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Abstract 

KINETIC, MECHANISTIC, AND STRUCTURAL INVESTIGATIONS OF 

HUMAN LIPOXYGENASES 

 

Christopher van Hoorebeke 

 

The research contained in this dissertation examines the kinetic, mechanistic, 

and structural basis of human lipoxygenase (LOX) catalysis. LOX are found 

throughout the plant and animals kingdoms, and in humans LOX are involved in 

inflammatory signaling. Through this involvement in the inflammatory process and 

the ability to oxidize membrane bound polyunsaturated fatty acids (PUFA), LOX 

have been implicated in a variety of cancers and disease states. The impact of 

substrate saturation on platelet 12-LOX kinetics and mechanism was investigated in 

Chapter 2. The platelet signaling pathways and implications on platelet aggregation of 

these substrates were determined. Additionally, the novel allosteric effect of 15S-

HpEPE on 12-LOX mechanism was probed. Chapter 3 scrutinized a previously 

discovered lipoxygenase activator. This dissertation works shows that the activator is 

LOX isoform specific, with only h15-LOX-1 being kinetically activated in the 

presence of the compound. Furthermore, the activator was found to activate the 

catalysis of shorter PUFA substrates, AA and LA, but not that of the longer SPM 

precursor, DHA. The implications of this finding has consequences on the potential 

therapeutic development of the activating compound. The effect on enzyme kinetics 

and mechanism was assayed, and a V-type activation was observed. Chapter 4 builds 

off of a previous discovery in our lab that demonstrated the altered positional 

specificity of h15-LOX-1 when reacting with the metabolites of 5-LOX. In this 
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chapter, site-directed mutagenesis was performed on key active site residues, with the 

kinetic and mechanistic implications of those residues determined experimentally. 

Additionally, the consequence of the altered positional specificity with regards to the 

biosynthesis of the potent SPM, Resolvin E4, was examined.  
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1.1 Lipoxygenase 

Lipoxygenases (LOX) are a family of non-heme iron containing 

enzymes that are found in great abundance throughout the animal and plant 

kingdom1, and have recently been characterized in certain bacteria2. LOX 

primarily catalyze the dioxygenation of polyunsaturated fatty acids (PUFA) 

containing a 1,4 cis-cis pentadiene moiety1. Arachidonic acid (AA, C20 Δ4, n-

6) and linoleic acid (LA, C18Δ2, n-6) are the most abundant and common 

LOX PUFA substrates in mammals and humans. The human genome 

encompasses six known operative LOX genes1 (ALOXE3, ALOX5, 

ALOX12B, ALOX12, ALOX15, ALOX15B) encoding for the six different 

LOX isoforms (eLOX3, h5-LOX, h12R-LOX, h12-LOX, h15-LOX-1, h15-

LOX-2, respectively). LOX isoforms are named based on the location (carbon 

number) of the enzymatic molecular oxygen insertion with the canonical 

substrate, AA (Figure 1.1). The primary LOX reaction involves the 

abstraction of a bis-allylic hydrogen from the previously mentioned 1,4 cis-cis 

pentadiene moiety. Following hydrogen abstraction and local radical 

rearrangement, molecular oxygen, believed to have traveled through an 

oxygen channel, is inserted two carbons away from the site of abstraction, 

thus generating a hydroperoxide product (HpETE). The hydroperoxide 

products generated are in the S chirality except for the h12R-LOX isoform 

which creates a product in the R chirality. One of the major difficulties in 

studying LOX is that a single isoform can react with a multitude of substrates, 
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leading to a variety of products. While h5-LOX reacts with AA to form 100% 

5S-HpETE product, h12-LOX and h15-LOX-1 metabolize AA to create 

mixtures of 12S-HpETE and 15S-HpETE, with h12-LOX making 95% 12S-

HETE (5% 15S-HETE) and h15-LOX-1 making 90% 15S-HETE (10% 12S-

HETE). This gets further complicated by the fact that the LOX isoforms can 

react with their own products and the LOX products of other isoforms to 

create. Furthermore, the fidelity of the LOX reactions with the canonical 

substrate AA is eroded when longer substrates, such as docosahexaenoic acid 

(DHA, C22Δ6, n-3), are metabolized and a variety of products are formed3. 

The naming of LOX is based on C20 PUFA and when longer or shorter 

substrates are used the products are oxygenated at differing locations. h15-

LOX-1 reacts with the C18 PUFA LA to form mostly the 13S-HpODE 

product and the C22 PUFA DHA to form a mixture of primarily 17S-HpDHA 

and 14S-HpDHA, with the 17-product being the most abundant, and minor 

amounts of 11- and 20S-HpDHA. Therefore a more comprehensive 

understanding of LOX nomenclature and the products formed should be 

centered around the position of primary oxygenation relative to the methyl-

end, with h5-LOX oxygenating at the w-16 position, h12-LOX oxygenating at 

the w-9 position, and h15-LOX-1 oxygenating at the w-6 position. While 

there is high sequence conservation (85% similar, 74% identical) between 

h15-LOX-1 and the main lipoxygenase found in mice, referred to as 12/15-

LOX4, there are major catalytic differences between the two species which 
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complicates the translational research and therapeutic testing. The mouse 

equivalent of h15-LOX-1 metabolizes AA into a mixture of 12S-HpETE and 

15S-HpETE, with 12S-HpETE being the major product. Molecules that have 

been found to be potent inhibitors of h15-LOX-1 have at times failed to 

inhibit the mouse 12/15-LOX. 

 

1.2 Lipoxygenase expression and genes 

The tissue expression and cellular localization of these human LOX 

genes has been extensively studied1 (Table 1.1). ALOX5, located on 

chromosome 10, is expressed in high abundance in neutrophils, dendritic 

cells, macrophages, as well as other immune cells and is believed to be mostly 

localized to the nucleus. While in vitro experiments have shown h5-LOX is 

active in the absence of five-lipoxygenase activating protein (FLAP), FLAP is 

necessary for the in vivo activity of h5-LOX5. Found on chromosome 17, 

ALOX126, as the enzyme name (platelet-type h12-LOX) suggest, is highly 

expressed in platelets and has been found in certain endothelial cells. Similar 

to ALOX12, the A15LOX and A15LOXB7 genes are also located on 

chromosome 17. While both of the h15-LOX genes have been found to be 

expressed in macrophages, ALOX15B is constitutively expressed and the 

ALOX15 expression is dependent on IL-4 and IL-13 signaling8. ALOX15 

expression has also been seen in eosinophils and has been implicated in 

various cancers and neurological conditions9. While less extensively studied, 
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ALOX15B has been found to be expressed primarily in epithelial cells 

including skin and hair roots10. Like ALOX15, ALOX15B is believed to be 

upregulated a variety of cancers. The less studied ALOXE3 and ALOX12B 

genes are co-clustered with ALOX15B on chromosome 17, and are expressed 

in the epithelial cells. With regards to human sequence identity/similarity 

(Table 1.2), h15-LOX-1 and h12-LOX are the most identical and similar at 

65% and 79%, respectively. Surprisingly, although they both primarily 

abstract a w-8 hydrogen, h15-LOX-1 and h15-LOX-2 have relatively low 

sequence identity at 37%. The two most widely researched animal 

lipoxygenases are rabbit 15-LOX, r15-LOX11, and mouse 12/15-LOX. r15-

LOX has the shares the most identical and similar residues to h15-LOX-1 at 

81% and 95%, respectively. The majority of the work in this dissertation is 

centered on h5-LOX, h12-LOX, h15-LOX-1, and h15-LOX-2 so the 

remaining focus will be targeted towards them. 

 

1.3 Lipoxygenase Catalysis/Mechanism 

The primary catalytic cycle of human LOX is centered around a four 

reaction mechanism1. It is necessary for the non-heme coordinated iron to be 

in the Fe3+ (ferric) state. This activated LOX iron stereoselectively abstracts 

the pro-s hydrogen from bis-allylic methylene, thereby generating an inactive, 

ferrous enzyme and a carbon fatty acid radical. Following a radical 

rearrangement that spans two carbons, molecular oxygen reacts with the 
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carbon radical resulting in a peroxy-radical on the terminal oxygen. This 

peroxy-radical is rapidly reduced by the ferrous iron leaving a hydroperoxy 

fatty acid and a regenerated ferric enzyme. It should be noted that the cellular 

environment is largely reducing, with glutathione peroxidase and other anti-

oxidants quickly reducing the hydroperoxy fatty acid (HpETE) to a hydroxy 

fatty acid (HETE). Through kinetic and mechanistic experimentation it has 

been shown that the stereoselective abstraction of the hydrogen atom is a 

proton-couple electron transfer reaction (PCET) and is the catalytic rate-

limiting step12. The localization of molecular oxygen in the active site has 

been studied extensively13-14. The antarafacial addition of oxygen relative to 

hydrogen abstraction coupled with structural studies of soybean 15-

lipoxgenase (sLO) suggest the presence of an oxygen channel from the 

surface of the protein to a specific location in the protein active site. Site-

directed mutagenesis studies coupled with kinetic experiments with sLO have 

provided compelling evidence for the presence of an oxygen channel, where 

minor fluctuations in protein structure enable the diffusion of O2 to the active 

site. Although there is a lack of oxygen channel based studies for human 

LOX, the work done with sLO highlighted a number of key residues that 

defined the oxygen channel15. Interestingly, there is high conservation of these 

residues in both h15-LOX-1 and h12-LOX, providing an avenue of 

investigation for the future.  
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As previously mentioned, one of the complicating factors in the 

understanding of LOX catalysis comes from the fact that multiple human 

LOX can re-react with some of their initial products and the oxylipin products 

of other LOX and related oxygenase’s (COX, CYP450), forming dioxylipins 

and epoxy-lipins. Kinetic experimentation has shown these reactions to be far 

less catalytically efficient and the binding affinity of these secondary 

substrates is drastically lower16. This secondary catalytic cycle is substrate 

dependent as the requirement for a bis-allylic hydrogen persist. The secondary 

catalysis by h5-LOX has been examined experimentally as the end products 

are leukotrienes A and B, potent inflammatory mediators17. h5-LOX reacts 

with AA, abstracting a hydrogen from the seventh carbon (relative to carboxy-

head) to form 5S-HpETE, h5-LOX then reacts with 5-HpETE by abstracting a 

hydrogen from the tenth carbon. The radical from this carbon rearranges to the 

sixth carbon (now neighboring the hydroperoxy-carbon), and the overlap of 

anti-bonding and bonding orbitals with the peroxide facilitates the homolytic 

cleavage of the oxygen-oxygen bond, generating an epoxide between the fifth 

and sixth carbons. One of the chapters in this thesis is focused on the 

secondary catalytic cycle of h12-LOX and h15-LOX-1 with 15-oxylipins, the 

omega-3 PUFA EPA product 15S-HpEPE in particular. Both of these 

enzymes have been shown to react with 15S-HpEPE for form a variety of 

dioxylipins as they are capable of C10 hydrogen abstraction. Following 

hydrogen abstraction, the radical rearrangement can lead to: i) molecular 
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oxygenation at C8, yielding a diperoxylipin (8,15-diHpEPE), ii) molecular 

oxygenation at C14, yielding another diperoxylipin (14,15-diHpEPE), iii) 

14,15-epoxylipin formation whose non-enzymatic hydrolysis yields a 

dioxylipin (8,15-diHEPE). The implications of these findings will explored in 

Chapter 2. 

 

1.4 Lipoxygenase Structure 

Across the animal and plant kingdom, the structure of LOX is formed 

from a single polypeptide chain. Spanning 662-676 amino acids, these 

enzymes have a mass of ~75 kDa. While most of the human LOX are believed 

to exist as monomers, recent evidence has indicated that h12-LOX exist as a 

homo-dimer or tetramer18. This polypeptide chain folds into a two domain 

structure which are covalently connected through an intrinsically disordered 

loop19. The smaller, N-terminal domain is referred to as the polycystin-1, 

lipoxygenase, alpha toxin (PLAT) domain. It consists of eight antiparallel 

strands, together known as a β-barrel, although the size of the PLAT domains 

varies slightly between different animal and plant species. Conserved among 

other proteins, particularly human lipases, the PLAT domain is believed to 

necessary for cytosolic LOX to interact with membrane and micelle bound 

substrates20. Studies have shown that site-directed mutagenesis targeting the 

PLAT domain hinders the ability of LOX to bind to cellular membranes. The 

longer, catalytically active C-terminal domain consists of 18-22 helices, which 
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contains the largely hydrophobic active site, as well as the coordinated iron. 

The catalytic domain is required for substrate recognition and turnover. The 

“triad hypothesis” has been proposed for defining the LOX active site21. This 

hypothesis can be explained through examination of the structure-activity 

relationship of h12-LOX and h15-LOX-1. The first part of the triad is made 

up by positively charged arginine residues, R402 and R404, on the surface of 

the LOX structure. These positively charged residues are believed to interact 

with the negatively charged carboxylate head of the PUFA substrate and 

supports the methyl-tail first model of substrate entry into the active site. 

Early research noted the importance of these residues for catalytic activity, 

although more recent results have cast uncertainty on those findings. The 

second segment of the triad occurs at the curved point of the LOX active site. 

Here a bulky, aromatic residue, F414, and L407 are believed to facilitate 

positioning in part through pi-pi stacking with the double-bond system found 

in PUFA. Our lab has shown through SDM that catalytic efficiency and 

substrate affinity can be negatively affected through the removal of aromatic 

residues. Interestingly, the catalytic efficiency and substrate affinity was 

recovered through the creation of a F414W mutant, further highlighting the 

importance of the pi orbital interactions22. The final portion of the triad 

hypothesis is found at the “bottom” of the active site. Here hydrophobic 

residues in the 417 and 418 positions and F352 line the end of active site and 

control the depth of substrate insertion23. The 417 residue is an isoleucine and 
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alanine in h15-LOX-1 and h12-LOX, respectively. It is believed that the less 

bulky alanine residue for h12-LOX facilitates a deeper substrate positioning, 

placing the C10 carbon in proximity to the active site iron, promoting the 

creation of 12S-HETE. The residues for iron coordination are highly 

conserved among animal and plant LOX. In mammals, the iron is coordinated 

by a water molecule, four histidine residues, and the carboxylate of the C-

terminal isoleucine. To date, there has been challenges with the crystallization 

and structure determination of human LOX. While crystal structures exist for 

both h15-LOX-224 and h5-LOX25, the h5-LOX construct was significantly 

mutated, casting doubt on the applicability of the structure model. Numerous 

attempts have been made at crystallization of h15-LOX-1 and h12-LOX. 

Although there has been a h12-LOX structure26 added to the PDB, the 

structure was never published and there are doubts if the protein used was 

catalytically active. Due to the high sequence homology of h15-LOX-1 and 

r15-LOX, the rabbit structure27 has been used to generate in silico structural 

models for the human ortholog and has been successfully utilized for the 

design of potent, selective inhibitors.  

 

1.5 Lipoxygenase Allostery 

Allosteric modification of enzymes occurs commonly throughout 

biological systems and is one of the main ways through which cellular 

integrity is sustained. Regulation through allostery is thought to be imparted 
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by conformational changes in protein structure that effect substrate affinity or 

through the polymerization or dissociation of subunits28. Human LOX have 

been found to undergo a range of varying modes of allosteric modulation. h5-

LOX was the first human LOX be identified as having allosteric regulators. 

ATP and calcium, Ca2+, have been found to increase the catalytic efficiency 

(5-fold activation) of h5-LOX, both in vitro and in vivo29. The N-terminal 

PLAT domain is negatively charged and the binding of Ca2+ neutralizes this 

negative charge, enabling the association of the PLAT domain with cellular 

membrane-bound lipids. The allosteric regulation by ATP was found to be 

non-specific as AMP and ADP were both found cause similar responses. 

Allosteric regulation of hLOX by LOX products and substrate mimics has 

been observed by many studies. h15-LOX-1 and h15-LOX-2 have both been 

found to be allosterically regulated by their main LA metabolite, 13S-

HODE30. The presence of 13-HODE modifies the specificity of the h15-LOX 

enzymes for AA and LA, the two most abundant w-6 PUFA in the body. 

Additionally, the substrate mimic, oleyl sulfate, has been shown to 

allosterically regulate h15-LOX-1 through a decrease in the kinetic isotope 

effect31. The major h12-LOX and minor h15-LOX-1 AA product, 12S-HETE, 

exhibited a similar mode of allostery to that of 13S-HODE when interacting 

with h15-LOX-1. The presence of 12S-HETE not only altered the AA/LA 

substrate specificity, but was also found to allosterically activate the rate-

limiting C-H bond abstraction. This was determined to independent of iron 
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oxidation was the hydroperoxy product, 12S-HpETE, elicited a similar 

response32. Recent work by the Holman lab has shed additional light on 

modes of product feedback allostery, including novel data presented in 

Chapter 2. The w-3 PUFA products, 15S-HpEPE, 14S-HpDHA, and 17S-

HpDHA, have been found to be negative allosteric modulators of h12-LOX 

and h15-LOX-13,16,33. By varying the concentration of those products 

individually, the ratio of secondary products formed through oxygenation and 

dehydration differs. The presence of product based allostery suggest a 

complex network of LOX regulation. Chapter 3 of this thesis explores the 

allosteric activation of h15-LOX-1 by a recently discovered small molecule. 

This h15-LOX-1 activator was found to be specific for that LOX isozyme and 

the site of interaction is independent of previously known allosteric regulators.  

 

1.6 Lipoxygenase and Platelets 

Cardiovascular disease (CVD) is the leading cause of death in the 

USA, comprising of roughly 25-33% of all annual deaths34. Platelets play a 

major role in the regulation of homeostasis and thrombosis. Excessive, 

uncontrolled platelet aggregation is responsible for the progression of some 

CVD. While known antiplatelet therapeutics exist and have been successful in 

treating patients, the side effects can be serious in nature. Heparin, one of the 

most widely used antiplatelet drugs, has been found to induce 

thrombocytopenia in certain cases. While platelets contain a LOX, h12-LOX, 
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that is capable of metabolizing a variety of PUFA which can activate and 

deactivate platelet aggregation, exogenous PUFA metabolites from 

extracellular sources can also regulate platelet activation. While w-3 and w-6 

PUFA are generally thought to be “anti-inflammatory” and “inflammatory” 

signaling molecules, respectively, the picture isn’t as clear with platelets. Both 

w-3 and w-6 metabolites have been shown to exhibit anti-aggregatory effects 

on platelets, although through differing signaling pathways and at varying 

potencies35. Chapter 2 examines the platelet effect, signaling pathway, and 

h12-LOX metabolization of 3 separate C20 PUFA metabolites, 15S-HETE, 

15S-HETrE, and 15S-HEPE. While these are the primary products of h15-

LOX-1 and h15-LOX-2, their endogenous levels in platelets indicated the 

presence of a different PUFA metabolizing enzyme.   
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1.7 Figures, Tables and Schemes 

 

 

 

Gene Enzyme Expression tissue 

ALOX5 h5-LOX Macrophages, neutrophils 

ALOX12 h12-LOX Platelets 

ALOX12B h12R-LOX Epithelial (skin) 

ALOX15 h15-LOX-1 Macrophages, eosinophils 

ALOX15B h15-LOX-2 Macrophages, epithelial  

ALOXE3 eLOX3 Epithelial (skin) 

Table 1.1 LOX gene expression tissue 

 

 

 5-LOX 12-LOX 12R-LOX 15-LOX-2 eLOX3 

15-LOX-1 40, 60 65, 79 34, 53 37, 55 36, 52 

eLOX3 39, 56 36, 53 54, 71 51, 66  

15-LOX-2 42, 62 37, 56 46, 66   

12R-LOX 40, 58 36, 55    

12-LOX 41, 60     

Table 1.2 % Identical, % Similarity. 15-LOX-1: P16050, 5-LOX: P09917, 12-LOX: 

P18054, 12R-LOX: O75342, 15-LOX-2: O15296, eLOX3: Q9BYJ1. 

