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Abstract 

Investigating the allosteric activation and substrate preferences of human 

lipoxygenase enzymes 

Christopher J. Smyrniotis 

The research in this dissertation describes the allosteric activation and 

inhibition of 5-LOX human lipoxygenase as well as the substrate preferences for all 3 

main LOX isozymes, 5-LOX, 12-LOX, and 15-LOX-1, to generate higher-order lipid 

mediators. 5-LOX is both a hydroperoxidase of arachidonic acid (AA) and an 

epoxidase of 5(S)-hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic acid (5(S)-HpETE) 

to form leukotrienes from a single polyunsaturated fatty acid (PUFA). This 

dissertation investigates the kinetic mechanism of these two processes and the role of 

ATP in their activation. Specifically, it was determined that epoxidation of 5(S)-

HpETE has a significantly lower rate of substrate capture (Vmax/Km) than AA 

hydroperoxidation, however, hyperbolic kinetic parameters for ATP activation 

suggest a larger activation with 5(S)-HpETE. Solvent isotope effect (SIE) results for 

both hydroperoxidation and epoxidation indicate that a specific step in its molecular 

mechanism is changed, possibly due a change in the dependency of the rate-limiting 

step on hydrogen-bond rearrangement toward substrate rearrangement. The products 

of 5-LOX, leukotrienes and resolvins, both promote and inhibit inflammation, 

respectively, and therefore changes in ATP concentration in the cell could have wide 

implications in their relative concentrations and ultimately the regulation of cellular 

inflammation.   
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5-LOX inhibition was also profiled with the discovery of a novel dual 

inhibitor targeting fungal sterol 14α-demethylase (CYP51 or Erg11) and 5-LOX. A 

phenylenediamine core was translated into the structure of ketoconazole, a highly 

effective anti-fungal medication for seborrheic dermatitis, to generate a novel 

compound, ketaminazole. Docking of ketaminazole confirmed kinetic results showing 

that the drug binds in the active site presenting the phenylenediamine core for 

effective reduction of the 5-LOX catalytic iron. This novel dual anti-fungal/anti-

inflammatory inhibitor could potentially have therapeutic uses against fungal 

infections that have an anti-inflammatory component. 

 Epoxidation and hydroperoxidation mechanisms were also investigated in the 

other main LOX isozymes, 12-LOX and 15-LOX-1. Only 15-LOX-1 was found to 

effectively hydroperoxidate some of the oxylipins tested, with the 

hydroxide/hydroperoxide causing a change in the positioning of the substrate in the 

active site and changing the enzyme’s regiospecificity. In contrast, all three LOX 

isozymes can epoxidate hydroperoxides and this ability is dependent on their 

respective hydrogen atom abstraction specificity.  ATP activation of 5-LOX is also 

further profiled and found to be more substrate-selective than previously noted. 

These epoxidation mechanisms may be implicated in higher-order lipids being 

formed such as lipoxins, eoxins, and hepoxilins, all unique in their ability to mediate 

inflammation. 
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Chapter 1 

Introduction 

1.1 Lipoxygenase 

Lipoxygenases (linoleate:oxygen oxidoreductase, EC 1.13.11.12) form a 

unique family of lipid-peroxidizing metalloenzymes that utilize a non-heme iron 

center for catalysis.1-6 Ubiquitous in nature, these enzymes function to dioxygenate 

polyunsaturated fatty acids (PUFAs), which are the precursors to biologically active 

eicosanoids such as leukotrienes and lipoxins. These lipoxygenase products play 

varied roles within the biological context of their organism, such as regulating 

inflammation pathways in mammals,7,8 promoting wound healing and defense 

processes in plants,9 and regulating mycotoxin production and the life cycle in 

fungi.10 Noting such roles, inhibitor and antagonist studies have been performed and 

have helped described in great detail all of the nuances of the enzyme’s kinetics,11,12   

as have studies probing the varied properties of lipoxygenase isoforms.13-15 

Furthermore, the impact of lipoxygenase products on pathogenesis and cancer has 

been well characterized.16-19 Like other non-heme iron-containing dioxygenases, 

lipoxygenase undergoes redox chemistry at its active site, and much has been 

answered about the role of iron in this mechanism.20 

1.2 Non-heme Iron Center and its Reduction-Oxidation Properties 

The importance of the iron center in lipoxygenase was first overlooked when 

the first soybean lipoxygenase was crystallized, due to the authors not finding any 

metal or prosthetic groups in the absorption spectrum of the enzyme.21 Nearly 30 
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years later, it was determined that lipoxygenase is indeed an iron-containing enzyme 

through experiments that characterized a stoichiometry of 1 Fe to every 1 mol 

enzyme, established that iron is tightly bound to enzyme and unable to be removed 

even in the presence of strong complexing chelators, and highlighted the importance 

of iron in catalysis due to the necessity of bound ferric Fe(III) for native 

function.20,22,23 

Non-heme iron-containing dioxygenases, like lipoxygenase, are ubiquitous 

and compose a grouping of enzymes with a variety of functions, such as cleavage of 

aromatic rings, oxidation of sulfur-containing compounds, and the dioxygenation of 

PUFAs.  Non-heme iron is the most common type of cofactor in dioxygenases, 

although there are examples of enzymes that prefer either the ferric state or ferrous 

state for catalytic activity.24 

While noting the importance of iron to catalytic activity, it had not been 

established which residues for chelating iron were necessary and which were 

necessary for the mechanism.  Data obtained from primary sequences gleaned from 

the cDNAs of soybean, human, and rat 5-lipoxygenase had highlighted the existence 

of a conserved cluster of 5 His residues in all primary sequences that may potentially 

be the iron-binding site (Figure 1.1).25 Nguyen et al. (1991) were able to show 

through site-directed mutagenesis that His at positions 363, 391, and 400 of human 5-

lipoxygenase were able to be replaced by Ser residues without loss of activity, which 

indicated that these residues are not essential for lipoxygenase activity.26 However, 

the authors cautioned that this didn’t qualify the 3 sites as unnecessary to iron  
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Figure 1.1. Comparison of primary sequences and the conserved His-(X)4-His-(X)4-
His-(X)17-His-(X)8-His motif of 5-lipoxygenases in human leukocyte (hl) and rat 
leukocyte (rl); 15-lipoxygenase types 1-3 in soybean (sb), pea seed (p), human 
reticulocyte (hr), and rabbit reticulocyte (rr); and 12-lipoxygenase in human platelet 
(hp) and porcine leukocytes (pl)26 
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binding, but suggested that these 3 sites were necessary for maintaining native state 

structure, as these mutants tended to form aggregates and become inactivated much 

easier than native protein. To prove this point, a Lys residue was instead swapped into 

the His-363 position and enzyme activity was assayed, and the group found that the 

mutant had lost all activity. Their results also suggested that His-368 and His-373 

were most important for maintaining enzyme activity.  Zhang et al. (1993) 

independently confirmed these data by their own site-directed mutagenesis 

experiments, and found that His-367 mutants were inactive although retained partial 

iron content, while His-372 and His-550 mutants were inactive and contained zero 

iron content.27 Further still, Steczko and Axelrod (1992) also reported that mutating 

out 3 histidines of soybean lipoxygenase-1 in comparable positions to above for 

human 5-lipoxygenase lead to the apo-form of the enzyme.28 Taken together, these 

sources suggest the role of these 3 conserved histidine residues for iron-binding, with 

other conserved residues needed for adopting native structure.   

Suzuki et al. (1994) performed site-directed mutagenesis on porcine leukocyte 

12-lipoxygenase to determine the iron-binding capabilities of this histidine cluster, 

and found that His-361, -366, and -541 were essential for iron binding, as site 

mutations at these residues caused a loss of activity while also depleting the iron 

content of the enzyme.29   

1.3 Spectroscopic Methods 

X-ray absorption spectra indicated that ferrous Fe(II) in native state soybean 

lipoxygenase L-1 is held in an octahedral coordinate sphere containing 4 ± 1 nitrogen 
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atoms (imidazole) and 2 ± 1 oxygen atoms, although upon enzyme activation, a 

nitrogen atom from imidazole is replaced with an oxygen atom.30 Dunham et al. 

(1990) utilized Mössbauer spectroscopy to determine that iron is spherically 

coordinated within the lipoxygenase.31 Zhang et al. (1991) utilized magnetic circular 

dichroism to uncover an octahedral 6-coordinate system with a slight rhombic 

distortion, and determined that diatomic oxygen was not itself a ligand during the 

mechanism.32   

The X-ray crystal structure of soybean lipoxygenase type 1 was solved in 

1993 by multiple anomalous isomorphous replacement (Figure 1.2), and to higher 

resolution in 1996 (Figure 1.3), which determined the location of the active site iron 

atom and also identified 1 water group and 5 protein groups which act as its ligands: 

the C-terminal carboxylate group of Ile-839, the imidazole groups of His-499, His-

504, and His-690, and the side chain of Asn-694, confirming the importance of these 

conserved histidines in binding iron.33,34 

1.4 Lipoxygenase Structure and Mechanism 

The model for soybean lipoxygenase shown in Figure 1.3 confirms not only 

the active site structure surrounding iron, but also provides a wealth of other 

structural information that helps define the lipoxygenase mechanism of dioxygenase 

of PUFAs. The enzyme can be divided into two spatially isolated domains: the N-

terminal domain (residues 1-146 in soybean lipoxygenase-1), which resembles a β-

barrel sandwich; and the C-terminal domain (residues 147-839), which comprises 

mostly α-helical secondary structure. It is thought that the N-terminal domain may be  
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Figure 1.2. Stereoscopic view of the active Fe center of soybean lipoxygenase-1.33    
These residues correspond to the 5-lipoxygenase model in the following way: His-
499 (sl) corresponds to His-367 (5-LO); His-504 (sl) corresponds to His-372 (5-LO); 
His-690 (sl) corresponds to His-550 (5-LO).  
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Figure 1.3. Soybean lipoxygenase-1 crystal structure refined to 1.4 Å.34 
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involved in substrate- or membrane-binding, whereas iron is found in the C-terminal 

domain that is required for catalytic activity.10,35,36 The active site lies within a 

multihelix bundle, and there exists 2 major cavities (Cavity I & II) within the C-

terminal domain that substrates can travel through. 

Recently, Dainese et al. (2010) isolated a 60-kDa C-terminal region they 

referred to as a miniLOX, which lacks an α-helix that normally occludes access to 

iron, and found that it possesses higher catalytic efficiency compared to the native 

form of the enzyme due partially to a more substrate-accessible active site.37 

Furthermore, miniLOX has a more flexible coordination of Asn, which is already a 

weak-field ligand for Iron in the native state, allowing it to undergo reaction quicker 

and achieving a higher kcat value. In these experiments the authors were also able to 

generate an apo-miniLOX, the first time iron has been extracted successfully to yield 

such an apo-form. Removal of iron yields an inactive, more relaxed form of 

miniLOX, suggesting iron is also necessary for maintaining functional structure.  

More specifically, the membrane-binding activity of apo-miniLOX is lost compared 

to miniLOX (which has a relatively higher membrane-binding ability than native state 

lipoxygenase due to a larger exposure of hydrophobic regions in the former), 

suggesting iron also has a role in promoting proper structure for membrane-binding. 

1.5 Mechanism of Dioxygenation of Polyunsaturated Fatty Acids (PUFAs) 

Lipoxygenases are designated as 5-, 12-, or 15-lipoxygenases according to 

their selectivity for the indicated carbon of their substrate, arachidonic acid in animals 

or linoleic acid in plants.38 Considerable detail of their mechanism has been 
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elucidated by a wealth of kinetic studies (Figure 1.4).  The first and rate-determining 

step in the catalytic cycle is the activation of the substrate by ferric-state iron, which 

is accomplished by first abstracting hydrogen through homolytic cleavage and thus 

producing a substrate radical and a ferrous species.39 By forming a peroxy radical, the 

substrate is made viable to react with triplet-state (unpaired high-energy electrons) 

O2. Steady-state kinetic data from Glickman et al. disproved the possibility of a 

ternary complex of enzyme-substrate-dioxygen forming, and tied with evidence of a 

carbon-centered linoleic free radical,40 direct observation of the peroxyl radical by 

EPR,41 a very high reduction potential of the ferric iron (~0.6V),42 and lack of any 

spectroscopic evidence of a bound oxygen species to lipoxygenase in the absence of 

substrate, this conclusively points to a radical mechanism for hydrogen abstraction 

prior to dioxygen binding (Figure 1.5). 

After hydrogen abstraction, dioxygen reacts with the substrate. To 

demonstrate this, it was shown that in the absence of O2, hydrogen abstraction will 

occur causing the enzyme to be reduced to its ferrous state while lipid radicals will be 

generated and form homodimers. Analysis of this mechanism shows that it can be 

described by a purely quantum-mechanical pathway, with hydrogen tunneling 

occurring in the first step to overcome the energy barrier of radical formation and 

dissociation, as prompted by the iron cofactor operating as an electron sink.43 Also 

detailed in Figure 1.4 is the activation pathway of resting ferrous state enzyme, 

through interaction with the hydroperoxide product. 

Since this abstraction of the hydrogen atom is rate-limiting, it is a key step to 
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Figure 1.4. Reaction scheme of dioxygenation of substrate by lipoxygenase.38 The 
second step in this mechanism is a relaxation process where an electron is transferred 
from the metastable radical intermediate back to hydroxide ligand and finally to the 
iron cofactor, oxidizing it back to the ferric Fe(III) state. 
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Figure 1.5. Hydrogen abstraction step of the lipoxygenase dioxygenation 

mechanism.38 
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the lipoxygenase mechanism.38 Studies with EPR have determined that the iron 

cofactor in its ferric state has a pseudo-5C geometry with a weak Fe-Asn bond, 

whereas the ferrous state has a pure 6C geometry with fully bound Asn. This 

geometry is essential for ensuring that the coordinated water has a high pKa that is 

also required for proton transfer. The ferrous 6C coordination site has a high amount 

of electron density as compared to the ferric pseudo-5C coordination geometry, and 

thus the ferrous state decreases the inductive polarization of the OH bond by pushing 

electron density out to the water ligand. 

 1.6 Regiospecificity and Stereospecificity of Products 

While sharing the same catalytic mechanism, lipoxygenases are selective as to 

the stereochemistry of the products they each produce. In soybean lipoxygenase, the 

linoleic acid substrate can be converted to either the 9-hydroperoxy (9-HPODE) 

product by introducing molecular oxygen at carbon atom 9, or the 13-hydroperoxy 

(13-HPODE) product by alternatively introducing molecular oxygen at carbon atom 

13.10 As the nomenclature suggests, 9-lipoxygenase will selectively turn over 9-

HPODE, and 13-lipoxygenase turns over 13-HPODE. Regioisomers of these fatty 

acid products are selected by their respective enzyme through stereoselective 

hydrogen removal at C-11 and O2 insertion at either C-9 or C-13 (Figure 1.6). There 

is no entirely accepted model for this high regiospecificity, although there are 2 

competing hypotheses: the space-related model and the orientation-dependent model, 

which implicate a number of critical amino acids at the active site for influencing 

regiospecificity.  



	
  
	
  
	
  

13 

 

 

 

 

 

 

 

 

Figure 1.6. Dioxygenation mechanism and generation of stereoisomer products.  
Left: 13-LO generating 13-HPODE. Right: 9-LO generating 9-HPODE.10 
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The orientation-dependent model was described by Gardner et al. for soybean 

lipoxygenase-1 as a model for the plausible active site structure of lipoxygenase.44 It 

was reasoned that due to the pH dependence of the selective formation of 2 distinct 

HPODE products (13S-HPODE and 9S-HPODE), the carboxylic acid and 

carboxylate anion of substrate interact differently with the active site structure of the 

enzyme, determining the orientation of the substrate as either “head-to-tail” or “tail-

to-head” before hydrogen abstraction occurs. In all 13-lipoxygenases, a space-filling 

histidine or phenylalanine can be found, whereas for 9-lipoxygenases a smaller valine 

residue is identified at this same amino acid position. Hornung et al. (1999) were able 

to convert a 13-lipoxygenase to a 9-lipoxygenase simply by site-directed mutagenesis 

of this particular amino acid, and structural modeling of this enzyme/substrate 

interaction suggests that such a point mutation allows substrate access to a conserved 

arginine residue, which promotes stabilization of a head-to-tail orientation (Figure 

1.7, bottom panel).45 

In contrast, the space-related model suggests that the tail-to-head orientation 

of substrate in the active site pocket is conserved throughout all lipoxygenases, and 

the size of the pocket itself is the determinant of the regiospecificity of products 

turned over by enzyme (Fig. 7, top panel). This model does not account for the 

conserved nature of the arginine residue as described above, and thus the orientation-

dependent model is the more preferred hypothesis at this time. 

Each lipoxygenase prefers to create one particular regiospecific and 

stereospecific hydroperoxy product. For the arachidonic acid substrate, there are 12 
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Figure 1.7. Two models that explain the regiospecificity of lipoxygenase.10 
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theoretical mono-hydroperoxide derivative products that can be formed, and 9 

different stereospecific lipoxygenases have been characterized, each with a preference 

for one single product (5S-, 5R-, 8S-, 8R-, 9S-, 11R-, 12R-, 12S-, and 15S- 

specificities), with the exception of 12-lipoxygenase and its homologue 15-

lipoxygenase-1 which form a mixture of 12S- and 15S- products.46 It is a fact of all 

lipoxygenases that oxygenation and hydrogen abstraction observe an antarafacial 

relationship, meaning they occur on opposite faces of the substrate. Coffa et al. 

(2005) identified a conserved Ala in S-lipoxygenases and a corresponding conserved 

Gly in R-lipxoygenases, and site-specific mutation to switch this residue impacted the 

stereoselectivity of the HPODE product formed, for example by modulating an 8S-

lipoxygenase, which turns over only 8S-HPODE products, into turning over both 8S- 

and 12-R products.46 This Gly/Ala residue is referred to as the “Coffa site” after the 

authors, and is thought to function by sterically allowing for oxygenation at the 

opening of the active site pocket when a glycine is present (R stereoselectivity), 

whereas an alanine sterically prevents oxygenation at that site, and presumably O2 

must be reacted with the activated substrate at a point further in the active site pocket 

(Figure 1.8). In conclusion, substrate orientation, hydrogen abstraction, and the 

“Coffa site” Gly/Ala residue all impact the reaction specificity of a particular 

lipoxygenase. 

1.7 Inhibitors 

The environment of the lipoxygenase iron-binding site can be explored with 

synthetically derived inhibitor compounds. In 1996, Abeysinghe et al. synthesized 
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Figure 1.8. Arachidonic acid situation in different orientations within the active site 
of lipoxygenase.46  The “Coffa site” Gly/Ala is shown, along with the regio- and 
stereo-specificity of the product each active site promotes.  The exposed arginine 
residue forming a salt bridge with the carboxylate head group in the bottom 2 panels 
is not shown. 
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hydroxypyridinone and hydroxypyranone iron chelators and investigated their 

inhibitory activity on 5-lipoxygenase and soybean lipoxygenase.47 The authors 

discovered that the iron chelating properties of the inhibitors indeed are able to bind 

and even remove iron to inactive the enzyme, but also that the inhibitory potential is 

influenced by its lipid solubility. Apart from iron chelating inhibitors, lipoxygenases 

can also be inhibited by redox switching compounds. Isoflavones are antioxidants that 

inhibit both soybean lipoxygenase and 5-lipoxygenase, and they noncompetitively 

inhibit enzyme by reducing active state iron to the ferrous state, and further prevent 

enzyme activation.48 

1.8 Allosteric Regulation 

Investigating the inhibitory effects of oleic acid on soybean lipoxygenase-1 

and human 15-lipoxygenase, Mogul et al. (2000) found that inhibition was more 

complex than originally assumed.49 Steady-state kinetics with a novel inhibitor they 

synthesized, (Z)-9-octadecenyl sulfate (oleyl sulfate), determined that there is an 

allosteric binding site in both soybean lipoxygenase-1 and  human 15-lipxoygenase-1 

that when bound to inhibitor, lowers the specificity constant (kcat/Km) by 80%.  In 

2008, Wecksler et al. utilized a novel competitive substrate capture assay to better 

probe the importance of this allosteric site and regulatory effect on the enzyme.50 

Their results confirmed the presence of an allosteric site and how it is responsible for 

induced changes to substrate specificity. This allosteric site likely has biological 

implications, as it was found that HpODE products were able to bind the allosteric 

site in human 15-lipoxygenase, which modulated their substrate specificity toward 
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linoleic acid or arachidonic acid substrates in the form of a product-feedback loop.  

Similar findings were also found in soybean lipoxygenase-115 and in human 15-

lipoxygenase-213 (Figure 1.9). 

