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Abstract 

15-lipoxygenase-1 (15-LOX-1) has been shown to be crucial in various diseases with 

an inflammatory component, such as asthma, chronic obstructive pulmonary disease (COPD), 

central nervous system (CNS), stroke and cancer. Hence, targeting 15-LOX-1 may expand the 

therapeutic possibilities for patients suffering from these diseases. In this study, we firstly 

explored a series of novel 15-LOX-1 inhibitors and the IC50 value of the most potent 

compound 14d is 20 nM. Subsequently, a novel activity-based probe was developed to 

provide 15-LOX-1 activity-dependent labeling. Using this probe, it is possible to do a one-

step labeling of lipoxygenase activity in its cellular context. Our results demonstrated that the 

selected probe can also be used for enzyme inhibition studies providing information on the 

inhibitory potency against lipoxygenase activity in cell-based studies.  
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1. Introduction 

Chronic inflammatory diseases collectively form one of the most important causes of 

death worldwide. Therefore, the World Health Organization (WHO) ranks them as one of the 

most important threats to human health. More remarkably, the prevalence of diseases that are 

associated with chronic inflammation, such as diabetes, cardiovascular diseases, arthritis, 

allergies, chronic and obstructive pulmonary disease (COPD), increases persistently. This 

demonstrates the need for development of novel therapeutics. Hence, application of novel 

small molecules as chemical tools to study the molecular mechanisms involved in these 

diseases could open novel perspectives in drug discovery. 

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

polyunsaturated fatty acids (PUFAs) by lipoxygenase (LOX) enzyme activity plays a key role 

in immune responses and in maintaining homeostasis.1 The resulting bioactive signaling 

molecules such as hydroperoxides (HpETEs) and their corresponding hydroxides (HETEs) 

are collectively known as eicosanoids. Eicosanoids such as prostaglandins, thromboxanes, 

leukotrienes, lipoxins and their derivatives regulate inflammatory processes by generating 

metabolites with versatile biological activities.2–4 Whereas normal immune responses are 

beneficial, aberrant immune responses lie at the basis of chronic inflammatory diseases.5 

Lipoxygenases (LOXs) are 75 kDa non-heme, iron containing enzymes, members of 

oxidoreductase enzyme class and incorporate atmospheric oxygen into polyunsaturated fatty 

acids (PUFAs) in a regio- and stereospecific manner.6–9 The LOX family consists of 

regiospecific lipoxygenases: 5-, 8-, 9-, 10-, 11-, 12-, 13-, 15-, fusion-, mini- and Mn-LOXs.9 

However only four of them are found in mammals (5-LOX, 8-LOXs, 12-LOXs and 15-LOXs). 

The numbers in the names refer to the carbon atom in the arachidonic acid backbone where 

the oxygen is inserted.10 Among the members of the lipoxygenase family, human 15-

lipoxygenase, is an interesting enzyme expressed in alveolar macrophages, airway endothelial 

cells, reticulocytes, eosinophils, mast cells and dendritic cells.10–17 In particular, 15-LOXs can 

be further classified as 15-LOX-1 and 15-LOX-2,18 which are isoenzymes with different 

substrate affinities. 15-LOX-1, favors LA, while 15- LOX-2 favors AA.13,19 The expression of 

15-LOX-1 in various immune cells shows its strong relationship with the immune system in 

which 15-LOX-1 catalyzes the formation of mediators such as lipoxins (anti-inflammatory) 

and eoxins (pro-inflammatory). In this way, they regulate innate and adaptive immune 

responses as well as resolution of inflammation. 15-LOX-1 has also been shown to be crucial 

in various diseases with inflammatory components, such as inflammatory lung diseases,20–25 
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CNS,26–28 stroke26 and cancer.1,5,29–31 All of these studies suggest that finding novel inhibitors 

for LOXs may expand treatment for patients suffering from these diseases. Therefore, 

researchers have been working on development of inhibitors for 15-LOX-1 due to its critical 

role in many pathological processes.32–43 In the past few years, several laboratories have 

attempted to identify potent and drug-like 15-LOX-1 inhibitors. However, the cellular potency 

of these inhibitors remained limited.  

Despite intensive research on LOX enzymes, a detailed understanding of the 

functional behavior of these proteins in their cellular context remains limited. Activity-based 

protein profiling (ABPP) is a strategy that is gaining importance in this field. This strategy 

depends on covalent binding of reactive functionalities to enzymes based on their enzymatic 

activity. This enables labeling of classes of enzymes such as esterases and proteases. Covalent 

attachment of these reactive groups to target proteins enables detection on western blot and 

sample enrichment combined with mass spectrometry analysis. This enables quantification of 

expression or activity levels of targeted proteins. It becomes increasingly clear that ABPP is 

an appealing and extremely useful technology to investigate enzymatic activities both in vitro 

and in vivo.44,45 Apart from basic research, also clinical research starts to benefit from 

ABPP.45 In contrast to developments in the field of esterases and proteases, ABPP for 

oxidative enzymes such as LOX is still in a very early stage and novel and convenient probes 

are needed to make this strategy available for a broader audience. 

Overall, in this study, we aim to discover potent novel 15-LOX-1 inhibitor with better 

physicochemical properties. A second goal is to explore a novel type of inhibitor for ABPP. 

Thirdly, we aim to apply ABPP to study LOX in its cellular context and to evaluate the 

potency of a series of novel and previously identified inhibitors in a cellular context (Figure 1). 
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Figure 1. Indole-based inhibitors and activity-based probes compete for binding to the active site of 15-LOX-1. 

Covalent binding of the biotinylated ABPP probe enables detection of the active form of 15-LOX-1. 

2. Results and Discussion 

2.1. Structure–activity relationships of indole-based inhibitor 

In order to determine the inhibition of 15-LOX-1 enzyme activity, an activity assay 

was used in which LA was applied as substrate and product formation was monitored by UV 

absorbance of the diene product at 234 nm. In our study, structure−activity relationships 

(SARs) for the binding to 15-LOX-1 were investigated starting from ethyl 6-chloro-1H-

indole-2-carboxylate (3a).46 We aimed to further optimize indole-based 15-LOX-1 inhibitor 

and the key structural modifications are shown in Figure 2.  
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Figure 2. The development of indole-based inhibitors. Indole-based 15-LOX-1 inhibitors are developed from 

ethyl 6-chloro-1H-indole-2-carboxylate (3a). Based on this compound, more substitutions on the C3 position of 

the indole are explored. As a next step, further structure−activity relationships (SARs) are studied based on 

different positions and key structural modifications. 

 Previously, the SARs around the 15-LOX-1 inhibitor Eleftheriadis-14d, Hao-10c and 

Ramon-17 were explored. This showed that the substitution at the indole 3-position can 

significantly increase the potency of 15-LOX-1 inhibition.46–48 Generally, compared to hit 3a, 

we observed approximately twenty-fold increase in the inhibitory potency against 15-LOX-1. 