 

 
Scheme 1.1 LOX catalytic mechanism 

 

 
Figure 1.1 Depiction of cis-5,8,11,14-eicosatetraenoic acid (arachidonic acid, 

AA). 
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FATTY ACIDS NEGATIVELY REGULATE PLATELET FUNCTION 

THROUGH FORMATION OF NONCANONICAL 15-LIPOXYGENASE-

DERIVED EICOSANOIDS 
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2.1 Abstract 

 

The antiplatelet effect of polyunsaturated fatty acids is primarily attributed to 

its metabolism to bioactive metabolites by oxygenases, such as lipoxygenases (LOX). 

Platelets have demonstrated the ability to generate 15-LOX-derived metabolites (15-

oxylipins); however, whether 15-LOX is in the platelet or is required for the formation 

of 15-oxylipins remains unclear. This study seeks to elucidate whether 15-LOX is 

required for the formation of 15-oxylipins in the platelet and determine their 

mechanistic effects on platelet reactivity. In this study, 15-HETrE, 15-HETE and 15-

HEPE attenuated collagen-induced platelet aggregation and 15-HETrE inhibited 

platelet aggregation induced by multiple agonists. The observed anti-aggregatory effect 

was due to inhibition of intracellular signaling including aIIbb3 and protein kinase C 

activities, calcium mobilization and granule secretion. While 15-HETrE inhibited 

platelets partially through activation of PPARb, 15-HETE inhibited platelets partially 

through activation of PPARa. A reduction in 12-LOX activity was observed following 

in vitro catalysis with arachidonic acid in the presence of 15-HETrE, 15-HETE or 15-

HEPE. Additionally, a 15-oxylipin-dependent attenuation of 12-HETE level was 

observed in platelets following ex vivo treatment with 15-HETrE, 15-HETE or 15-

HEPE. Platelets treated with DGLA formed 15-HETrE and collagen-induced platelet 

aggregation was attenuated only in the presence of ML355 or aspirin, but not in the 

presence of 15-LOX-1 or 15-LOX-2 inhibitors. Expression of 15-LOX-1, but not 15-

LOX-2, was decreased in leukocyte-depleted platelets compared to non-depleted 

platelets. Taken together, these findings suggest that 15-oxylipins regulate platelet 
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reactivity; however, platelet expression of 15-LOX-1 is low suggesting 15-oxylipins 

may be formed in the platelet through a 15-LOX-independent pathway. 

 

2.2 Introduction 

 Long-chain polyunsaturated fatty acids (PUFAs) are shown to be protective 

against cardiovascular diseases53,66; however, the mechanism of this effect is not well 

understood. PUFAs have been shown to regulate and alter platelet function through 

their metabolism to bioactive oxylipins by the two main oxygenases, cyclooxygenase 

(COX) and lipoxygenase (LOX)1. Platelets express COX-1, whose inhibition by non-

steroidal anti-inflammatory drugs (NSAIDS) is thought to be a primary reason for the 

observed decrease in platelet reactivity42,66. Regarding the role of lipoxygenases in 

platelets, 12-LOX is highly expressed and plays an important role in regulating platelet 

activation2,67. However, the presence of 15-LOX in the platelet and whether it is 

required for the formation of 15-LOX-derived oxylipins (15-oxylipins) remains 

unclear.  

 Although platelets have been demonstrated to generate 15-oxylipins, such as 

15(S)-hydroxyeicosatetraenoic acid (15-HETE) from arachidonic acid (AA) and 15(S)-

hydroxyeicosatrienoic acid (15-HETrE) from dihomo-g-linolenic acid (DGLA), the 

source of these molecules is poorly defined24,63. Lipoxygenases could potentially 

generate these molecules; however, studies have indicated that these 15-oxylipins are 

generated by COX16,66. Interestingly, the role of these 15-oxylipins in platelet biology 

is also controversial. While 15-HETrE, 15-HETE and 15(S)-hydroxyeicosapentaenoic 
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(15-HEPE), from eicosapentaenoic acid (EPA), have been shown to inhibit platelet 

reactivity16,57, other studies have observed a pro-aggregatory effect of 15-HETE on 

platelet function45,61. With respect to their mechanism of action, oxylipins can inhibit 

platelet function by increasing cyclic adenosine monophosphate (cAMP) levels via 

Gas-coupled receptors, or binding intracellular nuclear receptor, such as peroxisome 

proliferator-activated receptors (PPARs)52,66. Although 15-HETE has been reported to 

interact with PPARs in other cell types25,45, the mechanism underlying the effects of 

15-HETE on platelet reactivity is not well understood. Given these contradictory and 

poorly defined results, a better understanding of the 15-oxylipins effects on platelet 

activity is warranted. This study helps to elucidate the mechanism of 15-oxylipin 

formation in platelets and determine the effects of 15-HETrE, 15-HETE and 15-HEPE 

on the regulation of platelet reactivity.   

2.3 Methods 

Isolation of human platelets 

 All research involving human subjects was approved by the University of 

Michigan Institutional Review Board. Prior to blood collection, written informed 

consent was obtained from all subjects in this study. Blood was collected into 

vacutainers containing sodium citrate (Becton, Dickinson and Company (BD), Franklin 

Lakes, NJ) and centrifuged for 10 minutes at 200g to obtain platelet rich plasma. Acid 

citrate dextrose (2.5% sodium citrate tribasic, 1.5% citric acid, 2.0% D-glucose) and 

apyrase (0.02 U/ml) were added to the platelet rich plasma, which was then centrifuged 

for 10 minutes at 2000g. Platelets were resuspended in Tyrode’s buffer (10 mM 
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HEPES, 12 mM NaHCO3, 127 mM NaCl, 5 mM KCl, 0.5 mM NaH2PO4, 1 mM MgCl2, 

and 5 mM glucose) and adjusted to 3 x 108 platelets/ml, unless otherwise stated. 

Leukocyte-depletion of platelets   

Washed platelets (5 x 108 platelets/ml) were incubated with magnetic CD45 

MicroBeads (10 µl/ml) (Miltenyi Biotec Inc., Auburn, CA) for 30 minutes. Following 

incubation, platelets were treated with EDTA (2.5 mM) and filtered through a 

magnetic-activated cell sorting separation column that selectively captured CD45 

positive cells. Platelets were pelleted from the column flow-through by centrifugation 

following treatment with acid citrate dextrose and apyrase, as described above.   

Quantification of platelet-derived 15-oxylipins  

 Leukocyte-depleted platelets were incubated with 10 μM DGLA (dimethyl 

sulfoxide (DMSO) as control) for 10 minutes at 37C, pelleted at 1000g for 1 min, and 

the supernatant was frozen. Subsequently, 13S-hydroxy-9Z,11E-octadecadienoic-

9,10,12,13-d4 acid (d4-13HODE) (20 ng) was added to the thawed supernatant and 

oxylipins were extracted with 1.5 mL dichloromethane, reduced with 20 μl of 

trimethylphosphite, and dried under a stream of N2. Samples were resuspended in 50 

ul of methanol (MeOH) containing 10 ng of d8-12HETE. Prior to chromatography, 100 

ul of 0.1% formic acid in water were added to samples, and 90 ul were injected for 

analysis. UPLC-MS/MS was performed to monitor the oxylipin production, as 

previously described52, with the addition of the following m/z transitions: 15-HETE: 

319→219, 15-HETrE: 321→221, 14,15-diHETE: 335→205, 8,15-diHETE: 335→155. 

Quantitation was performed with a 15-HETE standard curve. Quantitation of 14,15-
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diHETE was based on the relative ionization efficiency of it to 15-HETE as the 

standard (0.98 +/-0.2).     

Production and isolation of 15-oxylipins 

The synthesis of 15-HETrE, 15-HETE, and 15-HEPE were performed as 

previously described48,71. Briefly, 15S-hydroperoxy-8Z,11Z,13E-eicosatrienoic acid 

(15-HpETrE), 15S-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HpETE), 

and 15S-hydroperoxy-5Z,8Z,11Z,13E,17Z-eicosapentaenoic acid (15-HpEPE) were 

synthesized by reaction of DGLA, AA or EPA, respectively, (25-50 μM) with soybean 

lipoxygenase-1. The hydroperoxide products, 15-HpETrE, 15-HpETE, and 15-HpEPE 

were reduced to the alcohols, 15-HETrE, 15-HETE, and 15-HEPE with 

trimethylphosphite. The 15-oxylipins were then purified by HPLC using a C18 HAISIL 

250 × 10 mm semiprep column isocratically in a mobile phase containing 54.5:44.5:1 

mixture of acetonitrile, water, and formic acid, respectively. 

Platelet aggregation and dense granule secretion  

A Chrono-log Model 700D lumi-aggregometer was used to measure platelet 

aggregation and ATP release under stirring conditions (1100 rpm) at 37°C for six 

minutes, following the addition of collagen (Chrono-log, Havertown, PA), thrombin 

(Enzyme Research Laboratories, South Bend, IN), AA (Cayman Chemical Company, 

Ann Arbor, MI), or ADP (Sigma-Aldrich, St. Louis, MO).  

Protein kinase C substrate phosphorylation 

Platelets were incubated with metabolite prior to stimulation with collagen for 

5 minutes in an aggregometer. Reactions were stopped with the addition of 5X 
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Laemmli sample buffer, boiled, and separated on a SDS-PAGE gel. Western blots were 

performed with antibodies to GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) 

and protein kinase C (PKC) substrate (Cell Signaling Technology, Danvers, MA). 

Quantification of calcium mobilization and αIIbβ3 activation via flow cytometry 

Washed platelets (1.0 x 106 platelets/ml) were incubated with DMSO, 15-

HETrE or 15-HETE (10 µM) for 10 minutes at 37ºC. Platelets were then treated for 5 

minutes with either Fluo-4-AM (0.5 µg; Thermo Fisher Scientific, Waltham, MA) or 

PAC-1 (BD Pharmingen, Franklin Lakes, NJ), an antibody that binds the active 

conformation of αIIbβ3. Platelets, supplemented with CaCl2 (1 mM), were stimulated 

with convulxin (2.5 ng/ml, purchased from Dr. Kenneth J. Clemetson, Theodor Kocher 

Institute, University of Berne, Bern, Switzerland) and the mean fluorescence intensity 

of the sample was continuously measured on an Accuri C6 flow cytometer (BD 

Biosciences).   

α-granule secretion 

Human platelets treated with metabolite for 10 minutes were stimulated with 

collagen (5 µg/ml) for 5 minutes under stirring conditions in the presence of the 

tetrapeptide Arg-Gly-Asp-Ser (RGDS; 2 mM; Sigma-Aldrich, St. Louis, MO) to 

prevent platelet aggregation. A PE-conjugated P-selectin antibody (BD Pharmingen, 

Franklin Lakes, NJ) was added to the stimulated platelets for 10 minutes and P-selectin 

surface expression was quantified by flow cytometry. 

Vasodilator-stimulated phosphoprotein phosphorylation  
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Platelets were incubated with oxylipins (10 µM), forskolin (5 µM), or DMSO 

for 10 minutes prior to the addition of 5X Laemmli sample buffer (Tris 1.5 M, pH 6.8; 

10% sodium dodecyl sulfate, 50% glycerol, 25% -mercaptoethanol, 0.6% 

bromophenol blue). Samples were boiled and then separated on a SDS-PAGE gel. 

Western blots were performed with antibodies to phosphorylated (pS157) and total 

vasodilator-stimulated phosphoprotein (VASP) (Santa Cruz Biotechnology, Santa 

Cruz, CA).  

15-LOX-1 and 15-LOX-2 expression in platelets 

To leukocyte-depleted platelets, non-depleted platelets, 15-LOX-1, 15-LOX-2 

and 12-LOX enzymes were added 5X Laemmli sample buffer and samples were boiled 

and then separated on a SDS-PAGE gel. Western blots were performed with antibodies 

to 15-LOX-1 (Abcam, Cambridge, UK) or 15-LOX-2 (Abcam, Cambridge, UK), and 

b-actin (Cell Signaling Technology, Danvers, MA).  

Thromboxane B2 (TXB2) and 12-HETE formation 

Platelets pretreated with 15-HETrE or 15-HETE (10 μM), were stimulated with 

collagen (5 µg/ml) for 5 minutes in an aggregometer. Platelets were pelleted by 

centrifugation at 1000g for 1 min and the supernatant was transferred to a new tube. 

The supernatant was immediately placed on dry ice. Thromboxane B2 (TXB2) and 

12(S)-hydroxyeicosatetraenoic acid (12-HETE) were quantified by UPLC-MS/MS, as 

described above.  

Mass spectrometry analysis of 12-LOX enzymatic products from 15-oxylipin 

substrates 
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Briefly, 12-LOX (60 pmoles) was reacted with 10 μM of each 15-oxylipin, 

quenched, extracted three times, reduced with trimethylphosphite, and evaporated 

under a stream of nitrogen gas. Reactions were analyzed via LC-MS/MS. The 

chromatography system was coupled to a Thermo-Electron LTQ LC-MS/MS for mass 

analysis. All analyses were performed in negative ionization mode at the normal 

resolution setting. MS2 was performed in a targeted manner with a mass list containing 

the following m/z ratios + 0.5: 317.5 (HEPEs), 319.5 (HETEs), 321.5 (HETrEs), 331.5 

(diHEPEs), 335.5 (diHETEs), 337.4 (diHETrEs), triHEPEs (349.5), 351.5 (triHETEs), 

and 353.5 (triHETrEs).  

Kinetic analysis of AA, DGLA, EPA, and corresponding 15-oxylipins with 12-

LOX 

Overexpression and purification of human 12-LOX was performed as 

previously described19. 12-LOX steady-state kinetic reactions were constantly stirred 

at ambient temperature, in a 1 cm2 quartz cuvette containing 2 mL of 25 mM HEPES, 

pH 8 with DGLA, AA, EPA, 15-HpETrE, 15-HpETE, or 15-HpEPE. Substrate 

concentrations were varied from 0.25 µM to 10 µM for the PUFA reactions or 0.5 µM 

to 25 µM for the 15-oxylipin reactions. Concentrations of PUFA were determined by 

measuring the amount of 15-oxylipin produced from complete reaction with soybean 

lipoxygenase-1 (sLO-1). Concentrations of 5S-HETE, 5S-HpETE, 7S-HDHA, and 7S-

HpDHA were determined by measuring the absorbance at 234 nm. Reactions were 

initiated by the addition of h15-LOX-1 (~20-60 nmoles) and were monitored on a 

Perkin-Elmer Lambda 45 UV/VIS spectrophotometer. Product formation was 
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determined by the increase in absorbance at 234 nm for 15-oxylipins (ε234 = 27,000 M-

1 cm-1), 270 nm for di-oxylipins (ε270 = 37,000 M-1 cm-1)8,44. KaleidaGraph (Synergy) 

was used to fit initial rates, as well as the second order derivatives (kcat/KM) to the 

Michaelis-Menten equation for the calculation of kinetic parameters. 

Determination of IC50 of 15-HETrE, 15-HETE, and 15-HEPE against 12-LOX 

Purified 12-LOX was added to 10 µM AA in 2 mL of 25 mM HEPES, pH 8.0, 

in the presence of the control (MeOH) or oxylipin. IC50 values were obtained by 

determining the enzymatic rate at various 15-HETrE, 15-HETE, and 15-HEPE 

concentrations and plotting the rates against 15-HETrE, 15-HETE, and 15-HEPE 

concentrations, followed by a hyperbolic saturation curve fit via KaleidaGraph 

(Synergy). 

Statistical analysis 

Two-tailed paired t test, one- and two-way analysis of variance (ANOVA) were 

performed with Prism 9 (GraphPad Software, La Jolla, CA) to analyze the data. The 

statistical test used in each assay is reported in the figure legend. Data represent mean 

values ± standard error of the mean (SEM).  

 

2.4 Results 

15-Oxylipins inhibit agonist-induced platelet aggregation  

While micromolar levels of 15-HETrE were previously reported to inhibit 

thromboxane receptor-mediated platelet aggregation16, it was unknown whether 15-

HETrE inhibited platelet activation through other receptors such as PPARs, GPVI, or 
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P2Y12. Washed human platelets were treated with increasing concentrations of 15-

HETrE, 15-HETE or 15-HEPE prior to stimulation with collagen, the GPVI and α2β1 

agonist, to determine whether the 15-oxylipins inhibited collagen-mediated platelet 

aggregation. 15-HETrE, 15-HETE, and 15-HEPE all inhibited platelet aggregation in 

response to collagen (0.25 µg/ml), with maximal inhibition of aggregation achieved at 

10 µM (Figure 2.1A). Collagen-stimulated platelets were also incubated with 12(S)-

hydroxyeicosatetrienoic acid (12-HETrE) to determine the relative potency of 15-

oxylipins-dependent inhibition of aggregation compared to previously identified 

antiplatelet monohydroxylated oxylipins52,59,60,68. The three monohydroxylated 15-

oxylipins (15-HETrE, 15-HETE or 15-HEPE) inhibited collagen-mediated platelet 

aggregation with similar potency to each other and to that of 12-HETrE (Figure 2.1A).  

Our previous studies have demonstrated that 12-HETrE, a 12-LOX-derived 

oxylipin from DGLA, inhibits platelet aggregation induced by multiple agonists19,52. In 

order to determine the potency of 15-oxylipins at inhibiting platelet aggregation in 

response to common platelet agonists, aggregation was measured in 15-HETrE-treated 

platelets stimulated with increasing concentrations of collagen, thrombin, ADP, or AA. 

15-HETrE was effective at inhibiting low concentration of all agonists tested; however, 

higher doses of collagen, AA, and thrombin were able to overcome the inhibitory 

effects of 15-HETrE (Figure 2.1B-E).  Aggregation induced by high doses of ADP (20 

μM) remained inhibited by 15-HETrE (Figure 2.1D).  

15-Oxylipins inhibit intracellular platelet signaling 
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Since the 12-LOX-derived oxylipin from AA, 12-HETE, plays a critical role 

enhancing platelet activation43,75, but 12-HETrE inhibits platelet reactivity and clot 

formation19,52, we focused on elucidating the mechanism by which either 15-HETrE or 

15-HETE inhibit platelet activation. To assess whether 15-HETrE or 15-HETE 

attenuated platelet aggregation through modulation of intracellular signaling, Ca2+ 

mobilization, integrin activation, PKC activation and granule secretion were evaluated 

in GPVI-stimulated platelets treated with 15-HETE or 15-HETrE. Ca2+ mobilization, a 

key regulator of integrin αIIbβ3 activation, was evaluated in platelets treated with 

oxylipins in real-time by flow cytometry to determine if Ca2+ mobilization was 

inhibited in the presence of 15-HETE and 15-HETrE. Collagen poorly activates 

platelets in the static conditions used to measure Ca2+ mobilization and integrin 

activation on a flow cytometer32. Therefore, convulxin (CVX), a snake venom toxin 

was used to stimulate GPVI for real-time flow cytometer experiments.  Pretreatment of 

platelets with 15-HETrE or 15-HETE (10 µM) resulted in a decrease in Ca2+ 

mobilization following stimulation with CVX compared to control-treated platelets 

(Figure 2.2A). Since Ca2+ mobilization is required for activation of the integrin αIIbβ3, 

15-HETrE and 15-HETE were assessed for their ability to attenuate αIIbβ3 activation. 

