 6-(pyridine-2-yl)pyridine-3,4-dicarboxylate (L1b) (Scheme 1). 

Both novel complexes were characterized by elemental (CHN) analysis and IR spectroscopy in the 
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solid state, and by NMR, ESI-HRMS and UV-Vis spectroscopy in solution. The solid state structures of 

ligand L1a and both complexes C1a and C1b were also determined by X-ray crystallography. 

The proton and carbon NMR spectra of complex C1b were recorded in acetone, whereas spectra of 

complex C1a were recorded in DMSO because the complex is not stable in acetone. The collected 

data confirmed the predicted structures and the purity of prepared complexes as well as the integrity 

of each compound in solution. Both products share a common structural pattern: the methylene 

protons of the face-capping [9]aneS3 ligand are in the region δ 2.36–3.59 ppm as a characteristic set 

of resonances. The two methyl groups of the dmso ligand are diastereotopic due to the unsymmetric 

N,N-/N,O-ligands, therefore they resonate as two distinct singlets. Interestingly, in the spectrum of 

complex C1a the Δδ between these two singlets is unusually high (Δδ = 0.69 ppm) in comparison 

with the spectrum of complex C1b and previously published similar complexes (Δδ = 0.14 – 0.25 

ppm).[44] Other peaks correspond to the N,N-/N,O-ligand coordinated to the central Ru(II) ion. Due to 

the different electron environments the proton peaks in bonded ligands are up shifted in comparison 

to peaks in free ligands. This is most likely because of the decrease of electron density upon bonding 

to the electropositive ruthenium ion and is the most obvious in the region of the aromatic protons. 

The –COOCH3 group protons are in the region δ of 3.95 – 4.02 ppm. The carbon NMR spectrum is 

also compatible with the geometry and low symmetry of complexes, therefore all the peaks are 

singlets – six resonances belonging to the non-equivalent methylene carbons of the [9]aneS3 ligand, 

two signals (very closely spaced) for the carbons of the diastereotopic methyl groups of the dmso 

ligand together with the expected peaks of the bonded N,N-/N,O-ligand. 

Single crystals of ligand L1a were obtained by slow evaporation from ethyl acetate and of complexes 

C1a and C1b from a mixture of methanol/ethanol. In comparison to similar ligands crystal structures 

from our previously published paper [44] also here the crystal structure of ligand exists in more stable 

trans conformation, according to the nitrogen atoms in the aromatic rings (Figure 2, atoms N1 and 

N2). As a curiosity the aromatic rings, which were almost coplanar in referenced paper (angle φpy-Ar 

was between 3.58 – 7.17°) significantly deviate in the crystal structure of ligand L1a (φpy-Ar = 19.92°). In 

addition, also the methoxycarbonyl groups in the crystal structure L1a do not follow the pattern 

already observed. To remember, methoxycarbonyl groups at position 4 were almost coplanar with the 

pyridine ring (φ4 = 4.37° – 8.63°), whereas the methoxycarbonyl groups at position 5 were almost 

perpendicular to the pyridine ring (φ5 = 82.09° – 87.28°) (see Scheme 1 for atom numbering). In the 

case of ligand L1a the angles are 27.84° and 48.78° respectively, which again shows a significant 

deviation in comparison to already known structures. 
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Figure 2. Crystal structure of ligand L1a, with heteroatom labelling. Hydrogen atoms are omitted for clarity. The 

thermal ellipsoids are shown at 20 % probability level. 

In both analysed dicationic complexes (C1a, C1b, Figures 3A,B), the ruthenium centre displays the 

expected distorted octahedral geometry with the tridentate [9]aneS3 ligand in the facial geometry, 

one chelating N,N-/N,O-ligand and one dmso molecule bonded through sulfur. The positive charge 

of these complexes is balanced by two PF6
- anions. The bite angles in both bidentate ligands are 

fairly similar (80.99° and 78.01° for C1a and C1b respectively, Table 1) even though we are dealing 

with a different type of ligand. The main difference observed is in the angle between the aromatic 

rings, 41.55° and 10.40° respectively due to the strain caused by the extra oxygen atom (Figure 3A, 

atom O5) in complex C1a. The bond lengths observed in both crystal structures are comparable to 

those in previously published crystal structures, and also the pattern of slightly elongated Ru–S bond 

distance trans to the dmso ligand in comparison to the bond distances trans to the N,N-/N,O-ligand 

is observed.[44,47,50,51] Crystal structures of complexes C1a and C1b are additionally stabilized by weaker 

interactions between the hydrogen atom and the carbonyl or dmso oxygen atoms. 

 

 

Figure 3. A) Crystal structure of novel Ru(II) complex C1a, with heteroatom labelling. Hydrogen atoms and 

hexafluorophosphate anions are omitted for clarity. The thermal ellipsoids are shown at the 20% probability level. B) 

Crystal structure of novel Ru(II) complex C1b, with heteroatom labelling. Hydrogen atoms and hexafluorophosphate 

anions are omitted for clarity. The thermal ellipsoids are shown at the 20% probability level. 

A B
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Table 1. Selected bond distances (Å) and angles (°) in crystal structures of complexes C1a and C1b. 

 C1a C1b 

Ru-S1 2.333(1) 2.3442(7) 

Ru-S2 2.319(2) 2.3250(6) 

Ru-S3 2.301(1) 2.3155(7) 

Ru-S4 2.313(1) 2.3053(7) 

Ru-N1(O5) 2.131(4) 2.097(3) 

Ru-N2 2.139(5) 2.091(2) 

N1(O5)-Ru-N2 81.99(1) 78.01(9) 

 

Chemical Behaviour in Aqueous Solution 

In order to estimate the stability of these complexes the behaviour of novel Ru(II) complexes in 

aqueous solution was investigated by means of 1H NMR spectroscopy at room temperature. The 

chemical changes in the spectra were monitored mainly through the aromatic part of the N,N-/N,O-

ligand, since the multiplets of [9]aneS3 ligand are unsuitable for monitoring purposes. Interestingly, 

complex C1a and C1b show a completely different behaviour in aqueous solution. Complex C1b is 

relatively stable, since no changes were observed in 1H NMR spectra after dissolution in D2O in the 

timeframe of the experiment. On the other hand, for complex C1a additional peaks were observed 

already after 30 minutes and after one day the presence of an intermediate compound is observed, 

which is later on converted further into complex C1b (Figure 3B). After a month complex C1a is fully 

converted to complex C1b, which is overall a reduction reaction. In view of the observed instability 

the complexes were dissolved immediately before use in the biological assays.  
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Figure 4. Time-dependent 1H NMR spectra of complex C1a in aqueous solution (first six spectra) in comparison to 

C1b complex (spectrum at the bottom). 

 

Inhibition of 15-LOX-1 Activity by Ru(II) Complexes 

Selected previously published complexes C2,[44] C3,[52,53] C4,[38] and newly synthesized Ru(II) complexes 

C1a and C1b (Figure 5) were screened for inhibition at concentrations of 50 μM (Figure 6). The 

residual enzyme activity was measured after 10 min incubation with the inhibitors at room 

temperature. Four of Ru(II) complexes showed 60% to 70% inhibition of 15-LOX-1 at 50 μM. 

Noteworthy is that between the newly synthesized complexes, only the complex C1a with the N,O-

ligand showed inhibition while structurally similar complex C1b with N,N-ligand showed no inhibition 

of the enzyme. In addition, the ligands of the active complexes were screened for inhibition of 15-

LOX-1 at the same concentration of 50 µM and showed no inhibition of the enzyme (Figure 5 and 6). 

This demonstrates that the Ru(II) complexes inhibit the enzyme whereas free ligands are not active. 

The complexes with 50% inhibition or more at 50 μM were subjected to IC50 determination (Table 2). 

The IC50 values were in the same range and vary between 7.2 µM to 13.5 µM (Table 2, Figure 7). The 

inhibitory potency of the Ru(II) complexes proved to be, to our delight, comparable with the known 

15-LOX inhibitor PD-146176, which was measured in our previous studies.[26] 
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Figure 5. Selected Ru(II) complexes and free ligands used in this study. 

 

 

 

Figure 6. Residual enzyme activity observed for the screening of Ru(II) complexes and free ligands (Figure 5) for 

inhibition of 15-LOX-1 in presence of 50 µM of the respective compounds. The enzyme activity in absence of 

inhibitor (pc, positive control) was set to 100% and the background signal in absence of the overexpressed 15-LOX-

1 was set to 0%. The averages and standard deviations of the individual measurements are shown. 

 

0

20

40

60

80

100

120

PC C1a C1b P1 P2 C2 C3 C4 L1a L1b L3 L4

En
zy

m
e

 a
ct

iv
it

y 
(%

) 



 Ru(II) Complexes as Inhibitors of 15-LOX-1 

 

71 

 

3 

Table 2. IC50 values of the Ru(II) complexes. 

Complex IC50 (μM) 

P2 13.5 ± 3.2 

C1a 7.5 ± 1.3 

C3 7.6 ± 1.2 

C4 7.2 ± 1.7 

All the values are reported with the standard deviation after non-linear curve fitting. P2 ruthenium precursor 

bis[dichlorido(η6-p-cymene)ruthenium(II)]. 
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Figure 7. Representative example of an inhibition plot for complex C4. The log [C4] is plotted against the enzyme 

activity as a percentage of the controls. The data points are averages of triplicates and the standard deviation is 

shown. The data were fitted by non-linear curve fitting. 

 

In order to explore the enzyme inhibition further Ru(II) complex C1a was subjected to enzyme kinetic 

analysis. Inhibitor C1a causes a decrease in Km value as well as the Vmax (Table 3), which indicates 

uncompetitive inhibition (Figure 8). This behaviour effect is remarkable since uncompetitive inhibition 

occurs when the inhibitor (I) binds only to the enzyme-substrate complex (ES) and not to the free 

enzyme (E). With this type of inhibition the enzyme-substrate-inhibitor complex (ESI) cannot form 

product (P), so the enzymatic reaction is inhibited. Based on the uncompetitive binding model it can 

be presumed that the Ru(II) complex binds to the substrate bound enzyme to give an inactive 

enzyme species (Figure 9). In this case we could speculate that a Ru(II) complex might act as a 

reducing agent for the endoperoxide radical product of the substrate bound to the enzyme active 

site. This would inhibit the regeneration of the active Fe(III) enzyme species and thus inhibit its 

activity.  
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Figure 8. Steady-State kinetic characterization of 15-LOX-1 in the presence of different concentrations of Ru(II) 

complex C1a: A) Michaelis-Menten representation and B) Lineweaver-Burk representation. 

Table 3. Enzyme kinetic parameters for inhibition of 15-LOX-1 by Ru(II) complex C1a. 

C1a (µM) Km
app (µM) Vmax

app (absorbance/s) P-value 

0 18.8 ± 7.4 13.2 x 10-4 ± 2.1 x 10-4
 0.0036 

5 13.6 ± 5.6 6.8 x 10-4 ± 1.0 x 10-4 0.0038 

10 9.4 ± 7.1 4.8 x 10-4 ± 1.1 x 10-4 0.0050 

20 8.5 ± 3.8 3.6 x 10-4 ± 0.4 x 10-4 0.0021 

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

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

 

Figure 9. The mechanism of uncompetitive inhibition. The inhibitor binds to the enzyme-substrate (ES) complex 

forming an enzyme-substrate-inhibitor (ESI) complex, which inhibits the enzymatic reaction. 
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Conclusions  

15-LOX-1 is an important mammalian lipoxygenase which plays an important role in the biosynthesis 

of leukotrienes, lipoxins and other signalling molecules. These signalling molecules play a regulatory 

role in several respiratory diseases and thus represent important targets for the development of new 

drugs. Herein we present the first study that identifies Ru(II) complexes as novel inhibitors of 15-LOX-

1. Two different types of complexes were tested with the general formulas: [Ru([9]aneS3)(dmso)(N,N- 

or N,O-donor ligand)](PF6)2 and [(η6-p-cymene)RuCl(O,O-ligand)]Cl. Among the seven tested Ru(II) 

complexes, two were newly synthesized (C1a and C1b). Both novel complexes were completely 

characterized and also their crystal structures have been determined. The data reported herein reveal 

four Ru(II) complexes as inhibitors of 15-LOX-1 with a potency in low micromolar range, whereas the 

respective free ligands showed no inhibition of the enzyme. Enzyme kinetic analysis of a Ru(II) 

complex (C1a) showed uncompetitive inhibition, which indicates that it binds to the substrate bound 

enzyme. In this study, we identify lipoxygenases as a new class of enzymes that is inhibited by Ru(II) 

complexes, which is important for a better understanding of the action of ruthenium based drugs. 

Experimental Section  

Materials and Methods 

All starting materials were purchased from commercial suppliers (Aldrich) and used as received. 

Compounds [(9aneS3)Ru(dmso)3](PF6)2 (P1), 4,5-bis(methoxycarbonyl)-[2,2'-bipyridine] 1-oxide (L1a) 

and dimethyl [2,2'-bipyridine]-4,5-dicarboxylate (L1b) were synthesized as previously described in the 

literature.[54,55] 1H and 13C NMR spectra of complexes (C1a and C1b) were recorded on Bruker Avance 

III spectrometer at 500.10 MHz and 126 MHz at room temperature by using tetramethylsilane (TMS) 

as an internal standard. The infrared spectra were recorded with Perkin-Elmer Spectrum 100 FTIR 

spectrometer, equipped with a Specac Golden Gate Diamond ATR as a solid sample support. The 

measurements were made in the range from 4000 to 600 cm-1. The UV-VIS spectra were collected on 

Perkin-Elmer LAMBDA 750 UV/Vis/NIR spectrophotometer, in a methanol solution at 2·10-5 mol/L. The 

CHN elemental analyses were determined using Perkin-Elmer 2400 Series II instrument (CHN) and 

ESI-HRMS were measured on Agilent 62224 Accurate Mas TOF LC/MS. NMR and IR spectra are 

included in the Supporting Information file. 

Synthesis 

Complexes C1a and C1b have been synthesized by the following general procedure (Scheme 1): 80.0 

mg of the ruthenium precursor [Ru([9]aneS3)(dmso)3](PF6)2 (P1, 0.099 mmol) and 1.05 molar 
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equivalents of the appropriate N,N- or N,O-donor ligand (0.104 mmol) were suspended in 15 mL of 

MeOH. The suspension gradually dissolved as the reaction mixture was heated. A clear dark orange 

solution was then refluxed for 2 h. The solvent was rotary-evaporated, replaced by EtOH, and the 

formed product was collected by filtration, washed with EtOH and diethyl ether and vacuum-dried. 

 

 

Scheme 1. Synthetic procedure for preparation of novel Ru(II) complexes C1a and C1b from precursor P1 and 

ligands L1a and L1b with the numbering scheme used for the NMR characterization. 

 

[Ru([9]aneS3)(L1a)(dmso)](PF6)2 (C1a) 

Complex was prepared according to a general procedure that used 30.1 mg 4,5-

bis(methoxycarbonyl)-[2,2’-bipyridine] 1-oxide (L1a)[55] (0.104 mmol) to give 75.6 mg C1a as a dark 

orange solid (yield, 81.4%). Crystals of complex C1a were obtained by slow evaporation of a 1:1 

methanol/ethanol solution. 1H NMR (DMSO-d6, 500.10 MHz): δ = 9.48 (s, 1H, Ar–H6), 9.27 (d, 1H, J = 

5.6 Hz, Ar–H6’ or Ar–H3’), 8.59 (s, 1H, Ar–H3), 8.40 (d, 1H, J = 5.7 Hz, Ar–H6’ or Ar–H3’ and td, 1H, J = 

6.0, 2.8 Hz, Ar–H4’ or Ar–H5’), 7.90 (td, 1H, J = 6.1, 2.8 Hz, Ar–H4’ or Ar–H5’), 3.96 (s, 3H, Ar–COOCH3), 

3.95 (s, 3H, Ar–COOCH3), 3.24-2.36 (m, 12H, –CH2–, [9]aneS3), 3.29 (s, 3H, SO(CH3)2), 2.60 (s, 3H, 

SO(CH3)2) ppm. 13C NMR (DMSO-d6, 126 MHz): δ 163.6, 161.9, 156.5, 149.6, 147.0, 142.5, 140.6, 136.9, 

130.5, 130.2, 129.1, 128.8, 53.9, 53.8, 44.7, 41.0, 35.5, 34.6, 31.8, 31.8, 30.6, 30.2 ppm. Anal. Calcd for 

RuC22H30N2O6S4P2F12: C, 28.18; H, 3.22; N, 2.99. Found: C, 28.08; H, 2.93; N, 3.22. ESI-HRMS (CH3CN) 

m/z (found [calcd] for M2+): 324.0015 [324.0016]. IR selected bands (cm–1, ATR): 3014, 2969, 1738, 

1596, 1550, 1438, 1315, 1275, 1107, 1020, 829. UV-Vis (λ / nm, [ε / L mol–1 cm–1]): 306 [15665], 401 

[1940].  

[Ru([9]aneS3)(L1b)(dmso)](PF6)2 (C1b) 

Complex was prepared according to a general procedure that used 28.3 mg dimethyl 6-(pyridine-2-

yl)pyridine-3,4-dicarboxylate (L1b)[55] (0.104 mmol), to give 72.0 mg C1b, as a dark orange solid (yield, 

78.9%). Crystals of complex C1b were obtained by slow evaporation of a methanol/ethanol solution. 
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1H NMR (acetone-d6, 500.10 MHz): δ 9.59 (s, 1H, Ar–H6), 9.43 (d, 1H, J = 5.6 Hz, Ar–H6’ or Ar–H3’), 9.07 

(s, 1H, Ar–H3), 9.05 (d, 1H, J = 8.2 Hz, Ar–H6’ or Ar–H3’), 8.52 (t, 1H, J = 7.9, Hz, Ar–H4’ or Ar–H5’), 8.04 

(t, 1H, J = 7.8, Hz, Ar–H4’ or Ar–H5’), 4.02 (s, 3H, Ar–COOCH3), 4.00 (s, 3H, Ar–COOCH3), 3.59-2.87 (m, 

12H, –CH2–, [9]aneS3), 3.06 (s, 3H, SO(CH3)2), 2.95 (s, 3H, SO(CH3)2) ppm. 13C NMR (acetone-d6, 126 

MHz): δ 165.7, 163.7, 160.7, 156.0, 155.7, 155.2, 144.2, 141.5, 131.3, 129.8, 127.6, 124.3, 54.1, 54.1, 

44.8, 44.6, 36.1, 34.9, 34.3, 33.8, 33.4, 32.9. Anal. Calcd for RuC22H30N2O5S4P2F12: C, 28.67; H, 3.28; N, 

3.04. Found: C, 28.77; H, 3.08; N, 2.95. ESI-HRMS (CH3CN) m/z (found [calcd] for M2+): 316.0041 

[316.0041]. IR selected bands (cm–1, ATR): 2960, 2901, 1728, 1615, 1546, 1451, 1433, 1311, 1276, 1149, 

1097, 826. UV-Vis (λ / nm, [ε / L mol–1 cm–1]): 306 [22805], 461 [3130].  

Single Crystal X-ray Diffraction 

X-ray diffraction data were collected on an Oxford Diffraction SuperNova diffractometer with Mo 

microfocus X-ray source (Kα radiation, λ = 0.71073 Å) for compounds L1a and C1a and Cu 

microfocus X-ray source (Kα radiation, λ = 1.54184 Å) for complex C1b with mirror optics and an 

Atlas detector at 150(2) K. The structures were solved by direct methods implemented in SIR92 [56] 

and refined by a full-matrix least-squares procedure based on F2 using SHELXL-97.[57] All non-

hydrogen atoms were refined anisotropically. The hydrogen atoms were placed at calculated positions 

and treated using appropriate riding models. The programs Mercury,[58] ORTEP [59] and Platon [60,61] 

were used for data analysis and figure preparation. The crystal structures of all named compounds 

have been submitted to the CCDC and have been allocated the deposition numbers CCDC 1059812-

1059814. 

Enzyme Inhibition Assay 

The 15-LOX-1 enzyme was expressed and purified as described before.[26] 15-LOX-1 activity was 

determined by the conversion of linoleic acid to 13S-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-

HpODE). The conversion rate was followed by UV-absorbance at 234 nm over time. It was observed 

that the stability of the purified 15-LOX-1 was relatively poor and the enzyme loses its activity after 

four days storage at -80oC. The identity of the purified h-15-LOX-1 was confirmed by western 

blotting (Figure S1). Control experiments were performed to confirm that the observed activity can be 

assigned to the expressed 15-LOX-1 and not to other proteins present in the crude bacterial 

lysates.[26] For the activity assay, the cell lysate containing the expressed enzyme was used without 

purification at a dilution to give a linear increase of 0.1 in absorbance over a period of 5 to 10 

minutes in the linear part of the curve. At the beginning the enzyme has a lag time and at the end 

substrate depletion starts to limit the conversion. The assay buffer was and aqueous solution of 25 

mM HEPES and the pH was set to 7.5 by titration with an aqueous solution of NaOH. The data 
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analysis was done using the Microsoft Excel Professional 2010 and Graphpad Prism 5.01 software. The 

measurement was done in 96 well plate employing a BioTek Synergy H1 plate reader.  

The cell lysate containing the enzyme h-15-LOX-1 was diluted in the assay buffer to such a 

concentration that addition of 50 L to the assay mixture gives a linear increase of about 0.1 

extinction units over 5 to 10 minutes in the linear part of the curve. The inhibitor solution was diluted 

from a 100 mM stock solution in DMSO to the required concentrations. The substrate, linoleic acid 

(Sigma Aldrich, L1376) was pre-diluted in ethanol to 500 µM. All experiments were performed in 

triplicate and the average triplicate values and their standard deviations are plotted. 

For screening of the inhibitors at 50 M concentrations the inhibitors were pre-diluted to 125 M of 

which 80 L was mixed with 50 L of the cell lysate and 60 L of the assay buffer before adding the 

10 L substrate solution in ethanol. This provides a reaction mixture with 50 M of the inhibitor and 

25 M of the substrate. For determination of the half maximal inhibitor concentrations (IC50’s) of the 

inhibitors serial dilution of the inhibitor were made to reach final concentration ranging from 0.19-

100µM in the same assay setup. The linear absorbance increase in absence of the inhibitor was set as 

100% enzyme activity, whereas the absorbance increase in absence of the enzyme was set to 0%.  

The same assay setup was used in the enzyme kinetic study. The final concentrations of the inhibitor 

were set to 20, 10, 5 or 0 M. The final concentrations of linoleic acid in the assay mixture ranged 

from 0.05 to 50 M resulting from stock solutions in ethanol with concentrations ranging from 0.1 

M to 1 M. The reaction velocities (v) were plotted against the substrate concentrations in a 

Michaelis-Menten plot and the Km and Vmax in the presence of the inhibitor were derived. The 

reciprocal of the velocities were taken and plotted against the reciprocal of the linoleic acid 

concentrations in a Lineweaver-Burk plot (Figure 8).  

 

Figure S1. Verification of the presence of h-15-LOX-1 in the purified fraction of the bacterial lysate using western 

blotting (two lanes with the same sample) (goat polyclonal to 15 Lipoxygenase 1, Abcam). 
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Abstract 

Human 15-lipoxygenase-1 (h-15-LOX-1) is an important mammalian lipoxygenase and plays an 

important role in several inflammatory lung diseases such as asthma, COPD and chronic bronchitis. 

Novel potent inhibitors of h-15-LOX-1 are required to explore the role of this enzyme further and to 

enable drug discovery efforts. In this study, we applied an approach in which we screened a fragment 

collection that is focused on a diverse substitution pattern of nitrogen containing heterocycles such 

as indoles, quinolones, pyrazoles etc. We denoted this approach Substitution Oriented fragment 

Screening (SOS), because it is focuses on identification of novel substitution patterns rather than on 

novel scaffolds. This approach enabled the identification of hits with good potency and clear 

structure activity relationships (SAR) for h-1-5-LOX-1 inhibition. A molecular modeling enabled the 

rationalization of the observed SAR and supported structure-based design for further optimization to 

obtain inhibitor 14d that binds with a Ki of 36 nM to the enzyme. In vitro and ex vivo biological 

evaluations of our best inhibitor demonstrate a significant increase of interleukin-10 (IL-10) gene 

expression, which indicates anti-inflammatory properties. 
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Introduction 

Inflammatory lung diseases like asthma and chronic obstructive pulmonary disease (COPD) can have 

detrimental effects on patients’ health.[1] Fortunately, nowadays these diseases can be alleviated by 

various therapeutic agents. Nevertheless, expansion of the therapeutic possibilities is needed, because 

for some patients the currently available medicines are ineffective or cause severe side effects.[2] 

Therefore, the development of novel compounds targeting enzymes that are involved in inflammatory 

lung diseases is highly important.  

The regulatory function of macrophages is gaining increasing attention in drug discovery, because 

they play key regulatory roles in the different disease stages of asthma and COPD as they polarize 

into different subclasses according to the cytokines they encounter in their environment.[3] Based 

upon the signals they receive, their role, and cytokine profile, macrophages are categorized in to 

three subpopulations: M1 (induced by LPS/IFNγ), M2 (induced by IL-4/IL-13) and M2-like subsets 

(combination of Toll-like receptor stimulation). M1 macrophages play a role in inflammatory 

responses to intracellular pathogens and M2 are involved in scavenging debris, promoting 

angiogenesis, help in tissue remodeling/repair, and are therefore considered as wound-healing 

macrophages. The third class are the M2-like macrophages; as the name implies these are 

macrophages which resemble M2. M2-like macrophages are able to produce TGF-β and IL-10 

implying an anti-inflammatory role.[4–6]  

An enzyme class highly expressed in macrophages and other immune cells are the lipoxygenases 

(LOXs). These enzymes are non-heme iron containing enzymes that metabolize polyunsaturated fatty 

acids (PUFAs) such as arachidonic acid and linoleic acid into lipid signaling molecules such as 

leukotrienes and lipoxins.[7–9] Human 15-lipoxygenase-1 (h-15-LOX-1, also denoted 12/15-LOX) is an 

important mammalian lipoxygenase, responsible for the biosynthesis of anti-inflammatory and pro-

inflammatory mediators (signaling molecules) such as lipoxins and eoxins.[10,11] This enzyme is highly 

expressed in monocytes, broncho-alveolar epithelial cells, and in eosinophils and macrophages of 

asthmatic patients. [12–14] Growing evidence suggests that h-15-LOX-1 may modulate inflammatory 

responses. It was demonstrated that h-15-LOX-1 regulates the expression of IL-12 in a cell-type and 

stimuli-restricted manner.[15] In addition, in lungs, it has been demonstrated that signaling products of 

h-15-LOX-1 can stimulate inflammation and mucus secretion.[16] The crucial regulatory role of h-15-

LOX-1 in several respiratory diseases such as asthma, COPD and chronic bronchitis[14,17–20] and their 

role in modulating the inflammatory response calls for development of novel potent and selective 

inhibitors.  
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Despite the fact that the key role of h-15-LOX-1 was exemplified as target in drug discovery for 

several inflammatory diseases, the discovery of very potent h-15-LOX-1 inhibitors and their role as a 

novel therapeutic strategy is still in an early phase (Figure 1). Indole-based inhibitors, such as PD-

146176 by Pfizer[21] and tryptamine sulfonamides by Bristol-Myers Squibb (BMS)[22] exhibited inhibitory 

potency against r12/15-LOX with IC50 value of 3.81 μM and 21 nM respectively. The inhibitor PD-

146176 also showed downregulation of interleukin-12 (IL-12) after stimulation with LPS.[15] However, 

the inhibitory potency of the PD-146176 is relatively low. Furthermore, five-membered heterocycles 

like pyrazole-based sulfonamides and sulfamides (IC50 = 1.4 nM, r12/15-LOX) have been reported.[23] 

Also oxadiazole or oxazole derivatives such as ML094 (IC50 = 10 nM, h-15-LOX-1)[24] and ML351 (IC50 

= 200 nM, h-15-LOX-1)[25] are highly potent. Another class of potent inhibitors are imidazole-based 

(IC50 = 75 nM, r12/15-LOX)[26]. Less potent 15-LOX inhibitors are indolizine (IC50 = 25 μM, r12/15-

LOX),[27] thiourea (IC50 = 1.8 μM, soybean 15-LOX)[28] and thiadiazine (IC50 = 9 μM, soybean 15-LOX)[29] 

derivatives. Recently, anacardic acid derived salicylates were described by our research group as LOX 

inhibitors.[30–32] Although the potency of these inhibitors is moderate or good they often suffer from 

unfavourable physicochemical properties[33] and limited ligand efficiency values (LE), which limits their 

utility as drug candidates. Taking into account all the above, new chemotypes are needed in order to 

explore the structure activity relationships (SAR) and the drugability of this enzyme further. 

 

 

Figure 1. Examples of previously reported 15-LOX inhibitors. 
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The currently available inhibitors are frequently built around nitrogen containing heterocycles such as 

indoles, imidazoles or pyrazoles. We anticipate that the identification of the right substitution pattern 

is more demanding than finding a scaffold that provides inhibition. We therefore developed an 

approach for screening of fragments that is focused on specific nitrogen containing heterocycles, 

such as indoles, quinolones, pyrazoles, etc. that have a very diverse substitution pattern. We denoted 

this approach Substitution Oriented fragment Screening (SOS). After having identified fragment hits 

with the right substitution pattern to give inhibition in the micromolar range we assume that the 

active hits are sufficiently potent to provide initial SAR. This will enable docking studies and structure-

based design to optimize the substitution pattern further.  

Here we set out to test the SOS approach for fragment-based screening to find potent substituted 

scaffolds that inhibit the enzyme h-15-LOX-1. The hits were used to establish an initial SAR and 

docking studies were performed to enable the proposal of a plausible binding mode for the new hits 

in line with the SAR. The hits were further optimized using structure-based design to yield inhibitors 

with potency in the nanomolar range. The effects of the most potent inhibitor on pro- and anti-

inflammatory gene expression were investigated in RAW 264.7 macrophages and precision-cut lung 

slices (PCLS) of mouse lung tissue. 

Results and discussion 

Initial screening and discovery of potent inhibitors 

For our SOS approach we employed a library of 200 fragments containing 26 indoles, 73 quinolones, 

22 pyrroles and 79 other heterocycles with a diverse substitution pattern (Figure 2). This library 

consists mostly of di- or tri-substituted scaffolds with substituents varying from EWG, EDG, aliphatic 

and aromatic moieties. 

For the h-15-LOX-1 activity studies an enzyme assay was used that employs the UV absorption of the 

h-15-LOX-1 product (λmax 234 nm) that is formed upon enzymatic conversion from linoleic acid. This 

assay was done in a 96-well format, which is suited for medium-throughput screening, measurement 

of inhibition concentration 50% (IC50), and enzyme kinetic studies. Using this assay the SOS library 

was screened and four hits were identified that provide more than 80% inhibition of the enzyme 

activity at 50 μM, which indicates an inhibitory potency in the low micromolar range. The potency 

was confirmed by determination of the IC50 values for compounds 1 and 2 (Figure 3). The identified 

hits contain an indole scaffold as previously found in h-15-LOX-1 inhibitors such as for example PD-

146176 or tryptamine sulfonamides (Figure 1). Interestingly, the hits 6-chloro-1H-indole-2-ethyl 
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acetate (1) and 6-chloro-3-formyl-1H-indole-2-ethyl acetate (2) have both a unique substitution 

pattern around the indole scaffold, which has not been identified previously. Hits 1 and 2 have 

beneficial properties for further development, because halogen substitution in the 5 or 6 position 

could prevent hydroxylation of the indole thereby increasing its metabolic stability.[34,35] This stresses 

the utility of the SOS approach to identify novel substitution patterns around known scaffolds.  

 

  

Figure 2. Substitution Oriented fragment Screening (SOS) enables the identification of unique substitution patterns 

around known scaffolds, which can be further optimized by identification of Structure Activity Relationships (SAR) to 

support structure-based design. 

 

An initial SAR was derived by comparison of 1 and 2 with a selection of compounds with a closely 

related structure (Figure 3). We investigated the importance of the indole NH as potential hydrogen 

bond donor by methylation using MeI/K2CO3 to give compound 3, which inhibits the enzyme activity 

less than 50% at 50 μM. This indicates that the free NH is important for binding, possibly due to 

hydrogen bond formation. Importantly, also compounds 4, 5, 7 and 8 are inactive, which indicates 

that the carboxy ethyl substitution in the 2-position is important for binding to the enzyme.  

Comparison of 1 and 2 indicates that the 3-formyl substitution does not greatly change the inhibitory 

potency thus indicating that larger substituents could be linked to this position. This suggestion is in 
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line with literature on related indole based inhibitors where substitution of the indole heterocycle at 

the 3-position markedly improved the h-15-LOX-1 inhibitory potency as observed for inhibitors like 

PD-146176 or tryptamine sulfonamides (Figure 1). This triggered us to synthesize compounds 14c 

and 14l that are elongated on 3-position. Compounds 14c and 14l were synthesized after acylation 

of the 6-chloro-1H-indole-2-ethyl acetate (1) with butyric anhydride and 4-chlorophenylacetyl 

chloride respectively via a Friedel-Crafts type reaction.[36] The IC50 values were calculated to be 0.7 ± 

0.3 μM for the compound 14c and 1.2 ± 0.5 μM for the compound 14l which means 2 to 2.5 folds 

better inhibitory potency, probably due to lipophilic interactions. The fact that these inhibitors are 

more potent then compound 1 and 2 indicates that substitution in this position is possible and could 

improve the potency of this type of inhibitors. To conclude, we confirmed that both the –NH and -

ethyl acetate groups are playing a vital role in the inhibition of h-15-LOX-1 while attachment of 

extended substitutions in 3-position is possible with retention or even improvement of affinity. 

Having established these qualitative SAR we performed molecular modeling studies and structure-

based design in order to provide a rationale for our findings and optimize the substitution in the 3-

position. 

 

Figure 3. A study of structure-activity relations of compound 2. The compounds with red background do not inhibit 

h-15-LOX-1 in concentration below 50 μM, whereas the compounds with green background are active in the low 

micromolar range. 
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In order to establish the mechanism of h-15-LOX-1 inhibition, Michaelis-Menten enzyme kinetics 

analysis in presence of inhibitor 14l was performed (Figure 4A,B). The Lineweaver-Burk double 

reciprocal plot shows that inhibitor 14l causes an increase in the Km values, whereas the Vmax values 

remain more constant (Table S3), indicating competitive inhibition. Using the Cheng-Prusoff equation 

the binding affinities (Ki) of all the inhibitors were calculated and shown in Table 1.  

 

Figure 4. Steady-State kinetic characterization of h-15-LOX-1 in the presence of different concentrations of 

compound 14l: A) Michaelis-Menten representation and B) Lineweaver-Burk representation. 

 

In order to link the observed SAR to structural information, compound 2 was docked in the active 

site of the enzyme in line with the identified competitive inhibition. Due to the fact that there is no 

crystal structure of human 15-LOX-1 available, the docking study was performed with the crystal 

structure of rabbit 15-LOX (PDB: 1LOX) as determined by Gillmor et al.[37] This is justified by the high 

sequence similarity (87%) between rabbit 15-LOX and human 15-LOX-1 with the main differences 

located in the N-terminal domain and not in the catalytic domain. In three of the top five highest 

scoring poses, inhibitor 2 binds in the same orientation in the active site of the enzyme, forming a 

hydrogen bond with Glu357 (Figure S2). Subsequent energy minimization in the active site provided 

the final binding model for inhibitor 2 (Figure 5). The modeling shows the presence of two hydrogen 

bonds, the first between Gln548 and the -ethyl acetate group and the second between the –NH 

group and the Glu357 (Figure 5B). The formyl group in 3-position gives an interaction with the iron 

of the enzyme and there is space for extension of the substitution in this position due to presence of 

free space in the substrate binding pocket (Figure 5A). The 2-carboxy ethyl of inhibitor 2 is tightly 

embedded in the binding pocket, which is in line with the lack of inhibition observed for the 2-

carboxy tertbutyl substituted compound 8 (Figure 3). These features in this model are consistent with 

the observed SAR thus justifying the application of this model as a basis for structure-based design 

to optimize the substituent in the 3-position.  