1.9 Products and Biological Impacts of Arachidonic Acid Metabolism 

A large number of products are formed by metabolism of arachidonic acid, a 

20:4 ω6 essential fatty acid with 2 (1Z,4Z)-pentadiene moieties. As shown in Figure 

1.10, arachidonic acid is a precursor to many important derivatized target 

eicosanoids.51 Prostaglandin H synthases, sometimes referred to as cyclooxygenases 

(COX-1 and COX-2), are responsible for the conversion of arachidonic acid into 

prostaglandins and thromboxanes, which have varied biological roles from 

vasoconstriction to pain response.52 In comparison, 5-, 12-, and 15-lipoxygenases also 

use arachidonic acid as a substrate, for different end results depending on their 

cellular context, and thus their activity and product profile has to be strictly regulated 

to prevent unwanted side-effects, like oxidative stress-related death.53,54 For example, 

due to the implications of 5-lipoxygenase in a number of inflammatory and allergic 

disorders, there is much work undertaken with regards to designing inhibitors for 

these enzymes.55,56 

Lipoxygenase products can be subdivided into 3 general categories: (1) 

peptidoleukotrienes (LTC4, LTD4, and LTE4), (2) non-peptidyl leukotrienes (LTA4 

and LTB4), and (3) hydroperoxy eicosatetraenoic acids  (HPETE), hydroxyl 

eicosatetraenoic acids (HETE), and lipoxins (LX).51 The former two make up a 

general class of leukotrienes, which function to activate, migrate and adhere  
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Figure 1.9. Human 15-lipoxygenase-2 docked with 13-HODE in the proposed 
allosteric site.13 
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Figure 1.10. Arachidonic acid is the primary precursor for a number of biologically 
relevant eicosanoid signalling molecules.51 
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leukocytes to their target destination (Figure 1.11), while the latter is thought to be 

involved in dilating cardiovasculature and inhibiting natural killer cell cytotoxicity.  

1.10 Peptidoleukotrienes 

The LTC4 synthase (LTC4H) conjugates a glutathione to LTA4 to create this 

class of leukotrienes.52 It is well established that a major function of 

peptidoleukotrienes is for smooth muscle contraction and inflammation of airway 

tissues; LTC4 and LTD4 are actually ~1000x more potent than histamine in signaling 

an inflammation response. 51,57 Intravenous administration of peptidoleukotrienes 

causing bronchoconstriction is delayed by cyclooxygenase inhibition58 or 

thromboxane synthase inhibition,59 and other studies with guinea pigs have shown 

that leukotriene-elicited contractions are attenuated by inhibitors that target 

cyclooxygenase,60 suggesting convergent biosynthetic pathways. LTC4 and LTD4 also 

have concentration-dependent vasoconstrictive effects and function likely through 

direct activation of specific peptidoleukotrienes receptors,51 although other studies 

showed that these contractile effects are not seen in thoracic aorta or pulmonary 

artery of the rat or rabbit.61 

1.11 Leukotrienes 

LTA4 is hydrolyzed to LTB4 by leukotriene A4 hydrolase (LTA4H) in a 

variety of immune cells such as polymorphonuclear leukocytes, mast cells, T-

lymphocytes, alveolar macrophages, and keratinocytes,51 and this form of leukotriene 

can cause relatively weak contractions in the trachea and lungs.62 In line with effects 

seen with its peptidyl counterpart, overlap with cyclooxygenase is suggested by  
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Figure 1.11. Leukotriene synthesis and actions. 5-Lipoxygenase catalyzes the first 
step in this biosynthetic pathway from the arachidonic acid substrate.51 
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studies that have shown that cyclooxygenase products mediate these leukotriene-

prompted contractions.63 LTB4 is a potent neutrophil chemoattractant and stimulator 

of leukocyte adhesion to endothelial cells.52   

1.12 Lipoxins and HPETE/HETE products 

Lipoxins are so named because they are lipoxygenase interaction products, 

formed by the function of both 5- and 15-lipoxygenase. LXA and LXB are the 

primary lipoxins, with a number of immunoregulatory and smooth muscle contractile 

properties, and are created from their 15-HETE and 15-HPETE precursors by 

activated leukocytes.64 Lipoxins are anti-inflammatory and function by signaling 

macrophages to enhance phagocytosis and thus remove the remains of apoptotic and 

necrotic neutrophils, which are typically the body’s first line of defense and the cause 

of a locally contained inflammation.65 12- and 15-HPETE products have been shown 

to have concentration-dependent effects on vasoconstriction through the alteration in 

transmembrane calcium fluxes.66,67 

1.13 Scope of Dissertation 

Much of the chemistry behind the biological roles of lipoxygenase has been 

elucidated by the many research groups referenced herein. As an all-encompassing 

topic of interest, lipoxygenase has been studied through structural analysis, kinetic 

profiling, mechanistic characterization, and cell-based in vivo assays to name just a 

few methods, and there are still many directions future studies can take for this 

ubiquitous enzyme that has a critical role in the biology of many different organisms. 

A full characterization of the allosteric site and the impact of product-feedback loops 
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on inter- and intra-cell signaling, along with a more detailed characterization of the 

stereo- and regio-specificity of lipoxygenase, are currently some of the more actively 

researched topics related to lipoxygenase, and in the near future this research may 

generate new understandings of the inner workings of lipoxygenase. 

This dissertation focuses on two main additions to the lipoxygenase literature: 

probing allosteric regulation induced by common biomolecules in the cell, and 

elucidating pathways of higher-order lipid formation that occur when multiple 

lipoxygenases are involved in catalysis of bioactive products. Chapter 2 provides 

kinetic evidence for ATP as an allosteric activator of 5-LOX for both HPETE and 

LTA4 formation, suggesting a potential biologically relevant link between increased 

ATP concentration in certain disease states and 5-LOX activation leading to increased 

generation of pro-inflammatory products. Chapter 3 utilizes HETE and HPETE 

substrates to demonstrate kinetic parameters of epoxidation for 5-LOX, 12-LOX, and 

15-LOX-1, and discusses what these parameters suggest about the unique substrate 

specificity of each enzyme. The final chapter of this dissertation, Chapter 4, discusses 

the discovery by our laboratory of a novel reductive inhibitor that is highly selective 

for 5-LOX in addition to being a potent anti-fungal drug, suggesting potential 

therapeutic uses against fungal infections that include inflammation as a symptom. 
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Chapter 2 

ATP allosterically activates the human 5-lipoxygenase molecular mechanism of 

both arachidonic acid and 5(S)-HpETE 

2.1 Introduction 

Human 5-lipoxygenase (5-LOX) is a non-heme iron-containing enzyme 

responsible for catalyzing the stereospecific and regiospecific peroxidation of natural 

polyunsaturated fatty acid (PUFA) substrates, specifically converting arachidonic 

acid (AA) into 5(S)-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic acid (5(S)-

HpETE).1,2 5-LOX shares this hydroperoxidation activity with other lipoxygenases, 

such as 12-LOX and 15-LOX, although these generate different products with 

different biological roles in the cell, e.g. 12(S)-HpETE and 15(S)-HpETE, 

respectively. A unique feature of 5-LOX is the additional catalytic step of converting 

5(S)-HpETE into the epoxide-containing leukotriene A4 (LTA4) (Figure 2.1). This 

biomolecule is the first in a line of highly pro-inflammatory mediators that act as 

potent chemoattractants and are implicated in a variety of diseases from asthma to 

cancer.3-6 Distinguishing the biological role of 5-LOX further, LTA4 can also be 

shuttled into neighboring cells expressing 12/15-LOX via mechanisms of 

transcellular biosynthesis.7,8 Ultimately, LTA4 is converted to a series of anti-

inflammatory biomolecules termed lipoxins and resolvins, both of which are 

important in attenuating chemotaxis and initiating clearance of exudate and cell 

debris.9,10 
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Figure 2.1. Important metabolites of inflammation regulation 
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5-LOX catalytic activity is regulated through several mechanisms by the cell. 

5-LOX is recruited to the nuclear membrane upon cellular Ca2+ influx. Calcium binds 

to allosteric sites in the 5-LOX N-terminal polycystin-1/lipoxygenase/alpha-toxin 

(PLAT) domain, promoting attachment to the membrane via conserved tryptophan  

residues that embed into the lipid bilayer.11-13 There is also evidence that magnesium 

can substitute for calcium in this regard.14 Membrane association leads to an 

increased hydroperoxide and leukotriene production.15,16 5-LOX must interact with 5-

LOX-activating protein (FLAP) to secure PUFA substrates from the nuclear 

membrane and further promote leukotriene formation in vivo.17,18 Evidence of an 

additional protein-protein interaction with coactosin-like protein (CLP), an actin 

binding protein, suggests CLP helps stabilize the membrane-docked 5-LOX and 

enhances leukotriene formation by 3-fold.19,20 The fate of LTA4 depends on where 5-

LOX is localized in the cell when it is activated to bind the nuclear membrane, a 

phenomenon referred to as compartmentalization.21-23 LTA4 can be converted to 

LTB4 by LTA4 hydrolase, a soluble protein that can localize in the nucleus, or to 

LTC4 by LTC4 synthase, a membrane-bound protein embedded in the outer leaflet of 

the nuclear membrane. Compartmentalization implicates the importance of the 5-

LOX nuclear localization sequences,24 which may be further regulated by 

phosphorylation.25 Lastly, the ability of 5-LOX to dimerize may provide yet another 

avenue of enzymatic regulation.26 

In addition to the calcium-binding allosteric sites, there is an ATP-binding 

site(s) that contributes to 5-LOX activation.27-29 Previous studies report a range of 5-
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LOX activating potential, from a 5-fold increase in 5-LOX activity27 to a 25-fold 

increase in kcat/Km with Ca2+ added,30 both found in guinea pig peritoneal 

polymorphonuclear leukocytes (PMNLs). Furthermore, the substrate specificity of 5-

LOX is affected by ATP, with the kcat/Km ratio of AA to eicosapentaenoic acid (EPA) 

increasing 2-fold.30 Unfortunately, the ATP-induced activation mechanism has eluded 

thorough understanding and is often explained with generalized statements, such as 

extending enzyme stability.31 The recent crystal structure of Stable-5-LOX, a mutant 

with a longer half-life than wildtype, gave further impetus for characterizing ATP’s 

effect on 5-LOX since the structural determinants for ATP-induced activation were 

not obvious from the structure.32 To expand on what is currently known about ATP-

induced activation and the complex set of regulatory controls imposed on 5-LOX 

activity, our laboratory conducted a detailed investigation of 5-LOX ATP activation.  

In this report, we determine that ATP allosteric activation of 5-LOX promotes 

both 5(S)-HpETE and LTA4 formation by a similar magnitude. ATP induces 

hyperbolic activation, allowing for the calculation of Ki, the strength of ATP binding, 

α, the change induced in Km, and β, the change induced in Vmax. Further kinetic 

investigations into the solvent and viscosity effects on product formation reveal 

changes in microscopic rate constants that promote activation, definitively proving 

that ATP is an allosteric activator of both hydroperoxidation and epoxidation 

mechanisms with 5-LOX. Finally, we review the literature on the role of ATP in 

inflammation and speculate that the ATP-induced allosteric activation of 5-LOX in 

vitro is a potentially relevant modulator of inflammation in vivo. 



	
  
	
  
	
  

36 

2.2 Materials and Methods 

2.2.1 Ammonium sulfate precipitation of 5-LOX  

Recombinant human 5-LOX in a pET21 plasmid was expressed in E.coli 

BL21 (DE3) cells as published previously.33 Briefly, host cells were grown in LB 

(100 µg/ml ampicillin) to 0.6 OD at 37 oC, at which time they were induced with 0.25 

mM IPTG and cooled to 18 oC for overnight growth. Cells were then centrifuged at 

4700 g for 15 minutes, pelleted into smaller aliquots at 6200 g for 7 minutes, and snap 

frozen in liquid nitrogen. Frozen cell pellets were resuspended in a nitrogen-sparged, 

4 oC chilled buffer of 50 mM Hepes, 0.1 mM EDTA, pH 7.5, normalized to 50 mM 

ionic strength with NaCl (referred to as Buffer A in all subsequent methods). A 

French pressure cell press was used to lyse cells at 2000 psi, and the resulting lysate 

centrifuged at 46000 g for 25 min. Ammonium sulfate was added to the supernatant 

(50% w/v), inverted to mix, centrifuged at 46000 g for 20 minutes, divided into 200 

mg aliquots and snap frozen in liquid nitrogen for long-term storage. When needed 

for enzymatic assays, an aliquot was resuspended in nitrogen-sparged, 4 oC chilled 

Buffer A to a standard concentration and utilized within 3 hours to avoid enzyme 

degradation due to the inherent instability of 5-LOX. 

2.2.2 Purification of LOX hydroperoxide and hydroxide enzymatic 

products  

HPLC running solutions were made prior to experiment. Solution A was 

99.9% ACN and 0.1% acetic acid; solution B was 99.9% H2O and 0.1% acetic acid. 

AA was used to generate 5(S)-HpETE. Two liters of 100 µM PUFA substrate in 
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Buffer A were reacted with 5-LOX and run to completion as monitored by a sample 

reaction on a UV/VIS spectrometer, promptly extracted three times with 900 mL total 

volume of dichloromethane, evaporated to dryness, and reconstituted in MeOH for 

HPLC purification. Products were injected onto a Higgins Haisil Semi-Preparative (5 

µm, 250 × 10 mm) C-18 column with an elution protocol consisting of 3 mL/min 

isocratic mobile phase of 55% solution A and 45% solution B. Both products were 

tested using analytical HPLC and LC-MS/MS, demonstrating greater than 90% 

purity, with the other <10% being hydrolysis products of the hydroperoxide (5-

hydroxides and 5-ketones), which were found to be inert when reacted with 5-LOX. 

2.2.3 Steady-state kinetic measurements  

Steady-state kinetic rates were determined by following the formation of the 

conjugated product at 234 nm (ε = 27000 M-1 cm-1 for AA turnover; ε = 50000 M-1 

cm-1 for 5(S)-HpETE turnover) with a Perkin-Elmer Lambda 40 UV/vis 

spectrophotometer at room temperature (21 oC). All assays were carried out in Buffer 

A. AA concentrated stock solutions were stored in 95% ethanol, and diluted into 

buffer so that the total ethanol concentration was less than 1%. Fatty acid 

concentrations were verified by full turnover with soybean-1 lipoxygenase and 

quantitating product concentration. Enzymatic reactions were initiated by the addition 

of approximately 100 to 300 nM ammonium sulfate precipitated wildtype enzyme. 

The catalytic activity relative to protein weight was measured by observing turnover 

of a 10 µM solution of AA by the production of 5(S)-HpETE at 234 nm, and was 

calculated to be ≈ 0.2 abs/sec/mg, or an absolute enzymatic activity of ≈ 60 
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µmol/min/mg (not standardized to metal content). Activities of all wildtype 

ammonium sulfate preparations used were within 20% of this value. Assays were 2 

mL in volume with substrate concentrations ranging from 1 to 30 µM and were 

constantly stirred with a rotating magnetic bar. Higher substrate concentrations were 

avoided to prevent the formation of micelles, which would alter the free substrate 

concentration.34 Initial rates (up to the first 20% of the reaction) for each substrate 

were fitted to the Michaelis-Menten equation using KaleidaGraph (Synergy) and 

kinetic parameters calculated. Calculation of Vmax/Km parameters was done by 

plotting them as second-order rate constants. All other kinetic parameters (α, β, and 

Ki) were calculated from fitting data to the equations described in Mogul et al.35 and 

in Joshi et al.36 Each plot comprises data from 3-4 separate experiments and the 

reported error is the error calculated from non-linear regression. The wild-type 5-

LOX from the ammonium sulfate preparation showed no inactivation for the 2 h 

duration of experiment and no 5(S)-HpETE inhibition was observed for the initial 

rates of AA catalysis. Finally, it should be noted that the ammonium sulfate 

preparation, without 5-LOX being present, did not include any fatty acid substrates or 

impurity proteins with LOX activity.  

2.2.4 Measurement of the CMC with isothermal titration calorimetry  

CMCs were measured as described by McAuley et al.37 A MicroCal VP-ITC 

Calorimeter was used for data collection. A solution of highly concentrated AA, 

dissolved in Buffer A, was titrated into a sample cell containing Buffer A only. The 

final concentration of AA was determined by quantitating product concentration after 
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full turnover with soybean-1 lipoxygenase, and from this the molar amount of AA 

added per injection was extrapolated. Experiments were repeated 3 times and the 

reported error is the S.E.M. of each set of measurements. 

2.2.5 HPLC determination of the 5(S)-HETE/5,12-DiHETE product ratio  

5-LOX prepared by ammonium sulfate precipitation was incubated with 10 

µM AA in Buffer A at room temperature (21 oC). Enzymatic reactions were quenched 

with 1% glacial acetic acid (v/v) at varied levels of turnover between 5% and 60%, as 

determined by UV/vis spectrophotometry. Products were then extracted with 

dichloromethane, reduced with trimethylphosphite, and evaporated to dryness under 

nitrogen stream. The products were HPLC purified as described above for 

hydroperoxide products using a Phenomenex Luna (5 µm, 250 x 4.6 mm) C-18 

column and an elution protocol consisting of 1 mL/min isocratic mobile phase of 55% 

solution A and 45% solution B. The molar amounts of 5(S)-HETE and 5,12-DiHETE 

were calculated by the corresponding peak areas determined by HPLC and 

normalized to their respective extinction coefficients, ε234 = 27000 M-1 cm-1 and ε280 = 

50000 M-1 cm-1.38,39 Reactions were repeated 12-26 times and the reported error is the 

S.E.M. of each set of measurements. 

2.2.6 Structural determination of 5-LOX catalyzed products by LC-

MS/MS  

LC-MS/MS running solutions were made prior to experiment. Solution A was 

99.9% H2O and 0.1% formic acid; solution B was 99.9% ACN and 0.1% formic acid. 

Ammonium sulfate precipitated 5-LOX was incubated with 10 µM AA substrate. A 2 
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mL sample of the reaction was monitored at 234 nm with a Perkin-Elmer Lambda 40 

UV/vis spectrophotometer to determine when complete turnover had been reached. 

Reactions were quenched with 1% glacial acetic acid (v/v), extracted with 

dichloromethane, reduced with trimethylphosphite, evaporated to dryness, and 

reconstituted in MeOH. Products were injected onto a Phenomenex Synergi (4 µm, 

150 mm x 4.6 mm) C-18 column attached to a Finnigan LTQ liquid chromatography - 

mass spectrometer (LC-MS/MS). The elution protocol consisted of 200 µL/min, with 

an isocratic mobile phase of 40% solution A and 60% solution B. The corresponding 

reduced product ion peak ratio was determined using negative ion MS/MS (collision 

energy of 35 eV) with the following masses: 5(S)-HETE, parent m/z = 319, fragments 

m/z = 115, 203, 129; 5,12-DiHETE, parent m/z = 335, fragments m/z = 317, 273, and 

195.40,41 

2.2.7 18O-labeling of PUFA substrates  

HPLC running solutions were made prior to experiment.  Solution A was 

99.9% MeOH and 0.1% acetic acid; solution B was 99.9% H2O and 0.1% acetic acid. 

Arachidonoyl chloride and eicosapentaenoyl chloride (>99%) were purchased from 

Nu-Chek Prep, Inc. H2
18O (97%) was purchased from Cambridge Isotope 

Laboratories.  One molar equivalent of acyl chloride substrate was reacted with 15 

molar equivalents of H2
18O in the presence of dried pyridine for 10 minutes in a 

nitrogen-sparged flask. Lipids were extracted twice with dichloromethane, evaporated 

to dryness, and reconstituted in MeOH for HPLC purification. Sample was injected 

onto a Higgins Haisil Semi-Preparative (5 µm, 250 × 10 mm) C-18 column and eluted 
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with an isocratic program of 75% solution A and 25% solution B. Substrate purity 

was calculated to be greater than 99% on an LC-MS/MS, although we measured a 

range of 18O labeling efficiencies from 57% to 78% in different labeling experiments.  

Isotope ratios of labeled/unlabeled PUFA substrate were used to normalize data. 

2.2.8 Competitive substrate capture investigations of PUFA and 

hydroperoxide catalysis 

LC-MS/MS running solutions were made prior to experiment.  Solution A was 

99.9% H2O and 0.1% formic acid; solution B was 99.9% ACN and 0.1% formic acid. 

Competitive substrate capture method experiments were performed using a reaction 

mixture of labeled PUFA substrate and its respective hydroperoxide product 

([18O]AA/5(S)-HpETE) with a known molar ratio (1:1) and were initiated with 

ammonium sulfate precipitated 5-LOX in Buffer A in the presence or absence of 200 

µM ATP. The ratio of the simultaneous product formation (5,12-[18O]dihydroxides 

and 5,12-dihydroxides) by 5-LOX was determined at a total substrate concentration 

of 1 µM (substrate limiting conditions). A 2 mL sample of the reaction was monitored 

at 234 nm with a Perkin-Elmer Lambda 40 UV/vis spectrophotometer to determine 

time points to achieve ~5% total substrate consumption (~0.05 µM) 27,42.  Reactions 

were timed and quenched with 1% glacial acetic acid (v/v), extracted with 

dichloromethane, reduced with trimethylphosphite, evaporated to dryness, and 

reconstituted in MeOH. Products were injected onto a Phenomenex Synergi (4 µm, 

150 mm x 4.6 mm) C-18 column attached to a Finnigan LTQ liquid chromatography - 

tandem mass spectrometer (LC-MS/MS). The elution protocol consisted of 200 
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µL/min, with an isocratic mobile phase of 40% solution A and 60% solution B. The 

corresponding reduced product ion peak ratio was determined using negative ion 

MS/MS (collision energy of 35 eV) with the following masses: 5,12-DiHETE, parent 

m/z = 335, fragments m/z = 317, 273, and 195; 5,12-[18O]DiHETE, parent m/z = 337, 

fragments m/z = 319, 273, and 197.40 The ratio of the peak areas for the labeled and 

unlabeled dihydroxides was then used to determine the (Vmax/Km)AA/(Vmax/Km)5(S)-

HpETE ratio, modeled after our previous report 42. Reactions were repeated 14-21 times 

and the reported error is the S.E.M. of each set of measurements. 

