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Abstract 
 
Human platelet 12-(S)-Lipoxygenase (12-LOX) is a fatty acid metabolizing oxygenase that plays 
an important role in platelet activation and cardiometabolic disease. ML355 is a specific 12-
LOX inhibitor that has been shown to decrease thrombosis without prolonging hemostasis and 
protect human pancreatic islets from inflammatory injury. It has an amenable drug-like scaffold 
with nM potency and encouraging ADME and PK profiles, but its binding mode to the active site 
of 12-LOX remains unclear. In the current work, we combined computational modeling and 
experimental mutagenesis to propose a model in which ML355 conforms to the “U” shape of the 
12-LOX active site, with the phenyl linker region wrapping around L407. The benzothiazole of 
ML355 extends into the bottom of the active site cavity, pointing towards residues A417 and 
V418. However, reducing the active site depth alone did not affect ML355 potency. In order to 
lower the potency of ML355, the cavity needed to be reduced in both length and width. In 
addition, H596 appears to position ML355 in the active site through an interaction with the p-
methoxy catechol moiety of ML355. Combined, this binding model suggested that the 
benzothiazole of ML355 could be enlarged. Therefore, a naphthyl-benzothiazole derivative of 
ML355, Lox12Slug001, was synthesized and shown to have 7.2-fold greater potency than 
ML355. This greater potency is proposed to be due to additional van der Waals interactions and 
pi-pi stacking with F414 and F352. Lox12Slug001 was also shown to be highly selective against 
12-LOX relative to the other LOX isozymes and more importantly, it showed activity in rescuing 
human islets exposed to inflammatory cytokines with comparable potency to ML355. Further 
studies are currently being pursued to derivatize ML355 in order to optimize the additional space 
in the active site, while maintaining acceptable drug-like properties. 
 
 
 
 
Key words: Human platelets, 12-Lipoxygenase, ML355, drug discovery, optimization, 
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1. Introduction 
 
Human Platelet-type 12-(S)-lipoxygenase (12-LOX, ALOX12) is a non-heme iron-containing 
oxygenase that catalyzes the regio- and stereo-specific addition of molecular oxygen to 
polyunsaturated fatty acids (PUFA).[1] 12-LOX belongs to a family of enzymes that also include 
5-LOX (ALOX5) and 15-LOX (ALOX15 and ALOX15b), which oxygenate arachidonic acid 
(AA) at their corresponding carbon positions. The hydroperoxyeicosatetraenoic acid (HPETE) 
product is subsequently reduced by cellular peroxidases to form the hydroxyeicosatetraenoic acid 
(HETE), which in the case of 12-LOX is 12-(S)-HETE.[2] 
 
Although 12-LOX is highly expressed in platelets (~14,000 molecules per platelet), it is also 
expressed in some hematopoietic, solid tumors and pancreatic islets.[3-5]  To date, 12-LOX is 
the only LOX isoform identified to be present in platelets, and its activity is crucial for a number 
of platelet functions, including granule secretion, platelet aggregation, and normal adhesion 
through specific agonist-mediated pathways, such as collagen and the thrombin receptor, 
PAR4.[6]  Normal platelet activation plays a central role in the regulation of hemostasis, but 
uncontrolled activation can lead to pathologic thrombotic events, such as ischemic coronary 
heart disease.[7-13] Although currently approved antiplatelet drugs, such as Ticlopidine , 
Clopidogrel, Prasugrel, Abciximab, Eptifibatide, Tirofiban and Dipyridamole have significantly 
decreased the morbidity and mortality of ischemic heart disease, their efficacy is limited by the 
subsequent increased risk of severe bleeding.[14] This limitation has motivated the development 
of new approaches for limiting platelet activation, and a number of new platelet targets are 
currently being investigated for their potential to limit clot formation, such as thrombin receptor 
(PAR1), αIIbβ3 and GPVI antagonists (reviewed by Holinstat and coworkers).[14] In addition to 
these new platelet targets, we propose that since 12-LOX is a key pro-thrombotic enzyme within 
the platelet, it may also be an effective approach to anti-platelet therapy.[6, 15, 16]  
 
The relationship of the mouse form of ALOX12 to the development of diabetes has been 
validated in genetic deletion studies, where global deletion of the gene led to significant 
protection (>98%) from diabetes development in both the streptozotocin (STZ) and spontaneous 
non-obese diabetic (NOD) mouse models (reviewed in [5]). The 12-LOX inhibitor, ML355, has 
facilitated dissection of the contribution of these pathways to inflammation-mediated beta cell 
dysfunction. Exposure of beta cell lines and primary islets to pro-inflammatory cytokines (PIC; 
TNF-α, IL-1β, IFN-γ) results in compromised beta cell function and survival. The effects of PICs 
can be reproduced with direct addition of 12-HETE. This implied role for 12-LOX activation as 
a mediator of beta cell dysfunction was validated with the use of ML355 in human islets. The 
markers of beta cell function and survival were preserved in the presence of PICs and in islets 
from people with Type-2 diabetes. Such a strategic approach would slow the progression of 
diabetes as a mono-therapy, or reverse diabetes as a combinatorial therapeutic approach when 
coupled with an islet regeneration strategy. This could be utilized in either endogenous beta cell 
stimulation or exogenous repopulation (cell transplantation/encapsulation/xenotransplantation 
etc.). 12-LOX is also expressed in central adipose tissue from human samples of obese 
individuals, which could reflect opportunities to target 12-LOX to reduce metabolic and vascular 
complications due to obesity and diabetes. 
 