15-HETrE- or 15-HETE-treated platelets were stimulated with CVX (2.5 ng/ml) and 

activation was measured using flow cytometry in the presence of PAC-1, an antibody 

that recognizes the active conformation of αIIbβ3. Compared to DMSO, treatment of 

platelets with 15-HETrE or 15-HETE inhibited αIIbβ3 activation in CVX-stimulated 

platelets (Figure 2.2B). 
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 Since the activation of conventional isoforms of PKC are dependent on Ca2+ 

(Harper and Poole 2010), the ability of 15-HETrE and 15-HETE to inhibit PKC in 

platelets was tested. At low concentrations of collagen (0.5 µg/ml), 15-HETrE- and 15-

HETE-treated platelets showed a reduced level of PKC substrate phosphorylation 

compared to control (Figure 2.2C). However, there was no difference in PKC 

activation between control- and oxylipin-treated platelets at higher concentrations of 

collagen (5 µg/ml) (Figure 2.2C). Agonist-dependent granule release was also assessed 

as a measurement of platelet activation including both dense and α-granules. To 

evaluate whether 15-HETrE or 15-HETE affect dense granule secretion, platelets were 

stimulated with increasing concentrations of collagen in the presence of 15-HETrE, 15-

HETE, or control (DMSO). Collagen-stimulated platelets incubated with 15-HETE or 

15-HETrE released less ATP, a marker of dense granule secretion, than platelets treated 

with DMSO (Figure 2.2D). To determine if 15-HETrE or 15-HETE inhibited α-

granule secretion, platelets were stimulated with collagen (5 µg/ml) in the presence of 

15-HETrE or 15-HETE, and surface expression of P-selectin was measured by flow 

cytometer15. Platelets treated with 15-HETrE or 15-HETE had a decrease in P-selectin 

surface expression compared to control-treated platelets (Figure 2.2E). 

15-HETrE and 15-HETE inhibit platelet activation via unique PPARs 

Independent of direct effects on oxygenases, oxylipins have additionally been 

proposed to reduce platelet activation through either the initiation of Gαs-coupled 

receptor signaling or stimulation of PPARs53. The inhibitory effects of the Gαs 

signaling pathway proceed through cAMP-dependent PKA activation47. In platelets, 
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the major substrate of PKA is VASP serine 157 (S157)9. To determine if 15-HETrE or 

15-HETE regulate platelet function in this manner, VASP phosphorylation was 

measured in platelets treated with oxylipins (10 µM) to assess their ability to initiate 

Gαs signaling. VASP (S157) phosphorylation did not increase in platelets incubated 

with 15-HETrE or 15-HETE compared to either DMSO or 12-HETE, a negative control 

(Figure 2.3A). As expected, platelets treated with either forskolin, a direct adenylyl 

cyclase agonist, or 12-HETrE, a 12-LOX oxylipin that signals through a Gαs-coupled 

receptor68, had enhanced VASP phosphorylation (Figure 2.3A).  

Platelets express all three PPAR isoforms (a, b, and g) and activation of any of 

these isoforms inhibit platelet function through a non-genomic mechanism3,28. Since 

15-HETrE and 15-HETE have been shown to activate PPARs in other cell types34,50  

we sought to determine if either 15-HETrE or 15-HETE inhibits platelet aggregation 

in a PPAR-dependent manner in platelets. Platelets were incubated with the previously 

characterized inhibitors of PPARa (GW6471; 10 μM), PPARb (GSK3787; 10 μM), or 

PPARg (GW9662; 10 μM), prior to treatment with 15-HETrE or 15-HETE and 

subsequent collagen stimulation3,4,11,33. Inhibition of PPARb, but not PPARa or 

PPARg, reversed the antiplatelet effects of low concentrations of 15-HETrE (2.5 μM) 

in collagen-stimulated platelets (Figure 2.3A). In contrast, inhibition of PPARa, but 

not PPARb or PPARg, reversed the ability of low concentrations of 15-HETE (2.5 μM) 

to inhibit collagen-induced aggregation (Figure 2.3B). None of the PPAR antagonists 

tested were able to reverse the inhibitory effects of higher concentrations of 15-HETrE 

or 15-HETE (5 μM). 
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Oxylipin inhibition of 12-LOX activity in both ex vivo and in vitro conditions 

Previous studies have demonstrated that the antiplatelet effects of 15-HETE 

were due in part to its ability to selectively inhibit COX49, 12-LOX31,57,60, or both59. To 

evaluate whether 15-HETrE or 15-HETE inhibit platelet activation via inhibiting COX 

or 12-LOX, the levels of their respective AA-derived metabolite, TXB2 and 12-HETE, 

were quantified in the releasate of collagen-stimulated platelets. Since Ca2+ 

mobilization is required for TXB2 and 12-HETE formation18, high concentration of 

collagen (5 µg/ml) were used that caused similar levels of Ca2+ mobilization. Platelets 

incubated with 15-HETrE (10 μM) prior to collagen stimulation decreased 12-HETE 

formation by 44±11% (Figure 2.4A) but had no effect on the formation of TXB2 

(Figure 2.4B), compared to vehicle-treated platelets. Treatment of platelets with 15-

HETE (10 μM) prior to collagen stimulation had a 97±1% decrease in 12-HETE 

generation (Figure 2.4A), with no effect on TXB2 formation (Figure 2.4B), compared 

to vehicle-treated platelets. In comparison, platelets incubated with 15-HEPE (10 μM) 

prior to collagen stimulation had an 89±1% decrease in 12-HETE formation (Figure 

2.4A), with no effect on TXB2 formation (Figure 2.4B) compared to vehicle-treated 

platelets, indicating that 15-HEPE was more similar to 15-HETE with respect to a 

platelet response than that of 15-HETrE.  Together this data indicates that while 15-

HETrE and 15-HEPE can inhibit 12-HETE production, 15-HETE inhibits 12-HETE 

production more effectively than either 15-HETrE or 15-HEPE.    

The aforementioned data indicates that treatment of platelets with 15-HETE, 

15-HEPE or 15-HETrE diminished the ability of platelets to produce 12-HETE, 



 34 

however, the mechanism is unknown. It is possible that these 15-oxylipins could 

directly inhibit 12-LOX. Therefore, the formation of 12-HETE was measured in vitro 

following the incubation of AA with recombinant 12-LOX in the presence of 15-

HETrE, 15-HETE or 15-HEPE to determine if they directly inhibit 12-LOX. Similar to 

the data obtained with platelets (Figure 2.4), 15-HETE (IC50 = 46±19 μM) was a more 

potent inhibitor of purified 12-LOX than 15-HETrE (IC50 = 105±55 μM) or 15-HEPE 

(IC50 = 142±11 μM), however, the low potency of these 15-oxylipins indicate no direct 

inhibition of 12-LOX in the platelet. 

12-LOX product profile and kinetics with C20 PUFAs and 15-oxylipins substrates 

15-HpETE was previously shown to be converted into 8,15- and 14,15-

diHETEs10,63 and 8,15-diHETE were capable of inhibiting ADP-induced platelet 

aggregation6; however, 15-HpETE was a poor substrate for 12-LOX. In this study, we 

demonstrate that 12-LOX poorly converts 15-HpETrE and 15-HpEPE to their 8,15- 

and 14,15-products, with only ~1% being produced before enzymatic inactivation 

occurs. Of the small amount of di-oxylipins produced, roughly twice as much of the 

14,15-product was made relative to the 8,15-product for the three 15-oxylpins 

investigated (Table 2.1). The 8,15-product is due to the degradation of the 14,15-

epoxide, while the 14,15-product is due to oxygenation27,29. This mechanism was 

confirmed by the increase in the 8,15-product upon lowering of the O2 concentration 

(Table 2.1). It should be noted that the reaction of 12-LOX with the alcohol form of 

the 15-oxylipins was significantly reduced, consistent with the formation of the epoxide 

product, which requires the hydroperoxide moiety. 
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The kinetics of 12-LOX reacting with the three PUFA substrates, DGLA, AA 

and EPA, revealed similar kinetic values (Table 2.2). The kinetics of the corresponding 

hydroperoxide 15-oxylipins of these three PUFAs also revealed similar values (vide 

supra), indicating that for both the PUFAs and the 15-oxylipins, the double bond 

configuration had little effect on kinetics, given that all of these 6 substrates are 20 

carbons in length. However, it should be noted that the kinetic rates of the 

hydroperoxide 15-oxylipins were approximately 10-fold less than that of the PUFA 

substrates, which agrees with previous results with other oxylipin substrates13,37,54. 

Ex vivo platelet incubation with 15-oxylipins 

 The results above indicate that 12-LOX reacts slowly with 15-oxylipins under 

in vitro conditions and therefore, the 15-oxylipins were incubated with platelets in order 

to determine the reactivity of 12-LOX under ex vivo conditions.  Specifically, the 

formation of the di-oxylipins from the 15-oxylipin were measured in platelets incubated 

with 15-HpETE, 15-HpETrE or 15-HpEPE and their reduced alcohol species, all at 10 

mM. The first observation is that the total di-oxylipin produced from all three of the 

hydroperoxide 15-oxylipins is comparable, approximately 100 ng per 1x109 platelets 

and is consistent with amount of di-oxylipin produced when 14(S)-

hydroperoxydedocosahexaenoic acid (14-HpDHA) was added to platelets13. Second, 

only 1/10 of the reduced alcohol oxylipin was produced compared to the hydroperoxide 

oxylipins, which is consistent with the in vitro kinetics, where the alcohol oxylipins 

were observed to be poorer substrates than the hydroperoxides, consistent with 

generation of the epoxide product. Finally, both the alcohol and hydroperoxy oxylipins 
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produced a majority of the 8,15- product (Table 2.3), suggesting that the alcohol 

oxylipin may be an oxygenation product.  

12-LOX Allosteric and hypoxic regulation of epoxidation 

 Oxylipins have been previously determined to dose-dependently affect the ratio 

of di-oxygenation:epoxidation products13,54, due to allosteric regulation of enzyme 

mechanism. In order to determine if 15(S)-hydroperoxyeicosapentaenoic acid (15-

HpEPE) could also affected the ratio of LOX products, the product profile was assessed 

in solutions ranging from 1 to 20 mM of 15-HpEPE. Increased concentrations of 15-

HpEPE reduced epoxide formation from 84% at 1 mM 15-HpEPE to 58% at 20 mM 

(Table 2.4), indicating that 15-HpEPE is also a 12-LOX allosteric regulator that affects 

secondary product formation. 

The 12-HETrE/15-HETrE ratio in platelets treated with DGLA 

12-HETrE and 15-HETrE are antiplatelet oxylipins derived from DGLA that 

have independently been shown to be produced by DGLA-treated platelets12,63,68. Our 

group has already demonstrated that supplementation with DGLA increased 12-HETrE 

formation in the platelet68. In order to determine whether platelets were able to form 

15-oxylipins, the levels of 12-HETrE and 15-HETrE in the releasate of platelets treated 

with DGLA (10 µM) were quantified by mass spectrometry to determine their ratio of 

formation from a common sample. Since leukocytes are a common contaminate of 

isolated platelets and a potential source of 15-HETrE, washed human platelets were 

leukocyte-depleted by magnetic-activated cell sorting56,57. The purity of the leukocyte-

depleted platelets was quantified by flow cytometry using leukocyte (CD45) and 



 37 

platelet (GPIbα) specific antibodies. The leukocyte-depleted platelets contained 40 ± 

11.34 (mean ± SEM; n= 7) leukocytes per million platelets as detected by flow 

cytometry (Figure 2.5A). Leukocyte-depleted platelets treated with DGLA produced 

approximately four times as much 12-HETrE (588 ± 352 ng/ml) as 15-HETrE (139 ± 

54 ng/ml) for a ratio of 4.2 to 1 (Figure 2.5B).  

15-LOX expression in human platelets 

 In this study, we demonstrated that leukocyte-depleted platelets treated with 

DGLA prior to agonist-induced activation generated 15-HETrE (Figure 2.5A); 

however, it is unclear if 15-LOX or COX-1 produced this 15-oxylipin. To assess 

whether 15-LOX is expressed in platelets, both leukocyte-depleted and non-depleted 

platelets were probed with 15-LOX-1 or 15-LOX-2 antibodies. As a control, the 

purified 15-LOX-1, 15-LOX-2, and 12-LOX enzymes5,23,41 were tested and as 

expected, the 15-LOX-1 and 15-LOX-2 antibodies selectively detected the 

corresponding 15-LOX isozymes, but not the alternate 15-LOX isozyme, nor the 12-

LOX enzyme. While 15-LOX-1 expression decreased in leukocyte-depleted platelets 

compared to non-depleted platelets (Figure 2.6A), the expression of 15-LOX-2 did not 

differ between leukocyte-depleted platelets and non-depleted platelets (Figure 2.6B).  

 Leukocyte-depleted platelets were treated with the 15-LOX-1 selective 

inhibitor, ML35139, or the 15-LOX-2 selective inhibitor, NCGC0035680021, and 

collagen-induced platelet aggregation were assessed (Figure 2.6C). Platelets were also 

treated with the 12-LOX selective inhibitor, ML355, and with aspirin (ASA), as 

controls. Agonist-induced platelet aggregation was inhibited following treatment with 
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ML355 or ASA. However, inhibition of only 15-LOX-1 or 15-LOX-2 did not affect 

collagen-induced platelet aggregation.  

2.5 Discussion 

 Lipoxygenases (LOXs) are enzymes that catalyze the oxygenation of PUFAs, 

forming bioactive fatty acids (oxylipins)26,35. LOXs (5-, 12-, and 15-LOX) are 

expressed in a number of cells and they each produce oxylipins which regulate platelet 

activity, hemostasis and thrombosis66,67. Regarding the expression of lipoxygenases in 

platelets, 5-LOX is not expressed in these cells, whereas 12-LOX is highly 

expressed14,66 and its derived oxylipins are known to regulate platelet reactivity64,65. 

Whether 15-LOX is expressed in platelets has been an ongoing question in the field. 

While the formation of 15-oxylipins in platelets have already been shown, these studies 

are not in agreement regarding the role of 15-LOX63  or COX-116,40  in the formation 

of 15-oxylipins in platelets. 

 In this study we demonstrated that micromolar levels of 15-HETE, 15-HETrE 

or 15-HEPE attenuated collagen-induced platelet aggregation. Although several studies 

reported the 15-HETE and 15-HEPE effects on platelet function45,58,59,60, the effects of 

15-HETrE on platelet activity are still not well understood. We have shown that 15-

HETrE at micromolar levels attenuated aggregation initiated by low doses of multiple 

agonists including collagen, thrombin, ADP and AA (Figure 2.1). While we 

demonstrate that the 15-oxylipins have an antiaggregatory effect on platelets, treatment 

with 15-LOX-1 or 15-LOX-2 inhibitors did not rescue agonist-induced platelet 

aggregation (Figure 2.6C). Since 12-HETE and thromboxane A2 (TXA2), the 12-LOX-
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derived and the COX-1-derived oxylipins from AA, respectively, have been 

demonstrated to potentiate platelet activation and aggregation30,38, as expected, 

inhibition of platelet aggregation was observed following treatment with ML355 or 

ASA.   

The ability of 15-oxylipins to inhibit platelet aggregation suggests that these 

oxylipins impinge on a common signaling event downstream of receptor activation in 

the platelet aggregation pathway. Since the 12-LOX-derived oxylipins from AA and 

DGLA, 12-HETrE and 12-HETE, respectively, play a critical role in regulating platelet 

reactivity38,43,52, we focused on how 15-HETE and 15-HETrE were regulating platelet 

signaling following GPVI stimulation. We have shown that both 15-HETE and 15-

HETrE inhibited the activation of common signaling events including Ca2+ 

mobilization, and activation of integrin aIIbb3 (Figure 2.2). Interestingly, while some 

12-LOX oxylipins such as 12-HETrE have been previously shown by our group to 

inhibit platelet function through activation of the prostacyclin receptor on the surface 

of the platelet resulting in activation of Gas, formation of cAMP, and activation of PKA, 

neither 15-HETrE nor 15-HETE resulted in VASP phosphorylation by PKA, 

suggesting these oxylipins inhibit platelet function in a prostacyclin receptor-

independent manner (Figure 2.3).  

While several key biochemical steps such as calcium mobilization, PKC 

activation, and integrin activation were shown in the current study to be similarly 

regulated by 15-HETE and 15-HETrE, the proximal regulatory steps preceding these 

central biochemical regulators were identified as unique to each of the metabolites 
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studied. Previously, our group showed that docosapentaenoic acid (DPA) w-6-derived 

oxylipins activate PPARs in the platelet65 and others demonstrated that 15-oxylipins 

activate PPARs in other cells34,46. In this study, we have shown for the first time that 

the 15-oxylipins, 15-HETrE and 15-HETE, signal through activation of PPARs in the 

platelet. While 15-HETrE was found to be a specific agonist for PPARb, 15-HETE 

appear to function at least partially through the activation of PPARa (Figure 2.5). 

PPAR antagonists reversed the inhibitory effects of lower concentrations of 15-HETE 

and 15-HETrE, however PPAR inhibitors could not reverse higher concentrations of 

these oxylipins. These data suggest that 15-HETE and 15-HETrE function 

predominantly through PPARs, but that at higher concentrations they signal through 

other compensatory signaling pathways in the platelet independent of PPAR signaling.  

A number of monohydroxylated oxylipins have antiplatelet activity; however, 

how the structure of these oxylipins regulates their mechanism of action remains poorly 

understood66. Independent discoveries demonstrated that 19(S)-

hydroxyeicosatetraenoic acid (19-HETE)55  and 12-HETrE52 both inhibit platelet 

activation by signaling through the prostacyclin receptor, but the activity of other 

oxylipins warranted a further investigation into the structure-activity relationship of 

antiplatelet monohydroxylated oxylipins. A number of physical attributes of 

monohydroxylated oxylipins have been shown to influence their functionality, such 

carbon length, double bond configuration, and position/stereochemistry of 

oxygenation. HETEs and HETrEs both have 20 carbon backbones and double bonds at 

the 8, 10, and 14 carbons, but HETEs contain an additional double bond at the 5th 
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carbon. 12-HETE and 12-HETrE have been shown to have opposite effects on platelet 

activity, suggesting the double bond configuration may be a major contributor to 

monohydroxylated oxylipin function68. Notably, in contrast to the opposite effects 

observed with 12-HETE and 12-HETrE, this study found that 15-HETE and 15-HETrE 

have similar but unique functionality. This data suggests that the difference in a single 

double bond does not change the overall inhibitory effect in platelet function of these 

15-oxylipins, as observed with 12-HETE and 12-HETrE, but rather shifts the isoform 

of PPAR that is activated.  

Oxylipin inhibition of platelet function through negative feedback on the 

production of pro-aggregatory oxylipins has been previously shown60. In agreement 

with previous studies31,57,58, we observe that 15-oxylipins were shown in the current 

study to partially inhibit 12-HETE formation, which helps explain the inability of 

PPAR inhibitors to fully reverse 15-oxylipins’ antiplatelet effects. Notably, the 15-

oxylipins showed a differential ability to inhibit 12-LOX, with platelets treated with 

15-HETE, 15-HETrE or 15-HEPE having a 90%, 40%, and 89% decrease in 12-LOX 

product formation, respectively (Figure 2.4). However, the COX-derived product of 

AA, TXB2, was not decreased in platelets treated with either 15-HETE, 15-HETrE or 

15-HEPE, which suggests that these 15-oxylipins are selectively lowering 12-LOX 

activity, without lowering the availability of the substrate, AA (Figure 2.4).  

