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Abstract

ALLOSTERIC AND INHIBITORY INVESTIGATIONS OF 15- HUMAN
LIPOXYGENASES

by
Netra S. Joshi

This dissertation focuses on two isoforms of 15-human lipoxygenase,
reticulocyte 15-LOX-1 and epithelial 15-LOX-2, that differ considerably in their
tissue expression, reaction specificity, auto-inactivation and response to the allosteric
effectors. These 15-LOX isoforms exert their function in the cells by reacting with a
variety of endogenous fatty acid substrates and producing hydroperoxy products,
which regulate the inflammatory process in the cells. These 15-LOX products can
participate in opposing roles in human diseases, and their ratios are known to regulate
cell-cell adhesion processes in cells, playing a vital role in inflammation, cancer and
thrombosis. Therefore, understanding the factors that affect the substrate specificity
of these two LOX isozymes is critical to comprehend their exact role in human
diseases. Furthermore, 15-LOX-1 has been recently implicated in stroke related
damage via hydroperoxidation of fatty acid containing membranes and its ability to
degrade mitochondrial membrane when triggered by reactive oxygen species. Studies
indicate the potential of 15-LOX-1 inhibitors as neuroprotectors against stroke related
damage. However drug discovery for stroke therapeutics is a long, tedious process
with high chance of failure and presents a constant search for potent, selective

inhibitors

vi



This dissertation investigates the discovery of a novel chemotype for 15-LOX-
1 inhibitors. It describes in detail the initial screening, characterization and
optimization of potent and selective inhibitors of 15-LOX-1. The results of the in-vivo
and in-vitro studies demonstrate the potential of this chemotype as a stroke
therapeutic. Finally, the factors that regulate the substrate specificity of human
epithelial 15-LOX-2 are also investigated here. The findings demonstrate that both
pH and LOX products alter the kinetic parameters of C,9 and Cg fatty acid substrates
differentially, with both pH and LOX products activating the C, kinetics but both
inhibit C;g kinetics, resulting into a significant increase in the C,¢/Cig substrate
specificity ratio. These alterations in the product ratio may present important
consequences in human disease progression due to the distinct biological effects of

these products.
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Chapter 1
Introduction

1.1 Lipoxygenase

Lipoxygenase (LOX) represents an important superfamily of non-heme iron
containing enzymes Wwhich catalyze the stereo-specific peroxidation of
polyunsaturated fatty acids (PUFAs) containing at least one 1,4-cis, cis -pentadiene
moiety.”” They are widely found in plants, animals and fungi and mainly serve their
function by synthesizing biologically active compounds from various endogenous
PUFAs, which in turn trigger cellular response via signaling cascades.””>* In plants,
they serve the role in the physiological processes involved in growth and
development, wound response, synthesis of regulatory molecules and senescence.””
In mammals, the signaling cascades initiated by LOX products are implicated in
regulation of inflammatory and hyper-proliferative diseases.”
1.2 Types of lipoxygenase

Higher plants contain multiple lipoxygenase isoforms with at least thirteen
identified in soybean and twenty in rice.”? Six homologues are characterized in
humans, while in mice there are seven known genes that express lipoxygenase
proteins.”” The conventional nomenclature for animal lipoxygenase is based on their
positional specificity with arachidonic acid (AA).”* In humans, the LOX isoforms
are leukocyte 5-LOX, platelet 12-(S)-LOX, epidermis 12-(R)-LOX, reticulocyte 15-

LOX-1, epithelial 15-LOX-2 and epidermal eLOX-3. This type of nomenclature is

not ideal since these enzymes show quite different positional specificities with



substrates other than AA, a 20 carbon fatty acid. These oxidation specificities of LOX
come from their ability to bind the substrates with their methyl tail end first, thus
inserting oxygen at the w-6 position of the fatty acid substrates.”” Hence, 15-LOX
generates 15-HPETE from AA, the C,, fatty acid substrate and generates 13-HPODE
from LA, the C; fatty acid substrate.

Also, evolutionarily related LOX isoforms often exhibit distinct reaction
specificities in contrast to those sharing a low degree of phylogenetic relatedness. For
example, the soybean enzyme, sLOX-1 that oxygenates AA (20-carbon fatty acid) at
position 15 shares only 25% sequence identity to any mammalian 15-LOX; whereas
two human 15-LOX isoforms share only 35% sequence identity with each other.”’ By
contrast, human epithelial 15-LOX-2 shares 78% sequence identity with murine 8-
LOX, with no overlap in their positional specificity.”

1.3 Lipoxygenase structure
1.3.1 General structural characteristics

The complete crystal structures of a number of LOX proteins from plants and

(9-14) ) (15)

animals are now available, including human 5-lipoxygenase (5-LOX
Lipoxygenase proteins constitute a single polypeptide chain which folds into a two-
domain structure [Figure 1.1], a small N-terminal beta barrel domain and a larger
mostly alpha helical catalytic domain containing a single non-heme iron.”
Lipoxygenase have a molecular mass of between 75 and 80kDa in animals, whereas

in plants they are relatively larger, with a molecular mass of ~ 94-104kDa.”’ Due to

the non-heme nature of the iron they appear virtually colorless. In lower organisms,



LOX exist as fusion proteins where the LOX domain is linked to another catalytic
domain responsible for the secondary metabolism of hydro-peroxy fatty acids.”*>”
1.3.2 N-terminal domain

Based on all the available structures of LOX to the date, the N-terminal
domain has been seen primarily made up of anti-parallel beta strands. The beta barrel
domain is smaller in animals than that of in the plants, however, their overall structure
is very similar. In sLOX-1, the first 146 amino acids constitute the N-terminal
domain.”” On the other hand, only 120 N-terminal amino acids form the beta barrel
domain in human 5-LOX"” and in rabbit reticulocyte 15-LOX, this number of amino
acids is further reduced to 110.?” Still, the high degree of conservation of the two
domains structure in lipoxygenase suggests a functional role for this N-terminal
domain.

Its overall structure resembles that of the C2 domain of pancreatic lipases,
therefore it is also known as polycystin / lipoxygenase / alpha-toxin (PLAT)
domain.”” Although located in the cytosol, LOXs need to access their membrane
sequestered or micelle bound substrates. The presence of this domain allows the LOX
proteins to access and catalyze lipid peroxidation in complex biological structures via
direct di-oxygenation of phospholipids and cholesterol esters of bio-membranes and
plasma lipoproteins.” * Truncation studies of various lipoxygenase including plant
and human have also indicated that this domain is not required for catalytic activity
(23-27)

but is responsible for membrane binding and substrate acquisition.

1.3.3 C- terminal catalytic domain



The catalytic domain of all LOX isoforms known to the date primarily
consists of alpha helices and harbors one catalytically active non- heme iron atom per
molecule of LOX. In all the isoforms, the iron is octahedrically coordinated by side
chains of five amino acids and a hydroxide ligand. ©"?

In case of sSLOX-1 and coral 8-LOX, the iron protein ligands are three His, the
c-terminal Ile and one Asn residue.””’¥ The Asn is relatively distant from the central
iron (3°A apart) and hence its ligation is rather weak.”” However these coordination
forces are then stabilized by second sphere hydrogen bond interactions. This sixth
Asn ligand in the first coordination sphere of non-heme iron is of great interest since
it varies from one isozyme to another and mutational studies show that it influences
the catalytic efficiency of the LOX isozymes. ***"

In the rabbit reticulocyte 15-LOX-1, apart from three conserved His residues
and C-terminal Ile, the Asn is replaced by another His.”” Sequence alignment studies
also show similar His replacement of Asn in human 15-LOX-1 and a Ser placed in
human 15-LOX-2. Interestingly, 12-LOX contains the Asn residue as seen in sSLOX-1
and is known for its increased catalytic efficiency as compared to 15-LOX
isozymes.”” The recently crystallized human 5-LOX shows the active site with a
conserved constellation of five invariant residues- three His, Asn and C-terminal
Ile."”

1.4 Lipoxygenase reaction mechanism
LOX catalyze the bimolecular reaction between endogenous unsaturated fatty

acid and molecular oxygen. [Figure 1.2] The currently accepted reaction mechanism



of LOX is based on extensive kinetic investigation of soybean LOX-1 (sLOX-1) with
linoleic acid (LA),””” 15-LOX-1 with linoleic acid (LA) and 15-LOX-2 with
arachidonic acid (AA) as a substrate.””*” Upon isolation, the non-heme iron in LOX
is found in the resting state (Fe**-OH,) and requires oxidation to the active state (Fe**-
OH). This is achieved by one equivalent of hydroperoxy product, available from the
auto-oxidation of the substrates in small amounts. The LOX reaction is thought to
begin with a diffusion controlled encounter of the substrate with the enzyme. Upon
substrate binding, solvent dependent multiple H-bonding rearrangements take place
leading to a conformation change to position the substrate in close vicinity to the iron.
After proper positioning of the substrate, stereo-selective hydrogen abstraction takes
place (via proton coupled electron transfer), with the hydrogen atom being abstracted
by the ligated hydroxide and the resulting electron reducing the non-heme ferric iron
(Fe™) to its ferrous form (Fe*). Kinetic isotope effect studies have shown that this
hydrogen abstraction takes place via quantum mechanical tunneling.”” The newly
formed radical undergoes a radical rearrangement and the electron gets delocalized
either in the direction of methyl end of the fatty acid (+2 rearrangement) or in the
carboxylate group direction (-2 rearrangement).

Lipoxygenase is a unique enzyme in a sense that the catalysis occurs via substrate
activation instead of oxygen activation seen in most dioxygenases.”” Oxygen kinetic
experiments have shown that oxygen insertion occurs only after hydrogen abstraction.
Molecular oxygen doesn’t bind or react with lipoxygenase, but rather traps the

5)

activated enzyme-substrate complex.”” Oxygen insertion occurs antarafacially



(opposite direction of the plane determined by the double bond system) from
hydrogen abstraction.””” The resulting hydroperoxide radical is subsequently reduced
by another proton coupled electron transfer event, thus reducing the radical to the
corresponding anion and the ferrous iron gets converted to the active ferric form
again. This is followed by another hydrogen bonding rearrangement reaction,
resulting into the protonation of the peroxide anion followed by product release. The
catalytic mechanism of LOX involves many microscopic steps and the rate-limiting
nature of the various steps varies among isozymes and for each substrate.”” For 15-
LOX, the rate limiting contributions to the catalysis at low temperature are from
diffusion, hydrogen bond rearrangement and hydrogen abstraction. At high
temperature, hydrogen abstraction is the only rate limiting step.

1.5 Lipoxygenase substrates

Various endogenously available poly-unsaturated fatty acids serve as LOX
substrates [Figure 1.3], which are found integrated into the cellular membranes at the
sn-2 position of glycero-phospholipids. “*’

In most cells, the concentration of free fatty acids is limited and thus these LOX
substrates have to be liberated from cellular stores by lipid hydrolyzing enzymes.*”
Cytoplasmic phospholipase A, (cPLA,) is the calcium dependent, cytosolic lipid
hydrolyzing enzyme, which within minutes of intracellular calcium release or protein
phosphorylation gets translocated from the cytosol to the nuclear / endoplasmic
reticulum membrane, facilitating its proximity to its membrane incorporated fatty

acid substrates.*”*¥



LOX substrates differ in their carbon chain length and number/ position of
unsaturation points. These substrates can be divided into two distinct categories
(omega — 3 (w-3) and omega — 6 (w-6)), which are named according to the location of
their first unsaturation from the methyl end of the fatty acid. The LOX substrates
discussed in this dissertation are divided into two main classes, C,, fatty acids and C,,
fatty acids, based on their carbon chain length. Linoleic acid (LA), an w-6, 18:2 fatty
acid and alpha linolenic acid (ALA), an w-3, 18:3 are the essential fatty acids and
therefore must be supplied through diet.”” The rest of the LOX substrates can be
either ingested or metabolically synthesized, using these essential fatty acid
precursors by a series of elongase and desaturase enzymes.*”””

1.6 Significance of lipoxygenase in human diseases

Identification of LOX isozymes and their biological role has been ongoing for the
past number of years. According to the conventional view, the biological role of the
LOX was thought to be through the generation of eicosanoids in the arachidonic acid
cascade.”’”” However, recently it was discovered that the ability of the LOX proteins
to modify the lipoproteins and bio-membranes also contributes towards their
significance in human diseases.””””

1.61 5-LOX
5-LOX is a soluble monomeric enzyme composed of 673 amino acids with a
molecular mass of about 78kDa. The expression of 5-LOX is restricted to the cells

derived from bone marrow such as granulocytes, monocytes/ macrophages, mast

cells, dendritic cells and B-lymphocytes.”” 5-LOX has been unequivocally linked to



human diseases due to its ability to form leukotrienes,” *® the potent bioactive
molecules known as mediators of inflammation and are responsible for various
inflammatory diseases such as Asthma,””*” Chronic Obstructive Pulmonary Disease
(COPD), rhinitis,™ atherosclerosis®® * % and arthritis.®%” However, LTA,, the
first intermediate in making pro-inflammatory leukotrienes, is also the first
intermediate in the biosynthesis of lipoxins, the anti-inflammatory molecules.” %
Thus, 5-LOX is responsible for both pro- and anti-inflammatory responses in the
human body, which complicates their targeting in human disease. The recently
analyzed 2.4°A crystal structure of human 5-LOX opens up the possibilities in terms
of designing 5-LOX specific inhibitors to treat various human diseases.””’
162 12-LOX
There are two 12-LOX isozymes in humans based on their stereo-specificity
of the products and the expression pattern- platelet and epidermis. Human platelet 12-
LOX is a 663 amino acid containing polypeptide with a molecular mass of 75 KDa.*"
71t is primarily expressed in platelets and their precursors, megakaryocytes, as well
as in keratinocytes in the germinal layer.*” It is involved in platelet aggregation, the
major component in blood clot formation.”” Recently, it was shown that 12-HETE,
the 12-LOX product of arachidonic acid (AA), shows pro-thrombotic properties,
whereas 12-HETTE, the 12-LOX product of dihomo gamma linoleic acid (DGLA) is
known to show anti-thrombotic effects.”” Experimental evidence suggests a link
between 12-LOX activation of platelets and cardiovascular related links in human

(74,75)

diseases, such as diabetes and hypertension.”””” Also, the product of platelet 12-



LOX, 12-HPETE is found abundantly in psoriatic lesions and later on its role in the
pathogenesis of psoriasis was confirmed.””” In addition, numerous studies have
indicated the role of human platelet 12-LOX in different cancers, such as
pancreatic®” and breast.*” 12-LOX mRNA was found to have increased expression
in cancerous tissues as compared to non-cancerous cell lines.”” This is further
confirmed by experimental evidence where inhibitors of 12-LOX inhibited growth of
cancerous cell lines.* %

Human epidermis 12-(R)-LOX is a 701 amino acid containing protein
that shares 86% sequence identity with a mouse ortholog.”*” It is the first LOX
found in humans that introduces molecular oxygen in the opposite stereo
configuration than all other human LOX isozymes. It is expressed in skin and hair
follicles. It shows a very weak activity with AA and is also capable of oxygenation at
omega-9 position of poly-unsaturated fatty acids. It plays a vital role in epidermal
function and 12-(R)-LOX knock out mice were shown to have skin drying out hours
after birth resulting in neonatal mortality.”” The null mutations in the gene
ALOX12B that encodes 12-(R)-LOX give rise to strikingly scaly skin phenotype
characterized as autosomal recessive congenital ichthyosis.*” It has been proposed
that the product of 12-(R)-LOX from lipid substrate linoleoyl- w-hydroxyceramide
present in stratum corneum undergoes some downstream modifications and allows
formation of a lipid-protein scaffold that maintains the epidermal permeability

barrier.”

1.63 15-LOX



15-LOX is widely known to exert opposing effects in human inflammatory
diseases via formation of bio-active lipid mediators. The pro-inflammatory
leukotrienes and anti-inflammatory resolvins, protectins and lipoxins are formed
sequentially during the acute inflammation.” [Figure 1.4] The pro-inflammatory
leukotrienes are secreted only during acute inflammation, following the appearance of
polymorphonuclear neutrophils (PMN), while lipoxins and resolvins are produced

during the resolution phase of inflammation.””

15-LOX is expressed as two isozymes
in humans, reticulocyte 15-LOX-1 and epithelial 15-LOX-2, which show opposite
expression pattern in prostate cancer tissues.”’*” Their biochemical properties, such
as substrate specificity, and the biological roles in human diseases are discussed in
further detail in the following sections.
1.7 Human reticulocyte 15-lipoxygenase-1 (15-LOX-1)
1.7.1 Physical properties of 15-LOX-1

Reticulocyte 15-LOX-1 is a single polypeptide chain with a molecular mass of
about 75kDa.” It is expressed primarily in reticulocytes, but is also found in
eosinophils, airway respiratory epithelial cells, macrophages and colon cells.” It
possesses broad substrate specificity and reacts effectively with many polyenoic fatty
acids [Figure 1.3]. In addition, ester lipids (phospho-lipids, cholesterol esters, mono-,
di- and tri-acyl glycerols) containing fatty acids and more complex lipid protein
assembly, such as bio-membranes and lipo-proteins, are also the substrates of this

enzyme.” The flexible active site gives 15-LOX-1 its dual positional specificity,

generating approximately 90% 15-(S)-HpETE and approximately 10% 12-(S)-

10



HPETE from arachidonic acid (AA). The enzyme undergoes suicidal inactivation
following progressive substrate turnovers, however the mechanism underlying this
process in currently unknown.”” Interestingly, 15-LOX-1 shares very low sequence
homology (35%) with epithelial 15-lipoxygenase -2 (15-LOX-2), which produces 15-
HpETE primarily, but it shares a high homology with mouse leukocyte 12
lipoxygenase (ml -12-LOX) (78%), which produces 12-HpETE primarily.*” These
two orthologs also react with ester lipids and produce mixtures of 12-HpETE and 15-
HpETE and thus are both referred to as 12/15-LOX in the literature.
1.7.2 Biological role of 15-L.OX-1

15-LOX-1 exerts its function in the cells via two major pathways- i) by
production of eicosanoids and other bioactive lipid mediators, such as leukotrienes,

(7,52)

lipoxins, resolvins and protectins, i1) by directly reacting with membrane ester

lipids, thus altering the structural characteristics of the cells.”*"*”

15-LOX-1 is implicated in several human diseases such as atherosclerosis,*”
prostate and colon cancers,”*’* stroke,"*" "% arthritis®” *” and asthma.”’"'* It also
plays a regulatory role in cell differentiation of erythrocytes, macrophages and
cornea.’””"”” In prostate cancer tissue, the higher expression of 15-LOX has been
shown to positively correlate with the virulence of the tumor;*”*¥ whereas the down
regulation of 15-LOX-1 is found to be pro-tumorigenic in colon cancer.””” The
substrate specificity of 15-LOX-1 is also thought to play a significant role when it

comes to human diseases.”” 13-(S)-HPODE, a product of 15-LOX-1 and linoleic acid

(LA) activates the MAP Kinase pathway leading to cell proliferation and

11



differentiation. On the contrary, 15-(S)-HPETE, a product of 15-LOX-1 with
arachidonic acid (AA) down-regulates the MAP Kinase pathway thus preventing cell
growth. Both of these products play important role in tumorigenesis.

15-LOX-1 is also known to be involved in erythrocyte maturation, where it
helps carry out the programmed membrane degradation of the mitochondria and
nucleus, while keeping the cellular membrane intact.”” 15-LOX-1 is also involved in
a variety of other human diseases, such as atherosclerosis, prostate and colon cancer
and inflammation,(vide supra) but their detailed analysis is beyond the scope of this
dissertation. The following section, however, does explain in detail the role of 15-
LOX-1 in stroke, which forms the basis of Chapters 2 and 3 of this dissertation.
1.7.3 Role of 15-LOX-1 in Ischemic stroke

Stroke happens when there is a sudden interruption of the blood supply to the
brain.””” There are two types of injuries that can lead to stroke, i) Ischemia — 67% of
stroke cases occur due to ischemia which is lack of blood flow to the brain due to the
blockage of the blood vessel by either a thrombus or embolus. ii) Hemorrhage —33%
of stroke cases are due to the hemorrhage in the brain following the rupture of the
blood vessels.””” Reperfusion is when the normal blood flow returns to the brain after
the initial stroke. During the stroke, due to the lack of glucose and oxygen, the brain
neuronal cells begin to die rapidly. However, the reperfusion seems equally damaging
to the brain without any preventative measures.”’”
Three major biochemical pathways are currently known that cause the damage

to the brain cells following stroke and reperfusion. They are excito-toxicity, oxidative

12



stress and apoptosis.’’” "’ All the three pathways are interlinked and are shown in
Figure 1.5. Following stroke, there is an acute shortage of oxygen and glucose to the
cells exhausting the cells energy resources since the ATP levels begin to drop. ATP
dependent ionic gradient pumps fail leading to rise in the intracellular Ca**.""”