Few potent and selective 12-LOX inhibitors have been reported in the literature.[5] Initially, 
selective 12-LOX inhibitors were found in natural sources, such as hinokitiol,[17] 
bromophenols[18] and isoflavanones,[19] but they had liabilities for further development into 
drugs. High-throughput screening produced a number of selective inhibitors,[20, 21] including 
N-benzo[d]thiazol-2-yl)-4((2-hydroxy-3 methoxybenzyl)-amino) benzenesulfonamide 
(ML355).[22] ML355 is a non-reductive, reversible, mixed-type 12-LOX inhibitor with nM 
potency and excellent selectivity over related enzymes, including 5-LOX, 15-LOX-1, 15-LOX-2, 
COX1, and COX2. ML355 also has encouraging in vitro absorption, distribution, metabolism 
and excretion (ADME) and in vivo pharmacokinetic (PK) profiles. In vitro studies have shown 
that ML355 reduces platelet aggregation in response to low dose platelet activators[23] and oral 
administration of ML355 in mice limits thrombosis formation without significant prolongation 
of hemostasis.[24] ML355 also inhibits platelet activation mediated by the immune receptor, 
FcγRIIa,[23] which is required for immune-mediated thrombocytopenia, such as heparin-induced 
thrombocytopenia (HIT). ML355 has been used to delineate the role of 12-LOX in 
hemostasis,[23] and improves human islet function after cytokine treatment in vitro.[5, 25] These 
studies indicate that ML355 could represent a viable approach to decrease platelet reactivity 
following vascular insult or injury, while minimizing the increased risk of bleeding that is 
concomitant with antiplatelet therapy.[26] Unfortunately, no structure of ML355 bound to 12-
LOX has been published yet, therefore, we have employed site-directed mutagenesis and 
molecular modeling to elucidate a binding model of ML355 to its target 12-LOX, and utilize that 
information to guide the synthesis of a novel 12-LOX inhibitor. This novel inhibitor has 7.2-fold 
improved potency and equivalent cellular activity in human islets relative to ML355 and 
indicates possible avenues for improved analogues to ML355.  
     
 
2. Experimental procedures 
 
2.1. Chemicals 
 

Fatty acids used in this study were purchased from Nu Chek Prep, Inc. (MN, USA). All other 
solvents and chemicals were reagent grade or better and were used as purchased without further 
purification. 
 
2.2. Molecular modeling  
 

A homology model of the human platelet 12-LOX catalytic domain (Uniprot accession P18054) 
was built based on the porcine leukocyte 12(S)-LOX structure (PDB ID: 3RDE, sequence 
identity 65%), using the software Prime (version 6.0 , Schrodinger Inc.). During homology 
modeling, the metal ion (Fe3+), the iron coordinated hydroxide ion and the co-crystallized ligand, 
3-{4-[(tridec-2-yn-1-yloxy) methyl] phenyl} propanoic acid, from the porcine 12(S)-LOX 
structure were retained. In the published structure, a water is shown coordinating the metal ion; 
for our modeling purposes, we assigned iron to the ferric (Fe3+) oxidation state, with a 
coordinating hydroxide to mimic the catalytically-competent state and complete the octahedral 
symmetry [27].  The human 12-LOX model was subsequently energy minimized using Protein 



Preparation Wizard (Schrodinger Inc). During this step, hydrogen atoms were added and 
optimized to make better hydrogen bonding interactions, and all heavy atoms were energy 
minimized with a restraint such that they did not move beyond 0.3 Å from their starting 
positions.  The structure of ML355 was prepared using Edit/Build panel of Maestro software 
(version 12.4, Schrodinger Inc.) and energy minimized using LigPrep software (Schrodinger 
Software Suite 2020-2).   
 
Initially, we docked ML355 to the wild-type (wt) protein using the docking software Glide 
(version 8.7, Schrodinger Inc.), consisting of grid preparation and virtual screening.  We used the 
coordinates of the co-crystallized ligand from the porcine 12-LOX homolog to define the grid 
center.  Following grid preparation, we docked ML355 to the 12-LOX active site using standard-
precision (SP) scoring function.  Only the ligand was treated flexibly during docking. 
 
Starting from the wt protein structural model, we made each mutant protein using the Mutate 
Residue option in the Build panel of the Maestro software.  After making the virtual mutation, 
we predicted sidechain conformation of the mutated residue using the software Prime (version 
6.0, Schrodinger Inc.).  During the sidechain prediction step, except for the metal and the 
hydroxide ions, all the other modeled compounds were removed from the active site.  The 
protein was held rigid and only the conformation of the mutated residue was optimized.  We then 
used the coordinates of ML355 docked to the wt protein to define the docking grid center for 
each mutant protein.  After the grid preparation step, ML355 was docked to the mutant proteins 
using Glide with the SP scoring function.    
 