 2.2.9 Measurement of solvent isotope effects  

 Steady-state kinetics were performed in H2O and 2H2O at room temperature (21 

oC) as previously described to reveal SIEs.43,44 Reactions were performed in Buffer A 

(H2O, pH 7.5) or in the same buffer made with 2H2O (pH meter reading was 7.145), 

and all kinetic parameters were determined as described above. A Hewlett-Packard 

diode-array 8453 UV/vis spectrometer was used to simultaneously observe 5(S)-

HpETE and LTA4 formation and thus determine the SIE for either step of catalysis. 

 2.2.10 Measurement of viscosity effects  

 Steady-state kinetics were performed in the absence or presence of a viscogen 

(dextrose) at room temperature (21 oC) to reveal any diffusion-linked effects on 

catalysis as previously described.44,46 Maltose, sucrose, ethylene glycol, glycerol, and 

PEG-8000 were also tested as viscogens but all of these inhibited (>50%) enzymatic 

catalysis and thus were not further used. Reactions were carried out at different 

relative viscosities (ηrel = η/η0, where η0 is the viscosity of H2O at 20 °C) in 25 mM 
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Hepes, 0.05 mM EDTA, pH 7.5, normalized to 25 mM ionic strength with NaCl. All 

kinetic parameters were determined as described above in the absence (ηrel = 1) or 

presence of 1.873 M dextrose (ηrel = 3). 

2.3 Results and Discussion 

2.3.1 Steady-state kinetic dependence on ATP and Ca2+ 

Steady-state kinetics of hydroperoxidation with AA demonstrated that the 

addition of saturating ATP (200 µM) produced a 4.9-fold increase in Vmax and a 

nearly 2-fold increase in Vmax/Km, due to the large increase in Vmax, relative to the 

small increase in Km (Table 2.1). The kinetic results indicate that ATP increases the 

rate of product release more so than substrate capture. These observations are 

consistent with the ATP activation reported by Ochi et al. for 5-LOX purified from 

guinea pig neutrophils,27 underscoring a similarity between human and guinea pig 5-

LOX isozymes, with respect to ATP activation. It should be noted that Aharony et al. 

observed a decrease in Km upon addition of Ca2+ and ATP, leading to a larger increase 

in kcat/Km (25-fold) than we observed.30 We occasionally saw a decrease in Km but it 

was only with a small percentage of our 5-LOX preparations and so we did not 

consider it relevant. Interestingly, these infrequent preparations of 5-LOX, which 

demonstrated a decrease in Km, also exhibited substrate inhibition, and manefested 

artificially lower Km values. This substrate inhibition was not due to a change in the 

critical micelle concentration (CMC) for AA because substrate concentrations used 

were well below the CMC values (CMC = 43 ± 3 µM (no ATP) and 52 ± 1 µM (200 

µM ATP)), as measured by isothermal titration calorimetry. In addition, we 
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 AA Hydroperoxidation 5(S)-HpETE Epoxidation 

[ATP] (µM) Relative 

Vmax
*  

Km 

(µM) 

 

Relative 

Vmax/Km 

Relative 

Vmax  

Km 

(µM) 

 

Relative 

Vmax/Km 

0 1.0 ± 

0.02 

1.9 ± 

0.2 

0.53 ± 

0.05 

0.33 ± 

0.01 

14 ± 1 0.023 ± 

0.002 

200 4.9 ± 0.3 5.3 ± 

0.8 

0.90 ± 

0.1 

1.6 ± 

0.09 

19 ± 2 0.090 ± 

0.01 

 

Table 2.1. Steady-state parameters of ammonium sulfate precipitated 5-LOX with 
ATP. *The relative Vmax of 5-LOX (ammonium sulfate precipitated) and AA, with no 
cofactors added, is set to one. All other Vmax values are standardized to this value and 
are unitless. Vmax values with 5(S)-HpETE as a substrate were multiplied by 0.54 to 
account for the difference in exctinction coefficients between HETE (234 nm) and 
diHETE (280 nm) products. For comparison to other studies, the absolute kinetic 
activity of all of our wildtype 5-LOX preparations, without ATP added, were ≈ 60 
µmol/min/mg. 
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confirmed with our 5-LOX preparation that calcium is not required for ATP 

activation (data not shown), as previously reported with recombinant human 5-LOX, 

obtained from insect cell expression.31,47 However, we did notice that calcium slightly 

diminished the ATP activation (~10%), but the cause of this small reduction in 

activation is unclear. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), with 

and without Ca2+/Mg2+, also showed no observable kinetic effect on ATP activation. 

Furthermore, DMPC hindered accurate absorption detection due to its high 

background absorption and thus it was not included in further experiments (data not 

shown). 

Steady-state kinetics of epoxidation with 5(S)-HpETE demonstrated a 3-fold 

smaller Vmax and a 23-fold smaller Vmax/Km, compared to hydroperoxidation of AA 

(Table 2.1). This difference in rates was caused by a nearly 10-fold larger Km 

measured for 5(S)-HpETE. These results highlight a prominent difference between 

AA and 5(S)-HpETE in their rate of substrate capture and suggest that leukotriene 

formation could occur more readily from sequential steps of hydroperoxidation and 

then epoxidation with the same molecule of AA (vide infra) (Scheme 2.1). The 

addition of saturating ATP (200 µM) produced a 4.8-fold increase in Vmax with 5(S)-

HpETE as substrate, which was identical to the magnitude of activation seen for AA 

hydroperoxidation (Table 2.1). In contrast, ATP induced a nearly 4-fold increase in 

Vmax/Km, which indicates a 2-fold greater ATP-induced activation of Vmax/Km for 5(S)-

HpETE epoxidation relative to AA hydroperoxidation, and demonstrates a distinction 

in the ATP activation mechanism for epoxidation and hydroperoxidation. Due to this 
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Scheme 2.1. 5-LOX catalysis proceeds with hydroperoxidation of AA to 5(S)-HpETE 
and either product release or subsequent epoxidation to LTA4. Kinetic pathways 
involved in 5-LOX catalyzed formation of LTA4 from AA, originally published by 
Wiseman et al.38 
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observed difference, more extensive investigations were realized in order to 

understand ATP activation in more detail (vide infra). 

 2.3.2 Effect of ATP-induced activation on hydroperoxide retention and 

epoxide formation 

As described above, ATP activates both AA hydroperoxidation and 5(S)-

HpETE epoxidation. However, it is unclear if the epoxidation reaction affects the rate 

of hydroperoxidation due to the consumption of the hydroperoxidation substrate, 

5(S)-HpETE and/or production of the 5,6-epoxide. The kinetic data above would 

suggest that 5(S)-HpETE production does not affect the rate of AA hydroperoxidation 

due to its low rate. To confirm this conclusion, a diode-array UV/vis 

spectrophotometer was used to observe both 5(S)-HpETE (234 nm) and LTA4 (280 

nm) formation simultaneously from 0 to 20% product formation, to determine if 

slight changes in the 5(S)-HpETE concentration could affect the rate of either 

hydroperoxide or epoxide formation. The LTA4/5(S)-HpETE ratio of products (the 

efficiency of epoxide formation) was calculated throughout the reaction and observed 

to remain constant up to 20% product formation (LTA4/5(S)-HpETE ratio = 0.161 ± 

0.004, Figure 2.2). This value increases to a constant value of 0.247 ± 0.005 up to 

20% product formation, with the addition of 200 µM ATP (Figure 2.2) and matches 

the value determined for rat PMNL 5-LOX.38 In addition, 5(S)-HETE and 5,12-

DiHETE concentrations were quantified through HPLC and comparable product 

ratios were observed (0.19 ± 0.02 (no ATP) and 0.25 ± 0.02 (200 µM ATP)), 

confirming the accuracy of the dual wavelength assay (Figure 2.2). These data  
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Figure 2.2. Effect of 200 µM ATP on the efficiency of epoxide formation. [LTA4] / 
[5(S)-HpETE] turnover ratio from 10 µM AA substrate as measured by HPLC and 
UV/vis spectrophotometry. [LTA4] was measured at 280 nm, [5(S)-HpETE] was 
measured at 234 nm, and both were normalized to their respective extinction 
coefficients. The absolute kinetic activity of wildtype 5-LOX ammonium sulfate 
preparations was ≈ 60 µmol/min/mg. 
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confirm the hypothesis that the consumption of 5(S)-HpETE, or the production of the 

5,6-epoxide, does not affect the rates of either hydroperoxidation or epoxidation. 

 2.3.3 Hyperbolic activation of 5-LOX by ATP  

In order to compare the allosteric effect of ATP activation for AA 

hydroperoxidation and 5(S)-HpETE epoxidation in more detail, extensive allosteric 

titrations were performed (Table 2.2). From the data, it was observed that 5-LOX and 

AA exhibited a hyperbolic response to increasing amounts of ATP with an increase in 

Km (app) from 1.9 ± 0.2 µM to 5.3 ± 0.8 µM and an increase in Vmax/Km (app) from 

0.53 ± 0.05 to 0.9 ± 0.1. The saturation behavior of Km (app) and Vmax/Km, with AA as 

the substrate, is indicative of hyperbolic activation (i.e. partial activation). Similar 

hyperbolic allostery has been observed for other LOX isozymes with different 

allosteric regulators, such as soybean 15-LOX-1 with oleyl sulfate35 and human 15-

LOX-2 with 13(S)-HODE.36 These data indicate the presence of an allosteric binding 

site in 5-LOX that affects the catalysis by changing the microscopic rate constants of 

5-LOX, as described in Scheme 2.2. From Scheme 2.2, equations 1-4 allow for the 

determination of Ki, the strength of binding, α, the change in Km, β, the change in Vmax 

and β/α, the change in Vmax/Km. 

 

1/ν = (αKm/Vmax)*[([I] + Ki)/(β[I] + αKi)]*1/[S] +1/Vmax*[([I] + αKi)/(β[I] + αKi)]   (1) 

Km (app) = (αKm)*[([I] + Ki)/([I] + αKi)]       (2) 

Vmax/Km (app) = (Vmax/αKm)*[(β[I] + αKi)/([I] + Ki)]      (3) 

Vmax (app) = Vmax*[(β[I] + αKi)/([I] + αKi)]       (4) 
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Substrate α β  β / α Ki (µM) 

AA 3.0 ± 0.4 5.4 ± 0.08 1.8 ± 0.2 8.0 ± 6 

5(S)-HpETE 1.6 ± 0.08 5.1 ± 0.1 3.3 ± 0.2 12 ± 5 

 

Table 2.2. Kinetic parameters for ATP-induced activation of 5-LOX Hyperbolic fit 
parameters of 5-LOX with ATP and AA or 5(S)-HpETE as substrates 
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Scheme 2.2. 5-LOX catalysis including hyperbolic partial activation induced by ATP. 
Similar hyperbolic allostery has been observed for other LOX isozymes with different 
allosteric regulators, such as soybean 15-LOX-1 with oleyl sulfate35 and human 15-
LOX-2 with 13(S)-HODE.36 
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A plot of Km (app) versus ATP concentration, with AA as the substrate 

(Figure 2.3) yielded an α of 3.0 ± 0.4 and a Ki of 8 ± 6 µM, when fitted with equation 

2. The values of α and Ki were then utilized in equation 3 and fit to the Vmax/Km data, 

which yielded a β of 5.5 ± 0.5. The value of β was also determined from the Vmax data 

(fitted with equation 4 and the above values of α and Ki), which yielded a β of 5.4 ± 

0.08 (Figure 2.4) and matched well with the β value from the Vmax/Km plot. These 

values indicate mixed hyperbolic allostery, α > 1 (K-type inhibition) and β > 1 (V-

type activation),48 with the majority of kinetic change being seen in the value of Vmax. 

This Vmax allosteric effect is best observed the Vmax/Km value, which is greater than 1 

(β/α = 1.8 ± 0.2) and indicates Vmax/Km allosteric activation. These hyperbolic data 

suggest the formation of a catalytically active ternary complex (A�E�S) between 5-

LOX and ATP and are consistent with previous finding of an allosteric site in 5-LOX. 

31,49 

Similar ATP titration experiments were also performed with 5(S)-HpETE as 

substrate, which showed an α value of 1.56 ± 0.08 (K-type inhibition) and a Ki value 

of 12 ± 5 µM from the Km (app) plot (Figure 2.5). The α value was half that of the 

α value for AA activation, indicative of a weaker ATP allosteric effect on Km with 

5(S)-HpETE as the substrate. However, the Ki value was comparable to that of AA 

activation, indicating similar ATP binding affinities and most likely the same binding 

site. The β value was determined to be 5.1 ± 0.1 (Figure 2.6), which is V-type 

activation, similar to that seen for AA. The β/α ratio is nearly 2-fold greater for 5(S)-

HpETE (3.3 ± 0.2) than for AA (1.8 ± 0.2), indicating that ATP activates the rate of  
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Figure 2.3. Effect of ATP on the Km (app) of 5-LOX with AA substrate. The data are 
fit to eq 2 (Scheme 2.2), where Km = 1.9 µM. α and Ki were determined to be 3.0 ± 
0.4 and 8 ± 6 µM, respectively. 
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Figure 2.4. Effect of ATP on the Vmax (app) of 5-LOX with AA substrate. The data 
are fit to eq 4 (Scheme 2.2) with Km = 1.9 µM, α = 3.0, and Ki = 8, where β was 
determined to be 5.41 ± 0.08. 
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Figure 2.5. Effect of ATP on the Km (app) of 5-LOX with 5(S)-HpETE substrate. The 
data are fit to eq 2 (Scheme 2.2), where Km = 14 µM. α and Ki were determined to be 
1.56 ± 0.08 and 12 ± 5 µM, respectively. 
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Figure 2.6. Effect of ATP on the Vmax (app) of 5-LOX with 5(S)-HpETE substrate. 
The data are fit to eq 4 (Scheme 2.2) with Km = 14 µM, α = 1.56, and Ki = 12, where β 
was determined to be 5.1 ± 0.1. 
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substrate capture for 5(S)-HpETE more so than AA. These results agree with our 

kinetic results (Table 2.1), suggesting that the allosteric structural effect caused by 

ATP binding has related but altered consequences for the two substrates and thus for 

the two processes, hydroperoxidation and epoxidation. 

2.3.4 Endogenous and exogenous rates of epoxide formation  

As mentioned above, 5-LOX can produce LTA4 from AA or from 5(S)-

HpETE directly. To better understand the differences of endogenous 5(S)-HpETE (in 

situ generated) epoxidation versus exogenous 5(S)-HpETE epoxidation, steady-state 

experiments with AA and 5(S)-HpETE were performed by indirectly observing the 

formation of the epoxide by measuring its decomposition product (5,12-diHETE) at 

280 nm (Table 2.3). The epoxidation Vmax for both substrates was the same, which is 

an expected result since 5-LOX abstracts the same hydrogen atom from C10 of 5(S)-

HpETE, regardless if the 5(S)-HpETE is endogenous or exogenous. However, the 

epoxidation of endogenous 5(S)-HpETE was found to have a nearly 10-fold larger 

Vmax/Km than the epoxidation of exogenous 5(S)-HpETE, due to a nearly 10-fold 

smaller Km. These data indicate that the nature of the rate-limiting step for substrate 

capture changes depending on whether 5(S)-HpETE is made endogenously or 

exogenously. Two possible explanations for this data are either that diffusion is a 

rate-limiting step or that a slow rearrangement step is required for exogenous 5(S)-

HpETE, both possible steps being avoided if endogenously produced 5(S)-HpETE is 

already positioned in the active site properly. Interestingly, saturating ATP (200 µM) 

activated the Vmax of epoxidation of endogenous 5(S)-HpETE more so than  
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 AA Epoxidation 5(S)-HpETE Epoxidation 

[ATP] (µM) Relative 

Vmax
*  

Km 

(µM) 

 

Relative 

Vmax/Km 

Relative 

Vmax  

Km 

(µM) 

 

Relative 

Vmax/Km 

0 1.0 ± 

0.05 

1.6 ± 

0.3 

0.6 ± 0.1 1.1 ± 0.1 15 ± 4 0.07 ± 0.01 

200 6.3 ± 0.3 4.5 ± 

0.7 

1.4 ± 0.2 4.6 ± 0.3 21 ± 3 0.22 ± 0.01 

 

Table 2.3. Steady-state parameters of ammonium sulfate precipitated 5-LOX with 
ATP. *The relative Vmax of 5-LOX (ammonium sulfate precipitated) and AA, with no 
cofactors added, is set to one. All other Vmax values are standardized to this value and 
are unitless. For comparison to other studies, the absolute kinetic activity of all of our 
wildtype 5-LOX preparations, without ATP added, were ≈ 60 µmol/min/mg. 
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exogenous 5(S)-HpETE (6-fold versus 4-fold, respectively), but ATP activated the 

Vmax/Km of epoxidation of exogenous 5(S)-HpETE more so than endogenous 5(S)-

HpETE (3-fold versus 2-fold, respectively). Clearly, allosteric activation by ATP is 

distinct, depending on the source of 5(S)-HpETE. Enhanced activation of Vmax/Km for 

epoxidation may arise from the fact that epoxidation requires an easier substrate 

rearrangement step due to a postulated suprafacial homolytic cleavage of the 

hydroperoxide relative to iron.50 In contrast, hydroperoxidation requires larger 

rearrangement of the substrate after antarafacial di-oxygen attack so that the iron can 

transfer a hydrogen atom back to the oxygen radical (Scheme 2.3). 

2.3.5 Competitive substrate capture investigations of AA/5(S)-HpETE 

catalysis  

To further investigate the kinetics of AA and 5(S)-HpETE catalysis, a 

competitive substrate capture experiment was performed with a mixture of [18O]AA 

(0.5 µM) and unlabeled 5(S)-HpETE (0.5 µM). The results without ATP 

demonstrated that the amount of 5,12-DiHETEs produced from [18O]AA was larger 

than those produced from exogenous 5(S)-HpETE, with a measured 

(Vmax/Km)AA/(Vmax/Km)5(S)-HpETE epoxide efficiency ratio of 1.8 ± 0.06. These results 

confirm the steady-state results (vide supra) that 5-LOX is more likely to retain the 

nascent 5(S)-HpETE in its active site than bind exogenous 5(S)-HpETE in order to 

generate the epoxide, however the magnitude is different. The steady-state results 

indicate a (Vmax/Km)AA/(Vmax/Km)5(S)-HpETE ratio of 8.6. The competitive experiment 

was repeated with saturating ATP (200 µM) and the (Vmax/Km)AA/(Vmax/Km)5(S)-HpETE 
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ratio increased to 2.2 ± 0.06, indicating an increase in the epoxide efficiency of AA 

conversion, relative to 5(S)-HpETE conversion. This is in contrast to the steady-state 

(Vmax/Km)AA/(Vmax/Km)5(S)-HpETE ratio, which decreases from 8.6 to 6.4 with the 

addition of ATP. These differences between the two methods could be due to the fact 

that the competitive measurements were performed with both substrates present, 

while the steady-state experiments only had one substrate at a time. As seen 

previously for 15-LOX-1 and 15-LOX-2, 35,36 differences between competitive and 

steady-state measurements can be indicative of allosteric effects by either the 

substrate or product. Therefore, while these data confirm that the majority of LTA4 

produced by 5-LOX is made from AA and not 5(S)-HpETE, additional experiments 

are required to investigate why the two methods do not correlate. It should be noted 

that Puustinen et al. observed a (Vmax/Km)AA/(Vmax/Km)5(S)-HpETE epoxide efficiency 

ratio of approximately 3.2 for 5-LOX from human leukocyte homogenate, with ATP 

being present,51 while Wiseman et al. measured a (Vmax/Km)AA/(Vmax/Km)5(S)-HpETE ratio 

of 32 ± 1 for 5-LOX from rat PMNLs in the presence of ATP,38, indicating a possible 

difference between species. 

 2.3.6 Solvent effects of the hydroperoxidation and epoxidation kinetics  

The mechanism of hydroperoxidation for soybean 15-LOX,45,52 human 12-

LOX,43,44 human 15-LOX-143,44 and human 15-LOX-246 has been shown previously 

to manifest multiple rate-limiting steps, defined by substrate diffusion, hydrogen bond 

rearrangement and hydrogen atom abstraction. However, the mechanisms employed 

by 5-LOX for hydroperoxidation and epoxidation are less well understood (Scheme 
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2.1).30,38 The 5-LOX mechanism for hydroperoxidation has historically been assumed 

to be similar to that of other lipoxygenases,53 but with little experimental evidence. 