A B
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Figure 5. A) Binding orientation of inhibitor 2 in the active site of h-15-LOX-1 proposed by molecular modeling 

studies. The surface of the active site of the enzyme is presented with grey while the light green vectors in the 

compound shows the direction for possible extension of the molecule. B) 2D representation of the interactions of 

compound 2 with the active site of the enzyme. 

 

Structure-based design 

Our SAR based model indicates that optimization of the inhibitor by acylations in the indole 3-

position is feasible. The free space in the enzyme binding pocket that should be addressed this way 

has mainly a hydrophobic character in line with the character required for binding to its natural 

substrate linoleic acid. Taking this into account, we synthesized a library of 14 derivatives to explore 

the SAR for substitution in this position. Exclusive acylation on the 3-position of inhibitor 1 as starting 

material was achieved using a Friedel-Craft type acylation with different acid chlorides or anhydrides. 

The reactions were performed in the presence of SnCl4 and CH3NO2 in DCM, yielding the 

corresponding compounds 14a-n in good to excellent yields (Scheme 1). All the compounds were 

analytically pure after simple washing steps, underscoring the facility of their synthetic preparation. 

The acid chlorides, which are not commercially available, were synthesized from the corresponding 

acids using oxalyl chloride in DCM in quantitative yields and used without further purification. The 

enantiomerically pure products 14d,e were prepared in a four step reaction sequence starting from 

the commercially available (R)-(+)- or (S)-(-)-Citronellal. Initially, the aldehydes 10d,e were oxidized to 

carboxylic acids 11d,e using Tollens' reagent and the double bonds were reduced with Pd/C under H2 

atmosphere to give 12d,e. Next, the acid chlorides 13d,e were synthesized and coupled with the 6-

chloro-1H-indole-2-ethyl acetate (1) resulting in the desired products 14d,e (Scheme 1). 

A B
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Scheme 1. General synthesis. Reagents and conditions: a) POCl3, DMF, 60 oC, overnight; b) K2CO3, CH3I, acetone, rt, 

2 h; c) LiOH, EtOH/H2O, rt, 24 h; d) H2SO4, MgSO4, DCM, tBuOH, rt, overnight; e) SnCl4, CH3NO2, DCM, rt, overnight; 

f) (COCl)2, DCM, 0 °C for 30 min then rt for 3 h; g) Ag2O, H2O, rt, overnight; h) H2, Pd/C, EtOH, 40 oC, overnight. 

 

All the newly synthesized compounds were subjected for IC50 determination in a h-15-LOX-1 

inhibition assay and the values are shown in Table 1. We first explored inhibitors with a phenyl group 

in the 3-substituent in which we varied both the position of the phenyl group as well as the 

electronic and steric properties (14j-n). However, changing the phenyl substitution in 14j to 14m, 14l 

and 14k did not improve the inhibition. Also changing the position of the phenyl-group in 14j to 14n 

did not greatly affect the inhibition although the potency with 0.56 μM is reasonably good. We 

secondly explored another route of optimization with compounds 14a-i, in which the length of the 

lipophilic tale is varied from one to eleven carbon atoms. This series of inhibitors showed a clear 

structure activity relationship with optimal binding for 14g with 9 aliphatic carbons in the lipophilic 

tail. The clear activity dependence on the length of the aliphatic tale, from 2.3 μM to 0.4 μM (Table 

1), indicates the role for lipophilic interactions in the binding, which is according to the molecular 
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modeling study. The successful optimization of the inhibitors with an aliphatic acylation in the 3-

position triggered our interest to include an aliphatic tail that was identified in a previous study[32] as 

reflected in inhibitors 14d,e. Previously, we found that an aliphatic tail that is branching at 3,7-

position improves the inhibitory activity for h-15-LOX-1.[32] We included these structural features in 

our inhibitors as a further optimization of the aliphatic substituent in the 3-position. The resulting 

inhibitors 14e and 14d contain a stereogenic center and the stereochemistry being either R or S 

affected the affinity by a 3-fold difference in potency. The S enantiomer (14d) provided the highest 

potency thus reaching an IC50 value of 0.09 ± 0.03 μM, which reflects a Ki value of 0.03 ± 0.01 μM.  

Molecular modeling of the inhibitor 14d in the active site of the enzyme using procedures applied for 

inhibitor 2 provided a binding configuration in which the 6-chloro-1H-indole-2-ethyl acetate moiety 

binds similar to the docking of inhibitor 2. The extension of the substituent in the 3-position fills the 

lipophilic binding pocket available in this position. The docking shows again the presence of the two 

hydrogen bonds with Gln548 and Glu357 and the interaction with the iron, while the branched 

aliphatic tail occupies the lipophilic binding pocket completely (Figure 6, S5). This SAR is in total 

agreement with the observed activity data in which 14g is the most potent inhibitor with a linear 

aliphatic tail and 14d reaches the highest affinity with a branched aliphatic tail.  

 

 

Figure 6. A) Binding of compound 14d in the active site of 15-LOX-1 after molecular modeling studies. B) 2D 

illustration of the interactions of compound 14d with the active site of the enzyme. 

  

A B
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Table 1. Compound collection of the synthesized inhibitor with IC50 and Ki values. 

 Compound R IC50 value (μM) 
Ki value 

(μM) 

 

14a 
 

2.31 ± 0.71 0.93 ± 0.28 

14b  1.78 ± 0.27 0.72 ± 0.10 

14c  0.73 ± 0.29 0.29 ± 0.12 

14d 
 

0.09 ± 0.03 0.03 ± 0.01 

14e 
 

0.30 ± 0.15 0.12 ± 0.06 

14f 
 

0.43 ± 0.27 0.17 ± 0.10 

14g 
 

0.20 ± 0.07 0.08 ± 0.03 

14h 
 

0.27 ± 0.10 0.10 ± 0.04 

14i 
 

0.54 ± 0.30 0.21 ± 0.12 

14j 
 

0.60 ± 0.31 0.25 ± 0.12 

14k 
 

2.08 ± 1.33 0.83 ± 0.53 

14l 
 

1.19 ± 0.48 0.48 ± 0.19 

14m 
 

0.77 ± 0.30 0.31 ± 0.12 

14n 
 

0.56 ± 0.28 0.22 ± 0.11 
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Ligand efficiency metrics 

The SOS based development strategy provided 14d as an inhibitor with nanomolar potency that can 

be further investigated in biochemical studies. To support development of inhibitors from this stage 

towards successful application in drug discovery projects they need to show acceptable 

physicochemical properties to achieve an acceptable ADME-Tox (absorption, distribution, metabolism, 

excretion and toxicity) profile in vivo. In this perspective, ligand efficiency metrics rendered into a 

generally accepted tool to estimate the value of lead compounds in this perspective.[38] Therefore, 

ligand efficiency metrics and indices such as ligand efficiency (LE), binding efficiency index (BEI) and 

the surface efficiency index (SEI) were calculated for 14d in comparison to previously described 

inhibitors (table 2). Ligand efficiency is defined as the binding affinity of a ligand in relation to the 

number of non-hydrogen atoms (HA) according the Equation LE = (1.37/HA) x pKi.[39] Inhibitor 14d 

has 26 heavy atoms (non-hydrogen) and the Ki value is 0.03 μM, so the LE is equal to 0.40 kcal per 

mol per heavy atom. LE values > 0.3 kcal per mol are considered to be acceptable values for LE of 

drug candidates.[40] Inhibitor 14d satisfies the requirements and exceeds the values calculated for 

previously described inhibitors, except the inhibitor PD-146176. Another parameter is BEI, which is the 

binding efficiency index relating potency to molecular weight on a per kDa scale and SEI is the 

surface efficiency index monitoring the potency gains as related to the increase in polar surface area 

(PSA) referred to 100 Å2.[41] The BEI and the SEI for 14d and the other inhibitors were calculated 

according to the Equations BEI = pKi/MW and SEI = pKi/(PSA/100 Å2 ).[41] The MW of inhibitor 14d is 

377 Da or 0.377 KDa, so the BEI is 19.90. The polar surface area (PSA) was estimated from 

MarvinSketch software to 59.16 and according to that the SEI for the compound 14d is equal to 

12.71. Reference values for these parameters were obtained from mapping of the surface-binding and 

binding efficiency indices (SEI–BEI values) for 92 examples of marketed drugs, which provided average 

values for SEI of 17.9 ± 15.7 and BEI of 28.0 ± 11.5.[38] The parameters for inhibitor 14d lay well with 

this range (Table 2). In addition, we calculated the lipophilic ligand efficiency (LLE) to estimate the 

balance between affinity and lipophilicity. The LLE was calculated according the Equation LE = pKi - 

cLogP.[40] The LLE for 14d has a value comparable to other compounds except for the Pyrazole-based 

sulfamide and ML094, which show more favourable values. This indicates that 14d can be improved 

with respect to its lipophilicity.  In conclusion, the ligand efficiency metrics for 14d demonstrate a 

favourable binding efficiency compared to previously described inhibitors, which justifies further 

investigation of this molecule in biochemical studies. 
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Table 2. Binding affinity and ligand efficiency metrics and indices [38],[40] of the previously published 15-LOX-1 

inhibitors as shown in Figure 1 as well as the newly synthesized inhibitor 14d  

15-LOX inhibitors Ki (µM) LE* BEI SEI LLE 

14d 0.036 0.40 19.90 12.71 0.6 

PD-146176 3.81 0.43 22.79 34.31 1.0 

Tryptamine sulfonamide 0.021 0.30 15.71 10.78 -0.5 

Pyrazole-based sulfamide 0.001 0.32 15.54 8.26 4.9 

Imidazole-based sulfamide 0.073 0.24 11.93 7.88 0.9 

ML094 0.010 0.36 19.12 12.26 3 

Indolizine 25.0 0.19 10.47 9.63 -2 

* The units for LE are (kcal/mol·HA) 

 

Gene expression profiling 

Having identified 14d as a potent inhibitor for h-15-LOX-1 we moved on to study its effects in model 

systems for inflammatory lung diseases using in vitro studies with RAW 264.7 macrophages and ex 

vivo studies with precision-cut lung slices (PCLS). As a first step the cytotoxicity of compound 14d 

was investigated in RAW 264.7 cells as well as in PCLS in order to identify the concentration range in 

which this inhibitor does not affect cell viability. The inhibitor 14d did not inhibit cell viability at 

concentration below 12.5 μM in RAW 264.7 cells (Figure 7A) as determined using an MTS assay. The 

viability of PCLS was determined by measuring the release of lactate dehydrogenase (LDH) into the 

medium upon incubation with different concentrations of inhibitor 14d. The LDH release 

demonstrated that inhibitor 14d is not affecting the PCLS viability at concentrations of 500 nM and 

lower (Figure 7B).  
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Figure 7. A) LC50 graph after MTS assay. The compound 14d was incubated with RAW 264.7 cells at concentrations 

from 0.05 μM to 100 μM. Red bars are statistically different compared to non-treated control cells. B) Viability of 

precision-cut lung slices (PCLS) measured by release of lactate dehydrogenase (LDH) into the incubation medium. 

PCLS were treated with various concentrations of 14d (1, 10, 100 and 500 nM) and 10 μM linoleic acid for 20 h. 

Maximal LDH content of the PCLS was determined by lysis with 1% Triton X-100. LDH release was plotted relative to 

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

 

Having identified the non-toxic concentration for inhibitor 14d its influence on gene expression was 

in

14d on the expression of pro-inflammatory genes IL- -6 or IL-12 and the anti-inflammatory 

gene IL-10 was investigated. Since the cellular concentration of free fatty acids (preferred substrate of 

mammalian LOXs) is rather low, we supplemented the culture medium with linoleic acid (C18:Δ2, n – 

6) which is the most abundant polyenoic fatty acid in mammalian cells and serves as a natural 

substrate for 15-LOX-1. Linoleic acid itself did not alter the expression of IL-1β, IL-6, IL-10 and IL-12 

in RAW 264.7 cells and PCLS (data not shown).  

In LPS/INFγ-stimulated RAW 264.7 macrophages incubation with the h-15-LOX-1 inhibitor 14d did 

not change the expression of the genes IL-1β, IL-6, and IL-12 but provided a more then 2-fold 

increase of the IL-10 expression at concentrations as low as 1 nM (Figure 8A). Since IL-10 has anti-

inflammatory properties, and is connected with the anti-inflammatory M2 macrophage phenotype, 

the observed changes in gene expression are indicative for a potential anti-inflammatory effect. Next, 

the effect of 14d -induced cytokines in PCLS was assessed. In line with 

the results obtained in macrophages the expression of IL-10 is upregulated in PCLS. In addition, there 

is a small but significant downregulation of the pro-inflammatory genes IL- -6 (Figure 8B). 

Remarkably, the expression of IL-12 remained unchanged while others have reported that h-15-LOX-1 

regulates the production of IL-12 in macrophages.[15] The induction of IL10 in PCLS seems to show a 

bell-shaped pattern. This could mean that h-15-LOX-1 inhibition in this system is effective in a limited 

A B
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range of concentrations with 10 nM as the optimal dose. Nevertheless, further research is needed on 

this observation. The effect on IL-10 expression is remarkable because the important role of IL-10 in 

inflammatory lung diseases has been previously highlighted in a study that showed diminished IL-10 

production in lung tissue of COPD patients after LPS stimulation as compared to lung tissue of 

patients with normal lung function.[42] In addition, it has been demonstrated that the level of IL-10 

and IL-10-positive macrophages in sputum of COPD patients and healthy smokers was decreased as 

compared to healthy non-smokers.[43] This suggests that macrophages in COPD have lost their ability 

to produce anti-inflammatory cytokines like IL-10 and are therefore unable to effectively dampen 

inflammation. Our newly developed inhibitor 14b could, among others, alleviate the lack of IL10 

production in these diseases. Nevertheless, we note that over-expression of IL10 can be associated 

with certain types of cancer,[43] which indicates that the final effect of this inhibitor in disease models 

need to be evaluated carefully. Taken together, we demonstrate that the effects observed for 

treatment with inhibitor 14d are in agreement with an anti-inflammatory effect that could be 

beneficial in inflammatory lung diseases. This sets the stage for further investigation and optimization 

of inhibitor 14d for in vivo applications towards the development of novel therapeutics for 

inflammatory lung diseases. 

 

Figure 8. Effect of h-15-LOX-1 inhibition on interleukin expression in RAW 264.7 cells and precision-cut lung slices 

(PCLS). Stimulated RAW 264.7 cells (A) and PCLS (B) were subjected to 14d in combination with 10 μM linoleic acid 

for 20 h and stimulated with LPS/IFNγ for the last 4 h. Subsequently, RAW 264.7 cells and PCLS were lysed and 

gene expression was assessed by RT-qPCR and expressed as fold change compared to control (LPS/IFNγ/linoleic 

acid-treated) group. Data are presented as mean values ± SEM of 4-6 independent experiments. * p < 0.05; *** p < 

0.001 compared to control.  



 Rational development of a potent 15-LOX-1 inhibitor with anti-inflammatory properties 

 

97 

 

4 

Conclusions  

In this study, we employed an efficient strategy to identify structurally new inhibitors for the enzyme 

h-15-LOX-1, which is an emerging drug target in various inflammatory diseases. Our approach started 

with a substitution oriented fragment screening (SOS) of a focused fragment library containing 

diversely substituted heterocycles. After the discovery of four hits, two inhibitors were selected to 

derive structure activity relationships and subjected to enzyme kinetic analysis, which indicated 

competitive inhibition. These observations were applied to support a molecular modeling study 

proposing a binding configuration in the active site of the enzyme h-15-LOX-1. Based on this model 

the substitution of the inhibitor was further optimized using structure-based design to provide 

inhibitor 14d with a Ki of 36 nM and good ligand efficiency metrics. This inhibitor was evaluated in 

cell-based studies using RAW 264.7 macrophages and ex vivo studies in mouse precision-cut lung 

slices. The inhibitor provided an increase in the expression of IL-10 both in macrophages and mouse 

lung tissue. In the future, these inhibitors could be used as lead compounds for further optimization 

or as a starting point of drug discovery efforts targeting h-15-LOX-1. 

Experimental Section  

Synthesis and characterization 

General 

The solvent and reagents were purchased from Sigma-Aldrich and Acros chemicals and were used 

without further purification unless otherwise noted. Reactions were monitored by thin layer 

chromatography (TLC). Merck silica gel 60 F254 plates were used and spots were detected under UV 

light or after staining with potassium permanganate for the non UV-active compounds. MP Ecochrom 

silica 32-63, 60Å was used for flash column chromatography. 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 were referenced to the residual proton and carbon signal of the deuterated solvent 

CDCl3: δ = 7.26 ppm (1H) and 77.05 ppm (13C). The following abbreviations were used for spin 

multiplicity: s = singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd 

= double of doublets, ddd = double of doublet of doublets, m = multiplet. Fourier Transform Mass 

Spectrometry (FTMS) and electrospray ionization (ESI) were recorded on an Applied Biosystems/SCIEX 

API3000-triple quadrupole mass spectrometer. All the compounds were analyzed by Waters 

Investigator Semi-prep 15 SFC-MS instrument confirming purity ≥ 95%. The corresponding 

chromatographs were presented in the SI. 
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Synthetic procedure 1: indole 3-acylation 

Indole (1.0 mmol) was dissolved in 4.0 mL DCM under nitrogen atmosphere and the solution was 

cooled down to 0oC. To the stirring solution, SnCl4 (1.2 mmol) was added in a single portion via 

syringe. After the ice bath was removed, the mixture was stirred at room temperature for 30 min and 

then the acyl chloride or anhydride (1.0 mmol) was added in small portions, followed by the addition 

of nitromethane (3.0 mL). The reaction mixture was stirred at room temperature overnight. After 

being quenched with cold water (10 mL), the organic material extracted with EtOAc (2 x 15 mL), dried 

over MgSO4, filtered and concentrated under reduced pressure. 

Ethyl 3-acetyl-6-chloro-1H-indole-2-carboxylate (14a, DN397) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Pink 

solid, yield 75%. 1H NMR (500 MHz, CDCl3) δ 9.28 (br s, 1H), 8.00 (d, J = 10.0 Hz, 1H), 7.41 (d, J = 0.5 

Hz, 1H), 7.22 (dd, J = 8.7, 1.7 Hz, 1H), 4.48 (q, J = 7.2 Hz, 2H), 2.75 (s, 3H), 1.45 (t, J = 7.2 Hz, 3H). 13C 

NMR (126 MHz, CDCl3) δ 198.3, 160.8, 135.4, 132.3, 127.3, 125.4, 124.0, 123.9, 121.7, 111.8, 62.5, 32.1, 

14.3. MS (ESI): m/z 264.0 [M-H]+. 

Ethyl 6-chloro-3-propionyl-1H-indole-2-carboxylate (14b, N239) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Orange 

solid, yield 82%. 1H NMR (500 MHz, CDCl3) δ 9.17 (s, 1H), 7.86 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 1.6 Hz, 

1H), 7.20 (dd, J = 8.7, 1.6 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 3.08 (q, J = 7.3 Hz, 2H), 1.43 (t, J = 7.1 Hz, 

3H), 1.23 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 201.7, 160.6, 135.3, 132.3, 126.1, 125.2, 

123.7, 123.6, 121.9, 111.5, 62.1, 37.3, 14.2, 8.6. MS (ESI): m/z 302.1 [M+Na]+. 

Ethyl 3-butyryl-6-chloro-1H-indole-2-carboxylate (14c, N238) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Orange 

solid, yield 83%. 1H NMR (500 MHz, CDCl3) δ 9.16 (s, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 1.8 Hz, 

1H), 7.20 (dd, J = 8.7, 1.8 Hz, 1H), 4.46 (q, J = 7.1 Hz, 2H), 3.04 (t, J = 7.4 Hz, 2H), 1.76 (m, 2H), 1.43 (t, 

J = 7.1 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 201.3, 160.6, 135.2, 132.2, 126.1, 

125.2, 123.6, 123.5, 122.2, 111.5, 62.1, 46.1, 18.2, 14.3, 13.9. MS (ESI): m/z 316.1 [M+Na]+. 

Synthetic procedure 2: oxidation with Tollens' reagent 

Fresh silver oxide was prepared by dropwise addition of a solution of AgNO3 (2.3 mmol) in water (4.0 

mL) to a stirred solution of NaOH (4.9 mmol) in water (4.0 mL) at 0 oC and further stirring for 30 min 

in the dark while a brown precipitate formed. Under continuous stirring, the aldehyde (1.0 mmol) was 

added dropwise and the reaction was stirred overnight. The resulting suspension was filtered, washed 

with hot water (2 x 10 mL) and the clear solution was acidified with aqueous HCl (4N) to pH<1. The 
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solution was extracted with Et2O (3 x 20 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure.  

Synthetic procedure 3: reduction of the alkene 

The alkene (1.0 mmol) and Pd/C (10%) (0.10 mmol) were suspended in EtOH (10 mL). The suspension 

was stirred under H2 atmosphere at 40 oC overnight. Subsequently, the mixture was filtered through 

Celite and after that, the solvent was evaporated under reduced pressure. 

Synthetic procedure 4: conversion of carboxylic acids to acid chlorides 

The acid was dissolved in dry DCM (5.0 mL) under nitrogen atmosphere and the solution was cooled 

down to 0 oC. A solution of oxalyl chloride (1.2 mmol) in dry DCM (4.0 mL) was added dropwise and 

the solution was stirred under nitrogen atmosphere at room temperature for an additional 3 h. The 

solvent and the excess of oxalyl chloride were evaporated under reduced pressure yielding the 

product as yellow oil. 

(S)-3,7-dimethyloct-6-enoic acid (11d, N240) 

The final product was obtained after oxidation of (S)-3,7-dimethyloct-6-enal with Tollens' reagent, 

using the synthetic procedure 2. Yellow oil, yield 94%. 1H NMR (500 MHz, CDCl3) δ 10.40 (s, 1H), 5.08 

(t, J = 7.1 Hz, 1H), 2.35 (dd, J = 15.0, 5.8 Hz, 1H), 2.14 (dd, J = 15.0, 8.3 Hz, 1H), 2.07 – 1.92 (m, 3H), 

1.67 (s, 3H), 1.59 (s, 3H), 1.37 (m, 1H), 1.24 (m, 1H), 0.97 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) 

δ 179.9, 131.6, 124.2, 41.6, 36.7, 29.8, 25.7, 25.4, 19.6, 17.6. 

(S)-3,7-dimethyloctanoic acid (12d, N242) 

The final product was obtained after reduction of the alkene of (S)-3,7-dimethyloct-6-enoic acid using 

synthetic procedure 3. Yellow oil, quantitative yield. 1H NMR (500 MHz, CDCl3) δ 10.68 (s, 1H), 2.33 

(dd, J = 15.0, 5.9 Hz, 1H), 2.13 (dd, J = 15.0, 8.2 Hz, 1H), 1.95 (m, 1H), 1.51 (m, 1H), 1.34 – 1.12 (m, 

6H), 0.95 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 7.0 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 180.0, 41.7, 39.0, 

36.9, 30.2, 27.9, 24.7, 22.7, 22.6, 19.7. 

(R) or (S)-ethyl 6-chloro-3-(3,7-dimethyloctanoyl)-1H-indole-2-carboxylate (14e (N246), 

14d (N247)) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. White 

solid, yield 89%. 1H NMR (500 MHz, CDCl3) δ 9.20 (s, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.41 (s, 1H), 7.20 (d, 

J = 8.7 Hz, 1H), 4.55 (q, J = 7.1 Hz, 2H), 3.09 (dd, J = 15.8, 5.7 Hz, 1H), 2.88 (dd, J = 15.8, 8.2 Hz, 1H), 

2.11 (m, 1H), 1.43 (t, J = 7.1 Hz, 3H), 1.35 – 1.06 (m, 7H), 0.94 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 6.7 Hz, 
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6H). 13C NMR (126 MHz, CDCl3) δ 201.3, 160.6, 135.3, 132.2, 126.0, 125.2, 123.6, 123.5, 122.5, 111.6, 

62.1, 51.6, 39.1, 37.3, 30.4, 27.9, 24.8, 22.7, 22.6, 20.0, 14.3. MS (ESI): m/z 400.2 [M+Na]+. 

Ethyl 6-chloro-3-dodecanoyl-1H-indole-2-carboxylate (14f, DN433) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Red 

solid, yield 91%. 1H NMR (500 MHz, CDCl3) δ 9.28 (br s, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 1.8 

Hz, 1H), 7.20 (dd, J = 8.7, 1.8 Hz, 1H), 4.46 (q, J = 7.1 Hz, 2H), 3.06 (t, J = 7.6 Hz, 2H), 1.75-1.71 (m, 

2H), 1.36 (t, J = 7.1 Hz, 3H), 1.33-1.24 (m, 16H), 0.89-0.86 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 201.7, 

160.9, 135.5, 132.4, 126.2, 125.4, (2x) 123.7, 122.4, 111.7, 62.3, 44.5, 32.1, 29.8, 29.7, 29.5, 24.9, 22.9, 

14.4, 14.3. MS (ESI): m/z 428.2 [M+Na]+. 

Ethyl 6-chloro-3-decanoyl-1H-indole-2-carboxylate (14g, DN432) 

The final product was obtained after 3-acylation of indole 1 using synthetic procedure 1. Red solid, 

yield 91%. 1H NMR (500 MHz, CDCl3) δ 9.25 (br s, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 1.8 Hz, 

1H), 7.21 (dd, J = 8.7, 1.8 Hz, 1H), 4.45 (q, J = 7.2 Hz, 2H), 3.05 (t, J = 7.5 Hz, 2H), 1.74-1.71 (m, 2H), 

1.43 (t, J = 7.2 Hz, 3H), 1.33-1.24 (m, 14H), 0.87 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 201.7, 

160.8, 135.5, 132.4, 126.2, 125.4, 123.8, 123.7, 122.4, 111.7, 62.3, 44.5, 32.1, 29.6, 29.6, 29.5, 29.4, 24.9, 

22.9, 14.4, 14.3. MS (ESI): m/z 400.2 [M+Na]+. 

Ethyl 6-chloro-3-octanoyl-1H-indole-2-carboxylate (14h, N214) 

The final product was obtained after 3-acylation of indole 1 using synthetic procedure 1. Orange 

solid, yield 93%. 1H NMR (500 MHz, CDCl3) δ 9.25 (s, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 1.8 Hz, 

1H), 7.19 (dd, J = 8.7, 1.8 Hz, 1H), 4.45 (q, J = 7.2 Hz, 2H), 3.05 (t, J = 7.5 Hz, 2H), 1.74 – 1.68 (m, 2H), 

1.43 (t, J = 7.2 Hz, 3H), 1.37 – 1.23 (m, 8H), 0.86 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 201.4, 

160.6, 135.3, 132.2, 126.0, 125.2, 123.6, 123.5, 122.2, 111.5, 62.1, 44.2, 31.7, 29.3, 29.2, 24.7, 22.6, 14.2, 

14.1. MS (ESI): m/z 372.2 [M+Na]+. 

Ethyl 6-chloro-3-hexanoyl-1H-indole-2-carboxylate (14i, DN441) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Yellow 

solid, yield 95%. 1H NMR (500 MHz, CDCl3) δ 9.17 (br s, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 1.8 

Hz, 1H), 7.20 (dd, J = 8.7, 1.8 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 3.06 (t, J = 7.4 Hz, 2H), 1.76-1.70 (m, 

2H), 1.37 (t, J = 7.1 Hz, 3H), 1.33-1.26 (m, 4H), 0.90-0.88 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 201.4, 

160.8, 135.4, 132.4, 126.2, 125.5, 123.9, 123.7, 122.4, 111.7, 62.3, 44.4, 31.7, 24.6, 24.6, 22.8, 14.4. MS 

(ESI): m/z 322.1 [M+H]+. 
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Ethyl 6-chloro-3-(2-phenylacetyl)-1H-indole-2-carboxylate (14j, DN309) 

The final product was obtained after 3-acylation of indole 1 using synthetic procedure 1. Yellow solid, 

yield 99%. 1H NMR (500 MHz, CDCl3) δ 9.49 (s, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.36 (s, 1H), 7.28 (d, J = 

7.2 Hz, 2H), 7.27-7.20 (m, 3H), 7.15 (d, J = 8.7, 1.7 Hz, 1H), 4.48 (q, J = 7.1 Hz, 2H), 4.45 (s, 2H), 1.43 (t, 

J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 198.3, 160.5, 135.2, 134.7, 133.2, 129.6, 128.5, 126.8, 

126.4, 125.4, (2x)123.6, 123.5, 121.5, 111.6, 62.2, 50.5, 14.3. MS (ESI): m/z 340.2 [M-H]+. 

Ethyl 6-chloro-3-(2-(p-tolyl)acetyl)-1H-indole-2-carboxylate (14k, N225) 

The final product was obtained after 3-acylation of indole 1 using synthetic procedure 1. White solid, 

yield 94%. 1H NMR (500 MHz, CDCl3) δ 9.18 (s, 1H), 7.60 (d, J = 8.6 Hz, 1H), 7.42 (s, 1H), 7.21 – 7.11 

(m, 5H), 4.42 (q, J = 7.1 Hz, 2H), 3.62 (s, 2H), 2.33 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 177.4, 162.2, 137.2, 137.0, 131.3, 130.3, 129.4, 129.2, 128.1, 126.0, 123.5, 121.8, 111.8, 108.7, 

61.4, 40.6, 21.1, 14.4. MS (ESI): m/z 378.1 [M+Na]+. 

Ethyl 6-chloro-3-(2-(4-chlorophenyl)acetyl)-1H-indole-2-carboxylate (14l, DN522) 

The final product was obtained after 3-acylation of indole 1 using synthetic procedure 1. Yellow solid, 

yield 95%. 1H NMR (500 MHz, DMSO-d6) δ 12.5 (br s, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.53 (s, 1H), 7.35 

(d, J = 7.8 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 7.21 (d, J = 8.4 Hz, 1H), 4.44 (q, J = 6.6 Hz, 2H), 4.37 (s, 

2H), 1.36 (t, J = 6.6 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 197.1, 161.1, 136.2, 134.8, 132.0, 131.7, 

130.4, 128.8, 128.6, 125.1, 123.7, 123.2, 120.1, 112.7, 62.3, 48.9, 14.5. MS (ESI): m/z 374.0 [M-H]+. 

Ethyl 6-chloro-3-(2-(4-fluorophenyl)acetyl)-1H-indole-2-carboxylate (14m, DN312) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Yellow 

solid, yield 95%. 1H NMR (500 MHz, CDCl3) δ 9.20 (br s, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.40 (s, 1H), 

7.23-7.18 (m, 3H), 6.98-7.01 (m, 2H), 4.50 (q, J = 7.2 Hz, 2H), 4.43 (s, 2H), 1.46 (t, J = 7.2 Hz, 3H). 13C 

NMR (126 MHz, CDCl3) δ 198.3, 160.6, 135.4, 132.7, (2x) 131.4, 126.6, 125.7, 124.0, 123.9, 115.6, 115.5, 

111.7, 62.5, 49.6, 40.1, 14.5. MS (ESI): m/z 358.0 [M-H]+. 

Ethyl 6-chloro-3-(3-phenylpropanoyl)-1H-indole-2-carboxylate (14n, DN427) 

The final product was obtained after 3-acylation of indole 1 using the synthetic procedure 1. Red 

solid, yield 96%. 1H NMR (500 MHz, CDCl3) δ 9.20 (br s, 1H), 7.83 (d, J = 8.8 Hz, 1H), 7.39 (s, 1H), 

7.28-7.17 (m, 6H), 4.41 (q, J = 7.1 Hz, 2H), 3.42 (t, J = 7.7 Hz, 2H), 3.09 (t, J = 7.7 Hz, 2H), 1.38 (t, J = 

7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 200.1, 160.7, 141.4, 135.4, 134.8, 132.5, (2x) 128.60, 125.5, 

124.0, (2x) 123.8, 111.7, 62.4, 45.7, 30.8, 14.4. MS (ESI): m/z 378.1 [M+Na]+. 
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Ethyl 6-chloro-1H-indole-2-carboxylate (1).45,46  

White solid, yield 75%. 1H NMR (500 MHz, CDCl3) δ 8.89 (s, 1H), 7.60 (d, J = 8.7 Hz, 1H), 7.42 (s, 1H), 

7.20 (d, J = 8.7 Hz, 1H), 7.13 (dd, J = 8.7, 0.5 Hz, 1H), 4.41 (q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H).  

Ethyl 6-chloro-3-formyl-1H-indole-2-carboxylate (2).47,48  

Yellow solid, yield 85%. 1H NMR (500 MHz, CDCl3) δ 10.7 (s, 1H), 9.34 (br s, 1H), 8.38 (d, J = 8.7 Hz, 

1H), 7.45 (s, 1H), 7.30 (d, J = 8.7 Hz, 1H), 4.52 (q, J = 7.1 Hz, 2H), 1.46 (t, J = 7.1 Hz, 3H).  

Ethyl 6-chloro-3-formyl-1-methyl-1H-indole-2-carboxylate (3).47  

Yellow solid, yield 95%. 1H NMR (500 MHz, CDCl3) δ 10.6 (s, 1H), 8.43 (d, J = 8.7 Hz, 1H), 7.43 (s, 1H), 

7.32 (d, J = 8.7 Hz, 1H), 4.53 (q, J = 7.1 Hz, 2H), 1.48 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

188.4, 161.0, 134.8, 132.6, (2x) 125.1, 123.2, 120.0, (2x) 110.6, 62.5, 32.8, 14.5. 

6-chloro-3-formyl-1H-indole-2-carboxylic acid (7).47  

Pink solid, yield 75%. 1H NMR (500 MHz, CDCl3) δ 10.7 (s, 1H), 8.27 (d, J = 8.7 Hz, 1H), 7.57 (d, J = 0.5 

Hz, 1H), 7.23 (dd, J = 8.77, 0.5 Hz, 1H).  

tert-butyl 6-chloro-1H-indole-2-carboxylate (8).49  

Pink solid, yield 75%. 1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 10 Hz, 1H), 7.41 (s, 1H), 7.11-7.09 (m, 

2H), 1.62 (s, 9H).  

Enzyme inhibition studies 

Human 15-LOX-1 screening UV assay 

The h-15-LOX-1 enzyme was expressed and purified as described before.[32] The 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). The conversion rate was followed by UV-absorbance at 234 nm over 

time. The linear increase in absorbance was used to determine the enzyme activity. That conversion 

rate was evaluated at the linear part of the plot before the substrate depletion. The linear part usually 

covers the first 10 to 16 minutes depending on the enzyme concentration. The optimum 

concentration of h-15-LOX-1 was determined by an enzyme activity assay (x 640 times dilution). The 

raw data of the conversion of linoleic acid in present (Positive Control) or absent of the enzyme 

(Blank) following with UV-absorbance assay at 234 nm over time are presenting in the Figure S1. 