2.3. Site-directed mutagenesis 
 

Based on the ML355 binding mode predicted by the modeling, we selected all residues within 5 
Å of any atom of ML355 for experimental mutagenesis. The selected residues were replaced 
with amino acids with either bulkier or smaller side chains in order to determine what specific 
interactions play a role in inhibitor binding.  The following mutations were made:  F352L, 
I399L, I399M, E356A, E356K, L361M, R402L, A403S, L407A, L407G, I413A, F414L, A417I, 
V418M, A417I/V418M, Q547L, and L597M. The numbering refers to the UniProt accession 
number P18054 sequence, with the N-terminal methionine assigned as amino acid number one.  
The primers for all mutants were designed using the online QuikChange Primer Design tool 
(http://www.genomics.agilent.com/primerDesignProgram.jsp) from Agilent Technologies (CA, 
USA). The mutations were introduced by using the QuikChange®II XL site-directed mutagenesis 
kit from Agilent, following the instructions in the protocol provided. The mutations were 
confirmed by sequencing the 12-LOX insert in the pFastBac1 shuttle vector (Eurofins Genomics, 
KY, USA). 
   
2.4. Protein expression and purification 
 

The expression and purification of 12-LOX (UniProt entry P18054) and all mutants used in this 
study were performed as described previously[28]. Briefly, the wild type 12-LOX (wt-12-LOX) 
enzyme and its mutants were expressed as fusion proteins, with an N-terminal 6xHis tag, and 
were affinity purified by nickel-iminodiacetic acid agarose using FPLC (Biorad). For inhibitor 
selectivity, human 5-LOX (h5-LOX, UniProt entry P09917), human reticulocyte 15-LOX-1 
(h15-LOX-1, UniProt entry P16050) and human epithelial 15-LOX-2 (h15-LOX-2, UniProt 



entry O15296) were also isolated, as previously described.[19, 29, 30] The purity of all the 
proteins, except h5-LOX, was greater than 90% as determined by SDS-PAGE analysis. h5-LOX 
was an ammonium sulfate fraction due to the extensive loss of activity upon purification.[31]  
 
2.5. Determination of iron content using ICP-MS 
 

The iron content of wt12-LOX and the mutant enzymes that exhibited a significant change in 
their IC50 values was determined by a Thermo Element XR inductively-coupled plasma mass 
spectrometer (ICP-MS), using cobalt (EDTA) as an internal standard. Iron concentrations were 
compared with standardized iron solutions and all kinetic data were normalized to the iron 
content. The Bradford assay, with bovine serum albumin (BSA) as the protein standard, was 
used to determine the protein concentration.  
 
2.6. Steady-state kinetics 
 

The kinetic rates of wt12-LOX and mutant enzymes that exhibited more than 3.5-fold increase in 
the IC50 values were determined by monitoring the formation of the conjugated diene product, 
12(S)-HpETE (e = 25,000 M-1cm-1) at 234 nm, with a Perkin-Elmer Lambda 40 UV/Vis 
spectrophotometer. The reactions were initiated by adding the appropriate amount of enzyme to a 
2 mL reaction mixture containing 1-20 µM AA, 25 mM HEPES buffer (pH 8.0), 0.01% Triton 
X-100, at 23°C, with constant stirring using a magnetic bar.  Kinetic data were obtained by 
recording initial enzymatic rates at each substrate concentration and then fitting them to the 
Michaelis-Menten equation using KaleidaGraph (Synergy) to determine the kcat and kcat/KM 
values.  
 
2.7. UV-Vis-based IC50 assay for lipoxygenase isozymes 
 

IC50 values of ML355 and Lox12Slug001 against 12-LOX and its mutants were determined in a 
similar manner as the steady state kinetic values. The percent inhibition was determined by 
comparing the enzyme rates of the control (DMSO solvent) and the inhibitor sample by 
following the formation of the conjugated diene product at 234 nm (ε = 25,000 M-1cm-1).  The 
reactions were initiated by adding 200 nM 15-LOX-2, 30 nM 12-LOX, 40 nM 15-LOX-1, or 
approximately 100 - 300 nM (total protein) of 5-LOX ammonium sulfate fraction to a cuvette 
with 2 mL reaction buffer, constantly stirred using a magnetic stir bar at room temperature (22 
ºC).  Reaction buffers used for various LOX isozymes were as follows: 25 mM HEPES (pH 7.3), 
0.3 mM CaCl2, 0.1 mM EDTA, 0.2 mM ATP, 0.01% Triton X-100, 10 μM AA for the crude, 
ammonium sulfate precipitated 5-LOX; and 25 mM HEPES (pH 7.5), 0.01% Triton X-100, 10 
μM AA for 15-LOX-2, 15-LOX-1, and 12-LOX.  The substrate concentration was quantitatively 
determined by allowing the enzymatic reaction to go to completion in the presence of soybean 
LOX-1.  IC50 values were obtained by determining the % inhibition, relative to solvent vehicle 
only, at various inhibitor concentrations.  The data were then plotted against inhibitor 
concentration, followed by a hyperbolic saturation curve fit (assuming total enzyme 
concentration [E] << IC50).  It should be noted that all of the potent inhibitors displayed greater 
than 80% maximal inhibition, unless otherwise stated in the tables. All inhibitors were stored at 
‒20 °C in DMSO. 
 
2.8. Synthesis of 4-((2-hydroxy-3-methoxybenzyl)amino)-N-(naphtho[1,2-d]thiazol-2-
yl)benzenesulfonamide (Lox12Slug001) 



 

General Methods for Chemistry.  
 