Previously, our group has demonstrated that treatment with DGLA increased 

levels of the 12-LOX-derived oxylipin, 12-HETrE, in platelets68. In accordance with 

previous findings16,63, we observe 15-HETrE was detected in the releasate of leukocyte-
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depleted platelets treated with DGLA (Figure 2.5), suggesting that platelets have the 

ability to generate 15-oxylipins, but the expression of 15-LOX in platelets remains 

unclear. Mammalian tissues have two forms of 15-LOX isoforms, reticulocyte 15-LOX 

(15-LOX-1, gene ALOX15) and epithelial 15-LOX-2 (15-LOX-2, gene ALOX15B), 

with the tissue distribution of 15-LOX-2 being more limited when compared to that of 

15-LOX-17,46. While 15-LOX-2 is predominantly found in the skin, prostate, lung, and 

cornea, 15-LOX-1 is expressed in eosinophils, leukocytes, reticulocytes, macrophages, 

dendritic, and epithelial cells20,22. In agreement with those observations, antibodies for 

15-LOX-1 or 15-LOX-2 demonstrated that platelets may express low levels of 15-

LOX-1, but do not express 15-LOX-2 (Figure 2.6).  

 Although we demonstrated that 15-LOX-1 might be expressed in platelets at 

low levels, suggesting that 15-LOX-1 may be involved in the formation of the 15-

oxylipins in platelets, based on the significant difference observed on the enzyme’s 

expression between leukocyte-depleted and non-depleted platelets, it is reasonable to 

consider that platelets have 15-LOX-1 at low concentration or the 15-oxylipins might 

be formed through a 15-LOX-independent pathway. In fact, previous studies have 

suggested that 15-oxylipins are produced in a COX-dependent manner in 

platelets16,40,56 and demonstrated that recombinant COX has the ability to metabolize 

AA into 15(S)-HETE in vitro51. Regardless of the source of the 15-oxylipins, this study 

suggests that platelets not only form 15-oxylipins, but that they have antiplatelet 

effects. Hence, it is possible that under physiologic conditions, 15-oxylipins may play 

an important regulatory role in the onset and stability of the blood clot in the blood 
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vessel. 15-oxylipins could prevent newly recruited platelets from becoming active at 

the site of injury, which might regulate the formation of the clot and further attenuate 

or reduce the thrombotic risk. Furthermore, based on our findings and the fact that 15-

LOX-1 is highly expressed in leukocytes66, it is reasonable to consider that in whole 

blood, platelet reactivity might be partially regulated by a transcellular mechanism 

between platelets and leukocytes through the formation of 15-oxylipins. Therefore, this 

leukocyte-platelet interaction could regulate clot formation and thus have clinical 

implication in atherothrombotic diseases through inhibition of platelet activity and 

thrombosis.  
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2.6 Tables 

Table 2.1 Product profile of h12LOX and 15-oxylipins 

h12LOX + substrate 8,15-product (%) 14,15-product (%) 

15-HpETrE 77 ± 1 23 ± 1 

15-HpETE 66 ± 2 35 ± 2 

15-HpEPE 70 ± 1 30 ± 2 

15-HpEPE (low O2) 83± 3 17± 3 

 

 

Table 2.2 12-LOX kinetics with PUFAs and 15-oxylipins 

Enzyme + 

substrate 

kcat (s-1) kM (μM) kcat/kM (s-1μM-1) 

DGLA 12 ± 0.3 2.5 ± 0.2 4.9 ± 0.3 

AA 11 ± 0.2 0.49 ± 0.07 22 ± 3 

EPA 9 ± 0.5 1 ± 0.2 8.7 ± 1.2 

15-HpETrE 0.96 ± 0.05 11 ± 1 0.086 ± 0.004 

15-HpETE 1.5 ± 0.05 5.8 ± 0.4 0.26 ± 0.001 

15-HpEPE 0.93 ± 0.06 9.2 ± 1 0.10 ± 0.008 
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Table 2.3 Product distribution from reacting platelets with 15-HEPE and 15-HpEPE. 

Platelets + 

substrate 

Non-enzymatic   

(8,15) product (%) 

Dioxygenation(8,15/14,15)-

product (%) 

15S-HEPE 12.6 ± 1.1 87.4 ± 1.1 

15S-HpEPE 75.4 ± 0.8 24.6 ± 0.8 

 

Table 2.4 Allosteric effect of 12-LOX with 15-HpEPE 

12-LOX + 

15-HpEPE 

1 μM 2 μM 5 μM 10 μM 15 μM 20 μM 

% 8,15-

diHEPE 

84% 75% 70% 67% 65% 58% 

 

 

2.7 Figures  

Legends 

Figure 2.1: 15-HETrE inhibits platelet aggregation independent of the agonist 

tested. A) Washed human platelets (n= 5-8) were treated with increasing 

concentrations of 12-HETrE, 15-HETrE, 15-HETE or 15-HEPE and then stimulated 

with collagen (0.25 µg/ml).  Data represents mean ± S.E.M. One-way ANOVA 

statistical analysis with Dunnett’s multiple comparison post-test was performed 

between DMSO and oxylipins. B) Washed human platelets (n= 4-6) were treated with 

increasing concentrations of 12-HETrE, 15-HETrE, 15-HETE or 15-HEPE and then 

stimulated with increasing concentrations of collagen. Data represents mean ± S.E.M. 

One-way ANOVA statistical analysis with Dunnett’s multiple comparison post-test 

was performed between DMSO and 15-oxylipins. Washed human platelets were 

treated with 15-HETrE (10 μM) or vehicle (DMSO) for 10 minutes and then stimulated 

with increasing concentrations of C) thrombin (n=6), D) ADP (n=6) or E) AA (n=6) in 

an aggregometer. Data represent mean ± SEM of the maximum aggregation. Two-way 

ANOVA statistical analysis was performed between DMSO and 15-HETrE with 

Dunnett’s multiple comparison post-test (*p <0.05, **p <0.01, ***p <0.001) 



 46 

 

Figure 2.2: 15-HETE and 15-HETrE inhibit intracellular platelet signaling. A) 

Platelets (n=4) were treated with a 15-HETE or 15-HETrE (10 μM) and Fluo-4-AM, a 

cell-permeable, calcium-sensitive dye, then stimulated with convulxin (CVX; 2.5 

ng/ml), and Ca2+ mobilization was analyzed by flow cytometry in real-time. B) 

Platelets (n=9) that had been treated with 15-HETE or 15-HETrE (10 μM) were 

stimulated with CVX (2.5 ng/ml) in the presence of FITC-conjugated PAC-1, an 

antibody specific to the active conformation of αIIbβ3, and analyzed by flow cytometry 

in real-time. Two-way ANOVA.  C) Collagen-stimulated platelets (n=5) pretreated 

with either 15-HETE (10 μM) or 15-HETrE (10 μM) were lysed, and Western blots 

were performed with antibodies to the phospho-serine PKC substrate motif and 

GAPDH. Two-tailed paired t test.  D) ATP secretion, a marker of dense granule 

secretion, was measured from platelets (n= 4-5) incubated with 15-HETE or 15-HETrE 

(10 μM) in a lumi-aggregometer in the presence of increasing concentrations of 

collagen. Two-way ANOVA with Dunnett’s multiple comparison post-test.  E) P-

selectin surface expression, a marker of α-granule secretion, was quantified in collagen-

stimulated platelets (n=4) treated with 15-HETE or 15-HETrE (10 μM) by flow 

cytometry using a PE-conjugated P-selectin antibody. Data represent mean ± SEM. 

Two-tailed paired t test. *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 2.3: 15-HETE and 15-HETrE inhibit platelet activation via distinct 

mechanisms. A) The lysates of platelets (n=3-4) treated with forskolin, a direct 

adenylyl cyclase agonist, oxylipins (10 μM) or DMSO were separated on a 10% SDS-

PAGE gel and Western blots were performed with antibodies to phospho- and total 

VASP. B) Platelets were incubated with PPARa (GW6471; 10 μM; n= 3-6), PPARb 

(GW3787; 10 μM; n= 3-6), or PPARg (GW9662; 10 μM; n=3-6) antagonist, prior to 

the treatment with 15-LOX oxylipin, and then stimulated with collagen (0.25-1 µg/ml).  

Data represent mean ± SEM. Two-tailed paired t test.   

 

Figure 2.4: 15-oxylipins inhibit 12-LOX activity. The levels of A) 12-HETE and B) 

TXB2 were quantified in the lysate of collagen-stimulated (5 ug/ml) platelets (n= 5) 

pretreated with 15-HETE (10 μM), 15-HETrE (10 μM) or 15-HETE (10 μM). Two-

tailed paired t test. Data represent mean ± SEM. ***p<0.001.  

 

Figure 2.5: Leukocyte-depleted platelets produce 15-HETrE. A) Leukocyte-

depleted platelets were stained with antibodies specific to platelets (GPIba) and 

leukocytes (CD45), and analyzed by flow cytometry to quantify the number of residual 

polymorphonuclear leukocytes (PMNs) (CD45-positive, GPIba-negative cells) in each 

sample. B) The levels of 12-HETrE and 15-HETrE were measured in the releasate of 

leukocyte-depleted platelets (n=3) treated with DGLA (10 μM). Data represent mean 

± SEM. 
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Figure 2.6: 15-LOX-1 might be expressed in platelets, but not 15-LOX-2. The 

lysates of leukocyte depleted platelets (n=3) and non-depleted platelets (n=1), 15-LOX-

1, 15-LOX-2 and 12-LOX enzymes were separated on a 10% SDS-PAGE gel and 

Western blots were performed with antibodies to A) 15-LOX-1 or B) 15-LOX-2. An 

antibody to b-actin was used as loading control. Leukocyte-depleted platelets were 

treated with 15-LOX-1 inhibitor (ML351, 10mM), 15-LOX-2 inhibitor 

(NCGC00356800, 10mM) or/and 12-LOX inhibitor (ML355, 20mM), or aspirin (ASA, 

100mM) for 10min for ML351, NCGC00356800 or ML355 and 40min for ASA, prior 

stimulation with 2 mg/ml of collagen and C) platelet aggregation (n=6) were assessed. 

Data represent mean ± SEM. Two-tailed paired t test. *p<0.05, **p<0.01, ***p<0.001, 

***p<0.0001. 

 

 

Figure 2.7: Schematic overview of the mechanism underlying the inhibitory effect 

of 15-oxylipins on platelet reactivity. In platelets, 15-LOX-1 or COX-1 might 

metabolize free DGLA and AA into 15-HETrE and 15-HETE, respectively. Both 

oxylipins acts partially though activation of PPARs, impinging intracellular signaling 

and inhibiting 12-LOX activity, which lead to inhibition of platelet activation in 

response to collagen.  
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.6 
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3.1 Abstract 

Regulation of lipoxygenase (LOX) activity is of great interest due to the 

involvement of the various LOX isoforms in the inflammatory process and hence 

many diseases. The bulk of investigations have centered around the discovery and 

design of inhibitors. However, the emerging understanding of the role of h15-LOX-1 

in the resolution of inflammation provides rationale for the development of activators 

as well. While previous inquiries have discovered and characterized allosteric 

regulation that occurred independent of the active site, these allosteric molecules were 

similar to the substrate and/or product in their composition. The current work further 

characterizes a previously discovered small molecule activator, PKUMDL_MH_1001 

(1), which activates h15-LOX-1. Structural characterization of 1 identifies it as a 

mixture of cis- and trans-diastereomers, with kinetic analysis indicating similar 

potency between the two, cis-1 and trans-1. 1 activates catalysis with arachidonic 

acid (AC50 = 7.8 +/- 1 mM, Amax = 240%) and linoleic acid (AC50 = 5.3 +/- 0.7 mM, 

Amax = 98%), but not docosahexaenoic acid (DHA) or mono-oxylipins. Steady-state 

kinetics demonstrated V-type activation for 1, with a b value of 2.2 +/- 0.4 and an Kx 

of 16 +/- 1 mM. Finally, the mechanism of activation was not due to decreasing 

substrate inhibition, nor did 1 affect inhibitor or allosteric effector activity, indicating 

a unique binding site for 1. Future work will be aimed at the design and development 

of a small molecule activator that is capable of activating h15-LOX-1 when reacting 

with DHA and other omega-3 fatty acids while not activating reactions with AA and 

LA.   
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3.2 Introduction 

 

Lipoxygenases (LOX) are non-heme iron enzymes found throughout the 

animal1 and plant kingdoms,1, 2 as well as certain bacteria. 3, 4 They catalyze the 

dioxygenation of polyunsaturated fatty acids (PUFA) containing at least one cis-1,4-

pentadiene motif. In humans there are four main isoforms that have been extensively 

studied: human leukocyte 5-LOX (h5-LOX, ALOX5),5 human platelet 12-LOX (h12-

LOX, ALOX12),6 human reticulocyte 15-LOX-1 (h15-LOX-1, ALOX15),7 and 

human epithelial 15-LOX-2 (h15-LOX-2, ALOX15B).8 They are named based on 

their positional specificity on the canonical substrate, arachidonic acid (AA), with 

h15-LOX-1 producing 15-hydroperoxyeicosatetraenoic acid (15-HpETE), and so 

forth. These LOX products, often referred to as oxylipins, are potent signaling 

mediators involved in a variety of cellular processes and responses, such as 

inflammation.9-12 Acute inflammation is a necessity in response to injury or 

infection,13 with LOX and cyclooxygenase (COX) metabolizing AA and linoleic acid 

(LA), into pro-inflammatory signaling molecules, such as HETEs, HODEs,  

prostaglandins, and thromboxanes.14-18 HETEs can be further metabolized by LOX 

and/or hydrolase enzymes to produce leukotrienes and eoxins.19-21 Membrane-bound 

fatty acids (i.e. phospholipids) are also metabolized by certain LOXs, such as h15-

LOX-1 and h15-LOX-2, leading to the degradation of cellular membranes, which has 

been implicated in the progression of ferroptosis, a non-apoptotic form of 

programmed cell death.22, 23 LOX is also involved in the resolution of inflammation, 

with lipoxins, maresins, resolvins, and protectins playing an important role in the 
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resolution of both acute and chronic inflammation.24-27 These molecules are known as 

specialized pro-resolving mediators (SPM).28 

Given the important role of LOXs in both the initiation and resolution of 

inflammation, it is logical that LOX specific inhibitors would be of great value to 

understanding their role in biology. The development of isoform-specific LOX 

inhibitors has provided the drug development field with extensive tools for untangling 

the complicated inflammatory network29, 30 Zileuton, which targets h5-LOX,31 is the 

only FDA approved LOX therapeutic and is used for the treatment of asthma by 

decreasing the production of the pro-inflammatory molecule, leukotriene.32 

Additional potential hLOX therapeutics undergoing further investigations include: a 

platelet 12-LOX inhibitor, ML355,33 an h12-LOX inhibitor proposed for the potential 

treatment of heparin-induced thrombocytopenia (HIT) and type-1 diabetes,34 as well 

as other inhibitors.35-37 The h15-LOX-1 inhibitor,  ML351,38 is being investigated for 

the possible treatment of stroke39, 40 and chronic pain.41 In addition, other low-nM 

h15-LOX-1 inhibitors have been used to study macrophage inflammation.42-46  While 

these inhibitors have proven to be invaluable tools for understanding the role of LOX 

in cellular processes, our expanded understanding of the pro-resolution role of SPM 

suggest that molecules that activate LOXs could also help our study of the role of 

LOX in biology. For example, allosteric regulation of human LOX during certain 

points of the inflammatory cascade could affect resolution thereby lowering the level 

of inflammation.  
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 Oxylipins allosterically regulate the activity of human LOX, with 15S-

HpEPE, 14S-HpDHA, and 17S-HpDHA altering the oxygenation/dehydration 

product ratio of h15-LOX-1, 47, 48 despite having no appreciable effect on the 

enzyme’s overall turnover rate. Furthermore, 12S-HpETE and 13S-HpODE, were 

shown to affect the substrate specificity between AA and LA, which was independent 

of the oxidation state of the oxylipin, with 12S-HETE and 13S-HODE causing a 

similar change in substrate specificity.49, 50 Interestingly, there have been no published 

synthetic small-molecules which allosterically affect LOX catalysis, until recently. 

Meng, et al.51 published three small molecules which increased the rate of h15-LOX-

1. One activator, PKUMDL_MH_1001 (1) (also known as PKUMDL_AAM_101),52 

displayed moderate potency (AC50 = 6.8 μM) and a moderate increase in rate (max 

activation = 85%). Intriguingly, if 1 was added to whole blood, h15-LOX-1 products 

increased in concentration, indicating cellular activity for this activator. Further 

molecular dynamic (MD) investigations by this research group examined the 

activation mechanism of 1 and proposed an exterior AA binding site which prevented 

substrate inhibition instead of increasing the turnover number.53 Shintoku et al. 

subsequently utilized 1 to increase h15-LOX-1 activity in cancer cells and accelerate 

cell death through the ferroptosis.54  Taken together, these data support the conclusion 

that 1 is a small-molecule capable of activating h15-LOX-1, however certain critical 

biochemical details were lacking, such as assignment of the correct diastereomer, 

LOX and fatty acid specificity, allosteric site assessment and kinetic assignment of 

the steady-state mechanism. The current work aims to provide a comprehensive 
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understanding of the biochemical and kinetic properties imparted on h15-LOX-1 by 

1, so as to define its constraints for use in in vivo experiments.  

 

3.3 Methods 

Expression and Purification of h5-LOX-1, h12-LOX, h15-LOX-1, and h15-LOX-

2.  

Overexpression and purification of wild-type (wt) h15-LOX-1 (Uniprot entry 

P16050),55, 56 h12-LOX (Uniprot entry P18054),55, 56 h5-LOX (Uniprot entry 

P09917)57 and h15-LOX-2 (Uniprot entry O15296)58 was performed as previously 

described. A nickel-NTA chromatography system at 4 °C was used to purify His-tag 

labeled h12-LOX, h15-LOX-1, and h15-LOX-2. The purity of h15-LOX-1, h15-

LOX-2, and h12-LOX was assessed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to be >90%. The metal content was assessed on a 

Finnigan inductively coupled plasma mass spectrometer (ICP-MS), via comparison 

with an iron standard solution. Cobalt-EDTA was used as an internal standard. The 

h5-LOX was not purified due to a dramatic loss of activity and was prepared as an 

ammonium sulfate precipitate.  

 

Synthesis of 1 (1-[(7E)-7-benzylidene-3-phenyl-3a,4,5,6-tetrahydro-3H-indazol-2-

yl]-2-(4-methylpiperazin-1-yl)ethenone) and isolation of diasterotopic pairs. 

The diastereotopic mixture of compound 1 was synthesized according to 

published procedures, with the synthetic step which generates the diastereomers 
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shown in Figure 3.1.59  The diastereomeric pairs, cis-1 and trans-1, were separated 

via high pressure liquid chromatography (HPLC) on a Higgins Haisil Semi-

preparative (5μm, 250mm x 10mm) C18 column with a 95:5 to 5:95 gradient of water 

and ACN, both with 0.1% (v/v) formic acid (FA) over 70 minutes and a flow rate of 2 

mL/min.  