The epoxidation reaction is also proposed to proceed through a hydrogen atom 

abstraction mechanism, similar to that of hydroperoxidation,50 which is supported by 

a large primary kinetic isotope effect of >10,6,54,55 and inhibition of LTA4 formation 

by reductive inhibitors.4 With respect to ATP activation, it is unclear if molecular 

steps in the reaction coordinate for either hydroperoxidation or epoxidation (Scheme 

2.3) are accelerated, or if activation proceeds through an alternative process that does 

not affect the catalytic mechanism, such as protein stabilization.31 

In this current work, hydroperoxidation kinetic studies of AA in the absence 

of ATP revealed a normal solvent isotope effect (SIE) for Vmax [AA] (1.8 ± 0.2) and 

an inverse SIE for Vmax/Km[AA] (0.66 ± 0.3) (Table 2.4). Under ATP activation (200 

µM ATP), the normal SIE increased for Vmax [AA] to 3.1 ± 0.6, while the inverse SIE 

for Vmax/Km[AA] changed to a normal SIE of 1.8 ± 0.6, demonstrating that ATP 

affects the molecular mechanisms of both substrate capture and product release. In 

general, SIE values of 2 to 3 typically correspond to general acid/base catalysis, while 

solvation of catalytic bridges range from 1.5 to 4.57,58 Previous studies of LOX 

isozymes43-46,52 attribute their observed SIE results to a solvent-dependent hydrogen 

transfer from multiple hydrogen bond rearrangements, presumably due to an 

enzymatic conformational change upon substrate binding. Interestingly, although all 

four LOX isozymes manifested SIEs, their magnitude and temperature dependence 

varied, indicating subtle differences in their rate-limiting steps. For 5-LOX, the  
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Scheme 2.3. Detailed scheme of hydroperoxidation and epoxidation. 
Hydroperoxidation proceeds after initial abstraction of pro-S hydrogen at C7, whereas 
epoxidation proceeds after abstraction of pro-R hydrogen at C10.54 The antarafacial 
nature of hydroperoxidation is well known,31,45,56 while a suprafacial arrangement for 
epoxidation is postulated by Jin et al.50 
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 AA Hydroperoxidation (234 

nm) 

5(S)-HpETE Epoxidation (280 

nm) 

[ATP] (µM) Vmax SIE Vmax/Km SIE Vmax SIE Vmax/Km SIE 

0 1.8 ± 0.2 0.66 ± 0.3 0.81 ± 

0.1 

0.49 ± 0.09 

200 3.1 ± 0.6 1.8 ± 0.6 2.6 ± 0.3 1.2 ± 0.2 

 

Table 2.4. SIEs for 5-LOX catalysis with AA or 5(S)-HpETE as a substrate. Solvent 
isotope effect values for hydroperoxidation of AA and epoxidiation of 5(S)-HpETE. 
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magnitude of the normal SIE for both Vmax[AA] and Vmax/Km[AA], with ATP added, 

indicates a hydrogen bond rearrangement step (i.e. general conformational change), 

similar to that seen for other LOX isozymes. The increase in the normal Vmax SIE 

value, with addition of ATP, indicates that the solvent dependence of the rate-limiting 

step increases with added ATP and that the activation of 5-LOX by ATP is in part due 

to a change in its microscopic rate constants. It should be noted that lower values of 

SIE (below 1.5) are typically ascribed to proton transfer coupled to heavy atom 

motion in the transition state59 or to increased viscosity of D2O relative to H2O.60 

These are unlikely explanations for our data, given their larger SIE values. 

In contrast to the Vmax SIE, the Vmax/Km of AA manifests an inverse SIE 

without ATP (SIE = 0.66 ± 0.3), which becomes a normal SIE (SIE = 1.80 ± 0.61) 

upon ATP addition. Previously, our laboratory observed inverse SIE values for both 

Vmax and Vmax/Km for a soybean 15-LOX mutant61 and wild-type 15-LOX-2,46 which 

was ascribed to the participation of a ferric-hydroxide in the abstraction of the 

hydrogen atom. It is possible that the observed inverse SIE for 5-LOX with AA is 

also due to the ferric-hydroxide moiety, however due to its large error, it is difficult to 

state this with certainty. Nonetheless, the change to a normal SIE upon ATP addition 

is significant and indicates a shift in the nature of the rate-determining step, possibly 

from a dependence on the ferric hydroxide to a dependence on hydrogen-bond 

rearrangement. It should be noted that Vmax/Km includes the bimolecular encounter of 

substrate and enzyme, up to the first irreversible step (hydrogen atom abstraction), but 

Vmax includes steps after the enzyme substrate complex formation, and therefore the 
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SIE observed for Vmax and Vmax/Km could be from the same step or from different 

steps. 

Identical solvent dependence studies, with 5(S)-HpETE as a substrate, were 

also performed (Table 2.4). Interestingly, the Vmax SIE for 5(S)-HpETE epoxidation 

was markedly different than that for AA (Vmax SIE = 0.8 ± 0.1). This result clearly 

demonstrates an inverse SIE for 5(S)-HpETE epoxidation and indicates the 

participation of the ferric-hydroxide in the hydrogen abstraction mechanism as a 

contributor to the rate-limiting step (vide infra). Adding ATP, with 5(S)-HpETE as 

the substrate, increased the epoxidation SIE to 2.6 ± 0.3. This increase in SIE is 

nearly identical to that with AA as a substrate, showing that both processes, AA 

hydroperoxidation and 5(S)-HpETE epoxidation, display an ATP-induced increase in 

SIE, suggesting a shift in their rate-limiting step to being more dependent on 

hydrogen bond rearrangement and less on the hydrogen atom abstraction by the 

Fe(III)-OH moiety. 

For the Vmax/Km data, the 5(S)-HpETE epoxidation SIE is 0.49 ± 0.09. This 

value is similar to that seen previously for AA hydroperoxidation (SIE = 0.66 ± 0.3), 

and indicates that the rate-limiting step of Vmax/Km, for both AA hydroperoxidation 

and 5(S)-HpETE epoxidation, is dominated by the hydrogen-atom abstraction of the 

Fe(III)-OH moiety. Adding ATP, the 5(S)-HpETE epoxidation SIE increased to 1.2 ± 

0.2, similar to the increase seen for the AA hydroperoxidation (SIE = 1.8 ± 0.6). 

However, given the small magnitude of the SIE, the resultant SIE could be due to 

either offsetting SIE effects (inverse SIE from the Fe(III)-OH and normal SIE from 
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hydrogen-bond rearrangement) or the complete loss of the rate-limiting step’s 

dependency on solvent. More information is needed to distinguish between these two 

hypotheses, and is beyond the scope of the present work. 

In summary, the above results indicate that the ATP-induced allosteric effect 

on hydroperoxidation and epoxidation changes the solvent dependency of the rate-

limiting step, which cannot be explained by an ATP-induced stabilization of the 5-

LOX protein structure.31 We could not determine if ATP also affects the rate of 

hydrogen atom abstraction, since isotopically labeled AA was not available to us. 

However, the increase in the magnitude of the normal SIE for Vmax, as well as the 

change to a normal Vmax/Km SIE with the addition of ATP, is suggestive of a shift in 

the rate-limiting step towards hydrogen bond rearrangement relative to hydrogen 

atom abstraction for both hydroperoxidation and epoxidation. 

2.3.7 Viscosity effects of the hydroperoxidation and epoxidation kinetics  

To further probe the nature of the rate-limiting step, viscosity experiments 

(η/η° = 1 and 3) were performed in the absence and presence of 200 µM ATP (Table 

2.5). The (Vmax/Km°)/(Vmax/Km) for AA substrate was calculated to be 1.5 ± 0.3 

without ATP and 1.2 ± 0.2 with ATP, where Vmax/Km° has an η/η° of 1 and Vmax/Km 

has an η/η° of 3. These data indicate that the rate of substrate capture is not diffusion 

controlled, with or without ATP. However, it is interesting to note that Vmax°/Vmax 

increased from 1.0 ± 0.1 to 1.6 ± 0.2 upon ATP activation. Since there is no viscosity 

effect seen for Vmax/Km, this data is best explained by decreased translational diffusion  
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 AA Hydroperoxidation (234 

nm) 

5(S)-HpETE Epoxidation (280 

nm) 

[ATP] (µM) Vmax°/Vm

ax  

(Vmax/Km°) / 

(Vmax/Km) 

Vmax°/Vm

ax 

(Vmax/Km°) / 

(Vmax/Km) 

0 1.0 ± 0.1 1.5 ± 0.3 1.0 ± 0.2 0.65 ± 0.1 

200 1.6 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 1.6 ± 0.4 

 

Table 2.5. Viscosity effects for 5-LOX catalysis with AA or 5(S)-HpETE as a 
substrate 
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rates and/or conformational changes upon substrate binding,62-64 the latter being 

consistent with the SIE results. 

In contrast to the viscosity effect with AA as substrate, an inverse viscosity 

effect can be seen on Vmax/Km with 5(S)-HpETE as the substrate 

((Vmax/Km°)/(Vmax/Km) = 0.65 ± 0.1). Considering there is no viscosity effect observed 

under the same conditions for the faster 

reaction of 5-LOX and AA, the inverse viscosity effect on Vmax/Km with 5(S)-HpETE 

clearly arises through a different mechanism. A change in the dielectric 

environment65 could result in an inverse effect, but the dielectric constant of water 

(~80) is reduced by only 10% with the addition of 30% by mass dextrose66. 

Moreover, the finding that this inverse viscosity effect is removed by the addition of 

ATP also suggests dielectric constants are not inducing the effect. Experiments with 

PEG-8000 were attempted to confirm that the viscosity effect is independent of a 

change in dielectric constants, but unfortunately PEG was observed to inactivate 5-

LOX and thus no conclusion was possible (data not shown). The only other 

conclusion is that inverse viscosity effect on (Vmax/Km°)/(Vmax/Km) is most likely due 

to a partially rate-determining conformational change during catalysis.60 This is 

supported by the fact that the SIE results also indicate a conformational change. Upon 

addition of ATP, the (Vmax/Km°)/(Vmax/Km) viscosity effect with 5(S)-HpETE as 

substrate becomes 1.6 ± 0.4. Given the slow rate of 5(S)-HpETE epoxidation relative 

to AA hydroperoxidation, and the fact that no viscosity effect was seen for AA 

hydroperoxidation, the normal viscosity effect on 5(S)-HpETE Vmax/Km induced by 



	
  
	
  
	
  

69 

ATP is most likely not due to a diffusion-controlled mechanism. Therefore, the small 

(Vmax/Km°)/(Vmax/Km) viscosity effect with ATP may possibly be due to a 

conformational change during catalysis. The Vmax°/Vmax viscosity effect did not 

change upon ATP addition (1.0 ± 0.2 to 1.3 ± 0.2), indicating diffusion is not rate-

limiting, with or without ATP. Future experiments are needed to further press into 

these kinetic possibilities. 

2.4 Conclusions 

It has been known in the literature for many years that 5-LOX has two 

catalytic functions, hydroperoxidation of AA and epoxidation of 5(S)-HpETE, but a 

detailed kinetic investigation comparing these two processes has never been 

undertaken. In the current work, we demonstrate that the Vmax of epoxidation is 3-fold 

slower than the Vmax of hydroperoxidation and that the Vmax/Km is 23-fold slower, 

indicating that the rate of substrate capture is markedly less efficient for epoxidation 

relative to hydroperoxidation. However, if one measures the rate of epoxidation on 

the endogenous 5(S)-HpETE (i.e. 5(S)-HpETE generated in situ from AA), one 

observes that the rate of Vmax/Km is nearly 10-fold larger compared to exogenous 

5(S)-HpETE epoxidation (i.e. not generated from AA), while their Vmax values are the 

same. These results indicate that 5-LOX has overcome a significant catalytic barrier 

during the process of 5(S)-HpETE capture by retaining the 5(S)-HpETE in its active 

site for subsequent epoxidation, possibly by avoiding a costly structural 

rearrangement. In the recently solved crystal structure for human 5-LOX, a unique 

FY cork feature is observed that blocks the entrance to the active site.32 We 



	
  
	
  
	
  

70 

hypothesize that this FY cork could be the source of this structural rearrangement, 

highlighting future research directions for studying the epoxidation mechanism. 

Along this same line of investigation, we determined the allosteric ATP 

activation of hydroperoxide and epoxide (leukotriene) formation for 5-LOX and 

found that ATP activates the Vmax of AA 4.9-fold and the Vmax of 5(S)-HpETE by a 

similar degree (4.8-fold). However, ATP activates the Vmax/Km to a lesser extent (1.7-

fold for AA and 3.9-fold for 5(S)-HpETE), indicating ATP may enhance distinct rate-

limiting steps for the two processes. Titration with ATP yielded hyperbolic kinetic 

parameters supporting the similarity between the activation of hydroperoxidation and 

epoxidation. Both processes displayed similar V-type activation, but the K-type 

inhibition was greater with AA as the substrate, resulting in a greater activation for 

Vmax/Km for 5(S)-HpETE. Given that the Vmax/Km for 5(S)-HpETE is over 20-fold 

smaller than that for AA, it is tempting to speculate that the larger ATP effect on 

Vmax/Km may be a structural compensation for this difference. Comparing the 

hydroperoxidation and epoxidation mechanisms, one possible explanation for this 

differential activation is the rearrangement of the intermediate structure to allow for 

oxidation of the ferric iron. For hydroperoxidation, a more pronounced rearrangement 

step is required due to the nature of antarafacial insertion of molecular oxygen 

leading to the hydroperoxide positioned away from the catalytic iron. In contrast, 

epoxidation presumably only requires suprafacial homolytic cleavage of the 

hydroperoxide relative to the catalytic iron.  Thus, an ATP-induced conformational 
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change may allow for better activation of a smaller rearrangement step needed during 

epoxidation. 

The SIE experiments demonstrated inverse SIE Vmax/Km values for both AA 

and 5(S)-HpETE. Inverse SIE values were previously observed for LOX isozymes 

and indicate the rate-limiting step for substrate capture is dominated by the hydrogen 

atom abstraction by the Fe(III)-OH moiety. Given that there is a 23-fold difference in 

their Vmax/Km values, this data supports the hypothesis that the rate of hydrogen atom 

abstraction is slower for epoxidation than hydroperoxidation (vide infra). However, 

ATP shifts the inverse Vmax/Km SIE for both AA and 5(S)-HpETE to normal SIE 

values, indicating an increased dependence of the rate-limiting step on solvent. Given 

the previous assignment of the SIE to hydrogen-bond rearrangement for other LOX 

isozymes,43-46,52 it appears that addition of ATP increases the dependence of the rate-

limiting step on hydrogen-bond rearrangement relative to hydrogen-atom abstraction. 

This conclusion is supported by the fact that no viscosity effect is observed, and thus 

the reactions are not diffusion-controlled.  

In comparing the mechanisms of hydroperoxidation and epoxidation (Scheme 

2.3), it is observed that there are three key differences: first, the hydrogen atom is 

abstracted from C7 for hydroperoxidation, but C10 for epoxidation; second, 

molecular oxygen does not attack the radical intermediate for epoxidation; and third, 

the Fe(II)-OH2 moiety donates a hydrogen atom to the peroxyl radical intermediate on 

C5 for hydroperoxidation, but donates a hydrogen atom to the hydroxide radical, 

which is homolytically cleaved from the hydroperoxide during epoxidation. 
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Considering that neither mechanism is limited by substrate diffusion, but both 

substrate capture rates are limited by hydrogen atom abstraction (inverse SIE), it 

appears that the 23-fold faster rate for hydroperoxidation is due to an increased rate of 

hydrogen atom abstraction compared to epoxidation. This hypothesis is chemically 

reasonable because subtle changes in the positioning of the abstracted hydrogen 

relative to the Fe(III)-OH moiety have a dramatic effect on rate. 45,52 And considering 

the carbon from which the hydrogen atom is abstracted for the two mechanisms is 

distinct (C7 versus C10), and the overall structure of the substrates are also distinct 

(AA versus 5(S)-HpETE), it is reasonable to assume changes in substrate positioning. 

It should be noted that the positioning of the substrate relative to the active site iron 

has also large implications for the final step in both mechanisms. For 

hydroperoxidation, the Fe(III)-OH moiety abstracts a hydrogen atom from C7 on one 

face of the substrate, and then must donate the hydrogen atom back to the peroxyl 

radical intermediate 2 carbons away (C5) on the opposite face of the substrate, 

requiring repositioning of substrate in the active site. For epoxidation, this 

conformational change is less, since the hydrogen atom abstraction occurs on C10 

and the hydrogen atom donation occurs at the epoxyl radical on the same side as the 

iron. Nevertheless, these rearrangements are not observed kinetically since neither the 

Vmax nor the Vmax/Km manifest a structural rearrangement as a rate-limiting step for 

epoxidation with no ATP present (i.e. inverse SIE values for Vmax/Km). We are 

currently investigating this process further to gain insight into this amazing chemical 

process. 
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With respect to the larger implications of these ATP results, 5-LOX has a 

unique role in the inflammatory response by catalyzing the formation of potent pro- 

and anti-inflammatory molecules, and as such the cell has devised several strategies 

for regulating its control.8,19,21,31,49,67 Along these lines, we note that ATP has a well-

established role as an up-regulated mediator in inflammation68-70 and that 

extracellular ATP is measured at elevated levels for patients suffering from 

inflammatory diseases, such as Chronic Obstructive Pulmonary Disease (COPD) and 

emphysema, which are known to involve leukotrienes as causal factors in their 

pathology.71-76 Lommatzsch et al. recently established that ATP concentrations in 

bronchoalveolar lavage fluid increased from <10 µM in a control group of patients to 

upward of 300 µM in patients with increasing stages of COPD. They also presented 

in vitro results suggesting that increasing concentrations of extracellular ATP, from 1 

to 100 µM, increased the chemotactic index of human neutrophils, an effect that 

saturated and resisted any further changes even when probed with 1000 µM 

extracellular ATP.72 While a direct link to 5-LOX activity was not tested, we note that 

these results correlate with our measured Ki of ATP-induced activation for 5-LOX 

(approximately 10 µM), suggesting a possible connection between increasing 

chemotactic index and ATP-induced activation of 5-LOX in disease. There is also 

evidence of intracellular compartmentalization of ATP itself up to low mM 

concentrations77 and for high µM amounts of ATP being released extracellularly from 

HEK293 and ACN neuroblastoma cells through nonlytic ATP release,78 further 

demonstrating that the concentration of ATP necessary for ATP-induced activation is 
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biologically relevant. We reason that these divergent lines of evidence could suggest 

that the ATP-induced allosteric effect of 5-LOX we have characterized herein may be 

another biologically relevant form of 5-LOX regulation through which inflammation 

control can be modulated. The distinction between extracellular and intracellular ATP 

is an important one, and while ATP is thought to be released from neutrophils74, 5-

LOX activation would still require an elevated intracellular ATP prior to release. The 

critical question is whether the ATP concentration in the 5-LOX localized cellular 

compartment is changing as the above experiments predict, suggesting future 

directions for in vivo research. 
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Chapter 3 

Investigating substrate preferences for hydroperoxidation and epoxidation in 

human lipoxygenase enzymes 

3.1 Introduction 

Lipoxins are downstream lipid mediators responsible for key anti-

inflammatory processes during an inflammatory event.1-3 Lipoxins are important for 

their vasoactive properties, stimulating either vasoconstriction or vasodilation in 

different contexts, however the biological mechanisms for these processes are not 

entirely clear.4,5 In addition, lipoxins are immunoregulators and antagonize 

leukotriene-mediated pro-inflammatory processes.6,7 Lipoxins also have their own 

dedicated cell surface receptors that may be important for inducing some of these 

anti-inflammatory effects.8 

Originating from the poly-unsaturated fatty acid (PUFA) arachidonic acid 

(AA), the transcellular biosynthesis of lipoxins highlights a complex series of 

catalytic events whereby multiple lipoxygenases act in concert in different cellular 

milieus to generate its distinct trihydroxylated structure. Two biosynthetic routes have 

been proposed in the literature.9,10 The first route involves the function of 15-LOX 

found in eosinophils, macrophages, and monocytes to convert AA into 15(S)-HpETE, 

whereupon this hydroperoxide product is transported into leukocytes and/or PMNLs 

to be directly converted into lipoxins by 5-LOX, through epoxidation.1,11 In contrast, 

the second route highlights 5-LOX as the initial catalytic event to take AA and form 

leukotriene A4 (LTA4), which is then acted on by 12-LOX in platelet cells for the 
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final biosynthetic step.12,13 Both of these routes involve the generation of epoxide-

containing intermediates by 5-LOX, although the starting material for 5-LOX 

epoxidation is distinct, AA versus 15(S)-HpETE.  

Despite the wealth of cellular and biological evidence of the functional 

importance of lipoxins in initiating clearance of exudate and cell debris, kinetic 

evidence of these two biosynthetic pathways and how they individually contribute to 

forming higher-order oxylipins, is lacking. Frequently, assays intended to observe 

lipoxin formation involved extended periods of cellular incubations and analysis of 

only a single time-point, obscuring important details of the initial stages of catalysis. 

Despite these long incubation times, small amounts of lipoxin are recorded, 

suggesting slow rates of formation. Despite the complexity of these assays, certain 

specific intermediates along the transcellular biosynthetic pathway have been found. 