This increase in Ca®* causes glutamate release that further activates the
NMDA receptor, causing more influx of Ca** ions into the cells and causes
glutathione depletion, by blocking the cysteine intake receptor on the plasma
membrane.”’* Glutathione normally regulates the concentration of reactive oxygen
species (ROS), as well as the reduction of the hydroperoxide products from LOX and
COX since glutathione is the reducing agent for glutathione peroxidase.””> ''?
Glutathione depletion increases ROS in the cells causing oxidative stress. Influx of
Ca™ in the cells also activates various synthases, lipases and proteases, resulting in
generation of NO and peroxynitrite.”””” "’¥ As a consequence of NO synthase
activation, protein degradation is increased due to proteases and fatty acids are
released from the membrane, due to activation of cytosolic phospholipase A,
(cPLA,).""Y

The lack of ATP causes mitochondrial function failure and the escaped
electrons, from the electron transport chain, react with the burst of oxygen upon
reperfusion, further amplifying the oxidative stress via ROS.””” These ROS attack
cell membrane lipids, cellular proteins, and nucleic acids and they also trigger 15-

LOX-1 activation, creating havoc in the cells.”*” " 15-LOX-1 reacts with the

abundant supply of free fatty acids, released by the activated cPLA2, forming pro-

13



inflammatory molecules, such as leukotrienes, and starting the inflammatory response
cascade."**

Recent studies have shown that 15-LOX-1 attacks the neuronal mitochondria
membrane by oligomerizing and integrating into the membrane forming large

hydrophilic pores and thus disintegrating the membranes.”” "*¥ As

a result, the
luminal proteins from the intra-cellular region are easy accessed by the extracellular
proteases, causing their degradation. The cytochrome c, the mitochondrial inner
membrane protein, subsequently gets translocated to the cytosol and signals various
apoptosis inducing proteins, such as caspases, leading to neuronal cell death.”*”’

Moreover, 15-LOX-1 products, such as 13-(S)-HODE and 12-(S)-HETE
activate the p38 MAPK cascade,””” which leads to downstream p53 activation,
causing programmed cell death. ROS generated from mitochondria are also capable
of triggering p53 activation.”?”"*¥

Taken together, 15-LOX-1 contributes to the stroke related damage via i)
formation of leukotrienes that lead the cells towards apoptosis, inflammatory
response cascade and amplification of oxidative stress ii) attacking the mitochondrial
membranes by inducing pore formation causing release of luminal proteins, which
induce membrane degradation and apoptosis. This role of 15-LOX-1 in oxidative
stress induces neuronal cell death following stroke and reperfusion and has been
(102,129, 130)

directly observed in various in-vitro and in-vivo experimental studies.

1.7.4 Inhibition studies of 15-LOX-1

14



The primary goal of developing 15-LOX-1 inhibitor therapeutics would be to
prevent stroke related damage in brain cells. In fact, recent studies were carried out
and experimental evidence indicated that 15-LOX-1 inhibitors showed neuro-
protection against stroke related damage in the in-vitro studies (HT22 mouse
hippocampus neuronal cell line), as well as neuro-protection from mouse middle
cerebral artery occlusion (MCAO) induced stroke damage, when the drug is
administered 4-6 hours post ischemic stroke.’”” 7" These results suggest that 15-
LOX-1 inhibitors are excellent candidates for preventing stroke related neuronal cell
damage.

However, the drug discovery process to find effective drugs for stroke therapy
is long, tedious and requires extensive in-vitro and in-vivo trials, which face a high
chance of failure due to many reasons.’”” Hence there is a constant need for new 15-
LOX-1 inhibitors that are not only potent but also selective against other LOX
isozymes in the body.

Drug discovery for human 15-LOX-1 is somewhat restricted due to the lack of
crystal structure. However, there is a crystal structure for rabbit reticulocyte 15-LOX-
1, with an inhibitor bound, and it shares a high degree of sequence identity (81%) to
human 15-LOX-1."” Hence, many drug discovery studies for human 15-LOX-1 are
based on the structure of rabbit reticulocyte 15-LOX-1.

The approach used by the Holman lab and their collaborators in search of a
therapeutic drug target for stroke involves initial screening of a huge chemical library

consisting thousands of compounds. The screening is performed via either virtual
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method (docking the compounds on the homology model of the human 15-LOX-1
structure) or a high-throughput screen, using a colorimetric assay that involves the
detection of the peroxide enzyme product. Structure-activity relationship (SAR)
analysis is done on potent inhibitors, with structural modifications being made to
improve their potency and solubility. Potent “hits” are then analyzed in detail using
various techniques, such as ICy, analysis (for accurate determination of the potency),
selectivity studies against other human LOX isozymes (to confirm the specificity
towards 15-LOX-1), redox nature determination and inhibition kinetics (to determine
the nature of inhibition).

Currently there are very few 15-LOX-1 potent inhibitors that are selective
over the other LOX isozymes, such as 5-LOX, 12-LOX and 15-LOX-2, as well as
selective over the cyclooxygenases, COX-1 and COX-2. Because these enzymes
coexist in human body and mutually influence / interact with each other, discovering
enzyme specific inhibitors is the key step towards a successful therapeutic for a
particular disease.

Frequently during the process of discovering new drug targets, potent
inhibitors are found to be redox in nature. These redox inhibitors function by reducing
the active site ferric iron to its inactive ferrous form and can be recycled by the cells’
antioxidant system in some cases. However, these compounds are poor therapeutics
as they can hit multiple off target enzymes. To determine the nature of the inhibition,
steady state inhibition kinetics are performed which classify the inhibitors into

competitive (most desirable in the industry), uncompetitive and mixed-type
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inhibitors, which yields two equilibrium constants K,

describing the dissociation of

the inhibitor from the active site and K,,, describing the secondary site. A competitive
inhibitor binds only to the active site of the free enzyme, an un-competitive inhibitor
binds only to the enzyme-substrate complex and a mixed type inhibitor is capable of
binding both the free enzyme as well as enzyme-substrate complex. If the K,. and the
K, for mixed-type inhibiton are the same, then this inhibition is called non-
competitive inhibition, which rarely occurs in biological systems. Non-redox, potent
and selective compounds found from the screening and the characterization studies
are further evaluated for their efficacy in the in-vitro (HT22 Mouse hippocampus
neuronal cell line) and in-vivo mouse models (middle cerebral artery occlusion-
induced stroke model).
1.8 Human epithelial 15-lipoxygenase-2 (15-LOX-2)
1.8.1 Characteristics of 15-LOX-2

Epithelial 15-LOX-2 is a 676 amino acid containing single polypeptide chain,
with a molecular mass of about 76KDa.”*"*¥ In humans, it is primarily expressed in
prostate tissue, as well as in skin, lung and cornea tissue.”” It shares only 35%
sequence identity with 15-LOX-1 but, is highly homologous to murine 8-LOX (78%
sequence identity), which has no overlap of to its positional specificities.”” This
information indicates that sequence homology in general does not explain LOX
substrate specificity but rather specific residues in the active site. 15-LOX-2 differs

from 15-LOX-1 catalytically in that it exclusively oxygenates at carbon 15 of AA

(>99%), compared to 90% for 15-1, and it reacts poorly with linoleic acid (LA), while
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15-LOX-1 reacts equally well with AA and LA. Unlike 15-LOX-1, 15-LOX-2
converts almost all of its substrates completely into the products with no suicidal
inactivation yet reported.
1.8.2 Biological role of 15-LOX-2

The biological role of 15-LOX-2 has been difficult to decipher due to its
disparate expression in various human tissues. However, in human prostate glands,
15-LOX-2 was found in benign prostate epithelial cells with a reduced expression in
prostate adenocarcinoma.”” * This led to the finding that 15-LOX-2 acts as a
negative cell cycle regulator. 15-HPETE, the product of 15-LOX-2 with arachidonic
acid (AA) is known to down-regulate the MAP kinase pathway responsible for cell
growth and differentiation.””” This functional role of 15-LOX-2 as a tumor
suppressor in prostate cancer was further confirmed by in vitro studies of prostate
cancer cell lines (PCa), where enforced expression of 15-LOX-2 induced cell cycle
arrest and senescence-like phenotypes.”” The in-vivo studies on mouse models
showed that the induced expression of 15-LOX-2 inhibited tumor development.”** **”
Most of experimental studies have focused on only the 15-LOX-2 substrates,
arachidonic acid (AA) and linoleic acid (LA),”® however, it is known that a broad
range of 15-LOX-2 substrates are in human tissue, and their 15-LOX-2 products can
play confounding roles in different human diseases.”” These facts justify the need for
the investigation into the substrate specificity of 15-LOX-2 and its kinetics with
various fatty acid substrates.

1.8.3 Allosteric regulation of 15-LLOX-2 via alteration of its substrate specificity
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In cells, almost all of the chemical reactions are catalyzed by enzymes and
require regulation to maintain the integrity of the biological system. On the protein
level, the regulation is achieved via 1) pH/ionic strength changes ii) post translational
modification such as phosphorylation, biotiynlation, glycosylation, etc. and iii)
allostery where binding of the effector molecule to enzyme alters its activity.
Allosteric effector binding usually results in conformational changes and/or
association/dissociation of proteins/multimers.”*

Recently, our lab demonstrated the presence of allosteric sites in the 15-LOX
human isozymes via kinetic studies.”® *” It was also shown that LOX products
themselves act as allosteric effectors and change the substrate specificities of these
isozymes. In addition to the differences between the 15-LOX isozymes (vide supra),
they also respond differently to allosteric effector molecules. The LA product, 13-(S)-
HODE, increases the substrate specificity ratio (k. /K,,) **/ (k../K,,) “*for 15-LOX-1
whereas 13-(S)-HODE decreases the (k. /K,) **/ (k,/K,) “* for 15-LOX-2. The
magnitude of these substrate specificity changes was over four fold, which is
comparable in magnitude to that observed for the allosteric regulation of
ribonucleotide reductase (RNR) substrate specificity.”?*/*

These earlier findings from steady-state kinetics of 15-LOX-1 were confirmed
by a novel competitive substrate capture method developed by our lab, demonstrating
saturating effects on the substrate specificity ratio of AA/LA with a Ky=1.2 +0.1 pM

for perdeuterated 13-(S)-HPODE.”? Interestingly, the addition of 13-(S)-HPODE

showed no effect on 15-LOX-2 kinetics at pH 7.5, which contradicted the change
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between steady state kinetics and competitive substrate capture, 8.0 £1.0 and 2.2 +0.2
respectively This discrepancy was postulated to be due to a tight association of 13-
(S)-HPODE with 15-LOX-2, thus saturating the allosteric binding site. It was also
observed that the AA/LA substrate specificity ratio was pH dependent, changing from
14+03atpH 6.0 to4.5+0.5,at pH 10. The pH titration curve showed a pK, of 7.7
+ 0.1, suggesting a charged interaction between 13-(S)-HPODE and a possible
Histidine residue, whose neutral state lowered the affinity of 13-(S)-HPODE for 15-
LOX-2. Docking of 13-(S)-HODE to the surface of a homology model of 15-LOX-2
led us to hypothesize the location of the allosteric site to be between the two domains
of 15-LOX-2, with His627 interacting with the carboxylate group of 13-(S)-HODE.””
Changes in pH are known to play significant role in LOX chemistry for two
main reasons. First, it alters the degree of dissociation of their substrates, unsaturated
fatty acids and second, it modifies the dissociation of amino acid side chains residues,
mainly histidines. For example, these structural changes induced by pH have been
shown to affect the positional specificity of sLO by reversing the substrate
arrangement at the active site.”* *”
In cells, pH alterations are usually caused by metabolic changes such as

lactoacidosis and inflammation./# #

Even under physiological conditions, pH
gradients exist across certain types of bio-membranes such as lysosomes,

mitochondria.”*” Since LOX confer their function via formation of different bioactive

products, the pH induced changes with respect to their reaction specificity or product
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profile must be biologically relevant and the pH effect seen with 15-LOX-2 warrants
further investigation.

After the initial finding of the allosteric site in 15-LOX-2, inhibition kinetics
were performed in the presence of 13-(S)-HODE, which indicated that the proposed
allosteric site is different from the active site.”” Viscosity, kinetic isotope effect and
solvent isotope effect studies showed that the allosteric effector, 13-HODE doesn’t
influence the microscopic rates of diffusion and hydrogen bond abstraction steps in
the reaction mechanism, but eliminates the kinetic dependency on the hydrogen bond
rearrangement. Its binding also affects the affinity towards the substrate, most likely
due to structural changes in the active site of 15-LOX-2.

1.9 Scope of the dissertation

As discussed in the introduction, this dissertation focuses on the two isoforms of
human 15-lipoxygenase, the reticulocyte 15-LOX-1 and the epithelial 15-LOX-2. The
strong experimental evidence of the involvement of 15-LOX-1 in various human
diseases and the availability of the structural information through its close homologue
rabbit 15-LOX justify the tremendous efforts put in by researchers all over the world
to discover its potent and selective inhibitors as potential therapeutics in different
human diseases. Its inhibitor discovery will not only aid in the treatment of several
human ailments, but will also provide necessary tools for the scientists in pinpointing
its role and mechanism of action in particular diseases.

On the other hand, the studies performed to investigate the biological function of

15-LOX-2 are still in their infancy. Currently, there is no structural information
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available for 15-LOX-2. Its low homology with 15-LOX-1 and the striking
differences between their kinetics and substrate specificities indicate that the active
site of 15-LOX-2 is different from that of 15-LOX-1. Moreover, the allosteric
properties of 15-LOX-2 previously reported by our lab are very complex and their
biological significance is difficult to interpret, as seen by the confounding roles of its
AA and LA products, 15-HPETE and 13-HPODE in the human body. Hence, a
comprehensive analysis of the substrate specificity of 15-LOX-2, using endogenously
available substrates, is required in order to understand the role of their various
products in human body, as well as the their regulation of 15-LOX-2 substrate
specificity.

The chapter two in this dissertation discusses the collaborative efforts of our lab
with Dr. Klaus van Leyen to test the efficacy of our 15-LOX-1 inhibitors as
therapeutics for in-vivo and in-vitro stroke models. Cell culture and tissue samples,
with and without 15-LOX-1 inhibitors, were generated by the Dr. Van Leyen’s lab
and sent to us for their LC-MS analysis. The ex vivo system demonstrated that that
our 15-LOX-1 inhibitors protected neuronal HT22 cells against oxidative stress. It
was also determined that 15-LOX-1 activity increased in stroke induced mouse
models and 15-LOX-1 inhibitors reduced the infarct size 24 hours and 14 days post
stroke, even when the doses were administered 4-6 hours post ischemia.

The chapter three is another collaborative work with Dr. Van Leyen and Dr.
Maloney that emphasizes on the discovery of a novel chemotype for 15-LOX-1

inhibitors. It describes in detail the discovery, characterization and optimization of the
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potent and selective inhibitors of human 15-LOX-1. The in-vivo and in-vitro studies
demonstrate the potential of 15-LOX-1 inhibitors as therapeutics for stroke related
damage.

In chapter four of this dissertation, the previous substrate specificity studies of 15-
LOX-2 are expanded beyond the AA-LA pair by thoroughly studying its substrate
preference with AA versus various PUFAs, differing in chain length and unsaturation,
at different pH values with and without added LOX products. Our results demonstrate
that C,; fatty acid and C,, fatty acid products alter the substrate specificity of 15-
LOX-2 differently, which is suggestive of a distinct mechanism of catalysis for these
two classes of LOXs substrates. In addition, pH affects substrate specificity in a
similar manner, indicating a similar mechanism of action. This allosteric investigation
of 15-LOX-2 via kinetic studies thus provides a detailed insight into the factors that
influence the regulation of its substrate specificity and have important implications to

the role of 15-LOX-2 in human tissue.
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1.10 Figures

Figure 1.1 Lipoxygenase structure
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Figure 1.2
A) Proposed catalytic cycle of LOX B) Various microscopic steps involved in

LOX reaction mechanism
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Figure 1.3 Poly-unsaturated fatty acids as LOX substrates
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Figure 1.4 Role of 15-LLOX in the formation of leukotrienes and lipoxins.
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Figure 1.5 Role of 15-LOX-1 in stroke related damage.
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Chapter 2

Inhibition of 12/15-lipoxygenase as therapeutic strategy to treat stroke

2.1 Introduction

Acute stroke drug therapy in the United States currently remains limited to tissue
plasminogen activator (tPA), a protease with significant side effects including
increased bleeding. Because of the need to rule out a hemorrhagic stroke, CT or MRI
imaging is required before tPA can be administered, narrowing the time window for
tPA use. Currently only 1-5% of eligible patients are treated” .

Following experimental stroke, several oxidative stress-related pathways are
activated, which contribute to enhanced ischemia/reperfusion injury(“) . 12/15-
lipoxygenase (12/15-LOX) is increased in both neurons and endothelial cells in the

7.8

peri-infarct area'” ¥, contributing to delayed cell death in the penumbra, weakening of

the blood — brain barrier, and edema formation. Previous studies using lipoxygenase

. . . . . . . 9-714
inhibitors have demonstrated infarct size reduction in mice and rats®’? , and

improved behavioral deficits in rabbits””.

We have recently introduced novel lipoxygenase inhibitors, which were able to
protect cultured neuronal and oligodendrocytic cells against oxidative stress”?. In
this study, we investigated 12/15-LOX activity in the ischemic brain, and we tested
the inhibitor LOXBlock-1 in mouse models of cerebral ischemia and hemorrhage for

its potential as acute phase therapy for ischemic stroke.

2.2 Materials and Methods

47



All animal experiments were performed following protocols approved by the
Massachusetts General Hospital Institutional Animal Care and Use Committee in
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Both the surgeon carrying out the operations, and the
investigators evaluating data, were blinded as to treatment groups.

2.2 Materials and Methods
2.2.1 Oxidative Glutamate Toxicity in HT22 Cells

Glutathione depletion was induced in HT22 cells by glutamate
treatment, and LDH release into the medium was measured to detect cell death as
described’™'¥. Briefly, HT22 cells were cultured in DMEM containing 10% fetal
bovine serum and penicillin / streptomycin (all media from Invitrogen). For viability
experiments, cells were seeded at 5 x 10° cells/well in 24-well plates (Corning) and
treated when approximately 70% confluent. Treatment consisted of exchanging the
medium to 1 ml fresh culturing medium and adding 5 mM glutamate (stock solution
400 mM in PBS) in the presence or absence of DMSO (maximum 0.1% final
concentration) as control or the indicated concentrations of LOXBlock-1. Lactate
dehydrogenase (LDH) content was determined separately for the cell extracts and
corresponding media using a Cytotoxicity Detection Kit (Roche), and the percentage
of LDH released to the medium calculated after subtracting the corresponding
background value. To determine levels of the 12/15-LOX metabolite 12-hydroxy-
eicosatetraenoic acid (12-HETE), we cultured HT22 cells in 75 c¢m? flasks in DMEM

medium without phenol red, supplemented with 5% FBS, and treated the cells the
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next day when cells were 50-70% confluent. 24 hours later, the eicosanoid-containing
fraction was isolated via Sep-Pak C-18 column, and 12-HETE was detected with a
12-HETE EIA kit (Assay Designs), used according to the manufacturer’s instruction.
Three independent experiments were evaluated.
2.2.2 Transcription Factor Activation Assays

Cell-based reporter assays were used to measure activation of NRF2 and
HIFla pathways. Varied concentrations (0.015-12 uM) of LOXBlock-1 and a
positive control (TBHQ for Neh2-luc reporter cell line”” and ciclopirox for HIF1
ODD-luc reporter cell line®”) were tested in 96-format white, flat-bottom plates.
Cells were plated at the density of 25,000 cells per well using a WellMate
multichannel dispenser from Matrix (Thermo Fisher Scientific) and grown overnight
on DMEM/F12+GlitaMAX (100 pl per well). Then the activator was added, and the
plates were incubated for 3 hr; the medium was removed, cells lysed, and luciferase
activity was measured on a luminometer Lmax11384 (Molecular Devices) with
BrightGloTM reagent (Promega). The titration was performed in triplicate. The
reporter activation was normalized to the background luminescence.

2.2.3 Mouse Transient Focal Cerebral Ischemia Models

The standard intraluminal middle cerebral artery occlusion method was
used to induce transient focal cerebral ischemia in CD-1 mice as previously
described”.  General anesthesia was maintained with 1-1.5% isoflurane via
facemask. Laser-Doppler flowmetry was used to confirm adequate induction of focal

ischemia and successful cerebral reperfusion (3 mm lateral to bregma). Perfusion
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reductions were monitored during ischemia as a percentage of pre-ischemia baselines.
Body temperature was monitored and maintained at 36.5-37.5°C with a feedback
heating pad. In this study, we used two types of transient focal cerebral ischemia
models. First, in a 90-minute transient occlusion model, brain infarct was assessed at
24 hours after onset of ischemia. Second, in a 60-minutes of focal cerebral ischemia
model, both histological and sensorimotor function measurements were assessed up
to 14 days after ischemia. In all the in vivo experiments, investigators were blinded to
the treatment groups.
2.2.4 Infarction Volumes
Male CD-1 mice were obtained from Charles River Laboratories. 5
minutes before induction of ischemia, mice received either DMSO vehicle, or 50
mg/kg LB-1 dissolved in DMSO, by intraperitoneal injection. At 24 hours after 90
minutes of focal cerebral ischemia, following transcardial perfusion with PBS to
remove blood, mice were sacrificed. Ischemic brain damage was assessed by 2,3,5-
triphenyltetrazolium hydrochloride (TTC) staining on 1-mm brain slices. In separate
experiments, at 14 days after 60 minutes of transient focal cerebral ischemia, we used
hematoxylin & eosin staining in 20-um coronal sections (with a 1-mm interval).
Infarct volumes were quantitated with a standard computer-assisted image analysis
technique (Image-J). The indirect method was used (contralateral volume minus
uninfarcted ipsilateral volume) to measure the brain infarction volume.
2.2.5 Preparation of Brain Homogenates and Isolation of Eicosanoid

Fraction
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The standard intraluminal 60 minutes middle cerebral artery
occlusion filament method was used to induce transient focal cerebral ischemia in
CD-1 mice as described above. After transcardial perfusion with PBS to eliminate
blood, brain hemispheres from the ipsilateral (ischemic) and the non-ischemic
contralateral side were separately frozen. Subsequently, they were homogenized in 5
pl Cell Lysis buffer (Cell Signaling) / mg weight with 20 strokes in a Dounce
homogenizer, centrifuged for 15 minutes at 10000 x g. The supernatant was acidified
to pH 3.5, centrifuged again, and the supernatant of this second spin was applied to a
Sep-Pak C-18 column. The eluate of the C-18 column was concentrated in a
SpeedVac vacuum centrifuge and analyzed using a commercially available 12-HETE
EIA kit (Assay Designs), or subjected to analysis by HPLC/MS.