In order to expand the SAR in novel directions, the carboxyl ethyl ester at the indole 2-

position was replaced with various alkyl ketone functionalities to explore the SAR at this 

position further. Starting from 3a and inspired by prior knowledge on substitution in the 3-

position, new substitution patterns were explored.  
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The synthetic routes applied in this study are shown in Scheme 1 and 2. The synthetic 

routes to carboxylic acids 4a–g were described before. As a next step, the corresponding N-

methoxy-N-methylamides 5a–g were obtained by 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDCI) and N-hydroxybenzotriazole (HOBt) as coupling reagents in yields 

between 80 and 90%. Next, under N2 atmosphere ten equivalents of propylmagnesium 

chloride solution or pentylmagnesium bromide solution were turned into Grignard reagents in 

dry THF in order to get products 6a–g, 7a. The yields were about 80%. 

 

Scheme 1. Synthetic route to compounds 6a–g, 7a. Reagents and conditions: (a) diethyl oxalate, NaOEt, Et2O, 

N2, r.t., overnight; (b) Fe, AcOH, EtOH, reflux, 7 h; (c) LiOH, THF, H2O, 50 C, 2 h; (d) N,O-

Dimethylhydroxylamine hydrochloride, EDCI, HOBT, TEA, DCM, r.t., 4 h; (e) 5a–g, propylmagnesium 

chloride solution or pentylmagnesium bromide solution, THF, N2, r.t., overnight. 
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Scheme 2. Synthetic route to compounds 14a–b. Reagents and conditions: (a) POCl3, DMF, 60 C, 48 h; (b) 

(tert-Butoxycarbonylmethylene) triphenylphosphorane, EtOH, reflux, 2 h; (c) TFA, DCM, r.t., overnight; (d) (2-

methoxyphenyl)methanamine, EDCI, HOBT, TEA, DCM, r.t., 4 h; (e) LiOH, THF, H2O, 50 C, 2 h; (f) N,O-

Dimethylhydroxylamine hydrochloride, EDCI, HOBT, TEA, DCM, r.t., 4 h; (g) 13a–b, propylmagnesium 

chloride solution, THF, N2, r.t., overnight. 

All of the newly synthesized 15-LOX-1 inhibitors were evaluated by the enzyme 

activity assay and the IC50 values are shown in Table 1. Remarkably, the replacement of the 

carboxyl ethyl ester (3a) with a 2-propyl (6a) functionality provided nearly six-fold 

improvement for the inhibition of 15-LOX-1, whereas a hexyl group resulted in an inactive 

compound (7a). For further exploration of SAR, various methoxy- or halogen-substitutions 

were made in the indole 4, 5 or 6-position to compounds 6b-g. For a series of halogens in the 

indole 6-position, the bromine (6b) slightly increases the potency compared to chlorine, 

whereas fluorine (6c) causes a complete loss of activity against 15-LOX-1. This suggests that 
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both the size and polarity of the halogen in the 6-position play a role in the interaction of 6a 

with the receptor. We also noted that methoxy substitution (6d) in the 6-position or chlorine 

substitution in the 4- or 5-position are unfavorable for 15-LOX-1 inhibition.  

Considering the results from prior research, the indole C3 substitution from Hao-9c 

(Figure. 2) was combined with alkyl modification at C2 in this study (14a-b). Both 14a and 

14b provide potencies that are approximately one hundred-fold increase compared to our 

initial hit (3a). Apparently, the novel 2-methoxybenzyl containing substitution are favorable 

for the inhibition of 15-LOX-1. Importantly, the combination of modifications at C2 and C3 

greatly enhanced the inhibitory potency against 15-LOX-1 and the IC50 value is 20 nM.  

To rationalize the interaction with 15-LOX-1, a molecular modeling study was 

performed to dock inhibitors Hao-9c and 14a in the enzyme active site. Both inhibitors 

docked in comparable poses in the active site of 15-LOX-1. In comparison, with the ester tail 

of Hao-9c the alkyl tail of 14d at the C2 position provides additional hydrophobic interactions 

with LEU362 (Figure 3), which could account for the improved potency. The amino group 

form two H-bonds with HIS545 and GLU357. The 6-chloro participates in interactions with 

PHE173 and ARG403. Furthermore, the phenyl group makes a π-π interaction with MET491. 

Additionally, there are a couple of van der Waals forces with the indole core and the alkyl 

ketone in the indole C2 position. Altogether, docking of 14a with the active site of the 

enzyme shows multiple interactions, thus indicating that the structure matches the structural 

requirements of the enzyme active site very well. 
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Figure 3. Molecular modeling of selected compounds in the active site of 15-LOX-1 (PDB ID: 1LOX). The 

surface in the pocket is colored based on the relative hydrophobicity: brown for hydrophobic and blue for 

hydrophilic areas (A) Poses of compound Hao-9c and 14a with the active site of the enzyme. (B) The preferred 

orientations of compound 14a in the active site of the enzyme. (C) Interactions of 14a with the active site of 15-

LOX-1. 
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Table 1. IC50 values against 15-LOX-1 (analogues 3a, 6a–g, 7a, 13a–b and 14a–b).  

 

Compound R1 R2
 R3 

IC50 (μM) 

[± SD (μM)] 

3a H 
 

6-Cl 3.01 ± 1.24 

6a H 
 

6-Cl 
0.512 ± 

0.107 

6b H 
 

6-Br 
0.466 ± 

0.055 

6c H 
 

6-F >20 

6d H 
 

6-OCH3 10.5 ± 2.40 

6e H 
 

H >20 

6f H 
 

5-Cl >20 

6g H 
 

4-Cl >20 

7a H 
 

6-Cl >20 

13a 

 

 
6-Cl 

0.192 ± 

0.031 

14a 

 

 
6-Cl 

0.020 ± 

0.009 

13b 

 

 
6-Br 

0.041 ± 

0.010 

14b 

 

 
6-Br 

0.041 ± 

0.229 
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2.2. Druggability of novel indole-based 15-LOX-1 inhibitor  

LogP is defined as the partition coefficient of a neutral molecule in between octanol 

and water. In drug development, the CLogP value is employed as indicator for membrane 

passage, which influences absorption, distribution, metabolism, and excretion (ADME). A 

generally, considered reasonable range for CLogP values ranges from -0.4 to 5.6. In this study, 

CLogP values are calculated by ChemDraw Professional version 12.0. In addition, ligand 

efficiency, which is defined as the ratio of Gibbs free energy (ΔG) to the number of non-

hydrogen atoms, have been accepted widely as a tool to estimate the value of lead compound 

as well. LE values greater than 0.3 kcal per heavy atom (HA) are considered to provide 

promising drug candidates. All relevant values are shown in Table 2. 

Comparison of inhibitors 6a-b to previously reported inhibitors PD-146176, 

Eleftheriadis-14d and Hao-10c, indicates that inhibitors 6a-b have relatively low molecular 

weight and CLogP values and relatively high LE values. Both of the LE values of inhibitor 

6a-b are 0.61 kcal per HA, thus exceeding currently described 15-LOX-1inhibitors. With 

these results, inhibitors 6a-b are promising for further exploitation. Therefore, inhibitors 14a-

b were developed and their Ki values are 0.0080 and 0.016 µM, respectively. Importantly, the 

inhibitory activities of 14a-b against 15-LOX-1 are even more potent than previously 

described inhibitor, Eleftheriadis-14d.   
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Table 2.  Relevant values of druggability for selected compounds. 