The assay buffer consists of 25 mM HEPES titrated to pH 7.5 using a concentrated aqueous solution 

of NaOH. The substrate, linoleic acid (LA) (Sigma Aldrich, L1376) was diluted in ethanol to 500 µM. 
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The inhibitor (100 mM in DMSO) was diluted with the assay buffer to 125 µM. The inhibitor solution 

of 80 µL was mixed with 60 µL assay buffer, 50 µL of 1:160 enzyme solution and incubated for 10 

min at rt. After incubation, 10 µL of 500 µM LA was added to the mixture which provided a mixture 

with a final dilution of the enzyme of 1:640 and 25 µM LA. The linear absorbance increase in absence 

of the inhibitor was set as 100%, whereas the absorbance increase in absence of the enzyme was set 

to 0%. All experiments were performed in triplicate and the average triplicate values and their 

standard deviations are plotted. The half maximal inhibitor concentration (IC50) of the inhibitors for h-

15-LOX-1 was determined using the same assay. The inhibitor was diluted with assay buffer. Using a 

serial dilution, the desired concentrations of the inhibitor were obtained ranging from 0.09-50 µM or 

0.009-20 µM depending of the inhibitory potency. The data analysis was performed using Microsoft 

Excel Professional Plus 2013 and GraphPad Prism 5.01. 

 

 

Figure S1. Conversion of linoleic acid in present (Positive Control) or absent of the enzyme (Blank) following with 

UV-absorbance assay at 234 nm over time. 

 

Michaelis-Menten Enzyme Kinetics 

In this kinetic study, 25 mM HEPES buffer, pH 7.5, was used as an assay buffer. The enzyme was 

diluted 1:160 with assay buffer while linoleic acid (Sigma Aldrich, L1376-1G) was diluted with EtOH to 

4 mM. LA concentrations ranging from 0.05 to 3 mM were made using the 4 mM LA stock solution. 

The enzyme activity was measured in the absence or presence of fixed concentrations of the inhibitor 

(0 µM, 1.5 µM and 3.0 µM). 50 µL of the enzyme solution was mixed with 80 µL of inhibitor (25 µM 

or 50 µM), 60 µL assay buffer and incubated for 10 min at rt. In absence of the inhibitor, the amount 

of inhibitor is substituted with assay buffer. Subsequently, 10 µL of LA solution ranging from 0.05 to 4 

mM was added to the mixture to provide a mixture with a final dilution of the enzyme of 1:640. The 
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mixtures were immediately measured after 5 sec of mixing the enzyme with the inhibitor and 

substrate for 16 min. These experiments were performed in triplicate. The reaction velocities (v) were 

plotted against the substrate concentrations in a Michaelis-Menten plot and the Km and Vmax in the 

presence of the inhibitor were derived. The reciprocal of the velocities were taken and plotted against 

the reciprocal of the LA concentrations in a Lineweaver-Burk plot. Substrate inhibition was obtained 

in concentration above 60 µM. All experiments were performed in triplicate and the average triplicate 

values and their standard deviations are plotted. The data analysis was performed using Microsoft 

Excel Professional Plus 2013 and GraphPad Prism 5.01. 

Molecular Modeling  

Since competitive inhibition was observed, the inhibitors were docked in the active site of the 

enzyme. The molecular modeling studies were performed in MOE software and highest scoring 

docking poses were chosen. 

 

Figure S2. Three of the top five highest scoring poses of the compound 2. The docking score of the pink structure 

pose is -5.51, from the yellow structure pose is -5.47 and from the green structure pose -5.36.  
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Figure S3. The surface of the active site with the compound 14d in the highest docking score pose. With green is 

the lipophilic and with red the lipophobic area in the active site of 15-LOX. 

 

Gene expression profiling 

Animals 

C57bl/6 male mice (weight 20-25 g; age 8-10 weeks) were purchased from Harlan (Zeist, the 

Netherlands). Animals were maintained on mouse chow and tap water ad libitum in a humidity- and 

temperature-controlled room at 24°C with a 12 h light/dark cycle. All experiments were performed 

according to national guidelines and upon approval of the experimental procedures by the local 

Animal Care and Use committee of Groningen University, DEC number 6962A. Mice were randomly 

assigned to the experiments. 

Precision-cut lung slices 

Mouse precision-cut lung slices (PCLS) were prepared as previously described for guinea pig with the 

following modifications.50 Male mice were anesthetized by subcutaneous injection of ketamin (75 

mg/kg, Alfasan, Woerden, the Netherlands) and dexdomitor (0.5 mg/kg, Orion Pharma, Mechelen, 

Belgium). Subsequently, the trachea was cannulated and the animal was exsanguinated by cutting the 

jugular vein, after which the lungs were filled trough the cannula with 1.5 ml low melting-point 

agarose solution (1.5% final concentration (Gerbu Biotechnik GmbH, Wieblingen, Germany) in CaCl2 

(0.9 mM), MgSO4 (0.4 mM), KCl (2.7 mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM), glucose (8.4 mM), 

NaHCO3 (13 mM), Hepes (12.6 mM, Gibco® by Life Technologies, Bleiswijk, the Netherlands), sodium 
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pyruvate (0.5 mM, GE Healthcare Life Sciences, Eindhoven, the Netherlands), glutamine (1 mM, 

Gibco® by Life Technologies), MEM-amino acid mixture (1:50, Gibco® by Life Technologies) and MEM-

vitamins mixture (1:100, Gibco® by Life Technologies), pH 7.2). The lungs were placed on ice for 15 

min to solidify the agarose for slicing. The lobes were separated and tissue cores were prepared of 

the individual lobes, after which the lobes were sliced at a thickness of 250 μm in medium composed 

of CaCl2 (1.8 mM), MgSO4 (0.8 mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 

mM), NaHCO3 (26.1 mM), Hepes (25.2 mM), pH 7.2, using a tissue slicer (CompresstomeTM VF-300 

microtome, Precisionary Instruments, San Jose, CA, USA). Tissue slices were incubated at 37 °C in a 

humid atmosphere under 5% CO2/95% air. In order to remove the agarose and cell debris from the 

tissue, slices were washed every 30 min (four times in total) in medium composed of CaCl2 (1.8 mM), 

MgSO4 (0.8 mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 mM), NaHCO3 

(26.1 mM), Hepes (25.2 mM), sodium pyruvate (1 mM), glutamine (2 mM), MEM-amino acid mixture 

(1:50), MEM-vitamins mixture (1:100), penicillin (100 U/ml, Gibco® by Life Technologies) and 

streptomycin (100 μg/ml, Gibco® by Life Technologies), pH 7.2. Chemicals to prepare the media 

described above were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands) unless stated 

otherwise, and were of analytical grade. 

Treatment of lung slices 

PCLS were incubated in Dulbecco’s Modification of Eagle’s Medium (DMEM, Gibco® by Life 

Technologies) supplemented with sodium pyruvate (1 mM), MEM non-essential amino acid mixture 

(1:100, Gibco® by Life Technologies), gentamycin (45 μg/ml, Gibco® by Life Technologies), penicillin 

(100 U/ml), streptomycin (100 μg/ml) and amphotericin B (1.5 μg/ml, Gibco® by Life Technologies). 

Slices were cultured at 37 °C in a humidified atmosphere under 5% CO2/95% air in 12-well tissue 

culture plates (Costar Europe, Badhoevedorp, the Netherlands), using 3 slices per well. Slices were 

treated with the LOX inhibitor (LOXi) 14d at a final concentration of 1-500 nM for 20 h, and were co-

incubated with 10 μM Linoleic acid (L1376; Sigma Aldrich). The last 4 h of the experiments tissue 

slices were stimulated with 10 ng/ml lipopolysaccharide (LPS, Escherichia coli, serotype 0111:B4; 

Sigma-Aldrich) and 10 ng/ml interferon gamma (IFNγ, cat.#315-05; PeproTech, Hamburg, Germany). 

Assessment of tissue viability using lactate dehydrogenase 

To assess the viability of the PCLS subjected to increasing concentrations 14d, the amount of lactate 

dehydrogenase (LDH) released from the tissue slices into the incubation medium was analyzed. 

Maximal LDH release was determined by lysing 3 slices with 1% Triton X-100 for 30 min at 37 °C at 

the start of the experiments. Supernatants were stored at -80 °C. LDH release was determined using 

an assay form Roche Diagnostics (Mannheim, Germany), and was measured using a Hitachi automatic 
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analyzer (Modular Analytics, Roche Diagnostics). LDH release from the PCLS into the incubation 

medium was plotted relative to maximal LDH release. 

Cell culture and LOXi treatment 

RAW 264.7 murine macrophage cells were obtained from ATCC (Wesel, Germany) and cultured in 

plastic tissue culture plates or flasks at 37 °C under 5% CO2/95% air in DMEM + GlutaMAXTM (Gibco® 

by Life Technologies) supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS; 

Invitrogen, Breda, the Netherlands), 2 mM additional GlutaMAXTM (Gibco® by Life Technologies), 

100 U/ml penicillin and 100 µg/ml streptomycin. RAW 264.7 cells were used between passage 7 and 

16. 

To obtain identical cell density at the start of the experiment, RAW 264.7 cells were seeded at 

20,000 cells/cm2 in 12-well tissue culture plates one day prior to the experiment. Cells were treated 

with the LOXi 14d (final concentration 1-500 nM) for 20 h, and were co-incubated with 10 μM 

Linoleic acid. Cells were stimulated with 10 ng/ml LPS and IFNγ for the last 4 h of the experiment. 

Gene expression analysis by RT-qPCR 

RAW 264.7 cells and PCLS were washed twice with ice-cold DPBS (Gibco® by Life Technologies) and 

total RNA was isolated from RAW 264.7 cells using the SV Total RNA Isolation System (Promega, 

Leiden, the Netherlands) and from PCLS using the Maxwell® 16 LEV simplyRNA Tissue Kit (Promega), 

both according to the protocol of the manufacturer. RNA integrity was determined by 28S/18S ratio 

detection on an agarose gel, which was consistently found intact. For gene expression analysis, RNA 

was reverse transcribed using a reverse transcription kit (Promega). Subsequently, 10 ng of cDNA was 

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 IL-

(Mm00434228_m1), IL-6 (Mm00446190_m1) IL-10 (Mm00439614_m1), IL-12 (Mm00434174_m1) and 

GAPDH (Mm99999915_g1) were purchased as Assay-on-Demand (Applied Biosystems). For each 

sample, the real-time PCR reactions were performed in duplicate or 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 ΔCt value. Gene expression levels were 

calculated by the comparative Ct method (2-ΔΔCt).51  

Statistical analysis 

Statistical analysis of the results was performed by a two-tailed unpaired Student's t-test, assuming 

equal variances to compare two replicate groups. Analysis of differences between multiple replicate 
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groups was analyzed with one-way ANOVA followed by Tukey post hoc analysis. p values <0.05 were 

considered to be significant. Data were analyzed with GraphPad Prism (GraphPad software 5.00, San 

Diego, CA, USA). 
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Abstract 

The enzyme 15-lipoxygenase-1 (15-LOX-1) plays a dual role in diseases with an inflammatory 

component. On one hand 15-LOX-1 plays a role in pro-inflammatory gene expression and on the 

other hand it has been shown to be involved in central nervous system (CNS) disorders by its ability 

to mediate oxidative stress and damage of mitochondrial membranes under hypoxic conditions. In 

order to further explore applications in the CNS, novel 15-LOX-1 inhibitors with favorable 

physicochemical properties need to be developed. Here, we present Substitution Oriented fragment 

Screening (SOS) in combination with Multi Component Chemistry (MCR) as an effective strategy to 

identify a diversely substituted small heterocyclic inhibitor for 15-LOX-1, denoted ThioLox, with 

physicochemical properties superior to previously identified inhibitors. Ex vivo biological evaluation in 

precision-cut lung slices (PCLS) showed inhibition of pro-inflammatory gene expression and in vitro 

studies on neuronal HT-22 cells showed a strong protection against glutamate toxicity for this 15-

LOX-1 inhibitor. This provides a novel approach to identify novel small molecules with favorable 

physicochemical properties for exploring 15-LOX-1 as a drug target in inflammatory diseases and 

neurodegeneration. 
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Introduction 

Despite initial speculations that inflammation plays a minor role in central nervous system (CNS) 

disorders, most recent evidence shows the opposite. In various acute, chronic and psychiatric CNS 

disorders, pro-inflammatory mediators like cytokines, prostaglandins and leukotrienes, have been 

found to play pivotal roles.[1–4] In addition, elevated levels of IL-1, IL-6 and TNFα have been identified 

in brain tissue of patients with Alzheimer’s (AD)[1,5,6] and Parkinson’s (PD)[1,7] disease. Furthermore, 

several animal studies suggest a connection between IL-1 and stroke,[1] multiple sclerosis[1,6,8] and 

depression[1]. These findings have led to a search for novel therapeutic agents that can target 

inflammation in the CNS.[9] 

One possible class of targets for anti-inflammatory therapy in the CNS are the Lipoxygenases (LOXs). 

LOXs are an important class of enzymes that play regulatory roles in the inflammatory process. 

Several lines of evidence suggest that 15-LOX-1 (also known as 12/15-LOX, leukocyte-type 12-LOX), 

could be a potential therapeutic target for various neurological diseases with an inflammatory 

component. This enzyme is widely expressed in the CNS, and its catalysis products are critical factors 

in the emergence of brain pathology.[10] Moreover, it has been shown that 15-LOX-1 is upregulated in 

mice following a stroke and the ensuing ischemia.[11] In addition, 15-LOX-1 has been linked to airway 

inflammation diseases[12–16] such as asthma, chronic obstructive pulmonary disease (COPD) and 

chronic bronchitis, and more recently in various CNS diseases[11,17–25] like Alzheimer’s and Parkinson’s 

diseases as well as stroke. Recent evidence shows that 15-LOX-1 plays conserved roles in the 

molecular mechanisms contributing to the pathophysiology of these diseases. 

It is believed that 15-LOX-1 is involved in two different mechanistic pathways. In airway inflammation, 

it converts arachidonic acid into its corresponding lipid peroxides, which are further converted, in the 

presence of glutathione, to different inflammatory mediators (eoxins, 12-HETE and 15-HETE). 

Generation of the inflammatory mediators is followed by the production of pro-inflammatory 

cytokines such as IL-1, IL-6, IL-8 or IL-12.[26–31] While in the airway, 15-LOX-1 causes inflammation, in 

the CNS, it can trigger apoptosis. In CNS diseases, a similar mechanism appears to play a role. 

However, depletion of glutathione under oxidative stress conditions gives rise to another mechanism 

involving Bid activation that induces mitochondrion dependent cell death.[23] This provides a model 

for several inflammatory diseases in which 15-LOX-1 exhibits a key role in both the production of 

cytokines and the induction of apoptosis under oxidative stress conditions (Figure 1). 
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Figure 1. The dual biological role of 15-LOX-1. In macrophages, after LPS/IFNγ stimulation, activation of cPLA2 

yields the overproduction of AA. As a result, the conversion of AA from 15-LOX-1 leads to increased levels of lipid-

peroxides. Then, the lipid-peroxides in presence of GSH, either can be reduce to 12- or 15-HETE or after a second 

conversion from 15-LOX-1 can follow the EX pathway. These formed metabolites cause inflammatory responses, 

while increased levels of pro-inflammatory cytokines such as IL-1, IL-6, IL-8 and IL-12 are also observed. (LPS, 

Lipopolysaccharide; IFNγ, Interferon gamma; cPLA2, Phospholipase A2; AA, arachidonic acid; GSH, glutathione; EX, 

eoxins). In adult neurons, glutamate promotes cell death by sustained activation of NMDA/AMPA receptors inducing 

excitotoxicity, while in immature and immortalized neurons high levels of extracellular glutamate initiate cell death 

via inhibition of the xCT antiporter. As a result, decreased GSH levels and the loss in GpX4 activity leads to 

enhanced 15-LOX-1 activity, and formation of reactive oxygen/nitrogen species and lipid peroxides. Downstream of 

ROS production, proteins such as Bid, Bax and Drp1 get activated and translocate to the mitochondria triggering 

mitochondrial dysfunction. Afterwards, mitochondrial release of apoptosis-inducing factor promotes large scale 

chromatin condensation, DNA fragmentation and subsequent cell death. (AIF, apoptosis-inducing factor; Bax, B-cell 

lymphoma protein-2-associated X protein; Drp1, dynamin-related protein; GSH, glutathione; LOX, lipoxygenenases; 

NMDA, N-Methyl-D-aspartate; ROS, reactive oxygen species; xCT, glutamate-cystine-antiporter). 

 

Thus, 15-LOX-1 appears as an emerging drug target for the treatment of neurological diseases. 

Therefore, different 15-LOX-1 inhibitors, such as Baicalein or LOXBlock-1, have shown encouraging 

results in neuroprotective studies.[11,21–23] In addition, another 15-LOX-1 inhibitor, PD-146176, has 

been found to mitigate the effects of the AD phenotype.[19] However, many of these inhibitors suffer 
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from low inhibitory potency and/or poor physicochemical properties, such as a high logP value, which 

limits their potential therapeutic value. 

In particular for 15-LOX-1, it proved to be challenging to develop compact inhibitors with favorable 

physicochemical properties. A common drug discovery strategy is based on employing the screening 

of fragments, followed by hits optimization. Utilizing this approach for 15-LOX-1, yields very lipophilic 

molecules most likely due to the lipid character of the active site. Therefore, alternative approaches 

are needed to generate more compact and diversely substituted molecular scaffolds for this type of 

challenging drug targets. Towards this aim, we describe a substitution oriented screening (SOS) 

approach in which a focused compound collection of diversely substituted scaffolds is screened for 

inhibitors of a particular molecular target.[32] Application of this SOS approach on heterocycles that 

can be assembled by multicomponent reactions (MCR) enables the exploration of very compact 

molecules with a very diverse substitution pattern.  

In this study, we report the application of our SOS approach with MCR chemistry for identification of 

novel thiophene-based inhibitors for 15-LOX-1 with the desired physicochemical properties for 

potential applications in CNS diseases with an inflammatory component. The most potent inhibitors 

demonstrated anti-inflammatory effects in precision-cut lung slices (PCLS) of mouse lung tissue, while 

it demonstrated neuroprotective effects in in vitro studies on glutamate-induced cytotoxicity of 

neuronal cells. 

Results and discussion 

Initial screening and discovery of potent inhibitors 

Having previously established a successful strategy based on SOS, we applied the same approach in 

combination with MCR chemistry for the discovery of unique substitution patterns on novel scaffolds 

(Figure 2). Sulfur containing heterocycles such as thiophenes, thiazoles and thiadiazoles appear to be 

good candidates for such an approach. In particular, thiophenes have been very successfully 

employed in the pharmaceutical industry for numerous targets against not only cancer, inflammation, 

immune system but also in CNS disorders. Hence, we screened a fragment collection consisting of 

organosulfur heterocycles, mostly thiophene derivatives with a diverse substitution pattern 

(Supplementary Library screening).  

The enzyme activity studies were performed, as previously described, using the UV absorbance of the 

15-LOX-1 (234 nm) product after its enzymatic conversion from linoleic acid.[32–34] All the assays 

including the initial screening, IC50 measurements and enzyme kinetics, were done in a 96-well 
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format. After the initial library screening, two hits were identified providing more than 70% inhibition 

of the enzyme activity at concentrations of 50 μΜ. The inhibitory potency of these hits, confirmed by 

determination of their IC50 values, proved to be 18.6 ± 6.0 μM and 20.6 ± 3.8 μM for compounds C2 

and C6 respectively. The two hits are three-substituted thiophene derivatives with similar substitution 

patterns bearing a free amino group, an amide with different aliphatic chain and a phenyl ring on 

positions 2, 3 and 5 respectively. The specific substitution pattern can be accessed in a one single 

step by the Gewald three-component reaction.  

 

Figure 2. The “discovery flow” of thiophene derivatives for 15-LOX-1 inhibition using the Substitution Oriented 

fragment Screening (SOS) approach. Screening of an organosulfur fragment collection enabled the identification of 

a Gewald multicomponent reaction product with a unique substitution pattern that was employed for further 

elucidation of Structure Activity Relationships (SAR). 

 

Gewald thiophenes  

These findings led us in a second screening of a specially designed Gewald thiophene library. A 

collection of about 40 2-amino thiophenes with diverse amide substitution patterns (aliphatic, 

aromatic or heterocyclic) on the 3-position as well as diverse substitution patterns on the 5-position 

was investigated. This enabled the identification of structure activity relationships for this novel 
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scaffold. It was observed that the compounds (A9, B4, C2 and C3) with higher inhibitory potency at 

50 μM have an amino group on the 2-position, an amide with an aliphatic chain on the 3-position 

and a phenyl group on the 5-position. Comparison of the compounds A9 with B8 or C6 with B6 

clearly indicates the importance of the phenyl group on 5-position. In addition, the substitution of 

phenyl with benzyl group, causes a dramatic decrease in inhibitory potency, as can be recognized by 

comparing D9 and B4. Branched tails or (hetero)cycles in the 3-position are not present among the 

hits from this focused screening, supporting most likely the use of the aliphatic chain in that position. 

Inhibition around 60% was also observed from the compounds A2, C3 and D2. However, these 

compounds bearing into the 3-position an indole moiety which is possibly responsible for the 

inhibition, while it has been previously described in many 15-LOX inhibitors. The IC50’s were 

determined and compound A9 proved to be the most potent hit with an IC50 of 12.4 ± 0.9 μM. A9 

exhibited almost 2-3 fold better inhibitory potency compared to the B4, C2 and C6 (IC50’s; 29.8 ± 

3.68, 18.6 ± 6.0 and 20.6 ± 3.8 μM respectively). 

 

Scheme 1. General synthesis. Reagents and conditions: a) TEA, EtOH, reflux, overnight; b) TiCl4, TEA, CH2Cl2, 40°C, 

overnight; c) LiAlH4, THF, 0 °C to rt, overnight; d) DMP, CH2Cl2, rt, 2h; e) CuCN, Et2O, 0 °C to rt, overnight; f) TEA, 

EtOAc, reflux, 48h; g) Pyridine, acyl chloride, DMF, rt, overnight; h) DIPEA, CDI, DMF, reflux, 16h. 
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Focused optimization 

A focused optimization of the substitution pattern of the Gewald thiophene A9 was performed. The 

Gewald multicomponent reaction (Gewald-3CR) was employed, using different aldehydes or ketones 

(1), cyanoacetamides (2) and elementary sulfur as starting materials. The desired substituted 2-amino 

thiophenes were obtained after reflux overnight in EtOH with triethylamine (TEA) as base (Scheme 1). 

The 3-, 4- and 5-positions were varied with differently branched aliphatic and substituted aromatic 

substituents. Finally, variations of the 2-amino group were explored by acylation with different acyl 

chlorides.  

In our first series of experiments, in order to explore the lipophilic interactions, the tail length on the 

3-position was varied keeping at the same time the other substituents constant. In our previous 

screening steps, only tails of 3 (C2 and C6) or 4 (A9) carbons were present in combination with a 

phenyl group in the 5-position. Cyanoacetamides with various tail lengths can conveniently be 

synthesized by methyl 2-cyanoacetate and a primary or secondary amine carrying the desired tail. 

Cyanoacetamides with the aliphatic tails of 5, 8 and 12 carbons as well as one with double tail of 4-

carbon length were synthesized and then used in a Gewald-3CR. 

Table 1. IC50 values of the Gewald products in which tail on the amide in the 3-position was varied. 

 Compound R1 R2 IC50 (µM) 

 

C6 
 

H 20.6 ± 3.8 

C2 
 

H 18.6 ± 6.0 

A9 
 

H 12.4 ± 0.9 

3a 
 

H 17.9 ± 5.6 

3b 
 

H 41.5 ± 19.6 

3c 
 

H 47.3 ± 14.8 

3d 
 

H >50 

3e 
  

>50 
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IC50 measurements with the obtained products demonstrated a clear relationship between tail length 

and inhibitory potency (Table 1). As noted earlier, 3-carbon tails (C2 and C6) yielded less potent 

inhibitors than 4 carbon tails (A9). Results with longer tail length indicated that increasing the length 

is paralleled with decreasing inhibitory potency. Furthermore, introducing phenyl substituent in the 

aliphatic tail (3d) also caused an increase in IC50, as did by adding an additional 4-carbon tail to the 

amide (3e). In conclusion, this data indicate that a linear 4-carbon is the optimal substituent in the 3-

position. 

Table 2. IC50 values of the Gewald products with different substituent on the thiophene 5-position. 

 Compound R2 IC50 (µM) 

 

3f 
 

>50 

3g 
 

>50 

3h 
 

>50 

3i 

 

>50 

3j 
 

25.9 ± 7.3 

3k 
 

15.2 ± 8.4 

A9 
 

12.4 ± 0.9 

3l 
 

>50 

3m 
 

>50 

3n 
 

>50 

 

In the next series of experiments the substituent on the thiophene 5-position was varied, while 

keeping the 4 carbon tail in 3-position constant. Gewald compounds with various groups in 5-

position were synthesized by choosing different aldehydes for the reaction. Lipophilic tails from 1 to 

9 carbons, branched aliphatic tail as well as benzyl group were incorporated into the thiophene 

derivatives (Table 2). In addition, the phenyl group of A9 was halogen substituted with para-chloro 
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(3l) and para-bromo (3m). The IC50 measurements of the compounds were subjected, showing again 

a clear structure-activity relationship between inhibitory potency and tail length. Compounds with 

small tails in 5-position were found to be very poor inhibitors while increasing of the tail length is 

paralleled with increasing the inhibitory potency with the compound 3k to be the most potent (IC50 = 

15.2 ± 8.4 µM ). The compounds substituted in para position of the phenyl ring or benzyl group in 

thiophene 5-position were also found to be inactive (3l, 3m, 3n). Hence, the original substitution of 

A9 was found to be optimal while these finding also corroborate hypothesis that the phenyl is 

constrained in this direction when A9 binds in the active site. 

Table 3. IC50 values of the compounds with different substituent on the thiophene 4- and 5-position. 

 Compound R2 R3 IC50 (µM) 

 

4a 
  

>50 

4b 
  

>50 

4c 
  

>50 

 

Table 4. IC50 values of the compounds with different aliphatic tails in amino group. 

 Compound R1 R2 IC50 (µM) 

 

5a 

 

H 19.8 ± 5.0 

5b 

 

H 19.0 ± 6.8 

5c 

 

H 28.2 ± 6.7 

 

6 - - >50 
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In the last series of the optimization experiments, we explored the 4-position of the thiophene ring as 

well as the importance of the 2-amino group. Firstly, we introduced a methyl or butyl group in 4-

position while keeping constant the rest optimized substitutions. Whereas the starting material for 

the methyl product (phenyl acetone) was commercially available, the ketone required for 4-n-butyl 

substitution was not. We utilized a reaction in which a cyanocuprate formed in situ from n-butyl 

lithium and cuprous cyanide, cleanly converts 2-phenylacetic acid into benzyl n-butyl ketone (Scheme 

1). Next, three additional thiophenes were synthesized, using a two-step procedure including a 

Knoevenagel condensation followed by the Gewald reaction (Scheme 1). None of these compounds 

were able to achieve more than 20% reduction of enzymatic activity at 50 µM, meaning that their IC50 

must lie above this concentration (Table 3). These results indicate that substitution of the 4-position is 

not a promising route for further exploration.  

Secondly, in order to study the importance of the 2-amino group, acylation with different acyl 

chlorides was performed (Scheme 1). In three derivatives (5a, 5b and 5c) the amine group was 

acylated with linear tails of different lengths. Additionally, in compound 6 the amine group was 

acetylated using 1,1'-Carbonyldiimidazole (CDI), followed by ring closure at the 3N-position (Scheme 

1). None of the compounds were better than A9, with the calculated IC50 to be for 5a and 5b around 

20 µM, for the 5c to be 28,2 µM while for the compound 6 were found to be above 50 µM (Table 4). 

Although, there is no clear relationship between inhibitory potency and tail length in the thiophene 

2-position, we can consider that elongation in the 2-position is not improving the potency. 

In brief, we can conclude that the optimum substitution pattern is present on the compound A9, 

which proved to be the most potent 15-LOX-1 inhibitor. In terms of inhibitory potency, the 

compounds 3a, 3k and A9 provided comparable IC50 values. However, the compound A9 has better 

physicochemical properties such as low molecular weight or logP value and so was chosen for further 

studies. We denote this inhibitor, ThioLox. 

 

Enzyme kinetic analysis 

The mechanism of 15-LOX-1 inhibition was established performing Michaelis-Menten enzyme kinetics 

analysis in presence of ThioLox (Figure 3A,B). The Lineweaver-Burk plot shows that the inhibitor 

causes an increase in the Km values, whereas the Vmax values remain constant (Figure 3C), indicating 

competitive inhibition. In addition, the binding affinities (Ki) of all the inhibitors can be calculated, 

using the Cheng-Prusoff equation. The Ki value of ThioLox was calculated to be 3.30 ± 0.24 µM. 
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C 

 

A9 (ThioLox) (µM) Km
app (µM) Vmax

app (absorbance/s) 

0 9.1 ± 3.4 1.6 x 10-4 ± 0.2 x 10-4
 

5 14.2 ± 3.9 1.5 x 10-4 ± 0.2 x 10-4 

15 38.2 ± 19.1 1.6 x 10-4 ± 1.0 x 10-4 

Figure 3. Steady-State kinetic characterization of human 15-lipoxygenase-1 in the presence of different 

concentrations of compound ThioLox: A) Michaelis-Menten representation, B) Lineweaver-Burk representation and 

C) Table with the Km and the Vmax values. 

  

Molecular modeling with ThioLox 

In order to verify our findings and link the observed SAR to structural information, the competitive 

inhibitor ThioLox was docked in the active site of the enzyme. There is no crystal structure of human 

15-LOX-1 available but as previously described due to the high sequence similarity (87%) rabbit 15-

LOX (PDB: 1LOX) was used in the molecular modeling study.[32,33] The molecular modeling studies 

were performed in MOE software (2012.10) and highest scoring docking poses were chosen. The 

experiments were performed with rescoring model 1 London dG (refinement: forcefield) and rescoring 

2: GBVI/WSA dG, followed by minimization energy (forcefield: MMFF94X; eps = r, cutoff {8,10}). This 

enabled the proposal of a binding configuration in which the sulfur and the 2-amino group interact 

with Glu357 forming two hydrogen bonds, one with the Glu357 backbone and one with its side 

chain. The carbonyl oxygen of the amide participates in a hydrogen bond with Gln548, while the 

phenyl group makes a π-π stacking interaction with His366 that is involved in the binding of the 

catalytic iron (Figure 4A,B).  

Further, the proposed binding of ThioLox is in line and can explain our SAR findings. Starting with 

the 5-position, the phenyl ring is highly constrained, explaining why para-substitution (3l, 3m) or 
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exchange for a benzyl group (3n), cause loss of activity. Substitution of the phenyl for a short length 

linear tail up to 5-carbons (3f, 3g, 3h, 3i) was also observed that cause a loss of activity. This can be 

explained with the proposed binding pose, where the π-π stacking interaction of the phenyl His366 

is lost. Longer tails in this position gave better IC50 values (3j, 3k), presumably because an increase in 

lipophilic interactions make up for the loss of π-π stacking (Figure S1). Next, the 3-position also 

seems to be constrained, explaining why longer tails (3a, 3b, 3c, 3d) or double tails (3e) were found 

to be less potent. The shorter tail like in case of C2 and C6 are not constrained, but cause loss of 

lipophilic interactions. Finally, the compounds 5a, 5b, 5c and 6 are found to be less potent probably 

because of the absence of one of the hydrogen bonds between the amine group and Glu357.  

We note that 2-amino thiophenes frequently appear as hits in bioactivity screenings, which is 

considered to be disadvantageous.[35,36] Nevertheless, the 2-amino thiophene inhibitor ThioLox shows 

competitive inhibition thus indicating non-covalent interaction with the active site of the 15-LOX-1. In 

addition, a clear SAR profile has been identified that can be explained by molecular modeling. 

Altogether, this combined evidence clearly argues for ThioLox to be a valuable 15-LOX-1 inhibitor. 

 

Figure 4. A) Binding of ThioLox in the active site of 15-LOX-1 after molecular modeling studies. B) 2D illustration of 

the interactions of ThioLox with the active site of the enzyme. C) Calculated properties (logP, PSA, MW, HBA and 

HBD) of 15-LOX-1 inhibitors. The grey area represents the desired properties for CNS-likeness and every line with 

different color represents a 15-LOX-1 inhibitor as mentioned in the legend. Our new inhibitor ThioLox, which is 

shown with the red line, fulfils all the criteria for CNS-likeness. 



Chapter 5 

 

126 

 

Ligand efficiency metrics and physicochemical properties  

The SOS approach and subsequent optimization provided ThioLox as the most potent inhibitor for 

further investigation in biochemical studies towards applications in drug discovery projects. In drug 

discovery, the potential drugs should have suitable physicochemical properties in order to achieve an 

acceptable ADME-Tox (absorption, distribution, metabolism, excretion and toxicity) profile in vivo. 

Ligand efficiency metrics rendered into a generally accepted tool to estimate the value of lead 

compounds in this perspective.[37] Therefore, ligand efficiency metrics such as the ligand efficiency (LE) 

were calculated for ThioLox in comparison to previously described inhibitors (Table S3). The ligand 

efficiency metrics were calculated according to the Equation LE = (1.37/HA) x pKi, whereas HA 

represents the heavy atoms. Values above 0.3 kcal per mol are considered to be acceptable values for 

LE of drug candidates.[38] The LE value of ThioLox is 0.4 kcal per mol, which is among highest value 

reported together with our previously published inhibitor N247 and the known 15-LOX inhibitor PD-

146176.  

In addition to ligand efficiency metrics, criteria like the Lipinski’s ‘rule of five’ are important guidelines 

in drug discovery. The ‘rule of five’, which forms the basis for the concept of ‘drug-likeness’, makes 

allowance for the typical gain in size and lipophilicity during compound optimization.[39] However, 

especially for drugs being designed to target CNS diseases, the limits are even more rigorous due to 

the requirement to pass the blood-brain barrier (BBB). Towards this aim the putative properties have 

been described to be: i) logP bellow 3, ii) polar surface area (PSA) less than 90 Å2, iii) molecular 

weight (MW) bellow 450 Da, and iv) hydrogen bond acceptors (HBA) and hydrogen bond donors 

(HBD) less than 8 and 4, respectively. 

To evaluate how these newly identified 15-LOX-1 inhibitors relate to previously described inhibitors, 

the calculated physicochemical properties were compared to values that should enable permeation of 

the BBB. ThioLox has a logP of 3, a MW of 274.38 Da, 3 HBA and HBD and PSA of 55.12 Å2, which 

are values that comply very well with the BBB permeability. The respective values for these 

physicochemical parameters were calculated for previously identified inhibitors such as N247, PD-

146176, imidazole and pyrazole sulfamides and plotted in Figure 4C in comparison with the limits 

considered to enable activity in the CNS. Parameters indicating the lipophilicity, logP and the size, 

PSA and MW are in particular more favorable for ThioLox compared to previous identified inhibitors. 