All air or moisture sensitive reactions were performed under positive pressure of nitrogen with 
oven-dried glassware. Chemical reagents and anhydrous solvents were obtained from 
commercial sources and used as-is.  The analog for assay has purity greater than 95% and 1H and 
13C NMR spectra were recorded on Bruker Avance III HD 500MHz NMR spectrometer.  
 
General Synthetic Procedures. The synthesis of the ML355 derivatives were achieved with the 
following steps (Scheme 1). 
 
Step 1. To a stirred solution of naphtho[1,2-d]thiazol-2-amine (1eq.) in pyridine (6 eq.) was added 
N-acetylsulfanilyl chloride (1.1 eq.) in three equal parts. The reaction mixture was heated for 4 hrs 
at 100 °C and allowed to cool to room temperature. The reaction mixture was then allowed to sit 
at room temperature for 2 hrs, and afterwards was poured into EtOAc and 1N HCl(aq.) in a separation 
funnel. A white solid was formed in the EtOAc layer, which was collected by filtration, washed 
with cold ethanol, and dried under reduced pressure overnight to give the desired acetamide 
product (yield: 58 %).  
  
Step 2. To a stirred solution of the acetamide product (1 eq.) in MeOH ( 2 mL) was added 4M HCl 
in dioxane (1.5 eq.). The reaction was heated for 2 hrs at 100 °C and then cooled to room 
temperature. The reaction mixture was then concentrated with a rotavap to get the white solid 
amine product (yield: 92%). 
 
Step 3. The amine product (1 eq.) in anhydrous ethanol (1mmol of amine product in 5 mL) was 
added to TEA (2eq.) and stirred for 1 hr at room temperature. 2-hydroxy-3-
methoxybenzaldehyde (1.2 eq.) was then added to the reaction mixture and refluxed overnight. 
The reaction mixture was then cooled to room temperature before sodium borohydride (3 eq.) 
was added and stirred for 2hrs. The reaction was quenched with MeOH and water until it stopped 
bubbling. The white solid was collected by filtration, washed with cold EtOH and then dried 
under vacuum. The crude solid was purified by RP-18 column chromatography (3 column 
volumes of 20% MeOH w/0.1% NH4OH in water to wash out the impurity then elute out the 
product with 50% MeOH w/0.1% NH4OH in water) to give the desired final product (yield: 28 
%).  
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 Scheme 1. Synthesis of 4-((2-hydroxy-3-methoxybenzyl)amino)-N-(naphtho[1,2-d]thiazol-2-yl)benzenesulfonamide 

(Lox12Slug001). 
 

  
 
 
 
 
 
4-((2-hydroxy-3-methoxybenzyl)amino)-N-(naphtho[1,2-d]thiazol-2-yl)benzenesulfonamide 
1H NMR (500 MHz, DMSO-d6) δ 8.69 (s, 1H), 8.34 (d, J = 5 Hz, 1H), 7.93 (s, 1H), 7.77 (s, 1H), 
7.53 (d, J = 10 Hz, 4H), 6.81 (d, J = 10 Hz, 1H), 6.73 (d, J = 10 Hz, 1H), 6.66 (t, J = 5 Hz, 1H), 
6.57 (d, J = 5 Hz, 2H), 4.21 (d, J = 10 Hz, 2H), 3.77 (s, 3H), Figure S1. 13C NMR (500 MHz, 
DMSO-d6) δ 147.1, 143.5, 131.3, 127.6, 127.5, 127.3, 125.6, 119.8, 119.1, 118.4, 110.3, 110.1, 
55.6, 40.6, Figure S2.      
 
2.9. Culture of Human Islets  
Human islets from nondiabetic donors were received from the Integrated Islet Distribution 
Program or Prodo Laboratories (Aliso Viejo, CA) (Table 1). Characteristics of islets and donors 
are summarized in the below table. Islets were incubated in CMRL-1066 medium supplemented 
with 10% fetal bovine serum and 1% Pen-Strept overnight at 37°C in 5% CO2 for recovery from 
shipment. On the next day, islets were transferred to CMRL-1066 supplemented with 5% fetal 
bovine serum and 1% Pen-Strept. A portion of the islets were randomly selected and incubated 
with a mixture of human PICs, 0.57 mmol/L tumor necrosis factor α, 5.9 mmol/L interferon-γ, 
and 0.29 mmol/L IL-1β (all from BD Biosciences, San Jose, CA) in the presence or absence of 1 
μmol/L  Lox12Slug001. The Lox12Slug001 was added 30 minutes before the addition of pro-
inflammatory cytokines (PIC)[25]. 
Table 1. Characteristics of Human Islet Donors 

Sex Age (y) 
BMI 
(kg/m2) 

Cause of Death, A1c Value if 
Reported Study Done Source 

F 60 44.4 Head Trauma Nondiabetic 
donors IIDP 

F 53 32.5 Anoxic event, HbA1c 5.2% Nondiabetic 
donors Prodo 
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M 34 28.1 Head trauma Nondiabetic 
donors IIDP 

 
2.10 Glucose Stimulated Insulin Secretion  
Use of Krebs-Ringer buffer (KRB) for glucose-stimulated insulin secretion (GSIS) was 
previously published. For batch assays, islets treated with PIC in the presence or absence of 
Lox12Slug001 (1 µM) for 24 hours were transferred to KRB without glucose and were 
incubated for 1 hour at 37°C in 5% CO2 in the absence of PIC and Lox12Slug001. Thereafter, 50 
islet equivalents (IEQs) per well were transferred to six-well plates filled with 1 mL of KRB 
containing 3 mmol/L or 18 mmol/L of glucose and were incubated for 1 hour at 37°C in 5% CO2. 
Each condition was performed in triplicate. After incubation, supernatant was collected for 
determination of insulin secretion by human insulin enzyme-linked immunosorbent assay 
(Mercodia, Winston-Salem, NC) [25]. 

