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Abstract
STRUCTURAL AND THERAPEUTIC INVESTIAGIONS OF HUMAN
LIPOXYGENASE

Eric K. Hoobler

The research in this dissertation describes the investigations of potential
therapeutics as well as structural and allosteric properties of human lipoxygenases.
Lipoxygenases (LOX) are a ubiquitous enzyme found in plants and mammals, of
which are responsible for regulation of inflammation in humans. Uncontrolled
inflammation in humans may result in various types of cancers and inflammatory
diseases, for which LOX is implicated. This has prompted the Holman lab to explore
a diverse range on potential therapeutic targets in hopes of discovery of novel
selective LOX inhibitors, while concurrently investigating the structural and kinetic
properties of the enzyme.

Through use of conventional kinetic and structural studies we investigated the
role of the polycystin-1 lipoxygenase alpha-toxin (PLAT) domain’s role in enzyme
catalysis and allosteric regulation. Previous studies had implicated the PLAT domain
as being a critical aspect of the allosteric binding site. This theory was explored
through extensive investigations into the resulting effects elicited by removal of the

PLAT domain from human epithelial 15-lipoxygenase-2 (15-LOX-2). In chapter 2 we
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present our findings supporting our previous concept, that indeed the PLAT domain
plays a key role in the allosteric properties of 15-LOX-2.

Chapter 3 describes collaboration with the National Institutes Chemical Genomic
Center, where we report the discovery of a novel dual inhibitor targeting fungal sterol
14a-demethylase (CYP51 or Ergll) and human 5-lipoxygenase (5-LOX) with
improved potency against 5-LOX due to its reduction of the iron center by its
phenylenediamine core. The phenylenediamine core was then translated into the
structure of ketoconazole, a highly effective anti-fungal medication for seborrheic
dermatitis, to generate a novel compound, ketaminazole. Ketaminazole was found to
be a potent dual selective inhibitor against human 5-LOX and CYP51 in vitro.

Understanding the mode of action of lipoxygenase (LOX) inhibitors is critical to
determining their efficacy in the cell. The pseudoperoxidase assay is an important
tool for establishing if an inhibitor is reductive in nature. In chapter 4, we evaluate the
effectiveness of two distinct pseudoperoxidase methods in characterizing known
inhibitor’s redox properties; the “234 nm” decomposition and xylenol orange assay.
In addition, we identified rapid inactivation occurring with particular inhibitors in the
pseudoperoxidase assay. To account for the resulting inaccuracy attributed to this
inhibitor dependent inactivation, we modified the pre-existing “234 nm” assay

allowing for observation of this inactivation.
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Chapter 1

Introduction

1.1 Lipoxygenase

Lipoxygenase (LOX) plays an essential role in processing polyunsaturated fatty
acids containing a cis-double bond in both plants, fungi, and animals, which initiates
the biosynthesis of important mediators of physiological processes [1,2,3]. LOXs
consist of a family of iron-containing metalloenzymes, which utilize a non-heme
catalytic center to catalyze the dioxygenation of 1,4-cis,cis-pentadiene-containing
polyunsaturated fatty acids (e.g., linoleic acid (LA) and arachidonic acid (AA)) to
form hydroperoxy-fatty acids. These hydroperoxy-polyunsaturated fatty acids
regulate the inflammatory response in humans [4], and are implicated in a variety of
human diseases, such as asthma, psoriasis, atherosclerosis and cancer [5,6,7].

LOX activates the substrate for incorporation of dioxygen into 1,4-cis,cis-
pentadiene-containing fatty acids, which generates the chiral (E,Z) conjugated
hydroperoxide product [8,9,10]. LOX catalytic cycle is facilitated through use of its
iron center. The resting state of the enzyme is in the ferrous oxidation state and is
inactive. Activation occurs upon oxidation of iron to its ferric state, through use of
concurrent reduction of one equivalence of the hydroperoxy-fatty acid product,

reflecting product feedback activation. The activated ferric ion oxidizes the 1,4-diene



of the substrate to a pentadienyl radical that reacts with dioxygen to yield the S-
configuration of the hydroperoxide product [11] (Figure 1.1).
1.1.2 Mammalian LOX

The nomenclature for denoting mammalian LOXs reflects the prototypical tissue
of their occurrence and oxidized carbon of their  respective
hydroperoxyeicosatetraenoic acid (HPETE) product, from AA, with 5-, 12-, and 15-
LOX being the predominant isozymes. Interestingly, LOXs generating a particular
hydroperoxidation product do not necessarily demonstrate high sequence homology,
as witnessed with human reticulocyte 15-LOX-1 having 25% identity to soybean
LOX-1, 35% identity to human epidermal 15-LOX-2, and 80% identity to rabbit
reticulocyte 15-LOX, yet all generate predominately 15-HPETE [12].

The biochemistry of human LOX's role in maintaining inflammatory response
homeostasis is complicated by their diverse tissue and cellular localization [1,2,13].
5-LOX activation of leukocytes triggers the upregulation of leukotriene production,
which provokes bronchioconstriction [14,15,16] and linked to certain types of cancer
[17,18,19] and asthma [7,15]. Reticulocyte 15-LOX-1 has been shown to oxidize
membrane lipids during red blood cell maturation [20,21], and has been implicated in
colorectal [22,23], atherosclerosis [24], and prostate cancer [25,26,27]. 15-LOX-1 is
also associated with both resolving and promoting human disease, as witnessed by its
down-regulation in colorectal cancer progression and up-regulation in prostate cancer

progression. Epithelial 15-LOX-2 is found to be expressed in hair, prostate, lung, and



cornea [28,29] and its down-regulation is correlated with progression of prostate
cancer [30,31]. Epidermis 12-(R)-LOX is expressed in the skin and, if mutated, has
been shown to result in non-bullous congenital ichthyosiform erythroderma [32]. Up-
regulation of platelet-type 12-(S)-LOX affects platelet adhesion and prostate cancer
metastasis [26]. | has also been implicated in skin disease [33], pancreatic [34], breast
[35,36], diabetes [37] and blood coagulation [38] and platelet activation [39,40].
1.2 Allostery

Allosteric regulation of protein activity is a common phenomenon in biology, one
of the most fundamental examples is hemoglobin, an iron-containing oxygen
transport metalloprotein found within red blood cells. The quaternary structure of
hemoglobin of most vertebrates is an assembly of four globular protein subunits.
Individual subunits are shown to influence O, binding properties of adjacent
neighbors via cooperative allostery [41]. Allostery is can be reflected via alterations
in substrate specificity, as seen with ribonucleotide reductase (RNR) [42]. RNR
synthesizes all four deoxyribonucleoside triphosphates (ANTPs) through reduction of
the 2'-OH of the respective ribonucleotide, and the ability of RNR to allosterically
regulate substrate specificity enables it to maintain homeostatic balance of all four
dNTPs. This rapid adaptation to changes in dNTP requirements allows for
proportionate amounts of each nucleotide to be present, ensuring efficient DNA

replication and repair [42,43]. Allosteric regulation is an essential property in nature,



allowing for the delicate modulation of enzymatic activity and/or substrate specificity
to occur, both characteristics found in the LOX family of enzymes.
1.2.15-LOX ATP and Ca?* allosteric properties

Allosteric regulation of enzymes is a critical process in biochemistry [44,45,46]
and has recently emerged as an increasingly important aspect of LOX activity [47].
Allostery of lipoxygenase was first demonstrated with 5-LOX, which was shown to
possess secondary binding sites for both ATP and Ca?* [67]. Kinetic studies have
demonstrated that calcium is required for catalytic activity, while the binding of ATP
synergistically increases the catalytic activity of calcium-bound enzyme [49,50,51],
100 uM ATP was sufficient to elicit maximal effect [52]. The ATP and Ca®' rate
enhancement resulted in a 5-fold activation for the human LOX [53] and up to 300-
fold activation for the rat 5-LOX [55]. It was determined that hydrolysis of the
phosphodiester bond within ATP had no influence on activation, as reflected by equal
effects provoked by ADP and AMP [53,54]. The N-terminal domain of LOX
assumes a B-barrel structure, commonly referred to as the polycystin-1, lipoxygenase,
alpha-toxin (PLAT) domain (i.e. the beta domain). The PLAT domain of 5-LOX was
found to be highly negatively charged and Ca*" was proposed to neutralize the charge
in concert with interactions by the head groups of phosphate in the phosphatidyl
membrane [56]. Ca** also appears to increase the hydrophobicity of the domain via

exposing tryptophans 13 and 75 [57].



1.2.2 15-LOX allostery

Continued exploration in the field of LOX uncovered a divergent allosteric effect
in the family of 15-LOX isozymes. Soybean lipoxygenase-1 (soybean LOX-1) and
reticulocyte human 15-lipoxygenase (15-LOX-1) have been shown to contain
allosteric sites, as demonstrated employing by the synthetic fatty acid oleyl sulfate
(OS) in kinetic studies [58]. This work demonstrated that OS binds with considerable
affinity to an allosteric binding site on both soybean LOX-1 (Kp = 0.6 uM) and 15-
LOX-1 (Kp = 0.4 uM). This is seen by an increase in the kinetic isotope effect (KIE)
of both enzymes in a saturating manner, mirroring their inhibition curves [58].
Further stopped-flow experiments demonstrated that binding of OS to sLO-1 did not
interfere with enzyme activation, indicating that the allosteric site was not in the
active site [59].

The role of the allosteric site was further refined by the discovery in the
Holman laboratory that LOX products, such as 13-(S)-hydroxyoctadecadienoic acid
(13-HODE), could bind to the allosteric site of both 15-LOX-1 and human epithelial
15-LOX-2 (15-LOX-2) and change the substrate specificity with respect to AA and
linoleic acid (LA) [60,61]. The substrate specificity was shown to be pH dependent
for 15-LOX-2, which was hypothesized to be due to a change in allosteric effector
binding. A docking model was proposed, placing the allosteric binding pocket
between the PLAT domain (i.e. the beta domain) [60,61] and the catalytic domain of

15-LOX-2. Specifically, the docking model suggested that the carboxylic acid of the



13-HODE interacted with a histidine at the bottom of the cleft between the two
domains [60].
1.2.3 PLAT domain background

Plant and animal LOX isozymes demonstrate a conserved fundamental structure
consisting of a single polypeptide chain which folds into two distinct domains, the
catalytic domain often referred to as the C-terminal domain, and the N-terminal
domain (PLAT). The PLAT domain is a conserved tertiary structure in various other
membrane or lipid-associated proteins [62]. As mentioned previously, the catalytic
domain contains a non-heme iron center while the PLAT domain has been shown to
facilitate membrane binding [63,64,65]. Later studies revealed that truncation of the
PLAT domain from human 12-LOX resulted in higher population of oligomers [63].
In addition, Kuhn and collaborators demonstrated that the removal of the PLAT
domain triggered an increased frequency of auto-inactivation for rabbit 15-LOX-1
[66].
1.2.4 Homology modeling and No PLAT construct

The biochemical mechanism for allostery in LOX is still unknown, but a few
hypotheses have been proposed. The extensive research conducted by the Holman lab
in the characterization of LOX allosteric product feed-back, prompted exploration of
homology models in hopes of revealing probable allosteric sites for biochemical
targeting. As mentioned above, the cleft between the two domains was proposed to

contain the allosteric site. We identified residue H627 as appropriately positioned to



bind the carboxylic moiety of 13-HPODE, which was further stabilized through a
bifurcated hydrogen bond with residue R407 and Y408 [60,61]. This hypothesis was
supported by earlier work implicating the PLAT domain as a fatty acid binding site,
due to the localization of a substrate-linked photoreactive-azido group between the
two domains when probing the 15-LOX catalytic site [48].

In order to test our hypothesis as to the location of the allosteric site, the PLAT
domain was explored through extensive experimentation. PLAT domain mutants for
human 15-LOX-2, where generated in hope of unraveling the origins of the allosteric
regulation of LOX; in addition the mutant H627A, which replaced a histidine
proposed to facilitate product binding. 15-LOX-2 No PLAT mutant was used to
investigate membrane binding, oligomerization, auto-inactivation, and most
importantly, what effect had been elicited with regard to allosteric properties.
Structural data were obtained with circular dichroism, size exclusion
chromatography, small angle x-ray, dynamic light scattering, and Western blotting.
Kinetic data was gathered observing lipid and O, metabolism via steady state kinetics,
competitive substrate capture HPLC analytical methods, and LTQ analysis for
product specificity.

1.3 5-LOX biochemistry

Immune and inflammatory responses are mediated by leukotrienes (LTs), which

serve a primary role in respiratory and cardiovascular diseases [4,5,54]. The precursor

for LT biosynthesis is arachidonic acid (AA), which is stored in membrane-



phospholipids and released by phospholipase A2 (cPLA2) to be metabolized by 5-
LOX in conjunction with 5-LOX-activating protein (FLAP). Reflective of the fact
that 5-LOX catalyzes the rate limiting step in the biosynthesis of LTs, it serves as an
ideal candidate for therapeutic intervention.

The incorporation of molecular oxygen into AA by 5-LOX generates 5(S)-
hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic  acid (5-HPETE), which is
immediately reduced to the alcohol by glutathione reductase. 5LOX has a second
activity converting the hydroperoxide of 5-HPETE to an unstable epoxide product,
LTA4. The unstable epoxide product LTA, is an intermediate to the production of
LTB,; by LTA, hydrolase, or is conjugated by LTC, synthase to glutathione to
produce LTC,4. Upon LTC, release into the extracellular environment, amino-acid
cleavage (g-glutamyl and glycine) can occur yielding LTD4 and then LTE4. LTC,,
LTD, and LTE, are often referred to as cysteinyl-LTs (cys-LTs), reflecting the
presence of a cysteinyl residue within their structure.

The various LTs elicit distinct downstream responses meditated through selective
receptors; LTB, interfaces with BLT1 and BLT2 receptors, CysLT1 and CysLT2
receptors interact with cys-LTs [68,69]. G-Protein Coupled Receptors (GPCRs) are
also referred to as seven-transmembrane domain receptors, and G protein-linked
receptors (GPLR) amplify signal transduction pathways. GPCRs mediate 5-H(P)ETE
and 5-oxo-ETE responses, and have been implicated in asthma, allergic diseases,

cancer, and cardiovascular disease [4,5,70].