For example, a recent publication by Jin et al.14 confirmed the formation of a 14,15-

epoxy intermediate (eoxin A4), generated from 15-LOX-1 catalysis of 15(S)-HpETE, 

by a mechanism suggested by previous research.15,16 However, kinetic data detailing 

the microscopic rate constants of this mechanism is lacking. Likewise, the 

epoxidation by 5-LOX of 5(S)-HpETE to form the 5,6-epoxide product (LTA4) has 

not been investigated directly and thus there is little molecular understanding of how 

5-LOX can contribute to lipoxin formation. Finally, 12-LOX is thought to 

hydroperoxidate other epoxide-containing substrates on the path toward lipoxin 

formation,9,17,18 However, direct biochemical assays with recombinant protein showed 

that the Vmax/Km of 12-LOX hydroperoxidation with AA is ~60-fold greater than the 
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Vmax/Km of 12-LOX hydroperoxidation with LTA4.18 This suggests that more in vitro 

experiments with recombinant protein are needed to better determine the relative rates 

of these mechanisms and, by extension, their potential biological relevance for 

inflammation control and disorder. 

In our first attempt to understand the generation of higher-order oxylipin 

formation, we examined both the hydroperoxidation and epoxidation by 5-LOX. The 

mechanisms utilized during these biosynthetic processes include hydroperoxidation, a 

mechanism shared by all major lipoxygenase isoforms to catalyze di-oxygen attack at 

cis,cis-1,4-pentadiene moieties of various PUFAs,19,20 and epoxidation, a mechanism 

through which hydroperoxidated lipid substrates are converted into epoxide-

containing products.14,21 Our data demonstrated subtle differences in their kinetic 

parameters, as well as their ability to be activated by ATP. These differences were 

primarily due to differences in the substrates used (AA versus 5(S)-HpETE) and the 

specific catalytic steps of each mechanism (Scheme 3.1).  

As outlined above, there are many examples of oxylipins in biology where 

multiple LOX isozymes are implicated in their biosynthesis, however there is 

confounding evidence with respect to the sequence and nature of the specific 

isozymes involved. In this paper, a variety of primary hydroperoxides (5(S)-HpETE, 

12(S)-HpETE, and 15(S)-HpETE) were investigated as substrates against the three 

common LOX isoforms (5-LOX, 12-LOX, and 15-LOX) for catalysis via 

hydroperoxidation and epoxidation, which have been implicated in the generation of 

complex oxylipin biosynthesis. These data confirm that all three tested LOX isoforms  
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Scheme 3.1. Detailed scheme of hydroperoxidation and epoxidation. 
Hydroperoxidation proceeds after initial abstraction of pro-S hydrogen at C7, whereas 
epoxidation proceeds after abstraction of pro-R hydrogen at C10.29 The antarafacial 
nature of hydroperoxidation is well known,19,30,31 while a suprafacial arrangement for 
epoxidation is postulated by Jin et al.14  
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are capable of hydroperoxidation with a variety of hydroxide and hydroperoxide 

substrates, while the epoxidation mechanism is viable with certain hydroperoxide 

substrates, confirming preferences for stereo- and regioselectivity. We present 

relative kinetic parameters for these mechanisms in comparison to AA 

hydroperoxidation to determine which biosynthetic pathways are most biologically 

relevant.  In addition, we present further evidence for substrate-specific changes 

induced by ATP on 5-LOX catalysis, extending results from a previous paper 

(submitted to Biochemistry). Finally, we note that lipoxin and other higher-order 

oxylipin formation is undetectable in nearly all of our assays, and we discuss what 

this may imply for anti-inflammatory processes in the cell. 

3.2 Materials and Methods 

3.2.1 Ammonium sulfate precipitation of 5-LOX  

Recombinant human 5-LOX in a pET21 plasmid was expressed and 

precipitated with ammonium sulfate as published previously (submitted to 

Biochemistry). Frozen ammonium sulfate precipitated pellets were resuspended in a 

nitrogen-sparged, 4 oC chilled buffer of 50 mM Hepes, 0.1 mM EDTA, pH 7.5, 

normalized to 50 mM ionic strength with NaCl (referred to as Buffer A in all 

subsequent methods) when needed for enzymatic assays. Enzyme activity was not 

normalized to iron content. 

3.2.2 Overexpression and purification of 12-LOX and 15-1 LOX  

Recombinant human 12-LOX and human reticulocyte 15-1 LOX were 

expressed and purified as published previously.22 12-LOX and 15-1 LOX were both 
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purified to >80% purity, as evaluated by SDS-PAGE analysis. Enzyme activity was 

not normalized to iron content. 

3.2.3 Purification of LOX hydroperoxide and hydroxide enzymatic 

products  

Hydroperoxide and hydroxide enzymatic products were made using AA as a 

substrate as published previously (submitted to Biochemistry). Briefly, 5-LOX was 

utilized to make 5(S)-HETE and 5(S)-HpETE in Buffer A, while 12-LOX and sLO-1 

were utilized to make products oxygenated either at the 12 or the 15 position of AA, 

respectively, in a buffer of 50 mM Hepes, 0.1 mM EDTA, pH 8.0, normalized to 50 

mM ionic strength with NaCl (referred to as Buffer B in all subsequent methods). All 

of these products were tested using both analytical HPLC and LC-MS/MS.  5(S)-

HpETE was generated at greater than 90% purity, with the other <10% being 

hydrolysis products of the hydroperoxide (5-hydroxides and 5-ketones). All other 

generated products demonstrated greater than 99% purity. 

3.2.4 One-point activity screens of 5-LOX, 12-LOX, and 15-LOX-1 

against HETE and HpETE substrates  

Enzyme was incubated with 10 µM PUFA substrate at room temperature (21 

oC) and initial rates of product turnover were compared in the presence and absence 

of ATP. Approximately 100-300 nM ammonium sulfate precipitated wildtype 5-LOX 

or IDA-Ni2+ affinity purified 12-LOX or 15-LOX-1 was used. Catalytic activity 

relative to protein weight was measured to be ≈0.2 abs/sec/mg for 5-LOX, ≈0.3 

abs/sec/mg for 12-LOX, and ≈0.5 abs/sec/mg for 15-LOX-1. Initial rates of catalysis 
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were determined by following the formation of the conjugated diene-containing 

hydroperoxides at 234 nm and the conjugated triene-containing diHETEs at 280 nm 

with a Hewlett-Packard diode-array 8453 UV/vis spectrophotometer. All reactions 

were 2 mL in volume and constantly stirred using a magnetic stir bar in Buffer A (for 

reactions with 5-LOX and 15-LOX-1) or Buffer B (for reactions with 12-LOX). All 

rates of diHETE formation for each enzyme were normalized to control rates of 

HETE formation from AA substrate using a normalization factor of 0.54 to account 

for the different extinction coefficients of HETEs and diHETEs. No photodegradation 

of the product was observed during the time of reaction. Enzymatically generated 

products were identified by LC-MS/MS as previously described (submitted to 

Biochemistry).23,24 Reactions were repeated 3-6 times and the reported error is the 

S.E.M. of each set of measurements. 

3.2.5 Determination of substrate specificity of 5-LOX by the competitive 

substrate capture method  

Competitive substrate capture experiments were modeled after similar 

experiments in a previous publication (submitted to Biochemistry). Briefly, a reaction 

mixture of AA, 12(S)-HETE, and 15(S)-HETE with a known molar ratio was 

incubated with ammonium sulfate precipitated 5-LOX in Buffer A in the presence of 

200 µM ATP. Reactions were performed in 3 mL cuvettes and quenched at low total 

substrate consumption (~5-10%). Samples were prepared and analyzed by LC-

MS/MS. The corresponding reduced product ion peaks were first identified by their 

parent size (m/z = 319.5 for 5(S)-HETE and m/z = 335.5 for the DiHETEs) using 
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negative ion full MS mode (collision energy of 35 eV). Due to peak overlap between 

5(S)-HETE and 12(S)-HETE, negative ion MS/MS data were collected and 5(S)-

HETE was identified based on its unique ion fragment (m/z = 115). A sample of 5(S)-

HETE was used to calculate the ratio of signal responses for this unique fragment and 

for the 5(S)-HETE parent ion, and this ratio was then used to determine the size of the 

parent ion signal peak of 5(S)-HETE from the measured amount of its unique 

fragment. A calibration curve determined that signal responses for 5(S)-HETE and 

the DiHETEs were the same, and so the size of each parent ion peak gave information 

on the quantity of each product made. After normalizing for initial molar ratios used, 

the ratio of products made (5(S)-HETE: 5,12-DiHETE: 5,15-DiHETE) was 

calculated. Reactions were repeated 22 times and the reported error is the S.E.M. of 

all measurements. 

3.2.6 Determination of substrate specificity of 12-LOX by the competitive 

substrate capture method  

Similar experiments as detailed above were also performed with 12-LOX and 

a reaction mixture with a known molar ratio of AA, 5(S)-HETE, and 15(S)-HETE. 

Due to peak overlap between 5,12-diHETE and 12,15-diHETE products, negative ion 

MS/MS data were collected and each diHETE was identified based on its unique ion 

fragment (m/z = 195 and m/z = 235, respectively). The ratio of signal responses for 

each unique fragment relative to its diHETE parent ion signal was determined from a 

set of control experiments using each individual HETE substrate, and these ratios 

were then used to determine the size of the parent ion signal peak of each diHETE 
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from the measured amount of its unique fragment. After normalizing for initial molar 

ratios used, the ratio of products made (12(S)-HETE: 5,12-DiHETE: 12,15-DiHETE) 

was calculated. Reactions were repeated 8 times and the reported error is the S.E.M. 

of all measurements. 

3.2.7 Steady-state kinetic measurements  

Steady-state kinetic rates were determined by following the formation of 

hydroperoxide products at 234 nm (ε = 27000 M-1 cm-1) and triene-containing 

diHETE products at 280 nm (ε = 50000 M-1 cm-1) with a Hewlett-Packard diode-

array 8453 UV/vis spectrophotometer as detailed previously (submitted to 

Biochemistry). Initial rates (up to the first 20% of the reaction) for each substrate 

were fitted to the Michaelis-Menten equation using KaleidaGraph (Synergy) and Vmax 

and Km kinetic parameters determined by non-linear regression. 

3.3 Results and Discussion 

3.3.1 One-point activity and MS competitive substrate capture screens 

with 5-LOX, 12-LOX, and 15-LOX-1 against HETE substrates 

It is well known in the literature that 5-LOX has two functions, 

hydroperoxidation and epoxidation. 5-LOX abstracts the pro-S hydrogen atom from 

C7 of AA to generate an S-hydroperoxide on C5, but abstracts the pro-R hydrogen 

atom from C10 of 5(S)-HpETE to convert the S-hydroperoxide to an S,R-epoxide 

(Scheme 3.1). Interestingly, even though 5-LOX is capable of abstracting the pro-R 

hydrogen atom from C10 from 5(S)-HpETE, it cannot abstract a hydrogen atom from 

C10 of AA to generate HpETE products, most likely due to substrate orientation. This 
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selectivity raised the question of LOX hydroperoxidation specificity in general and 

which specific LOX isozyme could hydroperoxidate which specific HETEs. With this 

in mind, we performed one-point activity screens with three LOX isozymes, 5-LOX, 

12-LOX and 15-LOX-1, against 5(S)-HETE, 12(S)-HETE and 15(S)-HETE in an 

effort to determine relative catalysis of these products compared to AA. 

For 5-LOX, no oxidation products, which absorb at 234 nm or 280 nm, were 

observed with 5(S)-HETE as substrate, indicating its specificity for 

hydroperoxidation at C5 and not the other cis,cis-1,4-pentadiene moieties of 5(S)-

HETE. 5-LOX also did not produce 234 nm or 280 nm products with 12(S)-HETE or 

15(S)-HETE either, despite C7 and C10 being available to hydrogen atom abstraction 

(i.e. a 1,4-diene moiety). Given that the one point assays described above only detect 

products that absorb at 234 and 280 nm, MS competitive kinetic experiments were 

performed to collect relative kcat/Km parameters and account for products that do 

manifest an absorbance change at 234 nm or 280 nm. For the competitive substrate 

capture experiments, 5-LOX, AA, 12(S)-HETE, and 15(S)-HETE were mixed and the 

results demonstrated a 12(S)-HETE/AA consumption ratio of 0.0055 ± 0.0005, while 

the 15(S)-HETE/AA consumption ratio was measured to be 0.08 ± 0.006. These 

numbers show that 12(S)-HETE is hydroperoxidated only at a rate of 0.6% of the AA 

hydroperoxidation activity, agreeing with our one-point screen data (Table 3.1). 

However, 15(S)-HETE gave a rate of 8% of the AA hydroperoxidation activity, 

which could not be detected in our UV/vis one-point screens because the main 

product, 5,15-diHETE, does not absorb at 280 nm and the expected change in 234 nm  
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Substrate 5-LOX 12-LOX 15-LOX 

AA (234 nm) 100% 100% 100% 

AA (280 nm) 18 ± 1% 5 ± 2% 5 ± 1% 

5(S)-HETE < 1% < 1% 27 ± 3% 

12(S)-HETE < 1% < 1% < 1% 

15(S)-HETE 8%* < 1% < 1% 

 

Table 3.1. Rates of triene formation from HETE substrates relative to AA turnover. 
One-point activity screens comparing rates of diHETE formation (280nm) with 
HETE substrates relative to rates of HETE formation (234 nm) and diHETE 
formation (280 nm) with AA (10 µM substrate). Absorbance changes at 280 nm, to 
observe triene formation, were multiplied by a factor of 0.54 to account for the 
difference in 234 nm and 280 nm extinction coefficients, 27000 M-1 cm-1 and 50000 
M-1 cm-1 respectively.  Relative rates are calibrated to each enzyme’s ability to 
hydroperoxidate AA, which was normalized to 100%. * Noted value is measured 
from a competitive capture experiment, due to the 5,15-diHETE product absorbing at 
the same wavelength as 5(S)-HETE substrate. 
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is not seen, possibly due to the large absorbance of the starting material. These results 

demonstrate that 5-LOX can only abstract a hydrogen atom from C7 of AA resulting  

in a hydroperoxide product, but 5-LOX can abstract a hydrogen atom from C13 of 

15(S)-HETE at a reasonable rate, generating 5(S)-hydroxy,15(S)-hydroxy-ETE.  

12-LOX was similar to 5-LOX in that none of the three HETEs tested 

produced hydroperoxidation products that absorbed at 234 nm or 280 nm. For the MS 

competitive substrate capture experiments, 12-LOX, AA, 5(S)-HETE, and 15(S)-

HETE were mixed, and the 5(S)-HETE/AA consumption ratio was measured to be 

0.0006 ± 0.00008 (<1% of AA hydroperoxidation activity), and the 15(S)-HETE/AA 

consumption ratio was measured to be 0.0066 ± 0.0007 (<1% of AA 

hydroperoxidation activity). These data are indicative that even though there were 

available 1,4-pentadiene moieties for hydrogen atom abstraction, little 

hydroperoxidation occurred, confirming the one-point screen results. It should be 

noted that with 12-LOX, both 12(S)-HETE and 5(S)-HETE can produce 5,12-

diHETE (Table 2) and therefore, 12(S)-HETE was excluded from the experiment to 

make quantification of product formation more accurate. In summary, 5-LOX and 12-

LOX hydroperoxidate AA most efficiently, with 5-LOX and 15(S)-HETE 

manifesting the only other appreciable rate, at over 10-fold less, suggesting either 

ineffective hydrogen atom abstraction or ineffective oxygen attack of the radical 

intermediate for these HETEs.  

For 15-LOX-1, neither 12(S)-HETE nor 15(S)-HETE were substrates despite 

the presence of 1,4-pentadiene moieties. However, 5(S)-HETE was a relatively good 
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substrate for 15-LOX-1, producing 5,12-diHETE (75%) and 5,15-diHETE (25%). 

This result indicates that the presence of the alcohol moiety on C5 does not inhibit 5-

LOX from abstracting a hydrogen atom, or from the attack of molecular oxygen on 

C12 or C15. Interestingly, the product specificity of 15-LOX-1 changes dramatically 

with 5(S)-HETE as the substrate, compared to AA. The hydroperoxidation of C12 is 

significantly greater than that of C15 with 5(S)-HETE, generating a majority of 5,12-

diHETE. This is in contrast to the hydroperoxidation preference for C15 with AA as 

substrate, indicating an altered substrate positioning of 5(S)-HETE, possibly due to 

the hydroxyl group or trans double bond. This altered positioning of 5(S)-HETE 

allows for not only abstraction of the C10 hydrogen atom over C13, but also the 

attack of the substrate radical by molecular oxygen on C12. Given the fact that 5(S)-

HETE is the only HETE substrate with reasonable rates compared to AA for these 

three LOX isozyme, we must conclude that this is an unusual activity for 15-LOX-1, 

which may have large implications for higher order oxylipin formation. For example, 

5-LOX and 15-LOX-1 could potentially act in sequence whereby 5-LOX epoxidates 

at positions C5,C6 and then 15-LOX-1 hydroperoxidates at position C15, generating 

lipoxin A4 (LXA4). We are currently investigating whether 15-LOX-1 can 

hydroperoxidate 5,6-diHETE, the decomposition product of LTA4. It should be noted 

that for 15-LOX-1, all substrates were found to produce products that absorb at 280 

nm (Table 3.2), making them amenable to UV/vis detection. MS experiments with 

15-LOX were performed to confirm this. 
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Substrate 5-LOX 12-LOX 15-LOX 

AA 5(S)-HETE 

(80%) 

5,12-diHETE* 

(20%) 

12(S)-HETE 15(S)-HETE (75%) 

12(S)-HETE (10%) 

8,15-diHETE* (10%) 

12,15-diHETE (5%) 

5(S)-HETE None 5,12-diHETE*† 

(75%) 

5,15-diHETE† 

(25%) 

5,12-diHETE* (75%) 

5,15-diHETE (25%) 

12(S)-HETE 5,12-diHETE*† 5,12-diHETE*† 5,12-diHETE*† 

15(S)-HETE 5,15-diHETE 12,15-diHETE† 12,15-diHETE† (65%) 

8,15-diHETE*† (35%) 

 

Table 3.2. Products formed by full enzymatic turnover of HETE substrates. A list of 
relative amounts of LOX products observed by LC-MS/MS with various LOX/HETE 
combinations. Samples were reduced with trimethylphosphite for added stability in 
water, and thus all hydroperoxides are reduced to hydroxides. *Indicated products 
absorb at 280 nm. †Indicated products were found only in trace amounts, and 
correspond to low enzymatic rates, presented in Table 3.1. 
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3.3.2 One-point activity screens with 5-LOX, 12-LOX, and 15-LOX-1 

against HpETE substrates 

As discussed above, 5-LOX is known to hydroperoxidate AA and epoxidate 

5(S)-HpETE. The epoxidation reaction has one less step, in that molecular oxygen 

does not react with the substrate radical. Therefore, the fact that the LOX isozymes do 

not react with many of the HETEs (vide supra), does not exclude the possibility of the 

LOX isozyme epoxidating a particular HpETE. This possibility lead us to perform 

one-point activity screens to test the three LOX isozymes, 5-LOX, 12-LOX and 15-

LOX-1, against a variety of HpETE substrates and compare their relative rates of 

catalysis to AA.  

For 5-LOX, 5(S)-HpETE was epoxidated with only 2% the rate of that for AA 

hydroperoxidation, which is dramatically less than the 18% rate of epoxidation for 

5(S)-HpETE, generated in situ from AA. This data corroborates our previous work 

and indicates that the exogenous 5(S)-HpETE is a poorer substrate for epoxidation 

than the endogenous 5(S)-HpETE produced in situ, possibly due to a slower structural 

rearrangement (submitted to Biochemistry). In contrast, 12(S)-HpETE is an excellent 

exogenous substrate for 5-LOX, producing 5,12-diHETE at a rate of 17% that of AA 

hydroperoxidation (Table 3.3). This is a significant rate and indicates that 5-LOX can 

effectively abstract a hydrogen atom from C7, producing an 11,12-epoxy 

intermediate, which is then converted to 5,12-diHETE by water attack on C5. This 

position of hydrogen atom abstraction, C7, is the same carbon where 5-LOX abstracts 

a hydrogen atom from AA for hydroperoxidation, however in the case of 12(S)-  
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Substrate 5-LOX 12-LOX 15-LOX 

AA (234 nm) 100% 100% 100% 

AA (280 nm) 18 ± 1% 5 ± 2% 5 ± 1% 

5(S)-HpETE 2 ± 1% 3 ± 1% 34 ± 5% 

12(S)-HpETE 17 ± 3% 3 ± 1% 4 ± 2% 

15(S)-HpETE < 1% 18 ± 1% 14 ± 3% 

 

Table 3.3. Rates of triene formation from HpETE substrates relative to AA turnover. 
One-point activity screens comparing rates of diHETE formation (280nm) with 
HpETE substrates relative to rates of HETE formation (234 nm) and diHETE 
formation (280 nm) with AA (10 µM substrate). Absorbance changes at 280nm, to 
observe triene formation, were multiplied by a factor of 0.54 to account for the 
difference in 234nm and 280nm extinction coefficients, 27000 M-1 cm-1 and 50000 
M-1 cm-1 respectively.  Relative rates are calibrated to each enzyme’s ability to 
hydroperoxidate AA, which was normalized to 100%. 
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HpETE, molecular oxygen does not attack C5, but rather the radical induces the 

epoxidation of the C12 hydroperoxide to form the C11,C12-epoxide. This result has 

implications for oxylipin production, with 12-LOX and 5-LOX potentially acting in  

sequence with AA to produce the 11,12-epoxy intermediate, that in theory could be 

further converted to hepoxilin A3 with an appropriate hydroxylase.25,26 As expected, 

5-LOX abstracts a hydrogen atom from C7 and hydroperoxidates C5 of 15(S)-HpETE 

to produce 5,15-diHETE, like it does with 15(S)-HETE, but no other oxidation 

products were observed. These data indicate that epoxidation of 15(S)-HpETE does 

not occur, even though C10 is available for hydrogen atom abstraction to produce an 

epoxide. In summary, these data demonstrate that 5-LOX can rapidly abstract a 

hydrogen atom on C7 from exogenous 12(S)-HpETE to form the 11,12-epoxide, 

compared to C10 of exogenous 5(S)-HpETE, and C13 of exogenous 15(S)-HpETE. 