2.11 Statistics 

Data are presented as mean ± standard error of the mean and were analyzed using Two-way 
Anova analysis of variance Sidak’s multiple comparison test (Prism software, Irvine, CA) as 
indicated in each figure. P < 0.05 was considered significant. 

 
3. Results and discussion 
 
3.1 Computational Modeling of ML355 Interactions with wt12-LOX and its mutants. 
ML355 is a potent/selective inhibitor of 12-LOX, however little is known regarding its specific 
molecular interactions in the active site of 12-LOX. In order to rectify this deficiency, a 
homology model of the 12-LOX catalytic domain was constructed and ML355 was docked into 
the catalytic site. Our model predicted ML355 to bind tightly in the active site with a standard-
precision (SP) docking score of -10.37. The docking pose (Figure 1) shows the following 
interactions between ML355 and 12-LOX: the amidine hydrogen forms a hydrogen bond with 
the backbone carbonyl oxygen of I399, the bridging aromatic ring forms a pi-stacking interaction 
with the metal-coordinated H365, the epsilon nitrogen of H596 is 3.6 Å from the oxygen atom of 
the hydroxyl group on the p-methoxy catechol moiety, ML355 wraps around L407, and the 
ML355 benzothiazole ring is buried in a hydrophobic pocket, whose base is defined by 
A417/V418 and whose sides are defined by the aromatic residues, F352 and F414. To test 
critical interactions predicted by this structural model, homology models were constructed of 
mutated proteins (Table 2). In parallel, the 12-LOX mutants were purified and their IC50 values 
determined to assess the validity of the docking model. Gratifyingly, the docking scores show a 
positive correlation with the experimental IC50 values (Figure 2), which lend support to our 
docking model of ML355 in the 12-LOX active site.  



 
 
Figure 1. Predicted binding mode of ML355 with wt12-LOX. Carbon atoms of ML355 are shown in green, whereas carbon atoms 
of the protein are shown in gray.  Nitrogen, oxygen, hydrogen and sulfur atoms are shown in blue, red, white and yellow colors 
respectively. Residues interacting with ML355 and the metal ion are also shown.  Residues that were mutated in this study are 
shown in ball-and-stick representation and labeled, whereas other residues are shown in stick representation.  A hydroxide ion 
interacting with Fe3+ is also shown in ball-and-stick representation.  Fe3+ ion is shown as an orange sphere.  Hydrogen bonds are 
shown in cyan color. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 2. Correlation of pIC50 values of ML355 against human 12-LOX mutants to the docking scores.  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. ML355 IC50 values and the SP docking scores of the wt12-LOX and the mutant enzymes. *The high error for L407G is 
due to is low absolute activity. 
 
3.2 Critical Role of L407 in ML355 Positioning  
On the basis of the computational model of ML355 in the active site, the importance of the bulky 
hydrophobic residue, L407, was investigated. The side chain of L407, along with I399, A403, 
L597, forms a narrow hydrophobic channel for the substrate.  As shown in Figure 1, the phenyl 
ring linker of ML355 fills the hydrophobic channel in the wt-12-LOX binding pose.  Mutation of 
L407 to a smaller hydrophobic residue, such as Ala or Gly, greatly widens the hydrophobic 
channel, and is predicted to reduce favorable hydrophobic contacts with ML355, which in turn 
would affect ML355 potency (Figure 3). In fact, L407A caused a 3.9-fold decrease in inhibitory 
potency compared to wt12-LOX, 1.4 ± 0.18 μM and 0.36 ± 0.02 μM, respectively. The inhibitory 
potency decreased even more when the cavity was made larger with the L407G mutant enzyme, 
with a 7.2-fold decrease in IC50 relative to wt-12-LOX (2.6 ± 0.9 μM).     

 
Enzyme 

 
ML355 IC50 (μM) 

 
SP Docking 

Score 
wt12-LOX 0.36 ± 0.02 -10.4 

R402L 0.28 ± 0.06 -9.32 

H596L 1.8 ± 0.4 -9.29 

L407A 1.4 ± 0.18 -7.71 

L407G* 2.6 ± 0.86 -7.14 

A417I 0.62 ± 0.08 -10.4 

V418M 0.76 ± 0.07 -9.57 

A417I/V418M 0.83 ± 0.2 -8.14 

A417I/V418M/S594T >20 -8.23 

A417I/V418M/L407G >80 -6.34 

F414L 0.49 ± 0.03 -8.75 

F352L 0.89 ± 0.08 -8.81 



 

Figure 3. Relative cavity shapes and sizes of ML355 binding in the active site of (A). wt12-LOX (B). L407A and (C). L407G  

3.3 Role of A417, V418 and S594 in ML355 binding and the development of a more potent 
ML355 derivative, Lox12Slug001 
Residues A417 and V418 (Figure 1), known as the Sloane determinants, form the bottom of the 
active site cavity and play a major role in the substrate positional specificity of 12-LOX [32]. 
However, our ML355 docking model did not indicate a structural interaction between these two 
residues and the inhibitor (Figure 4). The benzothiazole of ML355 was positioned 6.9Å away 
from A417 and 4.2Å away from V418. Therefore, the mutants A417I, V418M, and 
A417I/V418M were tested to determine if the decreased depth of the active site would affect 
ML355 potency. As predicted by our docking model, mutating these two residues to bulkier 
amino acids showed only a modest change of the IC50 value compared to the wt-12LOX, with 
only a 2.3-fold decrease in potency in the double mutant (A417I/V418M) (Figure 4, Table 2).  
 