Leukocyte activation is stimulated by LTB,4. It acts as a chemotactic and
chemokinetic mediator, which triggers migration and activation of granulocytes/T
cells and adherence of granulocytes to vessel walls, causing degranulation and release
of cathelicidin LL-37 and superoxide [71]. This process, which results in the
phagocytic activation of neutrophils and machrophages, as well as stimulation of
immunoglobulins by lymphocytes [72,73], highlights the regulation of the immune
response by LTB, in inflammatory diseases, such as arthritis, asthma and
atherosclerosis [74]. Cys-LTs instigate smooth muscle contraction, mucus secretion,
plasma extravasation, vasoconstriction, recruitment of eosinophils [72] and fibrocyte
proliferation [75]. Imbalance in the homeostasis of Cys-LTs is linked to asthma,
allergic rhinitis [7,15], chronic inflammation and regulation of the adaptive immune
response [76].

1.3.1 5-LOX therapeutics

Reflecting the importance of 5-LOX is LT production in homeostasis, alternative
methods for regulating as well as probing its biochemistry are essential for furthering
our understanding on how to alleviate physiological imbalances [71-76]. Current
compounds (inhibitors) employed for addressing elevated LT levels include: Zyflo
(zileuton), a 5-LOX inhibitor, Xolair (omalizumab), a humanized anitibody targeting
the IgE receptor, MK-591, a FLAP inhibitor which stops 5-LOX activation, and

Accolate (zafirlukast), a LT receptor antagonist [4,78-81].



There are three typical classifications for human 5-LOX inhibitors, reductive, iron
chelative and active site binding inhibitors [4,14,82]. Zileuton contains an N-
hydroxyurea, which is proposed to chelate to the enzyme’s active site ferric ion and
reduce it to the inactive ferrous ion [14,78]. In general, chelation/reduction is not
considered an optimal mode of inhibition for a therapeutic because metal chelation
tends to be a promiscuous behavior to other metalloproteins, and reductive inhibitors
can be chemically inactivated in the cell [82]. Nevertheless, Zileuton has been shown
to not only be selective for 5-LOX but also to be efficacious in the cell [83-84].

Interestingly, many of the chelative inhibitors, such as nordihydroguaiaretic acid
(NDGA) [85,86] and Zileuton, are also reductive due to the facile nature of inner
sphere electron reduction. Catechol moieties, present in NDGA, are postulated to
reduce the ferric ion to the inactive ferrous state, concomitant with the oxidation of
the catechol to semiquinone. This mechanism has been shown to occur with catechol
dioxygenase, a metalloenzyme, whose catechol substrate is activated to the
semiquinone by the active site ferric ion [86-88]. In contrast, the phenylenediamine
derivatives do not possess chelators so their mode of action is most likely through
long-range electron transfer, although yet no direct proof currently exists.

A novel 5-LOX inhibitor chemotype, phenylenediamine, was discovered while
screening for LOX inhibitors in our lab. One unique property of the 5-LOX inhibitor
chemotype, which we have characterized in this thesis, is that it employs redox

chemistry similar to the commercially available 5-LOX inhibitor zileuton [78,84]. A
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variety of the 80+ compounds within the Structure activity relationship (SAR) screen
were evaluated using the pseudoperoxidase assay for redox properties. Extensive
investigation was conducted to determine the chemotypes selectivity amongst the
various LOX isozymes (5-LOX, 12-LOX, 15-LOX-1, and 15-LOX-2), in addition to
COX 1 and COX 2. Human blood potency trials were conducted as well to determine
efficacy. A known anti-fungal ketoconazole contained a similar scaffold and was
modified to include the phenylenediamine core; this compound was then screened
against the various LOX isozymes, COX 1, 2, and human and fungal sterol 14a-
demethylase (CYP51).
1.3.2 Determination of inhibitor mode of action

Discovery of novel drug targets is followed by a variety of analytical techniques
to identify the mode of action of the compounds. For LOX this is accomplished
through use of fundamental enzyme kinetics to evaluate whether the enzyme is a
competitive, noncompetitive, mixed, or uncompetitive inhibitor. In particular, use of
steady-state kinetics, which employs evaluation of inhibition curves at various
substrate concentrations, allows one to measure the K; values. A competitive inhibitor
raises the Kn, value for its substrate, with no change in the apparent Vma. An
uncompetitive inhibitor will lower the apparent Vmax, Yet not affect the apparent K,
value for its substrate. Mixed inhibition is where both the apparent Vmax and apparent
Km values change. Mixed-type inhibition has often been observed for LOX inhibitors,

as reflected by modification of both the apparent Vmax and Kp, yielding a K; (catalytic
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site binding) distinct from K;- (allosteric site binding). This common mode of LOX
inhibition is most likely a result of its allosteric properties, because inhibitor binding
to the allosteric site would affect catalysis. Inhibitors of LOX have frequently been
shown to act through a reductive mechanism, namely, where the drug transfers one
electron to the enzyme’s catalytic iron center, converting it to the inactive iron (II)
state; this property is characterized in detail in the following section.

1.3.3 Pseudoperoxidase assay

Understanding of the reductive properties of a particular inhibitor is important due
to possible toxicity issues that may arise, such as triggering methemoglobin formation
[89,90]. Not all reductive inhibitors display high toxicity, such as seen for AA-861
[91], and several topically active inhibitors (ionapalene [92]) display positive clinical
results with no major toxicity indicated. In addition, reductive moieties, such as
hydroxamic acids and hydroxyurea, act as radical scavengers as well, with the
commercially available Zileuton containing a hydroxyurea motif [78].

One of the main methods for determining if an inhibitor is a reductive inhibitor is
the pseudoperoxidase assay. This assay is an O, independent reaction, where
lipoxygenase catalyzes fatty acid hydroperoxide decomposition with a reductant
present to oxidize the iron back to its ferric form. A variety of reductive inhibitors can
serve as substrates in this pseudoperoxidase reaction, such as N-hydroxyureas,
hydroxybenzofurans, hydroxamic acids, hydroxylamines, and catechols [4,14,82].

The activity of these inhibitors is derived by their ability to reduce the Fe(lll) enzyme

12



to the inactive Fe(ll) state. This reaction involves a one-electron reduction of the fatty
acid hydroperoxide, rather than the standard peroxidase reaction of two-electron
reduction. The proposed products of this pseudoperoxidase reaction are an alkoxide
radical and an inhibitor radical [82,93]. In the literature, these reductive inhibitors are

more effective substrates for 5-LOX than the other LOX isozymes [93,94].
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1.4 Scope of Dissertation

This dissertation summarizes three distinct investigations of lipoxygenase.
Chapter 2 examines LOX allostery through the comparison of various modifications
of 15-LOX-2 via extensive structural and kinetic experimentation. In particular, we
have focused on a mutant with no PLAT domain to gain insight into its involvement
in allostery and enzyme function. Chapter 3 presents structure activity investigations
for a novel phenylenediamine inhibitor of 5-LOX. Over 80 distinct alterations to the
core structure where examined, with one having the phenylenediamine core translated
into the ketoconazole structure, a known anti-fungal. This novel compound
demonstrates dual CYP51/5-LOX inhibitory properties, which could have
ramifications for anti-fungal therapies. Chapter 4 investigates the pseudoperoxidase
activity of LOX and examines the accuracy of the assay to characterize reductive
inhibitors. We evaluated various isozymes, 5-LOX, 12-LOX, 15-LOX-1, and 15-
LOX-2, using the colorimetric as well as UV spectroscopic pseudoperoxidase assay
and found that both techniques are accurate in determining the reductant properties of

most of the inhibitors.
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Figures 1.5

Figure 1.1. The LOX reaction scheme.
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Chapter 2

Investigations into the PLAT domain and the allosteric binding site of

human epithelial 15-lipoxygenase-2

2.1 Introduction

The inflammatory response in humans is regulated by fatty acid signaling
cascades, which are initiated by the oxidation of polyunsaturated fatty acids. Three
classes of enzymes catalyze this oxidation: cyclooxygenase (COX) [1]; cytochrome
P450 [2]; and lipoxygenase (LOX) [3], which is the focus of this study.
Lipoxygenases (LOX) are a family of iron-containing metalloenzymes that utilize a
non-heme catalytic center to incorporate molecular oxygen into a variety of fatty
acids. There are three main LOXs of pharmacological importance, 5-LOX, 12-LOX
and 15-LOX, which are named according to the position on arachidonic acid (AA)
where the oxygen reacts [4]. The peroxidation of AA by different LOXs results in
position-specific hydroperoxyeicosatetraenoic acid (HPETE) products [5], which are
responsible for maintaining the homeostasis of the inflammatory response [6], and
have also been implicated in many human diseases, such as asthma [7], psoriasis [8],
atherosclerosis [9], cancer [10], heart disease [11,12] and diabetes [13], to name a
few. Allosteric regulation of enzymes is a critical process in biochemistry[14,15,16],

and has recently emerged as an important aspect of LOX activity [17,18,19]. As
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mentioned above, there are numerous LOX isozymes involved in the complex process
of inflammation, and allosteric regulation could play a role in the inflammation
response. The first discovery of allosteric regulation of LOX was identified with
human leukocyte 5-LOX, where ATP and Ca®* were shown to increase enzymatic
activity significantly [20-23]. This was followed by the discovery that soybean LOX-
1 and reticulocyte human 15-LOX-1 (15-LOX-1) could be allosterically inhibited by
the synthetic fatty sulfate, oleyl sulfate (OS) [24]. OS is bound with considerable
affinity to an allosteric binding site on both soybean LOX-1 (Kp = 0.6 uM) and 15-
LOX-1 (Kp = 0.4 uM). This was seen by steady-state inhibition kinetics, an increase
in their Kinetic isotope effects (KIE) and by stopped-flow kinetics. These results
demonstrated that OS binding to soybean LOX-1 did not interfere with enzyme
activation [25]. The role of the allosteric site was further refined by the discovery that
LOX products, such as 13-(S)-hydroxyoctadecadienoic acid (13-(S)-HODE), could
bind to the allosteric site of both 15-LOX-1 and human epithelial 15-LOX-2 (15-
LOX-2) and change the substrate specificity with respect to AA and linoleic acid
(LA) [17,18]. The substrate specificity was shown to be pH dependent for 15-LOX-2,
which was hypothesized to be due to a change in allosteric effector binding. A
docking model was proposed, placing the allosteric binding pocket between the
polycystin-1 lipoxygenase alpha-toxin (PLAT) domain (i.e. the beta domain) [17] and

the catalytic domain of 15-LOX-2. Specifically, the docking model suggested that the
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carboxylic acid of 13-(S)-HODE interacted with His627 at the bottom of the cleft
between the two domains [18].

Additional studies have indicated that Ci3 and Cy fatty acid substrates have
distinct responses to pH. This observation was confirmed with steady-state kinetics,
where the kear and keaKm of (y)-linolenic acid (GLA) (Cis) are decreased with
increasing pH, while the same kinetic parameters of arachidonic acid (AA), dihomo
(y) linolenic acid (DGLA), eicosadienoic acid (EDA) and eicosapentaenoic acid
(EPA) (Cy) are increased with increasing pH [19]. It was also discovered that
addition of the Cig lipid products, 13-(S)-HODE and 13-(S)-HOTrE(y), mirror the
kea/Km pH effect, with an increase in the AA/GLA ratio and are partially additive,
with the AA/GLA Kkcai/Kw ratio increasing from 0.62 (pH 7.5 and no products added)
to 6.8 (pH 8.5 and 15 uM product added), an 11-fold increase. In addition, these two
allosteric effectors, 13-(S)-HODE and 13-(S)-HOTrE(y), display hyperbolic kinetics
with similar K; values, 9.8 +£ 0.2 uM and 4.9 + 0.7 uM, respectively [19]. However,
the K; of 13-(S)-HODE is pH dependent and the effect of 13-(S)-HODE on the Ky is
2.1 fold greater than that of 13-(S)-HOTrE(y).

Previous studies on the role of the PLAT domain of LOX suggested that it is
important for membrane association of various LOX isozymes [26-30]. PLAT
domain truncation proteins, such as the soybean LOX-1"""AT rabbit 15-LOXNPHAT,
15-LOX-1NPEAT 15 OX-2VPHAT human platelet 12-LOXNPEAT (12-LOXNPEATY,

all displayed a reduction in liposome affinity; however, mouse leukocyte 5-
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LOXNPAT displayed no change in affinity, possibly due to a compensatory effect on
membrane binding produced by its association with the 5-LOX activating protein
(FLAP) [26-30]. It was also found that loss of activity accompanied PLAT domain
removal for almost all the LOX isozymes investigated, except soybean LOX-1NMAT,
the activity of which increased upon partial trypsin cleavage [30]. Interestingly, not
only was the absolute activity decreased for rabbit 15-LOX """ and human 15-
LOX-1NPLAT “but their rates of auto-inactivation increased as well [26,27]. In the
present study, we have further investigated the role of the PLAT domain in both the
allosteric effect and catalysis of 15-LOX-2. The results indicate that the PLAT
domain has a minimal role on enzyme activity, yet is directly involved in the
allosteric properties.

2.2 Results and discussion

2.2.1 Protein purification and metal content.

Methods developed for structural genomics studies of eukaryotic proteins were
applied to the expression and purification of 15-LOX-2 and 15-LOX-2""-AT [19].
Briefly, the Hise-MBP-fusion protein (16 hrs growth, 20° C and no IPTG) was passed
over an IMAC column. After cleavage with TEV protease [34] and subtractive
IMAC, approximately 30 mg of 90% pure protein (SDS-PAGE) was isolated; the
purity is comparable to that previously achieved using the SF9 expression system

[33]. However, ICP-MS data indicated that the pure 15-LOX-2 and 15-LOX-2NP-AT

had iron content ranging from 25-45%, which is higher than previous 15-LOX-2
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preparations [17,18,24]. The unique benefits of this expression and purification
method were its high yield in E. coli and increased metal content, yielding a highly
active protein.
2.2.2 Characterization of steady-state kinetics with arachidonic acid and gamma
linoleic acid.