15-LOX Inhibitors 

Molecular 

weight 

(g/mol) 

CLogP Ki (µM) 

Ligand 

Efficiency (LE) 

(kcal/mol 

per·HA) 

PD-146176 237 4.4 3.81 0.44 

Eleftheriadis-14d 377 6.7 0.036 0.39 

Hao-10c 412 4.9 0.076 0.37 

6a 221 3.8 0.20 0.61 

6b 265 4.0 0.17 0.61 

14a 410 5.2 0.0080 0.38 

14b 454 5.3 0.016 0.37 

 

2.3. The development of activity based labeling for 15-LOX-1  

Previously, we developed a two-step activity-based labeling approach, which proved 

to be an effective tool to covalently label lipoxygenase activity in cell lysates and enable 

visualization on western blot. However, practically the two-step labeling proved to be 

inconvenient because of the long reaction times for the second labeling step using the 

oxidative Heck reaction overnight. Hence, we moved on to develop a one-step labeling 

reagent in which the reactive functionality is already equipped with a detectable biotinyl 

group (Figure 4). This one-step labeling method was employed to label active LOX enzymes 

in intact cells that were subsequently visualized on western blot in order to estimate the 

cellular 15-LOX-1 activity.  
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Figure 4. Development of 15-LOX activity labeling. (A) One- or two-step labeling of enzymes with 

lipoxygenase activity. On top the previously developed two-step labeling by first labeling of the lipoxygenase 

enzyme with an activity-based probe upon which the probe is labelled using bioorthogonal oxidative Heck 

reaction. On the bottom the proposed one-step labeling in which the biotin is already attached to the activity-

based probe. (B) On the left hand side, the previously developed activity-based probe (N144) for two-step 

labeling and on the right hand side the newly proposed probe (D04) is for one-step labeling. 

Bis-alkynes have been shown to irreversibly inactivate lipoxygenases.44 The oxidation 

of the bis-propargylic carbon center results in the formation of a highly reactive allene radical 

that can covalently attaches to the enzyme active site. For the new series of ABPs, the bis-

alkyne was kept as a core structure and the SAR study for the linker shown in red and the tail 

shown in blue were further explored (Table 3). A series of bis-alkynes was synthesized by 

cross-coupling of propargyl halides to terminal alkyne alcohols using CuI catalysis with 

Cs2CO3 as a base. Subsequently, the alcohol was biotinylated using HOBt/EDCI coupling 

(Scheme 3). The total yield of these two reaction steps is about 30%. To check the need for 

the bis-propargyl functionality, products 20 and 21 were synthesized as shown in Scheme 4, 

in which an HOBt and EDCI was used to couple biotin in yields of about 90%.  
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Scheme 3. Synthetic route to compounds 15–19. Reagents and conditions: (a) CuI, Cs2CO3, DMF, r.t., overnight; 

(b) HOBT, EDCI, TEA, DCM, r.t., overnight.  

 

Scheme 4. Synthetic route to compounds 20–21. Reagents and conditions: (a) HOBT, EDCI, TEA, DCM, r.t., 

overnight.  
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Table 3. IC50 values against 15-LOX-1 (analogues 15–21). 

Structure Compound 
IC50 (μM) 

[± SD (μM)] 

 

15 116 ± 21 

 

16 > 200 

 

17 (D04) 2.6 ± 0.6 

 

18 59 ± 11 

 

19 49 ± 23 

 

20 > 200 

 

21 > 200 

2.4. SAR of activity-based probe 

Thus, a series of inhibitors was synthesized in which the bis-alkyne was kept as a core 

structure and the linker and the tail were further explored. Firstly, comparison of inhibitor 15 

to inhibitor 16 indicates that branching of the propargyl alcohol resulted in complete loss of 

activity against 15-LOX-1. Remarkably, replacement of the ethyl tail (15) with a pentyl tail 

(17) provided approximate a fifty-fold gain in potency for 15-LOX-1 inhibition. For inhibitors 

15 and 18 the linker is extended to four-carbon atoms. Comparison of 15 to 18 shows a two-

fold improvement, whereas comparison of 17 to 19 shows a twenty-fold reduced potency. 

Apparently, the one-carbon atom linker in compound 17 is very beneficial for binding. As 

control compounds, we included inhibitor 20 and 21 that do not contain the bis-alkyne but 
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instead have a single alkyne. These inhibitors showed no activity at concentrations up to 200 

M, which indicates that the bis-alkyne is key for the observed 15-LOX-1 inhibition.  

2.5. Enzyme kinetic analysis 

 Enzyme kinetic analysis of the compound 17 (D04) was performed to gain insight in 

the mechanism of inhibition. The Lineweaver-Burk plot resulting from 15-LOX-1 inhibition 

by 17 (D04) is shown in Figure 5 and the resulting Km
app and Vmax

app values are shown in 

table 4. Inhibition provides constant Km
app values and reduced Vmax

app values, thus indicating 

non-competitive inhibition. The results are consistent with prior observations for probe N144 

that also includes the bis-alkyne core functionality.50 These observations are consistent with 

covalent binding of the bis-alkyne core the lipoxygenase enzyme active site. 

-0.1 0.0 0.1 0.2 0.3

0.1

0.2

0.3

0 M

1 M

3 M1
/V

1/LA

 

Figure 5. Steady-State kinetic characterization of 15-lipoxygenase-1 (15-LOX-1) in the presence of different 

concentrations of inhibitor 17. The Lineweaver-Burk representation was generated by GraphPad Prism 5.0 after 

linear regression fit. (n = 3). 
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Table 4. Enzyme kinetic parameters for inhibition of 15-LOX-1 by inhibitor 17. All the p-values were calculated 

in GraphPad Prism 5.0 after linear regression fit. The p-values show that the slopes are significantly non-zero (p-

value <0.001). 

Compound 17 (µM) 𝐾𝑚
𝑎𝑝𝑝

(µM) 𝑉𝑚𝑎𝑥
𝑎𝑝𝑝

 (absorbance/h) 

0 14.9 ± 2.4 30.3 ± 4.8 

1 13.9 ± 2.4 23.8 ± 4.0 

3 15.3 ± 3.1 18.9 ± 3.8 

 

2.6. 15-LOX-1 activity-based labeling 

Compound 17 (D04) was selected for activity-based labeling experiments. The first 

experiment was labeling of lipoxygenase activity in intact cells (Figure 6). Towards this aim, 

RAW 264.7 cells were incubated with compound 17 (D04) for different times at different 

concentrations followed by cell lysis and western blotting. On blot luminescence imaging 

using HRP-conjugated streptavidin showed distinct bands that were absent in the negative 

control, whereas the β-actin control demonstrated equal loading. This experiment 

demonstrates dose- and time-dependent one-step labeling of lipoxygenase enzyme activity 

allowing visualization western blot.  

 

Figure 6. Dose- and time-dependent labeling of 15-LOX-1 with compound 17 (D04). Labeling was performed 

on RAW 264.7 cells; Negative control (without the probe). Detection of 15-LOX-1 was performed with β-actin 

antibody, and streptavidin−HRP. 