These results show that our hit finding strategy provides a starting structure with favorable properties 

for applications in biochemical studies in drug discovery. The calculation of physicochemical 

properties for the inhibitors was performed using Marvin Sketch 15.6.29.  
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Gene expression 

15-LOX-1 has been shown to play a key role in pro-inflammatory gene expression. To assess the 

influence of ThioLox on inflammatory signaling, an ex vivo model system for airway inflammation 

was applied. In this model, precision-cut lung slices (PCLS) were applied to provide a complex testing 

matrix with a relatively high level of similarity to the in vivo situation. The viability of PCLS upon 

ThioLox treatment was determined by measuring the release of lactate dehydrogenase (LDH) into the 

medium upon incubation with the inhibitor. The LDH release demonstrated that ThioLox is not 

affecting the PCLS viability at concentrations up to 50 μM (Figure S2). Upon inflammatory stimulation 

using LPS the effect of ThioLox on the expression of the pro-inflammatory gene IL- -6, IL-8, IL-

12b, TNFα and inducible nitric oxide synthase (iNOS) was investigated. Since the cellular 

concentration of free fatty acids (preferred substrate of mammalian LOXs) is rather low, we 

supplemented the culture medium with linoleic acid (C18:Δ2, n – 6) which is the most abundant 

polyenoic fatty acid in mammalian cells and serves as a natural substrate for 15-LOX-1. Linoleic acid 

itself did not alter the basal gene expression levels in PCLS (data not shown).  

 

Figure 5. Effects of 15-LOX-1 inhibition on interleukin expression in precision-cut lung slices (PCLS). Stimulated PCLS 

were subjected to ThioLox in combination with 10 μM linoleic acid for 20 h and stimulated with 10 ng/ml LPS for 

the last 4 h. Subsequently, PCLS were lysed and gene expression was assessed by RT-qPCR and expressed as fold 

change compared to control (LPS/linoleic acid-treated) group. Data are presented as mean values ± SD of 4-6 

independent experiments. * p < 0.05; *** p < 0.001 compared to control. 

 

ThioLox provided almost 50% inhibition of the expression of the pro-inflammatory genes IL-1β, IL-6, 

IL-8, IL-12b, TNFα and iNOS at 50 μM (Figure 5). For the pro-inflammatory genes IL-6 and IL-12b, 
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significant downregulation was observed at concentrations as low as 5 μM. This can be explained by 

the fact that these genes are direct related to 15-LOX-1 activity.[40–44] This is in line with a previous 

study reporting that 15-LOX-1 regulates the production of IL-12b in macrophages.[44] 

The efficiency of ThioLox as anti-inflammatory agent in ex vivo studies was investigated. The effect of 

ThioLox on the expression of the pro-inflammatory genes is remarkable. The importance of 

interleukin production has been previously highlighted in lung tissue of COPD patients after LPS 

stimulation.[45] In addition, it has been shown that 15-LOX plays an important role in the progression 

of inflammatory arthritis, while affecting the matrix metalloproteinase (MMP) expression and being 

involved in the inflammatory action induced by TNFα and IL-1β.[46] It has been also found that 15-LOX 

shows significant association with IL-6 expression and alters the expression of IL-1β and TNFα, 

cytokines both intimately associated with the acute inflammatory response.[40] Furthermore, it has 

been proven that 15-LOX regulates the production of IL-12 and it was established that 15-LOX is also 

a critical mediator of the chronic type 1 inflammatory response.[43,44] Taking together, the effects we 

observed for treatment with ThioLox are in agreement with the hypothesis that 15-LOX-1 inhibition 

provides an anti-inflammatory effect. In fact, there is a growing body of evidence that 15-LOX-1 plays 

an important role in regulation of these pro-inflammatory genes. This sets the stage for further 

investigation and optimization of ThioLox for in vivo applications towards the development of novel 

therapeutics for inflammatory lung diseases.  

 

Neuroprotective activity  

In CNS diseases, 15-LOX-1 plays a role in apoptosis of neuronal cells under hypoxic conditions. In 

view of its favorable physicochemical properties and its inhibitory effect on pro-inflammatory gene 

expression in PCLS, the neuroprotective properties of ThioLox were investigated in a model of 

cellular oxidative stress employing neuronal cells. In the CNS, activation of 15-LOX-1 mediates lipid 

peroxidation that subsequently triggers cell death in a variety of brain cell types. Besides 

cortical/hippocampal neurons, oligodendroglial and brain endothelial cells are also subject to 15-LOX-

1 mediated toxicity.[47,48] To mimic these conditions, in our studies we used HT-22 immortalized 

hippocampal cells, and cell death was induced by glutamate exposure and subsequent 15-LOX-1 

activation.  

In HT-22 cells, lipid peroxidation rapidly accumulates in the cytosol within 6-8 h following glutamate 

challenge and to a much larger extent as a second more robust increase within 10-14 h after the 

glutamate exposure.[23] To examine in a cellular system the potential inhibitory properties of newly 

developed chemical compounds on the formation of lipid peroxidation, we tested the 15-LOX-1 
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inhibitors in our current model system of glutamate-induced lipid peroxidation. The analysis of the 

fluorescent dye BODIPY (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-

undecanoic acid) by fluorescence-activated cell sorting (FACS) revealed that the newly developed 15-

LOX-1 inhibitor ThioLox and the conventional 15-LOX-1inhibitor PD-146176 significantly attenuated 

the boost of lipid peroxides detected at 16 h after initiation of the glutamate challenge (Figure 6). 

Notably, as illustrated in Figure 6, a 10 µM concentration of ThioLox perfectly matched the inhibitory 

property of lipid peroxide formation in a cellular system and the enzyme inhibition studies in vitro. 

 

 

Figure 6. 15-LOX-1inhibitors, ThioLox prevent lipid peroxidation and mitochondrial superoxide formation in 

neuronal cells. A) Representative scatter plots of BODIPY green fluorescence staining measured by FACS assay of 

neuronal HT-22 cells challenged with glutamate in the presence and absence of classical 15-LOX-1 inhibitor, PD-

146176 (1 μM) and recently identified 15-LOX-1 inhibitor ThioLox (10 μM). B) Analysis of FACS measurements of 

BODIPY staining. C) Representative plots of MitoSOX red fluorescence staining of neuronal cells. D) Analysis of 

MitoSOX staining by FACS assay of neuronal HT-22 cells treated with glutamate and PD-146176 or ThioLox. Results 

are represented as mean ± SD of n=3, (3 independent experiments). *** p < 0.001; compared to control, ### p < 

0.001 compared to glutamate-treated cells.  
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The cytotoxic effect of 15-LOX-1 has been associated with the oxidized polyunsaturated fatty acids 

12- and 15-hydroxy-eicosatetraenoic acid (12- and 15-HETE) and 12- and 15-hydroperoxy-

eicosatetraenoic acid (12- and 15-HPETE).[49] Besides 12/15-LOX metabolites, 12- and 15-H(P)ETE, 15-

LOX-1 alone mediates direct damage at the level of mitochondria as demonstrated in red blood 

precursor cells, where mitochondria are eliminated during the physiological process of maturation.[50] 

Although 15-LOX-1 is required for lipid peroxide formation, 15-LOX-1 may also promote 

mitochondrial membrane depolarization and cytochrome c release in intact mitochondria isolated 

from HT-22 cells.[51] Therefore, in our studies we investigated whether the newly developed 15-LOX-1 

inhibitor ThioLox attained the property of preserving mitochondrial function. As detected by the 

fluorescent dye MitoSOX and subsequent FACS analysis (Figure 6C,D), the glutamate-induced 

formation of mitochondrial superoxides was largely attenuated by the 15-LOX-1inhibitor, suggesting 

that ThioLox can prevent both lipid peroxidation and mitochondrial dysfunction. 

 

 

Figure 7. Inhibition of 15-LOX-1 prevents neuronal cell death. A) Real-time impedance measurements of neuronal 

HT-22 cells challenged with glutamate in the absence or presence of different concentrations (5, 10 and 20μM) of 

the novel 15-LOX-1 inhibitor ThioLox or classical 15-LOX-1 inhibitor PD-146176 (PD, 1μM). Normalized cell index 

was performed prior the glutamate application, as indicated at time=0 in the graph. B) MTT analysis of neuronal cell 

death initiated by glutamate challenge. Different concentrations of 15-LOX-1 inhibitor ThioLox were applied at the 

same time as glutamate. C) Real-time impedance measurements of neuronal cells challenged with glutamate and 

subsequent application (2, 4, 6 and 8h) of 15-LOX-1 inhibitor ThioLox at a concentration of 10μM. D) MTT analysis 
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of neuronal cells damaged by toxic concentration of glutamate. 15-LOX-1 inhibitor ThioLox (5 and 10μM) was 

applied 2, 4, 6 and 8 h following glutamate challenge exposure. Data are represented as mean ± SD, n= 6. * p < 

0.05; *** p < 0.001 compared to control, ### p < 0.001 compared to glutamate-treated cells.  

Most importantly, ThioLox significantly prevented glutamate-induced cell death in a concentration-

dependent manner (Figure 7A,B). Real-time recording of cell impedance by the xCELLigence system of 

HT-22 cells showed that cell death followed 9-10 h after the initiation of the glutamate challenge and 

it was concluded within additional 2-4 h (Figure 7).[52] Notably, ThioLox fully protected HT-22 cells 

against glutamate toxicity at a concentration of 5-10 µM and significantly reduced neuronal cell 

death (Figure 7A,B). Comparable results were obtained by using the conventional 15-LOX-1 inhibitor 

PD-146176 (Figure 7A,B). Next, we determined the protective time window of 15-LOX-1-dependent 

lethal oxidative stress in neuronal cell death and added ThioLox at different time points between 2 

and 8 h after onset of the glutamate treatment. HT-22 cells were protected against glutamate toxicity 

even when ThioLox was added up to 8 h after the glutamate challenge (Figure 7C,D), indicating that 

beyond that time point glutamate-induced cell death proceeded too far for protection by attenuation 

of either lipid peroxidation or mitochondrial dysfunction. Our studies identified a therapeutic time 

window for the interference with 15-LOX-1 activation in neuronal cell death that may be relevant for 

therapeutic strategies in related neurological diseases. Previously, 15-LOX-1 has been proposed as a 

potential target for neuroprotective strategies in stroke treatment based on data on genetic 12/15-

LOX deletion and on pharmacological inhibition of 15-LOX-1 with PD-146176 that significantly 

reduced the infarct size in a mouse model of transient cerebral ischemia.[11,23] Targeting 15-LOX-1 

with our newly developed inhibitor in HT-22 cells, we suggest that ThioLox can prevent both lipid 

peroxidation and mitochondrial dysfunction. In conclusion, ThioLox was proved to be a key regulator 

in glutamate-induced oxidative stress, process highly relevant for neurodegenerative diseases and 

acute neurological disorders such as ischemic stroke or brain trauma.  

Conclusions  

There is an increasing interest in 15-LOX-1 as a therapeutic target for various inflammatory and 

neurological diseases with an inflammatory component. However, currently identified inhibitors have 

physicochemical properties that are unfavorable for applications in drug discovery for CNS diseases. 

In this study, we utilized a substitution oriented screening (SOS) approach with MCR chemistry to 

identify the thiophene-based 15-LOX-1 inhibitor, ThioLox. The enzyme kinetic analysis as well as the 

molecular modeling studies showed competitive inhibition. ThioLox was calculated to have a Ki value 

of 3.30 μM, very good ligand efficiency metric but also the desired physicochemical properties. This 

inhibitor was evaluated in ex-vivo studies in precision-cut lung slices (PCLS) of mouse lung tissue 
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showing a strong anti-inflammatory effect. In addition, considering the acceptable physiochemical 

properties, neuroprotective studies were performed in HT-22 neuronal cells showing strong 

protection. Identification of ThioLox provides a starting point to target 15-LOX-1 with a competitive 

inhibitor with limited size and lipophilicity. These findings point out the way toward the development 

of therapeutic agents against diseases with an inflammatory component, such as asthma and COPD 

as well as neurological disorders like Alzheimer’s and Parkinson’s disease. 

Experimental Section  

Synthesis and characterization 

General 

The solvent and reagents were purchased from Sigma-Aldrich and Acros chemicals and were used 

without further purification unless otherwise noted. Reactions were monitored by thin layer 

chromatography (TLC). Merck silica gel 60 F254 plates were used and spots were detected under UV 

light or after staining with potassium permanganate for the non UV-active compounds. MP Ecochrom 

silica 32-63, 60Å was used for flash column chromatography. 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 were referenced to the residual proton and carbon signal of the deuterated solvent 

CDCl3: δ = 7.26 ppm (1H) and 77.05 ppm (13C). The following abbreviations were used for spin 

multiplicity: s = singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd 

= double of doublets, ddd = double of doublet of doublets, m = multiplet. Fourier Transform Mass 

Spectrometry (FTMS) was recorded on an Orbitrap XL Hybrid Ion Trap-Orbitrap Mass Spectrometer to 

give high-resolution mass spectra (HRMS). All the compounds were analyzed by Waters Investigator 

Semi-prep 15 SFC-MS instrument confirming purity ≥ 95%. 

The thiophene compounds A1 to A12, B1 to B12, C1 to C12 and D1 to D12 were previously fully 

characterized.[53] 

Synthetic procedure 1: Gewald 3 Component Reaction 

To a stirred solution of the cyanoacetamide (2.0 mmol) in EtOH (3 mL), the ketone or aldehyde (2.0 

mmol) was added and dissolved. Then, triethylamine (Et3N) (2.0 mmol) and S8 (0.25 mmol) were 

added and the reaction mixture was refluxed overnight. Afterwards, it was diluted with EtOAc (25 mL) 

and washed with water (2 x 25 mL) and brine (2 x 25 mL). The combined organic layers were dried 

over MgSO4, filtrated and the solvent was removed under reduced pressure. Further purification by 

flash chromatography, with heptane:EtOAc 3:1 (v/v) as eluent, was performed when needed. 
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Synthetic procedure 2: Cyanoacetamide preparation 

To a stirred solution solution of methyl 2-cyanoacetate (5.0 mmol) in EtOAc (3 mL), the amine (5.0 

mmol) was added, followed by Et3N (5.0 mmol). The reaction mixture was refluxed for 48 h and then 

diluted with EtOAc (25 mL) and washed with water (2 x 50 mL) and brine (2 x 50 mL). The combined 

organic layers where dried over MgSO4, filtered and the solvent was removed under reduced 

pressure. 

Synthetic procedure 3: Reduction of carboxylic acid with LiAlH4 

In a 3-neck flask, LiAlH4 (8.0 mmol) was dissolved in anhydrous tetrahydrofuran (THF) (10 mL), under 

nitrogen atmosphere at 0 °C. A solution of phenyl acetic acid (4.0 mmol) in anhydrous THF (10 mL), 

was added dropwise to the reaction mixture over 20 min, followed by addition of 5 mL of anhydrous 

THF. The mixture was allowed to warm to rt, after which the reaction was quenched with EtOAc (50 

mL) and water (50 mL). The mixture was washed with water (3 x 50 mL) and the organic layer was 

dried over MgSO4, filtered and the solvent was removed under reduced pressure. 

Synthetic procedure 4: Primary alcohol oxidation with Dess-Martin reagent 

To a stirred solution of the Dess-Martin reagent (DMP) (1.5 mmol) in CH2Cl2 (10 mL) under nitrogen, 

the alcohol (1.0 mmol) was added dropwise. The reaction mixture was stirred for 2 h and 

subsequently quenched with saturated aqueous sodium thiosulfate (20 mL). After 15 minutes of 

stirring the layers were separated, the organic layer was washed with water (50 mL) and brine (2 x 50 

mL) and the aqueous layer was washed with EtOAc (2 x 25 mL). The combined organic layers were 

dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The thus obtained 

semisolid was triturated with 10% EtOAc in hexanes. The solid was removed by filtration. The filtrate 

was concentrated under reduced pressure to yield the final product. 

Synthetic procedure 5: Knoevenagel Condensation with titanium activated carbonyl 

The cyanoacetamide (1.0 mmol) and the benzyl ketone (1.0 mmol) were dissolved in THF (1 mL). To 

the stirred solution, TiCl4 (2 mL of 1 M in CH2Cl2, 2.0 mmol) was added dropwise, followed by 

addition of Et3N (0.3 mL). The reaction mixture was stirred overnight at 40 °C, followed by the 

addition of 1.2 N HCl (25 mL) and then extracted with EtOAc (3 x 20 mL). The combined organic 

layers were washed with 2 M NaOH (25 mL), dried over MgSO4, filtrated and the solvent was 

removed under reduced pressure. 

Synthetic procedure 6: n-Butyl ketones using butyl lithium and copper (I) cyanide 

To a dried flask, CuCN (10.0 mmol) and then Et2O (10 mL) were added under nitrogen atmosphere. 

The reaction mixture was cooled to 0 °C and n-BuLi (8 mL of 2.5 M in hexanes, 20.0 mmol) was 
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added dropwise. The mixture was stirred for 5 minutes at 0 °C, after which the carboxylic acid (2.0 

mmol) was added dropwise at approximately 1 mL/min. The reaction mixture was allowed to warm to 

rt and left stirring overnight. The mixture was quenched with an aqueous saturated NH4Cl (10 mL) 

solution, then diluted with CH2Cl2 and washed with water (2 x 20 mL) and brine (2 x 20 mL). The 

combined organic layers were dried over MgSO4, filtered and the solvent was removed under 

reduced pressure. 

Synthetic procedure 7: Gewald reaction with the Knoevenagel condensation product 

To a stirred solution of the cyanoacetamide (1.0 mmol) in EtOH (3 mL), S8 (1.0 mmol) and Et3N (2.0 

mmol) were added and dissolved. The reaction mixture was refluxed overnight. Then, the mixture was 

diluted with EtOAc (25 mL) and washed with water (2 x 50 mL) and brine (2 x 50 mL). The organic 

layers were dried over MgSO4, filtrated and the solvent was removed under reduced pressure. The 

product was obtained after flash chromatography with heptane:EtOAc 3:1 (v/v) as eluent. 

Synthetic procedure 8: Acylation of ThioLox 

To a stirred solution of the thiophene (1.0 mmol) in dimethylformamide (DMF) (4 mL), acyl chloride 

(2.0 mmol) and pyridine (2 mmol) were added and dissolved. The reaction mixture was stirred 

overnight at rt. Then, the mixture was diluted with CH2Cl2 (20 mL) and was washed with 1N HCl (20 

mL), NaHCO3 (20 mL), water (20 mL) and brine (2 x 20 mL). The organic layer was dried over MgSO4, 

filtrated and the solvent was removed under reduced pressure. 

Synthetic procedure 9: Synthesis of compound 6 

To a stirred solution of the thiophene (1.0 mmol) in DMF (10 mL), N,N-diisopropylethylamine (DIPEA) 

(5 mmol) were added and dissolved. After 10 min,1,1'-Carbonyldiimidazole (CDI) (3.0 mmol) was 

added and the reaction mixture was refluxed for 16h. Then, the solvent was removed under reduce 

pressure, EtOAc (25 mL) was added and washed with water (25 mL) and brine (25 mL). The organic 

layer was dried over MgSO4, filtrated and the solvent was removed under reduced pressure. The 

product was obtained after flash chromatography with heptane:EtOAc 3:1 (v/v) as eluent. 

2-amino-N-butyl-5-phenylthiophene-3-carboxamide (ThioLox) 

The product was obtained using synthetic procedure 1. Brown solid, yield 64%. 1H NMR (500 MHz, 

CDCl3) δ 7.41 (d, J = 7.3 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.20 (t, J = 7.4 Hz, 1H), 6.95 (s, 1H), 6.21 (br 

s, 2H), 5.78 (t, J = 5.8 Hz, 1H), 3.39 (q, J = 7.1 Hz, 2H), 1.61 - 1.55 (m, 2H), 1.44 - 1.37 (m, 2H), 0.95 (t, 

J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.8, 160.2, 134.0, (2x)128.9, 126.6, 125.3, (2x)124.7, 

118.1, 109.9, 39.1, 32.0, 20.2, 13.8. HRMS, calculated for C15H19N2OS [M+H]+: 275.12126, found 

275.12116. 
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2-amino-N-pentyl-5-phenylthiophene-3-carboxamide (3a) 

The product was obtained using synthetic procedure 1. Brown solid, yield 54%. 1H NMR (500 MHz, 

CDCl3) δ 7.42 (d, J = 7.6 Hz, 2H), 7.32 (t, J = 7.8 Hz, 2H), 7.20 (t, J = 7.4 Hz, 1H), 6.94 (s, 1H), 6.19 (br 

s, 2H), 5.72 (t, J = 6.1 Hz, 1H), 3.38 (q, J = 6.9 Hz, 2H), 1.63 - 1.57 (m, 2H), 1.36 (m, 4H), 0.92 (t, J = 6.9 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.8, 160.2, 134.0, (2x)128.8, 128.6, 126.6, (2x)124.6, 118.1, 

109.9, 39.3, 29.7, 29.2, 22.4, 14.0. HRMS, calculated for C16H20N2OS [M+H]+: 289.13691, found 

289.13681. 

2-amino-N-octyl-5-phenylthiophene-3-carboxamide (3b) 

The product was obtained using synthetic procedure 1. Brown solid, yield 79%. 1H NMR (500 MHz, 

CDCl3) δ 7.42 (d, J = 7.3 Hz, 2H), 7.33 (t, J = 7.8 Hz, 2H), 7.21 (t, J = 7.3 Hz, 1H), 6.93 (s, 1H), 5.71 (br 

s, 1H), 3.31 - 3.43 (m, 2H), 1.65 - 1.55 (m, 2H), 1.37 - 1.25 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 165.8, 160.1, 134.0, (2x)128.9, 128.3, (2x)126.6, 124.7, 118.1, 109.9, 39.4, 31.8, 30.0, 

29.4, 29.3, 27.1, 22.7, 14.1. HRMS, calculated for C19H26N2OS [M+H]+: 331.18386, found 331.18370. 

2-amino-N-dodecyl-5-phenylthiophene-3-carboxamide (3c) 

The product was obtained from 2-cyano-N-dodecylacetamide using synthetic procedure 1. Brown 

solid, yield 73%. 1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 7.4 Hz, 2H), 7.33 (t, J = 7.5 Hz, 2H), 7.21 (t, J 

= 7.4 Hz, 1H), 5.71 (s, 1H), 3.38 (t, J = 7.7 Hz, 4H), 1.56 - 1.60 (m, 2H), 1.34 - 1.21(m, 19H), 0.88 (t, J = 

7.4 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 166.0, 160.4, 134.3, (2x)129.1, 126.9, 125.5, (2x)124.9, 118.2, 

39.6, 32.1, 30.2, 29.9, 29.8, 29.6, 27.3, 22.9, 14.3. HRMS, calculated for C23H34N2OS [M+H]+: 387.23918, 

found 387.23920. 

2-amino-5-phenyl-N-(4-phenylbutyl)thiophene-3-carboxamide (3d) 

The product was obtained using synthetic procedure 1 without column chromatography purification. 

Brown solid, yield 34%. 1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 7.3 Hz, 2H), 7.34 - 7.27 (m, 4H), 7.21 

- 7.17 (m, 4H), 6.92 (s, 1H), 6.19 (s, 2H), 5.77 - 5.70 (m, 1H), 3.41 (q, J = 6.7 Hz, 2H), 2.66 (t, J = 7.4 Hz, 

2H), 1.75 - 1.70 (m, 2H), 1.66 - 1.61 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 165.8, 160.2, 142.2, 134.0, 

(2x)128.8, (2x)128.4, 128.4, (2x)128.3, 126.6, 125.8, (2x)124.6, 118.1, 109.8, 39.1, 35.5, 29.5, 28.8. HRMS, 

calculated for C21H22N2OS [M+H]+: 351.15256, found 351.15243. 

N,N-dibutyl-2-cyanoacetamide (HP191) 

The product was obtained using synthetic procedure 2. Brown oil, yield 30%. 1H NMR (500 MHz, 

CDCl3) δ 3.47 (s, 2H), 3.32 (t, J = 7.7 Hz, 2H), 3.20 (t, J = 7.8 Hz, 2H), 1.56 - 1.51 (m, 4H), 1.35 - 1.31 

(m, 4H), 0.9 - 0.89 (m, 6H).  
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2-amino-N,N-dibutyl-5-phenylthiophene-3-carboxamide (3e) 

The product was obtained from N,N-dibutyl-2-cyanoacetamide (HP191) using synthetic procedure 1. 

Brown solid, yield 40%. 1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 7.4 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 

7.20 (t, J = 7.4 Hz, 1H), 6.93 (s, 1H), 3.43 (t, J = 7.7 Hz, 4H), 1.66 - 1.60 (m, 4H), 1.37 - 1.33 (m, 4H), 

0.95 (t, J = 7.4 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 167.6, 158.0, 134.3, (2x)128.9, 126.4, 125.3, 

(2x)124.6, 120.7, 108.7, 33.4, 30.5, 20.2, 13.9. HRMS, calculated for C19H26N2OS [M+H]+: 331.18386, 

found 331.18389. 

2-amino-N-butyl-5-methylthiophene-3-carboxamide (3f) 

The product was obtained using synthetic procedure 1. Brown solid, yield 20%. 1H NMR (500 MHz, 

CDCl3) δ 6.30 (s, 1H), 5.88 (s, 2H), 5.52 (s, 1H), 3.33 (q, J = 6.7 Hz, 2H), 2.25 (s, 3H), 1.55 - 1.51 (m, 2H), 

1.39 - 1.34 (m, 2H), 0.92 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.8, 158.9, 121.6, 119.6, 

108.6, 38.9, 32.0, 20.2, 15.0, 13.8. HRMS, calculated for C10H16N2OS [M+H]+: 213.10561, found 

213.10539. 

2-amino-N-butyl-5-ethylthiophene-3-carboxamide (3g) 

The product was obtained using synthetic procedure 1. Brown solid, yield 30%. 1H NMR (500 MHz, 

CDCl3) δ 6.35 (s, 1H), 5.92 (s, 2H), 5.63 (s, 1H), 3.34 (q, J = 6.7 Hz, 2H), 2.61 (q, J = 7.5 Hz, 2H), 1.57 - 

1.53 (m, 2H), 1.42 - 1.32 (m, 2H), 1.21 (t, J = 7.5 Hz, 3H), 0.93 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 165.9, 158.7, 129.2, 117.7, 108.3, 38.9, 32.1, 23.2, 20.2, 15.5, 13.8. HRMS, calculated for 

C11H18N2OS [M+H]+ : 227.12126, found 227.1213 

2-amino-N-butyl-5-propylthiophene-3-carboxamide (3h) 

The product was obtained using synthetic procedure 1. Brown solid, yield 29%. 1H NMR (500 MHz, 

CDCl3) δ 6.34 (s, 1H), 5.91 (s, 2H), 5.57 (s, 1H), 3.35 (q, J = 6.7 Hz, 2H), 2.56 (t, J = 7.5, 2H), 1.61 - 1.54 

(m, 4H), 1.42 - 1.35 (m, 2H), 0.94 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 165.86, 158.8, 127.5, 118.6, 

108.4, 38.9, 32.1, 31.9, 24.5, 20.2, 13.9, 13.6. HRMS, calculated for C12H20N2OS [M+H]+: 241.13691, 

found 241.13689. 

2-amino-N-butyl-5-pentylthiophene-3-carboxamide (3i) 

The product was obtained using synthetic procedure 1. Brown solid, yield 30%. 1H NMR (500 MHz, 

CDCl3) δ 6.33 (s, 1H), 5.91 (s, 2H), 5.56 (s, 1H), 3.35 (q, J = 6.7 Hz, 2H), 2.58 (t, J = 7.5 Hz, 2H), 1.61 - 

1.56 (m, 4H), 1.40 - 1.32 (m, 6H), 0.94 (t, J = 7.3 Hz, 3H), 0.89 (t, J = 6.9, 3H). 13C NMR (126 MHz, 

CDCl3) δ 165.9, 158.8, 127.8, 118.5, 108.4, 38.9, 32.1, 31.2, 30.9, 29.9, 22.4, 20.2, 14.0, 13.8. HRMS, 

calculated for C14H24N2OS [M+H]+: 269.16821, found 269.16821. 
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2-amino-N-butyl-5-(6-methylhept-5-en-2-yl)thiophene-3-carboxamide (3j) 

The product was obtained using synthetic procedure 1. Brown oil, yield 26%. 1H NMR (500 MHz, 

CDCl3) δ 6.33 (s, 1H), 5.92 (s, 2H), 5.58 (s, 1H), 5.08 (t, J = 7.0 Hz, 1H), 3.35, (q, J = 6.7 Hz, 2H), 2.80 - 

2.72 (m, 1H), 1.96 (q, J = 7.6 Hz, 2H), 1.68 (s, 3H), 1.57 (s, 3H), 1.56 - 1.50 (m, 4H), 1.42 - 1.36 (m, 2H), 

1.22 (d, J = 6.8 Hz, 3H), 0.95 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.9, 158.5, 133.8, 

131.9, 124.0, 117.2, 108.1, 38.9, 38.7, 34.9, 32.1, 25.8, 25.8, 22.7, 20.2, 17.8, 13.9. HRMS, calculated for 

C17H28N2OS [M+H]+: 309.19951, found 309.19949. 

2-amino-N-butyl-5-(non-8-en-1-yl)thiophene-3-carboxamide (3k) 

The product was obtained using synthetic procedure 1. Brown solid, yield 30%. 1H NMR (500 MHz, 

CDCl3) δ 6.33 (s, 1H), 5.91 (s, 2H), 5.80 (ddt, J = 17.2, 10.3, 6.7 Hz, 1H), 5.58 (t, J = 5.9 Hz, 1H), 4.99 

(dd, J = 1.4, 17.1 Hz, 1H), 4.93 (dd, J = 1.3, 10.2 Hz, 1H), 3.35 (q, J = 6.8, 2H), 2.57 (t, J = 7.5 Hz, 2H), 

2.04 (q, J = 7.1, 2H), 1.58 - 1.52 (m, 4H), 1.43 - 1.21 (m, 10H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 165.9, 158.8, 139.1, 127.7, (2x)118.5, (2x)114.2, 108.4, 38.9, 33.8, 32.1, 31.2, 29.9, 29.2, 

29.0, 28.9, 28.9, 20.2, 13.8. HRMS, calculated for C18H30N2OS [M+H]+ : 323.21516 found 323.21515. 

2-(4-chlorophenyl)ethan-1-ol (HP129) 

The product was obtained from 2-(4-chlorophenyl)acetic acid using synthetic procedure 3. Yellow oil, 

yield 80%. 1H NMR (500 MHz, CDCl3) δ 7.28 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.5 Hz, 2H), 3.85 (t, J = 6.5 

Hz, 2H), 2.84 (t, J = 6.5 Hz, 2H), 1.46 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 137.0, 132.3, 130.4, 128.7, 

63.5, 38.5. 

2-(4-chlorophenyl)acetaldehyde (HP151) 

The product was obtained from 2-(4-chlorophenyl)ethan-1-ol (HP129) using synthetic procedure 4. 

Yellow solid, yield 87%. 1H NMR (500 MHz, CDCl3) δ 9.75 (t, J = 2.2 Hz, 1H), 7.34 (d, J = 8.4 Hz, 2H), 

7.15 (d, J = 8.4 Hz, 2H), 3.69 (d, J = 2.2 Hz, 2H).[54] 

2-amino-N-butyl-5-(4-chlorophenyl)thiophene-3-carboxamide (3l) 

The product was obtained from 2-(4-chlorophenyl)acetaldehyde (HP151) using synthetic procedure 1. 

Yellow solid, yield 31%. 1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 8.6 Hz, 2H), 7.29 (d, J = 8.7 Hz, 2H), 

6.91 (s, 1H), 5.69 (br s, 1H), 3.39 (t, J = 7.2 Hz, 3H), 1.62 - 1.55 (m, 2H), 1.45 - 1.38 (m, 2H), 0.96 (t, J = 

7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.7, 160.2, 132.6, 132.2, 131.9, (2x)129.0, 126.1, (2x)125.8, 

118.5, 39.1, 32.0, 20.2, 13.8. HRMS, calculated for C15H17ClN2OS [M+H]+: 309.08229, found 309.08222. 
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2-(4-bromophenyl)ethan-1-ol (HP149) 

The product was obtained from 2-(4-bromophenyl)acetic acid using synthetic procedure 3. Yellow oil, 

yield 78%. 1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.3 Hz, 2H), 3.85 (t, J = 

6.5 Hz, 2H), 2.83 (t, J = 6.5 Hz, 2H), 1.46 (s, 1H).[55] 

2-(4-bromophenyl)acetaldehyde (HP145) 

The product was obtained from 2-(4-bromophenyl)ethan-1-ol (HP149) using synthetic procedure 4. 

Yellow solid, yield 71%. 1H NMR (500 MHz, CDCl3) δ 9.74 (t, J = 2.1 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), 

7.09 (d, J = 8.3 Hz, 2H), 3.67 (d, J = 2.2 Hz, 2H).[54]  

2-amino-5-(4-bromophenyl)-N-butylthiophene-3-carboxamide (3m) 

The product was obtained from 2-(4-bromophenyl)acetaldehyde (HP145) using synthetic procedure 

1. Brown solid, yield 23%. 1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 8.6 Hz, 

2H), 6.95 (s, 1H), 5.71 (s, 1H), 3.42 (t, J = 7.2 Hz, 2H), 1.64 - 1.57 (m, 2H), 1.46 -1.42 (m, 2H), 0.99 (t, J 

= 7.4, 3H). 13C NMR (126 MHz, CDCl3) δ 165.7, 160.1, 133.0, (2x)131.9, 128.9, (2x)126.1, 124.7, 120.2, 

118.7, 39.1, 32.0, 20.2, 13.8. HRMS, calculated for C15H17BrN2OS [M+H]+: 353.03177, found 353.03169. 

2-amino-5-benzyl-N-butylthiophene-3-carboxamide (3n) 

The product was obtained using synthetic procedure 1 without column chromatography purification. 

Brown solid, yield 74%. 1H NMR (500 MHz, CDCl3) δ 7.34 - 7.28 (m, 2H), 7.24 - 7.21 (m, 3H), 6.36 (s, 

1H), 5.95 (br s, 2H), 5.56 (s, 1H), 3.91 (s, 2H), 3.33 (q, J = 5.8 Hz, 2H), 1.56 - 1.50 (m, 2H), 1.40 - 1.35 

(m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.8, 159.7, 139.8, (2x)128.6, (2x)128.5, 

126.6, 125.8, 119.9, 108.3, 38.9, 36.0, 32.0, 20.2, 13.8. HRMS, calculated for C16H20N2OS [M+H]+: 

289.13691, found 289.13692. 

N-butyl-2-cyano-3-methyl-4-phenylbut-2-enamide (HP175) 

Using synthetic procedure 5, the product was obtained as a mixture of E:Z-isomers (2:1). Brown oil, 

yield 56%. major isomer: 1H NMR (500 MHz, CDCl3) δ 7.35 - 7.27 (m, 3H), 7.23 (m, 2H), 6.20 (s, 1H), 

4.17 (s, 2H), 3.37 (q, J = 6.7, Hz, 2H), 2.13 (s, 3H), 1.60 - 1.52 (m, 2H), 1.41 - 1.36 (m, 2H) , 0.95 (t, J = 

7.4 Hz, 3H). 

2-amino-N-butyl-4-methyl-5-phenylthiophene-3-carboxamide (4a) 

The product was obtained from N-butyl-2-cyano-3-methyl-4-phenylbut-2-enamide (HP175) using 

synthetic procedure 7. Brown oil, yield 64%. 1H NMR (500 MHz, CDCl3) δ 7.40 - 7.27 (m, 5H), 5.81 (br 

s, 1H), 3.42 (q, J = 6.7 Hz, 2H), 2.34 (s, 3H), 1.62 - 1.56 (m, 2H), 1.45 - 1.39 (m, 2H), 0.96 (t, J = 7.3 Hz, 
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3H). 13C NMR (126 MHz, CDCl3) δ 166.7, 159.2, 134.2, (2x)129.7, (2x)128.5, 127.4, 127.0, 121.1, 111.8, 

39.1, 31.9, 20.3, 16.2, 13.8. HRMS, calculated for C16H20N2OS [M+H]+ : 289.13691 , found 289.13688. 