To investigate the elicited effect resulting from removal of the PLAT domain,

steady-state kinetics were conducted with15-LOX-2NPHAT

(normalized to metal
content) at 22° C in 25 mM HEPES, 150 mM NaCl, pH 7.5, using both AA and GLA
as substrates (Table 1.1). The kea value was previously determined to be 1.5 + 0.03 s
! for AA and 1.8 + 0.03 s for GLA for 15-LOX-2 [19]. A slight loss in activity was
observed for 15-LOX-2"""AT with a ks value of 0.75 + 0.03 s for AA, and 0.99 +
0.04 s for GLA [19]. The loss in ke after removal of the PLAT domain is consistent
with previous results of Kuhn and coworkers, however, they observed a smaller
decrease in kear (AA) for rabbit 15-LOXNPAT of 229 [26]. Additional works
discovered that the mouse leukocyte 5-LOXNP*AT (D114) only retained 9% of its
native ke, this increased inactivation is attributed to the higher instability of 5-LOX
[27]. The kca/ Ky Value of 15-LOX-2 for GLA has been shown to be 0.40 + 0.04 (uM"
L'shy for AA, and 0.64 + 0.01 (uM™ s™) [19], whereas we measured for 15-LOX-
2NPLAT 3 kK value of 0.21 + 0.02 (uM™ s™) for AA, and 0.16 + 0.02 (uM™ s™)
for GLA. The decrease in the kea/Kym Vvalue after the removal of the PLAT domain is
also consistent with the previous results of Kuhn and coworkers, however, these
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authors recorded a larger decrease in the catalytic efficiency for AA, 87% versus
47%, for 15-LOXNPHAT and 5-LOXNP-AT) respectively [26,27]. In comparing the
substrate specificity of 15-LOX-2""AT it is observed that the (Kea))™"/(Kea))®-" does
not change much relative to 15-LOX-2, 0.76 + 0.06 and 0.83 * 0.03, respectively.
However, the (kea/Kn)*/(kea/Ki)®-* ratio is different, with a ratio of 1.3 + 0.3 for
15-LOX-2""AT and a ratio of 0.62 + 0.04 for 15-LOX-2. These data indicate that the
removal of the PLAT domain shifts the substrate preference of the rate of substrate
capture for 15-LOX-2"""AT towards AA.

2.2.3 CD half-transition temperature determination.

To explore the structural alterations resulting from the removal of the PLAT
domain, thermal stabilities were measured. As seen in Figure 1, both 15-LOX-2 and
15-LOX-2N"AT undergo a loss in secondary structure with a two-state unfolding
transition, with a Tso between 40-45° C for both proteins. These data indicate that the
stability of the truncated protein to be approximately the same as the wild-type
protein (Figure 2.1) and that their differences are not due to large scale thermal
stability differences.

2.2.4 Substrate specificity pH profile using the competitive substrate capture
method.

Previously, it was proposed, using homology modeling, that the allosteric site in
15-LOX-2 was in a cleft between the PLAT and catalytic domains and that the pH-

dependent substrate specificity was due to the protonation of His627 at the bottom of
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the allosteric site [17,18]. To further explore whether the PLAT domain or His627
were responsible for giving rise to the pH effect, the CSC method was employed to
evaluate the various enzymes pH profile. The competitive substrate capture ratio of

substrate turnover for 15-LOX-2NPHAT

was determined using an AA:LA reaction
mixture (25 mM HEPES, pH 7.5, and pH 8.5, 22° C). It was found that the
(keat/ Kn) ™ (Kea Kn) - ratio for 15-LOX-2N"AT was 2.5 + 0.2 at pH 7.5 and 3.6 + 0.3
at pH 8.5 (Table 2.2). The AA metabolism dependence on pH was comparable
between 15-LOX-2 and the 15-LOX-2"""AT 'indicating that the PLAT domain makes
essentially no contribution to the pH effect. As mentioned above, we hypothesized
that the allosteric effector molecule will bind in the cleft between the two domains of
15-LOX-2, with His627 being critical for interaction with the carboxylate group on
the effector molecule. In order to test this hypothesis, His627 was mutated to alanine
and its pH dependence of the substrate specificity investigated. The
(keat/ Kn) ™ (Kea/ Kn) - ratio was determined to be 1.8 + 0.1 at pH 7.5 and 3.1 + 0.1 at
pH 8.5, for the mutant protein, 15-LOX-2"%*"" These results indicate that His627
does not contribute to the pH dependence of the (KeaKm)™/(kead/ Km) ratio, as was
hypothesized previously [17,18]. It should be noted that the CSC AA/LA ratio was
different from that measured by steady-state Kinetics, which is common in these

measurements due to the changing concentrations of both 15-(S)-HPETE and 13-(S)-

HPODE in the CSC reaction mixtures.
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2.2.5 Effect of pH on the steady-state substrate specificity kinetics of 15-LOX-2.

To probe the pH dependence of 15-LOX-2 further, steady-state kinetics pH
profiles were conducted on 15-LOX-2"""AT with AA and GLA. Previously
conducted pH kinetic data for 15-LOX-2 indicated that as pH increases, AA becomes
a more efficiently processed substrate, increasing both ke (1.5 = 0.03 to 2.0 + 0.04)
and kea/Km  (0.40 £ 0.04 to 0.76 + 0.07), with increase in pH from 7.5 to 8.5
[17,18,19]. However, for 15-LOX-2"""AT only the AA kea/Ky increases from 0.21 +
0.02 to 0.29 * 0.08 with increasing pH. Essentially no pH effect was elicited on Kcat,
0.75 + 0.03 to 0.72 + 0.04 in the case of 15-LOX-2"""AT  vyielding a
(kea)* 8>/ (Kear)™™""° ratio of 0.96 + 0.09. Thus the pH effect on 15-LOX-2NP-AT s
attributed to increased efficiency in substrate capture for AA (Kca/Kw), unlike for 15-
LOX-2, where an increase in both product release (kcar) and substrate capture (Keai/ Km)
occurred. This pH effect is best viewed in the expression (Keat/Kn)™ &>/ (Kead K™,
where 15-LOX-2 and 15-LOX-2""“AT displayed a relatively conserved response,
with values of 1.9 + 0.2 and 1.4 £ 0.5, respectively (Table 2.3). These data indicate
that removal of the PLAT domain eliminates the ks (product release) pH effect, but
that kca/ Ky (Substrate capture) is still affected by pH.
2.2.6 Effect of 13-(S)-HOTrE (y) and 13-(S)-HODE on GLA steady-state
substrate kinetics.

Previously it was discovered that there is a different allosteric effect between 13-

(S)-HODE and 13-(S)-HOTrE(y) upon 15-LOX-2, with GLA as the substrate [19].
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These data demonstrated that 15-LOX-2 exhibited a hyperbolic inhibitory response to
increasing amounts of 13-(S)-HOTrE(y) with a K; (the strength of binding) of 4.9
0.7 uM, an a (the change in Ky) of 3.5 £ 0.2 and a B (the change in kgy) of 1.2 + 0.02
[19]. These studies were conducted with 15-LOX-2"""T and in place of a hyperbolic
inhibitory response; we observed poor competitive inhibition with GLA upon
increasing amounts of 13-(S)-HOTrE(y). The Ku(app) for GLA was increased from
6.3 UM to ~7.0 pM (Figure 2.2), and a decrease in kea/ Ky from 0.16 pM “s™ to ~0.14
uM “s*(Figure 2.3) was observed. These data indicate a severely reduced allosteric
effect for 15-LOX-2"AT elicited upon introduction of 13-(S)-HOTrE(y), generating
a linear fit K; value of 218 + 38 uM, whereas 15-LOX-2 previously displayed
hyperbolic kinetics with a Kiof 4.9 £ 0.7 uM [19].

Previous examination of 13-(S)-HODE with 15-LOX-2 demonstrated a conserved
response relative to 13-(S)-HOTrE(y), where an inhibitory hyperbolic fit was
observed, with an o value of 7.3 + 0.06, a  value of 1.2 + 0.02 and a K;value of 9.8 +
0.2 uM [19]. Divergent from the results with 13-(S)-HOTrE(y) and 15-LOX-2NPHAT,
increasing amounts of 13-(S)-HODE with 15-LOX-2"°PAT evoked a hyperbolic
inhibitor effect, allowing for evaluation of the microscopic rate constants. These data
revealed an o value of 4.9 £ 1.9 and a K value of 6.1 = 1.7 uM from the Ky plot
(Figure 2.4) for the 15-LOX-2"""AT "indicating similar but reduced allostery for 15-
LOX-2"PLAT relative to 15-LOX-2. The 15-LOX-2"AT displayed a p value of 1.6 +

0.2 (Figure 2.5), which highlights the conserved 13-(S)-HODE allosteric response for
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both 15-LOX-2 and 15-LOX-2"""AT, The fact that 13-(S)-HODE elicits an allosteric
effect on 15-LOX-2"AT but 13-(S)-HOTrE(y) does not, is difficult to explain. Our
group previously determined that 13-(S)-HODE and 13-(S)-HOTrE(y) have different
15-LOX-2 binding properties, with 13-(S)-HODE binding being pH dependent, while
13-(S)-HOTrE(y) binding is not. These 15-LOX-2 data indicate that the two allosteric
effectors may bind to the same site with different constraints or they may bind to
distinct sites. The stronger allosteric effect elicited by 13-(S)-HODE with 15-LOX-2
may reflect a more stable or distinct binding interaction versus that of 13-(S)-
HOTTE(y), which is partially intact within the 15-LOX-2"""AT. These data clearly
demonstrate that the PLAT domain is involved in the allosteric properties yet is not
solely responsible; in the case of 13-(S)-HODE it may only play a minor role in the
catalysis of GLA oxidation. The 15-LOX-2""*AT allosteric data indicate that the
PLAT domain affects the allostery of 13-(S)-HOTrE(y), however, it does not
significantly affect the allostery of 13-(S)-HODE. Considering that the structure of
13-(S)-HODE only differs from 13-(S)-HOTrE(y) by one less double-bond, it is
unclear if the PLAT domain alters the structure of the catalytic domain to
differentially affect its allosteric response between the two LOX products or if the 13-
(S)-HOTrE(y) binding site is completely abolished with the removal of the PLAT
domain. If it is the former and the PLAT domain stabilizes the catalytic domain, it is a

subtle effect because the structures of the two LOX products are so similar and the
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overall stability of 15-LOX-2""AT is comparable to 15-LOX-2, as witnessed by the
similar thermal stabilities.
2.2.7 Effect of 13-(S)-HODE on AA steady-state substrate kinetics.

Previous reports have highlighted an activation of 15-LOX-2 AA catalysis upon
13-(S)-HODE addition as reflected by an increase in the kca/ Ky 0f AA for 15-LOX-2
(0.40 £ 0.02 pM s t0 0.66 + 0.07 uM™s™) [19]. To further investigate the effect of
PLAT domain removal on 13-(S)-HODE allostery, we conducted steady-state kinetics
on 15-LOX-2"""AT with 13-(S)-HODE. The kinetic parameters of 15-LOX-2""-AT
with AA and 15 pM 13-(S)-HODE added are listed in Table 2.4. These data show a
very distinct response associated with the truncation, specifically, 13-(S)-HODE was
shown to inhibit 15-LOX-2"""AT decreasing the kea/Kw of AA from 0.21 + 0.02 uM™
st t0 0.14 + 0.01 uM™s? (Table 2.4). These findings are better displayed by the

Wl 13-(S)-HODE Ky W0 13- (HODE ratin, with a

relative differences in the (Kca/Kwm)
value of 1.7 + 0.2 for 15-LOX-2 and a value of 0.69 + 0.1 for 15-LOX-2""HAT,
Examination of the 13-(S)-HODE effect on kg revealed no effect for 15-LOX-
2NOPLAT “with a (Kea)) W 2 OHOPE (K q) VO B3HOHODE of 0.99 + 0.05, while a ratio of
0.87 £ 0.03 was observed for 15-LOX-2 [19]. These data indicate an altered allosteric
response for 15-LOX-2"-AT catalysis of AA oxidation in the presence of 13-(S)-
HODE. Considering that the removal of the PLAT domain had limited effect on GLA
catalysis with 13-(S)-HODE present, but a dramatic effect on GLA catalysis in the

presence of 13-(S)-HOTrE(y). We interpret the 13-(S)-HODE/AA data as supporting
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the hypothesis that the allosteric site is still present in the catalytic domain, but that
removal of the PLAT domain alters its binding selectivity and resulting effect on
catalysis. Continued research is underway to further understand the location and the
behavior of the allosteric site of 15-LOX-2.

2.2.8 Size-exclusion chromatography.

Recently, it was proposed that a monomer-dimer equilibrium could account for
the rabbit 12/15-LOX allosteric effect induced by 13-(S)-HODE [37]. A similar
hypothesis has been proposed for COX, that its substrate specificity is affected by an
allosteric-induced conformational heterodimer [38]. To investigate the oligomeric
state of 15-LOX-2, we conducted SEC experiments to evaluate the monomer-
oligomer equilibrium for 15-LOX-2 and 15-LOX-2"""AT. The 15-LOX-2
chromatogram displayed two major peaks, with the first peak (24 min.) corresponding
to the void volume of the column and indicating a very high order oligomer. The
second major peak (42 min.) corresponds to the monomer species, with bovine serum
albumin (67 kDa) as a standard (Table 2.5). A minor peak was observed in between
these two predominate peaks, suggesting a smaller oligomer, possibly a dimer or
tetramer. A similar SEC trace was found for 15-LOX-2"""AT  however, the
dimer/tetramer peak is increased in amplitude such that all three peaks are of similar
area (Table 2.5). These data suggest that removal of the PLAT domain leads to
higher oligomeric states at high concentrations (50 uM), an observation previously

reported for 12-LOX [28]. Considering that 15-LOX-2"°""AT does not manifest a
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large allosteric effect, the higher oligomeric states do not appear to be the
allosterically activated state of the protein. However, these measurements were
conducted at concentrations significantly greater than that of the kinetic experiments,
so it is difficult to assume that these higher oligomeric states would exist at the lower
concentrations.