As a next step we did a capture and release study in which we employed the ester 

group in compound 17 (D04) as a cleavable linker. Using the biotin for capture, we employed 
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the DynabeadsTM Streptavidin Trial Kit from Invitrogen for capture and release. RAW 264.7 

macrophages was treated with D04 at 50 μM for 2 hours followed by sonication to get the cell 

lysates. The obtained cell lysates were incubated with streptavidin beads and the supernatant 

was removed. Subsequently, the streptavidin beads were incubated with washing buffer or 

washing buffer containing 2% NaOH. In one blot, the different supernatants were collected 

and blotted with either streptavidin-HRP or an anti-15-LOX antibody. The lane for the 

capture and base mediated ester hydrolysis showed no band in the streptavidin most probably 

due to hydrolysis of covalently bound biotin. Interestingly, a clear band for 15-LOX blotting 

was observed in the capture and release experiment (Figure 7). This indicated that 15-LOX is 

labeled with the activity-based probe and that it can be released by cleavage of the ester.  

 

Figure 7. On blot labeling determination of 15-LOX-1 using 15-LOX antibody or Streptavidin-HRP. The left 

sample was directly incubated with beads, without the pre-incubation with D04. The middle sample was first 

pre-incubated with D04 and afterwards incubated with beads. Both left and middle samples were not hydrolyzed. 

The sample on the right was incubated with D04, which was followed by incubation with beads and then 

hydrolysis. 15-LOX antibody and Streptavidin-HRP were used for the detection of the proteins.  

Having thus established that the activity-based probe can covalently label 

lipoxygenase enzymes and that 15-LOX can be captured and released from cell lysates. We 

than moved on to study small molecule inhibition of the labeling of lipoxygenase activity in 

living cells. Therefore, we moved on to evaluate the inhibitory potency of different LOXs 

inhibitors (Figure 8 and 9). In this study we included the classic 15-LOX inhibitor PD-146176 

(IC50 = 3.8 μM), 5-LOX inhibitor Zileuton (IC50 = 0.5 μM) and the non-selective LOXs 

inhibitor Bacalein having an IC50 value of 1.6 μM against 15-LOX-1. We included the 

previously identified indole-based 15-LOX-1 inhibitor Eleftheriadis-14d (IC50 = 0.09 μM) 

that was reported by our group recently as a control in this blot. The results show that general 

LOXs inhibitor Bacalein demonstrated significant inhibition, while 5-LOX inhibitor Zileuton 

did not affect the labeling. Furthermore, Eleftheriadis-14d and PD-146176 showed some 

inhibition but not statistically significant. We note that in the quantification the inhibition of 

the labeling does not go lower than 75% of the original labeling. This indicates that the 
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responsiveness of this labeling to lipoxygenase inhibitors is limited under the conditions 

applied here. 

 

Figure 8. Detection of different LOXs inhibitors with the activity-based probe 17 (D04). Labeling was 

performed on live RAW 264.7 cells. Incubation was performed with the 15-LOX antibody, β-actin antibody, and 

streptavidin−HRP (representative example for n = 3). 
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Figure 9. Quantification of Western blot from Figure 6 for detection and analysis of activity-based labeling. The 

values are measured by integrating the gray values by ImageJ 1.44. The integrated gray values of 

streptavidin−HRP are normalized to 15-LOX. All of the values were expressed as mean ± standard deviation 

(SD). The results were normalized by three independent experiments (n = 3). *p <0.05 compared to control by 

the two tailed test. 

We also examined other 15-LOX-1 inhibitors that are newly reported in the study, 

including 6a (IC50 = 0.51 μM), 6b (IC50 = 0.47 μM), 14a (IC50 = 0.02 μM) and 14b (IC50 = 

0.04 μM). We also included Hao-9c (IC50 = 0.19 μM) as developed in a previous study.47 

Upon ratio metric quantification of blots from three experiments inhibitors 6a and 14a 
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demonstrated the most significant inhibition in the intact cells (Figure 10 and 11). These 

findings indicate that this method can be used to estimate the potency of lipoxygenase 

inhibition in intact cells.  

  

Figure 10. Detection of different 15-LOX inhibitors with the activity-based probe 17 (D04). Labeling was 

performed on live RAW 264.7 cells. Incubation was performed with the 15-LOX antibody, β-actin antibody, and 

streptavidin−HRP (representative example for n = 3). 
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Figure 11. Quantification of Western blot from Figure 9 for detection and analysis of activity-based labeling. 

The values are measured by integrating the gray values by ImageJ 1.44. The integrated gray values of 

streptavidin−HRP are normalized to 15-LOX. All of the values were expressed as mean ± standard deviation 

(SD). The results were normalized by three independent experiments (n = 3). *p <0.05 compared to control by 

the two-tailed test. 

As a next step, we investigated dose-dependent inhibition via activity-based labeling 

with the most potent inhibitor 14a and the most classic inhibitor PD-146176. Unfortunately, 

although we observed significant inhibition, we did not observe clear dose-dependent 
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inhibition via activity-based labeling (Figure S2, S3). This can be attributed to the relatively 

large variability in western blot quantifications and the incomplete disappearance of the band 

upon inhibition. In sum, at this point we conclude that the activity-based labeling method 

need further optimization in view of the lack of clear dose-dependent labeling. Nonetheless, 

our results showed that the activity-based labeling has potential for investigation of cellular 

lipoxygenase activity. Importantly, this would provide the first tool to study LOX enzyme 

activity and small molecule inhibition directly in living cells.  

3. Conclusion  

In this paper, we combined the study of inhibition and detection for 15-LOX-1. In the 

first part, compound 14a was developed as a potent 15-LOX-1 inhibitor with a novel 

substituent pattern (IC50 = 0.02 μM). Structure–activity relationships for binding to 15-LOX-1 

were investigated starting from the core scaffold ethyl 6-chloro-1H-indole-2-carboxylate 

(IC50= 3 μM) and previously reported inhibitor Hao-9c (i472). Drugability of the newly 

discovered indole-based 15-LOX-1 inhibitors were also compared to previously reported 

inhibitors. After reporting novel 15-LOX-1 inhibitors, we reported a novel irreversible LOX 

inhibitor 17 (D04) (IC50= 2.6 μM), which was used as chemical tool for one-step activity-

based labeling for 15-lipoxygenase-1. Activity-based studies for 15-LOX-1 inhibitor 

screening were performed on living cells. We demonstrated that the labeling could be 

modulated by application of small molecule 15-LOX-1 inhibitors. The cellular potency of the 

15-LOX-1 inhibition did not seem to be directly correlated to their inhibitory potency for 

overexpressed 15-LOX-1 in bacterial lysates. Nevertheless, we note that we were not able to 

see clear dose-dependent inhibition of labeling. With these efforts, we anticipate the inhibition 

and detection of 15-LOX-1 can contribute to more effective therapeutics to control 

inflammatory diseases, to open up more opportunities for drug discovery and to enable more 

insight in molecular mechanisms of 15-LOX-1 that drive inflammation.  