2.2.6 HPLC /MS analysis

The samples were dried under vacuum, re-suspended in methanol,
centrifuged and supernatant was transferred to eppendorf tubes and stored at -20° C
until analyzed by Finnigan LTQ liquid chromatography tandem mass spectrometry
(LC—MS/MS) system. An internal control, deuterated (d4) - PGE, (ds-PGE,) was
added to each sample prior to injection on LC-MS to account for the variation in the
detector response and it was assumed that the change in detector response for internal
control and LOX products of interest would be similar. A Thermo Electron Corp.
Aquasil (3 um, 100 mm x 2.1 mm) C-18 column was used to separate the
lipoxygenase products with an elution protocol consisting of 0.2 ml/min flow rate and

a linear gradient from 40% ACN, 59.9% H,0, and 0.1% THF to 48% ACN, 67.9 %
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H,0, and 0.1% THF, followed by an isocratic step of 55% ACN, 44.9% H,O, and
0.1% THF. The corresponding LOX metabolites were detected using selective ion
monitoring analysis [(m/z =318.7 to 319.7 for 12-HETE and 15-HETE),( m/z =334.7
to 335.7 for LTB,), (m/z =354.7 to 355.7 for d4-PGE,) and (m/z =623.8 to 624.8 for
LTC,)] in negative ion mode and then identified by fragmentation pattern (12-HETE -
parent ion at m/z 319 and fragments at m/z 179 and 163; 15-HETE - parent ion at m/z
319 and fragments at m/z 219 and 175; LTB4 - parent ion at m/z 335 and fragments
at m/z 203 and 195; d4-PGE; - parent ion at m/z 355 and fragments at m/z 337,319
and 275; LTC4 - parent ion at m/z 624 and fragments at m/z 606, 495 and 272) from
MS-MS™?" Y The electro spray voltage was set to 5.0 kV and a global acquisition
MS mode was used. The MS-MS scan was performed for the five most abundant
precursor ions. The Collision Induced Dissociation (CID) was used for MS-MS with
collision energy of 35 eV. The peak intensities of LOX products were normalized to
the d4- PGE, intensities. The amount of 12-HETE, 15 HETE, LTB4 and LTC4 in the
samples was estimated using a standard curve generated from respective pure
products with concentrations ranging from 0 pM to 10 uM along with a constant
amount of d4-PGE, added in each sample. The assays are linear in the concentration
range used for the standard curve of 12-HETE, 15-HETE, LTB4 and LTC4 with R?
values of 0.906, 0.933, 0.988 and 0.998 respectively.
2.2.7 Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed sections, according to

Pallast et al®”. Brains were perfused transcardially first with PBS, then with 4%

52



formalin. They are then rapidly removed and stored in 4% formalin overnight. The
next day, brains are transferred to buffer containing 15% sucrose for 24 hours, then
30% sucrose. Sections were cut to 20-um coronal sections on a freezing microtome.
After staining with primary antibodies and fluorescent-tagged secondary antibodies,
sections are analyzed on a Zeiss LSM 5 Pascal scanning confocal microscope.
Antibodies used for double staining were a rabbit polyclonal antiserum raised against
the C-terminal peptide of 12/15-LOX and affinity purified against the peptide used
for immunization, and a mouse monoclonal antibody MDA2, which recognizes
malondialdehyde-modified lysine residues®* ”.
2.2.8 Sensorimotor Function Assessments

Mice were tested and scored for neurological deficits using a
Neurological Severity Score, 24 hours after onset of ischemia, and in a Corner Test 1,
4,7, and 14 days after MCAO. One day before focal ischemic injury, mice were also
tested to obtain pre-injury baselines.

2.2.9 Neurological Severity Score

A 10 point neurological score was employed with slight
modifications®”. The score consists of 10 individual clinical parameters, including
tasks on motor function, alertness, and physiological behavior, whereby 1 point is
given for failure. A maximal NSS of 10 point indicates severe neurological
dysfunction with failure at all tasks (Table 2.1).

Table 2.1
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Exit circle: Ability and initiative to exit circle of 30 cm diameter (time limit: 3
minutes)
Mono-Hemiparesis: Paresis of upper and/or lower limb of the contralateral side
Straight Walk: Alertness, initiative, and motor ability to walk straight, once the
mouse is put on the floor
Startle Reflex: Initiative reflex; the mouse will react to a loud hand clap
Seeking Behavior: Physiological Behavior as a sign of “interest” in the environment
Beam Balancing: Ability to balance on a beam of 7 mm width for at least 10 seconds
Round Stick Balancing: Ability to balance on a round stick of 5 mm diameter for at
least 10 seconds
Beam Walk 3 cm: Ability to cross a 30 cm long beam of 3 cm width
Beam Walk 2 cm: Same task, increased difficulty on a 2 cm wide beam
Beam Walk 1 cm: Same task, increased difficulty on a 1 cm wide beam
2.2.10 Corner Test

This test was carried out as previously described with slight
modifications®”. Briefly the mouse was placed between two rectangular pieces of
wood (30x20x1 cm) joined with a hinge at an angle of 30° with a small opening along
the joint. Mice were encouraged to enter the corner formed by the wooden boards.
When the mouse entered into the deep part of the corner, both sides of the vibrissae
were stimulated together by the two boards. Then the mouse reared forward and
upward, then turned back to face the open end. Trials in which the mouse turned

without rearing were excluded. Ten trials with a complete rearing were performed for
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each mouse and the direction of rearing and turning was recorded. Following MCAO
to the right side of the brain, mice initially have a strong tendency to turn to the right.
This test detected integrated sensorimotor function as it involves both stimulation of
the vibrissae (sensory/neglect) and rearing (motor response).

2.2.11 Induction of Intracerebral Hemorrhage

The standard intrastriatal collagenase model was used to make an

Intracerebral Hemorrhage Model, in CD-1 mice®. Briefly, while the mice were
under isofluorane anesthesia (1.5%) with spontaneous respiration in a nitrous
oxide/oxygen mixture, a small borehole was drilled via the following coordinates
from the bregma: 0.0 mm anterior, 2 mm lateral. A 32-gauge 0.5 ul microinjection
needle (Hamilton, 7000) series was lowered 3.5 mm depth in the borehole with a
stereotactic frame into the right striatum. During a period of 5 minutes, 0.5 pL of
saline containing 0.075 U collagenase VII-S (Sigma) was injected. The needle was
left in place for 10 minutes and then slowly removed over 5 minutes. Body
temperature was monitored and maintained at 36.5-37.5°C with a feedback heating
pad. Afterward, the borehole was sealed with bone wax, the scalp was sutured closed,
and the mice were allowed to recover. The whole surgical procedure lasted
approximately 35 minutes for each mouse.

2.2.12 Measuring Hemorrhagic Blood Volume by Quantitative

Hemoglobin

Content Determination
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24 hours after hemorrhage induction, transcardial perfusion with PBS
was performed under deep (5%) isofluorane anesthesia. Brains were removed,
separated into left and right hemispheres. Ipsilateral (hemorrhagic side) are
homogenized in 900 pl, 1x Cell Lysis buffer (Cell Signaling) with 20 strokes in a
Dounce homogenizer, centrifuged for 15 minutes at 13000 rpm. The 12.5 pl
supernatant was added to 50 pL Drabkins reagant. With use of a photometer,
absorption rates were determined at 540 nm, and hemorrhagic blood volumes were
calculated for the ipsilateral brain on the basis of a standard curve.

2.2.13 Functional Outcome Assessment: Hanging Wire Test

At 24 hours after hemorrhage induction, neurological deficits were
assessed on a standard hanging wire test, which was described before®® . Briefly,
mice were suspended by its forelimbs on a wire stretched between two posts 60 cm
above a foam pillow. The period of time in seconds until the mouse fell was recorded.
We scored the mice; 1=0-29 seconds, 2=30-60 seconds, 3=no fall off in 60 seconds.
The posture of the four limbs and tail and the movement of the mouse were recorded
as different scores; O=fall off in the first 30 seconds, 1=is not able to bring all four
paws to the wire, 2=uses all four paws and tail to stay on the wire but does not move
to the left or right, 3=like 2, but also gains some distance on the wire, 4= like 2 and
the mice reaches the post holding the hanging wire, 5= like 2 but also climbs down
the side of the post to the table. The test was repeated 3 times for each mouse.

2.2.14 Distal MCAO Experiments
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To study LOXBlock-1 in a model of tPA-induced thrombolysis,
C57Bl6J mice were treated with ferric chloride (FeCls) to cause occlusion of the
distal middle cerebral artery®”. Mice were kept under anesthesia with 1.5 %
isoflurane in a nitrous oxide/oxygen mixture via facemask. The body temperature was
monitored by a rectal probe and maintained at 37+0.3°C by a homoeothermic blanket
control unit. Briefly, mice were placed in a stereotaxic frame, the scalp was opened
and right temporal muscle was dissected. The area between zygomatic arch and
squamous bone was thinned by a high-speed drill and cooled with saline. The trace of
MCA was visualized and thin bony film was lifted up by forceps. After that a laser-
Doppler flowmetry probe was placed 2 mm posterior, 6 mm lateral to the bregma to
monitor the regional cerebral blood flow (rCBF). After obtaining a stable epoch of the
pre-ischemic rCBF, a piece of 10 % FeCl; saturated filter paper was placed over the
intact dura mater along the trace of MCA and the rCBF was continuously monitored
during the next 3 hours. After 2 hours of ischemia, either 50 mg/kg LOXBlock-1, or
DMSO vehicle was injected intraperitoneally. Then intravenous tPA (10 mg/kg,
Activase®, Genentech Inc.) was administered in 20 minutes. Neurological deficit was
rated by using modified neurological severity score 24 hours after ischemia.

Mice were sacrificed following cardiac perfusion with saline 24 hours
after ischemia. Brains were removed and photographed, and then tissues were
immersed in 4% paraformaldehyde overnight. Cryoprotection was obtained with 15%
and 30% sucrose solutions at 4 °C. 20 um thick frozen coronal sections were taken.

After hydrating with PBS for 5 min, sections were incubated in diaminobenzidine
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(DAB) staining solution (Vector, USA) for 15 min and washed with PBS for 5 min.
in the presence of hemoglobin, hydrogen peroxide oxidizes DAB and it gives a dark-
brown color. DAB specifically marks hemorrhage area and non-hemorrhagic areas
are not stained”” *?. Nissl staining was used to see background. For this purpose 0.5
% cresyl violet in 0.1% acetic acid solution was applied for 2 minutes and sections
were washed with water. Then dehydration was obtained by 70 %, 95 % and 100 %
alcohol for 30 sec in each and xylene was used for immersion. The border of each
DAB stained area was drawn by using NIH Image J and hemorrhage area (mm2) was
calculated by a summation of them.

For distal MCAO experiments 8 mice were used (n=4/group). There
was no significant difference in ischemia and reperfusion levels between groups. In
vehicle treated group rCBF drop was 30+2 % and reperfusion rate was 74415 % and
in the LOXBlock-1 treated group, ischemia rate was 26+6 % and reperfusion rate was
79 £ 19 %. Hemorrhage area was significantly higher in vehicle treated group (2.2 +
0.4 mm”) comparing to LOXBlock-1 treated group (0.4 + 0.1 mm?) (p<0.05). The
vehicle treated group showed a more severe neurological deficit than the LOXBlock-
1 group, but the difference was only borderline significant (not shown; p=0.05).

2.2.15 Human brain tissue samples

A 59 year old male with a history of hypertension and diabetes
mellitus type II, who suffered an acute ischemic stroke, due to a severe right carotid
stenosis (atherothrombotic stroke) was included in the study®”. CT scan showed an

infarct in the territory of the right Middle Cerebral Artery. The patient did not receive
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tPA and died 87 hours after stroke onset. It took 4 h from death to the necropsic study
(post-mortem). On autopsy and during macroscopic examination, morphological
features and last available neuroimages were used to guide brain tissue sampling from
ischemic ipsilateral, or from contralateral hemisphere. Infarcted area was delineated
by an experienced neuropathologist (mainly through the consistence and colour of the
parenchyma) and 1 cm’ of the contiguous tissue was obtained as peri-infarct, which
was confirmed by histopathological microscopic examination. Histological
examination showed severe ischemic necrosis in the whole MCA territory, with
extensive neuronal necrosis and no signs of neurodegenerative disease. The second
patient was a 77 year old female with probable atrial fibrillation, presenting with
ischemic stroke affecting the left MCA. This patient developed hemorrhagic
transformation following thrombolytic treatment, and died 77 hours after stroke onset.
Samples for immunohistochemistry were immediately fixed with 4%
paraformaldehyde and kept at -80°C until use. This study was approved by the Ethics
Committee of the Hospital Vall d’Hebron [PR(HG)85/04]. Informed consent was
acquired from relatives prior to the autopsy.
2.2.16 Statistical analysis

For parametric and continuously variable measurements, we used
ANOVA followed by Tukey-Kramer posthoc tests. For nonparametric ordinal data
(e.g. functional outcomes), we used non-parametric Kruskal-Wallis followed by post-
hoc Mann-Whitney tests. P values less than 0.05 were considered significant.

2.3 Results
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Dose-ranging studies showed that 200 nM LOXBlock-1, which itself lacks
antioxidant activity’”, protected HT22 neuronal cells against oxidative glutamate
toxicity (Figure 2.1A). Correspondingly, glutamate-induced elevation of the 12/15-
LOX metabolite 12-hydroxyeicosatetraenoic acid (12-HETE) was also significantly
suppressed by LOXBlock-1 (Figure 2.1B). Two major iron-dependent pathways
counteracting oxidative stress are mediated by NRF2 and HIF1a, and many traditional
LOX inhibitors act by iron chelation. To rule out that LOXBlock-1 protected HT22
cells by activating these pathways, we used cell-based reporter assays”” °”. Neither
NRF2 nor HIFla were significantly activated (Figure 2.1C and D, respectively),
suggesting that neuroprotection in our HT22 experiments was specific to the 12/15-
LOX pathway.

Biochemical effects of 12/15-LOX were next examined in vivo. The brains of
mice were analyzed at 12 or 24 hours after 60 minutes transient focal cerebral
ischemia. 12/15-LOX activity was measured by assaying 12-HETE by enzyme
immunoassay, which showed a marked increase in the ipsilateral brain at 12 and 24
hours post-ischemia (Figure 2.1E). The identity of 12-HETE was confirmed by
HPLC and mass spectrometry (Figure 2.1F). At 24 hours, immunostaining with
antibody MDA2?* *¥ detected an increase in malondialdehyde-conjugated lysine in
cells of the ischemic peri-infarct area, which were also 12/15-LOX positive (Figure
1G). Malondialdehyde is a breakdown product formed by oxidation of arachidonic

acid, a substrate for 12/15-LOX.
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To determine if these results are relevant to human stroke, we performed
immunostaining with the 12/15-LOX and MDA?2 antibodies. Cell-specific staining for
both antigens was detected in the penumbra surrounding the core infarct, but not on
the contralateral side of the brain (Figure 2.2A). Higher magnification of the
ipsilateral staining pattern and overlay with a nuclear stain again showed
colocalization of 12/15-LOX with the MDA?2 epitope (Figure 2.2B). In a second
patient, we combined 12/15-LOX staining with an antibody to apoptosis-inducing
factor AIF, which showed both antigens increased in the peri-infarct region of the
brain, compared to the contralateral side (Figure 2.2C). The staining pattern closely
resembles that found in our previously published mouse experiments, where both
12/15-LOX and AIF were also increased coincidentally in the peri-infarct regionm) .

Consistent with a damaging role for increased 12/15-LOX activity,
intraperitoneal administration of the 12/15-LOX inhibitor LOXBlock-1 significantly
reduced infarct size 24 hours after focal cerebral ischemia (Figure 2.3A). Showing
specificity, LOXBlock-1 also reduced the amount of 12-HETE in the ischemic
hemisphere (Figure 2.3B). Neuroprotection was sustained long-term. Even 14 days
post-ischemia, LOXBlock-1-treated mice still had significantly smaller infarct sizes
compared to vehicle controls (Figure 2.3C). Behavioral testing supported this result,
with LOXBlock-1 treated mice showing a reduced Neurological Severity Score in the
acute phase, and returning towards pre-injury baseline in the Corner Test by Day 14,

while vehicle-treated mice retained a significant deficit (Supplementary Figure 1).
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A major issue for any acute phase stroke therapy is until what time after stroke
onset treatment will provide a benefit. LOXBlock-1 proved to still protect when given
4 hours after induction of ischemia, and even at 6 hours still showed a trend towards
protection, although this was not statistically significant (Figure 2.3D).

In a safety study, we tested the effects of LOXBlock-1 in a mouse model of
collagenase-induced hemorrhage. LOXBlock-1 did not alter hematoma volumes
(Figure 2.3E) or worsen neurological outcomes (Supplementary Figure 2),
suggesting it does not increase hemorrhagic injury to the brain.

Finally, we investigated the effects of LOXBlock-1 when combined with tPA in
a model of tPA-associated hemorrhagic transformation. Intravenous administration of
tPA two hours after onset of clotting allowed for efficient reperfusion (not shown),
but led to hemorrhage in C57Bl6J mice. This was significantly reduced by
intraperitoneal injection of LOXBlock-1 (Figures 2.3F and G), demonstrating that
12/15-LOX inhibition may provide benefits when co-administered with tPA.

2.4 Discussion

Our main findings are that 12/15-LOX inhibition by LOXBlock-1 efficiently
protected against oxidative stress-related cell death, both in neuronal HT22 cells, and
in mouse models of transient focal ischemia. In an established mouse model of stroke,
12/15-LOX activity was increased. 50 mg/kg LOXBlock-1 was sufficient to reduce
elevated 12-HETE in the ischemic brain, and to provide long-lasting protection
against ischemic stroke. Furthermore, LOXBlock-1 still protected when administered

4 hours, possibly even six hours after onset of ischemia. Importantly, LOXBlock-1
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did not have adverse effects in a mouse hemorrhage model, and actually reduced
hemorrhage associated with tPA administration. Because increased 12/15-LOX was
also detected in the peri-infarct region of a human stroke victim, these results may
translate well to human stroke.

Glutathione depletion in HT22 cells is an established cell culture model of
oxidative stress-related toxicity. Cell death in these cells, as in immature primary
cortical neurons and in primary oligodendrocytic cells, depends on 12/15-LOX/"” /%
39 The effective concentration for half-maximal rescue of HT22 cells by
LOXBlock-1 (ECsp) was around 300 nM, suggesting reasonable efficacy for an
enzyme inhibitor. Release of 12-HETE into the culture medium is presumably not
part of the death mechanism; addition of exogenous 12-HETE does not affect
viability of HT22 cells””. Instead, an intracellular mechanism of lipid peroxidation in
endoplasmic reticulum and mitochondria, followed by translocation of apoptosis-
inducing factor AIF to the nucleus likely kills the cell””. Nevertheless, the detection
of 12-HETE provides a good readout for 12/15-LOX inhibition both in cell culture,
and in the ischemic brain. Here, the decrease of 12-HETE in the ischemic hemisphere
of LOXBlock-1 treated mice suggests that the inhibitor reaches its target in the brain.
12-HETE was still elevated 24 hours after MCAO, and a recent biomarker study
found increased HETE levels up until 7 days in the plasma of stroke patients””,
suggesting that lipoxygenase inhibition may be beneficial even at relatively late times

1(16. 40)

of administration. From the initial studies identifying LOXBlock- , we know

that it also inhibits the human version of 12/15-LOX, termed 15-lipoxygenase-1. Our
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case study shows increased 12/15-LOX after stroke in two human stroke cases as well
(Figure 2.2). LOXBlock-1 may thus also protect against 12/15-LOX related brain
damage in humans.

Because of its propensity to cause bleeding, tPA administration currently
requires time-consuming imaging to rule out a hemorrhagic stroke. A drug that does
not worsen hemorrhage could be given earlier, before advanced imaging by CT or
MRI. While no current hemorrhage model can completely reflect the complexities of
both intracerebral (ICH) and subarachnoid (SAH) hemorrhagic strokes, it is
significant that LOXBlock-1 does not have adverse effects in the collagenase-induced
hemorrhage model. Should this be confirmed, or LOXBlock-1 even provide a benefit
to victims of ICH or SAH, this would raise the intriguing possibility of giving a
neuroprotective drug already in the ambulance, or directly upon arrival in the hospital
and initial stroke diagnosis.

A further possible use for 12/15-LOX inhibition may be as an adjuvant to tPA
thrombolysis. As a first step to investigate this possibility, we used a mouse model of
clot-induced distal MCAO. We found surprisingly high levels of hemorrhagic
transformation when we reperfused after two hours using tPA, which in humans
typically occurs when tPA is given at later time points. We used tPA at 10 mg/kg.
This the standard dose for tPA in rodents, but tenfold higher than in humans, possibly
explaining the difference in timing. Nevertheless, the striking finding here is that
LOXBIlock-1 administered at the same time as tPA can significantly reduce

hemorrhage (Figure 2.3 F-G), suggesting that combining tPA with LOXBlock-1 may
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be a useful therapeutic strategy. Further studies will be required to determine whether
administration at the same time is required, and to find a suitable time window for
this combination treatment.

In summary, we found increased 12/15-LOX activity following ischemia, and
have tested a novel inhibitor of 12/15-LOX for its utility as a neuroprotectant in vitro,
as well as in mouse models of transient focal ischemia. The robust protection shown
by LOXBlock-1 suggests it is a strong candidate for a successful acute phase stroke
treatment.
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2.5 Figures

Figure 2.1 LOXBlock-1 targets increased 12/15-LOX activity in oxidatively stressed
neuronal cells, and 12/15-LOX activity is increased in the ischemic brain. A)
Neuronal HT22 cells are protected against oxidative glutamate toxicity by nanomolar
levels of LOXBlock-1 (***p<0.001). B) 5 uM LOXBlock-1 brings increased levels
of 12-HETE in the medium back down to baseline (**p<0.01 against control, or
glutamate plus LOXBlock-1 treated cells). C) LOXBlock-1 (n) does not activate
NRF2 in the Neh2-luc reporter assay (with tertiary butylhydroquinone (1) as positive
control). D) Likewise, LOXBlock-1 (n) does not activate HIF1a in a HIF1 ODD-luc
reporter assay (ciclopirox (m) as positive control). E) 12-HETE was significantly
increased in the ipsilateral hemisphere both 12 and 24 hours after transient focal
ischemia (*p<0.05, ***p<0.001; sham n=6 brains, 12hours n=3 brains, 24hours n=>5
brains). F) The identity of 12-HETE was confirmed by HPLC/Mass Spectrometry
analysis. The smaller peak for 15-HETE in the HPLC profile (top panel) is also a
12/15-LOX product. G) 24h after transient focal ischemia, LOX co-localizes with a
marker for malondialdehyde-modified proteins, MDA2 in the peri-infarct cortex.