2.2.9 Dependence of CD spectra on protein concentration.

Considering that the above data indicate that 15-LOX-2"""AT has a higher
propensity to aggregate than 15-LOX-2, the concentration dependence on the CD
spectra of 15-LOX-2 and 15-LOX-2"""AT was investigated. The CD data for both
15-LOX-2 and 15-LOX-2""AT demonstrate a loss in their 210 nm signal (a-helical
secondary structure), relative to the 220 nm signal (B-sheet secondary structure), upon
increasing their protein concentrations from approximately 2 to 18 uM. Plotting the
220/210 nm ratio demonstrated comparable concentration dependence for the two
proteins, with 15-LOX-2"""AT showing a slightly smaller effect at the highest
concentration (Figure 2.6). This result indicates an increase in the [ sheet structure
relative to a-helical structure with increasing protein concentration for both 15-LOX-
2 and 15-LOX-2""*AT, The 220/210 nm ratio decreased upon dilution of both 15-
LOX-2 and 15-LOX-2"P"AT "indicating the structural change was reversible. Similar
effects have been seen previously, an increase in a-helical structure with increasing
protein concentration [39]; for example an increase in oligomerization of tyrosine

hydrolase upon incubation with tetrahydrobiopterin triggers a loss in 210 nm intensity
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[40,41,42]. Since this structural change occurs with both 15-LOX-2 and 15-LOX-
2VPLAT ‘the change presumably originates in the catalytic domain. Finally, the change
in the 220/210 ratio was not induced upon the addition of 13-(S)-HODE. This data
indicates that this structural change is not related to the allosteric effect, considering it
is observed for both 15-LOX-2 and 15-LOX-2"""*T and that 13-(S)-HODE had no
effect.
2.3 Conclusion

In summary, the removal of the PLAT domain resulted in an active 15-LOX-
2NPLAT “retaining 50% of its catalytic rate for both AA and GLA. However, 15-LOX-
2NPLAT displayed an unaltered Ky value for AA, whereas the Ky for GLA roughly
doubled, indicating that the PLAT domain influences substrate specificity. The CD
melt temperature measurements revealed identical profiles for 15-LOX-2 and 15-
LOX-2"PLAT “indicating no significant effect on protein stability resulting from the
PLAT domain removal. Competitive substrate capture (CSC) and steady-state
experiments indicated that the pH dependence of AA/LA substrate specificity
remained intact for 15-LOX-2"""AT and 15-LOX-2"%" suggesting the origin of the
pH sensitivity is centered in the catalytic domain. However, the removal of the PLAT
domain did affect allostery, with the 13-(S)-HOTrE(y) hyperbolic inhibition of GLA
oxidation and the 13-(S)-HODE activation of AA being completely abolished.

Interestingly, 13-(S)-HODE still displayed an allosteric effect with 15-LOX-2"NF-AT,

similar in nature to previous work on 15-LOX-2 with GLA. These data suggest that
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the allosteric site is located in the catalytic domain but that removal of the PLAT
domain affects both the binding constraints and catalytic effects of the allosteric site.
Finally, the SEC and CD experiments do not support the hypothesis that loss of
allostery for 15-LOX-2"""AT is due to a loss in 15-LOX-2 oligomerization. However,
further experiments are required to rule out this hypothesis. In summary, these data
demonstrate that the PLAT domain is non-essential for enzyme activity and stability,
but does play a role in allosteric regulation. Continued efforts are underway to refine
our understanding of the allosteric properties of 15-LOX-2.
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2.5 Materials and methods
2.5.1 Materials.

All commercial fatty acids (Sigma-Aldrich Chemical Company, and NuCheck)
were stored at 80 °C for a maximum of 6 months. LOX products were generated by
reacting substrate with the appropriate LOX isozyme (13-(S)-HPODE from soybean
LOX-1 and LA, 15-(S)-HPETE from soybean LOX-1 and AA). Products were
generated in the following manner. An assay of 500 mL of 50-100 uM substrate was
run to completion, reactions were quenched with 5 mL acetic acid, extracted three
times with 100 mL of dichloromethane, evaporated to dryness, and reconstituted in
MeOH for HPLC purification. The products were HPLC purified using an isocratic
elution of 75% MeOH: 25% H,0: 0.1% acetic acid. All products were tested with
enzyme to show that no residual substrate was present, as well as tested using
analytical HPLC. The reduced products were purified in a similar fashion; however,
trimethylphosphite was added to selectively reduce the peroxide to the alcohol
moiety. All other chemicals were reagent grade or better and used without further
purification.

2.5.2 Overexpression and purification of lipoxygenase isozymes and mutants.

Human reticulocyte 15-lipoxygenase-1 (15-LOX-1) was expressed as N-
terminally, His6-tagged proteins and purified to greater than 90% purity [31,32].
Human prostate epithelial 15-lipoxygenase-2 (15-LOX-2), without a His6-tag, and

15-LOX-2"92" were expressed and purified as previously published [19,33]. The 15-
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LOX-2"%%"A mutation was generated with a QuickChange protocol (5
CCTATCCGGATGAGGCCTTCACAGAGGAG-3'), and confirmed by sequencing.
Purification of the 15-LOX-2 PLAT domain truncation mutant (15-LOX-2N"-AT)
was carried out using a construct encoding a fusion protein consisting of an N-
terminal His8-tag fused to maltose. The parent plasmid used in these studies,
pVP68K, is available from the Protein Structure Initiative Materials Repository,
http://www.psimr.asu.edu. The 15-LOX-2"""AT fusion was expressed using the
pVP68K-Ndeltal88 plasmid in Escherichia coli BL21 (DE3). For expression of
protein, the host cells were grown to 0.6 OD at 37° C, the cells were then induced by
dropping the temperature to 20° C and grown overnight (16 h). The cells were
harvested in 2 L fractions at a velocity of 5,000 g, followed by snap freezing in liquid
nitrogen. The cell pellets were resuspended in buffer A (25 mM HEPES, pH 8,
containing 150 mM NaCl) and lysed using a Power Laboratory Press. The cellular
lysate was centrifuged at 40,000 g for 25 min, and the supernatant was loaded onto an
NTA-Ni affinity column. The column was washed with 15 mM imidazole in buffer
A, followed by elution with 250 mM imidazole in buffer A (no NaCl). 15-LOX-
2NPLAT fractions were collected and pooled together and then dialyzed for 1 h against
25 mM HEPES, pH 7.5. The protein was then removed from the dialysis bag and
cleaved with His6-TEV protease for 1.5 h, followed by second dialysis for 1 h in 25
mM HEPES, pH 6.5, containing 150 mM NaCl. The cleaved 15-LOX-2"""AT sample

was then passed through tandem NTA Nickel and Amylose columns equilibrated in
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buffer A containing 15 mM imidazole, and fractions with greater than 90% purity, as
judged by SDS-PAGE, were pooled. In this purification protocol, the His6-tagged
TEV and uncleaved His8-MBP-15-LOX-2""AT fusion protein were bound to the

columns. The resulting 15-LOX-2NPHAT

was concentrated by ultrafiltration (30 kDa
molecular mass cut-off), combined with glycerol to 20% (v/v) and then snap-frozen
in liquid nitrogen. The TEV protease was used as previously described [34].
Overexpression and purification of soybean LOX-1 followed a protocol outlined
previously [31]. All enzymes were purified to greater than 90% purity, as evaluated
by SDS-PAGE. Iron content of 15-LOX-2 and 15-LOX-2"""AT were determined
with a Thermo Element XR inductively coupled plasma mass spectrometer (ICP-
MS), using cobalt or scandium (EDTA) for 15-LOX-2 and 15-LOX-2VF-AT
respectively, as an internal standard. Iron concentrations were compared to standard
iron solutions.

2.5.3 Steady-state Kinetic measurements and pH profile.

Lipoxygenase rates were determined by following the formation of the conjugated
diene product at 234 nm (¢ = 25,000 M™ cm™) with a Perkin-Elmer Lambda 40
UV/visible spectrometer. All reactions were 2 mL in volume and constantly stirred
using a magnetic stir bar in 25 mM HEPES, 150 mM NaCl, pH 7.5 or 8.5, at 22° C,
with substrate concentrations ranging from 1 uM to 30 uM. Assays were initiated by
the addition of 15-LOX-2 and 15-LOX-2""AT (200-500 nM, normalized to iron

content), and all substrate concentrations were quantitatively determined by allowing
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the enzymatic reaction to go to completion. Kinetic data were obtained by recording
initial enzymatic rates at each substrate concentration, which were then fitted to the
Michaelis-Menten equation using KaleidaGraph (Synergy) to determine the ke, and
Kear/Km values [17,18,35,36,].

2.5.4 CD half-transition temperature measurements.

Protein unfolding was monitored by CD measurements at 220 nm using an AVIV
CD Spectrometer model 62DS in a 0.1 cm quartz cuvette. Each sample consisted of 5
UM enzyme in a volume of 200 pL, solubilized in 25 mM HEPES 150 mM NacCl, pH
7.5, for evaluation of 15-LOX-2 and 15-LOX-2"""AT. Measurements were made
between 10-80° C at intervals of 5° C except close to Tso, where the intervals were
decreased to 2° C. Each temperature recording was after a 10 min equilibration
period.

2.5.5 Allosteric effects of 13-(S)-HODE and 13-(S)-HOTrE(y) on AA and GLA
metabolism.

Lipoxygenase rates were determined by following the methodology outlined
within the previous outlined steady-state kinetic measurement section. Products (13-
(S)-HODE and 13-(S)-HOTrE(y)) were evaluated at 5, 15, and 30 uM concentrations
for 15-LOX-2"""AT with substrate GLA. The allosteric properties of 13-(S)-HODE
on AA catalysis were investigated at 15 uM. K; and K;- were evaluated for GLA
metabolism for both enzymes, with 13-(S)-HODE and 13-(S)-HOTrE(y), to
investigate the mode of action.

44



2.5.6 Size-Exclusion Chromatography.

Size-exclusion chromatography (SEC) was conducted to evaluate whether
removal of the PLAT domain altered the distribution of monomer and oligomer
species of 15-LOX-2. Samples were prepared in 25 mM HEPES, pH 7.5, at 4° C. 300
uL injections of 35 pM 15-LOX-2 and 50 pM 15-LOX-2""AT were made onto a GE
Superdex 200 on a Biorad FPLC. The samples were run at 4° C in 25 mM HEPES,
pH 7.5, containing 150 mM NacCl, at a flow rate of 0.33 mL/min. Calibration of the
column to identify monomer elution time was accomplished through use of Bovine
Serum Albumin (BSA). BSA was selected due to its similar molecular weight,
globular nature, and almost exclusive (95%) monomer state. Monomer protein
resolution time was determined for the BSA control in 50 mM Tris buffer, pH 7,
containing 150 mM NaCl with a 300 pL injection of a 8 mg/mL sample, at a flow rate
of 0.33 mL/min.

2.5.7 CD protein concentration profile.

Changes in CD signals at 210 and 220 nm, were recorded at various protein
concentrations using a AVIV CD Spectrometer model 62DS in a 0.1 cm quartz
cuvette. Each sample consisted of 200 pL of 25 mM HEPES, pH 7.5, at 22° C, for
evaluation of 15-LOX-2 and 15-LOX-2"""AT_ Protein concentration profiles ranged
from 2.2 - 175 pM and 1.6 — 25 pM for 15-LOX-2 and 15-LOX-2NPAT

respectively.
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2.6 Figures

Figure 2.1 CD half-transition temperature (Tso) measurement for 15-LOX-2 (@, red
circles) and 15-LOX-2""-AT (M, blue squares). Enzyme assay was performed in 25
mM HEPES buffer (pH 7.5) between 10-80° C.
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Figure 2.2 Steady-steady kinetics of allosteric effects of 13-(S)-HOTrE (y) on GLA
metabolism. Enzymatic assays were performed with GLA substrate in 25 mM
HEPES, 150 mM NaCl buffer (pH 7.5), at 22° C.
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Figure 2.3 Steady-steady kinetics of allosteric effects of 13-(S)-HOTrE (y) on GLA
metabolism. Enzymatic assays were performed with GLA substrate in 25 mM
HEPES, 150 mM NaCl buffer (pH 7.5), at 22° C.
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Figure 2.4 Steady-steady kinetics of the allosteric effects of 13-(S)-HODE on GLA
metabolism. Enzymatic assays were performed with GLA substrate in 25 mM
HEPES, 150 mM NaCl buffer (pH 7.5), at 22° C.
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Figure 2.5 Steady-steady kinetics of the allosteric effects of 13-(S)-HODE on GLA
metabolism. Enzymatic assays were performed with GLA substrate in 25 mM
HEPES, 150 mM NaCl buffer (pH 7.5), at 22° C.
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Figure 2.6 CD spectral changes in 220/210 nm ratio resulting from increased protein
concentration of 15-LOX-2 (red circles) and 15-LOX-2"""AT (blue squares) (25 mM
HEPES, 150 mM NaCl, pH 7.5, 22°C.
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2.7 Tables

Table 2.1 Kinetic values for 15-LOX-2 and 15-LOX-2"""AT with AA and LA as

substrates. Enzymatic reactions were performed in 25 mM HEPES buffer at 30° C.

*[19]
Substrate AA GLA AA GLA
15-LOX- 15-LOX- 15-LOX- 15-LOX-
Enzyme a a NoPLAT NoPLAT
2 2 2 2
4 0.75 + 0.99 +
Keat (5™) 1.5+0.03 [1.8+0.03 0.03 0.04
(kea)™/ 0.83 + 0.76 +
(kear)®* 0.02 0.04
Kw (uM) 3.8+0.4 2.8+0.1 3.6+0.3 6.3+0.7
4 0.40 + 0.64 + 0.21+ 0.16 +
KearlKna (LM™57) 0.02 0.03 0.02 0.02
(Keat/ Kn) ™/ 0.62 +
(Keat/Knp) O 0.04 1302
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Table 2.2 pH dependence of the substrate specificity (Keat/Kn) M (kea/ Kpp) = for 15-
LOX-2, 15-LOX-2P-AT and 15-LOX-2"9%"A using the competitive substrate
capture method. Enzymatic assays were performed at 1 pM substrate in 25 mM
HEPES buffer (pH 7.5, 8.5), at 22° C.