4. Experimental section 

4.1. General.  

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

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

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

monitored by thin layer chromatography on TLC precoated (250 µm) silica gel 60 F254 
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aluminum foil (EMD Chemicals Inc.). Visualization was achieved using UV light. 

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

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

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

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

reported in ppm. Abbreviations are as follows: s (singlet), d (doublet), t (triplet), q (quartet), 

m (multiplet). Fourier Transform Mass Spectrometry (FTMS) and electrospray ionization 

(ESI) were done on an Applied Biosystems/SCIEX API3000-triple quadrupole mass 

spectrometer. 

4.2. Synthesis and Characterization. 

The inhibitor library was synthesized according to methods shown in Scheme 1 and 2 

including the general methodology. The general procedures for synthesis of the indole (4a-g) 

and indole modification (12a-b) were described before.47  

Synthetic Procedure 1: Weinreb amides. Indole carbonic acid (1.0 equiv.) was added 

to a mixture of HOBt (0.40 equiv.), EDCI (2.0 equiv.) and Et3N (1.0 eq) in CH2Cl2 (20 mL) at 

room temperature for 30 minutes. After the stirring, N,O-dimethylhydroxylamine 

hydrochloride (1.5 equiv.) was added to this reaction mixture that was subsequently stirred at 

room temperature for 4 h. Then the reaction mixture was washed with 1.0 M aqueous HCl 

(5.0 mL), saturated aqueous NaHCO3 (5.0 mL), brine (5.0 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure. The crude product was purified by column 

chromatography eluting with 20% ethyl acetate in petroleum ether to reach a solid product 

with a general yield from 70% to 90%. 

Synthetic Procedure 2: Grignard reaction. The weinreb amide (1.0 equiv.) was 

dissolved in 10 mL of dry tetrahydrofuran (THF) and cooled to 0 °C under N2 atmosphere. 

Subsequently, the relevant Grignard reagent (10.0 equiv.) was added that they are all 

commercially available. Then the reaction mixture was allowed to warm to room temperature 

overnight. The reaction was quenched with saturated NH4Cl solution, extracted with EtOAc, 

dried over MgSO4, filtered, and concentrated under reduced pressure. The crude product was 

purified by column chromatography eluting with 10% ethyl acetate in petroleum ether to 

reach a solid product with a general yield from 30% to 95%. 
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Synthetic procedure 3: Sonogoshira coupling (coupling alkynes and propargyl 

halides). This cross-coupling conditions were chosen based on  methods described previously 

bu us53 and others [add reference]. A mixture of CuI (1.9 equiv), Cs2CO3 (1.3 equiv), 

propargyl alcohol (1.0 equiv) and propargyl halide (1.0 equiv) were suspended in dry DMF 

under nitrogen atmosphere. The yellow suspension was stirred overnight at room temperature. 

The mixture was diluted in water and filtered through a pad of Celite and the organic layer 

was washed with ethyl acetate (30 mL) and brine. Subsequently, the organic layer was dried 

over MgSO4, filtered and concentrated under reduced pressure. The crude product was 

purified using column chromatography with petroleum ether:EtOAc 20:1 (v/v) as eluent to 

obtain a yellowish liquid product with yields around 65%. 

Synthetic procedure 4: Biotinylation. A mixture of EDCl (1.4 equiv), HOBt (1.4 

equiv), Biotin (1.2 equiv), and the bis-alkyne resulting from synthetic procedure 3 (1.0 Equiv) 

were suspended in DMF (4.0 mL), and TEA (1.0 mL). The yellowish suspension was 

stirred overnight at room temperature. The reaction was monitored with TLC. The mixture 

was diluted in water and filtered through a pad of Celite and the organic layer was washed 

with ethyl acetate (30 mL) and brine. Subsequently, the organic layer was dried over MgSO4, 

filtered and concentrated under reduced pressure. The crude product was purified using 

column chromatography with DCM:MeOH 20:1 (v/v) as eluent to obtain the product as a 

white solid with yields around 35%. 

4.2.1. 1-(6-chloro-1H-indol-2-yl)butan-1-one (6a). The product was obtained using general 

procedure 1 and 2. 1H NMR (500 MHz, CDCl3) δ 9.93 (s, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.46 

(m, 1H), 7.20 (m, 1H), 6.47 (dd, J = 8.5, 2.0 Hz, 1H), 2.96 (t, J = 7.0 Hz, 2H), 1.87 (m, 2H), 

1.06 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.34, 137.42, 135.90, 132.09, 

126.14, 123.99, 122.03, 111.96, 108.95, 40.25, 18.49, 13.94. HRMS, calculated for 

C12H13ONCl [M + H]+: 222.06802, found 222.06813. 

4.2.2. 1-(6-bromo-1H-indol-2-yl)butan-1-one (6b). The product was obtained using general 

procedure 1 and 2. 1H NMR (500 MHz, CDCl3)  δ 9.10 (s, 1H), 7.63 (dd, J = 2.0, 1.0 Hz, 1H), 

7.61 (dt, J = 8.5, 1.0 Hz, 1H),  7.28 (d, J = 2.0 Hz, 1H), 7.19 (dd, J = 2.0, 1.0 Hz, 1H), 2.94 (t, 

J = 7.5 Hz, 2H), 1.88 (m, 2H), 1.05 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.40, 

137.77, 135.72, 126.40, 124.53, 124.24, 119.94, 115.05, 108.97, 40.29, 18.47, 13.94. HRMS, 

calculated for C12 H13ONBr [M + H]+: 266.01750, found 266,01764. 
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4.2.3. 1-(6-fluoro-1H-indol-2-yl)butan-1-one (6c). The product was obtained using general 

procedure 1 and 2. 1H NMR (500 MHz, CDCl3)  δ 9.15 (s, 1H), 7.67 (m, 1H), 7.21 (d, J = 2.0 

Hz, 1H), (dt, J = 8.5, 2.0 Hz, 1H), 6.96 (td, J = 8.5, 2.0 Hz, 1H), 2.93 (t, J = 7.5 Hz, 2H), 1.85 

(m, 2H), 1.05 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.22, 124.38, 124.29, 

115.27, 110.76, 110.56, 109.17, 98.06, 97.85, 40.12, 18.57, 13.95. HRMS, calculated for C12 

H13ONF [M + H]+: 206.09757, found 206.09758. 

4.2.4. 1-(6-methoxy-1H-indol-2-yl)butan-1-one (6d). The product was obtained using general 

procedure 1 and 2.1H NMR (500 MHz, CDCl3) δ 9.16 (s, 1H), 7.59 (dd, J = 9.0, 1.0 Hz, 1H), 

7.18 (dd, J = 2.0, 1.0 Hz, 1H), 6.85 (m, 2H), 3.86 (s, 3H), 2.91 (t, J = 7.0 Hz, 2H), 1.85 (m, 

2H), 1.05 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 192.78, 159.56, 138.57, 134.73, 

123.88, 121.92, 112.76, 109.76, 93.58, 55.49, 39.98, 18.79, 14.00. HRMS, calculated for 

C13H16O2N  [M + H]+: 218.11756, found 218.11761.   