Nuclei appear as blue stain (To-Pro-3) in the merged picture; scale bar =20 pm
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Figure 2.1
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Figure 2.2 12/15-LOX co-localizes with the oxidative stress marker MDA?2 in the
infarcted human brain. A) 12/15-LOX is increased in the peri-infarct region of a
human brain 87 hours after an ischemic stroke, compared to the contralateral side
(scale bar 50 nm). B) Co-localization of 12/15-LOX in the peri-infarct area with
MDA2, merged with nuclear stain To-Pro-3 (scale bar 20 nm). C) In a second human
brain, 12/15-LOX co-localizes with AIF, and both are clearly increased on the

infarcted vs the contralateral side (scale bar 20 nm).
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Figure 2.2
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Figure 2.3 LOXBlock-1 efficiently protects against transient focal ischemia in mice,
and does not worsen outcome after hemorrhage. A) Treatment with 50 mg/kg
LOXBIlock-1 significantly reduced infarct size 24 hours after 90 minutes of MCAO
(**p<0.01; n=12 per group). B) Levels of 12-HETE were lower in the ischemic brain
hemisphere of LOXBlock-1 treated mice (n=11 for vehicle, n=10 for LOXBlock-1).
C) Infarct sizes remained smaller 14 days after MCAO (**p<0.01; n=12 per group).
D) Delayed administration of LOXBlock-1 retains efficacy against MCAO-induced
brain injury (**p<0.01 at 2 hours with n=8 per group; *p<0.05 at 4 hours). E)
Hemorrhage volume after collagenase administration was not increased by
LOXBlock-1 (n=7 per group). F) Following tPA thrombolysis in an embolic clot
model, vehicle-treated mice exhibit brain hemorrhage, which is reduced by
LOXBIlock-1 treatment. G) Quantitative evaluation of DAB-stained brain sections
confirms a significant reduction in hemorrhage by treatment with LOXBlock-1

(**p<0.01).
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Figure 2.3
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2.6 Supplementary Figures

Supplementary Figure 1

Behavioral tests in the long-term outcome study show protection by LOXBlock-1 in
the MCAO model. A) To determine the acute severity of brain injury in this model,
we used a standard ten point Neurological Severity Score. 24 hours after MCAO,
LOXBIlock-1 treated mice show significantly reduced injury (**p<0.01 compared to
vehicle-treated). B) To gauge long-term recovery, we used an established Corner
Test. Mice initially have a strong preference for right-hand turns following MCAO,
which becomes less pronounced over time. In our experiment, vehicle treated mice
retained a significant deficit after 14 days (*p<0.05 compared to pre-injury baseline),
while LOXBIlock-1 treated mice were not significantly different from the pre-injury

baseline (n.s. = non-significant).
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Supplementary Figure 2:
LOXBlock-1 does not worsen behavioral outcome following hemorrhagic injury.
Neither latency (A), nor score (B) in a hanging wire test were adversely affected by

LOXBIlock-1 treatment. No significant differences were found between groups.
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Chapter 3
Potent and Selective Inhibitors of Human Reticulocyte 15- Lipoxygenase-1 as
Anti-Stroke Therapies.

3.1 Introduction

Human Lipoxygenases (LOX) are non-heme, iron-containing enzymes, which
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.” ? The nomenclature of the LOX isozymes is based on the carbon position
(e.g. 5, 12 or 15) at which they oxidize arachidonic acid to form the corresponding
hydroperoxyeicosatetraenic  acid (HPETE),” which are reduced to the
hydroxyeicosatetraenoic acid (HETE) by intracellular glutathione peroxidases.”
Human lipoxygenases and their metabolites have been implicated in numerous
diseases including inflammation, asthma, cancer, diabetes, thrombosis and
neurodegenerative diseases.”’” 5-LOX has been implicated in cancer,”” asthma,*
% copD,™ allergic thinitis,”” osteoarthritis,”* /7 and atherosclerosis.*??
Platelet-type 12-LOX, another important biomolecule, has been implicated in

@ and cancer. ? ?? Reticulocyte 15-

diabetes,m’ 2 Blood coagulation,(zj) psoriasis,
lipoxygenase-1 (15-LOX-1, aka 12/15-LOX) has also emerged as an attractive
therapeutic target by pharmaceutical industry, particularly for its role in
atherogenesis.”” ” However, despite its promise as a therapeutic target, 15-LOX-1 is

(7,9, 27)

complicated by the fact that it has been implicated in both promoting and

inhibiting disease progression.”*”” A more straightforward therapeutic benefit of a
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15-LOX-1 inhibitor is minimizing the brain damage that occurs after an ischemic
stroke event.”” ¥ One of the major traits of neuronal cell death after a stroke event is
the accumulation of reactive oxygen species (ROS).”**’ ROSs in turn activate 15-
LOX-1 leading to the production of lipid hydroperoxides (such as HPETE) and
exacerbate the oxidative stress conditions.®**” Interestingly, 15-LOX-1 is the only
human LOX able to efficiently oxygenate the membrane bound, esterified polyenolic
unsaturated fatty acids directly.””*? This suggests that overexpression of 15-LOX-1
not only contributes to neuronal damage indirectly through the production of HPETE,
but also through direct oxidation of organelle membranes. As proof of principle, we
demonstrated that a 15-LOX-1 knock-out (KO) mouse model resulted in a reduced
infarct size of ~40%, compared to the wild-type.*> */ Moreover, several reports have
shown via immunohistochemistry that 15-LOX-1 levels (aka 12/15-LOX) are
increased in both neurons and endothelial cells following middle cerebral artery
occlusion (MCAO, ischemic stroke).*> * Consequently, these broad implications of
15-LOX-1 in stroke regulation emphasize the need for small molecule inhibitors,
which effectively cross the blood brain barrier and target affected tissue. Our

@52 and others,””? have attempted to identify

laboratory for the last 12 years,
potent and selective 15-LOX-1 inhibitors, but with limited success. Unfortunately,
many of these inhibitors are reductive and/or promiscuous polyphenolic/terpene
based terrestrial natural products, such as boswellic acid (ICso = 1 pM),”” nor-

dihydroguaiaretic acid (NDGA) (ICso = 0.5 pM),””” and baicalein (ICso = 2 pM)m) as

shown in Figure 3.2. Computational docking methods were used to identify novel,
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non-reductive inhibitors, but the potency and selectivity of these compounds
remained undesirable (LOXBlock-1, Figure 3.2).”” The most drug-like 15-LOX-1
inhibitors that had been published prior to our investigations were those reported by
researchers at Bristol-Myers Squibb (BMS) between 2005 and 2011. Their original
publication in 2005 described the identification of tryptamine-based compounds (371,
Figure 3.2) which exhibited low nanomolar potency versus rabbit 15-LOX-1 and
modest selectivity against both 5-hLO and 12-hLO, but they had generally
unfavorable physical properties (solubility and Logp)‘(w The same group later

(55)

described the identification of imidazole-based compounds (21n, Figure 3.2)"” and

pyrazole-based compounds (15i, Figure 3.2),°”

with improved properties (e.g
solubility), but these compounds still were reported to have unacceptable PK
properties for use in vivo.

This lack of potent, selective and biologically active 15-LOX-1 inhibitors,
inspired our initial effort to the discovery of ML094 (Figure 3.2).°? This probe
compound was identified via quantitative high-throughput screen (qHTS) of 74,290
small molecules followed by medicinal chemistry optimization. While ML094 was
optimized for highly potent activity (14 nM) and selectivity, the loss of the terminal
ester, a potential esterase substrate, resulted in a complete loss of activity. Moreover,
we were unable to observe activity of ML094 in a cellular context, which limited its
biological utility.

As mentioned above, 15-LOX-1 has been implicated in stroke, which is the

fourth-leading cause of death in the United States and the leading cause of
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disability.®® °” However only tPA is an approved FDA treatment and is only used in
less than 5% of stroke victims. Therefore, a potent, selective and biologically active
inhibitor of 15-LOX-1 would be highly desirable to probe its role in stroke. Our
previously discovered inhibitor, LOXBlock-1 (Figure 3.2), demonstrated good
activity in mouse models for stroke however it is non-selective.”” Moreover, these 2-
amino-3-carbonyl thiophene derivatives are annotated as PAINS (pan assay
interference compounds) for being “promiscuous, non-specific and reactive”, which
speaks to the need for the identification of other specific inhibitors to interrogate 15-
LOX-1 biology in vivo. From our original HTS, we developed the 1,3,4-oxadiazole-2-
thiol chemotype (ML094, Figure 3.2) as a selective and potent inhibitor against 15-
LOX-1 (19 nM), however it was not active in-vivo.”” We therefore re-screened the
top hits from this HTS and discovered another novel scaffold that is chemically
tractable and amenable to chemical modification at various positions of the molecule
allowing for rapid exploration of the SAR profile. As such, in this investigation, we
discuss the discovery, SAR and biological activity of a novel oxazole-4-carbonitrile
core scaffold with nanomolar potency, selectivity over related eicosanoid producing
enzymes.
3.2 Results and Discussion
3.2.1 Initial screening and optimization of novel chemotype

We previously screened a diverse collection of 74,290 compounds, utilizing a
colorimetric method for detecting the LOX hydroperoxide product and uncovered

numerous compounds with potency against 15-LOX-1.7? ML094, from our previous
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publication, was discovered from this batch of potent compounds but it had low
therapeutic value due to its low in-vivo activity. Therefore, the remaining potent 15-
LOX-1 inhibitors were screened in order to discover an inhibitor with better in-vivo
activity and a novel oxazole-4-carbonitrile core scaffold discovered. Our initial round
of analogues was focused around modification of our lead compound 1 (ML351),
with the general synthesis is represented in Figure 3.1.

To investigate requirements for optimal 15-LOX-1 inhibition, we conducted
detailed SAR analysis of the lead molecule as shown in Tables 3.1-3.3 (analogs 1-
40). Initially, the 1-naphthyl group in the left side of the molecule was replaced with
various aryl and heterocyclic groups as shown in Table 3.1. The bioisosteric
replacement of 1-naphthyl with 2,3-dichlorophenyl (7) or 3,4-dichlorophenyl (8)
groups showed comparable albeit slightly lower potencies (ICsp = 0.46 uM and 0.81
UM respectively vs. 0.20 uM for 1 aka ML351). Replacement with 2-naphthyl group
showed reduced potency (analog 2, ICsp = 1.3 pM) compared to the 1-naphthyl
substitution, which based on space-filling analysis, agreed with the findings we
observed for dichloro analogs 7 and 8. Several other modifications, including
saturated rings or heterocyclic rings at this region (compounds 3-6 and 9-18), also
resulted in reduced potency. Thus, in general the 1-naphthyl group appeared to be
optimal for maximal 15-LOX-1 inhibition as variations in size and electrostatics in
this region were not well tolerated. Accordingly, the 1-naphthyl group was held
constant while other regions of the molecule were explored for further SAR (Tables

3.2 & 3.3).
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Having explored modifications to the 1-naphthyl moiety, our next focus was
to explore modifications of the N-methyl side chain at the 5-position as shown in
Table 3.2 (analogs 19-31). Removal of the methyl group, affording the primary
amine, drastically reduced potency (analog 19, ICso = 25 uM) and di-methylation
reduced potency as well, albeit less so (analog 20, ICso = 3.7 uM). Modifications of
the methyl group with other alkyl substitutions, such as ethyl, n-propyl, n-butyl and n-
pentyl groups, were tolerated (analogs 21-25), with comparable or even improved
potency being observed. However, replacing the methyl group with a branched alkyl
group (analog 26) or cycloalkyl groups (analogs 30-31) significantly reduced the
potency. Larger groups such as benzyl (compound 28, ICso = 5.6 uM) or phenyl
substituted analogs (analog 29, ICso = 5.6 uM) also showed diminished 15-LOX-1
activity. Overall, these data suggested that the mono-alkylation with straight chain
alkyl groups is critical for optimal 15-LOX-1 inhibition.

Finally, we turned our attention to optimization of the 1,3-oxazole core and its
substitution pattern (Table 3.3). Replacing the 1,3-oxazole core with a 1,3-thiazole
ring (analog 32, ICsp = 0.55 uM) resulted in a two-fold decrease in potency. This
could be partly attributed to the difference in size and hardness/softness of the sulfur
and oxygen atoms in the thiazole and oxazole rings respectively. The diminished
potency trend continued further with completely diminished activity for the pyridine
(39, ICsp > 40 uM) and pyrimidine analogs (40, ICsy > 40 uM). Attempts to mimic
the interaction of the oxazole core were unsuccessful with the N-methyl/oxadiazole

derivative (analog 35, ICso > 40 uM) or the thiadiazole analog 36 (ICso > 40 uM).
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Interchanging the positions of the 1-naphthyl group and the -NHMe group (analogs
33-34) led to complete loss of activity. In summary, this chemotype showed very
tight SAR and our efforts to make several changes around the molecule resulted in
similar or lower potency, with exception to analogs 21-23, which showed marginally
improved potency. Despite this improved potency of some of the synthesized
analogs, analog 1 (ML351) was declared the probe because we had conducted more
extensive biological studies on this compound and the added lipophilicity of
compounds 21-23 would only decrease the already marginal aqueous solubility. The
summary of the SAR results from the medicinal chemistry optimization is depicted in
Figure 3.3.
3.2.2 Biological Evaluation of ML351

Given the results of our SAR investigations, which provided compounds with
low nM potency against 15-LOX-1, we then determined the selectivity of a few of
our top analogues against related human LOX isozymes (5-LOX, 12-LOX and 15-
LOX-2). From the four 15-LOX-1 inhibitors tested, ML351, 7, 8, and 32, all
displayed excellent selectivity against all 3 isozymes (Table 3.4). We were
encouraged by these findings because few compounds reported in the literature have
achieved nM potency towards 15-LOX-1 while maintaining excellent selectivity
towards other isozymes. Moreover, we investigated whether these analogs inhibited
cyclooxygenase-1 (COX-1) and/or COX-2 and it was determined that none of them
displayed inhibition (<10% at 15 pM). In summary, ML351 demonstrates excellent

selectivity toward a several related enzymes.
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3.2.3 Mechanistic Investigations

As the LOX inhibitors are known to exhibit a variety of inhibitory
mechanisms, different biochemical methods were used to assess the specific
mechanism for this novel class of inhibitors. To investigate if the mechanism was
reductive in nature, the UV-vis pseudoperoxidase activity assay was performed on
four selected analogs and no degradation of the hydroperoxide product was observed
at 234 nm, indicating a non-reductive inhibitory mechanism. Additionally, there was
no elongation of enzymatic lag phase when these inhibitors were used, supporting a
non-reductive inhibitory mechanism. To investigate nature of inhibition further,
steady-state kinetics were performed using compound ML351 by monitoring the
formation of 15-HPETE as a function of substrate and inhibitor concentration in the
presence of 0.01% Triton X-100. Replots of Ky/Vyay and 1/V,,, versus inhibitor
concentration yielded linear plots (Figure 3.4 and 3.5), with K; equaling 0.1 +/- 0.002
uM and K; equaling 1.2 +/- 0.02 uM. These parameters are defined as the
equilibrium constants of dissociation from the catalytic (K;) and secondary sites (K ),
respectively. The K is in good agreement with the ICsy value and due to the greater
than 10-fold difference between K; and K;’, we assume the secondary site to be the

(60)

allosteric site,”” which is consistent with our previous studies of 15-LOX-1

inhibition.*”
3.2.4 In vitro ADME and in vivo PK profile
Our previously declared probe for 15-LOX-1 inhibition, ML094,

demonstrated excellent potency and selectivity but lacked solubility, cell permeability
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and microsomal stability (T;» <2 mins). Moreover, this compound possessed an
essential ester moiety that was susceptible to intracellular and plasma esterases
rendering it inactive and thus limiting its utility in advanced biological models. Thus,
we are encouraged by in vitro ADME (Table 3.5) and in vivo PK properties (Table
3.6) of ML351. This represents a vast improvement over the majority of compounds
reported previously (vide infra). Despite the low molecular weight (249 Da), and
favorable log D (pH 7.4) of 2.6 which was obtained by Analiza Inc. using their
“scaled-down shake flask lipophilicity method”, most analogs exhibited poor
solubility. The aqueous kinetic solubility in PBS buffer was determined to be 1.2
uM, which is about 7 times the in vitro 1Csp. Empirically, we did observe a vast
improvement in the solubility in the 15-LOX assay buffer (data not shown), which
was encouraging and suggests that solubility was not a detrimental factor in the
biochemical studies. Importantly, the compound demonstrated favorable PAMPA
permeability (passive) and acceptable Caco-2 permeability of >1 (1.5 cm/s™®) with no
evidence of efflux (efflux ratio: 0.7) suggesting the compound is not susceptible to
the action of P-glycoprotein 1 (Pgp), a well-characterized ABC-transporter.
Moreover, ML351 was stable in various aqueous solutions (pH 2, pH 7.4, pH 9) and
mouse plasma. In addition, ML351 exhibited minimal CYP inhibition of the 2D6
and 3A4 isoforms at 10.3% and 3.5% inhibition respectively. Microsomal stability
appears to be species dependent with ML351 possessing moderate stability to rat
liver microsomes (18 minutes) while being less stable to mouse liver microsomes (5.5

mins). The compounds were completely stable in the absence of NADPH, suggesting
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a CYP-mediated degradation. Given our interest in testing compound ML351 in
proof of concept mouse models of stroke, we obtained in vivo PK data on ML351
(Table 3.6) and found a suitable formulation for ML351 (10% Solutol, 10%
Cremophor EL, 20% PEG400 in saline). As anticipated from the microsomal
stability studies, MLL351 has a relatively fast half-life in both plasma and brain (T, =
~ 1 h) with a Cpax of 13.8 uM in plasma (69 times in vitro 1Csp) and 28.8 uM in brain
(144 times in vitro 1Csp). Encouragingly, ML351 has a brain/plasma ratio of 2.8
which demonstrates favorable BBB permeability and suggested that this compound
was suitable for in vivo POC models of ischemic stroke (vide infra).
3.2.5 Cell Activity and In vivo efficacy

After having established the SAR profile and in vitro ADME/in vivo PK
properties of ML351, we then sought to determine the efficacy in mouse models of
ischemic stroke. However, before doing so we tested the ability of ML351 to protect
mouse HT-22 neuronal cells from glutamate-induced oxidative cell death. This cell-
based assay has been previously shown to depend on glutathione depletion and
subsequent activation of 12/15-LOX which leads to the production of peroxides,
influx of Ca*" and ultimately cell death.® % A point of clarification is that human
reticulocyte 15-LOX-1 has also historically been called 12/15-LOX, due to its high
sequence identity (78%) and similar reaction specificity with that of mouse leukocyte
12-LOX. Both proteins are products of the ALOX15 gene. Animal studies are further
complicated by the differences in sequence homology between the human enzymes

and the species of interest. Thus, given that our initial POC animal studies involve
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mice we needed to determine the in vitro activity of ML351 against mouse 12/15-
LOX (m12/15-LOX) to ensure that we retained activity against the related enzyme.
However, given that isolated recombinant m12/15-LOX is very difficult to work with,
we used activity in mouse HT-22 neuronal cells as a surrogate. Thus, ML351 was
tested in the mouse HT-22 neuronal cell assay (Figure 3.6B), which monitors
oxidative cell death after 12-LOX is induced with glutamate (5 mM) addition. It was
found that MLL351 had an ECs value of ~5 uM and that 10 uM of ML351 was able
to significantly reduce the 12/15-LOX product (12-HETE) in HT-22 cells, suggesting
on target activity within the cell (Figure 3.6A). With the encouraging in vitro activity
(HT-22 cells) and in vivo PK data in hand, we decided to progress ML351 into in
vivo efficacy models. For these initial studies we chose the permanent focal ischemia
model in mice (Figure 3.7 A, B), which has been shown to mimic the
pathophysiological mechanisms following ischemic injury.®” The advantage of this
model is that it does not inflict surgical trauma, and has a low mortality compared to
other methods. The thrombosis event in the middle cerebral artery (MCA) is induced
by topical application of FeCl; to the intact dura mater, leading to a cortical infarct.
Laser Doppler flowmetry is used to monitor blood flow reduction and infarct size is
measured following sacrifice at 24 hours by staining of 1 mm brain slice with 2,3,5-
triphenylterazolium hydrochloride (TTC). For the initial POC studies, DMSO was
used as the vehicle for direct comparison, since the van Leyen laboratory had
previously used this formulation in the “LOXBlock-1" studies mentioned above.