1 (1-[(7E)-7-benzylidene-3-phenyl-3a,4,5,6-tetrahydro-3H-indazol-2-yl]-2-(4-

methylpiperazin-1-yl)ethenone) 

1H NMR (800 MHz, CDCl3) δ 7.36 (m, 7H), 7.29 (tt, 1H), 7.25 (d, 2H), 7.18 

(d, 1H), 4.89 (d, 1H), 3.72 (s, 2H), 3.06 (d bm, 1H), 2.97 (ddd, 1H), 2.78 (bs, 8H), 

2.44 (s, 3H), 2.43 (ddd, 1H), 2.21 (ddd, 1H), 1.93 (ddd, 1H), 1.69 (qd, 1H), 1.47 (qt, 

1H). 13C NMR (500 MHz, d8-DMSO) δ168.5, 158.7, 142.2, 135.7, 130.9, 129.7, 

129.7, 128.8, 128.6, 127.9, 127.2, 125.7, 67.4, 58.9, 56.3, 54.7, 52.6, 45.8, 29.2, 28.7, 

23.7. HRMS m/z 429.27 [M+H] (calculated for C27H32N4O, 428.26). See Supporting 

information, Figures S3.1-3.3. 

 

Cis-Trans Identification via Molecular Mechanics Computation of 1 

1 has two stereocenters on C12 and C14 that constitute four diastereomers 

(Figure 3.1), which were not characterized previously.59 Molecular modeling was 

utilized to predict the stereochemical configuration of the diastereomers using 

Chem3D 20.1 (Table 3.1). Each diastereomer was analyzed using Chem3D’s 

molecular mechanics (MM2) to minimize energy calculation using a minimum RMS 

gradient of 0.0100 and running a maximum of 10,000 iterations. Due to the localized 
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dihedral angles being large enough to differentiate the cis- and trans-isomers, no 

other molecular mechanics calculations are required. Furthermore, the dihedral angle 

measurements between the two hydrogens were recorded to later confirm the J value 

of the hydrogen on C14 by using the Karplus equation. Comparisons between both 

the J-values from each Karplus equation calculation and the experimental NMR data 

yields the distinction between the cis and trans isomers of 1. 

 

LC-MS/MS Analysis of 1 

The structure of the final reaction product (1) was verified in part through 

liquid chromatography coupled with electrospray-ionization tandem mass 

spectrometry (LC/ESI-MS/MS). Chromatographic separation of the two 

diastereotopic pairs, cis-1 and trans-1, was performed on a Dionex UltiMate 3000 

UHPLC with a C18 column (MAC-MOD, ACE Excel 5 μm, 250 mm × 4.6 mm). The 

autosampler was held at 4 °C, and the injection volume was 20 μL. Mobile phase A 

consisted of H2O with 0.1% (v/v) FA, and mobile phase B consisted of acetonitrile 

with 0.1% FA. The flow rate was 1.0 mL/min. The initial condition (5% mobile phase 

B) was held for 2 min and then ramped up to 95% over 10 min. Mobile phase B was 

held at 95% for an additional 3 min. The chromatography system was coupled to an 

Orbitrap Velos Pro (Thermo Scientific) for mass analysis. Analytes were ionized via 

heated electrospray ionization with 4.0 kV spray voltage and 35, 10, and 0 arbitrary 

units for sheath, auxiliary, and sweep gas, respectively. The radiofrequency amplitude 

of the S-Lens was 65%, the probe and capillary temperatures were 45 and 380 °C, 
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respectively. All analyses were performed in positive ionization mode at the high-

resolution setting (100,000). MS2 was performed in the ion trap with a normal scan 

rate at 35% normalized collision energy in a targeted manner with a mass list 

containing the following m/z ratios ±0.3: 429.27 (1) and its fragments, 329.17, 

301.16, 244.1, and 141.10 (Supporting information, Figure S3.4). 

Specificity of 1 with LOX isozymes and Fatty Acids and Oxylipin Substrates 

1 was screened to determine its activation specificity against human 

lipoxygenases. h15-LOX-1 and h15-LOX-2 reactions were performed in 25 mM 

HEPES (pH 7.5), while h12-LOX reactions were carried out in 25 mM HEPES (pH 

8.0). Reactions with the crude, ammonium sulfate precipitated h5-LOX were carried 

out in 25 mM HEPES (pH 7.3), 0.3 mM CaCl2, 0.1 mM EDTA, and 0.2 mM ATP. 

All isoforms were screened at 10 µM 1, 10 µM AA, and 0.01% Triton X-100. 15S-

HpETE formation rates were determined by the increase in absorbance at 234 nm 

(ε234nm = 27,000 M-1 cm-1), with the concentration of AA being determined by 

measuring the amount of 15S-HpETE produced from the complete reaction with 

soybean lipoxygenase-1 (sLO-1). Rate enhancement of h15-LOX-1 by 1 was also 

determined with 15S-HpETE as substrate. Reactions were carried out in 25 mM 

HEPES (pH 7.5), 0.01% Triton X-100, and 10 μM for 1, with concentrations varying 

for 15S-HpETE (e.g., 5, 10 and 20 μM). Following the addition of enzyme, substrate 

turnover was monitored at 270 nm (conjugated triene) for the creation of diHpETEs 

(ε270nm = 37,000 M-1cm-1). All reactions were performed in duplicate at ambient 

temperature under constant stirring. Reactions were initiated by the addition of 
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enzyme and were monitored on a Perkin-Elmer Lambda 45 UV/VIS 

spectrophotometer. Simultaneous reactions were run in the absence of 1 for all 

reactions in order to determine the increase in maximal rate. 

Kinetic Analysis of 1 and AC50 Determination with h15-LOX-1 

h15-LOX-1 reactions were performed, at ambient temperature, constantly 

stirred with a magnetic stir bar in a 1 cm2 quartz cuvette containing 2 mL of 25 mM 

HEPES (pH 7.5), 0.01% Triton X-100, and substrate in the presence and absence of 

1. The AA concentration was varied from 0.74 to 19.3 µM, while the concentration of 

1 was held constant (four separate experiments of 0, 5, 20, and 30 μM of 1).  AC50 

investigations were performed at 10 μM substrate (AA, DHA, or LA) and 

concentrations of 1 ranging from 0.5 to 100 μM. The AC50 for the isolated 

diastereomer pairs were determined. An AC50 assay utilizing the buffer conditions of 

the discovering lab46 was also performed, 100 mM PBS (pH 7.4) and 1% DMSO. UV 

KinLab™ (Perkin Elmer) was used to fit initial rates, and KaleidaGraph (Synergy) 

was used to determine the kinetic parameter (kcat/KM) to the Michaelis-Menten 

equation for the calculation of kinetic parameters. Activation rates were determined 

by subtracting the rate of the vehicle (DMSO) reaction from the rate of the reaction 

with 1. AC50 values were obtained by determining the % change in enzymatic rate, 

relative to vehicle control, at seven activator concentrations and plotting them against 

activator concentration. The data was fit using a four-parameter, variable slope 

analysis normalized with RMAX=100%. Reactions were initiated through the addition 
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of enzyme (~60 nM final concentration). The data used for the saturation curve fits 

were performed in triplicate. 

h15-LOX-1 Product Profile in the presence of 1 

Product profile reactions were carried out in a similar manner as the kinetic 

reactions detailed above except no Triton X-100 was added. Reactions were quenched 

with the addition of 3% glacial acetic acid, washed 3x with 2 mL DCM, reduced with 

a drop of trimethylphosphite, evaporated under a stream of N2 gas, reconstituted in a 

1:1 mixture of ACN and H2O with 0.1%FA, and injected on a Dionex UltiMate 3000 

UHPLC with a C18 column (Phenomenex Kinetex, 1.7 μm, 150 mm × 2.1 mm) 

coupled to an Orbitrap Velos Pro (Thermo Scientific) for product analysis. Mobile 

phase A consisted of water with 0.1% (v/v) FA, and mobile phase B consisted of 

acetonitrile with 0.1% FA. The flow rate was 0.2 mL/min. The initial condition (50% 

mobile phase B) was held for 1 min and then ramped up to 75% over 16 min. Mobile 

phase B was held at 75% for an additional 9 min. Analytes were ionized via heated 

electrospray ionization with −4.0 kV spray voltage and 35, 10, and 0 arbitrary units 

for sheath, auxiliary, and sweep gas, respectively. The radiofrequency amplitude of 

the S-Lens was 65%, and the probe and capillary temperatures were 45 and 380 °C, 

respectively. All analyses were performed in negative ionization mode at the normal 

resolution setting. MS2 was performed at 35% normalized collision energy in a 

targeted manner with a mass list containing the following m/z ratios ±0.1: 319.2 

(HETE) and 335.2 (diHETE).  

Substrate Inhibition & Lag Phase Investigations in the presence of 1 
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Initial rate screening was carried out to determine the capacity of 1 to lower the 

inhibitory effects of high substrate concentrations on h15-LOX-144. The reactions were 

carried out at ambient temperature, constantly stirred with a magnetic stir bar in a 1 

cm2 quartz cuvette containing 2 mL of 25 mM HEPES (pH 7.5) and 0.01% Triton X-

100. The substrate, DHA and AA, concentrations varied from 25, 50, and 100 μM while 

the activator concentration was held constant at 10 μM. Additional experiments were 

performed to investigate if the activator altered the affinity of substrates to the ferrous 

form of h15-LOX-1 as has been previously seen44. Reactions were conducted as 

described for the steady-state experiments above, initiating the assays by adding h15-

LOX-1, final concentration of ~60 nM, to buffers containing LA, AA, or DHA under 

substrate limiting conditions (5 μM). Lag phases, the time difference from reaction 

initiation to maximal rate, and V0, were recorded. Reactions were run in triplicate.  

Inhibition Potential of ML351 in the Presence of 1 

The inhibition potential of the selective, potent h15-LOX-1 inhibitor, ML35136, was 

determined in the presence of 1. Reaction rates were determined by following the formation of 

the conjugated diene product, 15-HpETE, at 234 nm with a Perkin-Elmer Lambda 40 UV/Vis 

spectrophotometer at five inhibitor concentrations with and without 10 μM of 1 present. All 

reaction mixtures were 2 mL in volume and constantly stirred using a magnetic stir bar at 

ambient temperature with the appropriate amount of h15-LOX-1, ~ 60 nM. All reactions were 

carried out in 25 mM HEPES buffer (pH 7.5), 0.01% Triton X-100 and 10 µM AA. The 

concentration of AA was quantitated by allowing the reaction to go to completion with sLO-1. 

IC50 values were obtained by plotting the initial reaction rates against inhibitor concentration, 
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followed by a hyperbolic saturation curve fit. The data used for the saturation curve fits were 

performed in triplicate.  

Impact of 1 on Allosteric Modulators of h15-LOX-1 

The negative allosteric modulator, 14S-HpDHA was varied from 1 µM to 100 

µM in the presence and absence of 10 µM of 1 in order to determine if 1 altered the 

allosteric effect of 14S-HpDHA. The concentration of 12S-HETE was also varied 

(0.1 µM to 5 µM), with a 1 µM, 1:1 LA and AA mixture as substrate. 1 (10 µM) was 

added in order to determine if it altered the allosteric effect of 12S-HETE. The 

product profile reactions and extractions were carried out as mentioned above. MS2 

was performed at 35% normalized collision energy in a targeted manner with a mass 

list containing the following m/z ratios ±0.1: 295.2 (HODE), 319.2 (HETE), and 

359.2 (diHDHA).  

3.4 Results and Discussion 

Synthesis and Structural Validation of Activator 

The synthesis of 1 was performed as described earlier,59 and the structure 

indicates two stereocenters (Figure 3.1), leading to two diastereomeric pairs of 

enantiomers, cis-1 and trans-1. LC-MS/MS analysis resolved the two diastereomers, 

accounting for 14% and 86% of the total area, respectively (Supporting 

Information, Figure S3.4), with MS2 fragments being observed for both 

diastereomers (m/z = 329, 301, 244 and 141). The two diastereomers were isolated by 

preparative HPLC and the stereochemistry and the J-couplings of the vicinal protons 

H33 and H34 were used to determine the relative stereochemistry at these positions 
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(Figure 3.2). The two diastereomers were modeled using Chem3D and their J-

couplings were predicted using the Karplus relationship as implemented Chem3D. 

Comparison of the predicted and observed coupling constants revealed the major 

product to be the trans stereoisomer.   

 

Specificity of 1 with LOX isozymes and Fatty Acids and Oxylipin Substrates 

1 was screened at 10 and 20 µM against h5-LOX, h12-LOX, h15-LOX-1, and 

h15-LOX-2, to determine the specificity of the activator for hLOXs. It was 

determined that only h15-LOX-1 had an increased rate, 67% at 10 µM, in the 

presence of 1 (Table 3.2), with the remaining hLOX isoforms displaying mild, dose-

independent inhibition, indicating that 1 is a h15-LOX-1 specific activator. With 

confirmation that 1 selectively activates h15-LOX-1 against AA catalysis, the role of 

1 with 15S-HpETE as the substrate was investigated, however, no activation was 

observed. This indicates that activation by 1 is specific for the reaction of h15-LOX-1 

with AA but not the oxylipin 15S-HpETE, which may have implications for the use 

of 1 in vivo since  h15-LOX-1 must react with oxylipins in order to form some SPM. 

Interestingly, the AC50 for the two isolated diastereomer pairs, cis-1 and trans-1, were 

determined to be the same and therefore all subsequent experiments utilized the 

diastereotopic mixture, 1 (Supporting information, Figure S3.5). Considering that the 

structures of cis-1 and trans-1 are distinct (Figure 3.1 and 3.2), this result could 

suggest the protein binding site is not specific to the stereocenters of 1. It should be 

noted that the two enantiomers from each diastereotopic pair were not resolved, so it 

is possible that there could be potency differences between the enantiomers.  
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AC50 Determination with h15-LOX-1 

Following the determination that 1 was specific for h15-LOX-1, the AC50 with 

AA, LA and DHA was determined to better understand the substrate specificity of 1. 

The reaction of h15-LOX-1 with LA (C18:2 PUFA) and AA (C20:4 PUFA) were 

activated in the presence of 1 (Figure 3.3), with the AC50 for LA being 5.3 +/- 0.7 

µM (98 % max activation) and 7.8 +/- 1 µM for AA (240 % max activation). It 

should be noted that the AC50 value for AA is comparable to that observed by Meng 

et al.44 (AC50 value = 6.8 +/- 0.4 µM, max activation = 85 %), however, these 

conditions are distinct from that of Meng et al. When we attempted to reproduce their 

work under the published conditions, a reliable AC50 could not be obtained. As has 

been published previously,36, 60 the absence of stirring can lead to variable rates, 

which we observed under the conditions of Meng et al.44. Gratifyingly, with constant 

stirring and initiation of the reaction by enzyme addition, an AC50 of 9.7 +/- 1 µM 

(150 % max activation) at 50 µM AA was obtained with the Meng et al.46 buffer 

conditions (Table 3.3, Figure 3.4), which is comparable to the reported value of this 

publication. Finally, the reaction rate of h15-LOX-1 with DHA, a C22:6 PUFA, was 

not activated with 1, up to 100 mM (Figure 3.3). These data indicate that the 

activation of 15-LOX-1 by 1 is dependent on the nature of the PUFA substrate, with 

C18 and C20 PUFAs being activated, however C22 PUFAs are not. The lack of DHA 

activation has relevancy concerning 1 as a cellular tool since DHA is one of the main 

SPM precursors. 

Lag Phase and Substrate Inhibition in the presence of 1 
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Previous studies have suggested that part of the kinetic activation potential of 

1 was derived from its ability to lower the effect of substrate inhibition on h15-LOX-

146,47. To further shed light on this hypothesis, lag phase experiments at high substrate 

concentration were carried out because the lag phase observed for LOX reactions is 

partially due to substrate binding to the inactive ferrous form44. Given this, it was 

observed that the h15-LOX-1 lag phase was reduced by 140 seconds with activator 

(25 µM AA), with a 98% rate increase (Table 3.4 and Figure 3.5).  This reduced lag 

phase and increased rate was decreased slightly with increasing substrate 

concentration, 50 and 100 µM AA. With DHA, the lag phase decreased by nearly 200 

seconds, with the rate increasing 25% at 100 µM AA. Taken together, these data 

indicate that while 1 does lower the affinity of AA and DHA to the ferrous form of 

h15-LOX-1, this effect does not account for enzyme activation since DHA catalysis is 

not enhanced.    

Inhibitory and Allosteric modulators effect in the presence of 1  

ML351 is a selective, potent inhibitor of h15-LOX-1 that targets the active 

site. The IC50 was determined in the presence of 1, however no change in IC50 value 

was observed. This result suggests that any structural changes imparted to h15-LOX-

1, as a result of 1 binding, does not change the active site affinity for ML351 in a 

quantifiable manner.  

With respect to allostery, 14S-HpDHA is a known allosteric modulator of 

h15-LOX-1, where increasing concentrations affects the ratio of diHpDHA products 

being formed. With the addition of 1, the allosteric effect of  14S-HpDHA on the 
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diHpDHA metabolite ratio was unaffected, implying that the allosteric binding of 1 

does not compete with that of 14S-HpDHA. 12S-HETE is also an allosteric 

modulator which regulates the substrate preference of h15-LOX-1 when reacting with 

AA and LA, however, 1 did not modify the allosteric effect of 12S-HETE, indicating 

that 1 does not compete for the same binding site as 12S-HETE. Taken together, these 

data imply that the activation binding site of 1 is distinct from that of both ML351 

(i.e. the catalytic site38) and the allosteric effector molecules.47, 48, 50 These data 

support the proposed hypothesis that 1 binds to a novel site on the exterior of 15-

LOX-1.46  

Steady-State Kinetic Analysis of 1 

  Given the fact that AC50 values do not account for substrate concentration 

variations, steady-state kinetics with AA as the substrate were performed with 0, 5, 20 

and 30 µM 1 (Table 3.5, Figure 3.6). 1 did not affect KM appreciably, however, it did 

increase kcat and kcat/Km, in a hyperbolic, dose dependent manner. This saturation 

behavior of kcat and kcat/KM is indicative of hyperbolic inhibition (i.e, partial 

inhibition), as seen previously with h15-LOX-2.58  These data indicate the presence of 

an allosteric activation binding site that affects the catalysis by changing the 

microscopic rate constants of h15-LOX-1, as described in Scheme 1. From Scheme 

3.1, eqs 1-4 allow for the determination of Kx, the strength of binding, a, the change in 

KM and b, the change in kcat. As mentioned above, KM is not affected by 1 indicating 

that the value of a is 1. If this value for a is inserted into eq. 4, b and Kx can be 

determined from the fit to be 2.2 +/- 0.4 and 16 +/- 1 µM, respectively (Figure 3.6). 
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These kinetic parameters indicate V-type activation61 and the formation of a 

catalytically active ternary complex (X•E•S) between h15-LOX-1 and 1, consistent 

with the proposed model of Meng et al.51, 53 It should be noted that the b value is 

consistent with the less accurate AC50 measurement for AA (242% max activation). 

In addition, the Kx is also similar to the AC50, with only a 2-fold difference. 

 

3.5 Conclusion 

LOXs are important players in the inflammatory response of human cells and 

as such, both inhibitors and allosteric molecules have been developed. Recently, a 

LOX activator was discovered by Meng et al., 1, which has the potential of a being a 

valuable tool molecule for probing the cellular activity of LOX, however, its 

mechanism of action was poorly defined. In the current work, we expand on the work 

of Meng et al. and have determined the following. The synthesis of 1 allows for the 

isolation of the cis- and trans-diastereomers, with both having similar activator 

activity. The trans-diastereomer is the major product and is active against 15-LOX-1, 

however, it is inactive against 5-LOX, 12-LOX and 15-LOX-2, indicating it is a LOX 

selective molecule. In addition, it activates 15-LOX-1 for LA and AA catalysis but 

not DHA catalysis, indicating its activity is dependent on the nature of the fatty acid 

substrate. It was also observed that 1 reduced substrate inhibition, as suggested by 

Meng et al. However, since this effect was observed for both AA and DHA, but the 

rate of DHA is not activated, the reduced substrate inhibition does not account for the 

activation of 15-LOX-1. The effect of 1 did not compete with the known catalytic and 
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allosteric effector molecules, indicating its binding site is unique to catalysis and 

allosteric sites, consistent with the site proposed by Meng et al. Finally, 1 did not 

affect KM but did increase the value of kcat, supporting the hypothesis that its binding 

site is remote from the catalysis site. In total, our data support the hypothesis that 1 is 

a potent activator that is selective to both its LOX target and its PUFA substrate 

affect, which supports the cellular work that demonstrated it as a tool molecule which 

increased the activity of 15-LOX-1 with respect to its LA/AA catalysis. 
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3.6 Figures 

  

 
Figure 3.1 Synthetic step which generates the diastereotopic mixture as described  

by Khalaf et al. (1982). 