4.2.5. 1-(1H-indol-2-yl)butan-1-one (6e). The product was obtained using general procedure 1 

and 2. 1H NMR (500 MHz, CDCl3) δ 9.21 (s, 1H), 7.75 (dd, J = 8.0, 1.0 Hz, 1H), 7.47 (dd, J 

= 8.5, 1.0 Hz, 1H), 7.37 (dd, J = 7.0, 1.0 Hz, 1H), 7.24 (m, 1H), 7.18 (dd, J = 7.0, 1.0 Hz, 1H), 

2.96 (t, J = 7.0 Hz, 2H), 1.87 (m, 2H), 1.06 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) 

δ 193.54, 137.22, 135.31, 127.61, 126.23, 123.04, 120.91, 112.17, 109.11, 40.27, 18.61, 13.97. 

HRMS, calculated for C12H14ON  [M + H]+: 188.10699, found 188.10706.  

4.2.6. 1-(5-chloro-1H-indol-2-yl)butan-1-one(6f). The product was obtained using general 

procedure 1 and 2.1H NMR (500 MHz, CDCl3) δ 9.12 (s, 1H), 7.71 (d, J = 2.0 Hz, 1H), 7.37 

(dt, J = 8.5, 1.0 Hz,  1H), 7.32 (dd, J = 8.5, 2.0 Hz, 1H), 7.15 (dd, J = 2.0, 1.0 Hz, 1H), 2.95 (t, 

J = 7.0 Hz, 2H), 1.84 (m, 2H), 1.05 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.35, 

136.29, 135.34, 134.17, 128.53, 126.68, 122.14, 113.26, 108.14, 40.31, 18.42, 13.93. HRMS, 

calculated for C12H13ONCl [M + H]+: 222.06802, found 222.06812.   

4.2.7. 1-(4-chloro-1H-indol-2-yl)butan-1-one (6g). The product was obtained using general 

procedure 1 and 21H NMR (500 MHz, CDCl3), δ 9.67 (s, 1H),  7.40 (dt, J = 1.0, 8.0 Hz, 1H),  

7.34 (dd, J = 2.0, 1.0 Hz, 1H), 7.28 (m, 1H), 7.19 (dd, J = 8.0, 1.0 Hz, 1H), 3.01 (t, J = 7.0 Hz, 

2H), 1.89 (m, 2H), 1.08 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.68, 137.82, 

135.43, 128.20, 126.71, 126.62, 120.49, 110.95, 107.42, 40.31, 18.46, 13.94. HRMS, 

calculated for C12H13ClNO [M + H]+: 222.06802, found 222.06811. 
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4.2.8. 1-(6-chloro-1H-indol-2-yl)heptan-1-one (7a). The product was obtained using general 

procedure 1 and 21H NMR (500 MHz, CDCl3) δ 9.30 (s, 1H), 7.65 (d, J = 8.5 Hz, 1H), 7.46 (d, 

J = 2.0 Hz, 1H), 7.20 (d, J = 2.0 Hz, 1H), 7.14 (d, J = 8.5, 2.0 Hz, 1H), 2.96 (t, J = 7.5 Hz, 

2H), 1.81 (m, 2H), 1.53-1.34 (M, 6H), 0.93 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) 

δ 193.50, 137.42, 135.86, 132.08, 126.14, 123.99, 122.02, 111.97, 108.92, 39.31, 29.09, 25.05, 

23.45, 22.68, 14.12. HRMS, calculated for C15H19ONCl [M + H]+: 264.11497, found 

264,11511.  

4.2.9. ethyl (E)-6-bromo-3-(3-((2-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-2-

carboxylate (13b). The product was obtained using general procedure 1 and 2. 1H NMR (500 

MHz, DMSO-d6) 12.29 (s, 1H), 8.38 (t, J = 6.0 Hz, 1H), 8.32 (d, J = 16.5 Hz, 1H), 8.02 (d, J 

= 9.0 Hz, 1H), 7.70 (d, J = 1.5 Hz, 1H), 7.38 (dd, J = 8.5, 1.5 Hz, 1H), 7.29-7.24 (m. 2H), 

7.01-6.99 (m. 2H), 6.94 (td, J = 7.0, 1.0 Hz, 1H ), 4.42 (q, J = 7.0 Hz, 2H), 4.39 (d, J = 6.0 Hz, 

2H), 3.82 (s, 3H), 1.39 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.97, 161.25, 

157.27, 137.95, 131.45, 128.77, 127.33, 127.10, 124.81, 124.19, 124.07, 123.16, 120.65, 

118.68, 117.37, 116.02, 111.03, 104.24, 61.60, 55.87, 38.01, 14.67. HRMS, calculated for 

C22H22O4N2Br  [M + H]+: 457.07575, found 457.07579. 

4.2.10. (E)-3-(2-butyryl-6-chloro-1H-indol-3-yl)-N-(2-methoxybenzyl) acrylamide 

hydrochloride (14a). The product was obtained using general procedure 1 and 2. 1H NMR 

(500 MHz, DMSO-d6) 12.22 (s, 1H), 8.40 (t, J = 5.5 Hz, 1H), 8.25 (d, J = 16.5 Hz, 1H), 8.00 

(d, J = 8.5 Hz, 1H), 7.71 (d, J = 1.5 Hz, 1H), 7.37 (dd, J = 8.5, 1.5 Hz, 1H), 7.28 (m, 2H), 

7.02  (d, J = 8.0 Hz, 1H), 6.97 (d, J = 16.5 Hz, 1H), 6.94 (t, J = 7.0 Hz, 1H), 4.39 (d, J = 5.5 

Hz, 2H), 3.85 (s, 3H), 3.01 (t, J = 7.5 Hz, 2H), 1.70 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 194.15, 165.97, 157.27, 137.85, 134.50, 132.00, 128.78, 

128.75, 127.09, 124.89, 124.40, 124.35, 124.01, 120.67, 118.83, 116.26, 116.02, 111.04, 

55.80, 42.79, 38.01, 17.45, 14.05. HRMS, calculated for C23H24O3N2Br [M + H]+: 455.09648, 

found 455.09686. HRMS, calculated for C23H24O3N2Cl [M + H]+: 411.14700, found 

411.14706. 

4.2.11. (E)-3-(6-bromo-2-butyryl-1H-indol-3-yl)-N-(2-methoxybenzyl)acrylamide (14b). The 

product was obtained using general procedure 1 and 2. 1H NMR (500 MHz, DMSO-d6) 10.94 

(s, 1H), 8.14 (d, J = 15.5 Hz, 1H), 7.77 (d, J = 8.5 Hz, 1H), 7.39 (s, 1H), 7.24 (m, 1H), 7.16 (t, 

J = 7.5 Hz, 1H), 7.00 (m, 2H), 6.83 (t, J = 7.5 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.61 (d, J = 

15.5 Hz, 1H), 4.48 (d, J = 5.0 Hz, 2H), 3.78 (s, 3H), 2.91 (t, J = 7.0 Hz, 2H), 1.70 (m, 2H), 
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0.93 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 194.16, 165.99, 157.28, 137.48, 

134.69, 132.03, 130.60, 130.09, 128.80, 128.76, 127.10, 125.49, 124.17, 122.39, 120.66, 

116.26, 113.11, 111.05, 55.87, 42.77, 38.01, 17.46, 14.06. HRMS, calculated for 

C23H24O3N2Br [M + H]+: 455.09648, found 455.09686. 