 

Figure 4. Relative cavity sizes of ML355 binding in the active site of (A). wt12-LOX and (B). A417I/V418M (Sloane 
determinants) 

This result indicated that bulkier substituents on the benzothiazole ring of ML355 could be 
tolerated and possibly increase the ML355 derivative potency by increased hydrophobic 
interactions in the deepest portion of the active site. Therefore, the ML355 derivative, 4-((2-
hydroxy-3-methoxybenzyl)amino)-N-(naphtho[1,2-d]thiazol-2-yl)benzenesulfonamide 
(Lox12Slug001) was designed and docked to the 12-LOX active site and found to have a 
favorable binding score of -11.40 (Figure 5). The molecule was subsequently synthesized 



(Lox12Slug001, Scheme 1) and its potency was observed to increase by 7.2-fold (IC50 = 0.050 ± 
0.02 uM) (Table 3) against the wt12-LOX. Lox12Slug001 also showed high selectivity against 
h5-LOX, h15-LOX-1 and h15-LOX-2 (Table 4). In total, these data support our binding model 
for ML355 docking to the active site of 12-LOX and indicates opportunities for further increases 
in potency.  
 

 
Figure 5. Predicted binding mode of Lox12Slug001 with wt12-LOX.  Residues that interact with the inhibitor are shown.  
Residues that mutated in the present study are shown in ball-and-stick representation and they are labelled.  Carbon atoms of 
12Slug001 are shown in green, whereas carbon atoms of wt12-LOX are shown in gray.  Oxygen, nitrogen, hydrogen and sulfur 
atoms are shown in red, blue, white and yellow colors respectively.  Fe3+ ion is shown as orange sphere.  Hydroxide ion is shown 
in ball-and-stick representation.   
 

When Lox12Slug001 was screened against the A417I/V418M mutant, the potency decreased 
2.4-fold, similar to that seen with ML355, indicating additional cavity area near the 
(naphthyl)thiazole moiety of Lox12Slug001 (Figure 6). Previously, we observed with AA 
catalysis that to affect substrate binding, it was necessary to not only shorten the active site 
cavity (A417I/V418M) but to also make it narrower (S594T). The triple mutant, 
A417I/V418M/S594T, restricted the methyl tail of AA sufficiently to increase 15-HETE 
production significantly [32]. Therefore, we tested both ML355 and Lox12Slug001 against 
A417I/V418M/S594T and observed a dramatic decrease in potency for both inhibitors (greater 
than 20 μM IC50 values for both ML355 and Lox12Slug001 (Table 3)). These results indicate 
that by reducing both the active site depth and width, the inhibitor potency is reduced, supporting 
our inhibitor docking model. 



As discussed above, L407 plays a role in ML355 binding by interacting with its phenyl ring 
linker and positioning the ends of ML355 properly in the “U” shaped cavity. It was therefore 
postulated that mutating L407 could have an additive effect with other mutants and thus the 
triple mutant, L407G/A417I/V418M, was designed to investigate the effect of both widening and 
reducing the length of the active site cavity on ML355 positioning. This triple mutant lowered 
the inhibitor potency dramatically for both ML355 and Lox12Slug001 with IC50 values of >80 
and >150 uM, respectively (Table 3), indicating that, without the bulk of L407, a more shallow 
active site impedes inhibitor binding. Finally, it should be noted that the IC50 value trend of 
Lox12Slug001 against the mutants, A417I/418M, A417I/V418M/S594T and 
L407G/A417I/V418M (Table 3), are similar to the IC50 value trend of ML355, suggesting a 
similar binding mode between Lox12Slug001 and ML355. 

 

 

 
Figure 6. Relative cavity sizes of Lox12Slug001 binding in the active site of (A). wt12-LOX and (B). A417I/V418M (Sloane 
determinants) 

 

Enzyme ML355 
(μM) 

Lox12Slug001 
(μM) 

wt12-LOX 0.36 ± 0.02 0.05 ± 0.02 

A417I/V418M 0.83 ± 0.18 0.12 ± 0.04 

A417I/V418M/S594T >20 (45 % a) >20 (44 % a) 

L407G/A417I/V418M >80 (19 % a) >150 (10 % a) 
 
 
Table 3. IC50 values of (A). ML355 and (B). Lox12Slug001 with wt12-LOX and the mutants of Sloane determinants. aPercent 
inhibition at 20 µM inhibitor. 
 
 
 
 



Inhibitor 12-LOX (μM) h5-LOX  
(μM) 

h15-LOX-1 
(μM) 

h15-LOX-2 
(μM) 

Lox12Slug001 0.05 ± 0.02 >100 >100 >100 
 
Table 4. IC50 values of Lox12Slug001 for selected lipoxygenases. 
 