However, it should be noted that 5-LOX can rapidly abstract a hydrogen atom from 

C10 of 5(S)-HpETE to form the 5,6-epoxide, but only if the 5(S)-HpETE is made 

endogenously from AA. We previously suggested that this difference in catalytic 

rates between endogenous and exogenous 5(S)-HpETE could be due to a structural 

rearrangement step, which is 10-fold slower for exogenous 5(S)-HpETE (previous 

publication submitted to Biochemistry). Therefore, the above data could suggest that 

this slow step is not present in the epoxidation of 12(S)-HpETE, however further 

kinetic investigations are required (vide infra).  

12-LOX did not react with either 5(S)-HpETE or 12(S)-HpETE, but it did 

react with 15(S)-HpETE, producing a rate of 18% that of AA hydroperoxidation. 
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Given the lack of reactivity between 12-LOX and 15(S)-HETE, the 15(S)-HpETE 

activity suggests the necessity of the hydroperoxide moiety for catalysis and thus 

implicates an epoxidation mechanism. The main product found by reacting 12-LOX 

with 15(S)-HpETE was 8,15-diHETE, which is indicative of abstraction of a 

hydrogen atom from C10, generating the 14,15-epoxy intermediate. The 14,15-

epoxide is then opened with water attack on C8 (Table 3.4). The activated carbon, 

C10, is the same carbon that 12-LOX activates upon hydroperoxidation of AA, and 

suggests a similar binding mode for both AA and 15(S)-HpETE, with the exception 

that molecular oxygen does not attack the radical intermediate, but rather an epoxide 

is formed.  This result is similar to that of 5-LOX in that only the primary activated 

carbon for hydroperoxidation (C7 for 5-LOX and C10 for 12-LOX) is also activated 

for epoxidation. However, unlike 5-LOX, 12-LOX does not react with the primary 

hydroperoxidation product, 12(S)-HpETE, even if it is generated in situ, implying a 

more restrictive substrate binding site for 12-LOX than 5-LOX, since only C10 can 

be activated by 12-LOX, while both C7 and C10 can be activated by 5-LOX. This 

confirms that the role of 12-LOX in generating higher-order oxylipins must be 

confined to hydroperoxidation of AA and epoxidation of 15(S)-HpETE, and not for 

the direct formation of epoxide-containing products from a single PUFA substrate. 

In contrast to 5-LOX and 12-LOX, 15-LOX-1 reacted with two 

hydroperoxides, 12(S)-HpETE and 15(S)-HpETE, but did not catalyze their 

corresponding HETEs. The necessity of the hydroperoxide for catalysis demonstrates 

an epoxidation mechanism for both 12(S)-HpETE and 15(S)-HpETE. For 12(S)-  
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Substrate 5-LOX 12-LOX 15-LOX 

AA 5(S)-HETE 

(80%) 

5,12-diHETE* 

(20%) 

12(S)-HETE 15(S)-HETE (75%) 

12(S)-HETE (10%) 

8,15-diHETE* (10%) 

12,15-diHETE (5%) 

5(S)-HpETE 5,12-diHETE* 5,12-diHETE* (50%) 

5,15-diHETE (50%) 

5,12-diHETE* (75%) 

5,15-diHETE (25%) 

12(S)-HpETE 5,12-diHETE* 5,12-diHETE* 5,12-diHETE* 

15(S)-HpETE 5,15-

diHETE† 

8,15-diHETE* (20%) 

12,15-diHETE (10%) 

14,15-diHETE* 

(70%) 

8,15-diHETE* (60%) 

12,15-diHETE (20%) 

14-15-diHETE* (20%) 

 

Table 3.4. Products formed by full enzymatic turnover of HpETE substrates. A list of 
relative amounts of LOX products observed by LC-MS/MS with various 
LOX/HpETE combinations. Products made only from HpETE substrates compared to 
the corresponding HETE substrates are indicative of an epoxidation mechanism rather 
than through double hydroperoxidation. *Indicated products absorb at 280 nm. 
†Indicated products were found only in trace amounts, and correspond to low 
enzymatic rates, presented in Table 3.3. 
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HpETE, the hydrogen atom is removed from C7, generating the 11,12-epoxy 

intermediate, which is subsequently attacked by water at C5 producing mainly 5,12-

diHETE (Table 3.4). For 15(S)-HpETE, the hydrogen atom is removed from C10, 

generating the 14,15-epoxy intermediate, which is subsequently attacked by water at 

C8 producing mainly 8,15-diHETE (Table 3.4). Smaller percentages of both 12,15-

diHETE and 14,15-diHETE are also produced from the 14,15-epoxy intermediate, 

indicating water attack at C12 and C14, respectively. Interestingly, this product 

distribution is different from that observed with 12-LOX and 15(S)-HpETE, despite a 

similar epoxidation mechanism producing a 14,15-epoxy intermediate. Using LTA4 

as an example, it is known that through nonenzymatic hydrolysis, water preferentially 

will attack at the C12 position or the C6 position to open the epoxide and form either 

5,12-diHETE or 5,6-diHETE, respectively. Borgeat et al. determined, from alcohol-

trapping experiments, that the C12 position was found to be the most susceptible to 

water attack, compared to C6, C8 or C10, indicating an inherent chemical 

susceptibility, independent of 5-LOX activity.27 The fact that both 12-LOX and 15-

LOX-1 appear to produce the same 14,15-epoxide intermediate, but generate distinct 

hydrolysis products, mainly 14,15-diHETE for 12-LOX but mainly 8,15-diHETE for 

15-LOX-1, could suggest an enzymatic component to directing specific hydrolysis 

attacks before the epoxide leaves the active site. Since the epoxidation mechanism 

generates one catalytic equivalent of H2O, a rational hypothesis can be made that 

either water attack may be directed by either 12-LOX or 15-LOX after epoxidation, 

which would explain the enzyme-dependent epoxide decomposition products above. 
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Finally, it is interesting to note that the rate 15-LOX-1 produces the 14,15-

epoxide intermediate from in situ generated 15(S)-HpETE at only 5% the rate of AA 

hydroperoxidation, while direct epoxidation of 15(S)-HpETE was 14 ± 3% the rate of 

AA hydroperoxidation. This data indicates two important features about 15-LOX-1. 

First, 15-LOX-1 can epoxidate its own primary hydroperoxidation product, like 5-

LOX, but the epoxidation rate of exogenous 15(S)-HpETE is faster than the 

endogenous epoxidation rate of in situ generated 15(S)-HpETE. This is opposite of 

the trend found for 5-LOX, where endogenous 5(S)-HpETE was the better substrate 

for epoxidation, compared to exogenously added 5(S)-HpETE. This opposing trend 

suggests interesting functional differences between 5-LOX and 15-LOX-1, which 

may have both structural and biological implications (vide infra). 

In summary, 15(S)-HpETE was the only relatively good epoxidation substrate 

for both 12-LOX and 15-LOX-1. The products generated implicate the abstraction of 

a hydrogen atom from C10 to form the 14,15-epoxy intermediate (eoxin A4), for both 

12-LOX and 15-LOX-1. The activated carbon, C10, is the primary position for 

hydrogen atom abstraction from AA for 12-LOX, however in the case of 15-LOX-1, 

C10 is the minor site, relative to C12 for hydrogen atom abstraction from AA, 

implicating 15-LOX-1 broader substrate specificity as a key component for this 

activity. These results have implications on oxylipin production, with 15-LOX-1 and 

12-LOX potentially acting in sequence, or 15-LOX-1 acting twice on AA, to produce 

the 14,15-epoxide (eoxin A4), which is the precursor molecule for proinflammatory 

eoxins found in human eosinophils.28 
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3.3.3 Steady-state kinetics comparing hydroperoxidation and epoxidation 

mechanisms in LOX isoforms 

The HpETE substrates that had significant enzymatic activity were further 

investigated to determine their steady-state kinetics, as compared to the kinetics of 

AA. Steady-state results for 5-LOX show that while 5(S)-HpETE gives a Vmax value 

that is 18% of the Vmax for AA hydroperoxidation, 12(S)-HpETE gives a Vmax of 51% 

(Table 3.5). With large Km values relative to AA, 5(S)-HpETE and 12(S)-HpETE 

give Vmax/Km values of 3% and 7% of the Vmax/Km for AA hydroperoxidation, 

respectively. These results confirm 12(S)-HpETE is the better substrate than 5(S)-

HpETE, but large Km values for both hydroperoxides suggest that exogenous HpETEs 

are not as effective substrates for 5-LOX as AA. Interestingly, introduction of ATP 

did not increase the rate of 12(S)-HpETE catalysis compared to 5(S)-HpETE 

(submitted to Biochemistry) This is a revealing discovery as it indicates that ATP 

activation of 5-LOX is substrate-dependent, with distinct conformational changes in 

the active site that favor 5(S)-HpETE being used as a substrate and not 12(S)-HpETE. 

The key differences between the catalysis of these two HpETE substrates include the 

position of the abstracted hydrogen atom (C10 for 5(S)-HpETE and C7 for 12(S)-

HpETE) and the position where the epoxide is formed (5,6-epoxide from 5(S)-

HpETE versus 11,12-epoxide from 12(S)-HpETE). If hydrogen atom abstraction 

were the major rate-determining step or epoxidation, as proposed in our previous 

work with 5-LOX epoxidation (submitted to Biochemistry), the data would imply that 

ATP is failing to activate hydrogen atom abstraction from C7 for 12(S)-HpETE  
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Substrate Relative Vmax
*  Km (µM) 

 

Relative Vmax/Km 

AA (234 nm) 1.00 ± 0.04 2.8 ± 0.3 0.36 ± 0.03 

AA (234 nm) 

+200 uM ATP 

4.6 ± 0.3 8.5 ± 1 0.54 ± 0.04 

AA (280 nm) 0.171 ± 0.008 1.64 ± 0.35 0.10 ± 0.02 

AA (280 nm) 

+200 uM ATP 

1.08 ± 0.06 4.5 ± 0.7 0.24 ± 0.03 

5(S)-HpETE 0.18 ± 0.02 15 ± 4 0.012 ± 0.002 

5(S)-HpETE 

+200 uM ATP 

0.78 ± 0.05 21 ± 3 0.037 ± 0.002 

12(S)-HpETE 0.51 ± 0.04 20 ± 3 0.026 ± 0.002 

12(S)-HpETE 

+200 uM ATP 

0.74 ± 0.06 24 ± 4 0.031 ± 0.002 

 

Table 3.5. 5-LOX steady state parameters with and without 200 µM ATP. *All Vmax 
values are unitless and are relative to AA hydroperoxidation (234 nm), which is set to 
one. The Vmax values, with HpETEs as substrates, were multiplied by 0.54 to account 
for the difference in exctinction coefficients between HETE (234 nm) and diHETE 
(280 nm) products. For comparison to other studies, the absolute kinetic activity of 5-
LOX was approximately 60 µmol/min/mg. 
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substrate. Since ATP activates the rate of hydrogen atom abstraction from C7 for 5-

LOX and AA, the lack of activation of 12(S)-HpETE catalysis by ATP could  

potentially indicate that the structural change by ATP does not affect the microscopic 

rate constants of 12(S)-HpETE catalysis. More kinetic and structure/activity 

relationship studies are required to fully realize the implications of this data on the 

epoxidation mechanism. 

 For 12-LOX, 15(S)-HpETE was clearly the best substrate for epoxidation and 

thus was further analyzed through steady state kinetics. As shown in Table 3.6, 12-

LOX manefests a 7% Vmax with 15(S)-HpETE as substrate compared to AA 

hydroperoxidation, but due to a smaller Km, the Vmax/Km value is 16% compared to 

AA hydroperoxidation. This relative efficiency in 15(S)-HpETE catalysis by 12-LOX 

is partially due to a smaller Km value for 15(S)-HpETE (Km = 1.0 ± 0.2) than that of 

AA (Km = 2.0 ± 0.3). Since the product is 14,15-diHETE, it indicates that 12-LOX 

abstracts a hydrogen atom at C10, allowing formation of the 14,15-epoxide (eoxin A-

4), which decomposes to the 14,15-diHETE product upon attack of water at C14. This 

is an expected result since 12-LOX only produces 12(S)-HpETE from AA, indicating 

it has a strong preference for hydrogen abstraction at C10.  

Lastly, 15-LOX-1 was analyzed through steady state kinetics with 15(S)-

HpETE as substrate (Table 3.7). For comparison, both hydroperoxidation rates (234 

nm) and epoxidation rates (280 nm) rates were collected for AA, so as to obtain 

endogenous 15(S)-HpETE reaction rates. The steady-state kinetics of 15(S)-HpETE 

confirmed it to be a good substrate, with an 8% Vmax compared to AA  
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Substrate Relative Vmax
*  Km (µM) 

 

Relative Vmax/Km 

AA 1.00 ± 0.07 2.0 ± 0.3 0.49 ± 0.05 

15(S)-HpETE 0.073 ± 0.004 1.0 ± 0.2 0.08 ± 0.01 

 

Table 3.6. 12-LOX steady state parameters.  *All Vmax values are unitless and are 
relative to AA hydroperoxidation (234 nm), which is set to one. The Vmax values, with 
HpETEs as substrates, were multiplied by 0.54 to account for the difference in 
exctinction coefficients between HETE (234 nm) and diHETE (280 nm) products. For 
comparison to other studies, the absolute kinetic activity of 12-LOX was 
approximately 80 µmol/min/mg. 
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Substrate Relative Vmax
*  Km (µM) 

 

Relative Vmax/Km 

AA (234 nm) 1.00 ± 0.05 8.7 ± 0.9 0.115 ± 0.006 

AA (280 nm) 0.043 ± 0.002 1.2 ± 0.2 0.035 ± 0.005 

15(S)-HpETE 0.081 ± 0.002 1.9 ± 0.2 0.043 ± 0.003 

 

Table 3.7. 15-LOX steady state parameters. *All Vmax values are unitless and are 
relative to AA hydroperoxidation (234 nm), which is set to one. The Vmax values, with 
HpETEs as substrates, were multiplied by 0.54 to account for the difference in 
exctinction coefficients between HETE (234 nm) and diHETE (280 nm) products. For 
comparison to other studies, the absolute kinetic activity of 15-LOX was 
approximately 120 µmol/min/mg. 
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hydroperoxidation and a 37% Vmax/Km compared to AA, due to a smaller Km value. If 

these relative rates of 15(S)-HpETE epoxidation are translated to absolute rates for  

Vmax/Km for both 12-LOX and 15-LOX-1 (80 µmol/min/mg/1 µM*0.08 =  6.4 

µmol/min/mg/µM and 120 µmol/min/mg/8.7 µM*0.43 = 5.9 µmol/min/mg/µM, 

respectively), it is apparent that 12-LOX and 15-LOX-1 have similar rates of 

epoxidation of 15(S)-HpETE. Therefore the both biosynthetic pathway in the cell are 

possible to make the 14,15-epoxy intermediate (eoxin A4). As stated above, the 

product distribution of the epoxidation of 15(S)-HpETE by 15-LOX-1 indicates 

hydrogen atom abstraction from C10, the minor position of hydrogen atom 

abstraction on AA. Given only 10% of AA turnover by 15-LOX-1 is due to C10 

abstraction, the Vmax/Km of 15(S)-HpETE epoxidation by 15-LOX-1 is thus 3.7-fold 

greater than the Vmax/Km of AA hydroperoxidation to form 12(S)-HpETE. However, 

the Vmax of  15(S)-HpETE epoxidation by 15-LOX-1 is comparable to that of AA 

hydroperoxidation at C12. These data indicate that 15(S)-HpETE has a faster rate of 

substrate capture than AA, for C10 abstraction, but a comparable rate of product 

release, indicating the difference is due to a change in the rate-limiting step before the 

first irreversible step, hydrogen atom abstraction.  

Another difference in 15-LOX-1 kinetics is that the Vmax of exogenous 15(S)-

HpETE was twice as large as the Vmax of endogenous 15(S)-HpETE. This is in 

contrast with 5-LOX, where epoxidation of exogenous 5(S)-HpETE is slower than 

endogenous 5(S)-HpETE to form the same product (5,6-epoxide). These data indicate 

a unique difference between how 5-LOX and 15-LOX-1 bind and process their 
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respective hydroperoxide products, such as structural differences which could these 

catalytic distinctions. For example, we have previously proposed that the FY cork 

found in the 5-LOX crystal structure is a unique structural determinant that may 

possibly hinder substrate access to the 5-LOX active site. This FY cork is not found 

in 15-LOX-1 and thus could explain their kinetic differences, although future 

experiments are needed to confirm this hypothesis. 

3.4 Conclusions 

 In summary, this work offers in vitro kinetic investigations of the three main 

LOX isoforms and how they can contribute to higher-order oxylipin biosynthesis. The 

key questions answered are as follows. First, only 15-LOX-1 can effectively 

hydroperoxidate an oxylipin, 5(S)-HETE and 5(S)-HpETE. Second, the positional 

specificity of 15-LOX-1 hydroperoxidation is reversed for 5(S)-HETE and 5(S)-

HpETE, relative to AA. For 5(S)-HETE and 5(S)-HpETE, the main 

hydroperoxidation product is on C12 (abstraction at C10), whereas the main 

hydroperoxidation product for AA is on C15 (abstraction at C13), indicating a 

significantly different substrate binding mode. Thus, a specific mode of binding for 

hydroxide/hydroperoxide lipids occurs within the 15-LOX-1 active site to allow for 

an additional hydroperoxidation event, a unique feature compared to the other LOX 

isozymes tested. Third, the ability of all three LOX isozymes to epoxidate 

hydroperoxides is dependent on their respective hydrogen atom abstraction 

specificity. For example, each LOX isozyme can only abstract hydrogen atoms from 

specific carbons, and therefore a particular LOX isozyme only epoxidates oxylipins 
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when those hydrogen atoms are available for that particular abstraction. This is 

highlighted by the fact that 5-LOX catalyzes the hydrogen atom abstraction at C7 for 

only AA and 12(S)-HpETE, but the rate for 12(S)-HpETE epoxidation is 

approximately half the rate of AA hydroperoxidation. Fourth, the degradation 

products of these epoxides vary with respect to LOX isozyme, and not with the 

epoxide intermediate, such as 15(S)-HpETE and 12-LOX/15-LOX-1. This suggests 

that water does not attack the epoxide based on chemical principles alone, but the 

water may be partially directed by the active site of the enzyme to attack a specific 

carbon. Fifth, the mechanism for ATP activation of 5-LOX is only valid for AA and 

5(S)-HpETE and not for 12(S)-HpETE catalysis. This is unusual since the rate of 

12(S)-HpETE epoxidation and the position of hydrogen atom abstraction (C7) are 

comparable to that of AA hydoperoxidation, suggesting the structural change upon 

ATP binding is highly substrate-selective. Sixth, the Vmax/Km of 15(S)-HpETE 

epoxidation by 15-LOX-1 is 4-fold greater than the Vmax/Km of AA hydroperoxidation 

to form 12(S)-HpETE. Considering that both mechanisms involve the abstraction of a 

hydrogen atom from C10, it appears that 15(S)-HpETE manifests a better position in 

the active site for catalysis than AA. Finally, the epoxidation rate of exogenous 15(S)-

HpETE is faster than endogenous 15(S)-HpETE. This is the opposite trend seen for 5-

LOX and 5(S)-HpETE and indicates the unique mechanism by which 5-LOX 

achieves epoxidation of endogenously produced 5(S)-HpETE.  