However, we plan to utilize the more acceptable formulation (10% Solutol, 10%

&9



Cremophor EL, 20% PEG400 in saline) for future in vivo efficacy studies of ML351.
Gratifyingly, IP administration of ML351 administered 2 hours after the induced
ischemia resulted in a ~30% reduction in infarct size (p < 0.01) as shown in Figure
3.7 B. By comparison, the 12/15-LOX KO mouse resulted in a ~40% reduction in
infarct size, suggesting the results for ML351 are quite promising.
3.3 Conclusion

Our initial efforts to identify a stroke relevant 15-LOX-1 inhibitor (ML094) thru a
HTS proved unsuccessful due to its inactivity in our mouse ex vivo model.?”
Fortunately, re-interrogation of the HTS data revealed a 15-LOX-1 inhibitor
(ML351), with better “drug-like” properties and more importantly mouse ex vivo
activity. Our initial medicinal chemistry efforts, described herein, provided important
SAR to guide future investigations, but we were unable to significantly improve
potency and the tolerability for the structural changes are limited. The most
significant loss of inhibition was observed at the 1-naphthyl position, where almost
all substitutions resulted in significant loss in activity with the exception of its bio-
isosteric dichloro analogs (analog 7 and 8), that only showed a slight decrease in
activity. Modifications of the methyl group on the N-methyl side chain were not well
tolerated either, indicating the straight chain, mono alkylated amine was critical for
potency. Moreover, the only substitution tolerated for 1,3 oxazole core ring was the
replacement with a 1,3 diazole (analog 32), which resulted in a two fold decrease in
the potency. The cyanide group on the oxazole core was found to be essential, with

modifications completely abolishing activity. With these modifications, the SAR
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profile of the ML351 chemotype was developed and 3 more analogs (7,8 and 32)
were selected for further biochemical studies and mechanistic investigation. 5-LOX,
12-LOX, 15-LOX-2, COX-1 and COX-2 were not inhibited by this chemotype. Most
importantly, ML351 is active in both mouse neuronal cells (HT22) and in reducing
the infarct size of stroke-induced mice. This later result is significant since ML351 is
the first human 15-LOX-1 inhibitor that is not active against human 12-LOX but
against mouse 12/15-LOX, as seen by its effectiveness in our mouse stroke model.
This is an unusual quality of ML351 since it was previously determined that human
12-LOX inhibitors were more likely to inhibit mouse 12/15-LOX than human 15-
LOX-1 inhibitors. This is most likely due a greater similarity between the active sites
of human 12-LOX and mouse 12/15-LOX, as seen by the preference of both LOX
isozymes to produce 12-HpETE. This critical quality of ML351 is significant because
it maintains the human LOX selectivity, which is beneficial to a human therapeutic,
but is also functional in a mouse stroke model, which is critical to developing its
biological efficacy.
3.4 Experimental Section
3.4.1 General Methods for Chemistry

All air or moisture sensitive reactions were performed under positive pressure of
nitrogen with oven-dried glassware. Anhydrous solvents such as dichloromethane,
N,N-dimethylforamide (DMF), acetonitrile, methanol and triethylamine were
purchased from Sigma-Aldrich. Preparative purification was performed on a Waters

semi-preparative HPLC system. The column used was a Phenomenex Luna C18 (5
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micron, 30 x 75 mm) at a flow rate of 45 mL/min. The mobile phase consisted of
acetonitrile and water (each containing 0.1% trifluoroacetic acid). A gradient of 10%
to 50% acetonitrile over 8 minutes was used during the purification. Fraction
collection was triggered by UV detection (220 nm). Analytical analysis was
performed on an Agilent LC/MS (Agilent Technologies, Santa Clara, CA). Method
1: A 7 minute gradient of 4% to 100% Acetonitrile (containing 0.025% trifluoroacetic
acid) in water (containing 0.05% trifluoroacetic acid) was used with an 8 minute run
time at a flow rate of 1 mL/min. A Phenomenex Luna C18 column (3 micron, 3 x 75
mm) was used at a temperature of 50 °C. Method 2: A 3 minute gradient of 4% to
100% Acetonitrile (containing 0.025% trifluoroacetic acid) in water (containing
0.05% trifluoroacetic acid) was used with a 4.5 minute run time at a flow rate of 1
mL/min. A Phenomenex Gemini Phenyl column (3 micron, 3 x 100 mm) was used at
a temperature of 50 °C. Purity determination was performed using an Agilent Diode
Array Detector for both Method 1 and Method 2. Mass determination was performed
using an Agilent 6130 mass spectrometer with electrospray ionization in the positive
mode. 'H NMR spectra were recorded on Varian 400 MHz spectrometers. Chemical
shifts are reported in ppm with undeuterated solvent (DMSO-ds at 2.49 ppm) as
internal standard for DMSO-ds solutions. All of the analogs tested in the biological
assays have purity greater than 95%, based on both analytical methods. High
resolution mass spectrometry was recorded on Agilent 6210 Time-of-Flight LC/MS
system. Confirmation of molecular formula was accomplished using electrospray

ionization in the positive mode with the Agilent Masshunter software (version B.02).
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3.4.2 General procedure for the formation of ML351 (Figure 3.1)

Step A: A mixture of 1-naphthoic acid (1.36 g, 7.90 mmol, 1 eq.) and 2-
aminomalononitrile. TsOH (2.0 g, 7.90 mmol, 1 eq.) in ethyl acetate (15 mL) was
added TEA (3.30 mL, 23.7 mmol, 3 eq.) followed by 50 % solution of
propylphosphonic anhydride (T3P") in ethyl acetate (12.56 g, 19.74 mmol, 2.5 eq.).
The reaction was allowed to stir at room temperature for 12 h then diluted with ethyl
acetate. The organic layer was successively washed with water, saturated bicarbonate
solution, brine and dried with MgSO,, and concentrated in vacuo. The crude product
was purified on a biotage flash® system eluting with 50% ethyl acetate in hexanes
containing 0.1 % triethylamine to provide a yellow solid: 2.2 g (Yield: 81%)

Step B: A mixture of 5-amino-2-(naphthalen-1-yl)oxazole-4-carbonitrile (0.42
g, 1.79 mmol, 1 eq.), paraformaldehyde (0.11 g, 3.57 mmol, 2 eq.) and sodium
methoxide (0.096 g, 1.79 mmol, 1 eq.) in methanol (10 mL) was stirred at 65° C in for
3 h until a clear mixture was obtained. The reaction mixture was cooled and sodium
borohydride (0.135 g, 3.57 mmol, 2 eq.) was added slowly and stirred further at room
temperature for 1 h. The crude product was extracted with ethyl acetate and
successively washed with water and brine. The ethyl acetate layer was dried with
MgSOs, and concentrated in vacuo. The crude product was purified on a biotage
flash® system eluting with 30% ethyl acetate in hexanes containing 0.1 %
triethylamine to provide of 5-(methylamino)-2-(naphthalen-1-yl)oxazole-4-

carbonitrile (ML351/NCGC00070329) as a colorless solid: 0.12 g (Yield: 27 % ).
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ML351: 5-(methylamino)-2-(naphthalen-1-yl)oxazole-4-carbonitrile
(NCGC00070329): LC-MS Retention Time: t; (Method 1) = 6.011 min and t,
(Method 2) = 2.42 min; 'H NMR (400 MHz, DMSO-de) § 9.15 (dq, J = 8.7 and 0.9
Hz, 1H), 8.44 (brs, 1H), 8.10 — 7.99 (m, 3H), 7.74 — 7.57 (m, 3H), 3.07 — 3.01 (m,
3H).; °C NMR (400 MHz, DMSO-dy) & 161.9, 161.9, 149.5, 134.1, 134.0, 131.2,
129.2, 128.3, 127.2, 127.2, 127.0, 126.9, 125.8, 125.8, 125.8, 125.7, 122.1, 116.5,
116.5, 84.1, 84.1, 84.1, 29.7, 29.7, 29.6; HRMS (ESI) m/z (M+H)" calcd. for
Ci5sH12N30, 250.0975; found 250.0975.

(4-(8-Hydroxyquinolin-6-yl)phenyl)(piperazin-1-yl)methan-one
(NCGC00262513): LC-MS Retention Time: t; (Method 1) = 1.905 min and t,
(Method 2) = 3.048 min; 'H NMR (400 MHz, DMSO-dq) & 9.11 (ddq, J = 8.7, 1.5,
0.7 Hz, 1H), 8.14 — 7.93 (m, 3H), 7.78 — 7.50 (m, 4H), 2.92 (dd, /= 4.9, 0.6 Hz, 3H),
2.50 (p, J = 1.9 Hz, 1H).; HRMS (ESI) m/z (M+H)" calcd. for C;3H,N;0, 226.0975;
found 226.0976.

3-(4-Aminopiperidin-1-yl)-8-hydroxyquinoline-5-carboxylic acid
(NCGC00319032): LC-MS Retention Time: t; (Method 1) = 2.814 min and t,
(Method 2) = 3.756 min; "H NMR (400 MHz, DMSO-d;) & 8.88 (ddt, J=8.5, 1.4, 0.8
Hz, 1H), 8.17 (q, J = 4.7 Hz, 1H), 8.07 — 7.98 (m, 2H), 7.77 (dd, J = 7.2, 1.2 Hz, 1H),
7.71 — 7.53 (m, 3H), 3.01 (d, J = 4.7 Hz, 3H); HRMS (ESI) m/z (M+H)" calcd. for
CisHi2N3S, 266.0754; found 266.0746.

(3-(8-Hydroxyquinolin-6-yl)phenyl)(4-methylpiperazin-1-yl)methanone

(NCGC00263290): LC-MS Retention Time: t; (Method 1) = 1.803 min and t,
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(Method 2) = 2.759 min; '"H NMR (400 MHz, DMSO-ds) & 8.45 (d, J = 5.2 Hz, 1H),
8.25 (m, 1H), 8.04 (ddd, J=15.4, 7.7, 2.2 Hz, 2H), 7.71 — 7.51 (m, 4H), 6.92 (d, J =
5.2 Hz, 1H), 2.88 (s, 3H); HRMS (ESI) m/z (M+H)" calcd. for C;sH4N3, 236.1189;
found 236.1182.

3-(8-Hydroxyquinolin-6-yl)-N-(3-(piperazin-1-yl)- propyl)benzamide
(NCGC00263300): LC-MS Retention Time: t; (Method 1) = 6.895 min and t;
(Method 2) = 3.909 min; 'H NMR (400 MHz, DMSO-ds) '"H NMR (400 MHz,
DMSO-dg) 6 9.18 — 9.11 (m, 1H), 8.57 (t, J = 5.9 Hz, 1H), 8.10 — 7.99 (m, 3H), 7.74
—7.58 (m, 3H), 3.45 — 3.38 (m, 2H), 1.68 — 1.56 (m, 2H), 1.48 — 1.33 (m, 2H), 0.94
(t, J = 7.4 Hz, 3H); HRMS (ESI) m/z (M+H)" calcd. for C;sH;sN30, 292.1444; found
292.1453.

N-(3-(dimethylamino)propyl)-4-(8-hydroxyquinolin-3-yl)benzamide
(NCGC00263283): LC-MS Retention Time: t; (Method 1) = 2.975 min and t,
(Method 2) = 3.857 min; '"H NMR (400 MHz, DMSO-ds) '"H NMR (400 MHz,
DMSO-dg) 6 9.14 (t, J = 6.2 Hz, 1H), 9.10 — 9.04 (m, 1H), 8.10 — 7.96 (m, 3H), 7.71
— 7.54 (m, 3H), 7.49 — 7.35 (m, 4H), 7.34 — 7.25 (m, 1H), 4.61 (d, J = 6.2 Hz, 2H);
HRMS (ESI) m/z (M+H)" calcd. for C1Hi6N30, 326.1288; found 326.1295.

3.5 Materials and Methods
3.5.1 Materials

Different commercial fatty acids as lipoxygenase substrates, were purchased

from Nu Chek Prep, Inc. (MN, USA). The fatty acids were further re-purified using a

Higgins HAISIL column (5 pm, 250 X 10 mm) C-18 column. An isocratic elution of
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85% solvent A (99.9% methanol and 0.1% acetic acid): 15% solvent B (99.9% water
and 0.1% acetic acid) was used to purify all the fatty acids. Post purification, the fatty
acids were stored at -80 °C for a maximum of 6 months. Lipoxygenase product 13-
(S)-HPODE was generated by reacting the linoleic acid (LA) with soybean LOX-1.
The product generation protocol involved reacting 50 uM substrate in 500 mL of 100
mM Borate buffer pH 9.2 with soybean LOX-1. A small sample from the big reaction
was monitored on the UV Spectrometer till complete turnover. The products were
then extracted using dichloromethane, reduced with trimethylphosphite, evaporated to
dryness and reconstituted in methanol. The products were HPLC purified using an
isocratic elution of 75% A (99.9% methanol and 0.1% acetic acid): 25% B (99.9%
water and 0.1% acetic acid). The products were tested for their purity using LC-
MS/MS and were found to have > 98% purity. Ovine COX-1 (Cat. No. 60100) and
human COX-2 (Cat. No. 60122) were purchased from Cayman chemicals. All other
chemicals were of high quality and used without further purification.
3.5.2 Methods
3.5.2.1 Overexpression and Purification of Lipoxygenases

Different lipoxygenases such as, human reticulocyte 15-lipoxygenase-1 (15-
LOX-1), human epithelial 15-lipoxygenase-2 (15-LOX-2), human platelet 12-
lipoxygenase (12-LOX) were expressed as N-terminal Hise-tagged proteins and were
purified via immobilized metal affinity chromatography (IMAC) using Ni-NTA resins
for 15-LOX-1 and 15-LOX-2, whereas Ni-IDA resin for 12-LOX./"”®The protein

purity was evaluated by SDS-PAGE analysis and was found to be greater than 90%.
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Human 5-lipoxygenase (5-LOX) was expressed as a non-tagged protein and used as a
crude ammonium sulfate protein fraction, as published previously.®”
3.5.2.2 High-throughput Screen (HTS)
Materials
Dimethyl sulfoxide (DMSO) ACS grade was from Fisher, while
ferrous ammonium sulfate, Xylenol Orange (XO), sulfuric acid, and Triton X-100
were obtained from Sigma-Aldrich.
Compound library
A 74,290 compound library was screened in 7 to 15 concentrations
ranging from 0.7 nM to 57 uM. The library included 61,548 diverse small drug-like
molecules that are part of the NIH Small Molecule Repository. A collection of 1,372
compounds from the Centers of Methodology and Library Development at Boston
University (BUCMLD) and University of Pittsburgh (UPCMLD) were added to the
library. Several combinatorial libraries from Pharmacopeia, Inc. totaled 2,419
compounds. An additional 1,963 compounds from the NCI Diversity Set were
included. Lastly, 6,925 compounds with known pharmacological activity were added
to provide a large and diverse screening collection.
HTS protocol and analysis
All screening operations were performed on a fully integrated robotic
system (Kalypsys Inc, San Diego, CA) as described elsewhere. Three puL of enzyme
(40 nM 15-hLO-1, final concentration) was dispensed into 1536-well Greiner black

clear-bottom assay plate. Compounds and controls (23 nL) were transferred via
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Kalypsys PinTool equipped with 1536-pin array. The plate was incubated for 15 min
at room temperature, and then a 1 pL aliquot of substrate solution (50 uM arachidonic
acid final concentration) was added to start the reaction. The reaction was stopped
after 6.5 min by the addition of 4 uLL FeXO solution (final concentrations of 200 pM
Xylenol Orange (XO) and 300 uM ferrous ammonium sulfate in 50 mM sulfuric
acid). After a short spin (1000 rpm, 15 sec), the assay plate was incubated at room
temperature for 30 minutes. The absorbances at 405 and 573 nm were recorded using
ViewLux high throughput CCD imager (Perkin-Elmer, Waltham, MA) using standard
absorbance protocol settings. During dispense, enzyme and substrate bottles were
kept submerged into +4 "C recirculating chiller bath to minimize degradation. Plates
containing DMSO only (instead of compound solutions) were included approximately
every 50 plates throughout the screen to monitor any systematic trend in the assay
signal associated with reagent dispenser variation or decrease in enzyme specific
activity.

Data was analyzed in a similar method as described elsewhere. Briefly,
assay plate-based raw data was normalized to controls and plate-based data
corrections were applied to filter out background noise. All concentration response

curves (CRCs) were fitted wusing in-house  developed  software

(http://ncgc.nih.gov/pub/openhts/). Curves were categorized into four classes:
complete response curves (Class 1), partial curves (Class 2), single point actives
(Class 3) and inactives (Class 4). Compounds with the highest quality, Class 1 and

Class 2 curves, were prioritized for follow-up.
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3.5.2.3 Lipoxygenase UV-Vis Assay

The inhibitor compounds were screened initially using one concentration
point on a Perkin-Elmer Lambda 40 UV/Vis spectrophotometer. The percent
inhibition was determined by comparing the enzyme rates of the control (DMSO
solvent) and the inhibitor sample by following the formation of the conjugated diene
product at 234 nm (e = 25,000 M"'cm™). The reactions were initiated by adding either
of ~ 40 nM 12-LOX, 40 nM 15-LOX-1, 0.5 pM 15-LOX-2 or 5-10 pL of 5-LOX
crude extract to a cuvette with a 2mL reaction buffer constantly stirred using a
magnetic stir bar at room temperature (22° C). Reaction buffers used for various
lipoxygenase were as follows- 25 mM HEPES (pH 7.3), 0.3 mM CaCl,, 0.1 mM
EDTA, 0.2 mM ATP, 0.01% Triton X-100, 10 uM AA for the crude, ammonium
sulfate precipitated 5-LOX; 25 mM Hepes (pH 8), 0.01% Triton X-100, 10 uM AA
for 12-LOX and 25 mM Hepes buffer (pH 7.5), 0.01% Triton X-100, 10 pM AA for
15-LOX-1 and 15-LOX-2. The substrate concentration was quantitatively determined
by allowing the enzymatic reaction to go to completion in the presence of 15-LOX-2.
For the inhibitors that showed more than 50% inhibition at the one point screens, ICs
values were obtained by determining the enzymatic rate at various inhibitor
concentrations and plotted against inhibitor concentration, followed by a hyperbolic
saturation curve fit (assuming total enzyme concentration [E] << K;**", so ICso ~ K;**?
). It should be noted that all of the potent inhibitors displayed greater than 80%
maximal inhibition, unless stated in the tables. Inhibitors were stored at -20° C in

DMSO.
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3.5.2.4 Pseudo-peroxidase Assay

The pseudo-peroxidase activity rates were determined with BWb70c as the
positive control, 13-(S)-HPODE as the oxidizing product and 15-LOX-1 on a Perkin-
Elmer Lambda 40 UV/Vis spectrometer. Activity 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 pM 13-(S)-
HPODE). About 0.6 nmoles of 15-LOX-1 were added to 2 mL buffer containing 20
uM 13-(S)-HPODE, constantly stirred with a rotating stir bar (22 °C). Reaction was
initiated by addition of 20 pM inhibitor (1:1 ratio to product). The percent
consumption of 13-(S)-HPODE was recorded and loss of product less than 20% was
not considered as viable redox activity. Individual controls were conducted with
inhibitor alone with product and enzyme alone with product. These negative controls
formed the baseline for the assay, reflecting non-pseudoperoxidase dependent
hydroperoxide product decomposition. To rule out the auto-inactivation of the
enzyme from pseudo-peroxidase cycling, 15-LOX-1 residual activities were measured
after the assay was complete. 20 uM AA was added to the reaction mixture and the
residual activity was determined by comparing the initial rates with inhibitor and 13-
(S)-HPODE versus inhibitor alone, since the inhibitor by itself inherently lowers the
rate of the oxygenation. Activity is characterized by direct measurement of the
product formation with the increase of absorbance at 234 nm.

3.5.2.5 Steady-State Inhibition Kinetics.
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The steady-state kinetics experiments were performed with the parent
analogue, compound 1 (ML351) to determine the mode of inhibition. The inhibitor
concentrations ranging from 0, 0.05, 2 and 5 uM were used. Reactions were initiated
by adding approximately 40-60 nM 15-LOX-1 to a constantly stirring 2 mL cuvette
containing 1 — 20 uM AA in 25 mM HEPES buffer (pH 7.5), in the presence of
0.01% Triton X-100. Lipoxygenase rates were determined by monitoring the
formation of the conjugated product, 15-HPETE, at 234 nm (¢ = 25 000 M™' cm™)
with a Perkin-Elmer Lambda 40 UV/Vis spectrophotometer. The substrate
concentration was quantitatively determined by allowing the enzymatic reaction to
proceed to completion using 15-LOX-2. Kinetic data were obtained by recording
initial enzymatic rates, at varied substrate and inhibitor concentrations, and
subsequently fitted to the Henri-Michaelis-Menten equation, using KaleidaGraph
(Synergy) to determine the microscopic rate constants, Vmax (wmol/min/mg) and
Vmax/Km (Wmol/min/mg/uM). These rate constants were subsequently replotted with
1/Vmax and Knm/Vimax versus inhibitor concentration, yielding K;’ and K, respectively.
3.5.2.6 Cyclooxygenase Assay

About 2-5 pg of either COX-1 or COX-2 were added to buffer containing 0.1
M Tris-HCI buffer (pH 8.0), 5 mM EDTA, 2 mM phenol and 1 uM hematin at 37 ° C.
The inhibitors were added to the reaction cell, followed by an incubation of 5 minutes
with either of the COX enzymes. The reaction was then initiated by adding 100 uM
AA in the reaction cell. Data was collected using a Hansatech DW1 oxygen electrode
and the consumption of oxygen was recorded. Indomethacin and the solvent DMSO,
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were used as positive and negative controls, respectively and the percent inhibition of
the enzyme was calculated by comparing the rates from samples and the controls.
3.5.2.7 HT22 Cell Culture Assay

Glutathione depletion was induced in HT22 cells by glutamate treatment, and
LDH release into the medium was measured to detect cell death as described.™
Briefly, HT22 cells were cultured in DMEM containing 10% fetal bovine serum and
penicillin / streptomycin (all media from Invitrogen). For viability experiments, cells
were seeded at 1 x 10* cells/well in 96-well plates (Corning) and treated 18h later,
when the cells were approximately 50-70% confluent. Treatment consisted of
exchanging the medium to 100 pl fresh culturing medium and adding 5 mM
glutamate (stock solution 0.5 M in PBS) in the presence or absence of DMSO
(maximum 0.1% final concentration) as control or the indicated concentrations of
ML351. Lactate dehydrogenase (LDH) content was determined separately for the cell
extracts and corresponding media using a Cytotoxicity Detection Kit (Roche), and the
percentage of LDH released to the medium calculated after subtracting the
corresponding background value. To determine levels of the 12/15-LOX metabolite
12-hydroxy-eicosatetraenoic acid (12-HETE), we cultured HT22 cells in 75 cm’
flasks in DMEM medium without phenol red, supplemented with 5% FBS, and
treated the cells the next day when cells were 50-70% confluent. 24 hours later, the
eicosanoid-containing fraction was isolated via Sep-Pak C-18 column, and 12-HETE

was detected with a 12-(S)-HETE ELISA kit, purchased from Enzo Life Sciences
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(Catalog # ADI-900-050), and used according to the manufacturer’s instruction.
Three independent experiments were evaluated.
3.5.2.8 Distal MCAO Model of Permanent Focal Ischemia in Mice

To study ML351 in a model of distal middle cerebral artery occlusion (distal
MCAO), @ (C57Bl6] mice were treated with ferric chloride (FeCl) to cause
occlusion of the distal middle cerebral artery. Mice were kept under anesthesia with
1.5 % isoflurane in a nitrous oxide/oxygen mixture via facemask. The
body temperature was monitored by a rectal probe and maintained at 37+0.3° C by a
homoeothermic blanket control unit. Briefly, mice were placed in a stereotaxic frame,
the scalp was opened and right temporal muscle was dissected. The area between
zygomatic arch and squamous bone was thinned by a high-speed drill and cooled with
saline. The trace of MCA was visualized and thin bony film was lifted up by forceps.
After that a laser-Doppler flowmetry probe was placed 2 mm posterior, 6 mm lateral
to the bregma to monitor the regional cerebral blood flow (rCBF). After obtaining a
stable epoch of the pre-ischemic rCBF, a piece of 10% FeCls saturated filter paper
was placed over the intact dura mater along the trace of MCA and the rCBF was
continuously monitored during the next 3 hours. After 2 hours of ischemia, either 50
mg/kg ML351, or DMSO vehicle was injected intraperitoneally. Following sacrifice
at 24 hours, brains were sectioned into Imm slices, and infarct sizes were determined
by staining with 2,3,5-triphenyltetrazolium chloride (TTC), using the indirect

method (infarct volume = contralateral volume minus uninfarcted ipsilateral volume).
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3.7 Figures

Figure 3.1 Synthetic route to ML351.
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Figure 3.2 Representative examples of previously reported 15-hLO-1

inhibitors
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Figure 3.3 SAR summary of JMD2E probe, ML351
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Figure 3.4 Steady-state kinetics data for the determination of Ki for 15-LOX-1
with ML351. Plot of Kyi/Vmax versus Inhibitor concentration is the secondary

re-plot of the inhibition data, which yielded a K; of 0.1 = 0.002 pM.
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Figure 3.5 Steady-state kinetics data for the determination of K’ for 15-LOX-1
with ML351. Plot of 1/Vmax (y-intercept, Vma units are pmol/min/mg) versus

[Inhibitor] (uM) is the secondary re-plot of the inhibition data, which yielded a

K’ of 1.2 £ 0.02 pM.