 
3.4 π-π Interactions of ML355 and Lox12Slug001 with F352 and F414 12-LOX 
The ML355 docking model predicts that the benzothiazole ring of ML355 is buried in a 
hydrophobic pocket created by the aromatic side chains of F352 and F414, with closest distances 
to ML355 being 4.1 Å and 4.5 Å, respectively (Figure 1). Considering that Lox12Slug001 
appears to have a similar binding mode to ML355 in the 12-LOX active site, we hypothesized 
that these aromatic residues could participate in π−π interactions with the benzothiazole moieties 
of both ML355 and Lox12Slug001 (Figure 7). Therefore, the mutants, F352L and F414L, were 
generated, however for ML355, only a modest increase in IC50 was observed, compared to wt12-
LOX (Table 5). On the other hand, the IC50 values of Lox12Slug001 against these mutants 
increased more significantly, with a 3.6-fold increase for F414L and a 9.8-fold increase for 
F352L (Table 5). These results are intriguing because both mutations increase the active site 
cavity size, but they have a greater negative effect on the larger inhibitor, Lox12Slug001. This 
suggests that there is a specific interaction with Lox12Slug001 that is not present in ML355, 
which is disrupted upon the decreased size and loss of aromaticity in the active site mutations. 
Since Lox12Slug001 is not only larger but has a more extensive aromatic structure than ML355, 
the data is consistent with Lox12Slug001 having a stronger π−π interaction with F352 and F414 
than ML355, which is lost upon mutation. 

   

 

 

 

 

 

 

Figure 7. Predicted binding mode of (A). ML355 and (B). Lox12Slug001 in the active site of wt12-LOX showing the closest 

distances of benzothiazole ring to aromatic side chains of F352 and F414. 

 



 
 
 
 
 
 
 
 
 
Table 5. IC50 values of wt12-LOX, F414L and F352L with ML355 and Lox12Slug001 to investigate π−π interactions. 
 
3.5 H596 binding Interaction with the p-methoxy catechol moiety of ML355   
The role of R402 was previously determined to be unimportant with respect to substrate binding 
to 12-LOX [32] and in this work, R402 was also determined to not affect ML355 binding (Table 
2). However, computational prediction and subsequent experimental study showed that H596 did 
play a role in anchoring the carboxylate of AA during catalysis.[32] Considering this result and 
close proximity (3.6Å) of the H596 epsilon nitrogen (NE) to the oxygen atom of the hydroxyl 
group of p-methoxy catechol moiety of ML355 (Figure 8A), H596L was generated and 
displayed a 5-fold decrease in potency relative to wt12-LOX, 1.8 ± 0.4 μM and 0.36 ± 0.02 μM, 
respectively (Table 2). These results suggest that H596 in 12-LOX may contribute to properly 
positioning ML355 in the active site, possibly through the interaction with the p-methoxy phenol 
moiety of ML355, as observed in the docking model. Finally, it should be noted that an 
additional 7 mutations of active site residues were generated, but these did not significantly 
affect the potency of ML355 and thus were not investigated further (Supporting Information, 
Table S1). 
   

 

 

Figure 8. Predicted binding mode of ML355 in the active site of wt12-LOX interacting with (A) H596 and (B) H596L. 
 
 

 
Enzyme 

 

ML355 
(μM) 

 Lox12Slug001 
(μM) 

wt12-LOX 0.36 ± 0.02 0.05 ± 0.02 

F414L 0.49 ± 0.03 0.18 ± 0.01 

F352L 0.89 ± 0.08 0.49 ± 0.05 



3.6 Islet Effect: Lox12Slug001 Improves GSIS and Increases Insulin Secretion of Human 
Islets Treated with PIC 
 
Given the improved potency of Lox12Slug001 against 12-LOX, its potency in islet cells was 
investigated. Glucose-stimulated insulin secretion (GSIS) of normal human and mouse islet cells, 
demonstrate increased insulin production, however, when exposed to pro-inflammatory 
cytokines (PIC), the difference between stimulated and unstimulated cells decreases. This 
exposure of PIC to both human and mouse β cells upregulates the 12-LOX pathway, and the 
inhibition of this 12-LOX pathway was implicated in protecting the viability and function of 
human and mouse β cells after PIC exposure.[5] Since ML355 was previously shown to be a 
highly selective inhibitor of 12-LOX with a favorable ADME profile in protecting human islets 
against the impairment of GSIS by PIC [25], Lox12Slug001 was also tested (Figure 9). As a 
control, human islet cells treated with 18 mmol/L of glucose (HG) showed a marked increase in 
insulin secretion (224+/-50 mU/L) relative to 3 mmol/L of glucose (LG) (24+/-4 mU/L). PIC 
treatment for 24 hrs increased basal insulin secretion at 3 mmol/L of glucose (189+/-54 mU/L) 
and led to the reduction of further increases in insulin secretion at 18 mmol/L of glucose (241+/-
50 mU/L). When 1µM Lox12Slug001 was added along with the PIC (for 24 hrs), the difference 
in insulin production was restored, 140+/-3 mU/L (LG) and 352+/-10 mU/L (HG). As a control, 
when only Lox12Slug001 (1 µM) was added, a similar insulin secretion increase to vehicle was 
observed, 25+/-5 mU/L (LG) and 128+/-13 mU/L (HG).  
 