En Zyme pH (kcat/KM)AA/(kcat/KM) LA
15-LOX-2 pH 7.5 2.1+(0.1)
15-LOX-2 pH 8.5 3.4+ (0.3)

15-LOX-2NPLAT pH 7.5 2.5+ (0.2)
15-LOX-2NPLAT pH 8.5 3.6+ (0.3
15-LOX-2H6%A pH 7.5 1.8+0.1
15-LOX-2"62"A pH 8.5 31+0.1
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Table 2.3_ Steady steady kinetics of pH dependence on AA metabolism. Enzymatic
assays were performed with AA substrate in 25 mM HEPES, 150 mM NaCl buffer
(pH 7.5, and pH 8.5), at 22° C.

*[19]
Substrate pH 7.5 pH 8.5 pH 7.5 pH 8.5
15-LOX- | 15-LOX-2 | 15-LOX- | 15-LOX-
4 0.75 + 0.72 +
Keat (5™) 1.5+0.03 | 2.0+0.04 0.03 0.04
0.96 +
(kea) ™ &>/ (Kear) " 1.3+ 0.04 0.07
Kw (uM) 38+03 | 26+02 | 36+03 | 25+05
4o 0.40 + 0.76 + 0.21 + 0.29 +
KearlKna (LM™57) 0.03 0.06 0.02 0.06
(keat/ Kn)" ™8I (Kead/ Km)P " | 1.9+0.2 1.4+0.3

54



Table 2.4 Steady steady kinetics of allosteric regulation by 13-(S)-HODE on AA

metabolism. Enzymatic assays were performed with AA substrate in 25 mM
HEPES, 150 mM NaCl buffer (pH 7.5), at 22° C.
“[19]
13-(S)- 13-(S)-
Product None HODE none HODE
Enzyme 15-L0X-2° | 15-Lox-2° | PL0X-2 | 15LOX-2
Keat () 15+003 | 1.3+002 067(‘;’; 0.74 +0.01
k w/ 13-(8)-HODE/ ) +
Ekzjt) wo 39O | 0.87 £0.02 Yo
Km (M) 3.8+0.3 20+0.3 3.6+0.3 51+0.3
11 021+
Keat/Km (LM 57) 0.40+0.03 | 0.66+0.01 0.02 0.14+0.01
(kcat/KM)
w/ 13(S)-HODE
+ +
I(keatlKnr) 1.7+0.2 0.69+0.1

w/o 13-(S)-HODE
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Table 2.5 Size Exclusion Chromatography of 15-LOX-2 and 15-LOX-2""AT (25
mM HEPES, 150mM NaCl, pH 7.5, 4° C). The monomer control sample, BSA (50
mM Tris buffer, pH 7, 150 mM NacCl, 4° C), is also shown.

Enzyme pH Chromatograph

15-LOX-2 pH 7.5 MJ\/J\\

15-LOX-2N°PHAT | pH 7.5

BSA pH 7
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Chapter 3

Discovery of a novel dual fungal cyp51/human 5-lipoxygenase inhibitor:

Implications for anti-seborrhoeic dermatitis therapy

3.1 Introduction

Human 5-lipoxygenase (5-LOX) has long been considered a possible therapeutic
target for inflammatory diseases. Asthma is the principal 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 [2-7]. The role of 5-LOX in acne vulgar, has been shown
to be related to the production of sebum in the derma [8]. 5-LOX has also been
implicated in another skin disease, seborrheic dermatitis (i.e. dandruff) [9], which is a
common chronic skin disorder that affects sebum-rich areas and shares some features
with psoriasis and atopic dermatitis. The pathogenesis of dandruff is complex and
appears to result from interactions among scalp skin, cutaneous microflora and the
cutaneous inflammation [10]. Recently, three inflammation biomarkers (IL-1alpha,
IL-1RA and IL-8) were associated with development of dandruff [10]. Of these

markers, IL-8 was shown to be induced by the production of leukotriene B4 (LTB4),
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indicating the involvement of 5-LOX in the cause of dandruff as LTB4 is a product of
5-LOX [11-13].

Ketoconazole is a widely used anti-fungal agent that is currently utilized as an
active ingredient in anti-dandruff shampoo [14,15]. Its mode of action is that it
inhibits fungal sterol 14a-demethylase (Ergll or CYP51) during ergosterol
biosynthesis, thus retarding fungal growth [16]. However, it has been proposed that
part of its effectiveness is due to anti-inflammation activity because it also inhibits 5-
LOX [17]. The anti-inflammatory effect of ketoconazole has also been seen for
itraconazole, a similar anti-fungal therapeutic [18], which suggests a common theme,
dual anti-fungal/anti-inflammatory for effective dandruff agents. Nevertheless, the
potency of ketoconazole and itraconazole against 5-LOX is poor, with 1Csy values
greater than 50 uM for both molecules, which indicates potential for improvement in
their anti-dandruff activity [17,18].

Numerous inhibitors for 5-LOX have been found [19-22], which can be generally
classified into three categories; reductive, iron ligands and competitive/mixed
inhibitors [7,23,24] (Figure 3.1); however, only one compound has been approved as
a drug, Zileuton [25,26]. Zileuton is a potent and selective 5-LOX inhibitor but its
mode of action is unusual for a therapeutic [24,27]. It contains an N-hydroxyurea,
which is proposed to chelate to the active enzyme’s ferric ion and reduce it to the
inactive ferrous ion [21,27,28]. In general, chelation/reduction is not considered a

viable mode of inhibition for a therapeutic because metal chelation tends toward
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promiscuous behavior with other metalloproteins, and reductive inhibitors can be
chemically inactivated in the cell [21,23,24]. Nevertheless, Zileuton has been shown
to not only be selective for 5-LOX but also efficacious in the cell [25-27], making this
class of inhibitors as a viable chemotype for 5-LOX inhibition. Other chelative
inhibitors, such as nordihydroguaiaretic acid (NDGA) [29-31] are also reductive due
to their facile nature of inner sphere electron reduction. NDGA contains a catechol
moiety, which binds to the active site ferric ion of 5-LOX, reducing it to the ferrous
ion, with the concomitant oxidation of the catechol moiety to the semiquinone. This
reactivity has previously been observed with the metalloenzyme, catechol
dioxygenase, the substrate (catechol) of which is activated to the semiquinone by the
active site ferric ion for oxidation by molecular oxygen [30,32,33]. There is also a
sub-classification of reductive 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, however, these appear
to have been discontinued during Phase Il clinical trials [3,34,35]. In the current
publication, phenylenediamine derivatives are presented as highly selective, non-
chelative, reductive inhibitors towards 5-LOX. One derivative, in particular, is similar
to ketoconazole in structure and demonstrates dual CYP51/5-LOX inhibitory

properties. This new chemical entity, which combines anti-inflammatory and

64



antifungal activities, is presented as a possible novel therapeutic against both the
fungal and inflammatory causes of dandruff.
3.2 Results and discussion

A novel 5-LOX inhibitor chemotype, phenylenediamine, was discovered while
screening for LOX inhibitors in our lab. Based on its chemical nature, the mode of
inhibition was postulated to arise from 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 1Cs
values[6,7,21,24], and is indicative of both the ease by 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 (Table 3.1) [36]. 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 of the
phenylenediamine (4, 5), induced complete loss of inhibitory potency. Interestingly,
substitution of only one nitrogen in the core phenyl ring (6) did not lower potency
dramatically, nor did methylation of the nitrogen (7).

The pseudoperoxidase assay, which requires a reductive inhibitor, was
subsequently conducted with these inhibitors to establish their reductive activity
against 5-LOX (Table 1). The results demonstrated that the pseudoperoxidase activity

paralleled the inhibitor potency, consistent with changes in the reductive potential of
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the inhibitors. Similar alterations of the core phenylenediamine structure were
previously used in a similar manner to determine the relationship between potency
and reductive properties [37-40]. For comparison, Zileuton and Setileuton were
screened as positive controls, with Zileuton being reductive and Setileuton being non-
reductive in their method of inhibition.

Determining ICso values for reductive inhibitors is challenging because their
relative potency is dependent on a combination of their reactivity with the active site
iron and their binding affinity. The binding affinity was investigated by changing the
substituents on either side of the phenylenediamine core. As seen in Table 3.2, the
chemotype core tolerated a large range of modifications, such as changing the steric
bulk on either side of the phenylenediamine core. The only modification in this small
set that showed a greater than 10-fold decrease in potency was inhibitor 10, which
was surprising given the activity of the related oxazoles 8 and 9. The relative lack of
potency dependence on inhibitor structure suggests that the active site can
accommodate a variety of inhibitor shapes and sizes, consistent with the large size of
the 5-LOX active site [41] and the relatively large 5-LOX inhibitors previously
discovered [7,21,24].

Steady state kinetics were conducted with compound 13. Plotting Ky/Vmax and
1/Vmax Versus inhibitor concentration yielded linear plots, with K, equaling 0.58+0.27
UM and K’ equaling 1.72+1.37 uM; these are defined as the equilibrium constants of

inhibitor dissociation from the enzyme and enzyme substrate complex, respectively
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(Supporting Materials, Figures 3.1 and 3.2). These values reflect a mixed-type
inhibition, which is common for lipoxygenase inhibitors [7,42]. Considering that
compound 13 is a reductive inhibitor, as seen by the pseudoperoxidase assay, it is
interesting to note that the catalytic site inhibition constant (K;) is similar in
magnitude to the 1Csp value of 13 (0.57+0.07 uM).

Selectivity of the inhibitor chemotype was evaluated by screening a variety of
LOX isozymes with a small subset of compounds (Table 3.3). Strong selectivity was
displayed against 5-LOX relative to the other isozymes, with selectivity being 80-fold
for 12-LOX, 75-fold for 15-LOX-1, and 30-fold for 15-LOX-2 (Table 3). The
chemotype also displayed strong selectivity when assayed against cyclooxygenase
(COX), with a 140-fold selectivity against COX-1 and a 240-fold selectivity against
COX-2. These combined results indicate that this chemotype has a strong selectivity
against 5-LOX versus a number of other arachidonic acid processing enzymes. As
controls, Setileuton and Zileuton also displayed excellent selectivity [25,26,34]
whereas baicalein did not [43].

A few inhibitors were then tested for efficacy in whole human blood, which is
known to express 5-LOX upon activation by an ionophore. Compounds 1 and 13
displayed roughly 50% inhibition at 10 uM drug dosing in whole blood, while the
positive control, Setileuton, was found to inhibit 100% at 10 uM (Table 2.4).
Compound 15 was also tested, but the potency was shown to be further reduced, with

less than 10% inhibition at 10 uM (Table 4). The cellular inhibition values for
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compounds 1 and 13 and Setileuton were diminished relative to the isolated-enzyme
inhibitor values. This result, along with results of other analogues failing to display
high potency, could indicate either non-specific interactions or metabolism of the
inhibitors by the cell. Ketaminazole (16) was also tested in whole human blood and
was shown to display reduced potency relative to in-vitro. However, its potency was
higher than that of ketoconazole, with the former displaying approximately 20-fold
reduction in potency, a similar trend was observed with Setileuton. Interestingly,
ketoconazole displayed a similar potency to the modified ketaminazole, improved
efficacy of anit-fungals may result from this enhanced anti-inflammatory property.
The determination of the reductive phenylenediamine core being the key potency
component and the fact that addition of large functionalities to either side of the
phenylenediamine core were well tolerated, led us to consider the similarity between
the chemotype discussed herein and ketoconazole (Table 3.5). Ketoconazole is a
CYP51 inhibitor with an azole that targets the active site heme and is a potent
antifungal, anti-dandruff medication [9,14]. In addition, ketoconazole was previously
determined to inhibit 5-LOX, although weakly [17]. Considering the similarity of
ketoconazole to our chemotype, we hypothesized that the low potency of the former
was most likely due to the absence of the phenylenediamine core, and thus inability in
reducing the active site ferric ion in 5-LOX. Thus, we modified the structure of
ketoconazole to include a diamine core (16, ketaminazole) and found that its potency

against 5-LOX increased over 70-fold compared to ketoconazole and that it became a
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reductive inhibitor, as seen by its activity in the pseudoperoxidase assay (Table 2.5).
The selectivity of the ketaminazole (16) was also investigated and found to
preferentially inhibit 5-LOX over 200 times better than that of 12-LOX, 15-LOX-1,
15-LOX-2, COX-1 and COX-2 (Table 5). This is most likely due to the large active
site of 5-LOX compared to the other human LOX isozymes.

The importance of the phenylenediamine core for reductive inhibition was further
verified using computational methods. Molecular modeling of possible inhibitor
binding modes within the active site of ketoconazole and ketaminazole was initiated
by deprotonating the amine groups at the phenylenediamine core and energy
minimization of the compounds with LigPrep. The inhibitors listed in Tables 3.1 and
3.2 were then docked against the crystal structure of the modified protein, Stable-5-
LOX (308Y), using Glide's “XP” (extra-precision) mode. Different trials, with
varying van der Waals scaling factors and alternating positional or hydrophobic
constraints linking the inhibitor to the active site, resulted in high-ranking binding
poses for several inhibitors depicting the deprotonated amine nitrogen within 10 A of
the catalytic iron. 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 or outer sphere mechanism. Docking of the larger inhibitors,
ketoconazole and ketaminazole (16), generated poses with similar Glide docking
scores to the other inhibitors studied, suggesting a comparable binding mode despite

the differences in 1Cso values. In several high-ranking binding poses, the amine/ester
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core was observed to be within 5 A of the catalytic iron (Figure 3.1), suggesting that
inhibition is weaker in ketoconazole than in ketaminazole (16) because it is lacking
the phenylenediamine core and thus it is not able to reduce the active site iron.

The docking poses of the phenylenediamine inhibitors not only suggest the amine
as a potential conduit of iron reduction, but they 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. To test this hypothesis, compounds 13 was incubated in buffer
constituted with D,O to deuterate the phenylenediamine core amine, and its ICs
value compared to the protonated amine, in H,O. A 2.4-fold increase in the ICs, for
13 was observed in D,0O, which is well below the Kinetic isotope effect expected for
hydrogen atom abstraction [44], suggestive of a proton independent outer sphere
reductive mechanism. To further verify this proton independent reductive mechanism,
compounds 1 and 7 (containing the protonated and methylated amine, respectively)
were investigated. Both were shown to have a similar increase in 1Csg values in D,O
and H,0, suggesting the effect does not involve the proton.