 

Calculation Carbon 12 

Configuration 

Carbon 14 

Configuration 

Conformation Localized 

Dihedral 

Angle 

Coupling 

from 

Karplus 

Equation 

(Hz) 

1 (S) (R) anti-clinal 157.6˚ 8.87 

2 (S) (S) syn 

periplanar 

24.1˚ 7.00 

3 (R) (S) anti-clinal -132.8˚ 5.88 

4 (R) (R) syn 

periplanar 

-24.6˚ 6.95 

Table 3.1: Results from Chem3D MM2 minimize energy calculations and 

Karplus Equation. 

 

 
Figure 3.2 Chem3D visualizations of H33 and H34. Left: trans visualization 

 of calculation 1.  

Right: cis visualization of calculation 2. 
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Enz 0 µM Activator 10 µM Activator 20 µM Activator 

h5-LOX 100 (1.5) 78.3 (0.0) 91.3 (0.5) 

h12-LOX 100 (1.0) 75.0 (0.0) 83.3 (0.5) 
h15-LOX-1 100 (0.5) 167 (0.5) 212 (2.0) 

h15-LOX-2 100 (1.0) 74.4 (0.5) 94.9 (0.5) 
Table 3.2 Activator Specificity versus h5-LOX, h12-LOX, h15-LOX-1, and h15-

LOX-2with AA as the substrate. Initial rates, measured as dA/sec, are presented as a 

percentage, with 0 µM activator reactions set to 100%. The error is displayed in 

parentheses. 

 

 

 

 
Figure 3.3 1 AC50 with LA, AA, and DHA reactions. 
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AC50 Kinetics 10 µM  PUFA 50 µM PUFA 50 µM* PUFA 

AA 7.8 (1) µM 

+240 (20) % 

3.8 (0.6) µM 

+190 (10) % 

9.7 (1) µM 

+150 (7) % 

LA 5.3 (0.7) µM 

+98 (9) % 

N/D N/D 

DHA >100 µM 

+26 (10) % 

N/D N/D 

Table 3.3 AC50 values (mM) and max activation % at different polyunsaturated  

fatty acid (PUFA) concentrations. N/D = not determined *This AC50 value was  

determined using the buffer conditions from Lai et al., however with stirring.46  

The lack of stirring increased the AC50 significantly. The error is displayed in  

parentheses. 

 

 
Figure 3.4 High [AA] AC50 using Holman lab and Lai lab buffer conditions. 
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Figure 3.5 Activity plots of AA+h15-LOX-1 (left) and DHA+h15-LOX-1 (right),  

time is in seconds. Error is shown as bars for each measurement.  
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Arachidonic Acid 25 µM 50 µM 100 µM 

ΔLag phase (sec) 140 (10) s 93 (6) s 110 (20) s 

% Rate increase 98 (3) % 71 (7) % 30 (12) % 

 

Docosahexaenoic 

Acid 

25 µM 50 µM 100 µM 

ΔLag phase (sec) 84 (7) s 150 (20) s 200 (20) s 

% Rate increase 19 (10) % 22 (10) % 25 (10) % 

 

Table 3.4 Substrate inhibition determination in the presence of activator.  

“ΔLag phase” is the change in lag phase from reactions with and without 

 activator. Lag phase is the time from initiation of reaction to V0.  

 “% rate increase” is the increase in V0 between reactions with and 

 without activator. The error is displayed in parentheses. 
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Steady-State 

Kinetics 
0 µM 5 µM 20 µM 30 µM 

kcat (sec-1) 
9.1 

(0.92) 

12 (0.59)  

(+29%) 

15 (0.90) 

(+65%) 

16 (1.1) 

(+79%) 

Km (µM) 
6.3 

(2.6) 

5.7 (0.75) 

(-8%) 

5.6 (0.91) 

(-10%) 

5.4 (1.3) 

(-14%) 

kcat/Km (sec-

1µM-1) 

1.5 

(0.021) 

2.1 (0.026)  

(+41%) 

2.7 (0.019)  

(+83%) 

3.0 (0.030) 

(+107%) 

Table 3.5. Steady-state kinetic parameters with activator present. kcat is in units of 

sec-1, Km is in units of µM and kcat/Km is in units of sec-1µM-. Error values are in the 

parentheses, with % change from control boldened. 
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Scheme 3.1 

  
Equations: 

1/ν = (αKM/kcat)*[([X] + Kx)/(β[X] + αKx)]*1/[S]  

+1/ kcat*[([X] + αKx)/(β[X] + αKx)]          (1) 

KM (app) = (αKM)*[([X] + Kx)/([X] + αKx)]       (2) 

kcat/KM = (kcat/αKM)*[(β[X] + αKx)/([X] + Kx)]      (3) 

kcat = kcat*[(β[X] + αKx)/([X] + αKx)]       (4) 

 

E+S
+ X

X•E•S

Kx

E•S
+ X

X•E
+ S

aKx

k2

bk2aKM

E + P

KM

X•E + P



 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6. kcat apparent is plotted against increasing concentrations of 1  

and fit to equation 4, resulting in b and Kx being 2.2 +/- 0.4 and 16 +/- 1 mM, 

 respectively (a was set to 1). 
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Figure S3.1. 1H (800 MHz, in CDCl3) and 13C (125 MHz, in d8-DMSO) for  

PKUMDL_MH_1001. 
C Pos. dC, type H Pos. dH, J (Hz) COSY 

1 129.7, CH 49 7.36, m H-48,H-50 

2 125.7, CH 50 a 7.36, m H-49,H-51 

3 129.7, CH 51 7.36, m H-50,H-52 

4 127.2, CH 52 7.36, m H-51 

5 130.9, C    

6 127.2, CH 48 7.36, m H-49 

7 127.9, CH 47 7.18, d (1.5) H-54 

8 135.7, C    

9 28.7, CH2 53 3.06, d bm 

(15.1) 

H-54,H-55,H-56 

  54 2.43, ddd 

(13.0,5.6,2.9) 

H-53,H-55,H-56 

10 23.7, CH2 55 1.47 qt 

(12.8, 3.8) 

H-53,H-54,H-56,H-57,H-

58 

  56 1.93, ddd 

(13.7,5.2,2.3) 

H-53,H-54,H-55,H-57,H-

58 

11 29.2, CH2 57 2.21, ddd 

12.7,4.2,2.2) 

H-34,H-55,H-56,H-58 

  58 1.69, qd 

(12.9, 2.9) 

H-34,H-55,H-56,H-57 

12 56.3, CH 34 2.97, ddd 

(9.4,6.5,5.8) 

H-34,H-57,H-58 

13 158.7, C    

14 67.4, CH 33 4.89, d (9.4) H-34 

N15     

N16     

17 142.2, C    

18 128.8, CH 46 7.25, d (7.0) H-45 

19 128.6, CH 45 7.36, m H-44,H-46 

20 125.7, CH 44 a 7.29, tt (7,2) H-43,H-45 

21 128.6, CH 43 7.36, m H-44,H-61 

22 128.8, CH 61 7.25, d (7.0) H-43 

23 168.5, C    

24 58.9, CH2 59,60 3.72, s  

N25     

O26     

27 52.6, CH2 41,42 2.78, bs   

28 54.7, CH2 35,36 2.78, bs  

N29     

30 54.7, CH2 37,38 2.78, bs  

31 52.6, CH2 39,40 2.78, bs  

32 45.8, CH3 62,63,64 2.44, s  
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Figure S3.2 1H NMR of PKUMDL_MH_1001. 

 

 
Figure S3.3 13C NMR of PKUMDL_MH_1001. 
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Figure S3.4 AC50 of major and minor diastereomer pairs with [AA] = 10 µM. Error 

 is shown as bars. Major peak = 7.5 µM, Minor peak = 7.0 µM 
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Figure S3.5 LC-MS/MS data for diasteromeric pairs. A) LC-MS TIC trace showing 

minor “cis” peak at 9.83 min and major “trans” peak at 11.38 min. B) MS2 trace with 

429.4 mass filter, major and minor peaks align with those in A. C) Fragment 

identification of MS2 data in F and G. D) Parent ion of MS TIC peak at 9.83 min 

(429.2703). E) Parent ion of MS TIC peak at 11.38 min (429.2705). F and G) MS2 

fragments for 9.83 min and 11.38 min peaks after the 429.4 mass filter was applied.  
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STRUCTURAL BASIS FOR ALTERED POSITIONAL SPECIFICITY OF 15-

LIPOXYGENASE 1 WITH 5S-HETE AND 7S-HDHA AND THE 

IMPLICATIONS FOR THE BIOSYNTHESIS OF RESOLVIN E4 
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4.1 Abstract 

 

Human 15-lipoxygenases (LOX) are critical enzymes in the inflammatory 

process, producing various pro-resolution molecules, such as lipoxins and resolvins, 

but the exact role each of the two 15-LOXs in these biosynthetic pathways remains 

elusive. Previously, it was observed that h15-LOX-1 reacted with 5S-HETE in a non-

canonical manner, producing primarily the 5S,12S-diHETE product. To determine the 

active site constraints of h15-LOX-1 in achieving this reactivity, amino acids 

involved in the fatty acid binding were investigated. It was observed that R402L did 

not have a large effect on 5S-HETE catalysis, but F414 appeared to π−π stack with 

5S-HETE, as seen with AA binding, indicating an aromatic interaction between a 

double bond of 5S-HETE and F414. Decreasing the size of F352 and I417 shifted 

oxygenation of 5S-HETE to C12, while increasing the size of these residues reversed 

the positional specificity of 5S-HETE to C15. Mutants at these locations 

demonstrated a similar effect with 7S-HDHA as the substrate, indicating that the 

depth of the active site regulates product specificity for both substrates. Together, 

these data indicate that of the three regions proposed to control positional specificity, 

π−π stacking and active site cavity depth are the primary determinants of positional 

specificity with 5S-HETE and h15-LOX-1. Finally, the altered reactivity of h15-

LOX-1 was also observed with 5S-HEPE, producing 5S,12S-diHEPE instead of 

5S,15S-diHEPE (aka resolvin E4 (RvE4). However, h15-LOX-2 efficiently produces 

5S,15S-diHEPE from 5S-HEPE. This result is important with respect to the 

biosynthesis of the RvE4 since it obscures which LOX isozyme is involved in its 
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biosynthesis. Future work detailing the expression levels of the lipoxygenase 

isoforms in immune cells and selective inhibition during the inflammatory response 

will be required for a comprehensive understanding of RvE4 biosynthesis. 

 

4.2 Introduction 

Lipoxygenases (LOXs) are non-heme iron-containing dioxygenases that 

catalyze the hydroperoxidation of polyunsaturated acids (PUFA) containing a 1,4-

pentadiene moiety1, 2 and  play an important role in regulating the process of 

inflammation.3, 4 They can react with a variety of dietary fatty acids to form products 

broadly classified as oxylipins. Specialized-pro-resolving mediators (SPM) are a type 

of oxylipin that regulate the switch from a pro-inflammatory to a pro-resolving state5, 

6, with oxylipins derived from ω-3 fatty acids, such as eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA), having a larger role in pro-resolution than that of 

the ω-6 fatty acid, arachidonic acid (AA). LOXs can produce both pro–inflammatory 

mediators such as the leukotrienes, as well as anti-inflammatory SPM, such as the 

lipoxins, resolvins and maresins.7 

The stereo- and regio-specificity of LOXs determine which oxylipin 

mediators a cell may produce, either on their own or in concert with other LOX 

isozymes expressed in neighboring cells through the process of transcellular 

biosynthesis.8 h15-LOX-1 is one of two 15-LOXs found in humans9. No crystal 

structure of h15-LOX-1 is available, so most studies to date have attempted to 

understand the stereo- and regio-specificity of the enzyme by comparison to the 
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structures of rabbit 15-LOX (r15-LOX) and human platelet 12-lipoxygenase (h12-

LOX)10-11. h15-LOX-1 shares 81% identity with r15-LOX (95% similarity), 65% 

identity to h12-LOX (88% similarity), but only 38% identity with h15-LOX-2 (72% 

similarity). In addition, if the critical active site residues are compared between h15-

LOX-1 and h15-LOX-2, a low sequence identity of 47% is still observed.  

15-LOXs principally catalyze the abstraction of a hydrogen from C13 of AA 

followed by insertion of dioxygen onto C15. The resulting molecule is 15S-

hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15S-HpETE), which can be 

reduced by glutathione peroxidases to 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic 

acid (15S-HETE)12-13. The location of hydrogen abstraction depends on the depth of 

insertion of the methyl end of the substrate and which bis-allylic carbon is located 

proximal to the enzymes’ active site iron. Generally, h15-LOX-1 abstracts the 

hydrogen atom from the ω-8 carbon, with oxygenation at the ω-6 carbon, with a 

smaller percentage of the ω-9 product also being made14. With AA and the ω-3 

PUFA, EPA, the enzyme produces approximately 85% of the 15-product (ω-6) and 

15% of the 12-product (ω-9). In contrast, h15-LOX-2 produces approximately 100% 

of the 15-oxylipin product with AA as substrate, giving it a more stringent criteria for 

product formation. However, placing a hydroxyl group on C5 of AA or C7 of DHA 

changes the product profile of h15-LOX-1 with these substrates15-17. For example, 

h15-LOX-1 shows a shift in the product profile when 5S-hydroxy-6E,8Z,11Z,14Z-

eicosatetraenoic acid (5S-HETE) is the substrate, producing a 14:86 ratio of the ω-6 

and ω-9 products. This indicates that the location of hydrogen abstraction is shifted 
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from C13 with AA to C10 with 5S-HETE. A similar shift in product profile emerges 

when h15-LOX-1 reacts with the DHA oxylipin, 7S-hydroxy-

4Z,8E,10Z,13Z,16Z,19Z-docosahexaenoic acid (7S-HDHA). In this case, h15-LOX-1 

reacts with DHA to produce 67% of the 17-product (ω-6) and 20% of the 14-product 

(ω-9) but reacts with 7S-HDHA to produce 10% of the 17-product (ω-6) and 90% of 

the 14-product (ω-9) (a ratio of 10:90 for the ω-6:ω-9 products), similar to that see 

with 5S-HETE as the substrate17. In contrast, h15-LOX-2 produces almost 100% of 

the ω-6 di-oxygenated product15-17 with either 5S-HETE or 7S-HDHA as substrates. 

Altered product specificity has important implications for the biosynthesis of 

SPM. The proposed biosynthetic routes of SPM, such as 5S,15S-6E,8Z,11Z,13E-

dihydroxyeicosatetraenoic acid (5S,15S-diHETE), resolvin E4 (RvE4, 5S,15S-

dihydroxy-6E,8Z,11Z,13E,17Z-eicosapentaenoic acid, 5S,15S-diHEPE) and resolvin 

D5 (RvD5, 7S,17S-dihydroxy-4Z,8E,10Z,13Z,15E,19Z-docosahexaenoic acid, 

7S,17S-diHDHA), are based on the positional specificity of h15-LOX-1 with fatty 

acids, such as AA, EPA or DHA18-20. However, the altered positional specificity of 

h15-LOX-1 with oxylipins suggests that h15-LOX-2 may be involved in the 

production of 5S,15S-diHETE, RvD5 and RvE4, due to its aforementioned higher 

fidelity. h15-LOX-1 instead produces 5S,12S-dihydroxy-6E,8Z,10E,14Z-

eicosatetraenoic acid (5S,12S-diHETE), 5S,12S-dihydroxy-6E,8Z,10E,14Z,17Z-

eicosapentaenoic acid (5S,12S-diHEPE), and 7S,14S-dihydroxy-

4Z,8E,10Z,12E,16Z,19Z-docosahexaenoic acid (7S,14S-diHDHA) (Figure 4.1). 

Therefore, the in vivo biosynthetic routes of these molecules should be carefully 
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evaluated with the altered positional specificity of h15-LOX-1 and the higher fidelity 

of h15-LOX-2 in mind.  

As stated above, the altered positional specificity of h15-LOX-1 is unusual, as 

it does not occur in other LOXs. h15-LOX-2, for example, shows strict 

regiospecificity. It produces approximately 100% the ω-6 product with AA, DHA, 

5S-HETE and 7S-HDHA as the substrates15, 17, 21. Similarly, h12-LOX produces 

approximately 100% of the ω-9 product from AA and greater than 90% of the ω-9 

product from 5S-HETE.  This suggests that distinct active site structural features of 

h15-LOX-1 lead to its altered positional specificity. 

 The structural basis for the stereo- and regio-specificity of h15-LOX-1 with 

AA has been investigated using site-directed mutagenesis of the active site. Three 

regions of the active site have been shown to be important for determining the 

positional specificity of h15-LOX-1 (Figure 4.2)22.  Early work established that the 

aromatic ring of F414 forms a p-p stacking interaction with the substrate’s ∆11 

double bond and that R402 interacts with the terminal carboxylate10, 23-26. Sloane and 

coworkers also demonstrated that I417 and M418 help define the bottom of the active 

site cavity and that mutating these residues to smaller amino acids allowed the 

substrate to slide deeper into the active site, causing the enzyme to produce more 12-

product (ω-9)10. Kuhn and coworkers expanded this work by showing that F352 

further defines the active site and aids in maintaining C15 oxygenation over C12 

oxygenation27-30. These studies lead to the fatty acid binding hypothesis, in which the 

specificity of the active site is defined by a few critical amino acids: I417 and M418 
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at the bottom of the active site, R402 at the active site entrance, and F414 and F352 in 

the middle of the active site31. These residues are positioned along in the boot-shaped 

active site cavity into which the substrate enters methyl-end first. This model is also 

observed with structural studies of h12-LOX, in which analogous mutations of 

conserved amino acids produced similar effects to those seen in h15-LOX-1, albeit 

with minimal arginine interaction at the entrance11.  

 h15-LOX-1 primarily catalyzes the abstraction of the pro-S hydrogen from 

C13 of AA and C15 of DHA.32 To explain the altered positional specificity of h15-

LOX-1 with 5S-HETE, 5S-hydroxy-6E,8Z,11Z,14Z,17Z-eicosapentaenoic acid (5S-

HEPE) and 7S-HDHA, h15-LOX-1 must primarily abstract from C10 of AA/EPA 

and C12 of DHA. This implies deeper insertion of the substrate into the active site 

cavity for these two oxylipins (Figure 4.2). Molecular modeling has indicated that the 

alcohol of 5S-HETE and 7S-HDHA forms a hydrogen bond with the backbone 

carbonyl of I399 which positions the oxylipin substrates deeper in the active site 

compared with AA and DHA15, 17. The proposed contribution of additional active site 

amino acids to substrate binding of 5S-HETE and 7S-HDHA indicates that the 

existing model of positional specificity in h15-LOX-1 may require additional 

refinement. The present study investigates whether the established residues which 

interact with AA also explain the structural basis for the altered positional specificity 

of h15-LOX-1 with 5S-HETE, 5S-HEPE, and 7S-HDHA and which LOX isozyme 

could be involved in the biosynthetic pathway for the production of the SPM, RvE4. 