4.2.12. octa-2,5-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate 

(15). The product was obtained using general procedure 3 and 4 with a yield of 23%. 1H NMR 

(500 MHz, CDCl3) δ 5.74 (s, 1H), 5.25 (s, 1H), 4.70 (m, 2H), 4.54 (m, 1H), 4.35 (m, 1H), 

3.22 (t, J = 2.5 Hz, 2H), 3.18 (m, 1H), 2.80 (m, 1H), 2.58 (m, 1H), 2.43 (t, J = 7.5 Hz, 2H), 

2.19 (qt, J = 7.5, 2.5 Hz, 2H), 1.74 (m, 2H), 1.47 (m, 2H), 1.14 (t, J = 7.5 Hz, 3H).13C NMR 

(126 MHz, CDCl3) δ 172.93, 163.60, 82.63, 81.91, 74.13, 72.31, 61.95, 60.17, 55.37, 52.53, 

40.57, 33.63, 28.28, 28.21, 24.64, 13.83, 12.36, 9.91.  HRMS, calculated for C18H25N2O3S  

[M + H]+: 349.15804, found 349.15802.  

4.2.13. nona-3,6-diyn-2-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate 

(16). The product was obtained using general procedure 3 and 4 with a yield of 10%. 1H NMR 

(500 MHz, CDCl3) δ 5.50 (s, 1H), 4.69 (s, 1H), 4.55 (m, 2H), 4.36 (m, 1H), 4.15 (m, 1H), 

3.20 (t, J = 2.0 Hz, 2H), 3.19 (m, 1H), 2.92 (m, 1H), 2.68 (m, 1H), 2.37 (m, 2H), 2.19 (qt, J = 

7.5, 2.0 Hz, 2H), 1.71 (m, 5H), 1.50 (d, J = 6.5 Hz, 3H), 1.14 (t, J = 7.0 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 172.50, 163.30, 61.91, 60.51, 60.12, 55.36, 55.34, 40.57, 33.92, 33.89, 

29.72, 28.25, 24.79, 24.69, 24.67, 21.51, 13.83, 12.38, 9.83. HRMS, calculated for 

C19H27N2O3S  [M + H]+: 363.17369, found 363.17373.  

4.2.14. undeca-2,5-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanoate (17). The product was obtained using general procedure 3 and 4 with a yield of 

35%. 1H NMR (500 MHz, CDCl3) δ 6.16 (s, 1H), 5.55 (s, 1H), 4.55 (m, 2H), 4.52 (m, 1H), 

4.32 (m, 1H), 3.21 (t, J = 2.0 Hz, 2H), 3.17 (m, 1H), 2.90 (m, 1H), 2.75 (m, 1H), 2.39 (td, J = 

7.5, 1.5 Hz, 2H), 2.16 (tt, J = 7.5, 2.5 Hz, 2H), 1.69 (m, 4H), 1.48 (m, 4H), 1.35 (m, 4H), 0.90 

(t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.07, 163.78, 81.93, 81.38, 74.12, 72.88, 

61.96, 60.14, 55.51, 52.49, 40.57, 33.71, 31.06, 28.37, 28.30, 28.22, 24.71, 22.20, 18.65, 

13.99, 9.92. HRMS, calculated for C21H31N2O3S  [M + H]+: 391.20499, found 391.20495.  

4.2.15. undeca-5,8-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanoate (18). The product was obtained using general procedure 3 and 4 with a yield of 

15%. 1H NMR (500 MHz, CDCl3) δ 5.62 (s, 1H), 5.32 (s, 1H), 4.51 (m, 1H), 4.31 (m, 1H), 

4.07 (m, 2H), 3.15 (m, 1H), 3.11 (s, 2H), 2.88 (m, 1H), 2.71 (m, 1H) 2.32 (t, J = 7.5 Hz, 1H), 



 

150  

2.19 (m, 4H), 1.70 (m, 6H), 1.55 (m, 2H), 1.45 (m, 2H), 1.11 (t, J = 7.5 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 173.83, 163.52, 82.05, 79.83, 75.24, 73.84, 64.13, 62.07, 60.24, 55.49, 

40.69, 34.04, 28.49, 28.40, 27.95, 25.31, 24.93, 18.55, 14.02, 12.52, 9.82. HRMS, calculated 

for C21H31N2O3S  [M + H]+: 391.20499, found 391.20501.  

4.2.16. hexadeca-5,8-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl) 

pentanoate (19). The product was obtained using general procedure 3 and 4 with a yield of 

9%. 1H NMR (500 MHz, CDCl3) δ 5.20 (s, 1H), 4.90 (s, 1H), 4.55 (m, 1H), 4.35 (m, 1H), 

4.11 (m, 2H), 3.19 (m, 1H), 3.15 (m, 2H), 2.92 (m, 1H), 2.74 (m, 1H), 2.36 (t, J = 7.5 Hz, 2H), 

2.24 (tt, J = 7.0, 2.5 Hz, 2H), 2.18 (tt, J = 7.0, 2.5 Hz, 2H), 1.79-1.67 (m, 6H), 1.61-1.31 (m, 

10H), 0.92 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.70, 163.41, 80.68, 79.67, 

75.17, 74.30, 64.02, 61.95, 60.14, 55.33, 40.57, 33.89, 31.09, 28.46, 28.36, 28.27, 27.81, 

25.19, 24.78, 22.23, 18.71, 18.43, 14.01, 9.73. HRMS, calculated for C24H37N2O3S  [M + H]+: 

433.25194, found 433.25194.  

4.2.17. prop-2-yn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate 

(20). The product was obtained using general procedure 4 with a yield of 47%. 1H NMR (500 

MHz, CDCl3) δ 6.24 (s, 1H), 5.75 (s, 1H), 4.68 (s, 2H), 4.51 (m, 1H),  4.31 (m, 1H),  3.16 (qt, 

J = 7.0, 1.5 Hz, 1H), 2.90 (m, 1H), 2.76 (m, 1H), 2.50 (t, J = 3.0 Hz, 1H), 2.40 (t, J = 7.5 Hz, 

2H), 1.77-1.64 (m, 4H), 1.47 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 172.88, 163.96, 77.80, 

74.94, 61.97, 60.14, 55.53, 51.88, 40.59, 33.62, 28.31, 28.22, 24.66. HRMS, calculated for 

C13H19N2O3S  [M + H]+: 283.11109, found  283.11106.  

4.2.18. hex-2-yn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate (21). 