In order to evaluate the concept of improved 5-LOX inhibition for an anti-
inflammatory effect combined with antifungal potency we examined the effect of
ketaminazole (16) and ketoconazole for selectivity against which the human and C.
albicans proteins. Binding ketaminazole (16) and ketoconazole with both C. albicans

CYP51 (CaCYP51) and H. sapiens CYP51 (HsCYP51) produced strong type Il
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difference spectra (Figure 2) signifying direct coordination of the compounds as the
sixth ligand of the heme prosthetic group of CYP51 [45,46]. Ketoconazole and
ketaminazole (16) both bound tightly to CaCYP51 with Ky values of 44+7 and 70+6
nM, respectively. Tight binding is observed when the K for the ligand is similar to or
less than the concentration of CYP51 present [47]. The similar Ky values obtained for
ketoconazole and ketaminazole (16) suggest that both azoles would be equally
effective as antifungal agents against wild-type CaCYP51. This is understandable as
the CYP51 potency of this class of molecules is predominantly due to their azole
moiety, which is quite distant from the ketaminazole (16) modification of the
phenylenediamine core. This compares with reported Ky values of 10 to 50 nM
previously obtained for other azole antifungals against CaCYP51 [48]. Ketoconazole
bound 3.6-fold more tightly to HsCYP51 (Ky = 211+39 nM) compared to
ketaminazole (16) (Kq = 761+41 nM). The increased selectivity of ketaminazole (16)
for the fungal CYP51 over the host CYP51 homolog (10.9-fold based on Ky values) is
more than twice that of ketoconazole (4.8-fold), suggesting the potential for less off-
target activity for ketaminazole (16) (e.g. CYPs). Other reported azole-containing
anti-fungal agents have Ky values <100 nM for clotrimazole, econazole and
miconazole, ~180 nM for ketoconazole and ~70 uM for fluconazole with HsCYP51
[49].

The ICso CYP51 assay was performed to verify the azole binding data (Figure 3),

and both results were found to be consistent with differential binding between
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ketoconazole and ketaminazole (16). CaCYP51 was strongly inhibited by both
ketoconazole and ketaminazole (16), with ICsy values of ~0.5 and ~0.9 uM,
respectively, confirming that both azoles bind tightly to CaCYP51. Interestingly, at 4
uM ketaminazole (16) CaCYP51 retained ~15% CYPS51 activity, suggesting that
lanosterol can displace ketaminazole (16) but not ketoconazole from CaCYP51.
HsCYP51 was less severely inhibited by both ketoconazole and ketaminazole (16)
with 1Cso values of ~5 and ~16 uM, respectively, indicating less tight azole binding
and suggested that lanosterol can displace ketoconazole, and especially ketaminazole
(16), from HsCYP51. At 95 uM ketoconazole, HsCYP51 was inactivated, this is in
contrast to the ~30% CYPS51 activity remaining in the presence of 155 uM
ketaminazole (16). The 3-fold higher ICs, value for ketaminazole (16) over
ketoconazole with HsSCYP51 confirmed that ketaminazole (16) would be less
disruptive to the CYP51 function of the host homolog than ketoconazole, conferring a
therapeutic advantage of the former for use as a topical/surface-contact antifungal
agent. These results indicate that the minor modification of ketoconazole to
ketaminazole (16) not only retains the fungal CYP51 potency of ketaminazole and
improves its selectivity but also increases its 5-LOX potency selectivity over 40-fold,
thus making it a potent dual CYP51 / 5-LOX inhibitor. This is significant as it is
widely regarded that dandruff has two medical consequences, fungal infection and
inflammation response [14,17]. Therefore, the dual nature of ketaminazole (16) could

potentially increase its effectiveness against the disease and for other mycoses.
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3.3 Conclusion

In conclusion, the current data indicate that the phenylenediamine chemotype is a
robust inhibitor against 5-LOX, demonstrating high potency, enzyme selectivity and
cellular activity. The mechanism of action is via the 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.
Structural modification around the phenylenediamine core was well tolerated, while,
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 compound
demonstrated a 40-fold increase in potency against 5-LOX, comparable potency
against fungal CYP51, and improved selectivity against the human CYP51, relative to
ketoconazole. This dual anti-fungal and anti-inflammatory of ketaminazole (16),
could potentially have therapeutic uses for anti-dandruff therapy.
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3.5 Methods
3.5.1 Overexpression and Purification of 5-Human Lipoxygenase, 12-Human
Lipoxygenase, and the 15-Human Lipoxygenases.

Human reticulocyte 15-lipoxygenase-1 (15-LOX-1) [50], human platelet 12-
lipoxygenase (12-LOX) [50], human prostate epithelial 15-lipoxygenase-2 (15-LOX-
2) [51] were expressed as N-terminally, His6-tagged proteins and purified to greater
than 90% purity [52]. Human leukocyte 5-lipoxygenase was expressed as a non-
tagged protein and used as a crude ammonium sulfate protein fraction, as published
previously [22].

3.5.2 Lipoxygenase UV-Vis-based Manual Assay.

The initial one-point inhibition percentages were determined by following the
formation of the conjugated diene product at 234 nm (¢ = 25,000 M*cm™) with a
Perkin-Elmer Lambda 40 UV vis spectrophotometer at one inhibitor concentration.
All reaction mixtures were 2 mL in volume and constantly stirred using a magnetic
stir bar at room temperature (23°C) with approximately 40 nM for 12-LOX and 20
nM of 15-LOX-1 (by iron content). Reactions with crude ammonium sulfate
precipitated 5-LOX were carried out in 25 mM HEPES (pH 7.3), 0.3 mM CacCl2, 0.1
mM EDTA, 0.2 mM ATP, 0.01% Triton X-100, 10 uM AA and with 12-hLO in 25
mM Hepes buffer (pH 8.0), 0.01% Triton X-100, and 10 uM AA. Reactions with 15-
LOX-1 and 15-LOX-2 were carried out in 25 mM Hepes buffer (pH 7.5), 0.01%

Triton X-100, and 10 uM AA. The concentration of AA (for 5-LOX and 12- LOX)
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and LA (for 15-LOX-1) were quantitatively determined by allowing the enzymatic
reaction to go to completion. 1Csy values were obtained by determining the enzymatic
rate at various inhibitor concentrations and plotting the rates 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 the question
arose 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 answer this question, we compared the 1Cs values of two
high potency 5-LOX inhibitors to that in the literature. Setileuton displayed an ICs
value of 606 nM, in good agreement with the literature value of 4510 nM, and
Zileuton displayed an 1Csy 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 1Cs, was
investigated utilizing the same conditions and methods as stated above. The pH of the
buffered D,0, was established using standard methods.
3.5.3 Steady-State Inhibition Kinetics.

Lipoxygenase rates were determined by monitoring the formation of the
conjugated product, 5-HPETE, at 234 nm (e = 25 000 M cm™) with a Perkin-Elmer

Lambda 40 UV/vis spectrophotometer. Reactions were initiated by the addition of 5-
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LOX to a constantly stirring, 2mL cuvette containing 40 uM AA in 25 mM HEPES
(pH 7.3), 0.3 mM CaCl,, 0.1 mM EDTA, and 0.2 mM ATP, at varied inhibitor
concentrations in the presence of 0.01% Triton X-100. The substrate concentration
was determined by allowing the enzymatic reaction to proceed to completion. Kinetic
data were obtained by recording initial enzymatic rates at varied inhibitor
concentrations, and subsequently fitting the data to the Henri-Michaelis-Menten
equation, using KaleidaGraph (Synergy) to determine the microscopic rate constants,
Vmax (umol/min/mg) and Vmax/Km (umol/min/mg/uM). These kinetic parameters were
subsequently repotted, 1/Vmax and Ky/Vmax Versus inhibitor concentration, to yield K;
and K, respectively.

3.5.4 Cyclooxygenase Assay.

Ovine COX-1 (Cat. No. 60100) and human COX-2 (Cat. No. 60122) were
purchased from Cayman Chemical. Approximately 2 pg of either COX-1 or COX-2
were added to 0.1 M Tris-HCI buffer (pH 8.0) buffer containing 100 uM AA, 5 mM
EDTA, 2 mM phenol and 1 pM hematin at 37 °C. Data were collected using a
Hansatech DW1 oxygen electrode chamber, as described previously [53]. Inhibitor or
carrier solvent were mixed with the respective COX within the electrode cell. The
reaction was initiated by the addition of arachidonic acid, followed by monitoring of
the rate of oxygen consumption. Ibuprofen, aspirin and indomethacin, and the carrier

solvent, DMSO, were used as positive and negative controls, respectively.
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3.5.5 Human Blood LTB4 Inhibition Assay.

Whole human blood was dispensed in 150 uL samples, followed by addition of
inhibitor or control (vehicle, DMSO), and incubated for 15 min at 37 °C. The
leukocytes were activated 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 20-50-fold (batch dependent) for LTB4
detection, using an ELISA detection kit (Cayman Chemicals Inc.). Inhibitors were
added at 10 uM or 15 uM concentrations (0.5 uM for control Setileuton) [54-56]. I1Cxsp
values were generated using an ICsg estimation equation.

3.5.6 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-
HPODE. Activity is characterized by direct measurement of the product degradation
by 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 CaCl,, 0.1 mM
EDTA, 0.01% Triton X100, 10 uM 13-HPODE). All reactions were performed in 2
mL of buffer and constantly stirred with a rotating stir bar (22 °C). The reaction was
initiated by addition of 10 uM inhibitor (a 1:1 ratio to product); A loss of greater than

40% of product absorption at 234 nm signified a positive activity result. The control
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inhibitors for this assay were Setileuton and Zileuton, known non-reductive and
reductive inhibitors, respectively.
3.5.7 Inhibitor modeling.

Grid generation and flexible ligand docking were performed using Glide, while
energy minimization and ligand preparation of inhibitors were 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: 308Y)
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 because none of these are located at the active site of the enzyme, we
find it reasonable to assume the mutant structure holds as an accurate model of the
wild-type active site. Positional constraints at the catalytic iron and at hydrophobic
pockets within the active site were established and utilized intermittently during
different docking calculations. Poses generated from ligand docking were ranked
according to their GlideScores.

3.5.8 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 to over 90%
purity as previously described [48,49]. Native cytochrome P450 concentrations were

determined by reduced carbon monoxide difference spectra®’ based on an extinction
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coefficient of 91 mM™ cm™ %> Absorption measurements of azole antifungal agents
to 5 uM CaCYP51 and 5 pM HsCYP51 were performed as previously described
[48,60] using 0.1, 0.2 and 0.5 mg ml™ stock solutions of ketoconazole and
ketaminazole (16) in DMSO. Azole antifungal agents were progressively titrated
against CYP51 protein in 0.1 M Tris-HCI (pH 8.1) and 25% (w/v) glycerol, with the
spectral difference determined after each incremental addition of azole. The
dissociation constant (Ky) of the enzyme-azole complex was determined by nonlinear
regression (Levenberg-Marquardt algorithm) of a plot of AApeak-rough @gainst azole
concentration using a rearrangement of the Morrison equation fitted by the computer
program ProFit 6.1.12 (QuantumSoft, Zurich, Switzerland).

ICso determinations were performed using the CYP51 reconstitution assay system
previously described [61,62] containing 1 uM CaCYP51 or 0.3 uM HsCYP51, 2 uM
human cytochrome P450 reductase, 50 pM lanosterol, 50 uM
dilaurylphosphatidylcholine, 4.5% (wt/vol) 2-hydroxypropyl-p-cyclodextrin, 0.4 mg
ml™ isocitrate dehydrogenase, 25 mM trisodium isocitrate, 50 mM NaCl, 5 mM
MgCl, and 40 mM MOPS (pH ~7.2). Azole antifungal agents were added in 5 pl
DMSO followed by 5 minutes incubation at 37 °C prior to assay initiation with 4 mM
B-NADPH 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 [63]. ICx in this study is defined as the inhibitor
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concentration required for 50% inhibition of the CYP51 reaction under the stated

assay conditions.
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3.6 Figures

Figure 3.1 Structures of various types of LOX inhibitors.
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Figure 3.2 Docking ketoconazole and ketaminazole to the crystal structure of the
Stable-5-LOX. Glide docking scores and poses were similar to other high-ranking
docked inhibitors.
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Figure 3.3 Binding properties of ketoconazole and ketaminazole with CaCYP51 and
HsCYP51. Azole antifungals were progressively titrated against 5 uM CaCYP51
(filled circles) and 5 uM 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®. The data shown represent one replicate of
the three performed.
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Figure 3.4 Determination of ICsy values for ketoconazole and ketaminazole with
CaCYP51 and HsCYP51. CYP51 reconstitution assays (0.5-ml total volume)
containing 1 uM CaCYP51 (A) or 0.3 uM HsCYP51 (B) were performed as detailed
in Materials and Methods. Ketoconazole (solid circles) and ketaminazole (hollow
circles) concentrations were varied from 0 to 4 uM for CaCYP51 and up to 190 uM
for HSCYP51 with the dimethylsulfoxide 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 14a-
demetylated lanosterol produced per minute per nmole CYP51 (min™) for CaCYP51
and HsCYP51, respectively.
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3.7 Tables

Table 3.1 Representative analogues evaluated for pseudoperoxidase activity. The
UV-Vis-based mauanl inhibition data (3 replicates) were fit as described in the
methods section.

Reductive IC5o (uM)
Compound R Activity [+ SD (uM)]
Zilueton NA Yes 0.56 [0.08]
Setileuton NA No 0.06 [0.007]
T4 M
1 b—N N—@—NH Yes 0.17 [0.05]
& v
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Table 3.2 5-LOX inhibition of Representative Analogues. The UV-Vis-based mauanl
inhibition data (3 replicates) were fit as described in the methods section.
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Table 3.3 Selectivity profile of representative analogues. The UV-Vis-based manual
inhibition data (3 replicates) were fit as described in the methods section.