 
 

Figure 9. Batch incubation of human islets treated with PIC with or without the 12-LOX inhibitor, Lox12Slug001. GSIS was 
compared between human islets that were untreated (Ctl), pretreated with PIC, pretreated with PIC plus Lox12Slug001 (1 µM) or 
pretreated with Lox12Slug001 (1 µM) for 24 hours. Each condition from a single donor was performed in triplicate, and data 
from three donors were combined (n = 8 to 9). **P < 0.01;***P < 0.005 by Two-way Anova variance Sidak’s multiple 
comparison test. 
 
4. Conclusions 
 
ML355 is a lead molecule targeting 12-LOX, a potential drug target to decrease platelet 
reactivity following vascular insult or injury.[26] Therefore, it is critical to investigate the 
binding mode of this promising lead molecule to its target in order to gain insights for further 
optimization. From the ML355 docking pose in the 12-LOX active site, we mutated residues 
with the potential of affecting ML355 binding and determined the ML355 inhibitor potency 
against the mutants. These results were then compared to the calculated wt12-LOX/ ML355 



binding affinities and the relationship between their docking score and inhibitor potency 
demonstrated a positive correlation, lending confidence to the docking model of ML355 bound 
to the 12-LOX active site (Figure 1). 

The docking model predicts a number of interactions between the active site and ML355. 
A key characteristic of the 12-LOX active site is its curved nature, which has been described as a 
“U” shape. L407 defines the “U” shape of the 12-LOX active site and has been shown to 
properly position the fatty acid, AA, for catalysis [32]. Appropriately, ML355 conforms to the 
“U” shape of the 12-LOX active site, having specific interactions with active site residues. L407 
is at the bottom of the “U”, with ML355 wrapping around the residue, with interaction to the 
phenyl linker region of ML355. Reducing the size of L407 progressively decreases ML355 
potency, manifesting a 7.2-fold decrease in the IC50 value with L407G (Figure 3), supporting the 
hypothesis that ML355 gains binding affinity from the curvature of the active site. 

Beyond L407, the benzothiazole of ML355 extends into the bottom of the active site 
cavity, pointing towards the Sloane determinants, residues A417 and V418. However, the 
docking model indicates limited interaction between ML355 and these residues. This lack of 
interaction was confirmed by the lack of effect by the cavity reducing mutation, A417I/V418M. 
This result indicated that a potential active site cavity was present such that the volume of 
ML355 could be increased by attaching substituents to the benzothiazole moiety and thus 
optimize van der Waals interactions. In order to test this hypothesis, a derivative of ML355 with 
a larger naphthyl-benzothiazole, Lox12Slug001 (Scheme 1), was designed and shown to dock to 
the active site better than ML355. It was therefore synthesized and found to have 7.2-fold greater 
potency than ML355 against 12-LOX (Table 3), supporting our docking model. Unexpectedly, 
the double mutant, A417I/V418M, only had a 2.4-fold increase in the IC50 with Lox12Slug001, 
suggesting additional cavity space even with Lox12Slug001. If, however, the cavity volume was 
also narrowed, A417I/V418M/S594T, the IC50 increased dramatically to greater than 20 uM, for 
both ML355 and Lox12Slug001 (Table 3). This result suggests that both the depth and width of 
the active site affect inhibitor binding. The specificity of the inhibitor/active site interaction was 
also confirmed with loss of inhibitor potency with the triple mutant, L407G/A417I/V418M 
(Table 3). The curious aspect of this mutation is that by increasing the size of the active site in 
the middle of the cavity, but reducing the size at the end of the cavity abolishes inhibitor 
potency, suggesting that both ML355 and Lox12Slug001 interact with L407 in such a way as 
optimize their active site binding.  
 Another aspect of the active site of 12-LOX is the aromaticity on key residues, F414 and 
F352, which the model suggests interacts with the aromatic moieties of the inhibitors (Figure 7). 
However, loss of the aromaticity of F414 and F352 affected the potency of Lox12Slug001 more 
so than ML355. This suggests a difference in their binding mode, with Lox12Slug001 
potentially having more pi-pi interactions with F414 and F352 than ML355. This is a reasonable 
hypothesis since Lox12Slug001 has a more extensive pi-system than ML355.  
 Computational prediction and subsequent experimental study showed that H596 could 
play a role in anchoring the carboxylate of AA during catalysis but not R402[26]. Therefore, 
both H596 and R402 were replaced with a nonpolar leucine and the inhibitory potency against 
ML355 was tested. H596L showed a greater increase in the IC50 than that of R402 relative to 
wt12-LOX (5-fold increase for H596L and 0.8-fold for R402L), suggesting that H596 in 12-
LOX may contribute to properly positioning ML355 binding in the active site but not R402, 
possibly through the interaction with the p-methoxy phenol moiety of ML355 (Table 2).  



 The gain in potency of Lox12Slug001 supported our binding hypothesis however, its 
improved potency also suggested improved drug qualities. Gratifyingly, its selectivity against 
other LOX isozymes was maintained (Table 4) and more importantly, it maintained its potency 
in PIC challenged human islet cells, comparable to that of ML355 [25] (Figure 9). These results 
are supportive of Lox12Slug001 being an effective drug candidate for platelet ailments and 
diabetes. Further studies are currently being pursued to derivatize ML355 in order to optimize 
the additional space in the active site and develop them as a potential diabetes therapeutics. 
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