4.3 Methods 
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Expression and Purification of h15-LOX-1 and h15-LOX-2.  

Overexpression and purification of his-tagged wild-type and mutant h15-

LOX-1 (Accession ID: P16050) and h15-LOX-2 (Accession ID: O15296) was 

performed using cation exchange and nickel-affinity chromatography as previously 

described33, 34. Overexpression and purification of wild-type h5-LOX was performed 

by ammonium-sulfate precipitation as previously described35. The purity of h15-

LOX-1 and h15-LOX-2 were assessed by SDS gel to be greater than 85%, and metal 

content was assessed on a Finnigan inductively-coupled plasma-mass spectrometer 

(ICP-MS), via comparison with iron standard solution. Cobalt-EDTA was used as an 

internal standard. The concentration of h5-LOX (Accession ID: P09917) in the 

ammonium-sulfate was determined as described before,15, 17 and due to the difficulty 

determining the iron content of crude ammonium sulfate-precipitated extracted 

enzyme, the metalation of h5-LOX was assumed to be 100%, indicating that the 

estimated kinetic parameters presented in this work are lower limits. 

Site-directed Mutagenesis.   

Amino acid numbering for h15-LOX-1 refers to the sequence with UniProt 

accession number P16050 without the 6XHis-tag and with the N-terminal methionine 

assigned as amino acid number one.  The following mutations were introduced into 

h15-LOX-1: F352L, F352W, E398L, I399A, R402L, L407A, F414L, F414W, I417A, 

I417M, Q595L. Primers were designed using the Agilent Technologies (CA, USA) 

online primer-design tool found at: 

(http://www.genomics.agilent.com/primerDesignProgram.jsp) Mutations were 
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introduced with a QuikChange®II site-directed mutagenesis kit from Agilent 

Technologies using the included protocol. The mutations were confirmed by 

sequencing the LOX insert in the pFastBac1 shuttle vector (Eurofins Genomics, KY, 

USA). 

Production and isolation of Oxylipins from h5-LOX  

7S-hydroperoxy-4Z,8E,10Z,13Z,16Z,19Z-docosahexaenoic acid (7S-

HpDHA) was synthesized by reaction of DHA (25-50 μM) with h5-LOX. The 

reaction was carried out for 2 hours in 800 mL of 25mM HEPES, pH 7.5 containing 

50mM NaCl, 100 µM EDTA and 200 µM ATP. The reaction was quenched with 

0.5% glacial acetic acid, extracted 3 times with 1/3 volume dichloromethane and 

evaporated to dryness under N2. The products purified isocratically via high 

performance liquid chromatography (HPLC) on a Higgins Haisil Semi-preparative 

(5μm, 250mm x 10mm) C18 column with 45:55 of 99.9% acetonitrile, 0.1% acetic 

acid and 99.9% water, 0.1% acetic acid. 7S-HDHA was synthesized as performed for 

7S-HpDHA with trimethylphosphite added as a reductant prior to HPLC. The isolated 

products were assessed to be greater than 95% pure by LC-MS/MS. 5S-HpETE and 

5S-hydroperoxy-6E,8Z,11Z,14Z,17Z-eicosapentaenoic acid (5S-HpEPE) were 

synthesized by reaction of AA and EPA, respectively, (25-50 μM) with h5-LOX. The 

reactions were carried out for 1 hour in 1000 mL of 25mM HEPES, pH 7.5 

containing 50mM NaCl, 100 µM EDTA and 200 µM ATP. The reactions were 

quenched with 0.5% glacial acetic acid, extracted 3 times with 1/3 volume 

dichloromethane and evaporated to dryness under N2. 5S-HETE and 5S-HEPE were 
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synthesized as performed for 5S-HpETE and 5S-HpEPE with trimethylphosphite 

added as a reductant prior to HPLC. The products purified isocratically via high 

performance liquid chromatography (HPLC) on a Higgins Haisil Semi-preparative 

(5μm, 250mm x 10mm) C18 column with 45:55 of 99.9% acetonitrile, 0.1% acetic 

acid and 99.9% water, 0.1% acetic acid. The products were determined to be of the S 

configuration, as described previously.15, 36 

Steady State Kinetics of h15-LOX-1  

h15-LOX-1 steady-state kinetic reactions were constantly stirred at ambient 

temperature, in a 1 cm2 quartz cuvette containing 2 mL of 25 mM HEPES, pH 7.5 

with substrate, such as AA, DHA, 5S-HETE, 5S-HpETE, 7S-HDHA, or 7S-HpDHA. 

Substrate concentrations were varied from 0.25 µM to 10 µM for AA or 0.5 µM to 40 

µM for 5S-HETE and 5S-HpETE. DHA concentrations were varied from 0.25-10 

μM, 7S-HDHA concentrations were varied from 0.3-15 µM, and 7S-HpDHA 

concentrations were varied from 0.3-20 μM. Concentrations of AA and DHA were 

determined by measuring the amount of 15S-HpETE and 17S-hydroperoxy-

4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic acid (17S-HpDHA), respectively, 

produced from complete reaction with soybean lipoxygenase-1 (sLO-1). 

Concentrations of 5S-HETE, 5S-HpETE, 7S-HDHA, and 7S-HpDHA were 

determined by measuring the absorbance at 234 nm. Reactions were initiated by the 

addition of h15-LOX-1 (~200-600 nM final concentration) and were monitored on a 

Perkin-Elmer Lambda 45 UV/VIS spectrophotometer. Product formation was 

determined by the increase in absorbance at 234 nm for 5S-HETE (ε234 = 27,000 M-1 
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cm-1), 270 nm for 5S,12S-diHETE (ε270 = 40,000 M-1 cm-1), 254 nm for 5S,15S-

diHETE (ε254 = 21,500 M-1 cm-1)37, 234 nm for 7S-HpDHA (ε234 = 25,000 M-1 cm-1) 

and 270 nm for 7S,14S-diHDHA (ε270 = 40,000 M-1 cm-1)38, 39.  5S,15S-diHDHA and 

7S,17S-diHDHA have an absorbance max of 245 nm, however, due to overlap with 

the substrate peak at 234 nm formation of this product was measured at 254 nm using 

an extinction coefficient of 21,500 M-1 cm-1 to adjust for the decreased rate of 

absorbance change at this peak shoulder40. KaleidaGraph (Synergy) was used to fit 

initial rates (at less than 20% turnover), as well as the second order derivatives 

(kcat/KM) to the Michaelis-Menten equation for the calculation of kinetic parameters. 

Product Analysis of LOX reactions with AA, DHA, 5S-HETE, 5S-HEPE and 7S-

HDHA  

Reactions were carried out in 2 mL of 25 mM HEPES, pH 7.5 with stirring at 

ambient temperature. Reactions with AA and DHA contained 10 µM substrate and 

~200 nM h15-LOX-1. Those with 5S-HETE, 5S-HEPE, 7S-HDHA and contained 20 

µM substrate and ~550 nM h15-LOX-1, due to their low reactivity. Reactions were 

monitored via UV-vis spectrophotometer and quenched at 50% turnover with 0.5% 

glacial acetic acid. Each quenched reaction was extracted with 6 mL of DCM and 

reduced with trimethylphosphite. The samples were then evaporated under a stream 

of N2 to dryness and reconstituted in 50 μL of methanol containing 3 µM 13-HODE 

as an internal standard. Control reactions without enzymes were also conducted and 

used for background subtraction, ensuring oxylipin degradation products were 

removed from analysis. Reactions were analyzed in the same manner mentioned 
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above. MS2 was performed in a targeted manner with a mass list containing the 

following m/z ratios ± 0.5: 317.2 (HEPE), 319.2 (HETE), 333.2 (diHEPE), 335.2 

(diHETE) 343.4 (HDHA), 359.4 (diHDHA). Products were identified by matching 

retention times, UV spectra, and fragmentation patterns to known standards, or in the 

cases where MS standards were not available, structures were deduced from 

comparison with known and theoretical fragments. A representative trace of the 

reaction of AA with h15-LOX-1 demonstrates the relative purity of the oxylipin 

products and the negative control (Figure S4.1 in the Supporting Information). 

 

4.4 Results and Discussion 

The docking model proposed for AA binding in the active site of h15-LOX-1 

postulates three regions of the active site to be important for determining the 

positional specificity which interact with the head, middle and base of the fatty acid 

(Figure 4.3). The key residues outlined in Figure 4.3 are in h15-LOX-1 are R402, 

L407, F414, I417 and F352. To determine if 5S-HETE binds in a similar fashion to 

AA, we created a series of mutants to investigate the binding  

constraints of 5S-HETE and assayed their kinetic and product profiles.  

Binding to substrate carboxylate: R402 

Positively charged amino acids can play a role in binding the carboxylate of 

fatty acids41. R402, located near the entrance to the active site cavity, is conserved in 

both h12-LOX and h15-LOX-1 and is proposed to interact with the carboxylic acid 

moiety of AA23. This interaction is thought to stabilize the substrate fatty acid in the 
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active site with the methyl end orientated towards the bottom of the active site pocket. 

To test whether this model can be applied to 5S-HETE, R402 was replaced with 

leucine in h15-LOX-1. However, only marginal change was observed in the steady-

state Michaelis-Menten kinetics of 5S-HETE with R402L compared with the wild-

type enzyme (Table 4.1). While this mutation slightly lowered the kinetic parameters 

for AA, it is observed that the kcat is approximately 3-fold greater for R402L over that 

of wild-type with 5S-HETE as the substrate, which is unexpected. Considering that 

Arg is larger than Leu, it is possible that the smaller Leu allows for a more rapid 

product release of the larger 5S-HETE. The product profile showed that the 

percentage of 5S-HETE oxygenated by R402L at C12 did not change (within error). 

In total, the data indicate that R402L does not significantly impact 5S-HETE catalysis 

or positioning, relative to AA (Table 4.2). It should be noted that in the current work, 

the product profile of our R402L mutant with AA was similar to previously published 

work23, however the kinetic parameters of R402L were not. The mutant, R402L, 

demonstrated a comparable kcat with AA to that of the wild-type enzyme, however the 

kcat/KM was only 3-fold lower that wild-type  (Table 4.1), which is smaller than the 7-

fold change seen previously23. This smaller change is consistent with recent studies 

on h12-LOX, which demonstrated negligible kinetic effects with the R402L mutant11. 

The smaller kinetic effect for R402L than previously reported could be due to 

differences in the experimental design. The prior kinetic work used 13-HpODE, a 

known allosteric effector42, detergents and high concentrations of fatty acid substrate. 
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These conditions could lead to substrate inhibition and hence affect the kinetic 

parameters.  

Narrow midpoint of active site cavity: L407 

L546 is thought to define the bend point of the L-shaped active site cavity of 

soybean 15-LOX (s15-LOX), based on docking of AA into the crystal structure of 

s15-LOX23, 43. Sequence alignment shows that this leucine is conserved in the 

majority of lipoxygenases and is homologous to L407 in humans23. Substituting a 

smaller amino acid at this location in h12-LOX resulted in a loss of activity and a 

shift to greater oxygenation at C15, by widening the active site across from the 

catalytic iron11. To test whether L407 influences the positioning of AA or 5S-HETE 

within the active site, L407A was generated. For AA, the kcat and kcat/KM values 

decreased approximately 5-fold compared to wild-type, but for 5S-HETE, the values 

decreased even less (Table 4.3). The greater decrease in kinetic values for AA than 

that of 5S-HETE possibly suggests that the larger 5S-OH of 5S-HETE is filling the 

missing space of the L407A mutant, thus diminishing the mutational effect. When 

reacting with AA and 5S-HETE, L407A produces more C12 products with AA than 

wild-type, but similar product ratios for 5S-HETE (Table 4.4). These product profile 

data are similar to the kinetic data in that L407A affects the positioning of AA more 

than that of 5S-HETE, supporting the hypothesis that the larger 5S-HETE is better 

positioned for catalysis in the L407A active site.  

Π-stacking interactions with substrate double bonds: F414 

It has previously been determined that the Δ11 double bond of AA is 
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positioned in the active site of h15-LOX-1 to form π−π stacking interactions with 

F41423. This interaction is also observed in h12-LOX with F414, and could be 

considered a common structural feature in hLOX biochemistry11. To test whether 

F414 of h15-LOX-1 would also interact with 5S-HETE, the catalysis and product 

profile was investigated. Both the kcat and kcat/KM values for F414I with 5S-HETE 

decreased over 15-fold compared to wild-type (Table 4.5), but the products generated 

from the reaction with 5S-HETE showed no change relative to wild-type (Table 4.6). 

Mutation of this residue to tryptophan, F414W, restored the wild-type activity of the 

enzyme for 5S-HETE, with both kcat and kcat/KM nearly returning to their wild-type 

values. The recovery of activity with the addition of the aromatic tryptophan for the 

catalysis of 5S-HETE is similar to what was seen previously with AA and indicates 

that there are also π−π stacking interactions between 5S-HETE and F414. For 

comparison, we confirmed the previously established interaction of F414 and AA 

(Table 4.5)23. Interestingly, F414W caused more oxygenation to occur at C15 for 

both AA and 5S-HETE. This is consistent with the “dip-stick” substrate binding 

model where the larger tryptophan prohibits the deeper entry of the substrate, relative 

to phenylalanine, and thus increases the production of the 15-product.   

Depth of the of active site cavity: I417 and F352 

Previous work indicated that F353 contributed to the positional specificity in s15-

LOX by affecting the depth of the active site44. This hypothesis was extended to the 

sequence equivalent residue in h15-LOX-1 with work on chimeric mutants, which 

showed a similar role for F35227. I417 has also been implicated in binding the methyl 
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end of the substrate because of its position at the bottom of the active site in h12-

LOX11, 45 and h15-LOX-124. Decreasing the residue size of either F352 or I417 in 

h15-LOX-1 increases the cavity size and thus increases oxygenation at C12 due to 

AA positioning deeper in the active site, as seen in previous work10. To extend this 

work and determine if the active site depth influences the reactivity of 5S-HETE, 

kinetics were investigated with smaller amino acids at positions 352 and 417. 

Compared to wild-type, the kcat and kcat/KM values for I417A and F352L with both 

AA and 5S-HETE were approximately the same as wild-type (Table 4.7). This is 

remarkable considering that the oxygenation of AA at C12 increases dramatically for 

both I417A and F352L (Table 4.8), indicating a shift in the positioning of AA deeper 

in the active site pocket due to the smaller active site residues, but only a small 

change in rate is observed. With respect to 5S-HETE, oxygenation of C12 is already 

the major product, thus enlarging the active site has only a slight change in both the 

kinetics and product profile because 5S-HETE is already positioned deep in the active 

site. 

With the smaller residues at 417 and 352 allowing the substrate to bind deeper 

into the active site, it was hypothesized that larger residues near the bottom of the 

active site would have the opposite effect by restricting substrate binding and thereby 

shifting positional specificity from C12 to C15. For I417M, the product profile for 

both AA and 5S-HETE were unchanged relative to wild-type, indicating that the 

positioning of the two substrates has not changed significantly with this mutant 

(Table 4.8, Figure 4.4). Interestingly, the kinetic values for both AA and 5S-HETE 
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increase with I417M. Considering that the product profiles for both of these 

substrates is similar to that of wild-type enzyme, it is difficult to explain this result by 

sterics, so possibly the active site dynamics are affected. 

For F352W, the percent of C15 product increased for both AA and 5S-HETE 

relative to wild-type and I417M, indicating that F352W has a greater decrease in 

active site volume (Table 4.8, Figure 4.5). The effect of F352W is larger for 5S-

HETE than that of AA, with the C15 percent increasing from 14% to 69%, possibly 

indicating that 5S-HETE binds deeper into the pocket than AA and thus the reduced 

active site volume has a larger effect. The kinetic data reflect this hypothesis with the 

kcat/KM of 5S-HETE decreasing 3-fold, while the value for AA increases 1.5-fold, 

indicating a larger change in 5S-HETE positioning in the active site that that of AA 

(Table 4.7).  

Depth of active site with DHA and 7S-HDHA 

The dip-stick model of substrate binding by h15-LOX-1 posits that the depth 

of the active site is a primary determinant for how far the methyl end of a substrate 

can insert. For 5S-HETE, its position in the active site of h15-LOX-1 is deeper than 

that of AA and thus the 5S,12S-diHETE product is primarily synthesized. 7S-HDHA 

shows an analogous change in positional specificity, with h15-LOX-1 producing the 

non-canonical product, 7S,14S-diHDHA, instead of 7S,17S-diHDHA17. 7S-HDHA 

and 5S-HETE are structurally similar in that the C7 and C5 alcohols are both located 

on the w-16 carbon relative to the methyl end of the substrate and h15-LOX-1 

oxygenates at their w-9 positions, C14 and C12, respectively. Since h15-LOX-1 
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shows similar shifts in product profile with both 7S-HDHA and 5S-HETE, it is likely 

that they are bound in the active site in a similar fashion15, 17. Consequently, it is 

likely that amino acid mutations changing the depth of the active site cavity will 

affect 7S-HDHA similarly to that of 5S-HETE. 

To investigate this hypothesis, the positional specificity of h15-LOX-1 with 

both DHA and 7S-HDHA were assayed with I417A, I417M, F352L and F352W. h15-

LOX-1 reacting with DHA produced a mixture of primarily the 14- and 17-oxylipins, 

as see previously (Table 4.9).46 When reacting with I417A, DHA displayed the 

expected shift to more oxygenation at C14 and less oxygenation at C17 relative to wt 

12-LOX, as the substrate was able to position deeper in the active site relative to the 

iron (Table 4.9.)  

The reaction of DHA with I417M demonstrated a small shift to increased 

oxygenation at C17, resulting from the slightly bulkier methionine residue. The 

reaction between F352L and DHA showed the expected decrease in oxygenation at 

C17, however instead of an increase at C14, a large increase in oxygenation at C20 

occurred. It is unclear why this product increased, but it may indicate a change in the 

overall substrate orientation due to folding of the substrate methyl end so that it is 

positioned less deep in the active site. When reacting with DHA, F352W produced 

79% of the 17-product, compared to 65% with wild-type, demonstrating that the 

bulkier tryptophan substitution produces the largest shift in product profile, similar to 

the results with AA (Table 4.8). 
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The product profile with 7S-HDHA as the substrate shows similar results as 

that with DHA as the substrate, with smaller substitutions allowing for deeper entry 

of 7S-HDHA into the active site (Table 4.9). The smaller amino acids of F352L and 

I417A both increase the amount of oxygenation occurring on C17, from 90% in wild-

type to 97% with I417A and 100% with F352L. Substituting larger amino acids in 

these positions had the expected opposite effect. The reaction with I417M decreased 

oxygenation at C17 from 90% in wild-type to 64 % in the mutant. The reaction of 

F352W decreased oxygenation at C17 to only 6%, a near complete reversal of the 

altered positional specificity seen with 7S-HDHA and the wild-type enzyme.  

When comparing the product profile of 5S-HETE (Table 4.8) and 7S-HDHA 

(Table 4.9), I417M has a much larger effect on 7S-HDHA, which may indicate that 

the larger size of 7S-HDHA compared with 5S-HETE, makes it more sensitive to the 

small change in active site depth brought about by I417M. In total, these data indicate 

that the shift in positional specificity is related to the size of the amino acids at the 

bottom of the active site for 7S-HDHA, consistent with the results obtained for 5S-

HETE and indicates a similar mode of binding between 5S-HETE and 7S-HDHA. 