1-(4-chlorophenyl)hexan-2-one (HP179) 

The product was obtained using synthetic procedure 6. Green oil, yield 54%. 1H NMR (500 MHz, 

CDCl3) δ 7.29 (d, J = 8.3 Hz, 2H), 7.13 (d, J = 8.4 Hz, 2H), 3.65 (s, 2H), 2.44 (t, J = 7.4 Hz, 2H), 1.57 - 

1.50 (m, 2H), 1.29 - 1.25 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H).[56] 

N-butyl-3-(4-chlorobenzyl)-2-cyanohept-2-enamide (HP181) 

The product was obtained from 1-(4-chlorophenyl)hexan-2-one (HP179) as a mixture of E:Z-isomers 

(70:30) using synthetic procedure 5. Brown oil, yield 65%. 1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 8.4 

Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 6.20 (s, 1H), 4.15 (s, 2H), 3.33 (m, 2H), 2.38 (t, J = 7.9 Hz, 2H), 1.56 - 

1.48 (m, 4H), 1.37 - 1.35 (m, 4H), 0.93 - 0.89 (m, 6H).  

2-amino-N,4-dibutyl-5-(4-chlorophenyl)thiophene-3-carboxamide (4b) 

The product was obtained from N-butyl-3-(4-chlorobenzyl)-2-cyanohept-2-enamide (HP181) using 

synthetic procedure 7. Brown solid, yield 32%. 1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 8.5 Hz, 2H), 

7.24 (d, J = 8.5 Hz, 2H), 5.83 (br s, 1H), 3.42 (q, J = 6.7 Hz, 2H), 2.61 (t, J = 8.0 Hz, 2H), 1.61 - 1.54 (m, 

2H), 1.51 - 1.46 (m, 2H), 1.43 - 1.39 (m, 2H), 1.23 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H), 0.82 (t, J = 7.4 Hz, 

3H). 13C NMR (126 MHz, CDCl3) δ 166.5, 158.6, 133.9, 133.1, 132.9, (2x)131.2, (2x)128.6, 120.0, 111.7, 

39.1, 32.8, 31.8, 28.7, 22.6, 20.3, 13.8, 13.7. HRMS, calculated for C19H25ClN2OS [M+H]+: 365.14489, 

found 365.14478. 

1-phenylhexan-2-one (HP183) 

The product was obtained using synthetic procedure 6 (4.0 mmol scale). Yellow oil, yield 47%. 1H 

NMR (500 MHz, CDCl3) δ 7.35 - 7.27 (m, 3H), 7.21 - 7.19 (m, 2H), 3.68 (s, 2H), 2.44 (t, J = 7.4 Hz, 2H), 

1.56 - 1.53 (m, 2H), 1.30 - 1.23 (m 2H), 0.86 (t, J = 7.4 Hz, 3H).[57]  

3-benzyl-N-butyl-2-cyanohept-2-enamide (HP195) 

The product was obtained from 1-phenylhexan-2-one (HP183) using synthetic procedure 5 as a 

mixture of E:Z-isomers (70:30). Brown oil, yield 90%. 1H NMR (500 MHz, CDCl3) δ 7.31 - 7.27 (m, 3H), 

7.24 - 7.20 (m, 2H), 6.22 (s, 1H), 4.18 (s, 2H), 3.38 - 3.33 (m, 2H), 2.40 (t, J = 7.9 Hz, 2H), 1.55 - 1.49 

(m, 4H), 1.39 - 1.33 (m, 4H), 0.95 - 0.88 (m, 6H).  
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2-amino-N,4-dibutyl-5-phenylthiophene-3-carboxamide (4c) 

The product was obtained from 3-benzyl-N-butyl-2-cyanohept-2-enamide (HP195) using synthetic 

procedure 7. Brown solid, yield 36%. 1H NMR (500 MHz, CDCl3) δ 7.40 - 7.27 (m, 5H), 5.87 (s, 1H), 

3.43 (q, J = 6.7 Hz, 2H), 2.64 (t, J = 8.0 Hz, 2H), 1.62 - 1.54 (m, 2H), 1.54 - 1.47 (m, 2H), 1.45 - 1.39 (m, 

2H), 1.26 - 1.22 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

166.6, 158.5, 134.4, 133.4, (2x)130.0, (2x)128.5, 127.2, 121.6, 111.6, 39.1, 32.9, 31.8, 28.8, 22.6, 20.3, 

13.8, 13.7. HRMS, calculated for C19H26N2OS [M+H]+: 331.18386, found 331.18364. 

2-acetamido-N-butyl-5-phenylthiophene-3-carboxamide (5a) 

The product was obtained using synthetic procedure 8. Brown solid, yield 75%. 1H NMR (500 MHz, 

CDCl3) δ 11.95 (s, 1H), 7.56 (d, J = 7.3 Hz, 2H), 7.37 (t, J = 7.6 Hz, 2H), 7.28 (d, J = 7.3 Hz, 1H), 7.03 (s, 

1H), 3.44 (q, J = 7.1 Hz, 2H), 2.28 (s, 1H), 1.66 - 1.60 (m, 2H), 1.47 – 1.40 (m, 2H), 0.98 (t, J = 7.3 Hz, 

3H). 13C NMR (126 MHz, CDCl3) δ 167.1, 165.3, 145.8, 134.0, 133.6, 128.8, 127.3, 125.2, 116.1, 115.3, 

39.3, 31.7, 23.4, 20.1, 13.7. HRMS, calculated for C17H21N2O2S [M+H]+: 317.13183, found 317.13165 

N-butyl-2-butyramido-5-phenylthiophene-3-carboxamide (5b) 

The product was obtained using synthetic procedure 8. Brown solid, yield 74%. 1H NMR (500 MHz, 

CDCl3) δ 12.01 (s, 1H), 7.49 (d, J = 7.3 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.22 (m, 1H), 6.45 (s, 1H), 3.41 

(q, J = 6.8 Hz, 2H), 2.44 (t, J = 7.3 Hz, 2H), 1.80 - 1.73 (m, 2H), 1.60 – 1.57 (m, 2H), 1.43 – 1.36 (m, 

2H), 0.98 (t, J = 7.5 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 170.4, 165.4, 145.9, 

134.0, 133.7, 128.9, 127.3, 125.3, 116.1, 115.3, 39.3, 38.6, 31.7, 20.1, 18.8, 13.7, 13.7. HRMS, calculated 

for C19H25N2O2S [M+H]+: 345.16313, found 345.16299 

N-butyl-2-octanamido-5-phenylthiophene-3-carboxamide (5c) 

The product was obtained using synthetic procedure 8. Brown solid, yield 76%. 1H NMR (500 MHz, 

CDCl3) δ 12.02 (s, 1H), 7.50 (d, J = 7.3 Hz, 2H), 7.31 (t, J = 7.6 Hz, 2H), 7.27 (s, 1H), 7.22 (t, J = 7.8 Hz, 

2H), 6.61 (t, J = 6.3 Hz, 1H), 3.44 (q, J = 7.22 Hz, 2H), 2.47 (t, J = 7.6 Hz, 2H), 2.35 (t, J = 7.6 Hz, 2H), 

1.77 - 1.71 (m, 2H), 1.65 – 1.61 (m, 2H), 1.45 – 1.39 (m, 2H), 1.29 – 1.23 (m, 8H), 0.95 (t, J = 7.5 Hz, 

3H), 0.89 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 170.6, 165.5, 145.9, 133.9, 133.7, 128.8, 127.3, 125.2, 

116.2, 115.3, 39.4, 36.7, 31.6, 29.1, 29.0, 28.9, 25.3, 24.7, 22.5, 20.1, 14.0, 13.7. HRMS, calculated for 

C23H33N2O2S [M+H]+: 401.22573, found 401.22552 

3-butyl-6-phenylthieno[2,3-d]pyrimidine-2,4(1H,3H)-dione (6) 

The product was obtained using synthetic procedure 9. Brown solid, yield 70%. 1H NMR (500 MHz, 

CDCl3) δ 7.52 (d, J = 7.7 Hz, 2H), 7.49 (s, 1H), 7.40 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.2 Hz, 1H), 4.04 (t, J 

= 7.6 Hz, 2H), 1.72 - 1.66 (m, 2H), 1.47 – 1.40 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 
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CDCl3) δ 159.1, 151.1, 149.7, 134.2, 133.0, 128.9, 127.7, 125.2, 117.7, 116.1, 40.4, 29.8, 20.1, 13.7. 

HRMS, calculated for C16H17N2O2S [M+H]+: 301.10053, found 301.10037 

Molecular modeling 

 

Figure S1. Binding of compound 3j in the active site of 15-LOX-1 after molecular modeling studies 

 

Gene expression  

Animals 

C57bl/6 male mice (weight 20-25 g; age 8-10 weeks) were purchased from Harlan (Zeist, the 

Netherlands). Animals were maintained on mouse chow and tap water ad libitum in a humidity- and 

temperature-controlled room at 24°C with a 12 h light/dark cycle. All experiments were performed 

according to national guidelines and upon approval of the experimental procedures by the local 

Animal Care and Use committee of Groningen University, DEC number 6962A. Mice were randomly 

assigned to the experiments. 

Precision-cut lung slices 

Mouse precision-cut lung slices (PCLS) were prepared as previously described for guinea pig with the 

following modifications [58]. Male mice were anesthetized by subcutaneous injection of ketamin (75 

mg/kg, Alfasan, Woerden, the Netherlands) and dexdomitor (0.5 mg/kg, Orion Pharma, Mechelen, 

Belgium). Subsequently, the trachea was cannulated and the animal was exsanguinated by cutting the 

jugular vein, after which the lungs were filled trough the cannula with 1.5 ml low melting-point 

agarose solution (1.5% final concentration (Gerbu Biotechnik GmbH, Wieblingen, Germany) in CaCl2 
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(0.9 mM), MgSO4 (0.4 mM), KCl (2.7 mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM), glucose (8.4 mM), 

NaHCO3 (13 mM), Hepes (12.6 mM, Gibco® by Life Technologies, Bleiswijk, the Netherlands), sodium 

pyruvate (0.5 mM, GE Healthcare Life Sciences, Eindhoven, the Netherlands), glutamine (1 mM, 

Gibco® by Life Technologies), MEM-amino acid mixture (1:50, Gibco® by Life Technologies) and MEM-

vitamins mixture (1:100, Gibco® by Life Technologies), pH 7.2). The lungs were placed on ice for 15 

min to solidify the agarose for slicing. The lobes were separated and tissue cores were prepared of 

the individual lobes, after which the lobes were sliced at a thickness of 250 μm in medium composed 

of CaCl2 (1.8 mM), MgSO4 (0.8 mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 

mM), NaHCO3 (26.1 mM), Hepes (25.2 mM), pH 7.2, using a tissue slicer (CompresstomeTM VF-300 

microtome, Precisionary Instruments, San Jose, CA, USA). Tissue slices were incubated at 37 °C in a 

humid atmosphere under 5% CO2/95% air. In order to remove the agarose and cell debris from the 

tissue, slices were washed every 30 min (four times in total) in medium composed of CaCl2 (1.8 mM), 

MgSO4 (0.8 mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 mM), NaHCO3 

(26.1 mM), Hepes (25.2 mM), sodium pyruvate (1 mM), glutamine (2 mM), MEM-amino acid mixture 

(1:50), MEM-vitamins mixture (1:100), penicillin (100 U/ml, Gibco® by Life Technologies) and 

streptomycin (100 μg/ml, Gibco® by Life Technologies), pH 7.2. Chemicals to prepare the media 

described above were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands) unless stated 

otherwise, and were of analytical grade. 

Treatment of lung slices 

PCLS were incubated in Dulbecco’s Modification of Eagle’s Medium (DMEM, Gibco® by Life 

Technologies) supplemented with sodium pyruvate (1 mM), MEM non-essential amino acid mixture 

(1:100, Gibco® by Life Technologies), gentamycin (45 μg/ml, Gibco® by Life Technologies), penicillin 

(100 U/ml), streptomycin (100 μg/ml) and amphotericin B (1.5 μg/ml, Gibco® by Life Technologies). 

Slices were cultured at 37 °C in a humidified atmosphere under 5% CO2/95% air in 12-well tissue 

culture plates (Costar Europe, Badhoevedorp, the Netherlands), using 3 slices per well. Slices were 

treated with the LOX inhibitor (LOXi) ThioLox at a final concentration of 1-500 nM for 20 h, and were 

co-incubated with 10 μM Linoleic acid (L1376; Sigma Aldrich). The last 4 h of the experiments tissue 

slices were stimulated with 10 ng/ml lipopolysaccharide (LPS, Escherichia coli, serotype 0111:B4; 

Sigma-Aldrich) and 10 ng/ml interferon gamma (IFNγ, cat.#315-05; PeproTech, Hamburg, Germany). 

Assessment of tissue viability using lactate dehydrogenase  

PCLS were incubated in Dulbecco’s Modification of Eagle’s Medium (DMEM, Gibco® by Life 

Technologies) supplemented with sodium pyruvate (1 mM), MEM non-essential amino acid mixture 

(1:100, Gibco® by Life Technologies), gentamycin (45 μg/ml, Gibco® by Life Technologies), penicillin 

(100 U/ml), streptomycin (100 μg/ml) and amphotericin B (1.5 μg/ml, Gibco® by Life Technologies). 
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Slices were cultured at 37 °C in a humidified atmosphere under 5% CO2/95% air in 12-well tissue 

culture plates (Costar Europe, Badhoevedorp, the Netherlands), using 3 slices per well. Slices were 

treated with the LOX inhibitor (LOXi) 14d at a final concentration of 1-500 nM for 20 h, and were co-

incubated with 10 μM Linoleic acid (L1376; Sigma Aldrich). The last 4 h of the experiments tissue 

slices were stimulated with 10 ng/ml lipopolysaccharide (LPS, Escherichia coli, serotype 0111:B4; 

Sigma-Aldrich) and 10 ng/ml interferon gamma (IFNγ, cat.#315-05; PeproTech, Hamburg, Germany). 

 

Figure S2. Viability of precision-cut lung slices (PCLS) measured by release of lactate dehydrogenase (LDH) into the 

incubation medium. PCLS were treated with various concentrations of A9 (ThioLox) (1, 5, 10, 25 and 50 μM) and 10 

μM linoleic acid for 20 h. Maximal LDH content of the PCLS was determined by lysis with 1% Triton X-100. LDH 

release was plotted relative to maximal LDH. Data are presented as mean values ± SD of 3 independent 

experiments 

 

Gene expression analysis by RT-qPCR 

PCLS were washed twice with ice-cold DPBS (Gibco® by Life Technologies) and total RNA was isolated 

from PCLS using the Maxwell® 16 LEV simplyRNA Tissue Kit (Promega), according to the protocol of 

the manufacturer. RNA integrity was determined by 28S/18S ratio detection on an agarose gel, which 

was consistently found intact. For gene expression analysis, RNA was reverse transcribed using a 

reverse transcription kit (Promega). Subsequently, 10 ng of cDNA was 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 TNFa (Mm00443258_m1), iNOS 

(Mm00440502_m1), IL- -6 (Mm00446190_m1), IL-8 (Mm00441263_m1), IL-12 

(Mm00434174_m1) and GAPDH (Mm99999915_g1) were purchased as Assay-on-Demand (Applied 

Biosystems). For each sample, the real-time PCR reactions were performed in duplicate or 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 
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(GAPDH), which was not influenced by the experimental conditions resulting in the ΔCt value. Gene 

expression levels were calculated by the comparative Ct method (2-ΔΔCt).[59]  

Statistical analysis 

Statistical analysis of the results was performed by a two-tailed unpaired Student's t-test, assuming 

equal variances to compare two replicate groups. Analysis of differences between multiple replicate 

groups was analyzed with one-way ANOVA followed by Tukey post hoc analysis. p values <0.05 were 

considered to be significant. Data were analyzed with GraphPad Prism (GraphPad software 5.00, San 

Diego, CA, USA). 

Neuroprotective studies. 

Cell viability measurement 

HT-22 cells were cultivated in Dulbecco’s modified Eagle Medium (DMEM; PAA, Cölbe, Germany) 

supplemented with 10% fetal calf serum (FCS; PAA Cölbe, Germany), 100U/mL penicillin, 100µg/mL 

streptomycin and 2mM glutamine (D10; Invitrogen, Karlsruhe, Germany) at 37°C and 5% CO2. HT-22 

cells were seeded into a 96well plate (8x103 cells per well) and incubated overnight. On the next day, 

cells were treated with D10 (control) or D10 containing 4mM glutamate in the presence or absence 

of 5/10µM ThioLox or 1µM PD146176. For post-treatment, 5µM or 10µM ThioLox were added to 

the corresponding wells 2h, 4h, 6h and 8h after initiating cell damage with glutamate. To generate a 

dose response curve, HT-22 cells were treated with different ThioLox concentrations (1µM, 2µM, 

5µM, 10µM, 20µM). After 14-16h of incubation, cell viability was assessed by staining with 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a final concentration of 0.5mg/mL for 

1h at 37°C. Afterwards, the medium was removed and the plate was stored at -80°C for a minimum 

of 1h. Then, the resulting formazan was dissolved in 70µL of DMSO for 1h at 37°C. Absorbance was 

measured at 570nm using the FluoStar OPTIMA (BMG Labtech, Offenbach, Germany) with 

background subtraction at 630nm. Cell viability was calculated relative to control cells. Three 

independent experiments were performed with 6-8 replicates per condition.  

Real-time cell viability measurement 

HT-22 cells were seeded into a 96well plate containing 8x103 cells per well. After overnight 

incubation, cells were treated with D10 (control) or D10 containing 4mM glutamate in the presence 

or absence of different ThioLox concentrations (1µM, 2µM, 5µM, 10µM, 20µM) or 1µM PD146176. 

For post-treatment, 10µM ThioLox was added to the corresponding wells 2h, 4h, 6h and 8h after 

initiating cell damage with glutamate. Cell viability was analyzed in real-time for 16-20h using the 

xCELLigence impedance system (Roche, Munich, Germany).  
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Lipid peroxidation 

HT-22 cells were seeded into a 24well plate containing 5x104 cells per well. After overnight 

incubation, cells were treated with D10 (control) or D10 containing 4mM glutamate in the presence 

or absence of 10µM ThioLox or 1µM PD146176 for 6-7h or 14-16h, respectively. Lipid peroxidation 

was detected by staining with BODIPY 581/591 C11 (Invitrogen, Karlsruhe, Germany) at a final 

concentration of 2µM for 1h 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 system (Merck Millipore, 

Darmstadt, Germany) by excitation at 488nm. At least three independent experiments were performed 

with three replicates per condition. 

Mitochondrial superoxide (ROS) formation 

HT-22 cells were seeded into a 24well plate containing 5x104 cells per well. After overnight 

incubation, cells were treated with D10 (control) or D10 containing 4mM glutamate in the presence 

or absence of 10µM ThioLox or 1µM PD146176 for 14-16h. Mitochondrial superoxides were 

detected by staining with MitoSOX (Invitrogen, Karlsruhe, Germany) at a final concentration of 2.5µM 

for 30min at 37°C. Fluorescence intensity was analyzed by fluorescence-activated cell sorting (FACS) 

using the Guava Easy Cite 6-2L system (Merck Millipore, Darmstadt, Germany) by excitation at 488nm. 

At least three independent experiments were performed with three replicates per condition. 
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Abstract 

Human 15-lipoxygenase-1 (15-LOX-1) plays an important role in several inflammatory lung diseases 

such as asthma, COPD and chronic bronchitis as well as in various CNS diseases like Alzheimer’s, 

Parkinson’s and stroke. Activity-based probes of 15-LOX-1 are required to explore the role of this 

enzyme further and to enable drug discovery. In this study, we developed the first 15-LOX-1 activity-

based probe as an efficient chemical tool for activity-based labeling of recombinant 15-LOX-1 that 

also provides 15-LOX-1 dependent labeling in cell lysates and tissue samples. Mimicking the natural 

substrate of the enzyme, we designed activity-based probes that covalently bind to the active enzyme 

and include a terminal alkene as chemical reporter for bioorthogonal linkage of a detectable 

functionality via the oxidative Heck reaction. We believe that the activity-based labeling of 15-LOX-1 

will enable the investigation and identification of this enzyme in complex biological samples, which 

opens completely new opportunities for drug discovery. 
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Introduction 

Activity-based protein profiling (ABPP) has become a powerful method for the analysis of enzyme 

function and the selectivity of enzyme inhibitors in complex disease models.[1] In ABPP, small 

molecule substrate analogues, known as activity-based probes, are used to covalently bind to the 

active site of enzymes depending on their activity. Currently, many research groups use ABPP to 

investigate various enzyme classes, like cysteine proteases[2–4], serine hydrolases[5,6], diacylglycerol 

lipase-a[7], glyceraldehyde 3-phosphate dehydrogenases[8], protein kinases[9], monoamine oxidases[10] 

and several others. However, probes are missing for Lipoxygenases (LOXs), which are important 

enzymes involved in diseases with an inflammatory component. 

The key role of LOXs in many disease processes originates from their metabolic activity on 

polyunsaturated fatty acids (PUFAs) such as arachidonic and linoleic acid. Through a radical 

mechanism, LOXs catalyze the regio- and stereospecific insertion of molecular oxygen (O2) into 

PUFAs, resulting in the production of lipid signaling molecules.[11] Based on the position of O2 

insertion in arachidonic acid LOXs are classified as 5-, 8-. 12-, or 15-LOXs. Metabolites originating 

from LOXs activity such as leukotrienes and lipoxins exert versatile regulatory roles in the immune 

system. 

In our study, human 15-lipoxygenase-1 (15-LOX-1) was selected as a starting point to develop 

activity-based probes for this class of enzymes. 15-LOX-1 is an important mammalian lipoxygenase 

that plays a role in the biosynthesis of 15-HPETE, 15-HETE, leukotrienes, lipoxins and eoxins. Several 

studies describe a role for 15-LOX-1 in allergic airway diseases[12–15], chronic airway inflammation[16], 

atherosclerosis[17], cancer[18,19] and more recently in various CNS diseases[20–29] like Alzheimer’s and 

Parkinson’s diseases as well as stroke. Therefore, this enzyme gained attention as a potential drug 

target and several classes of inhibitors have been described.[22,24–27,30–38] 

 

Figure 1. Two step identification of 15-LOX-1 using ABPP. The labeling of 15-LOX-1 was performed after two 

minute incubation with the activity-based probe followed by biotinylation via oxidative Heck reaction. 
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Results and discussion 

Development of activity-based probes for target enzymes start from irreversible mechanism-based 

enzyme inhibitors. For soybean lipoxygenase, structural analogs of PUFAs have been reported in 

which the cis-alkenes are replaced by alkynes that proved to be irreversible inactivators of LOX 

enzymes.[39,40] Inactivation is expected to proceed through single electron oxidation of the bis-

propargylic carbon resulting in an allene radical that is highly reactive and binds covalently to the 

enzyme’s active site. We aimed to use this type of inhibitor as starting structure to develop activity 

based probes for LOX enzymes.  

Mimicking the natural 15-LOX-1 substrate, linoleic acid, inhibitors were designed incorporating a bis-

alkyne core structure and their binding properties were investigated.[39,40] After modeling studies, in 

contrast with the previous inhibitors we shift the position of the bis-alkyne moiety from 9,12 to the 

5,8 position due to structural differences in the active sites between the two enzymes (Figure S9) but 

also aiming to yield less lipophilic compounds. Next, we developed ABPP probes that include both a 

bis-alkyne functionality for covalent linkage to the active enzyme and a terminal alkene as chemical 

reporter for bioorthogonal linkage of a detectable functionality (Figure 1). Application of a terminal 

alkene as chemical reporter and not the more commonly used terminal alkyne enables 

straightforward synthesis of the ABPP probe using methods shown in Figure 2 without the need for 

protection and deprotection of the reporter functionality. As demonstrated recently, terminal alkenes 

can be linked to biotinylated phenylboronic acid by application of the recently developed 

bioorthogonal oxidative Heck reaction,[41,42] which proceeds under mild conditions. Using these 

methods we demonstrate for the first time activity-based labeling of lipoxygenase activity, which 

paves the way for exploration of this novel area. 

As a first step a small library of bis-alkyne inhibitors, with aliphatic chains of various lengths, was 

synthesized in order to investigate the effect of lipophilic interactions on the binding affinities and 

inactivation kinetics of 15-LOX-1 (Figure 3A). The bis-alkyne inhibitors were synthesized by K2CO3 

mediated CuI-catalyzed cross-coupling of methyl 5-hexynoate with various propargylhalides, in 

presence of NaI. The applied propargylhalides were either commercially available or synthesized 

starting from propargyl alcohol in four steps in good yields (Figure 2). Firstly, propargyl alcohol was 

protected with tert-butyl diphenylsilyl chloride (TBDPS-Cl) to give TBDPS protected compound 1. The 

protected propargyl alcohol was then coupled with different aliphatic bromides in presence of n-BuLi 

and HMPA at -78 oC to afford, after deprotection with TBAF in THF, the corresponding propargyl 

alcohols 2. Finally, propargylhalides 3 were isolated after bromination of the alcohols 2 with CBr4 and 

PPh3 in benzene at 0 oC and subsequently applied in the cross-coupling reaction. 
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Figure 2. Synthesis of irreversible inhibitors and probes. a) TBDPSCl, imidazole, DMF, RT; b) Bromoalkanes or -

alkenes, n-BuLi, HMPA, -78°C; c) TBAF, THF, 0°C; d) CBr4, PPh3, C6H6, 0oC; e) CuI, NaI, K2CO3, DMF, RT; f) LiOH, 

EtOH/H2O (3:1), RT; g) Bromoalkanes or –alkenes, K2CO3, DMF. 

 

The newly synthesized bis-alkynes were screened for inhibition of 15-LOX-1 as described 

before.[38,43,44] IC50 determination of all the compounds showed potencies in the low micromolar range 

(Figure 3A). Bis-alkyne inhibitors with longer aliphatic chains seem to be the more potent, probably 

due to lipophilic interactions. Notable is that the IC50 values for all the compounds proved to be time 

dependent with a slight difference between 10 and 20 min preincubation time, which indicates 

irreversible inhibition. Further analysis using Lineweaver-Burk plots showed non-competitive inhibition 

for inhibitor N144, which also supports a model in which the inhibitors bind irreversibly (Figure 3D). 

Further analysis of the binding kinetics was done using Kitz-Wilson analysis to derive the inactivation 

parameters Ki and ki (Figure 3C).[45–47] Four concentrations of the respective inhibitor and four pre-

incubation times with the enzyme were chosen to measure dose and time dependent inhibition of 

15-LOX-1 activity. The inactivation parameters for all the bis-alkyne inhibitors were calculated (Figure 

3A). The Ki values vary between 40 μM to 15 μM, with the shorter inhibitors (ST018, ST022 and 

ST025) being less potent than those with five to seven member carbon chains (N86, ST024, N121, 

N331, N332, N333 and N144). The inactivation rate (ki) values range from 0.05 min-1 to 0.35 min-1, 

showing a reaction half time (t1/2) from 2 to 12 min. In conclusion, the kinetic analysis supports a 

model in which bis-alkyne inhibitors bind irreversible to 15-LOX-1. Molecular modeling studies on 

this type of inhibitors provided a model in which the bis-alkyne moiety of the compounds appear 

close to the iron in the active site (Table S5 and Figure S6,S7). Considering the enzyme kinetics and 

molecular modeling studies as well as the polarity of the compounds, chain length of inhibitor N86 

was chosen to design probes for activity-based labeling of lipoxygenases. 
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Figure 3. A) Table with the synthesized compounds, their IC50 values (10 min) and inactivation parameters. All the 

values are reported with the standard deviation. B) Highest scoring docking pose of probe N144 in the active site of 

15-LOX. C) Irreversible inhibition equation. D) Lineweaver-Burk plot of probe N144. 

 

As a next step N86 was modified with a terminal alkene as bioorthogonal tag to result in compounds 

N144 and N121 (Figure 3A). These molecule were applied in ABPP labeling experiments on the 

recombinant purified enzyme 15-LOX-1. Because of the observed fast inactivation t1/2, the labeling 

experiments were done in a relatively short time (2 min). The ABPP labeled enzyme was detected 

using covalent attachment of biotinyl phenyl boronic acid to the terminal alkene chemical reporter 

using the oxidative Heck reaction[42,48] and subsequent visualization by on blot luminescence imaging 

using HRP-conjugated Streptavidin. In the oxidative Heck reaction it proved to be important to use 

10% DMF as co-solvent in the reaction mixture to avoid non-specific binding of biotinyl phenyl 

boronic acid to the protein. Application of this method to recombinant 15-LOX-1 provided clear 

labeling of the enzyme with probe N144 in comparison to the control experiment in which this probe 
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was excluded (Figure 4A), whereas a control experiment with a 15-LOX antibody demonstrated equal 

amounts of the enzyme. Probes N144 and N121 were compared and N144 provided better labeling 

efficiency in comparison to probe N121 (Figure S13). This demonstrates that the enzyme 15-LOX-1 

can be covalently labelled and that this two-step labeling approach enables visualization of this 

enzyme on Western blot.  

 

 

Figure 4. On blot detection and Coomassie Blue staining of pure 15-LOX-1. A) Positive (with probe) and negative 

control (without probe) experiments using 15-LOX antibody or streptavidin as secondary antibody. B) Labeling of 

the enzyme after heat denaturation (right) and without heat denaturation (left). C) Labeling after pre-incubation of 

the enzyme with PD-146176 and Zileuton. 

 

Having established 15-LOX-1 labeling, we moved on to investigate its dependence on LOX enzyme 

activity. Experiments with heat inactivated 15-LOX-1 in comparison to active 15-LOX-1 demonstrated 

a clear difference in labeling as compared to the control in which the probe N144 was excluded from 

the experiment (Figure 4B). Additionally, 15-LOX-1 was subjected to small molecule inhibition by the 
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known reversible selective 15-LOX-1 inhibitor, PD-146176.[30] As a control we included the inhibitor 

Zileuton (Zyflo), which is a known reversible and selective 5-LOX inhibitor. The 15-LOX-1 enzyme 

was incubated with either PD-146176 or Zileuton for 10 min, followed by 2 min incubation with the 

probe and subsequent biotinylation. The enzyme labeling was assessed on Western blot using equal 

amounts of the enzyme. Only in the case of PD-146176 labeling was clearly inhibited compared to 

the positive control (without inhibitor), whereas Zileuton did not affect the labeling of 15-LOX-1 

(Figure 4C). Taken together, these experiments confirm that the bis-alkyne N144 can be used for 

activity-based labeling of recombinant purified 15-LOX-1. 

After having established 15-LOX-1 labeling and its activity dependence on the purified enzyme, we 

continued labeling experiment with more complex biological samples. Firstly, lysates of HeLa and IL-4 

stimulated HBE cells proved to contain 15-LOX-1 (as demonstrated by Western blotting). HBE cells 

have been reported to have higher expression of the enzyme after IL-4 stimulation.[49] Lysates from 

these samples were labeled with N144 for 2 min followed by biotinylation via the oxidative Heck 

reaction. The activity-based labeling showed pronounced and distinct bands that were not visible in 

the negative control in which the probe was excluded (Figure 5A,B). Notably, the labeling of 15-LOX-

1 in HBEs has a different pattern as compared to the labeling in HeLa cells. Nevertheless, both lysates 

show labeling at 70 kDa, which is the expected molecular weight for 15-LOX-1. In addition, a clear 

concentration dependence was observed for the labeling in HeLa cell lysate using increasing 

concentration of the probe N144 (Figure 5C). Subsequently, the HeLa lysate was evaluated for the 

presence of 15-LOX-1 in combination with the activity-based labeling. Western blotting using a 15-

LOX-1 antibody demonstrated that the antibody recognized four bands (Figure 5D). One of the bands 

appears in the expected weight for 15-LOX-1 (70 kDa) and two bands were lower. These lower bands 

either originate from degradation of the 15-LOX-1 enzyme or represent other proteins (Table S6,7). 

Subsequently, the membrane was stripped and the activity-based labeling was detected using HRP-

conjugated streptavidin. This again displayed the bands for the activity-based labeling. After the 15-

LOX-1 antibody detection and stripping in Figure 5D the band proved to become less clear 

compared to the immediate detection in Figure 5A. The apparent 15-LOX-1 band at 70 kDa as well as 

the other two proteins nicely align with bands visible in the activity-based labeling experiment. One 

of these proteins also appears in the same range (above 40kDa) in the HBE lysates (Figure 5B). In 

addition, labeling experiment after incubation of the probe N144 with intact HeLa cells was also 

performed (Figure S25). These experiments demonstrate activity-based labeling on purified or 

endogenous 15-LOX-1 from HeLa or HBE cell lysates. 

In order to investigate the 15-LOX-1 activity dependence of the labeling, we labeled active and 

inactive recombinant 15-LOX-1 in presence of heat denaturated cell lysate. We observed that the 
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heat inactivated lysates were not labeled whereas the heat inactivated lysates supplemented with 

active 15-LOX-1 show labeling of just 15-LOX-1 (Figure S21). Next, we applied pharmacological 15-

LOX-1 inhibition with inhibitor PD-146176 in the labeling experiment with HeLa cell lysates. We 

observed a decrease of the labeling in the bands that were also characterized by the 15-LOX-1 

antibody (Figure 5E). This indicates that the labeling of these bands is activity-dependent. 

 

 

Figure 5. On blot detection of endogenous 15-LOX-1 A) Positive (with probe) (right) and negative control (without 

probe) (left) using HRP-Conjugated Streptavidin in HeLa cells lysate. B) Positive (with probe) (left) and negative 

control (without probe) (right) using HRP-Conjugated Streptavidin in HBE cells lysate after IL-4 stimulation. C) 

Concentration dependent labeling by activity-based probe. D) Positive (with probe) and negative control (without 

probe) experiments using 15-LOX antibody and after stripping HRP-Conjugated Streptavidin as secondary antibody. 

E) Labeling after pre-incubation of the endogenous enzyme with inhibitors PD-146176 (90 μM) and Zileuton (90 

μM). F) Labeling in different mouse tissue lysates. G) Labeling of mouse heart lysate after pre-incubation of the 

endogenous enzyme with inhibitors PD-146176 (90 μM) and Zileuton (90 μM). 

 

Finally, the activity-based probe has been applied in tissue lysates from different mice organs. 

Applying probe N144 and following our two-step labeling, we were pleased to observe a clear 

labeling of 15-LOX-1 in different tissue lysates (Figure 5F). The different band intensities indicate 
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different enzyme expression and activity levels in the different organs, which is an observation that is 

of particular interest for drug discovery projects aimed at targeting this enzyme. In addition, we 

noted that when fresh tissue samples were used, the labeling pattern became more clear, indicating 

that the lipoxygenases seem to be unstable under the storage conditions. Furthermore, we evaluated 

inhibitors PD-146176 and Zileuton in heart lysate in more detail. The results showed again reduced 

labeling of the three characteristic bands only upon application of the 15-LOX-1 inhibitor PD-146176 

(Figure 5G), which indicates that the observed labeling originates from 15-LOX-1 activity in this tissue 

sample. 