1/Vmax

-1.3 -1.1 -09 -0.7 -0.5 -0.3 _(-)01.1_ 0.1 03 05

[Inhibitor] pM

109



Figure 3.6 (A) Inhibition of 12-HETE in HT-22 cells by ML351 following
treatment with glutamate (5 mM). (B) Protection of Glutamate (5 mM) induced
HT-22 death by increasing amounts of ML351;(12% death rate with no

glutamate added, normalized to 100%); ** p <0.1, *** P <0.001.

>

100

pmols of 12-HETE
Survival [% of Control]
(2]
o

n
o

DMSO 5 mM Glu 5-mM Glu Control 0 05 1 2 5 7
ML3ST (10 pM) M ML351 + Glutamate

110



Figure 3.7 (A) Reduced infarct size in 12/15-LOX KO mice (ALOX15")
compared to wild-type C57BL6 mice; *p<0.05. ML351. (B) Activity of ML351
(50 mpk) administered via IP in mouse distal MCAO model of permanent focal

ischemia. ** p <0.01
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3.8 Tables
Table 3.1. Variations to compound ML351 (analogs 2-18)
All Compounds synthesized at NCGC. ICs, values were measured using the UV-

Vis assay in triplicate.

IC5° (BM)
[@ SD (EM)]

] ML351 o
N 1 NCGCO00070329 104223766 664510 0.20 [0.04]

Entry Internal ID? SID ciD Structure

2 NCGC00262509 XXXXX XXXXX O@ 1.3[0.5]°
oy
3 NCGC00262516 160844118 70701456 N{:@ 3.4 [1]°
~
4 NCGC00262515 160844117 70701463 < 3.6 [0.5]
N
2 b
5 NCGC00262517 160844119 70701448 N 0.73
v
N
6 NCGC00262732 160844122 70701454 E Kj >40
N
v
Cl
7 NCGC00262519 160844121 70701462 )@ 0.46 [0.06]
Cl
Cl 2{
8 NCGC00262512 160844114 70701465 j@ 0.81[0.2]
Cl
o w4
9 NCGC00262518 160844120 70701472 Eg@ >40
° .
10 NCGC00262510 160844135 70701452 <o 7.6 [2]
2
11 NCGC00263292 160844135 70701452 on >40
Ph
12 NCGC00249670 124398610 53257100 23 [13]
i .
13 NCGC00262508 XXXXX XXXXX w >40
~d,
14 NCGC00262511 160844113 70701458 @:§ 3.9[0.2]
N
23
15 NCGC00019649 124885079 661037 o 25 [4]
Cl ‘zL
16 NCGC00183424 104224030 18822680 \© 6.3 [0.5]
17 NCGC00183428 104224032 693672 F,©;i 15 [1]
o
18 NCGC00183425 104224031 49853164 O' >50

4All compounds synthesized at NCGC
bIC4 values represent the half maximal (50%) inhibitory concentration as determined in the UV-Vis cuvette-based assay in triplicate
°Compound possesed low efficacy (<50%)

Table 3.2. Variations to compound ML351 (analogs 19-31)
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All Compounds synthesized at NCGC. ICs, values were measured using the UV-

Vis assay in triplicate.

e

Ent a sID cip Struct IC5o” (2M)
ntr ructure
y Internal ID & SD (M)]
ML351
1 NCGC00070329 104223766 664510 NHMe 0.20 [0.04]
19 NCGC00183395 104224014 44142076 NH; 25[10]
20 NCGC00183407 104224015 49853061 N(Me), 37 [°
21 NCGC00072540 XXXXX XXXXX AN 0.12[0.3]
22 NCGC00068736 XXXXX XXXXX HNNS 0.10[0.3]
23 NCGC00263300 XXXXX XXXXX HNSNAN 0.12[0.05]
24 NCGC00183420 104224027 49852806  HNTNNS 0.3[0.04]
Z
25 NCGC00068824 104223764 663890 HNNS 3.0 1]
26 NCGC00068780 XXXXX XXXXX HN—< >40
27 NCGC00183409 104224016 44142073 NHAG 10 [3]
28 NCGC00263283 160844126 70701475 HNPh 5.6 [5]°
29 NCGC00263299 160844142 70701455 HN=Ph 0.53[0.2]°
30 NCGC00262733 160844146 70701470 HN—CO >25
31 NCGC00263294 160844137 70701464 HNCNH >40

4All compounds synthesized at NCGC
bICg, values represent the half maximal (50%) inhibitory concentration as determined in the UV-Vis cuvette-based assay in triplicate
°Compound possesed low efficacy (<50%)

Table 3.3. Variations to compound ML351 (analogs 32-40)
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All Compounds synthesized at NCGC. ICs, values were measured using the UV-

Vis assay in triplicate.

3G

Ent a sID ciD Struct IC5o” (M)
ntry Internal ID ructure [2 SD (@M)]
MLXXX o__NHMe
1 NCGC00070329 104223766 664510 -3-(\N I( 0.20 [0.04]

CN
s NHMe
32 NCGC00319032 XXXXX XXXXX 'HL I 0.55 [0.06]
CN
O\rNHMe
33 NCGC00263284 160844127 70701451 '3'§\,'N >40
o_NHMe
s
34 NCGC00263295 160844138 70701459 N >40
NC
OYNHMe
35 NCGC00262513 160844115 70701467 '3'<;qu 5.4[1.8]
SYNHMe
36 NCGC00262514 160844116 65644005 Q{L.'N >40
oNHMe
37 NCGC00263296 160844139 70701466 -HR‘I[fOMe >40
o
s NHMe
38 NCGC00263298 160844141 70701469 -RLI(NOMe 6.9 [10]°
[e]
_3 \_/ CN
39 NCGC00263286 160844129 62197753 N >40
NHMe
40N
40 NCGC00263290 160844133 63549790 ¢ h.’( >40
NHMe

@All compounds synthesized at NCGC
bIC5q values represent the half maximal (50%) inhibitory concentration as determined in the UV-Vis cuvette-based assay in triplicate
°Compound possesed low efficacy (<50%)

Table 3.4 Selectivity profiling of ML351 and other top compounds.
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“ICso values are reported in pM. ° UV-vis pseudoperoxidase activity assay was
performed (section 2.1.6) on all the four selected analogs and no degradation of
the hydroperoxide product was observed at 234 nm, indicating a non-reductive

inhibitory mechanism.

15-LOX- | 15-LOX- | 12- Redox
Analog 5-LOX*

1 2¢ LOX" Activity”
ML351 | 0.02 >100 >100 > 50 No
7 0.46 >100 >100 >100 No
8 0.81 >100 >100 > 50 No
32 0.55 >100 > 40 >50 No

Table 3.5 ADME profile for ML351.
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All experiments were conducted at Pharmaron Inc.” represents the stability in

the presence of NADPH. The probe compound showed no degradation without

NADPH present over a 1 hr period. ” dextromethorphan was used as the

substrate.  midazolam was used as the substrate.

Mouse
PBS
CYP 2D6 | CYP 3A4 Plasma
buffer Microsomal
Inhibitio | Inhibitio | Permeability Stability
Compd. (pH 7.4) Stability T]/z
n@ n@ (10°® cm/s) remainin
Solubilit | (min)”
3uM°® 3uM* gat2
y (uM)
hours
18 5.5
723 | 1.5
ML35 (rat | (mouse
(PamMPA | (Caco
1 1.2 ) ) 10.3% | 3.5% 100%

Table 3.6. In vivo PK (mouse) at 30 mpk IP for ML351.
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All experiments were conducted at Pharmaron Inc. using male CD1 mice (6-8
weeks of age). Data was collected in triplicate at 8 time points over a 24 h
period. “ Formulated as a solution (10% Solutol, 10% Cremophor EL, 20%

PEG400 in saline). ’Brain to plasma ratio [AUC,,e(brain)/ AUC,s(plasma)].

Compound | Tissue’ | Ty | Tuax | Cmax (WM) | AUCiy e (uM) | B/P
) | (h) Ratio”
Plasma | 1.1 | 0.25 13.8 13
ML351 2.8
Brain 1 0.5 28.8 35.5
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Chapter 4
Investigations into the Allosteric and pH Effect on Substrate Specificity of Human
Epithelial 15-Lipoxygenase-2

4.1 Introduction

Lipoxygenases (LOX) represent a class of non-heme iron containing enzymes
which catalyze the stereo-specific peroxidation of polyunsaturated fatty acids
(PUFAs) containing at least one 14-cis-pentadiene moiety.”” The mechanism of
their action involves four primary steps —hydrogen abstraction, radical rearrangement,
oxygen insertion and peroxy radical reduction.”” There are three main types of
human LOXs, 5-LOX, 12-LOX and 15-LOX, that are named according to their
positional specificity with arachidonic acid (AA).” The crystal structures available
from various LOXs indicate a single polypeptide chain folding into a two-domain
structure.””” The C-terminal catalytic domain primarily consists of o—helices and
possesses the catalytically active non-heme iron, which is coordinated by endogenous
ligands and a hydroxide ligand.”” The smaller N-terminal domain consists of
primarily P—sheets and resembles the C2-domain of human lipases, known as PLAT
domains (Polycystin-1, Lipoxygenase, o-Toxin),”” and has been implicated in
membrane binding.”* "
LOX react with various endogenous substrates, which differ in carbon chain

length and number/position of unsaturation points.”’*” Many of these LOX products

are biologically active compounds that not only mediate cellular pathways but also
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act as precursors for potent chemical mediators, such as leukotrienes,” *’

prostaglandins,”” resolvins,””*” lipoxins””and protectins.”” Specifically, the 15-
LOX product of linoleic acid (LA), 13-(S)-hydroperoxy-9Z,11E-octadecadienoic acid
(13-(S)-HPODE) (Figure 4.1), which is immediately reduced to 13-(S)- hydroxy-
9Z,11E-octadecadienoic acid (13-(S)-HODE) in the cell,”? is known to alleviate the
epidermal hyper-proliferation in patients with psoriasis.”” **** However, 13-(S)-
HODE also up-regulates the MAP kinase signaling pathway, causing cell
proliferation in prostate cancer.””"” 15-(S)-5Z,8Z,11Z,13E-hydroxyeicosatetraenoic
acid (15-(S)-HETE), the 15-LOX product of AA, leads to anti-inflammation by being
an intermediate in the biosynthesis of lipoxins. ?**”

These 15-LOX products are produced by the two 15-LOX isoforms found in
human tissue. Epithelial 15-Lipoxygenase-2 (15-LOX-2) is primarily expressed in

% while

normal human adult prostate tissue, as well as in lung, skin and cornea tissue,
reticulocyte 15-lipoxygenase-1 (15-LOX-1) is primarily expressed in reticulocytes, as
well as in eosinophils, macrophages, lung, brain, prostate and colon tissues.”” 15-
LOX-2 is highly homologous to murine 8-LOX (78% sequence identity),*” but
shares only 40% sequence identity with 15-LOX-1. 15-LOX-2 differs from 15-LOX-
1 catalytically in that it exclusively oxygenates (>99%) at C,5; of AA, compared to
90% for 15-LOX-1. 15-LOX-2 also reacts poorly with LA, while 15-LOX-1 reacts

similarly with AA and LA.”” In addition, the two human 15-LOXs respond

differently to allosteric effector molecules. The LA product, 13-(S)-HODE, decreases
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the k./K,, AA/LA substrate specificity ratio for 15-LOX-2, whereas it increases the
AA/LA ratio for 15-LOX-1.”" The magnitudes of these substrate specificity changes
are over four-fold,”” which is comparable in magnitude to that observed for the
allosteric regulation of ribonucleotide reductase (RNR) substrate specificity.***’

The minor AA product of 15-LOX-1, 12-(S)-HETE, changes the substrate
specificity of 15-LOX-1 but not that of 15-LOX-2. 15-(S)-HETE, however, does not
affect the substrate specificity of either 15-LOX isozyme, indicating that allosteric
alteration of substrate specificity is a highly selective event. These earlier findings
from steady-state kinetics of 15-LOX-1 were confirmed by a novel competitive
substrate capture method developed by our lab, demonstrating saturating effects on
the substrate specificity ratio of AA/LA with a K= 1.2 £0.1 uM for perdeuterated
13-(S)-HPODE.*" Interestingly, the addition of 13-(S)-HPODE showed no effect on
15-LOX-2 kinetics at pH 7.5, which contradicted the change between steady state
kinetics and competitive substrate capture, 8.0 +1.0 and 2.2 +0.2 respectively This
discrepancy was postulated to be due to a tight association of 13-(S)-HPODE with
15-LOX-2, thus saturating the allosteric binding site. It was also observed that the
AA/LA substrate specificity ratio was pH dependent, changing from 1.4 + 0.3 at pH
60 to 4.5 £ 0.5, at pH 10. The pH titration curve showed a pK, of 7.7 + 0.1,
suggesting a charged interaction between 13-(S)-HPODE and a possible Histidine

residue, whose neutral state lowered the affinity of 13-(S)-HPODE for 15-LOX-2.
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However, these conclusions were tempered by the fact that LA is a very poor
substrate of 15-LOX-2, which complicated the measurements.

Given the complexity of the allosteric properties of 15-LOX-2, the pH
dependent substrate specificity ratio of AA/LA and the poor nature of the LA as
substrate, the current paper expands the study of substrate specificity for 15-LOX-2
beyond the AA-LA pair and investigates the substrate preference of various PUFAs
versus AA at different pH values. The current results demonstrate that the substrate
specificity of 15-LOX-2 with C,; and C,, fatty acids is differentially altered by pH,
indicating a distinct mechanism of catalysis for these two classes of LOXSs substrates.
In addition, LOX products affect substrate specificity in a similar manner to that of
pH, suggestive of mechanism of actions with possibly shared components.

4.2 Materials and Methods
4.2.1 Materials

All the commercial fatty acids were purchased from Nu Chek Prep, Inc. (MN,
USA). The fatty acids were further re-purified using a Higgins HAISIL column (5
um, 250 X 10 mm) C-18 column. An isocratic elution of 85% A (99.9% methanol
and 0.1% acetic acid): 15% B (99.9% water and 0.1% acetic acid) was used to purify
all the fatty acids. Post purification, the fatty acids were stored at -80 °C for a
maximum of 6 months. Different lipoxygenase products such as 13-(S)-HODE and
13-(S)-HOTTE(y) were generated by reacting the appropriate substrate with 15-LOX-
2. Briefly the protocol involved reacting 50 uM substrate in 500 mL of 25 mM Hepes
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buffer pH 7.5 with 15-LOX-2. A small sample from the big reaction was monitored
on the UV Spectrometer till complete turnover. The products were then extracted
using dichloromethane, reduced with trimethylphosphite, evaporated to dryness and
reconstituted in methanol. The products were HPLC purified using an isocratic
elution of 75% A (99.9% methanol and 0.1% acetic acid): 25% B (99.9% water and
0.1% acetic acid). The products were tested for their purity using LC-MS/MS and
were found to have > 98% purity. All other chemicals were of high quality and used
without further purification.
4.2.2 Methods
4.2.2.1 Overexpression and purification 15-L.OX-2

Purification of 15-LOX-2 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 fusion was
expressed using the pVP68K-102188 plasmid in Escherichia coli BL21 (DE3). For
expression of 15-LOX-2, 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, then snap frozen in
liquid nitrogen. The cell pellets were re-suspended 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
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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-2
fractions were collected, pooled together and then dialyzed in 25 mM HEPES, pH
7.5, containing 150 mM NaCl followed by overnight treatment with His,-TEV
protease at 4° C. The use of TEV protease was as previously described.”” The
proteolyzed sample was applied to an NTA-Co** column, and eluted in buffer A
containing 15 mM imidazole, yielding greater then 90% purity. In this purification,
the His¢-tagged TEV and un-cleaved Hisi-MBP-15-LOX-2 fusion protein were bound
to the columns. The resulting 15-LOX-2 was concentrated by ultrafiltration (30 kDa
molecular mass cut-off), combined with glycerol to 20% (v/v) and then snap frozen
under liquid nitrogen. The enzyme purity was evaluated by SDS-PAGE. Iron content
of 15-LOX-2 was determined with a Thermo Element XR inductively coupled plasma
mass spectrometer (ICP-MS), using scandium (EDTA) as an internal standard. Iron
concentrations were compared to standard iron solutions. All the kinetics data was
normalized to the iron content. The concentration of 15-LOX-2 was determined using
the Bradford Assay, with Bovine Serum Albumin (BSA) as a protein standard.
Briefly, Bradford protein dye reagent was diluted 1:5 using deionized water. Different
solutions of BSA in deionized water were prepared, ranging from 0 mg/mL to 1
mg/mL (linear range of the assay for BSA). Diluted Bradford reagent and BSA stocks
were mixed in 50:1 ratio, vortex and incubated for 5 minutes. Similarly, 15-LOX-2

samples with diluted Bradford reagent were made in duplicate. All the samples were
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then spun down and absorbance was recorded at 595 nm on Perkin Elmer Lambda 40
instrument. The concentration of 15-LOX-2 was extrapolated from the standard curve
of BSA.
4.2.2.2 Effect of pH on competitive substrate capture substrate specificity

kinetics of 15-LOX-2

The competitive substrate capture method experiments were performed on
several substrate pairs such as AA-LA (arachidonic acid - linoleic acid); AA-ALA
(arachidonic acid - alpha linolenic acid); AA-GLA (arachidonic acid - gamma
linolenic acid); AA-DGLA (arachidonic acid - dihomo gamma linoleic acid); AA-
EPA (arachidonic acid- eicosapentaenoic acid) and AA-EDA (arachidonic acid -
eicosadienoic acid) at pH 7.5 as well as at pH 8.5. The substrate mixtures were
prepared with a molar ratio of ~1:1. The reaction was initiated by adding 20 nM 15-
LOX-2 (normalized to the Fe content) to a 3 mL reaction cuvette using the following
buffer conditions: 25 mM Hepes, pH 7.5 (or pH 8.5), room temperature and a total
substrate concentration of 5 uM. The reaction was monitored at 234 nm with a
Perkin-Elmer Lambda 40 spectrophotometer and quenched at 5% substrate turnover
using 1% glacial acetic acid. The reaction mixture was then extracted with DCM,
evaporated to dryness under vacuum. The dried sample was reconstituted in 100 pL
methanol, centrifuged and stored at -20° C until analyzed by Finnigan LTQ liquid
chromatography—tandem mass spectrometry (LC-MS/MS) system. A Thermo