5- 12- 15- 15-
Compound COX-1|COX-2
LOX LOX | LOX-1 | LOX-2
1 0.17 >150 >150 >150 >25 >50
13 0.52 >50 >50 >50 >150 >150
14 0.33 >150 >25 10 >150 Na
15 0.60 >50 >150 >50 Na Na

Setileuton 0.060 | >150 >150 >150 >150 >50

Zileuton 0.56 | >150 >50 >150 >150 Na

Baicalein 0.84 3.3° 122 >150 >150 Na
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Table 3.4 Whole human blood activity profile of representative analogues. The Elisa
absorption Vis-based inhibition data (3 replicates) were fit as described in the
methods section, drugs were assayed at 10 uM .

Compound Inhibition (%)
Setileuton 100 (11)
Cicloproxin 34 (2)
Ketaminazole 45 (10)
Ketoconazole 25 (3)
13 54 (11)
1 65 (14)
15 8 (1)
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Table 3.5 Reductive property (Red. act.) and IC50 values (uM), with error in
parenthesis. The UV-Vis-based mauanl inhibition data (3 replicates) were fit as
described in the methods section.
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3.8 Supporting Materials

Supplementary Figure 3.1 The 1/Vnax Versus inhibitor fit with compound 13,
determining K;. The enzyme assay was performed in 40 uM AA in 25 mM HEPES
(pH 7.3), 0.3 mM CaCl2, 0.1 mM EDTA, 0.2 mM ATP at 22° C.
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Supplementary Figure 3.2 The Km/Vmax Versus inhibitor fit with compound 13,
determining K;’. The enzyme assay was performed in 40 uM AA in 25 mM HEPES
(pH 7.3), 0.3 mM CaCl2, 0.1 mM EDTA, 0.2 mM ATP at 22° C.
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Chapter 4

Pseudoperoxidase investigations of hydroperoxides and inhibitors of

human lipoxygenases

4.1 Introduction

The inflammatory response in humans is regulated by fatty acid signaling
cascades, which are initiated by the oxidation of polyunsaturated fatty acids. Three
classes of enzymes catalyze this oxidation: cyclooxygenase (COX) [1]; cytochrome
P450 [2]; and lipoxygenase (LOX) [3], the last one is the focus of this study.
Lipoxygenases (LOXs) are a family of iron-containing metalloenzymes that utilize a
non-heme iron center to incorporate molecular oxygen into a variety of fatty acids.
There are three main LOXs of pharmacological importance, 5-LOX, 12-LOX and 15-
LOX. They are named according to their oxygenation position on arachidonic acid
(AA) [4], which generates the hydroperoxyeicosatetraenoic acid (HPETE) product
[5]. HPETEs are responsible for maintaining the homeostasis of the inflammatory
response [6], and have also been implicated in many human diseases, such as asthma
[7], psoriasis [8], atherosclerosis [9], cancer [10], heart disease [11,12] and diabetes
[13] to name a few.

Considering the important role LOX plays in human disease, numerous inhibitors

of LOX have been reported [14-28]. These can generally be classified into three
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categories, reductive inhibitors, such as Zileuton [21,22], BWb70c [19,20,26], and
nordihydroguaiaretic acid (NDGA) [27,28], chelative inhibitors (such as compound 1
[29] and competitive/mixed inhibitors such as compound 2 [30])(Figure 4.1).
Nevertheless, only one of these compounds, has been approved as a drug, Zileuton
[21,22], which is a potent and selective 5-LOX inhibitor [20,23]. It contains an N-
hydroxyurea moiety, which chelates to the active ferric ion and reduces it to the
inactive ferrous ion [23-25]. Many other reductive inhibitors of LOX have been
found, such as N-hydroxyureas, hydroxybenzofurans, hydroxamic acids,
hydroxylamines, and catechols [18-20,26], indicating the ease by which LOX
isozymes can be inhibited in this manner. However, it is challenging to determine
whether a particular inhibitor of LOX is reductive because it is difficult to concentrate
human LOX isozymes to high enough concentration for the direct visualization of the
active site iron by electron paramagnetic resonance (EPR). Interestingly, Zileuton and
other hydroxamic acids were initially designed to chelate the iron center of LOX
[21,25], but it was later determined, using the UV pseudoperoxidase assay, that
Zileuton also reduced the active site iron of 5-LOX [18]. Nordihydroguaiaretic acid
(NDGA), found in the Larrea tridentata plant, is another example of a non-specific
LOX inhibitor, which possesses a dual mode of inhibition [27,31,32]. NDGA
contains a catechol moiety, which binds to the active site ferric ion, but it also reduces
metal center to the ferrous form, with the concomitant oxidation of the catechol

moiety to the semiquinone. This reactivity is also seen with the non-heme iron
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enzyme, catechol dioxygenase, whose catechol substrate is activated to the
semiquinone by the active site ferric ion for oxidation by molecular oxygen [32-34].
Considering that direct detection by EPR is not practical for many human LOX
isozymes, the typical method for determining whether an inhibitor is reductive in
nature is the pseudoperoxidase assay. This assay measures the reduction of the fatty
acid hydroperoxide product by the ferrous ion to the alkoxyl radical, generating the
active ferric form of LOX (Figure 4.2). However, for this process to be catalytic, a
reducing inhibitor is required to reduce the ferric ion back to its ferrous form. This
cycling results in the degradation of both the hydroperoxide product and the reducing
inhibitor. The reaction is typically monitored by the reduced absorbance at 234 nm
[35-37], which is due to the decomposition of the resulting alkoxyl radical, triggering
a loss in the conjugation of the hydroperoxide product. However, this assay is not
without difficulties, and Riendeau and coworkers observed that NDGA and 13-(S)-
HPODE did not support the pseudoperoxidase assay with 5-LOX [37]. An alternative
method for investigating reductive inhibitors is to monitor their ability to quench the
free radical of 1,1-diphenyl-2-picrylhydrazyl (DPPH); however this method is not
reliable for predicting the reductive activity of LOX inhibitors. DPPH is considered a
general indicator of the cellular reduction potential [38,39], which is distinct from the
reduction potential of the various LOX isozymes. Alternative methods detect the loss
of the hydrogenperoxide product directly through iodine oxidation [40], radiolabeling

[41], thiobarbituric acid (TBA) [42], enzymatic oxidation of dyes [43], or coupled
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oxidation of NADH [44]. Unfortunately, these assays are tedious and subject to
various confounding factors. Simplified methods have been developed, such as those
based on the fluorescent indicator, diphenyl-1-pyrenylphosphine (DPPP) [45], and the
visible indicator, iron-xylenol orange (XO) [46,47], both of which are oxidized by the
hydroperoxy-lipids, changing their spectroscopic properties. These methods are
robust and have been successfully utilized for high-throughput inhibitor screening of
LOX inhibitors [29,30,45,48].

Given the need for a robust pseudoperoxidase procedure to determine the
mechanism of reducing inhibitors in these studies, we utilized both the conjugated
diene decomposition (UV) and iron-xylenol orange (XO) pseudoperoxidase assays to
determine the best hydroperoxides for the pseudoperoxidase reaction against the
human isozymes, 5-LOX, 12-LOX, 15-LOX-1 and 15-LOX-2. In addition, the
reductive nature of a variety of disease-related LOX inhibitors were determined
utilizing the aforementioned conditions for the UV and XO assays.

4.2 Results and discussion
4.2.1 Evaluation of hydroperoxides as pseudoperoxidase substrates.

To further understand the pseudoperoxidase activity of the various LOXs, the
primary products from AA and LA, 13-(S)-HPODE, 12-(S)-HPETE and 15-(S)-
HPETE, were screened to determine if they were substrates for the XO
pseudoperoxidase assay (Table 4.1). It was observed that 13-(S)-HPODE was the

most effective substrate for all the LOX isozymes tested, as seen by the large

102



consumption of the hydroperoxide product. Interestingly, 12-(S)-HPETE and 15-(S)-
HPETE were not effective pseudoperoxidase substrates, especially with 12-LOX and
15-LOX-2. We attribute this to the fact that these LOX products can also be
oxygenation substrates, resulting in doubly oxygenated products (i.e. di-HETES). For
both 12-LOX and 15-LOX-2, the oxygenation rates were comparable to the
pseudoperoxidase rates, making measurements difficult. For these two isozymes, the
HPETE concentration was increased to 40 uM to obtain more reliable data. In the
case of 15-LOX-2, this increase in concentration allowed for a measurable
pseudoperoxidase rate, above that of the oxygenation rate. However, these conditions
did not allow for measurable pseudoperoxidase rates for 12-LOX. Therefore, 13-(S)-
HPODE is the most reliable substrate for all of the LOX isozymes with the XO
pseudoperoxidase assay.
4.2.2 Iron-xylenol orange pseudoperoxidase inhibitor assay.

LOX inhibitors were screened against 5-LOX, 12-LOX, 15-LOX-1 and 15-LOX-
2 to evaluate their ability to reduce the active ferric form of the isozyme. Initially the
iron-xylenol orange (XO) pseudoperoxidase assay with 13-(S)-HPODE was utilized
with the well-characterized reductive inhibitors, Zileuton and BWB70c (Figure 4.1).
These two inhibitors were active against all isozymes screened, indicating that each
isozyme is capable of oxidizing these two inhibitors and reducing 13-(S)-HPODE to
complete the pseudoperoxidase cycle (Figure 4.2 and Table 4.2). 5-LOX and 15-

LOX-1 displayed the most consistent pseudoperoxidase activities, displaying the
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greatest total consumption of 13-(S)-HPODE. Compound 1 does not support the
assay, indicating that it is not a reductive inhibitor [29]. Compound 1 is a potent and
selective 12-LOX inhibitor that is currently being investigated for its effectiveness
against diabetes and heart disease [29]. It has been proposed that compound 1
chelates the active site iron, similarly to Zileuton, however, it was not known at the
time whether this inhibition was reductive in nature because EPR spectroscopy was
not possible. The current data indicate that compound 1 is distinct from Zileuton in
that it does not reduce the ferric ion to the inactive ferrous state. The 15-LOX-1
inhibitor, compound 2, also does not display antioxidant activity. Compound 2 is a
potential therapeutic for stroke, and these results are consistent with its inability to
reduce the standard free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) [30].
Interestingly, ascorbic acid (Figure 4.1), a known reductant with high concentrations
in the cell, also supported the XO pseudoperoxidase assay. This is consistent with its
chelative structure and reductive nature and suggests that ascorbic acid may facilitate
the conversion of LOX isozymes to their inactive ferrous form in the cell. NDGA,
however, did not support the XO pseudoperoxidase assay with any of the LOX
isozymes. These results are in contrast with our previous work, which demonstrated
that NDGA and its various derivatives displayed reductive activity against soybean
LOX-1 [27]. These apparently ‘“conflicting” data suggest that the human LOX
isozymes may interact differently with NDGA than soybean LOX-1, as previously

seen with 5-LOX [37].
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4.2.3 UV pseudoperoxidase activity assay.

As mentioned above, an alternative method to the XO pseudoperoxidase assay is
to measure the decomposition of the hydroperoxide by monitoring the decrease in
absorbance, at 234 nm. Unlike the XO pseudoperoxidase assay, in which the signal is
produced by the hydroperoxide reacting directly with the ferrous xylenol orange
complex, the UV pseudoperoxidase assay follows the decrease in absorbance (234
nm), due to a secondary decomposition of the alkoxyl radical after the hydroperoxide
oxidation of the ferrous center [35,37]. Even though the UV pseudoperoxidase assay
does not directly measure the decomposition of the hydroperoxide, it does have the
advantage of being a continuous assay, allowing for the rate determination
pseudoperoxidase activities amongst the various human isozymes. Utilizing this
method, BWb70c was screened against the lipoxygenase isozymes. It was observed
that 15-LOX-1 had the greatest Vmax at 20 uM 13-(S)-HPODE, with a rate of 3.3 +/-
0.06 mole/sec/mole, ~20 times the velocity of 12-LOX, and ~250 times that of 15-
LOX-2 (Table 4.3). NDGA, however, did not display UV pseudoperoxidase activity
with any of these three LOX isozymes, which is consistent with the results of the XO
pseudoperoxidase assay. It should be noted that the low percent decomposition of 13-
(S)-HPODE in the UV assay is due to the fact that this assay is detecting the
secondary decomposition of the alkoxyl radical, and not the primary decomposition

of the hydroperoxide, monitored in the XO assay.
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4.2.4 Residual oxygenase activity after the pseudoperoxidase reaction.

Prior to this study, NDGA was shown to be a reductive inhibitor against soybean
LOX-1 [27], which is consistent with its catechol structure however, it was inactive in
the 5-LOX pseudoperoxidase assay [37]. In this investigation, NDGA also did neither
support the pseudoperoxidase assay with 5-LOX nor with 12-LOX, 15-LOX-1 and
15-LOX-2. A possible explanation for this lack of pseudoperoxidase activity by
NDGA could be due to its radical chemistry and the auto-inactivation of the human
LOX isozymes. It is known that human LOX isozymes auto-inactivate [52],
presumably through oxidation of active site residues by radical intermediates
generated in the catalytic process, but this has not been proven conclusively [53].
Considering that the pseudoperoxidase assay generates both hydroperoxide and
inhibitor radicals (the one-electron-reduced hydroperoxide and the one-electron-
oxidized inhibitor, Figure 4.2), it is possible that either radical could inactivate LOX.
Therefore, the activity of the LOX isozymes were determined by adding AA, after a
significant amount of 13-(S)-HPODE and reducing inhibitor were consumed via the
pseudoperoxidase activity, and measuring the residual LOX activity (Table 4.4). In
this method, LOX treated with a BWB70c/13-(S)-HPODE mixture showed
significant activity after the pseudoperoxidase assay, relative to BWb70c alone. Note
that the addition of BWB70c does inhibit the enzyme, but enough residual activity is
observed to establish the relative activity of the LOX isozyme with and without

product present. The competitive inhibitors, compounds 1 and 2, also retained
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residual activity, which would be expected from non-reducing inhibitors. In contrast,
12-LOX, 15-LOX-1 and 15-LOX-2 did not demonstrate any oxygenase activity after
the pseudoperoxidase turnover when 13-(S)-HPODE and NDGA were added, relative
to NDGA alone. As mentioned above, because the inactivity of LOX observed with
13-(S)-HPODE and NDGA is relative to inhibitor alone, this lack of activity is not
due to the inherent inhibitory activity of NDGA, but rather due to the cycling of the
pseudoperoxidase activity with both 13-(S)-HPODE and NDGA being present. These
data are consistent with the inactivation of human LOX isozymes being due to the
presence of NDGA radicals generated through the pseudoperoxidase activity.