Conclusions  

In conclusion, we have created for the first time an activity-based probe as an efficient chemical tool 

for activity-based labeling of recombinant 15-LOX-1 that also provides 15-LOX-1 dependent labeling 

in cell lysates and tissue samples. Towards this aim irreversible inhibitors for the target enzyme were 

designed and synthesized. An enzyme kinetic study of the novel inhibitors enabled the estimation of 

the potency along with the inactivation parameters and the inhibition mechanism. Subsequently, an 

alkene tag was introduced as a tag to enable biotinylation using the oxidative Heck reaction. 

Application of the alkene as a tag was needed to enable straightforward synthesis of the bis-alkyne 

probes. Here, we applied the oxidative Heck reaction for the first time for detection of activity-based 

labeled proteins thereby demonstrating the potential of this recently developed bioorthogonal 

coupling reaction in this type of applications. Activity-based labeling studies were performed on the 

recombinant enzyme, cell and tissue lysates. In all cases we demonstrated labeling of enzymes that 

could be attributed to 15-LOX-1 activity by application of heat inactivation and/or pharmacological 

inhibition. We anticipate that further development of this type of molecules will enable the 

investigation and identification of lipoxygenase enzymes in complex biological samples, which opens 

completely new opportunities for drug discovery for this enzyme class. 

Experimental Section  

Synthesis and characterization 

General 

The solvent and reagents were purchased from Sigma-Aldrich and Acros chemicals and were used 

without further purification unless otherwise noted. Reactions were monitored by thin layer 

chromatography (TLC). Merck silica gel 60 F254 plates were used and spots were detected under UV 
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light or after staining with potassium permanganate for the non UV-active compounds. MP Ecochrom 

silica 32-63, 60Å was used for flash column chromatography. 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 were referenced to the residual proton and carbon signal of the deuterated solvent 

CDCl3: δ = 7.26 ppm (1H) and 77.05 ppm (13C). Fourier Transform Mass Spectrometry (FTMS) and 

electrospray ionization (ESI) were recorded on an Applied Biosystems/SCIEX API3000-triple 

quadrupole mass spectrometer. 

Synthetic procedure 1: ester saponification 

The respective alkyne ester (1.0 mmol) and LiOH (5.0 mmol) were dissolved in a mixture of EtOH/H2O 

(3:1) (4 mL). The solution was stirred for 1 hour at room temperature. The reaction mixture was 

diluted with water (15 mL), acidified with aqueous 1N HCl (15 mL) and then extracted with 

ethylacetate (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered and 

concentrated under reduced pressure. 

Synthetic procedure 2: coupling alkynes and propargylhalides 

A mixture of CuI (0.5 mmol), NaI (1.0 mmol), K2CO3 (1.0 mmol), alkyne ester (1.0 mmol) and 

propargylhalide (1.0 mmol) were suspended in DMF (5.0 mL). The  yellow suspension was stirred 

overnight at room temperature. The mixture was diluted in ethylacetate (30 mL) and filtered through 

a pad of Celite and the organic layer was washed with saturated aqueous NH4Cl and brine. 

Subsequently, the organic layer was dried over MgSO4, filtered and concentrated under reduced 

pressure. The product was purified using column chromatography with petroleum ether:EtOAc 20:1 

(v/v) as eluent. 

Synthetic procedure 3: coupling alkylbromides and ethynyltrimethylsilane 

The respective alkyne (1.1 mmol) was dissolved in dry THF (7 mL) under nitrogen atmosphere. The 

solution was cooled down to -78oC and n-BuLi (2.5 M, 1.1 mmol) was added dropwise. Subsequently, 

the mixture was stirred for 45 min followed by addition of HMPA (0.5 mL) and by the respective 

propargylbromide (1.0 mmol) were also added dropwise via syringe over 10 min at -78oC. The stirred 

solution was allowed to warm to room temperature overnight. The reaction mixture was quenched 

with saturated aqueous NH4Cl and then extracted with petroleum ether (3 x 20 mL). The combined 

organic layers were dried over MgSO4, filtered and concentrated under reduce pressure. 

Synthetic procedure 4: TMS deprotection 

The protected alkyne (1.0 mmol) was dissolved in 10 mL THF under nitrogen atmosphere. The 

solution was cooled down to 0oC and TBAF (1.1 mmol) was added dropwise. The solution was stirred 
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overnight at room temperature. The reaction mixture was diluted with water (15 mL), acidified with 

aqueous 1N HCl (15 mL) and then extracted with ethylacetate (3 x 20 mL). The combined organic 

layers were dried over MgSO4, filtered and concentrated under reduce pressure. 

Synthetic procedure 5: Bromination of propargyl alcohols 

Tetrabromomethane (1.1 mmol) and triphenylphosphine (1.2 mmol) were dissolved in 5 mL DCM. The 

solution was cooled down to 0oC and propargyl alcohol (1.1 mmol) was added. The solution was 

stirred for one hour at 0oC and then three hours at room temperature. In the reaction mixture 30 mL 

of petroleum ether was added, to precipitate the phosphine oxide (side product), and then was 

washed with 30 mL water followed by 30 mL brine. The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduce pressure. The product was purified using column 

chromatography with petroleum ether:EtOAc 20:1 (v/v) as eluent. 

methyl deca-5,8-diynoate (ST022) 

The product was obtained after the cross coupling reaction between the methyl hex-5-ynoate (0.252 

g, 2.0 mmol) and 1-bromobut-2-yne (0.264 g, 2.0 mmol) using synthetic procedure 2 with CuI (0.190 

g, 1.0 mmol), NaI (0.300 g, 2.0 mmol), K2CO3 (0.276 g, 2.0 mmol) in DMF (7.0 mL). Yield 67%. 1H NMR 

(500 MHz, CDCl3) δ 3.67 (s, 3H), 3.08 (q, J =2.5 Hz, 2H), 2.43 (t, J = 7.5 Hz, 2H), 2.23 (tt, J = 7.0, 2.5 

Hz, 2H), 1.81 (m, 2H), 1.79 (t, J= 2.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.5, 79.0, 75.3, 73.3, 69.0, 

51.4, 32.7, 23.7, 18.0, 9.4, 3.3. HRMS (FTMS+ESI): m/z calculated 179.10720 and found 179.10659 for 

[C11H15O2] product, calculated 217.08406 and found 217.08330 [C11H17O3] + [Na] mono-oxidation. 

methyl undeca-5,8-diynoate (ST018) 

The product was obtained after the cross coupling reaction between the methyl hex-5-ynoate (0.252 

g, 2.0 mmol) and 1-bromopent-2-yne (0.194 g, 2.0 mmol) using synthetic procedure 2 with CuI (0.190 

g, 1.0 mmol), NaI (0.300 g, 2.0 mmol), K2CO3 (0.276 g, 2.0 mmol) in DMF (7.0 mL). Yield 55%. 1H NMR 

(500 MHz, CDCl3) δ 3.67 (s, 3H), 3.10 (q, J = 2.0 Hz), 2.43 (t, J = 7.5 Hz, 2H), 2.23 (tt, J= 7.0, 2.0 Hz, 

2H), 2.22-2.16 (m, 2H), 1.81 (m, 2H), 1.11 (t, J= 7.0 Hz). 13C NMR (126 MHz, CDCl3) δ 173.7, 81.8, 79.0, 

75.5, 73.6, 51.5, 32.8, 23.8, 18.1, 13.8, 12.3, 9.6. HRMS (FTMS+ESI): m/z calculated 209.11722 and 

found 209.11739 for [C12H17O3] mono-oxidation product, calculated 225.11214 and found 225.11229 

for [C12H17O4] di-oxidation product. 

Methyl tetradeca-5,8-diynoate (N86) 

The product was obtained after the cross coupling reaction between methyl hex-5-ynoate (0.252 g, 

2.0 mmol) and 1-chloro-2-octyne (0.288 g, 2.0 mmol) using synthetic procedure 2 with CuI (0.190 g, 

1.0 mmol), NaI (0.300 g, 2.0 mmol), K2CO3 (0.276 g, 2.0 mmol) in DMF (7.0 mL). Yield 90%. 1H NMR 
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(500 MHz, CDCl3) δ 3.67 (s, 3H), 3.11 (q, J = 2.4 Hz, 2H), 2.43 (t, J = 7.0 Hz, 2H), 2.24 (tt, J = 7.0, 2.4 

Hz, 2H), 2.15 (tt, J = 7.0, 2.4 Hz, 2H), 1.84 – 1.80 (m, 2H), 1.51 – 1.48 (m, 2H), 1.36 – 1.30 (m, 4H), 0.90 

(t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.7, 80.6, 79.0, 75.6, 74.2, 51.5, 32.8, 31.0, 28.4, 23.8, 

22.1, 18.6, 18.2, 13.9, 9.6. HRMS (FTMS+ESI): m/z calculated 251.16417 and found 251.16425 for 

[C15H23O3] mono-oxidation product, calculated 267.15909 and found 267.15921 for [C15H23O4] di-

oxidation product. 

1-bromodec-2-yne (ST017) 

The product was obtained after the bromination of dec-2-yn-1-ol (0.477 g, 2.2 mmol) using synthetic 

procedures 5 with tetrabromomethane (0.729 g, 2.2 mmol) and triphenylphosphine (0.628 g, 2.4 

mmol) in 7 mL DCM. Yield 85%. 1H NMR (500 MHz, CDCl3) δ 3.93 (t, J = 2.0 Hz, 2H), 2.23 (tt, J= 7.5, 

2.0 Hz, 2H), 1.53 - 1.48 (m, 2H), 1.37-1.28 (m, 8H), 0.89 (t, J= 7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

88.3, 75.2, 31.7, 28.7, 28.7, 28.3, 22.6, 18.9, 15.7, 14.0.  

methyl hexadeca-5,8-diynoate (ST024) 

The product was obtained  from the starting materials methyl hex-5-ynoate (0.189 g, 1.5 mmol) and 

1-bromodec-2-yne (0.325 g, 1.5 mmol) using synthetic procedure 2 with CuI (0.143 g, 0.75 mmol), NaI 

(0.225 g, 1.5 mmol), K2CO3 (0.207 g, 1.5 mmol) in DMF (6.0 mL) as a yellowish oil. Yield 33%. 1H NMR 

(500 MHz, CDCl3) δ 3.68 (s, 3H), 3.11 (q, J = 2.5 Hz, 2H), 2.44 (t, J =7.5 Hz, 2H), 2.24 (tt, J = 7.0, 2.5 

Hz, 2H), 2.15 (tt, J= 7.0, 2.5 Hz, 2H), 1.83-1.79 (m, 2H), 1.52-1.46 (m, 2H), 1.37-1.25 (m, 8H), 0.88 (t, J= 

7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.7, 80.7, 79.1, 75.7, 74.3, 51.6, 32.9, 31.8, 28.9, 28.9, 28.8, 

24.0, 22.7, 18.8, 18.3, 14.1, 9.7. HRMS (FTMS+ESI): m/z calculated 279.19547 and found 279.1955 for 

[C17H27O3] mono-oxidation product, calculated 295.19039 and found 295.19043 for [C17H27O4] di-

oxidation product. 

tridec-1-yne (N107) 

The product was obtained from 1-bromodecane that was subjected to synthetic procedures 3 and 4. 

Yield over two steps, 60%. 1H NMR (500 MHz, CDCl3) δ 2.18 (td, J = 7.0, 2.7 Hz, 2H), 1.93 (t, J = 2.7 

Hz, 1H), 1.55 – 1.49 (m, 2H), 1.42 – 1.36 (m, 2H), 1.28 – 1.25 (m, 14H), according to R. Umeda et al. 2 

tetradec-2-yn-1-ol (N110) 

Tridec-1-yne (0.180 g, 1.0 mmol) was dissolved in dry THF (6 mL) under nitrogen atmosphere. The 

solution was cooled down to -78oC and n-BuLi (2.5M, 0.80 mL, 2 mmol) was added dropwise and the 

mixture was stirred for 45 min. Subsequently,  paraformaldehyde (0.084 g, 2.8 mmol) was dissolved in 

THF (2 ml) and added dropwise via a syringe to the mixture over 10 min at -78oC. The stirred solution 

was allowed to warm to room temperature overnight. The reaction mixture was quenched with 
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saturated aqueous NH4Cl and then extracted with petroleum ether (3 x 20 mL). The combined organic 

layers were dried over MgSO4, filtered and concentrated under reduce pressure. The tetradec-2-yn-1-

ol (N110) was obtained in 87% yield according to Du et al.3 

1-bromotetradec-2-yne (N112) 

The product was obtained after the bromination of tetradec-2-yn-1-ol using synthetic procedure 5 in 

43% yield according to Subhash C. Jain et al.4 

methyl icosa-5,8-diynoate (N114) 

The product was obtained after the cross coupling reaction between the methyl hex-5-ynoate (0.050 

g, 0.4 mmol) and 1-bromotetradec-2-yne (0.114 g, 0.4 mmol) using synthetic procedure 2 with CuI 

(0.038 g, 0.2 mmol), NaI (0.060 g, 0.4 mmol), K2CO3 (0.55 g, 0.4 mmol) in DMF (3.0 mL). Yield 41%. 1H 

NMR (500 MHz, CDCl3) δ 3.67 (s, 3H), 3.10 (q, J = 2.3 Hz, 2H), 2.43 (t, J = 7.3 Hz, 2H), 2.23 (tt, J = 7.3, 

2.3 Hz, 2H), 2.14 (tt, J = 7.3, 2.3 Hz, 2H), 1.82 – 1.80 (m, 2H), 1.55 – 1.46 (m, 4H), 1.30 – 1.24 (m, 14H), 

0.85 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.4, 80.5, 78.93, 75.6, 74.2, 51.3, 32.8, 31.8, 

2x29.5, 29.4, 29.2, 29.1, 28.8, 28.7, 23.9, 22.6, 18.6, 18.1, 13.9, 9.6. HRMS (FTMS+ESI): m/z calculated 

335.25807 and found 335.25803 for [C21H35O3] mono-oxidation product, calculated 351.25299 and 

found 351.25302 for [C21H35O4] di-oxidation product. 

6-bromohex-1-en-4-yne (ST023) 

6-bromohex-1-en-4-yne (ST017) was obtained as a colorless oil in 85% yield. 1H NMR (500 MHz, 

CDCl3) δ 5.84-5.76 (m, 1H), 5.31 (dd, J = 17.5, 1.5 Hz, 1H), 5.14 (dd, J = 10.0, 1.5 Hz, 1H), 3.96 (t, J = 

2.0 Hz, 2H), 3.03 (m, 2H) according to D. Parmar et al. 7 

methyl dodeca-11-en-5,8-diynoate (ST025) 

The product was obtained from the starting materials methyl hex-5-ynoate (0.189 g, 1.5 mmol)  and 

6-bromohex-1-en-4-yne (0.238 g, 1.5 mmol) using synthetic procedure 2 with CuI (0.143 g, 0.75 

mmol), NaI (0.225 g, 1.5 mmol), K2CO3 (0.207 g, 1.5 mmol) in DMF (6.0 mL) as a yellowish oil. Yield 

20%. 1H NMR (500 MHz, CDCl3) δ 5.83 - 5.77 (m, 1H), 5.32 (dd, J = 17.1, 1.6 Hz, 1H), 5.10 (dd, J = 

17.1, 1.6 Hz, 1H), 3.67 (s, 3H), 3.15 (q, J=2.3 Hz, 2H), 2.95 (m, 2H), 2.43 (t, J = 7.3 Hz, 2H), 2.23 (tt, J = 

6.9, 2.3 Hz, 2H), 1.83 – 1.80 (m, 2H).13C NMR (126 MHz, CDCl3) δ 173.6, 132.6, 115.9, 79.2, 75.2, 69.1, 

60.3, 51.5, 32.8, 23.8, 23.0, 18.1, 9.7. HRMS (FTMS+ESI): m/z calculated 221.11722 and found 

221.11725 for [C13H17O3] mono-oxidation product, calculated 237.11214 and found 237.11211 for 

[C13H17O4] di-oxidation product. 
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tert-butyldiphenyl(prop-2-yn-1-yloxy)silane (N140) 

Propargyl alcohol (0.6 mL, 10 mmol) and imidazole (1.50 g, 22 mmol) were dissolved in DMF (20 mL). 

Then, tert-butyl(chloro)diphenylsilane (2.8 mL, 11 mmol) was added and the solution was stirred 

overnight at room temperature. Subsequently, saturated aqueous NH4Cl (50 mL) was added to the 

mixture, which was then extracted with petroleum ether (3 x 50 mL). The combined organic layers 

were dried over MgSO4, filtered and concentrated under reduced pressure. 

The product (N140) was obtained in 99% yield. 1H NMR (500 MHz, CDCl3) δ 7.72 – 7.70 (m, 4H), 7.46 

– 7.38 (m, 6H), 4.31 (d, J = 2.4 Hz, 2H), 2.38 (t, J = 2.4 Hz, 1H), 1.07 (s, 9H) according to Igor Larrosa 

et al. 5 

oct-7-en-2-yn-1-ol (N142) 

The product was obtained after the acetylide of 5-bromopent-1-ene and the deprotection of the –

OTBDPS group using synthetic procedures 3 and 4. Yield over two steps 75%. In the synthetic 

procedure 3, tert-butyldiphenyl(prop-2-yn-1-yloxy)silane (0.441 g, 1.5 mmol), n-BuLi (2.5 M, 0.6 mL, 

1.5 mmol), 0.5 mL HMPA and bromide (0.149 g, 1.0 mmol) were used. In the synthetic procedure 4, 

protected alkyne (0.362 g, 1.0 mmol) and TBAF (1M, 2.0 mL, 2.0 mmol) were used. The product was 

purified using column chromatography with petroleum ether:EtOAc 2:1 (v/v) as eluent according to 

Yohei Adachiet al. 6 

8-bromooct-1-en-6-yne (N143) 

The product was obtained by bromination of oct-7-en-2-yn-1-ol (0.558 g, 4.4 mmol) using synthetic 

procedure 5 with tetrabromomethane (1.458 g, 4.4 mmol) and triphenylphosphine (1.256 g, 4.8 mmol) 

in 10 mL DCM as a colorless oil. Yield 67%. 1H NMR (500 MHz, CDCl3) δ 5.82 – 5.74 (m, 1H), 5.06 – 

4.98 (m, 2H), 3.93 (t, J = 2.3 Hz, 2H), 2.26 (tt, J = 7.1, 2.3, 2H), 2.15 (m, 2H), 1.61 (m, 2H). 13C NMR 

(126 MHz, CDCl3) δ 137.6, 115.3, 87.8, 75.6, 32.7, 27.5, 18.3, 15.6.  

methyl tetradeca-13-en-5,8-diynoate (N144) 

The product was obtained after the cross coupling reaction between the methyl hex-5-ynoate (0.756 

g, 6.5 mmol) and 8-bromooct-1-en-6-yne (1.215 g, 6.5 mmol) using synthetic procedure 2 with CuI 

(0.625 g, 3.3 mmol), NaI (0.975 g, 6.5 mmol), K2CO3 (0.897 g, 6.5 mmol) in DMF (20 mL). Yield 29%. 1H 

NMR (500 MHz, CDCl3) δ 5.83 – 5.75 (m, 1H), 5.05 – 4.96 (m, 2H), 3.67 (s, 3H), 3.10 (q, J = 2.3 Hz, 2H), 

2.44 (t, J = 7.4 Hz, 2H), 2.23 (tt, J = 7.4, 2.3 Hz, 2H), 2.18 (tt, J = 7.3, 2.3 Hz, 2H), 2.15 (m, 2H), 1.86 – 

1.80 (m, 2H), 1.60 – 1.56 (m, 2H), 13C NMR (126 MHz, CDCl3) δ 173.5, 137.8, 114.9, 80.0, 78.9, 75.4, 

74.5, 51.3, 32.7, 27.8, 23.8, 22.5, 18.1, 18.0, 9.6. HRMS (FTMS+ESI): m/z  calculated 247.13287 and 
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found 247.13286 for [C15H19O3] mono-oxidation product, calculated 263.12779 and found 263.12774 

for [C15H19O4] di-oxidation product. 

tetradeca-5,8-diynoic acid (N87) 

The product was obtained after the hydrolysis of methyl tetradeca-5,8-diynoate (N86) using synthetic 

procedure 1 without further purification. Yield 99%. 1H NMR (500 MHz, CDCl3) δ 3.12 (q, J = 2.4 Hz ), 

2.43 (m, 2H), 2.26 (tt, J = 7.0, 2.4 Hz, 2H), 2.15 (tt, J = 7.0, 2.4 Hz, 2H), 1.84 – 1.81 (m, 2H), 1.51 – 1.48 

(m, 2H), 1.36 – 1.30 (m, 4H), 0.89 (t, J = 6.7 Hz, 3H). MS (FTMS+ESI): m/z 237.14 [C14H21O3] mono-

oxidation product, 253.14 [C14H21O4] di-oxidation product. 

pent-4-en-1-yl dodeca-3,6-diynoate (N121) 

The tetradeca-5,8-diynoic acid (N87) (0.220 g, 1.0 mmol) was dissolved  in the suspension of K2CO3 

(0.414 g, 3.0 mmol) in DMF (10 mL). Then, 5-bromopent-1-ene (0.164 g, 1.1 mmol) was added and 

the suspension was stirred overnight at 50 oC. The reaction mixture was diluted with ethyl acetate (20 

mL) and washed with water (3 x 20 mL) and brine (2 x 20 mL). The organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure. 

The product (N121) was obtained as a yellowish oil in 60% yield. 1H NMR (500 MHz, CDCl3) δ 5.83 – 

5.76 (m, 1H), 5.06 – 4.98 (m, 2H), 4.09 (t, J = 6.4 Hz, 2H), 3.11 (q, J = 2.3 Hz ), 2.42 (t, J = 7.4 Hz, 2H), 

2.24 (tt, J = 7.4, 2.3 Hz, 2H), 2.15 (tt, J = 7.4, 2.3 Hz, 2H), 1.84 – 1.70 (m, 4H), 1.63 – 1.46 (m, 4H), 1.36 

– 1.25 (m, 4H), 0.89 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.2, 137.4, 115.2, 80.6, 79.0, 

75.5, 74.2, 63.7, 33.1, 31.0, 30.0, 28.4, 27.8, 23.9, 22.1, 18.6, 18.2, 13.9, 9.7. HRMS (FTMS+ESI): m/z 

calculated 289.21621 and found 289.21622 for [C19H29O2] product, calculated 305.21112 and found 

305.21112 for [C19H29O3] mono-oxidation product, calculated 321.20604 and found 321.20606 for 

[C19H29O4] di-oxidation product. 

propyl tetradeca-5,8-diynoate (N331) 

The product (N331) was obtained as a yellowish oil in 68% yield. 1H NMR (500 MHz, CDCl3) δ 4.03 (t, 

J = 6.4 Hz, 2H), 3.11 (q, J = 2.3 Hz ), 2.42 (t, J = 7.4 Hz, 2H), 2.24 (tt, J = 7.0, 2.4 Hz, 2H), 2.15 (tt, J = 

7.2, 2.4 Hz, 2H), 1.84 – 1.78 (m, 2H), 1.67 – 1.63 (m, 2H), 1.52 – 1.46 (m, 2H), 1.36 – 1.29 (m, 4H), 0.94 

(t, J = 7.4 Hz, 3H), 0.89 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.2, 80.5, 79.0, 75.5, 74.2, 

65.8, 33.0, 31.0, 28.4, 23.9, 22.1, 21.9, 18.6, 18.1, 13.9, 10.3, 9.6. MS (ESI): m/z 285.26 [M + Na]+. HRMS 

(FTMS+ESI): m/z [M + Li]+ calculated 285.20365 and found 285,20398 for [C17H26O3Li] mono-oxidation 

product. 
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butyl tetradeca-5,8-diynoate (N332) 

The product (N332) was obtained as a yellowish oil in 70% yield. 1H NMR (500 MHz, CDCl3) δ 4.03 (t, 

J = 6.7 Hz, 2H), 3.11 (q, J = 2.3 Hz ), 2.41 (t, J = 7.4 Hz, 2H), 2.23 (tt, J = 7.0, 2.4 Hz, 2H), 2.14 (tt, J = 

7.2, 2.4 Hz, 2H), 1.84 – 1.78 (m, 2H), 1.63 – 1.57 (m, 2H), 1.52 – 1.46 (m, 2H), 1.40 – 1.30 (m, 6H), 0.93 

(t, J = 7.4 Hz, 3H), 0.89 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.2, 80.5, 78.9, 75.4, 74.1, 

64.1, 33.0, 31.0, 30.6, 28.4, 23.9, 22.1, 19.1, 18.6, 18.1, 13.9, 13.6, 9.6. MS (ESI): m/z 299.25 [M + Na]+. 

HRMS (FTMS+ESI): m/z [M + Li]+ calculated 299,21930 and found 299,21933 for [C18H28O3Li] mono-

oxidation product.  

heptyl tetradeca-5,8-diynoate (N333) 

The product (N333) was obtained as a yellowish oil in 71% yield. 1H NMR (500 MHz, CDCl3) δ 4.06 (t, 

J = 6.8 Hz, 2H), 3.11 (q, J = 2.3 Hz ), 2.42 (t, J = 7.4 Hz, 2H), 2.23 (tt, J = 7.0, 2.4 Hz, 2H), 2.15 (tt, J = 

7.2, 2.4 Hz, 2H), 1.84 – 1.78 (m, 2H), 1.64 – 1.60 (m, 2H), 1.52 – 1.46 (m, 2H), 1.36 – 1.31 (m, 12H), 0.88 

(m, 6H). 13C NMR (126 MHz, CDCl3) δ 173.2, 80.5, 79.0, 75.4, 74.1, 64.4, 33.1, 31.7, 31.0, 28.9, 28.6, 

28.4, 25.8, 23.9, 22.5, 22.1, 18.6, 18.1, 14.0, 13.9, 9.6. MS (ESI): m/z 341.27 [M + Na]+. HRMS 

(FTMS+ESI): m/z [M + Li]+ calculated 341,26625 and found 341,26660 for [C21H34O3Li] mono-oxidation 

product. 

Enzyme inhibition studies 

Activity Assay 

The 15-LOX-1 was expressed in BL21 DE3 cells and the crude lysate was used without any purification 

for the activity assay. Experiments with the His-tag purified enzyme proved to result in rapid loss of 

enzyme activity over time. 15-LOX-1 activity was determined by the conversion of linoleic acid to 

13S-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-HpODE). The conversion rate was followed for 

by UV-absorbance at 234 nm over time. The linear increase in absorbance was used to determine the 

enzyme activity. The linear part usually covers the first 10 to 16 minutes depending on the enzyme 

concentration after which the conversion rate goes down due to depletion of the substrate. The 

optimum concentration of 15-LOX was determined by an enzyme activity assay (x640 times dilution). 

Experiments with absence of the enzyme or bacterial lysates without overexpression of 15-LOX-1 

were employed as a controls for background lipoxygenase activity and no background activity was 

observed (Figure 1 and 2). The data analysis was done using the Microsoft Excel Professional 2010 

and Graphpath Prism 5.01 software. 

The assay buffer consists of 25 mM Hepes titrated to pH 7,5 using a concentration aqueous solution 

of NaOH. Linoleic acid (Sigma Aldrich, L1376) was diluted in ethanol to 500 µM. The measurement 
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was done in 96 well plate (UV-STAR MICROPLATE, 96 WELL, F-BOTTOM,CHIMNEY WELL, µCLEAR) 

employing a BioTek Synergy H1. 

 

A  
B  

Figure S6. Determination of Background Activity. To determine if the measured activity belongs to 15-LOX was 

measured by using two experiments. A) A positive and negative control was taken. Except for the positive control, 

no background activity has been observed. B) An assay with bacteria with and without the 15-LOX gene was 

performed. From this data it can be observed that the bacteria without the 15-LOX gene has no activity. Therefore 

the measured activity is confirmed to be only from the expressed 15-LOX. 

 

For IC50 determinations 50 μL of the diluted enzyme were mixed with, 140 μL assay buffer or 140 μL 

inhibitor in the assay buffer. The inhibitors were initially dissolved in DMF to give a concentration of 

10 mM before further dilution in the assay buffer. The inhibitors were pre-incubated with the enzyme 

for 10 or 20 minutes at room temperature followed by addition of 10 μL of a 500 μM linoleic acid 

solution in ethanol. This provided a mixture with a final dilution of the enzyme 1:640 and 25 μM 

linoleic acid. The mixture was incubated in the BioTek plate reader at room temperature while it was 

shaken (5 seconds) and the UV absorbance at 234 nm was read every 47 sec. The linear absorbance 

increase in absence of the inhibitor was set as 100%, whereas the absorbance increase in absence of 

the enzyme was set to 0%. 

For the enzyme kinetic experiments, the concentrations of linoleic acid was varied between 5µM to 

60µM in absence or presence of fixed concentrations of the inhibitors. The wells was filled with 80 µL 

of inhibitor solution, 60 µL assay buffer, 50 μL diluted enzyme and pre-incubated for 10 min at room 

temperature. Subsequently, 10 μL of linoleic acid ranging from 1200 μM to 100 μM was added to the 

mixture and the conversion rate was measured in the same way as done the for the IC50 values. These 

experiments were executed in triplicate. The reaction velocities (v) were plotted against the substrate 

concentrations in a Michaelis-Menten plot and the Km and Vmax in the presence of the inhibitor 

were derived. The reciprocal of the velocities were taken and plotted against the reciprocal of the 
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linoleic acid concentrations in a Lineweaver-Burk plot. Substrate inhibition was obtained in 

concentration above 60 µM and therefore concentrations below 60 µM were used. All experiments 

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

plotted. The data analysis was performed using Microsoft Excel Professional Plus 2013 and GraphPad 

Prism 5.01. 

Table S1. The Half Maximal Inhibitory Concentration (IC50) Values of the 15-LOX Bis-alkyne Inhibitors. 

Compound 

IC50 (µM) 

10 min 20 min 

N86 5.15 ± 0.62 3.78 ± 0.62 

N114 7.04 ± 4.86 4.30 ± 1.56 

N121 2.17 ± 0.16 1.62 ± 0.48 

N144 4.03 ± 0.45 2.82 ± 0.38 

ST018 14.13 ± 2.65 10.38 ± 2.02 

ST022 21.24 ± 2.71 12.65 ± 1.35 

ST024 5.86 ± 0.31 1.81 ± 0.24 

ST025 8.69 ± 1.23 7.13 ± 1.44 

N331 3.98 ± 0.54 3.52 ± 0.50 

N332 5.64 ± 1.07 4.60 ± 0.60 

N333 8.16 ± 1.08 7.19 ± 0.66 

 

Blank  Positive Control  Test Sample 

 190µL Assay Buffer 

After the incubation time 

 10µL linoleic acid 

 140µL Assay Buffer 

 50 µL 15-LOX 

After the incubation time 

 10µL linoleic acid 

 60µL Assay Buffer 

 80µL inhibitor  

 50µL 15-LOX 

After the incubation time 

 10µL linoleic acid  
 

 

Figure S7. Amounts for the 15-LOX-1 absorbance assay for 200 μL total volume. 
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Figure S8. Steady-State kinetic characterization of 15-LOX-1 in the presence of different concentrations of probe 

N144: A) Michaelis-Menten representation and B) Lineweaver-Burk representation. 

 

Table S2. Enzyme kinetic parameters for inhibition of 15-LOX-1 probe N144. 

N144 (µM) Km
app (µM) Vmax

app (absorbance/s) P-value 

0 14.6 ± 5.1 14.9 x 10-4 ± 1.7 x 10-4
 < 0.0001 

3 13.0 ± 3.0 9.3 x 10-4 ± 0.7 x 10-4 < 0.0001 

10 24.4 ± 12.3 6.1 x 10-4 ± 1.2 x 10-4 0.0066 

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

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

 

Assay for the Kitz-Wilson plots 

In order to derive the kinetic parameters for inactivation of 15-LOX-1 the approach described by Kitz 

and Wilson was employed. For this approach, four different concentrations of the inhibitor with four 

different pre-incubation times were selected. The well was filled with 80 µL of inhibitor solution, 50µL 

assay buffer, 50 μL diluted enzyme and after the pre-incubation time at room temperature, 20 μL of 

linoleic acid (20 µM) was added to the mixture, shaked and the conversion rate was measured as 

described for the IC50 determination. 

The four different concentrations were selected according to the IC50 value of the inhibitor. For 

example the compound N144 had an IC50 value of 4.0 µM at 10 minutes pre-incubation time, so the 

concentrations which were used were 2.5 µM, 5 µM, 10 µM and 20 µM.  The pre-incubation times 

which were selected were 0, 5, 10 and 15 minutes. 
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A  B  

Figure S9. Kitz-Wilson Kinetic Analysis Plots for 15-LOX inhibitor N144. A) The remaining enzyme activities were 

converted in natural logarithm scale and plotted against pre-incubation time. Their respective equations were 

generated, which represent the Kitz-Wilson equation. B) After linearization of the kapp equation, this equation can 

be plotted to generate its respective equation to calculate the Ki and the ki of the compounds. 

 

For the data analysis, first the pre-incubation times for the different concentration of the inhibitor 

versus the remaining enzyme activity in natural logarithmic scale were plotted, so from the linear 

regression the slope of each concentration of the probe was obtained (Figure 3). Then the 1/slope 

versus 1/[inhibitor] were plotted (Figure 4) and from the linear regression line ki was derived from the 

1/y-intercept and derived from the slope times the ki as described by Kitz and Wilson. 

 

For example, for the probe N144 the equation is:    y = 151,55x + 6,4108  

 

So, the ki and the Ki values are:   𝑘𝑖 =
1

6,4108
=  0.156 𝑚𝑖𝑛−1 

 

                                                              𝐾𝑖 = 𝑘𝑖 × 151,55 = 23,6 µ𝑀  

 

According to previous calculations, the ki and the Ki values were determined for all the probes and 

are presented in the following table.  

y = -0,0154x + 4,6029 

y = -0,0248x + 4,4983 

y = -0,0393x + 4,2531 

y = -0,1162x + 3,6774 

0

1

2

3

4

5

0 5 10 15 20

R
e

m
ai

n
in

g 
A

ct
iv

it
y 

in
 ln

 s
ca

le
 

pre-incubation time (mins) 

2,5µM

5µM

10µM

20µM

y = 151,55x + 6,4108 

0

10

20

30

40

50

60

70

80

0 0,2 0,4 0,6

1
/s

lo
p

e
 

1 / Probe Concentration (µM-1) 



Chapter 6 

 

174 

 

Table S3. Kinetic Data of the Bis-alkyne Inhibitors 

Compound ki (min-1) Ki (µM) 

N86 0.130 ± 0.021 23.8 ± 5.8 

N114 0.097 ± 0.036 32.8 ± 5.1 

N121 0.125 ± 0.042 20.7 ± 3.8 

N144 0.156 ± 0.066 23.6 ± 3.2 

ST018 0.35 ± 0.165 41.2 ± 7.8 

ST022 0.109 ± 0.048 28.9 ± 6.5 

ST024 0.057 ± 0.009 22.1 ± 2.1 

ST025 0.156 ± 0.038 30.8 ± 2.7 

N331 0.153 ± 0.079 13.7 ± 7.1 

N332 0.159 ± 0.085 15.6 ± 8.3 

N333 0.157 ± 0.005 16.2 ± 0.5 

 

Molecular Modelling  

A docking study was performed in order to gain insight in the mode of binding of these compounds. 

Because there is no crystal structure of human 15-LOX available the study was performed with the 

crystal structure of rabbit 15-LOX as determined by Gillmor et al. This is justified by the high 

sequence similarity (87%) between rabbit 15-LOX and human 15-LOX-1 (figure S8). Linoleic acid and 

all the bis-alkyne inhibitors were docked in rabbit 15-LOX.  