In summary, each of the 3 LOX isoforms employs unique substrate 

preferences for hydroperoxidation and epoxidation, which may contribute to their 
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different biological functions. For example, 5-LOX and 15-LOX-1 are the the only 

isozymes able to effectively epoxidate their own hydroperoxide products, but 5-LOX 

preferentially retains its newly made 5(S)-HpETE, possibly as a mode of protection 

of 5(S)-HpETE from cellular attack. In addition, this paper offers the first 

demonstration of 5-LOX epoxidation capability with hydroperoxides made from 12-

LOX, suggesting it may contribute to hepoxilin formation. 12-LOX has the most 

discerning active site allowing for only C10 hydrogen atom abstraction, suggesting it 

can either act as the first or second enzyme to form oxylipins with functional groups 

requiring C10 hydrogen atom abstraction, such as 12(S)-HpETE or 14,15-epoxide 

(eoxin A4).  15-LOX-1 is the most promiscuous of the three isozymes, and can 

effectively catalyze secondary hydroperoxidation of 5-LOX hydroperoxides, in 

addition to carrying out epoxidation of its own released hydroperoxide product to 

form eoxin A4. Finally, previous in vivo studies suggest biosynthetic pathways for 

lipoxin formation that implicate either a 5-LOX/12-LOX or 15-LOX/5-LOX order of 

enzymatic operations.10 However, in vitro data presented here suggest either of these 

possibilities involve slow catalytic steps, with no observable rates of lipoxin 

formation detected. These results raise the question of whether the delayed formation 

of anti-inflammatory mediators in the cell is in part due to inefficient catalysis of pro-

inflammatory mediators, or whether LOX isozymes are further regulated by an 

unknown factor in the cell to up-regulate higher-order oxylipin biosynthesis.  
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Chapter 4 

Discovery of a novel dual fungal CYP51/human 5-lipoxygenase inhibitor: 

implications for anti-fungal therapy 

4.1 Introduction 

Human 5-lipoxygenase (5-LOX) has long been considered a possible 

therapeutic target for inflammatory diseases. Asthma is the principle disease target, 

however numerous other diseases have been postulated in the literature as possible 

targets for 5-LOX inhibition, such as allergic rhinitis, chronic obstructive pulmonary 

disease, idiopathic pulmonary fibrosis, atherosclerosis, ischemia-reperfusion injury, 

atopic dermatitis and acne vulgaris. 1-6 The role of 5-LOX in the latter disease, acne 

vulgaris, has been shown to be related to the production of sebum in the derma.7 5-

LOX has also been implicated in another skin disease, seborrheic dermatitis (i.e. 

dandruff).8 The involvement of 5-LOX in dandruff is because many systemic and 

superficial fungal infections are associated with inflammation. Ketoconazole is a 

widely used anti-fungal agent that is currently utilized as an active ingredient in anti-

dandruff shampoo, 9,10 and previously for a wide range of fungal infections. Its mode 

of action is by inhibiting fungal sterol 14α-demethylase (Erg11 or CYP51) during 

ergosterol biosynthesis, thus retarding fungal growth.11 However, it has been 

proposed that part of its effectiveness is due to its anti-inflammation activity, since it 

also weakly inhibits 5-LOX.12 The anti-inflammatory activity of ketoconazole has 

also been seen for itraconazole, a similar anti-fungal therapeutic,13 which suggests a 

common theme for effective dandruff agents, dual anti-fungal/anti-inflammatory 
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targeting. Nevertheless, the potency for ketoconazole and itraconazole against 5-LOX 

is poor, with IC50 values greater than 50 µM for both molecules, which indicates a 

potential for improvement in their anti-inflammatory activity.12,13 

Numerous inhibitors for 5-LOX have been reported,14-17 which can be 

generally classified into three categories, reductive, iron ligands and 

competitive/mixed inhibitors6,18,19 (Figure 4.1), however only one compound has been 

approved as a drug, zileuton.20,21 Zileuton is a potent and selective 5-LOX inhibitor 

but its mode of action is unusual for a therapeutic.19,22 It contains an N-hydroxyurea 

moiety, which is proposed to chelate to the active enzyme's ferric ion and reduce it to 

the inactive ferrous ion.16,22,23 In general, chelation/reduction is not considered a 

viable mode of inhibition for a therapeutic since metal chelation tends toward 

promiscuous behavior with other metalloproteins and reductive inhibitors can be 

chemically inactivated in the cell.16,18,19 Nevertheless, zileuton has been shown to not 

only be selective against 5-LOX but also efficacious in the cell,20-22 which presents 

this class of inhibitors as a viable chemotype for 5-LOX inhibition. Other chelative 

inhibitors, such as nordihydroguaiaretic acid (NDGA)24-26 are also reductive due to 

the facile nature of inner sphere electron reduction. NDGA contains a catechol 

moiety, which binds to the active site ferric ion, reducing it to the ferrous ion, with 

the concomitant oxidation of the catechol moiety to the semiquinone. This reactivity 

has previously been seen with the metalloenzyme, catechol dioxygenase, whose 

catechol substrate is activated to the semiquinone by the active site ferric ion for 

oxidation by molecular oxygen.25,27,28 There is also a sub-classification of reductive 
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inhibitors that do not chelate the active site iron. The mechanism for these inhibitors 

is most likely long-range electron transfer, but no direct proof has been found for this 

mechanism. Recent efforts by the pharmaceutical industry have focused on non-

reductive inhibitors of 5-LOX (see Figure 4.1; setileuton and PF-4191834), however, 

these appear to have been discontinued during Phase II clinical trials.29,30 In the 

current publication, phenylenediamine derivatives are presented as highly selective, 

non-chelative, reductive inhibitors towards 5-LOX. For one derivative, the 

phenylenediamine core has been translated into the ketoconazole structure, generating 

a novel compound that demonstrates dual CYP51/5-LOX inhibitory properties. This 

new chemical entity, which combines anti-inflammatory and antifungal activities, is 

presented as a possible novel therapeutic against both the fungal and inflammatory 

causes of disease. 

4.2 Materials and Methods 

 4.2.1 General methods for chemistry 

 All air or moisture sensitive reactions were performed under positive pressure 

of nitrogen with oven-dried glassware. Anhydrous solvents such as dichloromethane, 

N,N-dimethylformamide (DMF), acetonitrile, methanol and triethylamine were 

purchased from Sigma-Aldrich. Preparative purification was performed on a Waters 

semi-preparative HPLC system. The column used was a Phenomenex Luna C18 (5 

micron, 30×75 mm) at a flow rate of 45 mL/min. The mobile phase consisted of 

acetonitrile and water (each containing 0.1% trifluoroacetic acid). A gradient of 10% 

to 50% acetonitrile over 8 minutes was used during the purification. Fraction  
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Figure 4.1. Structures of LOX inhibitors. This figure was made by coauthor Eric K. 
Hoobler.62 
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collection was triggered by UV detection (220 nm). Analytical analysis was 

performed on an Agilent LC/MS (Agilent Technologies, Santa Clara, CA). Method 1: 

A 7 minute gradient of 4% to 100% Acetonitrile (containing 0.025% trifluoroacetic 

acid) in water (containing 0.05% trifluoroacetic acid) was used with an 8 minute run 

time at a flow rate of 1 mL/min. A Phenomenex Luna C18 column (3 micron, 3×75 

mm) was used at a temperature of 50°C. Method 2: A 3 minute gradient of 4% to 

100% Acetonitrile (containing 0.025% trifluoroacetic acid) in water (containing 

0.05% trifluoroacetic acid) was used with a 4.5 minute run time at a flow rate of 1 

mL/min. A Phenomenex Gemini Phenyl column (3 micron, 3×100 mm) was used at a 

temperature of 50°C. Purity determination was performed using an Agilent Diode 

Array Detector for both Method 1 and Method 2. Mass determination was performed 

using an Agilent 6130 mass spectrometer with electrospray ionization in the positive 

mode. 1H NMR spectra were recorded on Varian 400 MHz spectrometers. Chemical 

shifts are reported in ppm with undeuterated solvent (DMSO-d6 at 2.49 ppm) as 

internal standard for DMSO-d6 solutions. All of the analogues tested in the biological 

assays have purity greater than 95%, based on both analytical methods. High 

resolution mass spectrometry was recorded on Agilent 6210 Time-of-Flight LC/MS 

system. Confirmation of molecular formula was accomplished using electrospray 

ionization in the positive mode with the Agilent Masshunter software (version B.02). 

 4.2.2 Overexpression and purification of 5-human lipoxygenase, 12-

human lipoxygenase, and the 15-human lipoxygenases 

 Human reticulocyte 15-lipoxygenase-1 (15-LOX-1)31 and human platelet 12-
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lipoxygenase (12-LOX)31 and human prostate epithelial 15-lipoxygenase-2 (15-LOX-

2)32 were expressed as N-terminally, His6-tagged proteins and purified to greater than 

90% purity.33 Human leukocyte 5-lipoxygenase was expressed as a non-tagged 

protein and used as a crude ammonium sulfate protein fraction, as published 

previously.17 

 4.2.3 Lipoxygenase UV-based inhibitor assay 

Inhibitor potencies were evaluated through use of the standard UV-based 

inhibitor assay. The initial rates were determined by following the formation of the 

conjugated diene product at 234 nm (ε = 25,000 M−1 cm−1) with a Perkin-Elmer 

Lambda 40 UV/Vis spectrophotometer at one substrate concentration and varying 

inhibitor concentrations. All reactions were 2 mL in volume and constantly stirred 

using a magnetic stir bar at room temperature (23°C), with the enzyme specific buffer 

conditions outlined in Table 4.1. The substrate used for the various isozymes was 

arachidonic acid (AA) for 5-LOX, 12-LOX, and 15-LOX-2 and linoleic acid (LA) for 

15-LOX-1, where concentrations were quantitatively determined by allowing the 

enzymatic reaction to go to completion. IC50 values were obtained by determining the 

initial rate at various inhibitor concentrations and plotting them against inhibitor 

concentration, followed by a hyperbolic saturation curve fit. The data used for the 

saturation curves were performed in duplicate or triplicate, depending on the quality 

of the data. It should be noted that all of the potent inhibitors displayed greater than 

80% maximal inhibition, unless otherwise stated in the tables. Inhibitors were stored 

at −20°C in DMSO. As a result of screening with a semi-purified protein there was 
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concern whether the 5-LOX concentration was approaching the inhibitor 

concentration for our most potent inhibitors, which would affect the Henri-Michaelis-

Menten approximation. In order to investigate whether the enzyme concentration was 

approaching the IC50 value, we compared our IC50 values of two high potency 5-LOX 

inhibitors to that in the literature. Setileuton displayed an IC50 value of 60±6 nM, in 

good agreement with the literature value of 45±10 nM, and zileuton displayed an IC50 

value of 560±80 nM, in good agreement with the literature value of 500±100 nM. 2,13 

The solvent isotope effect of the inhibitor IC50 was investigated utilizing the same 

conditions and methods as stated above. The pH of the buffered D2O was determined 

as reported previously.34 

4.2.4 Cyclooxygenase assay 

Ovine COX-1 (Cat. No. 60100) and human COX-2 (Cat. No. 60122) were 

purchased from Cayman chemical. Approximately 2 µg of either COX-1 or COX-2 

were added to buffer containing 100 µM AA, 0.1 M Tris-HCl buffer (pH 8.0), 5 mM 

EDTA, 2 mM phenol and 1 µM hematin at 37°C. Data was collected using a 

Hansatech DW1 oxygen electrode chamber, as described before.35 Inhibitor or vehicle 

were mixed with the respective COX in buffer within the electrode cell, the reaction 

was initiated by the addition of AA, followed by monitoring of rate of oxygen 

consumption. Ibuprofen, aspirin and indomethacin, and the carrier solvent, DMSO, 

were used as positive and negative controls, respectively. 

 4.2.5 Human blood LTB4 inhibition assay 

Whole human blood was obtained from healthy volunteers from within the  
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Table 4.1. Buffer conditions for IC50 assays, with constant substrate concentration 
and varying inhibitor concentration. This table and the data it contains was generated 
by coauthor Eric K. Hoobler.62 
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Student Health Center. These studies were approved by the UCSC Institutional 

Review Board (IRB) and informed consent was obtained from all donors before blood 

draw. The whole blood was dispensed in 150 µL samples followed by addition of 

inhibitor or control (vehicle, DMSO), and incubated for 15 min at 37°C. The mixture 

was then stimulated by introduction of the calcium ionophore, A23817, (freshly 

diluted from a 50 mM DMSO stock to 1.5 mM in Hanks balanced salt solution), and 

incubated for 30 min at 37°C. Samples were then centrifuged at 1,500 rpm (300 g) for 

10 min at 4°C and the supernatant diluted between 20 and 50-fold (batch dependent) 

for LTB4 detection, using an ELISA detection kit (Cayman Chemicals Inc.). 

Inhibitors were added at 10 µM concentrations36-38 and the IC50 values were 

generated using a one point IC50 estimation equation. 

 4.2.6 Pseudoperoxidase activity assay 

 The reductive properties of the inhibitors were determined by monitoring the 

pseudoperoxidase activity of lipoxygenase in the presence of the inhibitor and 13-(S)-

hydroperoxyoctadecadienoic acid (13-HPODE). Activity is monitored by direct 

measurement of the product degradation following the decrease of absorbance at 234 

nm using a Perkin-Elmer Lambda 40 UV/Vis spectrometer (50 mM Sodium 

Phosphate (pH 7.4), 0.3 mM CaCl2, 0.1 mM EDTA, 0.01% Triton X100, 10 µM 13-

HPODE). All reactions were performed in 2 mL of buffer and constantly stirred with 

a rotating stir bar (23°C). Reaction was initiated by addition of 10 µM inhibitor (a 1 

to 1 ratio to 13-HPODE), and a positive result for activity reflected a loss of greater 



	
  
	
  
	
  

126 

than 40% of product absorption at 234 nm. The control inhibitors for this assay were 

zileuton, a known reductive inhibitor,18 and setileuton, a competitive inhibitor.29 

 4.2.7 Inhibitor modeling 

Grid generation and flexible ligand docking were performed using Glide, 

while energy minimization and ligand preparation of inhibitors was done with 

LigPrep. LigPrep and Glide are both products of Schrodinger, Inc., and utilize energy 

functions to generate and rank models of ligand 3D structures and ligand-protein 

interactions, respectively. The crystal structure of Stable Human 5-Lipoxygenase 

(PDB ID: 3O8Y) was used to generate a Glide grid in which to carry out docking 

algorithms with our inhibitors. This structure contains several point mutations that 

remove destabilizing sequences, but since none of these are located at the active site 

of the enzyme, it is reasonable to assume the mutant structure is an accurate model of 

the wild-type active site. Positional constraints at the catalytic iron and at 

hydrophobic pockets within the active site were prepared and utilized intermittently 

during different docking calculations. Poses generated from ligand docking were 

ranked according to their GlideScores. 

 4.2.8 CYP51 protein studies 

C. albicans CYP51 (CaCYP51) and Homo sapiens CYP51 (HsCYP51) 

proteins were expressed in E. coli using the pCWori+ vector, isolated and purified as 

previously described to over 90% purity.39,40 Native cytochrome P450 concentrations 

were determined by reduced carbon monoxide difference spectra,41 based on an 

extinction coefficient of 91 mM−1 cm−1.42,43 Binding of azole antifungal agents to 5 
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µM CaCYP51 and 5 µM HsCYP51 were performed as previously described using 

0.25 and 0.5 mg mL−1 stock solutions of ketoconazole and ketaminazole in 

DMSO.39,44 Azole antifungal agents were progressively titrated against the CYP51 

protein in 0.1 M Tris-HCl (pH 8.1) and 25% (wt/vol) glycerol, with the spectral 

difference determined after each incremental addition of azole. The dissociation 

constant (Kd) of the enzyme-azole complex was determined by nonlinear regression 

(Levenberg-Marquardt algorithm) of ΔApeak-trough against azole concentration using a 

rearrangement of the Morrison equation45 and fitted by the computer program ProFit 

6.1.12 (QuantumSoft, Zurich, Switzerland). 

IC50 determinations were performed using the CYP51 reconstitution assay system 

previously described,46,47 containing 1 µM CaCYP51 or 0.3 µM HsCYP51, 2 µM 

human cytochrome P450 reductase, 50 µM lanosterol, 50 µM 

dilaurylphosphatidylcholine, 4.5% (wt/vol) 2-hydroxypropyl-β-cyclodextrin, 0.4 mg 

mL−1 isocitrate dehydrogenase, 25 mM trisodium isocitrate, 50 mM NaCl, 5 mM 

MgCl2 and 40 mM MOPS (pH~7.2). Azole antifungal agents were added in 5 µL 

DMSO followed by incubation for 5 minutes at 37°C prior to assay initiation with 4 

mM β-NADPHNa4, with shaking for a further 10 minutes at 37°C. Sterol metabolites 

were recovered by extraction with ethyl acetate followed by derivatization with N,O-

bis(trimethylsilyl)trifluoroacetamide and tetramethylsilane prior to analysis by gas 

chromatography mass spectrometry.48 The term IC50 is defined as the inhibitor 

concentration required for a 50% inhibition of the CYP51 reaction under the stated 

assay conditions. 
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4.3 Results and Discussion 

Our laboratories have previously utilized a high-throughput screen to discover 

inhibitors against 12-LOX and 15-LOX-1.35 In the process of screening the 15-LOX-

1 “hits”, we serendipitously discovered a novel 5-LOX inhibitor with a 

phenylenediamine core moiety, compound 1. Due to its chemical nature, the mode of 

inhibition was postulated to be due to reduction of the active site ferric atom. As 

mentioned in the introduction, reductive inhibition of lipoxygenase is a very effective 

mode of action, with many reductive inhibitors having sub-micromolar IC50 

values.5,6,16,19 This fact is indicative of both the ease with which the active site ferric 

can be reduced and the importance of the oxidation state of the iron. With this in 

mind, the phenylenediamine parent compound (1) was modified to change its 

reduction potential (Figure 4.2).49 Modifications of the phenylenediamine core, such 

as atom substitutions of the nitrogens with carbon or oxygen (2 and 3, respectively), 

or the insertion of two additional nitrogen atoms into the core phenyl group (4, 5), 

resulted in complete loss of inhibition. Interestingly, substitution of only one nitrogen 

into the core phenyl ring (6) did not lower potency dramatically, nor did methylation 

of the nitrogen (7). 

The pseudoperoxidase assay was subsequently conducted with these inhibitors 

to establish their reductive activity against 5-LOX (Figure 4.2). From these data, it 

was demonstrated that the pseudoperoxidase activity paralleled their inhibitor 

potency, consistent with changes in the reductive potential of the inhibitors. Similar 

alterations of the core phenylenediamine structure were previously used in a similar 
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Figure 4.2. Representative analogues evaluated for pseudoperoxidase activity and IC-
50 potency (µM), with errors in brackets. The UV-based manual inhibition data (3 
replicates) were fit as described in the materials and methods section. This figure and 
the data it contains was generated by coauthor Eric K. Hoobler.62 
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manner to determine the relationship between potency and reductive properties.50-53 

For comparison, zileuton and setileuton were screened as positive controls, with 

zileuton being reductive and setileuton being non-reductive in their mechanism of 

inhibition. 

Interpreting IC50 values for reductive inhibitors is challenging because their 

relative potency is dependent on a combination of both their reactivity with the active 

site iron and their binding affinity. The binding affinity was therefore investigated by 

changing the substituents on either side of the phenylenediamine core. As seen in 

Figure 4.3, the chemotype core tolerated a large range of modifications, such as 

changing the steric bulk on either side of the phenylenediamine core. Only one 

modification in this small set of compounds showed a greater than 10-fold decrease in 

potency, 10, which was surprising given the activity of related oxazoles 8 and 9. The 

lack of dependence between inhibitor potency and inhibitor structure suggests that the 

active site can accommodate a variety of inhibitor shapes and sizes. These findings 

are consistent with the large size of the 5-LOX active site54 and the re-occurrence of 

large 5-LOX inhibitors discovered.6,16,19 

Selectivity of the inhibitor chemotype was evaluated by screening a variety of 

LOX isozymes with a small subset of compounds (Table 4.2). Strong selectivity was 

displayed against 5-LOX relative to the other isozymes, with selectivity ratios ranging 

from 80-fold for 12-LOX, 75-fold for 15-LOX-1, and 30-fold for 15-LOX-2, for the 

least selective analogues (Table 4.2). The chemotype also displayed strong selectivity  
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Figure 4.3. 5-LOX IC50 values of representative analogues (µM), with errors in 
brackets. The UV-based manual inhibition data (3 replicates) were fit as described in 
the materials and methods section. This figure and the data it contains was generated 
by coauthor Eric K. Hoobler.62 
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Table 4.2. Selectivity profile of representative analogues (µM), with errors in 
parentheses. This table and the data it contains was generated by coauthor Eric K. 
Hoobler.62 
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when assayed against cyclooxygenase (COX), with a 140-fold selectivity versus 

COX-1, and a 240-fold selectivity versus COX-2. These combined results indicate 

this chemotype has a strong preference/selectivity against 5-LOX versus other AA 

processing enzymes. As controls, setileuton and zileuton were utilized as selective 

inhibitors of 5-LOX.20,21,29 

A few inhibitors were then tested for efficacy in whole human blood, which is 

known to express 5-LOX upon activation by an ionophore. 1 and 13 displayed 

roughly 50% inhibition at 10 µM drug dosing in the whole blood, while the positive 

control, setileuton, was found to inhibit 100% at 10 µM (Table 4.3). Compound 15 

was also tested, but the potency was shown to be weak, with less than 10% inhibition 

at 10 µM (Table 4.3). The cellular enzyme inhibition for 1, 13 and setileuton are 

diminished relative to the isolated-enzyme inhibitor values (Figure 4.2). This result, 

along with other analogues failing to display high potency, could indicate poor 

permeability, plasma protein binding, non-specific interactions or metabolism of the 

inhibitors by the cell. 