The product was obtained using general procedure 4 with a yield of 67%. 1H NMR (500 MHz, 

CDCl3) δ 5.35 (s, 1H), 4.92 (s, 1H), 4.54 (m, 2H), 4.35 (m, 1H), 4.25 (m, 1H), 3.19 (m, 1H), 

2.93 (m, 1H), 2.77 (m, 1H),  2.41 (d, J = 7.5 Hz, 2H), 2.22 (tt, J = 7.0, 2.0 Hz, 2H), 1.79-1.67 

(m, 4H), 1.61-1.43 (m, 4H), 1.00 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.05, 

164.18, 87.46, 74.15, 61.97, 60.15, 55.58, 52.71, 40.54, 33.70, 28.32, 28.19, 24.67, 21.83, 

20.69, 13.46. HRMS, calculated for C16H25N2O3S  [M + H]+: 325.15804, found 325.15807.  

4.3. 15-LOX-1 enzyme inhibition studies.  

The 15-LOX-1 enzyme was expressed and purified as described before.49 Furthermore, 

the 15-LOX-1 enzyme activity studies were done using procedures previously described by 

our group as well.46 15-LOX-1 activity was determined by the conversion of linoleic acid to 
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hydroperoxy-9Z,11E-octadecadienoic acid (λmax of 234 nm) in a 96-well plate. The 

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

evaluated at the linear part of the plot, which covers the first 16 min. The optimum 

concentration of 15-LOX-1 was determined by an enzyme activity assay and proved to be a 

40-fold dilution. The assay buffer consists of 25 mM HEPES titrated to pH 7.4. The substrate, 

linoleic acid (LA) (Sigma-Aldrich, L1376), was dissolved in ethanol to a concentration of 500 

μM. The absorbance increased at 234 nm over time for the conversion of linoleic acid in the 

presence (positive control) of the enzyme, or remained constant in the absence (blank control) 

of the enzyme.  

To determine IC50 values, 140 μL of the inhibitors (0 – 71 µM, 2 × dilution series) 

were incubated with 50 μL of 1:40 dilution of the enzyme solution for 10 min at room 

temperature in 96-well plate. After 10 min incubation, 10 μL of 500 μM LA was added to the 

mixture, which resulted in desired concentrations of the inhibitors (0 – 50 µM, dilution series 

of two-fold dilutions), a final dilution of the enzyme of 1:160 and 25 nM LA. The linear 

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

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

least in triplicate. The average values and their standard deviations were plotted. Data analysis 

was performed using Microsoft Excel professional plus 2013 and GraphPad Prism 5.01. 

4.4 Western Blotting of activity-based labeling 

 RAW 264.7 cells were seeded into a 6-well plate containing 10 ×105 cells per well 

with DMEM medium. Cells were treated with or without inhibitor for 2 hours. Inhibitors and 

probe are prepared as 10 mM stock in DMSO beforehand. Afterwards, the cells were treated 

with probe D04 for another 2 hours. As a next step, all cells are collected by scraper and cell 

lysates was obtained by 5 seconds sonicating in assay buffer that consists of 25 mM HEPES 

titrated to pH 7.4. In the end, all supernatants of cell lysates were collected for western 

blotting and the concentrations of protein are measured by NanoDrop. 

Raw 264.7 cell were cultured in DMEM high glucose medium supplemented with 1% 

penicillin/streptomycin, 10% fetal bovine serum (FBS) (Costar Europe, Badhoevedorp, The 

Netherlands) at 37 °C with 5% CO2. For the activity-based labeling assay, cells were seeded 

into a 6-well plate at a density of 7x105 cells per well and cultured overnight. Afterward, cells 

were treated with or without appropriate inhibitor for 2 hours, followed by the treatment with 

probe D04 for another 2 hours. After this procedure, cells were harvested under non-
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denaturing conditions with an assay buffer containing 25 mM visualize (Sigma-Aldrich, 

Zwijndrecht, The Netherlands), 1X Protease Inhibitor Cocktail (Thermo Fisher Scientific, 

Waltham, MA, USA), pH 7.4, and sonicated 5 seconds to reduce the viscosity. Next, insoluble 

residues were pelleted and removed by centrifuging at 16,000 RDF, 4°C for 20 min. The 

protein concentration was determined by NanoDrop. Thirty micrograms protein of each 

sample was loaded onto a pre-cast 5–15% SDS-PAGE (Bio-Rad, Hercules, CA, USA). Later, 

proteins were transferred to a polyvinylidene difluoride (PVDF) membrane, followed by 

blocking with 5% (w/v) skimmed milk in 0.1% (v/v) PBST at room temperature (RT) for 1 hr. 

The blocked membrane was cut at the size of around 50 kDa. The upper part and the lower 

part was incubated with HRP-conjugated Streptavidin (#ab7403, 1:2000) (Abcam, Cambridge, 

UK) and anti-β actin (#4967, 1:10000) (Cell Signaling, Leiden, The Netherlands), 

respectively. The lower part was then incubated with an HRP-conjugated secondary goat anti-

rabbit antibody (#P0448, 1:2000) (DakoCytomation, Glostrup, Denmark) at RT for 1 hour. 

The membranes were visualized with enhanced chemiluminescence (ECL) solution (GE 

Healthcare, Amersham, UK). Images were captured by a chemi genius II bio-imaging system. 
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Supporting Information 

Figure S1. MTS assay of compound 17 (D04).  

The cytotoxicity was determined by MTS assay. Compound 17 (D04) was incubated 

with RAW 264.7 cells at concentration from 0.1 μM to 100 μM for 24 hours. All the values 

were expressed as means ± SD (n = 3).  
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Figure S2. Dose dependent labeling and quantification for compound PD-146176. 
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Figure S3. Dose dependent labeling and quantification for compound 14d. 
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Figure S4. Original western blot of 15-LOX-1 based labeling. Detection of 15-LOX-1 and β-

actin was performed on one blot with two different method. As to first method, the membrane 

of western blot was firstly incubated with the antibody of β-actin. Next, the membrane was 

washed by PBST which was followed by the incubation of 15-LOX-1 antibody. In the end, 

the integrated membrane was used for exposure. As to the second method that was with a 

dashed line, the membrane of western blot was cut in half that they were incubated with 15-

LOX-1 antibody or β-actin antibody separately. At last, these two parts were put back 

together and used for exposure that there can be a gap in between. Overall, there was no extra 

image processing for the image of western blot, such as image cut and all original images 

were shown below.     

1. Dose- and time-dependent labeling of 15-LOX-1 with compound 17 (D04).  

 

2. On blot detection of 15-LOX-1. In one blot, different supernatants were collected as control. 

One sample was treated with D04, 2% NaOH and beads (right), Mid sample is only treated 

with D04 and beads, but not 2% NaOH. Another sample on the left is only incubated with 

beads. 
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3. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure 8. 
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4. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure 10. 

 

5. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure S2. 
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6. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure S3. 

 

7.  Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe on 

different cell lines.  

RAW 264.7 macrophages and HeLa cells were treated with PD-146176 (5 μM), 

Bacalein, Eleftheriadis-14d (5 μM), Zileuton (5 μM). Afterwards RAW 264.7 macrophages 

were treated with compound 17 (D04) at 50 μM for 2 hours; positive control (with probe and 

without inhibitor); negative control (without probe and inhibitor). Incubation was performed 

with streptavidin−HRP. 

             RAW 264.7 macrophages                                     HeLa cells 
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