Electron Corp. Aquasil (3 um, 100 mm x 2.1 mm) C-18 column was used to separate
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the LO products with an elution protocol consisting of 0.2 mL /min flow rate and a
linear gradient from 40% ACN, 59.9% H,0O, and 0.1% THF to 48% ACN, 67.9%
H,0, and 0.1% THF, followed by an isocratic step of 55% ACN, 44.9% H,O, and
0.1% THF. The corresponding LO products were detected using selective ion
monitoring analysis [(m/z = 318.7 to 319.7 for 11-(S)-HETE and 15-(S)-HETE); (m/z
= 294.7 to 295.7 for 9-(S)-HODE and 13-(S)-HODE); (m/z = 292.7 to 293.7 for 9-
(S)-HOTTE, 13-(S)-HOTTE and 9-(S)-HOTrE(y), 13-(S)-HOTYE(Y)) ; (m/z = 320.7 to
321.7 for 15-(S)-HETTE and 11-(S)-HETYE); (m/z = 316.7 to 317.7 for 15-(S)-HEPE
and 11-(S)-HEPE) and (m/z = 322.7 to 323.7 for 15-(S)-HEDE and 11-(S)-HEDE)] in
negative ion mode and then identified by fragmentation pattern (15-(S)-HETE -
parent ion at m/z 319 and fragments at m/z 219 and 175; 11-(S)-HETE - parent ion at
m/z 319 and fragments at m/z 167 and 149; 9-(S)-HODE parent ion at m/z 295 and
fragments at m/z 277 and 171; 13-(S)-HODE - parent ion at m/z 295 and fragments at
m/z 277 and 195; 13-(S)-HOTTE parent ion at m/z 293 and fragments at m/z 223 and
195; 9-(S)-HOTTE parent ion at m/z 293 and fragments at m/z 231 and 171; 13-(S)-
HOTTE(y) parent ion at m/z 293 and fragments at m/z 231 and 193; 9-(S)-HOTTE(y)
parent ion at m/z 293 and fragments at m/z 169 and 141; 15-(S)-HETTE- parent ion at
m/z 321 and fragments at m/z 303 and 221; 11-(S)-HETTE- parent ion at m/z 321 and
fragments at m/z 303 and 217; 15-(S)-HEPE- parent ion at m/z 317 and fragments at
m/z 219 and 175; 11-(S)-HEPE- parent ion at m/z 317 and fragments at m/z 167 and
149; 15-(S)-HEDE- parent ion at m/z 323 and fragments at m/z 305 and 223; 11-(S)-
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HEDE- parent ion at m/z 323 and fragments at m/z 305 and 199) from MS-MS. The
electrospray voltage was set to 5.0 kV and a global acquisition MS mode was used.
The MS-MS scan was performed for the five most abundant precursor ions. The
Collision Induced Dissociation (CID) was used for MS-MS with a collision energy of
35 eV. The peak areas of AA products (15-(S)-HETE and 11-(S)-HETE), LA
products (13-(S)-HODE and 9-(S)-HODE), ALA products (13-(S)-HOTTE and 9-(S)-
HOTYE), GLA products (13-(S)-HOTTE(y), and 9-(S)-HOTTE(y)), DGLA products
(15-(S)-HETTE and 11-(S)-HETYE), EPA products (15-(S)-HEPE and 11-(S)-HEPE)
and EDA products (15-(S)-HEDE and 11-(S)-HEDE) were integrated. The substrate
specificity ratio of different substrates with respect to AA was then determined. This
ratio was finally normalized based on the ratio of the substrates present in the
substrate mixture.
4.2.2.3 Effect of pH on steady-state substrate specificity kinetics of 15-LOX-2
Lipoxygenase activity was assayed spectro-photometrically (Perkin Elmer
lambda 40) by monitoring an increase in absorbance at 234 nm due to formation of a
conjugated diene product (¢ = 25 000 M"' cm™). The reaction was carried out in 25
mM HEPES buffer (pH 7.5 or pH 8.5), constant ionic strength of 200 mM, room
temperature, a final reaction volume of 2 mL and substrate concentrations ranging
from 1 to 20 pM. Assays were initiated by adding 55-85 nM 15-LOX-2,
(concentration normalized to iron content) and were constantly stirred using a

magnetic stir bar. Assays for the different substrates were performed on the same day
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to allow a direct comparison and minimize error between AA and GLA data. The
substrate concentrations were quantitatively determined by allowing the enzymatic
reaction to go to completion. Initial rates were recorded at each substrate
concentration and fitted to the Michaelis-Menten equation using KaleidaGraph

(Synergy) to determine k,

cat

and K, values.
4.2.2.4 Effect of LOX products on steady-state substrate specificity kinetics of
15-LOX-2
The GLA steady-state kinetics experiments were performed in presence of
two different lipoxygenase products, 13-(S)-HODE and 13-(S)-HOTTE(y) at both pH
with product concentrations ranging from 0, 5, 15 and 30 pM. For the AA Kkinetics,
initially the effect of both the products was tested with and without 15 pM 13-(S)-
HODE and 13-(S)-HOTTE () at both pH values. Further, the effect of 13-(S)-HODE
on AA kinetics was investigated in detail at lower concentrations of the product
ranging from 0, 1,3 and 5 pM at pH 7.5. Enzymatic assays were conducted using the
same conditions as mentioned in the steady-state kinetics at different pH (25 mM
Hepes, pH 7.5 or pH 8.5 at a constant ionic strength of 200 mM and at room
temperature). However, the enzyme was incubated with product to facilitate their
interaction, followed by an initiation of the reaction by adding the substrate.
4.3 Results and Discussion

4.3.1 Overexpression and purification 15-LOX-2
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Methods developed for structural genomics studies of eukaryotic proteins
were applied to the expression and purification of 15-LOX-2.% After 16 hours of
low-temperature growth (20° C) and no IPTG induction, approximately 40 mgs of the
His,-MBP-fusion protein per 2 liter of medium was isolated, at approximately 80%
purity after the first IMAC column. After cleavage of the His6-MBP tag with TEV
protease™ and subtractive IMAC, approximately 75% of the 15-LOX-2 was
recovered, giving a final yield of approximately 30 mgs of pure protein per 2 liter of
culture medium. The final 15-LOX-2 protein isolated from E. coli was 90% pure as
judged by SDS-PAGE, which was comparable to the purity previously achieved using
the SF9 expression system.*” However, ICP-MS data indicated that the pure 15-
LOX-2 had 50 + 5% iron content, which is twice that of our previous 15-LOX-2
preparations.*”**¥ 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.

4.3.2 Effect of pH on competitive substrate capture substrate specificity kinetics
of 15-LOX-2

Previously, the substrate specificity of the AA/LA substrate pair was
investigated utilizing a competitive substrate capture method,””” which determined
that 13-(S)-HODE affected the substrate specificity of 15-LOX-2 by binding to its
allosteric site and that the effect was pH dependent.*” In order to understand the pH

effect further, our competitive substrate capture method was utilized to compare six
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endogenous fatty acid substrates to AA, which differ in their chain length and degree
of unsaturation (Table 4.1). 15-LOX-2 was reacted with different substrate pairs at
pH 7.5 and at pH 8.5 and the product ratios indicated a pH dependence of the
substrate specificity for some of the substrate pairs. All the substrate pairs that
included AA and a C,; fatty acid (e.g. LA, ALA, GLA), showed a significant increase
in their substrate specificity ratio at pH 8.5, relative to AA (Table 4.1). However, the
longer C,, substrates, DGLA, EPA and EDA, did not show a significant change in
their substrate specificity relative to AA, with increased pH. This suggested that
relative to AA, pH preferentially affected the C,; substrate specificity but not the C,,
substrate specificity, implicating a kinetic differentiation between the substrate
classes with respect to pH.
4.3.3 Effect of pH on the steady-state substrate specificity Kinetics of 15-LOX-2
To investigate the pH effect on substrate specificity for the C,; and C,,
substrates further, steady-state kinetics were performed at different pH values on a
select number of substrates. LA and ALA are difficult to use for these investigations
since they are poor C,; substrates for 15-LOX-2, so all kinetics studies were
performed on GLA instead, to minimize error. The kinetic data indicate that as pH
increases, GLA becomes a poorer substrate, with both &, and k_,/K,,decreasing with
increasing pH (Table 4.2). However, both k_,, and k_,/K,, values for AA increase with
increasing pH. This pH effect results in a 3.4-fold increase in the k /K, AA/GLA

ratio (0.63 at pH 7.5 to 2.1 at pH 8.5) and a 2.2-fold increase in the k., AA/GLA ratio

cat
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(0.83 at pH 7.5 to 1.8 at pH 8.5). The other C,, substrates, DGLA and EPA, also
become better substrates with increasing pH and thus there is no pH dependence
observed in their substrate specificity ratio relative to AA (Table 4.2). This
observation that the substrate specificity ratio of AA relative to C,gsubstrates is pH
dependent while the C,, substrates are not, is consistent with our competitive substrate
capture data (Table 4.1) and indicates distinct catalytic mechanisms for both substrate
capture (k.,/K,,) and product release (k) for C,; and C,,fatty acid substrates. The
most likely explanation for this difference is length, since varying the unsaturation
levels of the C,, and C,; substrates does not effect their pH dependence, as seen with
both the steady-state and competitive capture data (Tables 4.1 and 4.2).
4.3.4 Effect of LOX products on steady-state substrate specificity Kinetics of
15-LOX-2

The allosteric effect of 13-(S)-HODE was previously demonstrated to affect
the AA/LA ratio, but it was difficult to investigate fully due to the poor kinetics of
LA and the less active 15-LOX-2 preparation from SF9 cells.*" * *¥ With the
discovery that GLA is a facile substrate and with the more active E. coli 15-LOX-2
preparation, the allosteric effects of the C,; LOX products, 13-(S)-HODE and 13-(S)-
HOTTE(y), were investigated with steady-state kinetics in order to more fully
understand their enzymatic effects on both AA and GLA kinetics. The kinetic
parameters of 15-LOX-2 with AA and GLA, with and without LOX products added,
are listed in Table 4.3. It is observed that 13-(S)-HODE increases the k. /K,, of AA
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(0.40 £0.02 uM's™" t0 0.66 = 0.07 uM's™"), but decreases the k,/K,, of GLA (0.64 +
0.02 uM's™ to 0.29 = 0.03 uM''s™). 13-(S)-HOTrE(y) exerts a similar effect by
increasing the k./K, for AA and decreasing the k_/K, for GLA, albeit to a lesser
extent (Table 4.3). As a result, the addition of 13-(S)-HODE and 13-(S)-HOTTE(y)
elicits a 3.7-fold and 2.3-fold increase in the k_ /K, ratio of AA/GLA, respectively.
These increases in ratio are of comparable magnitude to the pH effect on £, /K,, (3.4-
fold), suggesting a possible relationship in their molecular mechanism of substrate
capture (k. /K,) (vide infra). Interestingly, the k., AA/GLA ratio decreases with the
addition of 13-(S)-HODE (1.3-fold) and 13-(S)-HOTrE(y) (1.1-fold), which is the
opposite as that seen for the pH effect, where the k., AA/GLA ratio increases 2.2-
fold. These data represent a clear distinction between the allosteric and pH effects
with respect to k,,/K,, (substrate capture) and k,,, (product release).
4.3.5 Combined pH and product effects on the steady-state substrate specificity
kinetics of 15-LOX-2

The above steady-state kinetic data demonstrate that both pH (Table 4.2) and
the two LOX products at pH 7.5 (Table 4.3) affect the kinetic parameters of GLA and
AA. The ability of 13-(S)-HODE and 13-(S)-HOTrE(Y) to affect the kinetics were
then investigated at pH 8.5, in order to determine if pH affected the product effect. As
seen in Tables 4.4 and 4.5, the pH does affect the product effect, but not in a similar
manner against AA or GLA. Addition of 13-(S)-HODE decreases the k_,/K,, for GLA

by 55% at pH 7.5, but only decreases the k_/K,, for GLA by 43% at pH 8.5 (Table
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44). For k

cat?

13-(S)-HODE has little or no effect at either pH condition, emphasizing
that allostery affects substrate capture primarily. The data for 13-(S)-HOTTE(y) is
similar to that of 13-(S)-HODE, when GLA is used as a substrate.

The pH and product effects are distinct when AA is used as a substrate. The
addition of 13-(S)-HODE increases k_,/K,, by 65% at pH 7.5, but increases it more

(88%), at pH 8.5. For k,_,, 13-(S)-HODE has a slight decrease at both pH 7.5 or 8.5,

mirroring the GLA data where allostery affects substrate capture primarily for AA.
The kinetic data for 13-(S)-HOTTE(y) displays comparable trends to that of 13-(S)-

HODE for £_/K,, and k_, with AA as the substrate, albeit with smaller changes with

respect to k,,/K,,.

The above data demonstrate that the pH and product effects are not
completely independent of each other and are partially additive, increasing the
AA/GLA substrate specificity significantly. For example, the k.,/K,, AA/GLA
substrate specificity ratio changes from 0.63 at pH 7.5 with no product present
(Tables 4.3 and 4.4), to a ratio of 6.8 at pH 8.5 with 15 uM 13-(S)-HODE present.
This is an 11-fold increase in substrate specificity when both effects are taken into
account, well above the 4-fold change seen for ribonucleotide reductase.”>*’ These
combined effects could have significant consequences for the inflammation response
under certain circumstances and we are currently investigating the structural

determinants of both the pH and product effects in order to understand how both

convey similar, yet semi-independent changes in substrate specificity.
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4.3.6 Hyperbolic inhibition of 15-L.OX-2 by LOX products

The overall trends for the 13-(S)-HODE and 13-(S)-HOTTE(y) effects are
comparable, however, their magnitudes are distinct. Addition of 15 uM of 13-(S)-
HODE at pH 8.5 leads to a AA/GLA k. /K, ratio of 6.8, but an addition of 15 uM of
13-(S)-HOTTE(y) at pH 8.5 only leads to a AA/GLA k. /K,, ratio of 4.0. This data
suggests that the additional double bond at C, for 13-(S)-HOTTE(y) does register
functional allosteric differences (Figure 4.1).This exquisite selectivity of the
allosteric site is also demonstrated by the fact that 12-(S)-HETE and 15-(S)-HETE do
not register an effect with 15-LOX-2,*" while 13-(S)-HODE and 13-(S)-HOTrE(Yy)
do. Given this functional allosteric difference between 13-(S)-HODE and 13-(S)-
HOTTE(Y), both products were titrated against 15-LOX-2, at both pH 7.5 and 8.5 with
GLA as the substrate. From the data, it is observed that 15-LOX-2 exhibits a
hyperbolic response to increasing amounts of 13-(S)-HOTrE(y) with an increase in
K\ (app) for GLA from 2.8 uM to ~9.8 uM (Figure 4.2) and a decrease in k_/K,,
from 0.65 uM s to ~0.28 uM “'s' (Figure 4.3). The saturation behavior of Ky,(app)
and k_/K,, is indicative of hyperbolic inhibition ( i.e., partial inhibition), as seen
previously for soybean 15-LOX-1 and the inhibitor, oleyl sulfate.*”°” This data
indicates the presence of an allosteric binding site that affects the catalysis by
changing the microscopic rate constants of 15-LOX-2, as described in Scheme 4.1.
From Scheme 4.1, equations 1-4 allow for the determination of K, the strength of

binding, a, the change in K\, and {3, the change in k.
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1y = (aKy/ke)* (1] + K)/(BH] + aK)I*1/[S] +1/ ke, *[([1] + aK)/(BI] + aK)l - (1)

Ky (app) = (aK\)*[((I] + K)/([T] + aK))] @)
kool Kyy = (koo 0K\ *[(BII] + 0K)/((1] + K))] 3)
koo = koo *[(BI] + aK)/([T] + 0K))] 4)

A plot of Ky(app) with the addition of 13-(S)-HOTrE(y) at pH 7.5, when
fitted with equation 2, yielded an o of 3.5 £ 0.2 and a K;0f 4.9 + 0.7 uM (Figure 4.2).
The values of a and K, were then utilized in equation 3 and fit to the k_./K,, data
(Figure 4.3), which yielded a 3 of 1.2 + 0.02. The value of § was also determined
from the k_,, data with equation 4, with the above values of a and K, applied (data not
shown), which yielded a 3 of 1.2 + 0.05 and matches well with the § value from the
k../K, plot. These values indicate that the kinetics show mixed hyperbolic activation
with a > 1 and [ >1, with the majority of kinetic change being seen in the value of K},

(a0 = 3.5 + 0.2) and only a slight effect on the &, value (B = 1.2 + 0.02). The

hyperbolic data thus indicate the formation of a catalytically active ternary complex
(I*E*S) with 15-LOX-2 and 13-(S)-HOTTE(y) and strongly supports our previous
finding of an allosteric site in 15-LOX-2.”¥ Similarly, graphing of steady-state kinetic
data of 15-LOX-2 with 13-(S)-HOTrE(y) at pH 8.5 gave an o of 2.0 £ 0.1 and a K, of
6.1 = 1.5 from the K,, plot (Figure 4.4) and a  of 0.9 + 0.04 n from the k,/K,,
(Figure 4.5). From this data it is observed that the K, value for 13-(S)-HOTrE(y)
shows little pH dependence, therefore, the change of the AA/GLA substrate
specificity ratio, with changing pH , is not due to a change in the affinity of 13-(S)-
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HOTTE(y) at higher pH, as our lab had hypothesized previously for 13-(S)-HODE,
with LA as the substrate.* A more plausible explanation for the decrease in both the
o and the [ values with increasing pH is that there is a pH dependent structural 15-
LOX-2 change, which affects the allosteric pathway between the catalytic and
allosteric sites, eliciting a change in substrate specificity.

Fitting the 13-(S)-HODE data in a similar manner, showed a similar effect on

15-LOX-2 and GLA at pH 7.5 as that of 13-(S)-HOTrE(Y), with an o value of 7.3 +

0.06 and a K, value of 9.8 + 0.2 pM from the K,, plot (Figure 4.6), which is
comparable to the previously determined K, of 13-(S)-HODE to 15-LOX-1.*" A B

value of 1.6 = 0.1 was determined from the &

cat’

/Ky plot (Figure 4.7). The « value is

double that of the o value for 13-(S)-HOTTE(Y), indicative of a stronger allosteric

effect on Ky, for 13-(S)-HODE. The K;and {3 values are comparable to that of the 13-
(S)-HOTTE(Y) effect, indicating that the greater allosteric effect of 13-(S)-HODE is
not due to a tighter binding affinity, but rather a greater kinetic effect. It should be
noted that the K, value of 13-(S)-HODE is greater than our previous estimation with
LA as substrate and 15-LOX-2.*’ As mentioned previously, this discrepancy is most
likely due to LA being a poor substrate for 15-LOX-2 and the lower activity of the
previous SF9 preparations of 15-LOX-2.*"*"*¥ Interestingly, the 13-(S)-HODE data
at pH 8.5 could not be fit using the hyperbolic partial inhibition (Scheme 1), nor a
simple non-competitive model, therefore, the change of k,,/K,, was plotted versus 13-

(S)-HODE and fit with a saturation curve (Figure 4.8). From this data, the K, was 8.6
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+ 0.7 uM at pH 7.5, comparable to the K; of 9.8 = 0.2 uM found in the hyperbolic
partial inhibition fit. However, the K}, at pH 8.5 was increased to 53.2 + 25.2 uM,
considerably greater than that at pH 7.5, indicating a change in the binding affinity
with pH. This is an unusual result since the K; of 13-(S)-HOTTE(Y) is not affected by
pH and suggests that the difference in the kinetic effects of the two products could be
due to a difference in binding modes. We are currently investigating this further in
order to understand the structural requirements for both products binding to the
allosteric site.

As described above, preliminary studies of 13-(S)-HODE and 13-(S)-HOTrE
() exhibited the opposite effect (Table 4.3), with the AA kinetics being activated by
both products, while the GLA kinetics were inhibited. In order to investigate this
effect further, titration kinetics with 13-(S)-HODE, the stronger activator, were
determined with AA at pH 7.5, similar to that done for GLA (Figures 4.6-4.10). It
was observed that 13-(S)-HODE activates AA kinetics with an « value of 0.2 + 0.01
and a K; value of 1.2 +£ 0.03 uM (Figure 4.9), as seen by the hyperbolic decrease in
Ky, (app) from 3.5 uM to ~ 0.7 uM. The o value demonstrates a five-fold activation

in K, which is opposite to that of the GLA kinetic inhibition, but of a similar
magnitude (a seven-fold increase in K,, for GLA). Interestingly, the k., decreased
slightly with increasing 13-(S)-HODE, resulting in a 3 value of 0.76 + 0.002 and

indicating inhibition of product release (Figure 4.10). This is in contrast to the 3

value for 13-(S)-HODE with GLA ( = 1.6 = 0.1). Nevertheless, the major allosteric
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effect is clearly on substrate capture, as seen by the decrease in k_/K,,. This data is
remarkable because 13-(S)-HODE has opposite effects on the rate of substrate
capture, activating AA but inhibiting GLA, and 13-(S)-HODE manifests different
thresholds of response, with the activation of AA occurring at a lower concentration
than the inhibition of GLA (K; = 1.2 = 0.03 pM and 9.8 + 0.02 pM, respectively).
This latter fact may indicate two distinct allosteric sites or two distinct binding modes
for 13-(S)-HODE. We are currently investigating both of these possibilities.

In summary, competitive substrate capture results indicate that C,;; and C,,
fatty acid substrates have distinct responses to pH. This observation is confirmed with

steady-state kinetics, where the £,

cat

and k_ /K, of GLA (C,) are decreased with
increasing pH, while the same kinetic parameters of AA, DGLA and EPA (C,)) are
increased with increasing pH. These data result in a net increase in the C,)/Cq
substrate specificity ratio and indicate that some steps of the molecular mechanism
for C,4 and C,, fatty acid substrates are distinct. Addition of C,; products, 13-(S)-
HODE and 13-(S)-HOTrE(y), mirror the k.,/K,, pH effect, with an increase in the
AA/GLA ratio and are partially additive, with the AA/GLA k,_/K,, 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. This increase is significant, and if it applies to all C,/C,q fatty
acid pairs, like the AA/LA pair, it could have important ramifications for human
health, because of the distinct effects their LOX products, 15-(S)-HETE and 13-(S)-

HODE, have on disease progression.”’” Finally, the two allosteric effectors, 13-(S)-
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HODE and 13-(S)-HOTTE(Y), display hyperbolic inhibition kinetics with GLA as
substrate and display similar K values, 9.8 + 0.2 uM and 4.9 + 0.7 uM respectively.
However, the K, of 13-(S)-HODE is pH dependent and the effect of 13-(S)-HODE on
the K, (o value) is 2.1 fold greater that that of 13-(S)- HOTrE(Yy). In addition, it is
observed that 13-(S)-HODE activates AA substrate capture, but inhibits GLA
substrate capture. Considering that the molecular mechanism for AA and GLA are
distinct, it is tempting to postulate that the allosteric site exploits this difference to
manifest opposite effects on the rate of substrate capture. In total, these data indicate
that the differences in unsaturation between these two LOX products, one additional
double bond at C, for 13-(S)-HODE, affect their binding constraints and their effect
on the microscopic rate constants. These data demonstrate the exquisite selectivity of
both the active site and the allosteric site to control substrate specificity, which could
have broad implications in the regulation of eicosanoid products in the cell. We are
currently investigating the structural origins of these effects in order to determine the
location of the allosteric site and the molecular mechanism for the pH and product

effects.
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4.5 Figures

Figure 4.1 Structures of LA, 13-(S)-HODE, GLA and 13-(S)-HOTrE(y ).
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Figure 4.2 Effect of 13(S)-HOTTE (v ) on K, (app) of 15-LOX-2 with GLA.
(pH 7.5, 25 mM hepes, 1-20 uM GLA at each product point) The curve line is fit to
equation 2 (Scheme 4.1), where K = 2.8 uM. o and K, were determined to be 3.5 +

0.2 and 4.9 + 0.7 respectively.