A  B  

Figure S10. The sequence  A) the identity and B) the similarity between the rabbit 15-LOX (1LOX) and h-15-LOX-1 

(2ABT). The alignment was performed in MOE software.  
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First, linoleic acid (LA) was docked into the enzyme. And as expected, in its best docking score pose, 

optimal position the alkene groups are located near to the iron atom to make the conversion of LA 

to 13(S)-HPETE possible (Figure S11A). Even though the reaction mechanism for the covalent binding 

between the bis-alkyne inhibitor and the enzyme is not yet clarified, it is expected that the bis-alkyne 

moiety will be near to the iron atom in the active site. All inhibitors after docking showed that its bis-

alkyne moiety is indeed near the metal cofactor as shown in Figure S11.  

When observing the 2D ligand interaction diagrams even further, the carbon tails of the inhibitors 

seem to be exposed. This is favourable, especially for probes N121 and N144 since their alkene then 

is available to bind to biotin in the oxidative Heck reaction for ABPP. It is actually quite surprising that 

the alkene of N121, which is located at the end of its additional tail, is exposed. With these findings, 

the oxidative Heck reaction can occur, whether the alkene is on the bis-alkyne side or on the ester 

group side. The short tail compounds ST022, ST018 and ST025 showed low scores, while the 5-

carbon tail compounds N86, N121 and N144 showed the better scores. The compound N114 was 

obtained the highest score due to the lipophilic interactions.  

 

Table S4. Docking scores of bis-alkyne inhibitors 

Compound Score 

Linoleic acid -7.37 

N86 -6.25 

N114 -7.25 

N121 -7.04 

N144 -6.41 

ST018 -5.57 

ST022 -4.65 

ST024 -6.93 

ST025 -5.41 

N331 -6.34 

N332 -6.89 

N333 -7.34 
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Figure S11. Docking Study of Bis-alkyne Inhibitors at rabbit 15-LOX. All the bis-alkyne inhibitors were docked into 

the crystal structure of rabbit 15-LOX. These pictures are generated using MOE software. A) Docking of linoleic acid. 

B) 2D ligand interaction diagram legend. Docking and interaction diagram of C) N86, D) N114, E) N121, F) N144, G) 

ST018, H) ST022, I) ST024, K) ST025, L) N331, M) N332 and N) N333. 
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Figure S12. Docking Study of a Selection of Bis-alkyne Inhibitors at rabbit 15-LOX (Continuation) 
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Figure S7. Docking Study of a Selection of Bis-alkyne Inhibitors at rabbit 15-LOX (Continuation) 
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Figure S7. Docking Study of a Selection of Bis-alkyne Inhibitors at rabbit 15-LOX (Continuation) 
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Sequence Alignment experiments 

Sequence alignment between soybean LOX (2SBL) and 15-LOX (1LOX) was performed using MOE 

software. The results are presented in the next figure.  

 

Figure S13. The sequence  similarity between the rabbit 15-LOX (1LOX) and soybean LOX (2SBL). The alignment was 

performed in MOE software. 

 

A detailed sequence alignment between soybean LOX (2SBL) and 15-LOX (1LOX): 

 

 

The surface of active site from the two enzyme were structurally aligned with MOE software. The 

active site of soybean LOX (Figure S14A) seems more elongated compared to 15-LOX (Figure S14B). 

In order to illustrate that, an overlap of the two active sites was performed (Figure S14C). 
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Figure S14. The surface of the active site for soybean LOX is illustrating with yellow and for the 15-LOX (1LOX) with 

purple. The alignment was performed in MOE software. 

 

Sequence alignment between 12-LOX (3D3L) and 15-LOX (1LOX) were performed using MOE 

software. The results are presenting in the next figure.  

 

Figure S15. The sequence  similarity between the rabbit 15-LOX (1LOX) and 12-LOX (3D3L). The alignment was 

performed in MOE software. 
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A detail sequence alignment between 12-LOX (3D3L) and 15-LOX (1LOX): 

 

 

The active sites from the two enzyme were structurally aligned with MOE software. The enzyme 

present a very similar active sites as illustrated in Figure S11.  

 

Figure S16. The active site of 12-LOX is illustrating with yellow and of the 15-LOX (1LOX) with purple. The 

alignment was performed in MOE software. 
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Activity-based protein profiling 

General 

Proteins were separated by SDS-PAGE on 10% polyacrylamide gels. The protein ladder used during 

SDS-PAGE was Fermentas PageRuler™ Prestained Protein Ladder. The samples were heated for 5 min 

at 96 0C after the addition of the loading buffer. The loading buffer (4x) consists of 20% of 0.2 M 

Tris-HCl pH 6.8, 8.9 % of SDS, 40% of glycerol, 10% of 0.05 M EDTA, 0.09% of bromophenol blue, 

21% of deionized H2O. The gels were stained with the coomassie InstantBlue™ (Expedeon Ltd, 

Harston, Cambridgeshire, UK). The total protein concentration was determined using the method of 

Waddell by measuring the absorbance on a V-660 spectrophotometer from Jasco (IJsselstein, The 

Netherlands). Chemiluminescence imaging was performed in G:BOX from Syngene. HeLa cells was 

used from HeLa S3, ATCC® CCL-2.2™, USA. For the cell culture, Dulbecco’s Modified Eagle Medium 

(DMEM) and Penicillin-Streptomycin (10,000 U/mL) from Life Technologies and Fetal Bovine Serum 

(FBS) from Biowest were used. The samples were centrifuged in an Eppendorf centrifuge 5810 R and 

5415 R. DPBS (10X) (without calcium and magnesium) was purchased from Life Technologies and 

Tween® 20, Molecular Biology Grade was purchased from Promega. Immun-Blot® PVDF Membranes 

from BIO-RAD were used for Western blotting. The membranes were blocked using Campina Elk 

skimmed milk powder. Bovine Serum Albumin (BSA) and Zileuton (Z4277) were purchased from 

Sigma-Aldrich. PD-146176 (BML-EI356-0010) was purchased from Enzo life sciences. Anti-15 

Lipoxygenase 1 (ab80495, Goat polyclonal to 15 Lipoxygenase 1) and Anti-5 Lipoxygenase antibody 

(ab169755, Rabbit monoclonal to 5 Lipoxygenase) were purchased from Abcam. Polyclonal Rabbit 

Anti-Goat Immunoglobulins/HRP (P0449) and Polyclonal Goat Anti-Rabbit Immunoglobulins/HRP 

antibodies (P0448) were purchased from Dako Denmark A/S (Glostrup, Denmark).  Streptavidin HRP 

(ab7403) was purchased from Abcam and Western Lightning® Plus-ECL from PerkinElmer was used 

for the Enhanced Chemiluminescence assay.  

Labelling of recombinant 15-LOX 

For the labeling of recombinant 15-lipoxygenase, the enzyme was expressed and purified, if is 

needed, as described before. Every time, the enzyme was checked with activity assay experiment 

before the labeling to prove that was active. The biotinylation of the probe-bound enzyme was 

performed via oxidative Heck reaction.10 The catalyst (Pd-EDTA) and the biotinylated phenyl boronic 

acid were prepared as the described before. 10,12 
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Control experiments with and without probe (N144) 

In a 4 mL vial, 150 µL of purified enzyme (1.1 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 50 µL of 

1 mM (in DMF) probe N144 were transferred. After 2 min (incubation time), 10 µL SDS 10%, 10 µL of 

the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. 

The reaction mixture was stirred under oxygen atmosphere and room temperature for 24 hours. The 

same reaction with 50 µL of DMF instead of the 50 µL probe N144 was performed. The two reaction 

mixtures were stored overnight in -20oC.  

In order to identify the band of 15-lipoxygenase, Anti-15 Lipoxygenase 1 antibody was used. 

Western Blotting (1): 10 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-

mercaptoethanol were loaded in 10% SDS-PAGE. The proteins were transferred with Western Blotting 

in PVDF Membrane (2 hours, 300 mA). The blot was saturated with 5% milk in PBST (PBS with 0.1% 

Tween® 20) for 1 hour at room temperature, washed 3 times 10 min with PBST, incubated 1 hour 

with 1:2000 goat polyclonal to 15 Lipoxygenase 1 (Anti-15 Lipoxygenase 1 antibody) in PBS with 1% 

milk, washed 3 times 10 min with PBST, 1:2000 Polyclonal Rabbit Anti-Goat Immunoglobulins/HRP in 

PBST with 5% BSA and washed 3 times 10 min with PBS. Signals were detected after using Western 

Lightning® Plus-ECL with the Enhanced Chemiluminescence assay. The same SDS-PAGE was done 

and stained with the coomassie InstantBlue.  

The blot was stripped in a solution of 0.3% SDS in 50 mL of PBST at 65oC for 1 hour. 

Western Blotting (2): The blot was saturated with 5% milk in PBST (PBS with 0.1% Tween® 20) for 1 

hour at room temperature, washed 3 times 10 min with PBST, incubated 1 hour with 1:1000 

streptavidin HRP in PBST with 0.2% milk and washed 3 times 10 min with PBS. Signals were detected 

after using Western Lightning® Plus-ECL with the Enhanced Chemiluminescence assay.  
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Figure S17. On blot luminescence imaging and Coomassie Blue staining of positive (with probe) and negative 

(without probe) control. 15-LOX antibody (left), HRP-Conjugated Streptavidin (middle) and Coomassie Blue staining 

(right). 

Control experiments between probes N144 and N121  

The probes were synthesized as described before are N144, N121 and ST025. According to the half 

maximal inhibitor concentration (IC50), maximal inactivation rate (ki) and inhibitor binding affinity (Ki) 

the compound ST025 is less potent compare to the compounds N144 and N121.  In order to choose 

the best probe for 15-lipoxygenase between N144 and N121 labeling experiment was done. Purified 

15-LOX was used with the concentration of 0.5 mg/mL.  

In a 4 mL vial, 150 µL of purified enzyme (0.5 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 50 µL of 

1 mM (in DMF) probe N144 were transferred. After 2 min (incubation time), 10 µL SDS 10%, 10 µL of 

the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. 

The reaction mixture was stirred under oxygen atmosphere and room temperature for 24 hours. The 

same reactions with 50 µL of probe N121 (1mM) were also performed. The two reaction mixtures 

were stored overnight in -20oC. 

5 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The proteins were transferred with Western Blotting in PVDF Membrane (2 hours, 

300 mA). The Western blotting (2) was performed as described before. The same SDS-PAGE was 

done and stained with the coomassie InstantBlue. 
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Figure S18. On blot luminescence imaging and Coomassie Blue staining of reactions with probes N144 and N121. 

HRP-Conjugated Streptavidin (left) and Coomassie Blue staining (right). 

 

Control experiments with and without inhibitor N86 

In a 4 mL vial, 150 µL of purified enzyme (0.8 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 50 µL of 

1 mM (in DMF) N86 were transferred. After 2 min (incubation time), 10 µL SDS 10%, 10 µL of the 

catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. The 

reaction mixture was stirred under oxygen atmosphere and room temperature for 24 hours. The same 

reaction with 50 µL of DMF instead of the 50 µL probe N86 was performed. The two reaction 

mixtures were stored overnight in -20oC.  

Western Blotting (1): 10 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-

mercaptoethanol were loaded in 10% SDS-PAGE. The proteins were transferred with Western Blotting 

in PVDF Membrane (2 hours, 300 mA). The blot was saturated with 5% milk in PBST (PBS with 0.1% 

Tween® 20) for 1 hour at room temperature, washed 3 times 10 min with PBST, incubated 1 hour 

with 1:1000 streptavidin HRP in PBST with 0.2% milk and washed 3 times 10 min with PBS. Signals 

were detected after using Western Lightning® Plus-ECL with the Enhanced Chemiluminescence assay.  
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Figure S19. On blot luminescence imaging of reactions with (left) and without (right) the inhibitor N86. 

 

With lipoxygenase inhibitors (PD-146176 or Zileuton) 

In this experiment known lipoxygenase inhibitors (PD-146176 for 15-LOX-1 and Zileuton for 5-LOX) 

were pre-incubated before the labeling of the enzyme with the probe N144. Initially, using the same 

enzyme inhibition assay as the bis-alkyne inhibitors the IC50 value of PD-146176 was measured to be 

15.97±2.44 µM (figure S20) and as expected, data generated from the inhibition assay showed that 

Zileuton has no affinity for 15-LOX at all. However, the IC50 value of Zileuton for 5-LOX is 0.5 µM.11 

The inhibitors were used in higher concentration (90 μM) of their IC50 values in order to fully inhibit 

the enzyme and confirm that the labeling is based on the activity. 
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Figure S20. IC50 curve from the 15-LOX-1 inhibitor, PD-146176. 

 

In a 4mL vial, 150 µL of purified enzyme (1.1 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 25 µL of 

2 mM (in DMF) inhibitor were transferred. After 10 min (pre-incubation time), 25 µL of 1 mM (in 
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DMF) probe N144 were added and incubate for 2 min. Then 10 µL SDS 10%, 10 µL of the catalyst 

(Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. The reaction 

mixture was stirred under oxygen atmosphere and room temperature for 24 hours. The same 

reactions with 25 µL of DMF instead of the 25 µL inhibitor and with 50 µL of DMF instead of the 25 

µL inhibitor and 25 µL probe,  were performed. The four reaction mixtures were stored overnight in -

20oC. 

10 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The proteins were transferred with Western Blotting in PVDF Membrane (2 hours, 

300 mA). The Western blotting (2) was performed as described before. The same SDS-PAGE was 

done and stained with the coomassie InstantBlue. 

 

Figure S21. On blot luminescence imaging and Coomassie Blue staining of positive control (with probe),  with pre-

incubation with PD-146176, with pre-incubation with Zileuton and negative control (without probe). HRP-

Conjugated Streptavidin (left) and Coomassie Blue staining (right). 

Control experiments with heat denatured 15-LOX-1  

In this experiment 15-LOX-1 was inactivated after heating at 90oC for 7min.   

In a 4 mL vial, 150 µL of purified inactive enzyme (1.0 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 

50 µL of 1 mM (in DMF) probe N144 were transferred. After 2 min (incubation time), 10 µL SDS 10%, 

10 µL of the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were 

added. The reaction mixture was stirred under oxygen atmosphere and room temperature for 24 

hours. The same reaction with active instead of inactive enzyme was performed. Negative control 

reaction with 50 µL of DMF instead of the 50 µL probe N144 was also performed. The three reaction 

mixtures were stored overnight in -20oC.  
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10 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The proteins were transferred with Western Blotting in PVDF Membrane (2 hours, 

300 mA). The Western blotting (2) was performed as described before. 

 

Figure S22. On blot luminescence imaging after using HRP-Conjugated Streptavidin. Positive control (with probe), 

negative control (without probe) and using heat denatured 15-LOX-1. 

 

Labeling of endogenous 15-LOX 

Cell culture 

HeLa and HBE (human bronchial epithelial) cells were cultured in DMEM supplemented with 10% FBS 

and 100 U/mL penicillin/streptomycin, GlutaMAX™ (2 mM), and maintained at 37 oC and 5% CO2 to 

afford approximately 38x105 cells. In case of HBE cells, IL-4 (670 pM, PeproTech) was added 36 h 

before harvest. The cells were washed with pre-warmed sterile 1xPBS (Phosphate Buffered Saline) and 

harvested by rinsing with 1 mL 0.5% Trypsin-EDTA (1x) (diluted with 1xPBS from 0.5% Trypsin-EDTA 

(10x), no phenol red, Life Technologies). After the addition of 9.0 mL of cold DMED, the cells were 

transferred in a 10 mL tube and centrifuged at 1000 rpm for 5 min. The supernatant was discarded 

and the pellet was resuspended in 1x PBS (5.0 mL). Then the supernatant was removed and the pellet 

was dissolved in 1.0 mL of 25 mM Hepes (pH 7.5). The solution was sonicated two times for 30 sec. 

The concentration of cell lysate was determined by Waddell method. 

 

Activity based labeling in HeLa crude lysate with probe N144 

In this experiment, HeLa crude lysate was used without further purification with the total protein 

concentration of 1.9 mg/mL. In order to identified the protein bands of lipoxygenases, Anti-15 

Lipoxygenase 1 and Anti-5 Lipoxygenase antibodies were used. A known 15-LOX inhibitor (PD-
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146176) and a known 5-LOX inhibitor (Zileuton) were incubated before the detection reaction to 

confirm the that the labeling is based on the activity.  

 

Anti-15 Lipoxygenase 1 antibody 

In order to identified 15-lipoxygenase, 5, 10 and 20 µL of HeLa crude lysate (total protein 

concentration of 1.9 mg/mL) plus 10 μL of loading buffer was loaded in 10% SDS-PAGE and Western 

blotting (2) was performed as described before. 

 

Figure S23. On blot luminescence imaging after using 15-LOX antibody in crude HeLa lysate. 

 

Anti-5 Lipoxygenase antibody 

In order to identified 5-lipoxygenase. 5, 10 and 20 µL of HeLa crude lysate (total protein 

concentration of 1.9 mg/mL) plus 10μL of loading buffer was loaded in 10% SDS-PAGE. The proteins 

were transferred with Western Blotting in PVDF Membrane (2 hours, 300 mA). The blot was saturated 

with 5% milk in PBST (PBS with 0.1% Tween® 20) for 1 hour at room temperature, washed 3 times 10 

min with PBST, incubated 1 hour with 1:2000 Rabbit monoclonal to 5 Lipoxygenase (Anti-5 

Lipoxygenase antibody) in PBS with 1% milk, washed 3 times 10 min with PBST, 1:2000 Polyclonal 

Goat Anti-Rabbit Immunoglobulins/HRP in PBST with 5% BSA, washed 3 times 10 min with PBST, 

incubated 1 hour with 1:2000 Polyclonal Rabbit Anti-Goat Immunoglobulins/HRP in PBST with 5% 

BSA and washed 3 times 10 min with PBS. No signals were detected after using Western Lightning® 

Plus-ECL with the Enhanced Chemiluminescence assay. 

 

Control experiments with and without probe (N144) 

In a 4 mL vial, 150 µL of HeLa crude lysate (1.3 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 50 µL 

of 1 mM (in DMF) probe N144 were transferred. After 2 min (incubation time), 10 µL SDS 10%, 10 µL 
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of the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. 

The reaction mixture was stirred under oxygen atmosphere and room temperature for 24 hours. The 

same reaction with 50 µL of DMF instead of the 50 µL probe N144 was performed. The two reaction 

mixtures were stored overnight in -20oC. In order to identify the band of 15-lipoxygenase, Anti-15 

Lipoxygenase 1 antibody was used. 

3 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The Western blotting (1) was performed as described before.  

The blot was stripped in a solution of 0.3% SDS in 50 mL of PBST at 65oC for 1 hour. The Western 

blotting (2) was performed as described before. The same SDS-PAGE was done and stained with the 

coomassie InstantBlue. 

 

Figure S24. On blot luminescence imaging and Coomassie Blue staining of positive (with probe) and negative 

(without probe) control. 15-LOX antibody (left), HRP-Conjugated Streptavidin (middle) and Coomassie Blue staining 

(right). 

Control experiment with labeling of 1:1 mixture of pure enzyme with HeLa lysate 

In a 4 mL vial, 150 µL of HeLa crude lysate (0.8 mg/mL), 150 µL of purified enzyme (0.8 mg/mL), 200 

µL of 25 mM Hepes (pH 7.5) and 50 µL of 1 mM (in DMF) probe N144 were transferred. After 2 min 

(incubation time), 10 µL SDS 10%, 10 µL of the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated 

phenyl boronic acid (in MeOH) were added. The reaction mixture was stirred under oxygen 

atmosphere and room temperature for 24 hours. The same reaction with 50 µL of DMF instead of the 

50 µL probe N144 was performed. A reaction with only HeLa crude lysate (0.7 mg/mL) was also 

performed. The three reaction mixtures were stored overnight in -20oC. 
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5 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL β-mercapoethanol l were loaded 

in 10% SDS-PAGE. The Western blotting (2) was performed as described before. The same SDS-

PAGE was done and stained with the coomassie InstantBlue. 

 

Figure S25. On blot luminescence imaging and Coomassie Blue staining of 1:1 mixture 15-LOX-1 and Hela lysates 

with probe N144, 1:1 mixture 15-LOX-1 and Hela lysates without probe N144 and Hela lysates with probe N144. 

HRP-Conjugated Streptavidin (left) and Coomassie Blue staining (right). 

 

Control experiment with labeling of 1:1 mixture of pure enzyme with heat denatured HeLa lysate 

In a 4 mL vial, 150 µL of heat denatured HeLa crude lysate (0.8 mg/mL), 150 µL of inactive purified 

enzyme (0.8 mg/mL), 200 µL of 25 mM Hepes (pH 7.5) and 50 µL of 1 mM (in DMF) probe N144 

were transferred. After 2 min (incubation time), 10 µL SDS 10%, 10 µL of the catalyst (Pd-EDTA) and 2 

µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. The reaction mixture was stirred 

under oxygen atmosphere and room temperature for 24 hours. The same reaction with active purified 

enzyme was also performed. The two reaction mixtures were stored overnight in -20oC. 

5 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The Western blotting (2) was performed as described before. The same SDS-

PAGE was done and stained with the coomassie InstantBlue. 
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Figure S26. On blot luminescence imaging and Coomassie Blue staining of 1:1 mixture 15-LOX-1 and heat 

denatured Hela lysates with probe N144, 1:1 mixture active or heat denatured 15-LOX-1 and heat denatured Hela 

lysates with probe N144. HRP-Conjugated Streptavidin (left) and Coomassie Blue staining (right). 

 

Dose response experiments of the probe (N144) 

In a 4 mL vial, 150 µL of HeLa crude lysate (1.1 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 50 µL 

of 2 mM or 1 mM or 0.5 mM  (in DMF) probe N144 were transferred. After 2 min (incubation time), 

10 µL SDS 10%, 10 µL of the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid 

(in MeOH) were added. The reaction mixture was stirred under oxygen atmosphere and room 

temperature for 24 hours. The three reaction mixtures were stored overnight in -20oC. 

3 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The Western blotting (2) was performed as described before. The same SDS-

PAGE was done and stained with the coomassie InstantBlue. 
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Figure S27. On blot luminescence imaging and Coomassie Blue staining with three different concentration of probe 

positive N144. HRP-Conjugated Streptavidin (left) and Coomassie Blue staining (right). 

 

With lipoxygenase inhibitors (PD-146176 or Zileuton) 

In a 4 mL vial, 150 µL of crude lysate (1.5 mg/mL), 350 µL of 25 mM Hepes (pH 7.5) and 25 µL of 2 

mM (in DMF) inhibitor were transferred. After 10 min (pre-incubation time), 25 µL of 1 mM (in DMF) 

probe N144 were added and incubate for 2 min. Then 10 µL SDS 10%, 10 µL of the catalyst (Pd-

EDTA) and 2 µL of 0.1 M Biotinylated phenyl boronic acid (in MeOH) were added. The reaction 

mixture was stirred under oxygen atmosphere and room temperature for 24 hours. The same 

reactions with 25 µL of DMF instead of the 25 µL inhibitor and with 50 µL of DMF instead of the 25 

µL inhibitor and 25 µL probe,  were performed. The four reaction mixtures were stored overnight in -

20oC. 

3 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The Western blotting (2) was performed as described before. The same SDS-

PAGE was done and stained with the coomassie InstantBlue. 
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Figure S28. On blot luminescence imaging and Coomassie Blue staining of positive control (with probe),  with pre-

incubation with PD-146176, negative control (without probe) and with pre-incubation with Zileuton. HRP-

Conjugated Streptavidin (left) and Coomassie Blue staining (right).  

 

Control experiment with labeling of stimulated (with IL-4) or not HBE’s cells 

The HBE cell were incubated (or not) with IL-4. After the cells were harvested, the lysates were used 

for labeling experiment using the probe N144. 

 

Figure S29. On blot luminescence imaging of positive control (with probe) of HBE’s cell lystates after stimulation or 

not with IL-4.  Labeling without stimulation (left) anf after stimulation with IL-4 (right).  
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Activity based labeling in HeLa intact cells with probe N144 

HeLa cells were grown to near confluency and incubated for 2 h with either the probe at a final 

concentration of 100 µM or with an equivalent volume of DMSO. Afterwards, cells were harvested 

and used in further experiments.  

In a 4 mL vial, 150 µL of HeLa crude lysate (with or without preincubation with N144), 350 µL of 25 

mM Hepes (pH 7.5), 10 µL SDS 10%, 10 µL of the catalyst (Pd-EDTA) and 2 µL of 0.1 M Biotinylated 

phenyl boronic acid (in MeOH) were added. The reaction mixture was stirred under oxygen 

atmosphere and room temperature for 24 hours. The two reaction mixtures were stored overnight in 

-20oC. 

12 µL of each reaction mixture plus 10 μL of loading buffer and 3 μL b-mercaptoethanol were loaded 

in 10% SDS-PAGE. The Western blotting (2) was performed as described before. The same SDS-

PAGE was done and stained with the coomassie InstantBlue. 

 

Figure S30. On blot luminescence imaging of positive (with probe) and negative (without probe) control. 

 

Preparation of tissue lysates from various mice organs 

C57bl/6 male mice were purchased from Harlan (Zeist, The Netherlands) and were maintained on 

mouse chow and tap water ad libitum in a humidity- and temperature-controlled room at 24 °C with 

a 12 h light/dark cycle. Organ collection was performed according to the national guidelines and 

upon approval of the experimental procedures by the local Animal Care and Use committee of 

Groningen University.  
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Male mice were anesthetized by subcutaneous injection of ketamine (75 mg/kg, Alfasan, Woerden, 

the Netherlands) and dexdomitor (0.5 mg/kg, Orion Pharma, Mechelen, Belgium). Organs were 

collected in 1.5 ml Eppendorf tubes containing ice-cold 25 mM Hepes pH 7.4 supplemented with 

protease inhibitors (#88266, Thermo Scientific, Rockford, IL, USA). Subsequently, organs were 

homogenized using glass beads (1.0 mm diameter #11079110, BioSpec Products, Breda, the 

Netherlands) and a Mini-BeadBeater 24 machine (BioSpec Products, Breda, the Netherlands), for 2 

cycles of 40 seconds, with 2 minutes of incubation on ice in between the cycles. Samples were then 

sonicated for 2 cycles of 10 seconds with 1 second on and 1 second off intervals at amplitude 40% 

(using a Vibra-Cell VCX 130 from Sonics & Materials, Newtown, USA). Finally, samples were cleared 

by centrifugation (14,000g, 10 min, 4 °C). 

 

15-LOX immunoprecipitation 

Protein lysate (500 µg, 1 µg/µL) was suspended in 100 µL lysis buffer (20 mM Tris.HCl, 120 mM NaCl, 

1% IGEPAL CA-630, 2 mM EDTA, 1 mM EGTA), anti-15 lipoxygenase 1 antibody (1:100, 5 µL, Abcam) 

was added and the mixture was left rotating overnight at 4 °C. Next day, protein A/G agarose (30 µL, 

SantaCruz Biotech) was added and incubation was continued for an additional 4 h at 4 °C. Protein 

A/G bound immunocomplexes were precipitated by centrifugation at 4000 g for 5 min at 4 °C. The 

precipitate was washed three times with ice-cold lysis buffer (500 µL), 100 µL 1xSDS loading was 

added and the mixture was heated for 5 min at 95 °C. Finally, the cooked lysates were centrifuged at 

14000 g for 1 min, after which the supernatant was stored at -20 °C until further use. 

 

In-gel digestion and mass spectrometry 

An immunoprecipitation sample was loaded on a homemade 10% SDS gel. The gel was run for 60 

min at 70 V. The gel was washed with several changes of water and stained overnight with 

Coomassie blue (G250, Biorad). Each lane was cut as a single band and de-stained in 50 mM 

ammonium hydrogen carbonate/acetonitrile 1:1 and washed 2 times with 50 mM ammonium 

bicarbonate. Proteins were reduced (10 mM DTT in  50 mM ammonium bicarbonate) for 30 min at 

56°C, cooled to RT and alkylated (55 mM IAA in 50 mM ammonium bicarbonate) for 30 min in the 

dark at RT. Gel pieces were washed in 50 mM ammonium hydrogen carbonate/acetonitrile 1:1 for 15 

min and covered with acetonitrile until they shrank. Acetonitrile was removed and gel particles dried. 

In-gel digestion was performed by adding sufficient 10 ng/μl trypsin in 50 mM ammonium carbonate 

to cover the bands at 37°C overnight. 
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Tryptic peptides were extracted twice by adding 5 uL 1% aqueous TFA and sonication for 5 minutes. 

Online chromatography of the extracted tryptic peptides was performed with the Ultimate 3000 HPLC 

system (Thermo Fisher Scientific) coupled online to a Q-Exactive-Plus mass spectrometer  with a 

NanoFlex source (Thermo Fisher Scientific) equipped with a stainless steel emitter. Tryptic digests 

were loaded onto a 5 mm × 300 μm i.d. trapping micro column packed with PepMAP100 5 μm 

particles (Dionex) in 0.1% FA at the flow rate of 20 μL/min. After loading and washing for 3 minutes, 

peptides were back-flush eluted onto a 50 cm × 75 μm i.d. nanocolumn, packed with Acclaim C18 

PepMAP100 2 μm particles (Dionex). The following mobile phase gradient was delivered at the flow 

rate of 300 nL/min: 3–50% of solvent B in 90 min; 50–80% B in 0.5 min; 90% B during 9.5 min, and 

back to 3 % B in 1 min and held at 3% A for 14 minutes. Solvent A was 100:0 H2O/acetonitrile (v/v) 

with 0.1% formic acid and solvent B was 0:100 H2O/acetonitrile (v/v) with 0.1% formic acid. MS data 

were acquired using a data-dependent top-12 method dynamically choosing the most abundant not-

yet-sequenced precursor ions from the survey scans (300–1650 Th) with a dynamic exclusion of 20 

seconds. Sequencing was performed via higher energy collisional dissociation fragmentation with a 

target value of 1e5 ions determined with predictive automatic gain control. Isolation of precursors 

was performed with a window of 1.6. Survey scans were acquired at a resolution of 70,000 at m/z 

200. Resolution for HCD spectra was set to 17,500 at m/z 200 with a maximum ion injection time of 

50 ms. The normalized collision energy was set at 27. Furthermore, the S-lens RF level was set at 60 

and the capillary temperature was set at 250 °C. Precursor ions with single, unassigned, or six and 

higher charge states were excluded from fragmentation selection. 

The software PEAKS 7.5 (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada) was applied to the 

spectra generated by the Q-exactive plus  mass spectrometer to search against a Human Protein 

database (trEmble/SwissProt entries) (Uniprot). Searching for the fixed modification 

carbamidomethylation of cysteine and the variable post translational modifications oxidation of 

methionine was done with a maximum of 3 posttranslational modifications per peptide at a parent 

mass error tolerance of 15 ppm and  a fragment mass tolerance of 0.02 Da. False discovery rate was 

set at 0.1%. The corresponding proteins (after removal of keratins) were also run through the 

CRAPome[12] database (www.CRAPome.org) to get an estimation of the likelihood of an identified 

protein being a contaminant. 
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Table S6. List of identified proteins from the band around 50 kDa. Proteins are sorted based on the number of 

experiments in the CRAPome[12] database in which the protein was detected, giving an approximation of the 

likelihood of the protein being a contaminant (lowest first). 

Mass spectrometry CRAPome 

Protein 

ID 
Accession 

Cover

age 

(%) 

#Pe

ptid

es 

#Uniq

ue 

PT

M 
Avg. Mass Description 

Num of 

Expt. 

(found/to

tal) 

Avg. 

Spectra

l Count 

Max. 

Spectr

al 

Count 

52 

Q9Y512|SA

M50_HUMA

N 

21 10 10 Y 51976 

Sorting and assembly 

machinery component 50 

homolog OS=Homo sapiens 

GN=SAMM50 PE=1 SV=3 

8 / 411 3.6 12 

162 

P28838-

2|AMPL_HU

MAN 

11 5 5 N 52771 

Isoform 2 of Cytosol 

aminopeptidase OS=Homo 

sapiens GN=LAP3 

20 / 411 1.8 6 

272 

tr|B7Z4L4|B

7Z4L4_HUM

AN 

11 3 3 N 49921 

Dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

subunit 1 OS=Homo sapiens 

GN=RPN1 PE=2 SV=1 

91 / 411 3.9 36 

196 

Q9Y265|RU

VB1_HUMA

N 

12 4 4 N 50228 

RuvB-like 1 OS=Homo 

sapiens GN=RUVBL1 PE=1 

SV=1 

152 / 411 12.4 75 

140 
P36578|RL4

_HUMAN 
12 5 5 N 47697 

60S ribosomal protein L4 

OS=Homo sapiens GN=RPL4 

PE=1 SV=5 

197 / 411 9.6 81 

91 
P68104|EF1

A1_HUMAN 
19 7 7 Y 50141 

Elongation factor 1-alpha 1 

OS=Homo sapiens 

GN=EEF1A1 PE=1 SV=1 

350 / 411 21.9 230 

18 
P68371|TBB

4B_HUMAN 
59 17 3 Y 49831 

Tubulin beta-4B chain 

OS=Homo sapiens 

GN=TUBB4B PE=1 SV=1 

376 / 411 29.9 310 

13 
P07437|TBB

5_HUMAN 
63 18 4 Y 49671 

Tubulin beta chain 

OS=Homo sapiens GN=TUBB 

PE=1 SV=2 

382 / 411 37.5 338 

116 

P11142-

2|HSP7C_H

UMAN 

12 6 4 N 53518 

Isoform 2 of Heat shock 

cognate 71 kDa protein 

OS=Homo sapiens 

GN=HSPA8 

396 / 411 39.2 332 

 

 

Table S7. List of identified proteins from the band around 40 kDa. Proteins are sorted based on the number of 

experiments in the CRAPome[12] database in which the protein was detected, giving an approximation of the 

likelihood of the protein being a contaminant (lowest first). 

Mass spectrometry CRAPome 

Protein ID Accession 

Cover

age 

(%) 

#Pept

ides 

#Uniq

ue 

PT

M 
Avg. Mass Description 

Num of 

Expt. 

(found/t

otal) 

Avg. 

Spectral 

Count 

Max. 