The determination that the reductive phenylenediamine core was the key 

potency component and that the addition of large functionalities to either side of the 

phenylenediamine core was well tolerated led us to consider the similarity between 

the phenylenediamine chemotype and ketoconazole (Figure 4.4). Ketoconazole is a 

CYP51 inhibitor with an azole moiety that targets the active site heme and is a potent 

antifungal medication.8,9 In addition, ketoconazole was previously determined to 

inhibit 5-LOX and have anti-inflammatory properties, although weakly.12 
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Table 4.3. Whole human blood activity profile of representative analogues. This table 
and the data it contains was generated by coauthor Eric K. Hoobler.62 
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Figure 4.4. IC50 values of dual anti-fungal, anti-inflammatory inhibitors (µM), with 
error in parentheses. The UV-based manual inhibition data (3 replicates) were fit as 
described in the materials and methods section. N/D = Not determined. This figure 
and the data it contains was generated by coauthor Eric K. Hoobler.62 
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Considering the similarity of ketoconazole to our chemotype, we hypothesized that by 

adding the phenylenediamine core to ketoconazole, we could improve its 5-LOX 

potency by making it a reductive inhibitor and thus increasing its anti-inflammatory 

properties. We subsequently modified the structure of ketoconazole to include a 

phenylenediamine core to generate a novel compound, ketaminazole (16) and found 

that its potency against 5-LOX increased over 70-fold compared to ketoconazole 

(Figure 4.4) and that it was a reductive inhibitor, as seen by its activity in the 

pseudoperoxidase assay (Figure 4.4). The selectivity of the ketaminazole (16) was 

also investigated and found to preferentially inhibit 5-LOX over 100 times better than 

that of 12-LOX, 15-LOX-1, 15-LOX-2, COX-1 and COX-2 (Figure 4.4). This is most 

likely due to the large active site of 5-LOX compared to the other human LOX 

isozymes. Ketaminazole (16) was also tested in whole human blood and shown to 

display cellular activity. Like the smaller phenylenediamine inhibitors (1, 13 and 15), 

ketaminazole's cellular potency is lower relative to its in vitro potency, displaying an 

approximately 20-fold reduction (Table 4.3). The magnitude of the potency in whole 

blood is not consistent between all the phenylenediamine inhibitors tested. This 

indicates that the structural differences between the phenylenediamine inhibitors have 

an effect on their cellular potency, supporting the hypothesis that cellular factors, 

other than the phenylenediamine core, are important. Gratifyingly, ketaminazole (16) 

displayed a better potency against 5-LOX in whole blood relative to ketoconazole, 

however, the magnitude of this difference was not as great as their in vitro difference. 

This is surprising since their only structural difference is the substitution of an amine 
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for the ether linkage. It could be that the polarity change of the inhibitors changes 

their cellular uptake or that the reductive state of the ketaminazole is being 

compromised in the cell. Further cellular studies are required to probe these 

hypotheses further. 

In addition to kinetic data, the importance of the phenylenediamine core for 

reductive inhibition was further supported using computational methods. Molecular 

modeling of possible inhibitor binding modes within the active site was initiated by 

deprotonation of the amine groups at the phenylenediamine core and energy 

minimization of the compounds with LigPrep.55,56 The inhibitors listed in of the 

Figures/Tables above were then docked against the crystal structure of modified 

protein, Stable-5-LOX (3O8Y), using Glide's “XP” (extra-precision) mode.55,56 

Different trials, with varying Van der Waals scaling factors and alternating positional 

or hydrophobic constraints linking the inhibitor to the active site, resulted in the 

occurrence of high-ranking binding poses depicting the deprotonated amine nitrogen 

within 10 angstroms of the catalytic iron for several inhibitors. The docking results of 

these inhibitors support the hypothesis that the reduction of the ferric iron could be 

caused by the phenylenediamine core, either through an inner sphere (direct 

coordination to the iron) or outer sphere (through space) mechanism.57 Docking of the 

larger inhibitors, ketoconazole (Figure 4.5A) and ketaminazole (16) (Figure 4.5B), 

generated poses with similar Glide docking scores to the other inhibitors studied, 

suggesting a comparable binding mode despite the differences in IC50 values. In 

several high-ranking binding poses, the amine/ester core of ketaminazole (16) was  
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Figure 4.5. Docking ketoconazole (A) and ketaminazole (B) to the crystal structure 
of Stable-5-LOX (PDB ID: 3O8Y). Glide docking scores and poses were similar to 
other high-ranking docked inhibitors. 
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observed to be within 5 angstroms of the catalytic iron (Figure 4.5B), supportive of 

the hypothesis that the phenylenediamine core reduces the active site iron. 

The docking poses of the phenylenediamine inhibitors suggest that their amine 

moieties could be possible conduits of iron reduction, through space via an outer 

sphere mechanism.57 However, the docking poses also suggest the active site iron-

hydroxide moiety could possibly abstract a hydrogen atom from the amine by an 

inner sphere mechanism, as is seen in the natural mechanism of LOX with its fatty 

acid substrate.58 To test this hypothesis, 13 was incubated in D2O buffer, to deuterate 

the phenylenediamine core amine, and its IC50 value compared to the protonated 

amine in H2O. A 2.4-fold increase in the IC50 for 13 was observed in D2O, which is 

well below the kinetic isotope effect expected for hydrogen atom abstraction,57 

suggestive of a proton independent outer sphere reductive mechanism. To further 

verify this proton-independent reductive mechanism, 1 and 7 (containing the 

protonated and methylated amine, respectively) were also investigated and both were 

shown to have similar increases in IC50 values in D2O relative to H2O, suggesting the 

effect does not involve the amine proton. 

In order to evaluate the concept of an improved anti-inflammatory effect 

combined with antifungal potency, we examined the selectivity of ketoconazole and 

ketaminazole (16) against the human and C. albicans CYP51 proteins, HsCYP51 and 

CaCYP51 respectively. Binding ketoconazole and ketaminazole (16) with both 

CaCYP51 and HsCYP51 produced strong type II difference spectra (Figure 4.6) 

signifying direct coordination as the sixth ligand of the heme prosthetic group of 
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CYP51. 58,59 Ketoconazole and ketaminazole (16) both bound tightly to CaCYP51 

with Kd values of 27±5 and 43±5 nM, respectively. Tight binding is observed when 

the Kd for the ligand is similar to or less than the concentration of CYP51 present.60 

The similar Kd values obtained for ketoconazole and ketaminazole (16) suggest both 

azoles would be equally effective as antifungal agents against wild-type CaCYP51. 

This is understandable since the CYP51 potency of this class of molecules is 

predominantly due to their azole moiety, which is quite distant from the 

phenylenediamine core of ketaminazole (16). This data also compares with Kd values 

of 10 to 50 nM previously obtained for clotrimazole, econazole, fluconazole, 

itraconazole, ketoconazole, miconazole and voriconazole with CaCYP51.39 

Ketoconazole bound 17-fold more tightly to HsCYP51 (Kd = 42±16 nM) compared to 

ketaminazole (16) (Kd = 731±69 nM), in contrast to the 1.6-fold difference observed 

with CaCYP51, suggesting that ketaminazole would interfere less with the host 

HsCYP51 and possibly other human CYPs than ketoconazole, conferring a 

therapeutic advantage. These results compare well with the previously reported Kd 

values of <100 nM for clotrimazole, econazole and miconazole, ~180 nM for 

ketoconazole and ~70 µM for fluconazole with HsCYP51.40 

The IC50 CYP51 reconstitution assay results (Figure 4.7) mirrored those of the 

azole binding results. CaCYP51 was strongly inhibited by both ketoconazole and 

ketaminazole (16) with IC50 values of ~0.5 and ~0.9 µM, respectively, confirming 

that both azoles bound tightly to CaCYP51. Interestingly, at 4 µM ketaminazole (16), 

CaCYP51 retained ~15% CYP51 activity suggesting that lanosterol can displace  
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Figure 4.6. Binding properties of ketoconazole and ketaminazole with CaCYP51 and 
HsCYP51. Azole antifungals were progressively titrated against 5 µM CaCYP51 
(filled circles) and 5 µM HsCYP51 (hollow circles). The resultant type II difference 
spectra are shown for ketoconazole (A) and ketaminazole (B). Saturation curves for 
ketoconazole (C) and ketaminazole (D) were constructed and a rearrangement of the 
Morrison equation was used to fit the data.45 The data shown represent one replicate 
of the three performed. This figure and the data it contains was generated by coauthor 
Eric K. Hoobler.62 
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Figure 4.7. Determination of IC50 values for ketoconazole and ketaminazole with 
CaCYP51 and HsCYP51. CYP51 reconstitution assays (0.5-ml total volume) 
containing 1 µM CaCYP51 (A) or 0.3 µM HsCYP51 (B) were performed as detailed 
in materials and methods. Ketoconazole (solid circles) and ketaminazole (hollow 
circles) concentrations were varied from 0 to 4 µM for CaCYP51 and up to 190 µM 
for HsCYP51 with the DMSO concentration kept constant at 1% (vol/vol). Mean 
values from two replicates are shown along with associated standard deviation bars. 
Relative velocities of 1.0 were equivalent to 1.04 and 2.69 nmoles 14α-demetylated 
lanosterol produced per minute per nmole CYP51 (min−1) for CaCYP51 and 
HsCYP51, respectively. This figure and the data it contains was generated by 
coauthor Eric K. Hoobler.62 
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ketaminazole (16) from CaCYP51 leading to ketaminazole (16) being a less effective 

inhibitor of fungal CYP51 enzymes in vitro than ketoconazole. HsCYP51 was less 

severely inhibited by both ketoconazole and ketaminazole (16) with IC50 values of ~5 

and ~16 µM, respectively. This indicates that azole binding was less tight and 

suggested lanosterol can displace ketoconazole and especially ketaminazole (16) from 

HsCYP51. At 95 µM ketoconazole HsCYP51 was inactivated in contrast to the ~30% 

CYP51 activity remaining in the presence of 155 µM ketaminazole (16). The 3-fold 

higher IC50 value of ketaminazole (16) over ketoconazole with HsCYP51 confirmed 

that ketaminazole (16) would be less disruptive to the CYP51 function of the host 

homolog than ketoconazole, conferring a therapeutic advantage for use as an 

antifungal agent. It should be noted that both itraconazole and posaconazole, both 

effective anti-fungal agents, could also have a phenylenediamine incorporated into 

their structures, thus conferring dual anti-fungal/anti-inflammatory properties on 

these therapeutics as well. We are currently investigating the properties of these 

modified anti-fungal agents further, with the hope of utilizing the phenylenediamine 

moiety as a simple modification for adding 5-LOX inhibitory potency to known 

therapeutics. 

The fact that ketoconazole is both an anti-fungal and anti-inflammatory 

molecule is not a new phenomenon in the field of anti-fungal therapeutics. 

Previously, we determined that the common anti-fungal agent, chloroxine, was also a 

non-specific LOX inhibitor.61 This fact suggested that the inherent selection process 

for the search for anti-seborrheic dermatitis agents could be responsible for the dual 
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nature of the anti-fungal/anti-inflammatory therapeutics, such as chloroxine and 

ketoconazole. With this hypothesis in mind, the anti-fungal agent, ciclopirox (trade 

name Loprox), presented a structure that could be interpreted as a LOX inhibitor, 

with the N-hydroxyamide being a possible chelator. This was confirmed and 

ciclopirox was found to be both a potent inhibitor of 5-LOX (IC50 = 11±1 µM) and 

selective versus other AA processing enzymes (Figure 4.4). This dual nature of many 

anti-seborrheic dermatitis agents suggests that improving the 5-LOX potency of these 

therapeutics may be beneficial in their clinical efficacy. 

4.4 Conclusions 

The current data indicate that the phenylenediamine chemotype reported 

herein is a potent inhibitor against 5-LOX, demonstrating enzyme selectivity and 

cellular activity. The mechanism of action is consistent with reduction of the active 

site ferric ion, similar to that seen for zileuton, the only FDA approved LOX 

inhibitor. It is interesting to note that unlike zileuton, which chelates the iron through 

the N-hydroxyurea, the phenylenediamine chemotype lacks an obvious chelating 

moiety, thus differentiating it from zileuton. Structural modification around the 

phenylenediamine core was well tolerated, however, even relatively minor changes to 

the phenylenediamine moiety resulted in a loss of activity, presumably due to changes 

in its reduction potential. This attribute was utilized to modify the structure of 

ketoconazole to include the phenylenediamine moiety and produce a novel inhibitor, 

ketaminazole (16). This novel compound demonstrated an in vitro 40-fold increase in 

potency against 5-LOX relative to ketoconazole. However, in whole blood 
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ketaminazole demonstrated only a 2-fold greater potency than ketoconazole. In 

addition, the overall potency of ketaminazole was reduced by approximately 10-fold 

relative to its in vitro potency. It is currently unclear how the cellular environment is 

lowering the potency of ketaminazole, but pharmacokinetic investigations are 

currently underway to probe this further. Ketaminazole (16) had comparable potency 

against fungal CYP51 and improved selectivity against the human CYP51, relative to 

ketoconazole, which suggests a possible therapeutic advantage. This novel dual 

nature of ketaminazole (16), possessing both anti-fungal and anti-inflammatory 

activity, could potentially have therapeutic uses against fungal infections that have an 

anti-inflammatory component. 

4.5 Supporting information 

4.5.1 Representative procedures and characterization of 

phenylenediamine inhibitors  

A mixture of tert-butyl 4-(4-aminophenyl)piperazine-1-carboxylate (1.94 g, 

6.99 mmol, 1 eq) and 5-bromofuran-2-carbaldehyde (1.26 g, 7.34 mmol, 1.05 eq) in 

MeOH (35 mL) and CH2Cl2 (35 mL) was added sodium triacetoxyborohydride (4.45 

g, 20.98 mmol, 3 eq). The reaction mixture was stirred at room temperature for 5 h. 

The product was extracted with ethyl acetate and the organic layer was subsequently 

washed with water, bicarbonate and brine. The crude product obtained after 

evaporation of the solvent was purified on a biotage flash system® eluting with 40% 

ethyl acetate in hexanes (Yield 1.94 g, 62 %) 
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t-Butyl-4-(4-(((5-(4-isocyanophenyl)furan-2-

yl)methyl)amino)phenyl)piperazine-1-carboxylate (1): To a mixture of t-butyl 4-

(4-(((5-bromofuran-2-yl)methyl)amino)phenyl)piperazine-1-carboxylate (0.172 

mmol, 0.075 g, 1 eq) and (4-cyanophenyl)boronic acid (0.206 mmol, 30 mg, 1.2 eq) 

in 1 mL DME was added Pd(PPh3)4 (5 mol %, 0.09 mmol, 10 mg) and a 2.0 M 

aqueous solution of  Na2CO3 (0.52 mmol). The mixture was irradiated in a 

microwave reactor for 30 minutes at 150 oC. The solvent was removed by blowing air 

and the crude product was dissolved in DMF, passed through a palladium scavenger 

cartridge and finally purified in preparative HPLC. LC-MS: rt (min) = 5.10 (8.0 min 

run); 1H NMR (400 MHz, DMSO-d6) δ 7.86 – 7.74 (m, 3H), 7.10 (d, J = 3.4 Hz, 1H), 

6.78 – 6.69 (m, 2H), 6.62 – 6.53 (m, 2H), 6.44 – 6.38 (m, 1H), 5.72 (t, J = 6.2 Hz, 

1H), 4.24 (d, J = 6.1 Hz, 2H), 3.47 – 3.34 (m, 4H), 2.81 (dd, J = 6.1, 4.1 Hz, 4H), 

1.38 (d, J = 7.9 Hz, 9H); HRMS (ESI) m/z (M+H)+ calcd. for C27H31N4O3, 459.2391; 

found 459.2374. 

t-Butyl-4-(4-(((5-(4-isocyanophenyl)furan-2-yl)methyl)amino)phenyl)piperidine-1-

carboxylate (2) : LC-MS: rt (min) = 6.54 (8.0 min run); 1H NMR (400 MHz, DMSO-d6) δ 7.80 (m, 

2H), 7.10 (d, J = 3.3 Hz, 1H), 6.91 (d, J = 8.2 Hz, 2H), 6.57 (d, J = 8.2 Hz, 2H), 6.42 (d, J = 3.3 Hz, 

2H), 5.97 (t, J = 6.2 Hz, 1H), 4.26 (d, J = 6.0 Hz, 2H), 3.28 (m, 1H), 2.46 (m,  4H), 1.67 – 1.58 (m, 

4H), 1.36 (s, 9H); HRMS (ESI) m/z (M+H)+ calcd. for C28H32N3O3, 458.2438; found 458.2416. 

t-Butyl-4-(6-(((5-(4-isocyanophenyl)furan-2-yl)methyl)amino)pyridin-3-

yl)piperazine-1-carboxylate (6): LC-MS: rt (min) = 4.886 (8.0 min run); 1H NMR 

(400 MHz, DMSO-d6) δ 7.81 (q, J = 8.4 Hz, 4H), 7.69 (d, J = 2.8 Hz, 1H), 7.22 (dd, J 

= 8.9, 2.9 Hz, 1H), 7.11 (d, J = 3.4 Hz, 1H), 6.62 (t, J = 6.0 Hz, 1H), 6.52 (d, J = 9.0 
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Hz, 1H), 6.37 (d, J = 3.4 Hz, 1H), 4.46 (d, J = 5.9 Hz, 2H), 3.41 (t, J = 5.2 Hz, 4H), 

3.01 (s, 6H), 2.85 (t, J = 5.1 Hz, 4H), 1.47 (s, 1H), 1.39 (s, 9H), 1.22 (d, J = 5.7 Hz, 

1H); ); HRMS (ESI) m/z (M+H)+ calcd. for C26H30N5O3, 460.2343; found 460.2343. 

t-Butyl-4-(4-(((2-(4-cyanophenyl)oxazol-5-

yl)methyl)amino)phenyl)piperazine-1-carboxylate (8) : LC-MS: rt (min) = 4.645 

(8.0 min run);1H NMR (400 MHz, DMSO-d6) δ 8.09 – 8.01 (m, 2H), 8.00 – 7.92 (m, 

2H), 7.22 (s, 1H), 6.79 – 6.70 (m, 2H), 6.64 – 6.56 (m, 2H), 5.77 (t, J = 6.2 Hz, 1H), 

4.33 (d, J = 6.2 Hz, 2H), 3.38 (t, J = 5.0 Hz, 4H), 2.82 (t, J = 5.1 Hz, 4H), 1.37 (s, 

9H); HRMS (ESI) m/z (M+H)+ calcd. for C26H30N5O3, 460.2343; found 460.2323. 

1-(4-(4-(((5-(4-bromophenyl)furan-2-yl)methyl)amino)phenyl)piperazin-

1-yl)ethanone (12) : LC-MS: rt (min) = 4.645 (8.0 min run);1H NMR (400 MHz, 

DMSO-d6) δ 8.09 – 8.01 (m, 2H), 8.00 – 7.92 (m, 2H), 7.22 (s, 1H), 6.79 – 6.70 (m, 

2H), 6.64 – 6.56 (m, 2H), 5.77 (t, J = 6.2 Hz, 1H), 4.33 (d, J = 6.2 Hz, 2H), 3.38 (t, J 

= 5.0 Hz, 4H), 2.82 (t, J = 5.1 Hz, 4H), 1.37 (s, 9H); HRMS (ESI) m/z (M+H)+ calcd. 

for C25H29N6O3, 461.2296; found 461.2288. 

4.5.2 Synthesis of ketaminazole 

A mixture of 2-((1H-imidazol-1-yl)methyl)-2-(2,4-dichlorophenyl)-1,3-

dioxolan-4-yl)methyl methanesulfonate (0.9 g, 2.21 mmol, 1eq) [purchased from 

Toronto Research Chemicals] and 1-(4-(4-aminophenyl)piperazin-1-yl)ethanone 

(0.581 g, 2.65 mmol, 1.2 eq) in a microwave vial was stirred neat at 130 oC for 1 h. 

The crude product was dissolved in DMSO and purified ISCO® reverse phase flash 

system using a water and acetonitrile solvent system. The product fractions were 
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pooled and lyophilized to get a brown solid. LC-MS: rt (min) = 3.64 (8.0 min run); 1H 

NMR (400 MHz, DMSO-d6) δ 9.10 (t, J = 1.4 Hz, 1H), 7.72 (d, J = 2.1 Hz, 1H), 7.67 

– 7.63 (m, 2H), 7.62 (s, 1H), 7.51 (dd, J = 8.5, 2.1 Hz, 1H), 7.11 – 6.94 (m, 2H), 6.67 

– 6.49 (m, 2H), 4.89 – 4.72 (m, 2H), 4.23 – 4.07 (m, 1H), 3.91 – 3.41 (m, 6H), 3.27 – 

2.79 (m, 6H) and 2.05 (s, 3H).; HRMS (ESI) m/z (M+H)+ calcd. for C26H30Cl2N5O3, 

530.1720; found 530.1698. 
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