These data also indicate that NDGA is a reducing inhibitor, but that a secondary
radical is possibly the potent inhibitor to the human LOX isozymes. This is consistent
with the work of Riendeau and coworkers, which showed that NDGA and 13-(S)-
HPODE did not support the pseudoperoxidase assay with 5-LOX [37]. We are
currently investigating the nature of this radical and how it inactivates LOX, possibly
through a suicide-inhibitor mechanism. It should be noted that it is unlikely that the
13-(S)-HPODE radicals, generated during the pseudoperoxidase assay, inactivate the
LOX isozymes. The reaction of various reductive inhibitors (e.g. BWb70c, Zileuton
and ascorbic acid) and 13-(S)-HPODE does not affect the oxygenase activity of LOX,

even though 13-(S)-HPODE radicals are generated in all of these reactions.
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4.3 Conclusion.

These results demonstrate that both the UV and XO assays are effective methods
of detecting pseudoperoxidase activity for 5-LOX, 12-LOX, 15-LOX-1 and 15-LOX-
2, If 13-(S)-HPODE is used as the hydroperoxide substrate. The AA products, 12-(S)-
HPETE and 15-(S)-HPETE, are not consistent hydroperoxide substrates since they
undergo a competing transformation to the di-HETE products. These two assays are
also effective methods for determining whether a particular inhibitor is reductive in
nature with 5-LOX, 12-LOX, 15-LOX-1 and 15-LOX-2 but there is a caveat.
Reductive inhibitors generate radicals during the pseudoperoxidase assay, which in
the case of NDGA can inactivate human LOX isozymes. Therefore inhibitors, which
do not support the pseudoperoxidase assay, should also be investigated for rapid
inactivation of the LOX isozyme in order to clarify the negative pseudoperoxidase
result. In comparison, both assays do not measure hydroperoxide levels directly, with
the UV assay measuring a side reaction that records only partial degradation of the
hydroperoxide. However, both assays do possess particular advantages, with the XO
assay allowing for a high-throughput approach, as previously reported [46,47]. In
contrast, the UV assay requires less set-up time, provides pseudoperoxidase rates and
allows for the determination of enzyme inactivation. Given these advantages and
disadvantages of the two assays, careful thought should be given when utilizing either
method. Finally, the fact that ascorbic acid supports both the UV and XO

pseudoperoxidase assays may imply wider consequences of the biological reactive
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state of LOX since ascorbic acid could help maintain the inactive ferrous form of
LOX isozymes in the cell.
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4.5 Methods.
4.5.1 Materials.

All commercial fatty acids (Sigma-Aldrich Chemical Company, and NuCheck)
were stored at —80 °C for a maximum of 6 months. LOX products were generated by
reacting substrate with the appropriate LOX isozyme (13-(S)-HPODE from soybean
LOX-1 and LA, 15-(S)-HPETE from 15-LOX-2 and AA, and 12-(S)-HPETE from
12-LOX and AA). The reaction to generate product was carried out as follows. 2 litter
solution of 50-100 uM substrate in the appropriate buffer (50 mM Borate pH 9.2 for
soybean LOX-1, 25 mM HEPES pH 7.5 for 15-LOX-2 and 25 mM HEPES pH 8 for
12-LOX) was run to completion and quenched with 10 mL acetic acid. The products
were extracted three times with dichloromethane and the resulting solution
evaporated to dryness, and reconstituted with MeOH for HPLC purification. The
products were HPLC-purified using an isocratic elution of 55% acetonitrile: 45%
H,0: 0.1% acetic acid. All products were tested with enzyme to show that no residual
substrate was present and subjected to analytical HPLC to test for purity. Zileuton,
BWhb70c and NDGA were purchased from Sigma/Aldrich Chemicals. The inhibitors,
compounds 1 and 2 were previously characterized and kindly provided by the NCGC.
All other chemicals were reagent grade or better and were used without further

purification.
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4.5.2 Overexpression and purification of 5-human lipoxygenase, 12-human
lipoxygenase, and the 15-human lipoxygenases.

Human reticulocyte 15-lipoxygenase-1 (15-LOX-1) [49], human platelet 12-
lipoxygenase (12-LOX) [49] and human prostate epithelial 15-lipoxygenase-2 (15-
LOX-2) [50] were expressed as N-terminally, His6-tagged proteins and purified to
greater than 90% purity. Human leukocyte 5-lipoxygenase was expressed as a non-
tagged protein and used as a crude ammonium sulfate protein fraction, as published
previously [51].

4.5.3 Evaluation of hydroperoxides as pseudoperoxidase substrates.

The ability of various HPETESs to serve as substrates to the pseudoperoxidase
activity was investigated with 20 uM BWb70c and the LOX isozymes.
Pseudoperoxidase activity measurements were conducted on a Perkin-Elmer Lambda
40 UV/Vis spectrometer using a universal assay buffer for all human LOXs screened
(50 mM Sodium Phosphate (pH 7.4), 0.3 mM CaCl,, 0.1 mM EDTA, and 0.01%
Triton X100). The hydroperoxide concentration was 20 uM of 13-(S)-HPODE for all
LOX isozymes investigated. However, in the case of 12-HPETE and 15-HPETE, 20
uM was used for 5-LOX and 15-LOX-1, whereas 40 uM was used in the case of 12-
LOX and 15-LOX-2. This higher concentration of hydroperoxide was due to
competing reactions for these two LOX isozymes (vide infra). The following
concentrations of each isozyme were used (400 nM of 12-LOX, 300 nM of 15-LOX-

1, 2 uM of 15-LOX-2) to 2 mLs of buffer on an oscillating shaker (22 °C). The
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reaction was initiated by addition of 20 uM BWNb70c, a known reductive inhibitor.
The reaction was incubated for 30 minutes and quenched with two parts of the iron-
xylenol orange solution (25 mM H;SO4, 100 mM xylenol orange, and 250 mM
ferrous sulfate, solubilized in 90:10 methanol:water) [46,47]. In order to determine if
any competing reactions degraded the hydroperoxide, the hydroperoxide stability (i.e.
maximal absorption at 590 nm) was determined through the use of two controls. The
first control measured an inhibitor/hydroperoxide solution with iron-xylenol orange
added, to account for any degradation of the hydroperoxide by the inhibitor. The
second control measured an enzyme/hydroperoxide solution with iron-xylenol orange
added, to account for any breakdown of the hydroperoxide by the LOX isozyme,
without the inhibitor present. These two controls allowed for the determination of the
background percentage, which was subsequently subtracted from the measured
percentage. In all cases, the inhibitors did not degrade a significant amount of
hydroperoxide product, however, some LOX isozymes did degrade 12-(S)-HPETE
and 15-(S)-HPETE by increasing their absorbance at 280 nm, presumably through
converting the HPETES to di-HETESs. Due to this slow consumption of hydroperoxide
by 12-LOX and 15-LOX-2, higher concentrations of hydroperoxides (40 uM) were
required to ensure a sufficient rate of the pseudoperoxidase reaction, relative to that of
the aforementioned background reactions. In all assays, the primary absorption peaks
for the hydroperoxide lipids and their oxidized metabolites were confined to the UV

region, resulting in no overlap between their absorption bands and that of the 590 nm
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oxidized iron-xylenol orange product. Controls to establish the endpoint of the
pseudoperoxidase reaction (i.e. 100% degradation of the hydroperoxide) were
conducted by measuring an iron-xylenol orange solution with enzyme and inhibitor,
but no hydroperoxide added. Given the large error for these results, 20% or less, a
positive result for pseudoperoxidase activity, after the subtraction of control rates,
was considered a loss of greater than 45% absorption at 590 nm in 30 minutes. The
amount of enzyme varied for each LOX isozyme, so this minimal level of detection
corresponds to approximately 1.3 mol/min/mol for 12-LOX, 1.5 mol/min/mol for 15-
LOX-1 and 0.25 mol/min/mol for 15-LOX-2.

4.5.4 Iron-xylenol orange pseudoperoxidase inhibitor assay.

The reductive properties of the inhibitors were determined by monitoring the
pseudoperoxidase activity of lipoxygenase in the presence of 40 uM inhibitor and 20
uM 13-(S)-HPODE. Increased concentrations of inhibitors were used in this assay to
drive the reaction to completion. Pseudoperoxidase activity measurements were
conducted as described above. All inhibitors were run alone with 13-(S)-HPODE to
account for direct breakdown of 13-(S)-HPODE, and to account for absorbance
changes from individual inhibitors. The control inhibitors for this assay were Zileuton
and BWhb70c, known reductive inhibitors.

4.5.5 UV pseudoperoxidase activity assay.
The pseudoperoxidase activity rates were determined with BWb70c as the

reducing inhibitor, 13-(S)-HPODE as the oxidizing product and the following
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isozymes; 12-LOX, 15-LOX-1 and 15-LOX-2. Activity for all isozymes was
determined by monitoring the decrease at 234 nm (product degradation) in buffer (50
mM sodium phosphate (pH 7.4), 0.3 mM CaCl,, 0.1 mM EDTA, 0.01% Triton X100,
and 20 uM 13-(S)-HPODE), with a Perkin-Elmer Lambda 40 UV/Vis spectrometer.
The following concentrations of each isozyme were used (400 nM of 12-LOX, 300
nM of 15-LOX-1, 2 uM of 15-LOX-2) in 2 mLs of buffer and constantly stirred with
a rotating stir bar (22 °C). The reaction was initiated by the addition of 20 uM
inhibitor (at a 1:1 ratio to product), and the initial rate recorded. The percent
consumption of 13-(S)-HPODE was recorded for each of the isozymes, with a loss of
product less than 35% not being considered as significant activity. Individual controls
were conducted with inhibitor alone with product and enzyme alone with product.
These negative controls established the baseline for the assay, reflecting non-
pseudoperoxidase dependent hydroperoxy product decomposition.

4.5.6 Residual oxygenase activity after the pseudoperoxidase reaction.

To evaluate whether inactivation occurred as a result of pseudoperoxidase
cycling, the LOX residual activity was measured after a set amount of
pseudoperoxidase turnover was completed. The activity was characterized by an
increase in absorbance at 234 nm due to product formation using a Perkin-Elmer
Lambda 40 UV/Vis spectrometer for all human isozymes was utilized. The same
buffer (50 mM Sodium Phosphate (pH 7.4), 0.3 mM CaCl,, 0.1 mM EDTA, and

0.01% Triton X100) and reaction mixture constantly stirred with a rotating stir bar in
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2 mLs of buffer (22 °C). Pseudoperoxidase reactions were initiated as described
above, except in the case of 15-LOX-1, where compound 2 (Figure 4.1) was screened
at lower inhibitor concentration (10 uM), due to the high potency of this inhibitor
(compound 5 in our previous publication [30], ICso = 19 nM)). Oxygenase activity
was evaluated 2 min post initiation of the pseudoperoxidase assay by the addition of
20 uM AA to the reaction mixture. This time interval was determined to be sufficient
to inactivate the isozymes with NDGA. Residual activity was determined by
comparing the initial rates with inhibitor and 13-(S)-HPODE versus inhibitor alone,

because the inhibitor itself lowers the rate of the oxygenation.
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4.6 Figures

Figure 4.1. Classifications of general LOX inhibitors.
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Figure 4.2. The LOX pseudoperoxidase reaction scheme.
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4.7 Tables

Table 4.1 Product decomposition percentages with the XO pseudoperoxidase assay.
®Assay was conducted over a 30 minute turnover period, using 20 uM hydroperoxide
and 20 pM BWhb70c within 50 mM Sodium Phosphate (pH 7.4), 0.3 mM CaCl,, 0.1
mM EDTA, and 0.01% Triton X100. ® All values had an error of 20% or less. ¢ Due

to the oxygenation reaction, 40 uM hydroperoxide was used in these reactions.

13-(S)-HPODE 12-(S)-HPETE 15-(S)-HPETE
5-LOX 75%" 80% 100%
12-LOX 50% <20%° <20%°
15-LOX-1 100% 100% 75%
15-LOX-2 100% 50%° 50%°
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Table 4.2 XO assay percent conversion results of LOX isozymes with various
inhibitors. ® Assay was conducted over a 30 minute turnover period, using 20 UM
hydroperoxide and 40 uM inhibitor within 50 mM Sodium Phosphate (pH 7.4), 0.3
mM CaCl,, 0.1 mM EDTA, and 0.01% Triton X100. ® All values had an error of 20%

or less.

Compound 5-LOX 12-LOX 15-LOX-1 15-LOX-2
. 100%° 50% 100% 100%
Zileuton
BWh70c 100% 50% 100% 100%
NDGA 0% 0% 0% 0%
0 0
Ascorbic acid 50% 50% 85% 5%
1 0% 0% 0% 0%
5 0% 0% 0% 0%
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Table 4.3 Rate comparison of LOX isozymes with the UV pseudoperoxidase activity.
Enzyme assays were conducted using 20 uM hydroperoxide and 20 uM BWhb70c
within 50 mM sodium phosphate (pH 7.4), 0.3 mM CaCl,, 0.1 mM EDTA, and
0.01% Triton X100. The percent conversion was evaluated over a 30 minute time
period.

12-LOX 15-LOX-1 15-LOX-2
Vmax
(mole/sec/mole) 0.14 33 0.013
Conversion (%) 40% 50% 40%
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Table 4.4 Residual activity after completion of the pseudoperoxidase assay. Enzyme
was incubated for 2 min in 20 pM hydroperoxide and 20 pM inhibitor within 50 mM
sodium phosphate (pH 7.4), 0.3 mM CaCl,, 0.1 mM EDTA, and 0.01% Triton X100.
Residual activity was measured by addition of 20 uM AA, following the increase in
absorbance at 234 nm.

13-(S)- 13-(S)- 13-(S)- 13-(S)-
Enzyme HPODE/ HPODE/ HPODE/ HPODE /
NDGA BWb70c Compound #1 | Compound #2
12-LOX 0% 80% 100% 100%
15-LOX-1 0% 50% 100% 100%
15-LOX-2 10% 50% 100% 100%
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