Spectral 

Count 

3230 P30504|1 11 3 3 N 40995 HLA class I 26 / 411 1.4 4 
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C04_HUM

AN 

histocompatibility 

antigen, Cw-4 alpha chain 

OS=Homo sapiens 

GN=HLA-C PE=1 SV=1 

3224 

P30508|1

C12_HUM

AN 

11 3 3 N 40886 

HLA class I 

histocompatibility 

antigen, Cw-12 alpha 

chain OS=Homo sapiens 

GN=HLA-C PE=2 SV=2 

26 / 411 1.4 4 

3229 

P30510|1

C14_HUM

AN 

11 3 3 N 40838 

HLA class I 

histocompatibility 

antigen, Cw-14 alpha 

chain OS=Homo sapiens 

GN=HLA-C PE=2 SV=2 

26 / 411 1.4 4 

3219 

Q12905|IL

F2_HUMA

N 

11 3 3 N 43062 

Interleukin enhancer-

binding factor 2 

OS=Homo sapiens 

GN=ILF2 PE=1 SV=2 

152 / 

411 
5.5 53 

101 

Q15233-

2|NONO_

HUMAN 

15 5 4 Y 43866 

Isoform 2 of Non-POU 

domain-containing 

octamer-binding protein 

OS=Homo sapiens 

GN=NONO 

220 / 

411 
18.8 386 

61 

P63261|A

CTG_HUM

AN 

55 16 8 Y 41793 

Actin, cytoplasmic 2 

OS=Homo sapiens 

GN=ACTG1 PE=1 SV=1 

363 / 

411 
36.3 716 

60 

P60709|A

CTB_HUM

AN 

55 16 8 Y 41737 

Actin, cytoplasmic 1 

OS=Homo sapiens 

GN=ACTB PE=1 SV=1 

363 / 

411 
36.4 716 

3230 

P30504|1

C04_HUM

AN 

11 3 3 N 40995 

HLA class I 

histocompatibility 

antigen, Cw-4 alpha chain 

OS=Homo sapiens 

GN=HLA-C PE=1 SV=1 

26 / 411 1.4 4 

3224 

P30508|1

C12_HUM

AN 

11 3 3 N 40886 

HLA class I 

histocompatibility 

antigen, Cw-12 alpha 

chain OS=Homo sapiens 

GN=HLA-C PE=2 SV=2 

26 / 411 1.4 4 

3229 

P30510|1

C14_HUM

AN 

11 3 3 N 40838 

HLA class I 

histocompatibility 

antigen, Cw-14 alpha 

chain OS=Homo sapiens 

GN=HLA-C PE=2 SV=2 

26 / 411 1.4 4 

3219 

Q12905|IL

F2_HUMA

N 

11 3 3 N 43062 

Interleukin enhancer-

binding factor 2 

OS=Homo sapiens 

GN=ILF2 PE=1 SV=2 

152 / 

411 
5.5 53 
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Summary 

Inflammatory lung diseases like asthma and chronic obstructive pulmonary disease (COPD) can have 

detrimental effects on patients’ health. Fortunately, nowadays these diseases can be alleviated by 

various therapeutic agents. Nevertheless, expansion of the therapeutic possibilities is needed, because 

for some patients the currently available medicines are ineffective or cause severe side effects. 

Therefore, the development of novel compounds targeting enzymes that are involved in inflammatory 

lung diseases is highly important.  

Moreover, recent evidence shows that inflammation plays a major role in central nervous system 

(CNS) disorders. In various acute, chronic and psychiatric CNS disorders, pro-inflammatory mediators 

like cytokines, prostaglandins and leukotrienes, have been found to play pivotal roles. In addition, 

elevated levels of IL-1, IL-6 and TNFα have been identified in brain tissue of patients with Alzheimer’s 

(AD) and Parkinson’s (PD) disease. Furthermore, several animal studies suggest a connection between 

IL-1 and stroke, multiple sclerosis and depression. These findings have led to a search for novel 

therapeutic agents that can target inflammation in the CNS.  

Human 15-lipoxygenase-1 (15-LOX-1) is an important mammalian lipoxygenase and plays a crucial 

role in the biosynthesis of inflammatory signaling molecules, having a regulatory role in several 

inflammatory lung diseases such as asthma, COPD and chronic bronchitis and more recently in 

various CNS diseases like Alzheimer’s and Parkinson’s as well as stroke. Novel potent inhibitors and 

activity-based probes of 15-LOX-1 are urgently required to explore the role of this enzyme further 

and enable drug discovery efforts. There are two parts presenting in this thesis. Part A includes 

chapters 2, 3, 4 and 5 in which we present the design of new inhibitors while Part B includes chapter 

6 in which we described the synthesis of activity-based probes of 15-LOX-1. 

Part A – Inhibition of 15-LOX-1 

In chapter 2, we described the synthesis and the characterization of 6-benzyloxysalicylates as a new 

class of inhibitors of h-15-LOX-1. Enzyme inhibition and kinetic studies as well as molecular modeling 

studies were performed in order to characterize a structurally novel inhibitor 37a (N206), which 

proved to be a competitive inhibitor of h-15-LOX-1 with a Ki value of 1.7 µM. Compound 37a is the 

R enantiomer of the racemic mixture 8a, while the S enantiomer, compound 37b is 6-fold less active. 

Molecular modelling studies indicate that compound 37a occupies most of the available space in the 

substrate binding pocket while the S-enantiomer 37b demonstrates a mismatch of the aliphatic tail 

with the substrate binding pocket. These structure activity relationships provide a basis to design 

improved inhibitors and to explore 15-LOX-1 as a drug target. 
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Several types of ruthenium(II) (Ru(II)) complexes as novel inhibitors of 15-LOX-1 are presented in 

chapter 3. We present the first study that identifies Ru(II) complexes as novel inhibitors of 15-LOX-1. 

Two different types of complexes were tested with the general formulas: [Ru([9]aneS3)(dmso)(N,N- or 

N,O-donor ligand)](PF6)2 and [(η6-p-cymene)RuCl(O,O-ligand)]Cl. Among the seven tested Ru(II) 

complexes, two were newly synthesized (C1a and C1b). Both novel complexes were completely 

characterized and also their crystal structures have been determined. The data reported herein reveal 

four Ru(II) complexes as inhibitors of 15-LOX-1 with a potency in low micromolar range, whereas the 

respective free ligands showed no inhibition of the enzyme. Enzyme kinetic analysis of a Ru(II) 

complex (C1a) showed uncompetitive inhibition, which indicates that it binds to the substrate bound 

enzyme. In this study, we identify lipoxygenases as a new class of enzymes that is inhibited by Ru(II) 

complexes, which is important for a better understanding of the action of ruthenium based drugs. 

In chapter 4, we employed an efficient strategy to identify structurally new inhibitors for the enzyme 

15-LOX-1, which is an emerging drug target in various inflammatory diseases. Our approach started 

with a substitution oriented fragment screening (SOS) of a focused fragment library containing 

diversely substituted heterocycles. After the discovery of four hits, two inhibitors were selected to 

derive structure activity relationships and subjected to enzyme kinetic analysis, which indicated 

competitive inhibition. These observations were applied to support a molecular modeling study 

proposing a binding configuration in the active site of the enzyme h-15-LOX-1. Based on this model 

the substitution of the inhibitor was further optimized using structure-based design to provide 

inhibitor N247 with a Ki of 36 nM and good ligand efficiency metrics. This inhibitor was evaluated in 

cell-based studies using RAW 264.7 macrophages and ex vivo studies in mouse precision-cut lung 

slices. The inhibitor provided an increase in the expression of IL-10 both in macrophages and mouse 

lung tissue.  

 

Figure 1. 15-LOX-1 inhibitors that have been presented in this thesis. 

N206 N247C1a

ThioLox N144
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Based on the substitution oriented screening (SOS) approach, we designed inhibitors to explore 15-

LOX-1 as a drug target in various inflammatory and neurological diseases, which is described in 

chapter 5. In this study, we utilized the SOS approach with MCR (Multicomponent Reactions) 

chemistry to identify the thiophene-based 15-LOX-1 inhibitor, ThioLox. The enzyme kinetic analysis 

as well as the molecular modeling studies showed competitive inhibition. ThioLox was calculated to 

have a Ki value of 3.30 μM, very good ligand efficiency metric but also the desired physicochemical 

properties. This inhibitor was evaluated in ex vivo studies in precision-cut lung slices (PCLS) of mouse 

lung tissue showing a strong anti-inflammatory effect. In addition, considering the acceptable 

physiochemical properties, neuroprotective studies were performed in HT-22 neuronal cells showing 

strong protection. Identification of ThioLox provides a starting point to target 15-LOX-1 with a 

competitive inhibitor with limited size and lipophilicity.  

Part B – Detection of 15-LOX-1 

A study of activity-based labeling of 15-LOX-1 is described in chapter 6. We have created for the first 

time an activity-based probe as an efficient chemical tool for activity-based labeling of recombinant 

15-LOX-1 that also provides 15-LOX-1 dependent labeling in cell lysates and tissue samples. Towards 

this aim irreversible inhibitors for the target enzyme were designed and synthesized. An enzyme 

kinetic study of the novel inhibitors enabled the estimation of the potency along with the inactivation 

parameters and the inhibition mechanism. Subsequently, an alkene tag was introduced as a tag to 

enable biotinylation using the oxidative Heck reaction. Application of the alkene as a tag was needed 

to enable straightforward synthesis of the bis-alkyne probes. Here, we applied the oxidative Heck 

reaction for the first time for detection of activity-based labeled proteins thereby demonstrating the 

potential of this recently developed bioorthogonal coupling reaction in this type of applications. 

Activity-based labeling studies were performed on the recombinant enzyme, cell and tissue lysates. In 

all cases we demonstrated labeling of enzymes that could be attributed to 15-LOX-1 activity by 

application of heat inactivation and/or pharmacological inhibition.  

 

 

Figure 2. Two step identification of 15-LOX-1 using activity-based probe.  
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Future perspectives 

As we briefly described, 15-LOX-1 appears as an emerging drug target for the treatment of 

inflammatory and neurological diseases. The work reported in this thesis has focused on the design 

of new inhibitors and activity-based probes for the enzyme 15-LOX-1.  

Many of the known 15-LOX-1 inhibitors suffer from low inhibitory potency and/or poor 

physicochemical properties, such as a high logP value, which limits their potential therapeutic value. 

We developed an approach for screening of fragments that is focused on different scaffolds with a 

very diverse substitution pattern. This approach enables the identification of fragments, which can be 

further optimized by identification of Structure Activity Relationships (SAR) to support structure-based 

design. We denoted this approach Substitution Oriented fragment Screening (SOS). Using this 

approach, we identified inhibitors from different classes of compounds such as indoles and 

thiophenes. Our developed inhibitors have improved physicochemical properties as well as inhibitory 

potency compared to the previously described inhibitors. We reported a dual role of 15-LOX-1 and 

we used our new developed inhibitors to explore it. These drug-like inhibitors can be potentially used 

in more complex biological systems in order to define the role of 15-LOX-1. We anticipate that SOS 

approach on heterocycles can enable the exploration of very compact molecules with the desired 

physicochemical properties. For the next studies, the metabolic stability of the new inhibitors should 

also be taken in account. Therefore, the next SOS fragment library can be more focused on both very 

compact and metabolic stable molecules. This will lead to drug-like compounds that can be used to 

target the enzyme in in vivo studies. 

Furthermore, we developed the first 15-LOX-1 activity-based probe as an efficient chemical tool for 

activity-based labeling of recombinant 15-LOX-1 that also provides 15-LOX-1 dependent labeling in 

cell lysates and tissue samples. The labeling of 15-LOX-1 was performed after incubation with the 

activity-based probe followed by biotinylation via oxidative Heck reaction. In the next studies, this 

two-step labeling can be modified to one-step labeling after using a modified probe with an 

attached biotin. One of the advantages of the one-step over two-step labeling is the faster 

experimental procedure. In comparison with our two-step labeling which describes a two days 

experimental procedure, the one-step labeling can be performed in one day. Moreover, our potent 

indole inhibitor N247 can be converted to a activity-based probe after introducing the bis-alkyne 

functionality of the existing probe N144. The new indole probe could present a better selectivity 

profile because it is based on a very potent inhibitor which has a very high affinity for 15-LOX-1. 

Another idea is the use of a fluorophore instead of biotin for the labeling of the enzyme. This, would 

also make the experimental procedure faster while there is no need for Western blotting. 

Furthermore, different fluorophores present different detection limits, solubility and properties, that 
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can be chosen for diverse applications. We anticipate that further development of this type of 

molecules will enable the investigation and identification of 15-LOX-1 in more complex biological 

systems. 

In future, we believe that the idea of SOS approach will be a useful tool for the discovery of new 

drug-like inhibitors, not only for 15-LOX-1 but for different protein targets as well. We believe that 

our improved 15-LOX-1 inhibitors and our new activity-based probes, could point out the way toward 

the development of therapeutic agents against diseases with an inflammatory component, such as 

asthma and COPD as well as neurological disorders like Alzheimer’s and Parkinson’s disease. For 

example, Alzheimer’s disease effect millions of people while no treatments stop or reverse the disease 

progression though some may temporarily improve symptoms. Could 15-LOX-1 be a new hope for 

Alzheimer’s disease? We think, yes. So, we created and now offer the tools to further study this 

hypothesis.  
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Samenvatting 

Inflammatoire longziektes zoals astma en COPD hebben een ingrijpend effect op  de gezondheid van 

patiënten. Gelukkig kunnen deze ziektes tegenwoordig verlicht worden door het gebruik van 

geneesmiddelen. Voor sommige patiënten zijn de huidige geneesmiddelen echter ineffectief of ze 

veroorzaken ernstige bijwerkingen.  Het uitbreiden van de therapeutische mogelijkheden is daarom 

een belangrijke doelstelling. Dit doel kan, onder andere, bereikt worden door het ontwikkelen van 

nieuwe moleculen die aangrijpen op enzymen die betrokken zijn bij inflammatoire longziektes.  

Recent onderzoek toont aan dat ontstekingsprocessen een grote rol spelen in aandoeningen van het 

centraal zenuwstelsel (CZS). In verscheidene acute, chronische en psychiatrische aandoeningen van 

het CZS spelen pro-inflammatoire cytokinen, prostaglandinen en leukotrienen een centrale rol. 

Daarnaast zijn er verhoogde waarden van IL-1, IL-6 en TNF geconstateerd in hersenweefsel van 

patiënten met Alzheimer en Parkinson. Verder suggereren verschillende dierenstudies een link tussen 

IL-1 en beroerte, multiple sclerose en depressie. Deze bevindingen hebben geleid tot een zoektocht 

naar nieuwe geneesmiddelen die inflammatie in het CZS tegen kunnen gaan.  

Het enzym humaan 15-lipoxygenase-1 (15-LOX-1) speelt  een cruciale rol in de biosynthese van 

inflammatoire signaalmoleculen. 15-LOX-1 wordt hierdoor gezien als een regulator van verschillende 

inflammatoire longziekten zoals astma, COPD en chronische bronchitis. Recentelijk is ook een rol 

aangetoond in ziektes van het CZS, zoals Alzheimer, Parkinson en beroerte. Nieuwe, krachtige 

remmers en moleculaire, activiteit-gestuurde sondes van 15-LOX-1 zijn dringend nodig om de rol van 

het enzym verder te onderzoeken en om de ontwikkeling van nieuwe geneesmiddelen mogelijk te 

maken. Dit proefschrift bestaat uit twee delen. In deel A, bestaande uit hoofdstukken 2, 3, 4 en 5, 

wordt het ontwerp van nieuwe remmers gepresenteerd. In deel B, hoofdstuk 6, wordt de synthese 

van activiteit-gestuurde sondes van 15-LOX-1 beschreven. 

 
Deel A – Remming van 15-LOX-1 

 
In hoofdstuk 2 wordt de synthese en karakterisering van 6-benzoyloxysalicylaten als een nieuwe 

klasse van remmers van h-15-LOX-1 beschreven. Enzymremming en de kinetiek van de remming zijn 

vastgesteld en computer gegenereerde moleculaire modellen zijn gebruikt om een remmer met een 

geheel nieuwe structuur 37a (N206) in kaart te brengen. Deze stof bleek een competitieve remmer 

van h-15-LOX-1 te zijn met een bindingsconstante (Ki waarde) van 1,7 uM. Verbinding 37a is de R-

enantiomeer van mengsel 8a. De S-enantiomeer, verbinding 37b, is een zesmaal minder sterke 

remmer. Middels moleculaire modellen is te zien dat stof 37a het overgrote deel van de 

substraatbindingsplek in beslag neemt en dat de alifatische staart van S-enantiomeer 37b er niet 
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goed in past. Deze structuur-activiteitrelaties bieden een basis voor het verbeteren van de remmers 

en het verkennen van 15-LOX-1 als aangrijpingspunt voor geneesmiddelen. 

Verscheidene types van ruthenium (II) (Ru(II)) complexen worden in hoofdstuk 3 gepresenteerd als 

nieuwe remmers van 15-LOX-1. Wij zijn de eersten die een studie presenteren waarin Ru(II) 

complexen als nieuwe remmers van 15-LOX-1 worden aangemerkt. Twee verschillende complextypes 

met de algemene formules [Ru([9]aneS3)(dmso)(N,N- or N,O-donor ligand)](PF6)2 en [(η6-p-

cymene)RuCl(O,O-ligand)]Cl werden getest. Van de zeven geteste Ru(II) complexen waren twee niet 

eerder gesynthetiseerd (C1a en C1b). Beide nieuwe complexen zijn volledig gekarakteriseerd en ook 

zijn de kristalstructuren bepaald. De gerapporteerde data brengen vier Ru(II) complexen aan het licht 

als remmers van 15-LOX-1. De corresponderende, niet aan Ru(II) gebonden, vrije liganden waren niet 

in staat het enzym te remmen. Analyse van de remmingskinetiek van een Ru(II) complex (C1a) toonde 

niet-competitieve remming aan, wat erop duidt dat dit complex bindt aan substraat-gebonden 

enzym. In deze studie identificeren we lipoxygenases als een nieuwe klasse van enzymen die worden 

geremd door Ru(II) complexen, wat belangrijk is voor een beter begrip van de werking van ruthenium 

bevattende geneesmiddelen. 

 

Figuur 1. 15-LOX-1 remmers in dit proefschrift. 

 

In hoofdstuk 4 gebruikten we een efficiënte strategie om nieuwe remmers van 15-LOX-1 te 

identificeren. Onze aanpak begon met een substitutie-georiënteerde fragment-screen (SOS) waarbij 

de fragmentbibliotheek bestond uit heterocycli met een grote verscheidenheid aan substituenten. 

Nadat bleek dat vier stoffen uit de fragmentbibliotheek 15-LOX-1 remden, werden van twee remmers 

de structuur-activiteitrelatie en de remmingskinetiek bepaald, welke duidden op competitieve 

remming. Deze bevindingen werden gebruikt ter ondersteuning van moleculaire modellen voor de 

N206 N247C1a

ThioLox N144
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binding van dit type remmers in het actieve centrum van h-15-LOX-1. Gebaseerd op deze modellen 

is het substitutiepatroon van de remmer verder geoptimaliseerd wat leidde tot de ontwikkeling van 

remmer 14d met een Ki van 36 nM en een goede ligand-efficiëntie. Deze remmer is geëvalueerd in 

celstudies met RAW 264.7 macrofagen en in ex vivo studies met ‘precies-gesneden longplakjes’ van 

muizen. De remmer zorgde voor een verhoging van de expressie van IL-10 in zowel de macrofagen 

als het muizenlongweefsel. 

Gebaseerd op de substitutie-georiënteerde fragment-screening (SOS) hebben we remmers van 15-

LOX-1 ontworpen om de rol van dit enzym te bestuderen in verschillende ontstekingsziektes en 

neurologische aandoeningen. Dit hebben we beschreven in hoofdstuk 5. We hebben de SOS aanpak 

gebruikt met multicomponentreacties om tot een thiofeen bevattende 15-LOX-1 remmer te komen, 

die we ThioLox hebben genoemd. Door analyse van de enzymkinetiek en moleculaire modellen 

toonden we aan dat het ging om competitieve remming. ThioLox heeft een berekende Ki van 3,30 

µM, een zeer goede ligandefficiëntie en ook voordelige fysisch-chemische eigenschappen. De remmer 

is geëvalueerd ex vivo in ‘precies-gesneden longplakjes’ van muizenlongweefsel en bracht daar een 

sterk anti-inflammatoir effect teweeg. Daarnaast werden, gezien de acceptabele fysisch-chemische 

eigenschappen, studies naar een neuroprotectief effect uitgevoerd met HT-22 zenuwcellen. Hierin 

werd een sterk beschermende werking aangetoond. ThioLox biedt daarmee een startpunt om 15-

LOX-1 aan te grijpen met een competitieve remmer met een beperkte grootte en een beperkte mate 

van lipofiliciteit. 

 

Figuur 2. Tweestapsidentificatie van 15-LOX-1 met een activiteit-gestuurde sonde. 

 
Deel B – Detectie van 15-LOX-1 
 

In Hoofdstuk 6 staat een studie beschreven naar activiteit-gestuurde labeling van 15-LOX-1. Wij zijn 

de eersten die een activiteit-gestuurde sonde rapporteren die op een efficiënte manier zowel 

recombinant 15-LOX-1 als ook 15-LOX-1 in cellysaten en weefselmonsters detecteert. Hiervoor 

werden allereerst irreversibele 15-LOX-1 remmers ontworpen en gesynthetiseerd. Onderzoek naar de 

enzymkinetiek van de nieuwe remmers resulteerde in een schatting van de sterkte van de remming 
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en ook werden hiermee inactivatieparameters en het remmingsmechanisme achterhaald. Vervolgens 

werd een terminale alkeen geïntroduceerd als chemisch label die kon worden gebiotinyleerd met de 

oxidatieve Heck reactie. Er is voor een alkeen label gekozen, omdat dit eenvoudig in de synthese van 

de bis-alkyn sondes paste. Wij zijn de eersten die de oxidatieve Heck reactie gebruiken voor de 

detectie van activiteit-gelabelde eiwitten, waarmee we een belangrijke toepassing van deze recent 

ontwikkelde bio-orthogonale reactie demonstreren. Activiteit-gestuurde labeling experimenten 

werden uitgevoerd met het recombinant enzym, cellen en weefsellysaten. In alle gevallen toonden we 

aan, middels controle experimenten met hitte-inactivatie en/of farmacologische inhibitie, dat labeling 

van 15-LOX-1 gerelateerd kon worden aan de activiteit van het enzym. 
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Περίληψη 

Οι φλεγμονώδεις ασθένειες του αναπνευστικού συστήματος όπως το άσθμα ή η χρόνια αποφρακτική 

πνευμονοπάθεια (COPD), μπορεί να προκαλέσουν αρνητικές επιπτώσεις στην υγεία των ασθενών και 

να μειώσουν ουσιαστικά την ποιότητα ζωής τους. Ευτυχώς, σήμερα οι ασθένειες αυτές μπορεί να 

αντιμετωπιστούν αποτελεσματικά με διάφορα θεραπευτικά μέσα. Παρόλα αυτά, είναι απαραίτητο η 

ανάπτυξη νέων θεραπευτικών προσεγγίσεων, διότι για πολλούς ασθενείς τα παρόντα διαθέσιμα 

φάρμακα είναι είτε αναποτελεσματικά ή προκαλούν σοβαρές παρενέργειες. Έτσι, η σχεδίαση και 

ανάπτυξη νέων φαρμάκων που στοχεύουν τα εμπλεκόμενα ένζυμα στις φλεγμονώδεις παθήσεις των 

πνευμόνων είναι εξαιρετικά σημαντική. 

Πρόσφατες έρευνες δείχνουν ότι η φλεγμονή παίζει σημαντικό ρόλο στις ασθένειες του κεντρικού 

νευρικού συστήματος. Σε πολλές οξείες, χρόνιες ή ψυχιατρικές ασθένειες του κεντρικού νευρικού 

συστήματος, προφλεγμονώδεις μεταβολίτες όπως κυτοκίνες, προσταγλανδίνες και λευκοτριένια, 

έχουν βρεθεί να παίζουν καθοριστικό ρόλο. Επιπλέον, αυξημένα επίπεδα των ιντερλευκινών-1 και -6 

(IL-1, IL-6) καθώς και του TNFα έχουν εντοπιστεί στον εγκεφαλικό ιστό ασθενών που έχουν 

διαγνωστεί με πάρκινσον ή αλτσχάιμερ. Τέλος, διάφορες μελέτες σε πειραματόζωα επιδεικνύουν 

σύνδεση της ιντερλευκίνης-1 (IL-1) με το εγκεφαλικό επεισόδιο, τη σκλήρυνση κατά πλάκας και της 

κατάθλιψης. Όλα αυτά τα ευρήματα οδηγούν σε έρευνες για νέα θεραπευτικά μέσα που μπορούν να 

στοχεύσουν τη φλεγμονή στο κεντρικό νευρικό σύστημα. 

Η ανθρώπινη 15-λιποξυγενάση-1 (15-LOX-1) είναι μια σημαντική λιποξυγενάση που απαντάται στα 

θηλαστικά, παίζει κρίσιμο ρόλο στην βιοσύνθεση των φλεγμονωδών μορίων και αποτελεί ρυθμιστικό 

παράγοντα σε πολλές φλεγμονώδεις ασθένειες των πνευμόνων όπως το άσθμα, την χρόνια 

αποφρακτική πνευμονοπάθεια και χρόνια βρογχίτιδα, καθώς και σε διάφορες ασθένειες του 

κεντρικού νευρικού συστήματος, όπως το πάρκινσον, αλτσχάιμερ και εγκεφαλικό επεισόδιο. 

Επομένως, η ανάγκη για την σημαντική αναστολή του συγκεκριμένου ενζύμου καθώς και ο 

προσδιορισμός της δραστικότητας του είναι επιτακτική. Έτσι ο συγκεκριμένος ρόλος που το ένζυμο 

επιτελεί θα πρέπει πλήρως να διαλευκανθεί, ώστε να καταστεί δυνατή η προσπάθεια ανακάλυψης 

νέων φαρμάκων. Η παρούσα διδακτορική διατριβή χωρίζεται σε δύο μέρη. Το Α μέρος περιλαμβάνει 

τα κεφάλαια 2, 3, 4 και 5, στα οποία παρουσιάζεται ο σχεδιασμός καινούργιων μορίων-αναστολέων, 

ενώ το Β μέρος, το οποίο περιλαμβάνει το κεφάλαιο 6, περιγράφεται η σύνθεση μορίων-ανιχνευτών 

βασιζόμενων στην δραστικότητα της 15-LOX-1.  

Μέρος Α – Αναστολή της 15-λιποξυγενάσης 

Στο κεφάλαιο 2 περιγράφουμε την σύνθεση και το χαρακτηρισμό των 6-βενζυλο-σαλικυλικών οξέων 

(6-benzyloxysalicylates) σαν νέα τάξη αναστολέων της 15-LOX-1. Πραγματοποιήθηκαν μελέτες 
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ενζυμικής αναστολής, κινητικές μελέτες καθώς και μοριακή μοντελοποίηση, ώστε να χαρακτηριστεί ο 

νέος αναστολέας 37a (N206), ο οποίος αποδέχτηκε να είναι συναγωνιστικός αναστολέας της 15-LOX-

1 με Ki 1.7 µM. Η ένωση 37a είναι το R εναντιομερές από το ρακεμικό μίγμα του 8a, ενώ το S 

εναντιομερές, η ένωση 37b, αποδείχτηκε να είναι 6 φορές λιγότερη ενεργή. Η μελέτη μοριακής 

μοντελοποίησης υποδεικνύει ότι η ένωση 37a καταλαμβάνει όλο το ελεύθερο χώρο στο ενεργό 

κέντρο του ενζύμου ενώ στο S εναντιομερές 37b καταδεικνύει μια αναντιστοιχία της αλειφατικής 

αλυσίδας με το ενεργό κέντρο του ενζύμου. Οι σχέσεις δομής δραστικότητας των μορίων αυτής της 

μελέτης μπορεί να αποτελέσουν την βασική αρχή για τον σχεδιασμό νέων αναστολέων της 15-LOX-1. 

Στο κεφάλαιο 3 παρουσιάζονται διάφορα σύμπλοκα ρουθηνίου (II) ως αναστολείς της 15-LOX-1. 

Αυτή είναι η πρώτη μελέτη που υποδεικνύει τα σύμπλοκα ρουθηνίου (II) ως αναστολείς αυτού του 

ενζύμου. Τα σύμπλοκα αυτά είναι δύο διαφορετικών τύπων με γενική μορφή: 

[Ru([9]aneS3)(dmso)(N,N- or N,O-donor ligand)](PF6)2 και [(η
6
-p-cymene)RuCl(O,O-ligand)]Cl. Από τα 

εφτά σύμπλοκα που μελετήθηκαν, τα δύο έχουν συντεθεί και παρουσιαστεί για πρώτη φορά (C1a 

και C1b). Τα δύο αυτά νέα σύμπλοκα έχουν πλήρως χαρακτηριστεί όπως έχουν προσδιοριστεί και οι 

κρυσταλλικές δομές τους. Τέσσερα σύμπλοκα βρέθηκαν να αναστέλλουν αποτελεσματικά το ένζυμο 

σε χαμηλή συγκέντρωση, χωρίς να παρατηρηθεί αναστολή του για τα αντίστοιχα ligands τους. Η 

ενζυμική κινητική μελέτη έδειξε ανταγωνιστική αναστολή, η οποία φανερώνει ότι ο αναστολέας 

προσδένεται στο σύμπλοκο υποστρώματος-ενζύμου. Η μελέτη αυτή παρουσιάζει για πρώτη φορά τις 

λιποξυγενάσες ως νέα κατηγορία ενζύμων η οποία μπορεί να ανασταλεί από σύμπλοκα ρουθηνίου 

(II), το οποίο είναι πολύ σημαντικό για την καλύτερη κατανόηση της δράσης των φαρμάκων με 

ρουθήνιο.  

Στο κεφάλαιο 4, ακολουθήσαμε μια πρωτοποριακή στρατηγική προκειμένου να ανακαλύψουμε 

καινούρια μόρια-αναστολείς του ενζύμου 15-LOX-1, το οποίο αποτελεί ένα νέο στόχο για τη 

δημιουργία φαρμάκων σε διάφορες φλεγμονώδεις ασθένειες. Η προσέγγισή μας ξεκίνησε 

αναζητώντας το κατάλληλο μοτίβο υποκαταστατών, με μία εκτενή έρευνα στις ετεροκυκλικές 

ενώσεις μικρού μοριακού βάρους με διαφορετικούς υποκαταστάτες σε ποικίλες θέσεις. Αρχικά, 

τέσσερεις ενώσεις έδειξαν να αναστέλλουν το ένζυμο, εκ των οποίων διαλέξαμε τις δύο και 

προχωρήσαμε σε μελέτες δομής δραστικότητας καθώς και κινητικές μελέτες οι οποίες έδειξαν 

συναγωνιστική αναστολή. Επιβεβαιώσαμε τα αποτελέσματά μας χρησιμοποιώντας μοριακή 

μοντελοποίηση, σύμφωνα με την οποία ο αναστολέας μας προσδένεται στο ενεργό κέντρο του 

ενζύμου. Βασιζόμενοι στον προτεινόμενο αυτό τρόπο σύνδεσης του αναστολέα μας με το ένζυμο, 

προχωρήσαμε σε εκ νέου βελτίωση του μελετώντας την σχέση δομής δραστικότητας, με αποτέλεσμα 

την σύνθεση του αναστολέα 14d ο οποίος αναστέλλει το ένζυμο με τιμή Ki  36 nM, παρουσιάζοντας 

επίσης και πολύ καλές τιμές απόδοσης αναστολέα. Ο αναστολέας 14d αξιολογήθηκε σε κυτταρικές 
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μελέτες, χρησιμοποιώντας τα μακροφάγα RAW 264.7, καθώς και σε ex vivo μελέτες σε ιστούς από 

πνεύμονα ποντικού, παρουσιάζοντας αντιφλεγμονώδη δράση με σημαντική αύξηση της 

ιντερλευκίνης-10.  

Βασιζόμενοι στην τεχνική αναζήτησης κατάλληλου μοτίβου υποκαταστατών, την οποία αναπτύξαμε 

προηγουμένως, στο κεφάλαιο 5 παρουσιάζουμε τον σχεδιασμό μιας νέας σειράς αναστολέων για τη 

15-LOX-1, αλλά αυτή την φορά όχι μόνο με στόχο την μελέτη του ρόλου αυτού του ενζύμου στην 

φλεγμονή αλλά και στις διάφορες νευρολογικές παθήσεις. Εφαρμόζοντας την παραπάνω τεχνική σε 

συνδυασμό με χημεία πολλαπλών συστατικών (MCR chemistry) σχεδιάσαμε ένα νέο αναστολέα της 

15-LOX-1, τον οποίο ονομάσαμε ThioLox. Οι ενζυμικές κινητικές μελέτες καθώς και η μοριακή 

μοντελοποίηση υπέδειξαν συναγωνιστική αναστολή. Το ThioLox παρουσιάζει αναστολή του ενζύμου 

με Ki 3.3 μM,  με πολύ καλές τιμές απόδοσης αναστολέα και τις επιθυμητές φυσικοχημικές ιδιότητες. 

Ex vivo μελέτες του αναστολέα σε ιστούς από πνεύμονα ποντικού υπέδειξαν ισχυρές 

αντιφλεγμονώδεις ιδιότητες. Εν συνεχεία, λόγω των επιθυμητών φυσικοχημικών ιδιοτήτων του 

αναστολέα μας, πραγματοποιήθηκαν νευροπροστατευτικές μελέτες σε νευρικά κύτταρα HT-22, στα 

οποία παρατηρήθηκε ισχυρή προστασία. Το ThioLox μπορεί να αποτελέσει έναυσμα στην μελέτη 

αναστολής της 15-LOX-1 από συναγωνιστικούς αναστολείς με περιορισμένο μέγεθος και 

λιποφιλικότητα.  

Μέρος Β – Ανίχνευση της 15-λιποξυγενάσης 

Μια μελέτη για την ανίχνευση της 15-LOX-1 παρουσιάζεται στο κεφάλαιο 6. Για πρώτη φορά 

δημιουργήσαμε έναν ανιχνευτή της 15-LOX-1, βασιζόμενος στη δραστικότητα του ενζύμου. 

Πραγματοποιήθηκε ανίχνευση τόσο σε ανασυνδυασμένο ένζυμο όσο και σε κυτταρικές σειρές καθώς 

επίσης και σε δείγματα από ιστούς. Για το σκοπό αυτό, αρχικά σχεδιάστηκαν και συντέθηκαν μη-

αναστρεπτοί αναστολείς και πραγματοποιήθηκαν ενζυμικές κινητικές μελέτες ώστε να 

προσδιοριστούν οι κινητικοί παράμετροι αναστολής των νέων αναστολέων. Σε μερικούς αναστολείς 

εισήχθηκε ένας διπλός δεσμός, ο οποίος είχε ως σκοπό την βιοτινυλίωση αυτών χρησιμοποιώντας 

την οξειδωτική αντίδραση Heck (oxidative Heck). Επιπλέον, η επιλογή της χρησιμοποίησης του 

διπλού δεσμού βοήθησε στην εύκολη σύνθεση αυτών των ανιχνευτών. Στην μελέτη αυτή, 

παρουσιάζεται για πρώτη φορά η εφαρμογή της οξειδωτικής αντίδρασης Heck για την ανίχνευση 

πρωτεϊνών βασιζόμενων στην δραστικότητά τους, επιδεικνύοντας την μελλοντική χρήση της για 

αντίστοιχες μελέτες. Η ανίχνευση της 15-LOX-1 δεν παρατηρήθηκε όταν χρησιμοποιήθηκε 

μετουσιωμένο ένζυμο ενώ αναστάλθηκε σημαντικά όταν προηγήθηκε αναστολή του. Πιστεύουμε ότι 

η δημιουργία αυτών των ανιχνευτών θα ανοίξει νέους ορίζοντες στην μελέτη αυτού του ενζύμου, 

καθώς θα βοηθήσει στην κατανόηση του ρόλου του σε πολύπλοκα βιολογικά συστήματα. 
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Human 15-lipoxygenase-1 (h-15-LOX-1) is an 

important mammalian lipoxygenase and plays a 

crucial role in the biosynthesis of inflammatory 

signaling molecules, having a regulatory role in 

several inflammatory lung diseases such as 

asthma, COPD and chronic bronchitis and more 

recently in various CNS diseases like Alzheimer’s 

and Parkinson’s as well as stroke. Novel inhibitors 

and detection methods of h-15-LOX-1 are urgently 

required to explore the role of this enzyme further 

and enable drug discovery efforts. The work 

reported in this thesis has focused in the design of 

new inhibitors and activity-based probes for the 

enzyme h-15-LOX-1. 