Coordination of alcohol group of 5S-HETE/7S-HDHA through hydrogen 

bonding with the carbonyl backbone of I399 

 

Molecular dynamic simulations coupled with computational docking revealed 

a possible intermolecular bond in the active site of h15-LOX-1 with the hydroxyl 

group of 5S-HETE/7S-HDHA15, 17. The interaction observed was a hydrogen bond 

with the backbone carbonyl of I399. The positioning of this carbonyl hydrogen bond 

in the active site, relative to the coordinating iron and oxygen channel, is proposed to 
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hold the substrate in a manner that makes enzymatic hydrogen abstraction more likely 

at the w-9 carbon than the w-6 carbon. To test this hypothesis, the I399A mutant was 

reacted with 5S-HETE, with the hope that the side chain would affect the hydrogen 

bond to the backbone carbonyl, however, the reactivity and product profile of I399A 

were comparable to that of wild-type (data not shown). This is an inconclusive result 

and we are currently pursuing another line of inquiry in order to determine the 

structural requirements for the non-canonical activity of h15-LOX-1. 

In Vitro Biosynthesis of Resolvin E4 (5S,15S-diHEPE) 

Previous work has proposed that the biosynthesis of RvE4 is accomplished by 

h15-LOX-1 reacting with EPA to produce 15S-HpEPE, which is then further oxidized 

by h5-LOX to yield the 5S,15S-diHEPE product (RvE4)18. However, past in vitro 

experiments  have shown w-6 oxylipins to be extremely poor substrates for h5-

LOX15, 17, which raises questions regarding the proposed biosynthetic pathway of 

RvE4. To investigate this further, in vitro reactions with h15-LOX-1 and h15-LOX-2 

in the presence of 5S-HEPE were carried out. Product profile analysis of the h15-

LOX-1 products revealed a shift in positional specificity, similar to that seen with the 

other w-6 oxylipins, with more 5S,12S-diHEPE being generated than 5S,15S-

diHEPE, 78% and 22%, respectively (Table 4.10). However, h15-LOX-2 produced 

mostly 5S,15S-diHEPE (93%, Table 4.10), supporting our previous work that h15-

LOX-2 primarily generates the 5S,15S dioxylipin product and, thus, may be the 

primary source of RvE4. This was previously observed by Kutzner et al. when h5-

LOX and h15-LOX-2 were added to a buffer containing EPA.16 
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Regarding the relative rates of catalysis for RvE4, 5S-HEPE (10 μM) was 

reacted with h15-LOX-2 and 15S-HEPE (10 μM) with h5-LOX (Table 4.11). The 

data indicates that h15-LOX-2 is a 40-fold faster catalyst than h5-LOX when reacting 

with their secondary substrates, although they have comparable rates with AA and 

EPA as substrates, at 10 μM. Given the relative kinetic capabilities of h5-LOX with 

15S-HETE and h15-LOX-2 with 5S-HETE15, 17, 47, 48, h15-LOX-2 appears to be the 

faster catalyst for the final step in RvE4 generation. However, considering that in 

vivo, the level of substrate could be lower than 10 μM and that the cell contains 5-

LOX activating protein (FLAP) and other cellular components, we cannot discount a 

change in relative LOX isozyme reactivity due to the cellular milieu. 

4.5 Conclusion 

The fatty acid docking mode developed to explain the positional specificity of 

h15-LOX-1 (ALOX15) reactivity with AA23 includes 5 principle residues: R402, 

L407, F414, I417 and F352. Of these five, three are conserved in the mouse ortholog, 

ALOX15 (residues 402, 407, 414, 69% identity to human ALOX15) but only two are 

conserved in h15-LOX-2 (ALOX15B, residues 352, 407, 38% identity to human 

ALOX15). These results are intriguing since the gene sequence of mouse ALOX15 is 

more similar to human ALOX15, but it primarily produces 12-HETE. However, the 

gene sequence of human ALOX15B is less similar to human ALOX15, but it 

primarily produces 15-HETE. These data illustrate the observation that the sequence 

similarity between genes is not as important as specific residues in the active site.  
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In the current work, the established AA docking model for h15-LOX-1 only 

partially explains the altered positional specificity of h15-LOX-1 with 5S-HETE and 

7S-HDHA. R402L did not have a large effect on 5S-HETE catalysis, indicating that 

this interaction with the substrate carboxylate is not important for 5S-HETE 

positioning, as previously seen for h12-LOX and AA11. F414 appears to π−π stack 

with 5S-HETE, as seen with AA binding, indicating an interaction between a double 

bond of 5S-HETE and F414. Further evidence of the importance of steric interactions 

at the bottom of the active site cavity comes from mutagenesis of F352 and I417, 

which plays the largest roles in 5S-HETE positioning. Decreasing the size of the 

amino acids in these locations shifted oxygenation of 5S-HETE to C12, while 

increasing the size of these residues reversed the positional specificity of h15-LOX-1 

with 5S-HETE to C15, with F352 having a larger impact than I417. Mutants at these 

locations demonstrated a similar effect with 7S-HDHA, indicating that both 

substrates interact with the bottom of the active site. Together, these data indicate that 

of the three regions proposed to control positional specificity of h15-LOX-1, π−π 

stacking and active site cavity depth are the primary determinants of positional 

specificity with 5S-HETE and 7S-HDHA, similar to what was observed with AA as 

the substrate. Mutation of I399 did not support our hypothesis that its carbonyl 

backbone hydrogen bonded with the w-16 alcohol. However, we have recently 

determined that unsaturation and length of the oxylipin substrate affects the product 

profile, undermining our I399 carbonyl hypothesis. We are currently investigating 

this line of inquiry to identify the structural property which accounts for the non-
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canonical product profile of h15-LOX-1. Furthermore, experimentation by Saam et 

al.49 with murine 12/15 lipoxygenase and Klinman and coworkers 50, 51 with soybean 

15-lipoxygenase has provided compelling evidence for the presence of a dynamic 

oxygen channel linking the enzyme surface to the active site of lipoxygenases. The 

change in positional specificity of h15-LOX-1 when reacting with 5S-HETE and 7S-

HDHA could also be affected by changes in the oxygen channel with oxylipin 

binding, which we are currently investigating.  

Finally, the altered reactivity of h15-LOX-1 with 5S-HEPE suggests that the 

biosynthesis of RvE4 may not proceed through h15-LOX-1. The above in vitro 

reaction rates and product profiles suggest that the biosynthetic pathway for RvE4 

production could be initiated with h5-LOX biosynthesizing 5S-HEPE from EPA, 

followed by h15-LOX-2 producing 5S,15S-diHEPE (i.e., RvE4). It should be 

mentioned that 5,15-oxylipin has been observed in a variety of human cell lines,52, 53 

indicating important roles for h5-LOX and h15-LOX, but the order of biosynthetic 

steps and the specific identity of the h15-LOX isozyme remains unclear. Recently, 

Mainka et al. demonstrated that 5,15-oxylipin production was a primary product 

when 15-oxylipin was given to polymorphonuclear leukocytes (PMNL) and that h5-

LOX was involved, with the presence of FLAP being critical.54 Therefore, it could be 

that the lowered in vitro activity of h5-LOX observed in our work is due to the dis-

similar environment relative to the cellular milieu. However, the role of h15-LOX-1 

remains unclear. Due to the cellular mixture of the PMNLs, Mainka et al. could not 

identify if h15-LOX-1 or h15-LOX-2 were the active partner in the biosynthesis of 
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the 5,15-oxylipin, adding further obscurity to their biosynthetic pathway. Therefore, 

we are currently investigating the expression levels of the LOX isoforms in immune 

cells and their inhibition by specific LOX inhibitors during the inflammatory 

response to determine which LOX is involved in the production of RvE4 and the order 

of the biosynthetic steps. 
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4.6 Figures and Tables 

 

 

 

 

 

 

 
Figure 4.1 Structures of AA, EPA, DHA and their primary h5-LOX oxylipin 

products. 

 
Figure 4.2 Model of the active site of h15-LOX-1, showing amino acid residues 

hypothesized to influence positional specificity with AA. The top figure depicts 

positioning of AA, while the bottom depicts positioning of 5S-HETE. h15-LOX-1 

primarily abstracts a hydrogen from C13 of AA and C10 of 5S-HETE, which indicates 

that the two substrates must be positioned differently in the active site relative to the 

catalytic iron. The hydrogen bond between the alcohol of 5S-HETE and the carbonyl 

of I399 is not shown. 
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Figure 4.3 Model of the active site of h15-LOX-1 showing L-shaped binding 

cavity, position of catalytic iron in orange and AA in green at middle. Amino 

acids shown to play a role in positional specificity of AA are highlighted: R402, 

L407, F414, I417, F352.  

R402	
L407	

F414	

F352	

I417	
NH 2

NH

N
H

  AA 5S-HETE 

  KM kcat 
kcat/K

M 
KM kcat kcat/KM 

wild-

type 

5.1 

±0.3 

10 

±1 

2.1 

±0.3 
4.9 ±0.6 

1.1 

±0.4 

0.22 

±0.08 

R402

L 

9.8 

±1.5 

7.2 

±0.5 

0.73 

±0.13 

6.3 

±0.6 
3.6 ±0.1 

0.55 

±0.06 

Table 4.1 Steady state kinetics of wild-type and R402L h15-LOX-1 with  

AA and 5S-HETE substrates. KM is in units of µM, kcat is in units of sec-1µM-1, 

 kcat/KM is in units of sec-1µM-1. 
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 AA 5S-HETE 

 % C15 % C12 % C15 % C12 

wild-type 85 ±4 15 ±4 14 ±6 86 ±6 

R402L 73 ±6 27 ±6 8 ±2 92 ±2 

Table 4.2 Product profile of wild-type and R402L h15-LOX-1 with AA and 

 5S-HETE. The percent of the carbon which is being oxidized is presented 

 (i.e., %C15 is percent oxidation on C15 of the substrate). 

 

  AA 5S-HETE 

  KM kcat kcat/K

M 

KM kcat kcat/KM 

wild-type 
5.1 

±0.3 
10 ±1 

2.1 

±0.3 

4.9 ± 

0.6 
1.1 ±0.4 

0.22 

±0.08 

L407A 
4.9 

±1.2 

2.0 

±0.4 

0.41 

±0.08  

7.9 ± 

1.4 
0.7 ±0.1 

0.09 

±0.02 

Table 4.3 Steady state kinetics of wild-type and L407A h15-LOX-1 with AA and  

5S-HETE. KM is in units of µM, kcat is in units of sec-1µM-1, kcat/KM is in  

units of sec-1µM-1. 

 

  AA 5S-HETE 

  % C15 % C12 % C15 % C12 

wild-type 85 ±4 15 ±4 14 ±6 86 ±6 

L407A 67 ±7 33 ±7 9 ±2 91 ±2 

Table 4.4 Product profiling of wild-type and L407A h15-LOX-1 with AA and 

 5S-HETE. The percent of the carbon which is being oxidized is presented  

(i.e., %C15 is percent oxidation on C15 of the substrate). 
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  AA 5S-HETE 

  KM kcat kcat/K

M 

KM kcat kcat/KM 

Wild-type 
5.1 

±0.3 

10 

±1 

2.1 

±0.3 

4.9 ± 

0.6 

1.1 

±0.4 

0.22 

±0.08 

F414I 
6.6 

±0.9 

1.2 ± 

0.4 

0.18 

±0.03 

4.7 ± 

0.7 

0.073 

± 0.03 

0.013 ± 

0.006  

F414W 
6.8 

±0.5 

12 

±1 

1.8 

±0.1 

4.2 ± 

0.6 

0.95 ± 

0.4 

0.23 ± 

0.09 

Table 4.5 Steady state kinetics of wild-type, F414I and F414W h15-LOX-1 

 with AA and 5S-HETE. KM is in units of µM, kcat is in units of 

 sec-1µM-1, kcat/KM is in units of sec-1µM-1. 

 

 AA 5S-HETE 

 % C15 % C12 % C15 % C12 

Wild-type 85 ± 4 15 ± 4 14 ± 6 86 ± 6 

F414I 82 ± 2 18 ± 2 12 ± 2 88 ± 2 

F414W 95 ± 1 5 ± 1 32 ± 2 68 ± 2 

Table 4.6 Product profiling of wild-type, F414I and F414W h15-LOX-1 with AA  

and5S-HETE. The percent of the carbon which is being oxidized is presented 

 (i.e., %C15 is percent oxidation on C15 of the substrate). 
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Table 4.7 Steady state kinetics of wild-type and various mutants of h15-LOX-1 

 with AA and 5S-HETE. KM is in units of µM, kcat is in units of sec-1µM-1, kcat/KM  

is in units of sec-1µM-1. 
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Figure 4.4 Model of the active site of h15-LOX-1 showing position of I417 

 and the effects that various amino acid mutations have on the size of the active 

 site. I417A creates more space at the bottom of the active site, while I417M 

 creates less space.  

 

 

 

 

I417	

I417M	

I417A	

O

HO

HO

5

(S)

NH
2

NH
N

H

Fe	

C12	 C15	

 AA 5S-HETE 
 % C15 % C12 % C15 % C12 

wild-type 85 ± 4 15 ± 4 14 ± 6 86 ± 6 

I417A 22 ± 2 71 ± 2 3 ± 1 97 ± 1 

I417M 87 ± 2 13 ± 2 16 ± 2 84 ± 2 

 
 

F352L 16 ± 3 81 ± 3 5 ± 2 95 ± 2 

F352W 96 ± 2 4 ± 2 69 ± 6 31 ± 6 

Table 4.8 Product profiling of wild-type and various mutants of h15-LOX-1 

 with AA and 5S-HETE. The percent of the carbon which is being oxidized 

 is presented (i.e., %C15 is percent oxidation on C15 of the substrate, i.e. AA 

 and 5S-HETE). 
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  DHA 7S-HDHA 

  
% 

C20 

% 

C17 

% 

C14 

% 

C11 

% 

C20 

% 

C17 

% 

C14 

% 

C11 

wild-type 6 ±2 65 ±4 22 ±5 6 ±1 - 10 ±6 90 ±6 0 

I417A 2 ±2 55 ±8 40 ±8 2 ±2 - - 97 ±1 3 ±1 

I417M 2 ±1 73 ±2 24 ±1 - - 36 ±2 64 ±2 - 

F352L 
29 

±3 
47 ±3 23 ±3 - - - 100 - 

F352W 7 ±2 79 ±6 10 ±3 - - 94 ±1 6 ±1 - 

Table 4.9 Product profiling of wild-type and various mutants of h15-LOX-1 

 with DHA and 7S-HDHA. The percent of the carbon which is being oxidized 

 is presented (i.e., %C11 is percent oxidation on C11 of the substrate). KM is in  

units of µM, kcat is in units of sec-1µM-1, kcat/KM is in units of sec-1µM-1.  

 EPA 5S-HEPE 

 % C15 % C12 % C15 % C12 

h15-LOX-1 87 ± 2 13 ± 2 22 ± 1 78 ± 1 

h15-LOX-2 100  0 93± 3 7 ± 3 

Table 4.10 In vitro Product profile of h15-LOX-1 and h15-LOX-2 reacting with  

EPAand 5S-HEPE. The percent of the carbon which is being oxidized is presented  

(i.e., %C15 is percent oxidation on C15 of the substrate). 
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Enzyme Substrate Vmax (mol/sec−1/mol−1) 

h5-LOX* AA 0.15 ± 0.03 

h5-LOX* EPA 0.14 ± 0.01 

h5-LOX* 15S-HEPE 0.0037 ± 0.0006 

h15-LOX-2 AA 0.24 ± 0.04 

h15-LOX-2 EPA 0.26 ± 0.03 

h15-LOX-2 5S-HEPE 0.17 ± 0.03 

Table 4.11 Vmax comparison of h5-LOX and h15-LOX-2 with secondary substrates. 

 *The ammonium sulfate-precipitated h5-LOX protein concentration was estimated 

 from SDS-PAGE as previously published (Perry et al., 2020), such that protein  

concentrations between the LOXs was maintained._ENREF_1 
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Figure 4.5 Model of the active site of h15-LOX-1 showing position of F352 

and the effects that various amino acid mutations have on the size of the 

 active site. F352L creates more space at the bottom of the active site, while 

F352W creates less space. 
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Figure S4.1 

 
Figure S4.1 LC-MS/MS chromatograms. A, UV chromatogram at 234 nm of the 

control reaction (no enzyme + AA). B, UV chromatogram at 234 nm of the h15-

LOX-1 + AA reaction. C, MS2 TIC chromatogram of the control reaction. D, MS2 

TIC chromatogram of the h15-LOX-1 + AA reaction. Baseline drift at 234 nm is due 

to ACN gradient. MS2 mass filter was set to 319.2 +/- 0.5. 
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	The stereo- and regio-specificity of LOXs determine which oxylipin mediators a cell may produce, either on their own or in concert with other LOX isozymes expressed in neighboring cells through the process of transcellular biosynthesis.8 h15-LOX-1 is ...
	15-LOXs principally catalyze the abstraction of a hydrogen from C13 of AA followed by insertion of dioxygen onto C15. The resulting molecule is 15S-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15S-HpETE), which can be reduced by glutathione peroxi...
	Altered product specificity has important implications for the biosynthesis of SPM. The proposed biosynthetic routes of SPM, such as 5S,15S-6E,8Z,11Z,13E-dihydroxyeicosatetraenoic acid (5S,15S-diHETE), resolvin E4 (RvE4, 5S,15S-dihydroxy-6E,8Z,11Z,13E...
	Overexpression and purification of his-tagged wild-type and mutant h15-LOX-1 (Accession ID: P16050) and h15-LOX-2 (Accession ID: O15296) was performed using cation exchange and nickel-affinity chromatography as previously described33, 34. Overexpressi...
	Site-directed Mutagenesis.
	Amino acid numbering for h15-LOX-1 refers to the sequence with UniProt accession number P16050 without the 6XHis-tag and with the N-terminal methionine assigned as amino acid number one.  The following mutations were introduced into h15-LOX-1: F352L, ...
	7S-hydroperoxy-4Z,8E,10Z,13Z,16Z,19Z-docosahexaenoic acid (7S-HpDHA) was synthesized by reaction of DHA (25-50 μM) with h5-LOX. The reaction was carried out for 2 hours in 800 mL of 25mM HEPES, pH 7.5 containing 50mM NaCl, 100 µM EDTA and 200 µM ATP. ...
	Steady State Kinetics of h15-LOX-1
	Product Analysis of LOX reactions with AA, DHA, 5S-HETE, 5S-HEPE and 7S-HDHA
	Reactions were carried out in 2 mL of 25 mM HEPES, pH 7.5 with stirring at ambient temperature. Reactions with AA and DHA contained 10 µM substrate and ~200 nM h15-LOX-1. Those with 5S-HETE, 5S-HEPE, 7S-HDHA and contained 20 µM substrate and ~550 nM h...
	The docking model proposed for AA binding in the active site of h15-LOX-1 postulates three regions of the active site to be important for determining the positional specificity which interact with the head, middle and base of the fatty acid (Figure 4....
	constraints of 5S-HETE and assayed their kinetic and product profiles.
	Binding to substrate carboxylate: R402
	Positively charged amino acids can play a role in binding the carboxylate of fatty acids41. R402, located near the entrance to the active site cavity, is conserved in both h12-LOX and h15-LOX-1 and is proposed to interact with the carboxylic acid moie...
	Narrow midpoint of active site cavity: L407
	L546 is thought to define the bend point of the L-shaped active site cavity of soybean 15-LOX (s15-LOX), based on docking of AA into the crystal structure of s15-LOX23, 43. Sequence alignment shows that this leucine is conserved in the majority of lip...