K [uM]_pH7.5

2 I I I I I I |
0 5 10 15 20 25 30 35

[13-(S)-HOTTE (y)] uM

149



Figure 4.3 Effect of 13(S)-HOTTE (v ) on K_,/K,, of 15-LOX-2 with GLA.

(pH 7.5, 25 mM hepes, 1-20 uM GLA at each product point) The curve line is fit to
equation 3 (Scheme 4.1), where K, = 2.8 uM, K_,, =0.65 s, = 3.5 and K, = 4.9 uM.

[} was determined to be 1.2 + 0.02.
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Figure 4.4 Effect of 13(S)-HOTTE (v ) on K,, (app) of 15-LOX-2 with GLA.
(pH 8.5, 25mM hepes, 1-20 uM GLA at each product point) The curve line is fit to

equation 2 (Scheme 4.1), where K = 3.1 uM. o and K, were determined to be 2.0 +

0.1 and 6.1 + 1.5 respectively.
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Figure 5: Effect of 13(S)-HOTTE (v ) on K.,/ Ky of 15-LOX-2 with GLA
(pH 8.5, 25mM hepes, 1-20 uM GLA at each product point) The curve line is fit to
equation 3 (Scheme 4.1), where K,,= 3.1 uM, K_,, =037 s',a= 2.0 and K, = 6.1 uM.

[} was determined to be 0.9 + 0.04.
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Figure 4.6 Effect of 13(S)-HODE on Ky (app) of 15-LOX-2 with GLA

(pH 7.5, 25mM hepes, 1-20 uM GLA at each product point) The curve line is fit to
equation 2 (Scheme 4.1), where K = 2.8 uM. o and K, were determined to be 7.3 +

0.06 and 9.8 £ 0.2, respectively.
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Figure 4.7 Effect of 13(S)-HODE on K.,/Kw of 15-LOX-2 with GLA

(pH 7.5, 25mM hepes, 1-20 1 M GLA at each product point) The curve line is fit to

equation 3 (Scheme 4.1),

where Kn=2.8 u M, Keu =0.65 s, «=73and K; =9.8 1

M. B was determined to be 1.6 + 0.1.
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Figure 4.8 Steady-state Kkinetics titration of 15-LOX-2-GLA with 13-HODE at
both pH values

(closed circles — A (kea/Kyy) “* at pH 7.5; open squares - A (kea/Kyy) " at pHS.5.

The Kp of 13 (S)-HODE with GLA was calculated to be 8.6 = 0.7 u M at pH7.5 and

53.24+25.2 uM at pHS.5)
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Figure 4.9 Effect of 13(S)-HODE on Ky (app) of 15-LOX-2 with AA

(pH 7.5, 25 mM hepes, 1-20 © M AA at each product point) The curve line is fit to

equation 2 (Scheme 4.1), where Kin= 3.5 u M. a and K; were determined to be 0.2+

0.01 and 1.2 + 0.03, respectively.
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Figure 4.10 Effect of 13(S)-HODE on K../Kv of 15-LOX-2 with AA

(pH 7.5, 25 mM hepes, 1-20 © M AA at each product point) The curve line is fit to
equation 3 (Scheme 4.1), where K= 3.5 u M, K¢ =1.4 s' a=02and Ki=12 u

M. B was determined to be 0.76 + 0.002.
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4.6 Tables

Table 4.1 Substrate specificity ratio of 15-LOX-2 with different
substrate pairs at both pH values *
Substrate | Differences as compared to Substrate Specificity
Pair AA Ratio with respect to AA
pH7.5 pH 8.5
AA /LA 20:4(w-6) Vs. 18:2(w-6) 23+04 49+05
AA/ALA 20:4(w-6) Vs. 18:3(w-3) 36+0.8 64+2
AA /GLA 20:4(w-6) Vs. 18:3(w-6) 25+04 49+1
AA /EDA 20:4(w-6) Vs. 20:2(w-6) 1.1+04 1.1+£04
AA/ . i
DGLA 20:4(w-6) Vs. 20:3(w-6) 06+0.2 05+0.1
AA /EPA 20:4(w-6) Vs. 20:5(w-3) 22+04 321
“Enzymatic assays were performed at 5 uM total substrate
concentration in 25 mM Hepes at 22°C
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Table 4.2 Comparison of the kinetic parameters of 15-LOX-2 with
various substrates at both pH values *

ke Ky (UM's™)

kcat (S>1)

pH7.5 pH 8.5 pH7.5 pH 8.5
GLA 0.64+0.02 | 037+0.03 1.8+0.03 1.1+£0.02
AA 040+0.02 | 0.76 £0.06 1.5+0.03 20+£0.04
DGLA 0.26+0.04 | 049+0.08 1.5+0.08 1.8+0.1
EPA 0.72+0.03 1.4 +0.07 2.1+£0.02 2.8+0.04
pH7.5 pH 8.5 pH7.5 pH 8.5
AA/GLA | 063+£004 | 2.1+0.03 083+0.02 | 1.8+0.05
AA/DGLA | 15+02 1.6+03 099+006 | 1.1+0.07
AA/EPA | 056+004 | 054+005 | 0.71+£0.02 | 0.72+0.02

*Enzymatic assays were performed in 25 mM Hepes at 22°C.
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Table 4.3 Comparison of Kinetic parameters of 15-LOX-2 with AA and GLA, with

and without different products at pH 7.5*

kcar/KM (“’MEIS_I) kcat (SEI)
AA AA
AA GLA AA GLA
/GLA /GLA
0.40 + 0.64 + 0.63 = 1.5+ 1.8+ 0.83 +
No Product
0.02 0.02 0.04 0.03 0.03 0.02
0.66 + 0.29 + 1.3+ 20+ 0.65 =
13-(S)-HODE 23+03
0.07 0.02 0.02 0.06 0.02
13-(S)- 045+ 032+ 14+ 19+ 073
14+001
HOTrE(y) 0.03 0.02 0.05 0.04 0.01

*Enzymatic assays were performed in 25 mM Hepes, pH 7.5, at 22° C with and
without 15 uM 13-(S)-HODE and 15 uM 13-(S)-HOTTE(y).
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Table 4.4 Product and pH effect on kinetic parameters of 15-LOX-2 with GLA®

koo Ky (UM's™) e (5
Conditions pH7.5 pH 8.5 pH7.5 pH 8.5
No product 064+002 | 0.37+0.03 1.8+0.03 1.1 £0.02
13-(S)-HODE 029+0.02 | 021 +£0.02 2.0+0.06 1.1 £0.02
13-(S)-HOTTE(Y) 032+0.02 | 022+0.03 1.9+0.04 1.1+£0.03

‘Enzymatic assays were performed in 25 mM Hepes, pH 7.5 and pH 8.5 at 22° C with

and without 15 pM products.
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Table 4.5 Product and pH effect on kinetic parameters of 15-LOX-2 with AA*

kool Ky (MM's™) Kear (87)
Conditions pH7.5 pH 8.5 pH7.5 pH 8.5
No product 0.40 +£0.02 0.76 £ 0.06 1.5+0.03 20+0.04
13-(S)-HODE 0.66 +£0.07 14+0.1 1.3+0.02 1.9+0.03
13-(S)-HOTTE(Y) 0.45+£0.04 0.87 +£0.09 1.4+0.05 1.8+0.04

*Enzymatic assays were performed in 25 mM Hepes, pH 7.5 and pH 8.5 at 22°C with
and without 15 pM products.
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" k
+ +1 ’
I
/] /]
K1 ocKi
V V

I'E ____ ~ I*EeS——— [*E+P
+ S :O(KM Bk2

163



4.7

References

Brash, A. R. (1999) Lipoxygenases: Occurrence, Functions, Catalysis and
Acquisition of Substrate, J. Biol. Chem. 274,23679-23682.

Kuhn, H., Saam, J., Eibach, S., Holzhutter, H. G., Ivanov, 1., and Walther, M.
(2005) Structural biology of mammalian lipoxygenases: enzymatic
consequences of targeted alterations of the protein structure, Biochemical and
biophysical research communications 338, 93-101.

Schneider, C., Pratt, D. A., Porter, N. A., and Brash, A. R. (2007) Control of
oxygenation in lipoxygenase and cyclooxygenase catalysis, Chemistry &
biology 14,473-488.

Glickman, M. H., and Klinman, J. P. (1995) Nature of Rate-Limiting Steps in
the Soybean Lipoxygenase-1 Reaction, Biochemistry 34, 14077-14092.

Rickert, K. W., and Klinman, J. P. (1999) Nature of Hydrogen Transfer in
Soybean Lipoxygenase-1: Separation of Primary and Secondary Isotope
Effects, Biochemistry 38, 12218-12228.

Lehnert, N., and Solomon, E. I. (2003) Density-functional investigation on the
mechanism of H-atom abstraction by lipoxygenase, Journal of biological
inorganic chemistry : JBIC : a publication of the Society of Biological
Inorganic Chemistry 8,294-305.

Hatcher, E., Soudackov, A. V., and Hammes-Schiffer, S. (2004) Proton-
coupled electron transfer in soybean lipoxygenase, Journal of the American
Chemical Society 126,5763-5775.

Yamamoto, S. (1992) Mammalian lipoxygenases: molecular structures and
functions, Biochimica et biophysica acta 1128, 117-131.

Choti, J., Chon, J. K., Kim, S., and Shin, W. (2008) Conformational flexibility
in mammalian 15S-lipoxygenase: Reinterpretation of the crystallographic
data, Proteins 70, 1023-1032.

164



10.

11.

12.

13.

14.

15.

16.

17.

Gilbert, N. C., Bartlett, S. G., Waight, M. T., Neau, D. B., Boeglin, W. E.,
Brash, A. R., and Newcomer, M. E. (2011) The structure of human 5-
lipoxygenase, Science 331,217-219.

Minor, W, Steczko, J., Boguslaw, S., Otwinowski, Z., Bolin, J. T., Walter, R.,
and Axelrod, B. (1996) Crystal Structure of Soybean Lipoxygenase L-1 at 1.4
A Resolution, Biochemistry 35, 10687-10701.

Skrzypczak-Jankun, E., Amzel, L. M., Kroa, B. A., and Funk, M. O., Jr.
(1997) Structure of soybean lipoxygenase L3 and a comparison with its L1
isoenzyme, Proteins 29, 15-31.

Neau, D. B., Gilbert, N. C., Bartlett, S. G., Boeglin, W., Brash, A. R., and
Newcomer, M. E. (2009) The 1.85 A structure of an 8R-lipoxygenase

suggests a general model for lipoxygenase product specificity, Biochemistry
48,7906-7915.

Gillmor, S. A., Villasenor, A., Fletterick, R., Sigal, E., and Browner, M.
(1997) The structure of mammalian 15-lipoxygenase reveals similarity to the

lipases and the determinants of substrate specificity., Nature Struct. Biol. 4,
1003-1009.

Oldham, M. L., Brash, A. R., and Newcomer, M. E. (2005) Insights from the
X-ray crystal structure of coral 8R-lipoxygenase: calcium activation via a C2-

like domain and a structural basis of product chirality, The Journal of
biological chemistry 280, 39545-39552.

Ivanov, I., Heydeck, D., Hofheinz, K., Roffeis, J., O'Donnell, V. B., Kuhn, H.,
and Walther, M. (2010) Molecular enzymology of lipoxygenases, Arch
Biochem Biophys 503, 161-174.

Chahinian, H., Sias, B., and Carriere, F. (2000) The C-terminal domain of
pancreatic lipase: functional and structural analogies with ¢2 domains, Curr
Protein Pept Sci 1,91-103.

165



18.

19.

20.

21.

22.

23.

24.

25.

26.

May, C., Hohne, M., Gnau, P., Schwennesen, K., and Kindl, H. (2000) The N-
terminal beta-barrel structure of lipid body lipoxygenase mediates its binding
to liposomes and lipid bodies, European journal of biochemistry /| FEBS 267,
1100-1109.

Tatulian, S. A., Steczko, J., and Minor, W. (1998) Uncovering a calcium-

regulated membrane-binding mechanism for soybean lipoxygenase-1,
Biochemistry 37, 15481-15490.

Ziboh, V. A., Cho, Y., Mani, I, and Xi, S. (2002) Biological significance of
essential fatty acids/prostanoids/lipoxygenase-derived monohydroxy fatty
acids in the skin, Archives of pharmacal research 25,747-758.

Calder, P. C. (2006) n-3 polyunsaturated fatty acids, inflammation, and
inflammatory diseases, The American journal of clinical nutrition 83, 1505S-
1519S.

Calder, P. C. (2006) Polyunsaturated fatty acids and inflammation,
Prostaglandins, leukotrienes, and essential fatty acids 75, 197-202.

Iversen, L., Fogh, K. ~and Kragballe, K. (1992) Effect of
dihomogammalinolenic acid and its 15-lipoxygenase metabolite on eicosanoid
metabolism by human mononuclear leukocytes in vitro: selective inhibition of
the 5-lipoxygenase pathway, Arch Dermatol Res 284,222-226.

Samuelsson, B., Borgeat, P., Hammarstrom, S., and Murphy, R. C. (1980)
Leukotrienes: a new group of biologically active compounds, Advances in
prostaglandin and thromboxane research 6, 1-18.

Jakschik, B. A., and Lee, L. H. (1980) Enzymatic assembly of slow reacting
substance, Nature 287,51-52.

Funk, C. D. (2001) Prostaglandins and leukotrienes: Advances in eicosanoid
biology [Review], Science 294, 1871-1875.

166



217.

28.

29.

30.

31.

32.

33.

34.

35.

Serhan, C. N., Chiang, N., and Van Dyke, T. E. (2008) Resolving
inflammation: dual anti-inflammatory and pro-resolution lipid mediators, Nat
Rev Immunol 8, 349-361.

Serhan, C. N. (2005) Mediator lipidomics, Prostaglandins & other lipid
mediators 77,4-14.

Serhan, C. N., Arita, M., Hong, S., and Gotlinger, K. (2004) Resolvins,
docosatrienes, and neuroprotectins, novel omega-3-derived mediators, and
their endogenous aspirin-triggered epimers, Lipids 39, 1125-1132.

Serhan, C. N., Hamberg, M., and Samuelsson, B. (1984) Lipoxins: novel
series of biologically active compounds formed from arachidonic acid in
human leukocytes, Proc Natl Acad Sci U S A 81,5335-5339.

Ariel, A., Li, P. L., Wang, W., Tang, W. X., Fredman, G., Hong, S.,
Gotlinger, K. H., and Serhan, C. N. (2005) The docosatriene protectin D1 is
produced by TH2 skewing and promotes human T cell apoptosis via lipid raft
clustering, The Journal of biological chemistry 280, 43079-43086.

Schnurr, K., Belkner, J., Ursini, F., Schewe, T., and Kuhn, H. (1996) The
selenoenzyme phospholipid hydroperoxide glutathione peroxidase controls the
activity of the 15-lipoxygenase with complex substrates and preserves the
specificity of the oxygenation products, J Biol Chem 271,4653-4658.

Ziboh, V. A., Miller, C. C., and Cho, Y. (2000) Metabolism of
polyunsaturated fatty acids by skin epidermal enzymes: generation of

antiinflammatory and antiproliferative metabolites, The American journal of
clinical nutrition 71, 361S-366S.

Ziboh, V. A, Miller, C. C., and Cho, Y. (2000) Significance of lipoxygenase-
derived monohydroxy fatty acids in cutaneous biology, Prostaglandins &
other lipid mediators 63, 3-13.

Shappell, S. B., Manning, S., Boeglin, W. E., Guan, Y. F., Roberts, R. L.,
Davis, L., Olson, S. J., Jack, G. S., Coffey, C. S., Wheeler, T. M., Breyer, M.
167



36.

37.

38.

39.

40.

41.

42.

43.

D., and Brash, A. R. (2001) Alterations in lipoxygenase and cyclooxygenase-2
catalytic activity and mRNA expression in prostate carcinoma, Neoplasia 3,
287-303.

Butler, R., Mitchell, S. H., Tindall, D. J., and Young, C. Y. (2000)
Nonapoptotic cell death associated with S-phase arrest of prostate cancer cells
via the peroxisome proliferator-activated receptor gamma ligand, 15-deoxy-
deltal2,14-prostaglandin J2, Cell Growth Differ 11,49-61.

Serhan, C. N. (1994) Lipoxin biosynthesis and its impact in inflammatory and
vascular events, Biochimica et biophysica acta 1212, 1-25.

Tang, D. G., Bhatia, B., Tang, S., and Schneider-Broussard, R. (2007) 15-
lipoxygenase 2 (15-LOX2) is a functional tumor suppressor that regulates
human prostate epithelial cell differentiation, senescence, and growth (size),
Prostaglandins & other lipid mediators 82, 135-146.

Brash, A. R., Boeglin, W. E., and Chang, M. S. (1997) Discovery of a second
15S-lipoxygenase in humans, Proceedings of the National Academy of
Sciences of the United States of America 94, 6148-6152.

Jisaka, M., Kim, R. B., Boeglin, W. E., and Brash, A. R. (2000) Identification
of amino acid determinants of the positional specificity of mouse 8S-
lipoxygenase and human 15S-lipoxygenase-2, The Journal of biological
chemistry 275, 1287-1293.

Wecksler, A. T., Kenyon, V., Deschamps, J. D., and Holman, T. R. (2008)
Substrate specificity changes for human reticulocyte and epithelial 15-
lipoxygenases reveal allosteric product regulation, Biochemistry 47, 7364-
7375.

Reichard, P. (2002) Ribonucleotide reductases: the evolution of allosteric
regulation, Arch Biochem Biophys 397, 149-155.

Nordlund, P., and Reichard, P. (2006) Ribonucleotide reductases, Annu Rev
Biochem 75, 681-706.
168



44.

45.

46.

47.

48.

49.

50.

51.

Blommel, P. G., and Fox, B. G. (2007) A combined approach to improving
large-scale production of tobacco etch virus protease, Protein Expr Purif 55,
53-68.

Jeon, W. B., Aceti, D. J., Bingman, C. A., Vojtik, F. C., Olson, A. C.,
Ellefson, J. M., McCombs, J. E., Sreenath, H. K., Blommel, P. G., Seder, K.
D., Burns, B. T., Geetha, H. V., Harms, A. C., Sabat, G., Sussman, M. R.,
Fox, B. G., and Phillips, G. N., Jr. (2005) High-throughput purification and
quality assurance of Arabidopsis thaliana proteins for eukaryotic structural
genomics, Journal of structural and functional genomics 6, 143-147.

Deschamps, J. D., Kenyon, V. A., and Holman, T. R. (2006) Baicalein is a
potent in vitro inhibitor against both reticulocyte 15-human and platelet 12-
human lipoxygenases, Bioorg Med Chem 14,4295-4301.

Wecksler, A. T., Jacquot, C., van der Donk, W. A., and Holman, T. R. (2009)
Mechanistic investigations of human reticulocyte 15- and platelet 12-
lipoxygenases with arachidonic acid, Biochemistry 48, 6259-6267.

Wecksler, A. T., Kenyon, V., Garcia, N. K., Deschamps, J. D., van der Donk,
W. A., and Holman, T. R. (2009) Kinetic and structural investigations of the
allosteric site in human epithelial 15-lipoxygenase-2, Biochemistry 48, 8721-
8730.

Mogul, R., Johansen, E., and Holman, T. R. (2000) Oleyl sulfate reveals
allosteric inhibition of Soybean Lipoxygenase-1 and Human 15-
Lipoxygenase, Biochemistry 39, 4801-4807.

Mogul, R., and Holman, T. R. (2001) Inhibition studies of soybean and human
15-lipoxygenases with long-chain alkenyl sulfate substrates, Biochemistry 40,
4391-4397.

Hsi, L. C., Wilson, L. C., and Eling, T. E. (2002) Opposing effects of 15-
lipoxygenase-1 and -2 metabolites on MAPK signaling in prostate. Alteration
in peroxisome proliferator-activated receptor gamma, J Biol Chem 277,
40549-40556.

169



52.

53.

54.

55.

Haas, T. A., Bastida, E., Nakamura, K., Hullin, F., Admirall, L., and
Buchanan, M. R. (1988) Binding of 13-HODE and 5-, 12- and 15-HETE to
endothelial cells and subsequent platelet, neutrophil and tumor cell adhesion,
Biochimica et biophysica acta 961, 153-159.

Bastida, E., Bertomeu, M. C., Haas, T. A., Almirall, L., Lauri, D., Orr, F. W.,
and Buchanan, M. R. (1990) Regulation of tumor cell adhesion by
intracellular 13-HODE: 15-HETE ratio, Journal of lipid mediators 2, 281-293.

Buchanan, M. R., Bertomeu, M. C., and Bastida, E. (1990) Fatty acid
metabolism and cell/cell interactions, Agents and actions 29, 16-20.

M.E. Pasqualinia, V. L. H., P. Manzob, A.R. Eynard. (2002) Association
between E-cadherin expression by human colon, bladder and breast cancer
cells and the 13-HODE:15-HETE ratio. A possible role of their metastatic
potential$, Prostaglandins, Leukotrienes and Essential Fatty Acids 68, 9-16.

170



	Non-numbered pages_i-X.pdf
	Chapter1_V1.pdf
	Chapter2_V1_nj.pdf
	Chapter3_V3_nj.pdf
	Chap4_V4_nj.pdf



