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Abstract
CHARACTERIZATION AND INHIBITION STUDIES FOR
15-LIPOXYGENASE ENZYMES
by
J Brian Jameson II
The research presented in this dissertation focuses on two distinct areas of 15lipoxygenase biology: screening and identification of inhibitors toward human 15lipoxygenase enzymes and biological and biochemical characterization of a 15lipoxygenase enzyme (p15-LOX) from the opportunistic pathogen Pseudomonas
aeruginosa (P. aeruginosa). Two novel, selective inhibitors are reported for human
15-lipoxygenase-2 (15-LOX-2). The reported compounds were micromolar active
with competitive and mixed type inhibition.

They will serve as chemical tools for

future studies to more deeply probe the role of 15-LOX-2 in atherosclerosis, cancer,
and for general elucidation of 15-LOX-2 function in tissues. In addition, the binding
affinities for five nanomolar active human 15-lipoxygenase-1 inhibitors were
determined by a novel mass spectrometric assay with the ability to measure binding
affinities well below the current limit of quantitation for the traditional UV assay.
The assay also represents the first of its kind capable of assessing allosteric effect in a
high throughput, 96-well format, opening the possibility of screening compound
libraries to identify allosteric effectors to lipoxygenase (LOX) enzymes.
Finally, a number of biochemical and biological properties of the LOX
enzyme expressed by P. aeruginosa were determined. The most actively metabolized
substrate is AA and Kcat far exceeds human homologues at low pH. The enzyme is
!
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active with a variety of polyunsaturated fatty acid substrates, but phospholipids are
not metabolized well compared to human LOX enzymes. Selective inhibitors to
human LOX isozymes do not significantly inhibit p15-LOX. Expression of LOX
during P. aeruginosa infection increases observed cytokines from several cell types.
Together these studies support the hypothesis that this enzyme is capable of
disrupting host immunity, but do not strongly support expression of p15-LOX solely
for this purpose. Subsequent studies are needed to further elucidate the biological
function of p15-LOX.
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Chapter 1
Introduction
1.1 Lipoxygenase
The Lipoxygenase superfamily is made up of non-heme iron containing enzymes that
catalyze the hydroperoxidation of polyunsaturated fatty acids containing a 1,4-cis,cispentadiene moiety by reaction with molecular oxygen.

Lipoxygenase (LOX)

enzymes are named based on the location of peroxide installation on arachadonic acid
(AA).

Figure 1.1 shows the position of peroxidation for some common LOX

variants. Peroxidation takes place by reaction of activated fatty acids with molecular
oxygen and represents the first committed step in the synthesis of biologically active
signaling molecules.
1.2 Organisms containing Lipoxygenase
LOX enzymes have been identified and characterized in plants,[1] animals,[2]
fungus,[3] and bacteria.[4] In the plant kingdom, LOX is involved in production of
hormones and defensive metabolites.[5] In mammals, the function of LOX enzymes
is primarily in the regulation of inflammatory signaling.[2] The function of LOX
expression in fungus and bacteria is less clear, but expression of LOX enzymes in
several pathogens has lead to speculation of LOX activity as a means of confounding
the host’s response to infection. [1,3,6,7]
1.3 Substrates
LOX enzymes require a carbon chain containing a 1,4-cis,cis-pentadiene in
order for catalysis to occur. Native substrates in mammals are polyunsaturated fatty
!
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acids including both omega-6 (ω-6) fatty acids, such as AA and linoleic acid (LA),
having the first unsaturated carbon at the sixth position from the methyl end of the
molecule, and omega-3 (ω-3) fatty acids, such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), having the first unsaturated carbon at the third position
from the methyl end. Figure 1.1 contains examples of several common lipoxygenase
substrates. In addition to positional specificity, each LOX enzyme has a unique
affinity for the various 1,4-cis,cis-pentadiene containing fatty acids. Through the
action of LOX and other enzymes, the ω-6 fatty acid substrates will generally, but not
exclusively, produce pro-inflammatory mediators, while the ω-6 fatty acids often
produce anti-inflammatory compounds.[2,8]

For healthy function of the

inflammation signaling pathways, a balance of these two classes of substrates is
required.[3,9] However, LA (an ω-6) and α-linolenic acid (ALA) (an ω-3) are the
only fatty acids that must be consumed, all others can be synthesized metabolically,
using combinations of the above and acetyl coenzyme A.[4,10]
Within cells, LOX substrates are primarily sequestered in lipid membranes,
where they are attached to the sn2 position of glycerol-phospolipids. For catalysis to
occur, most LOX isozymes require cleavage of substrate from membrane
phospholipids by phospholipase A2. However, under certain conditions, 15-LOX-1
has been shown to react directly with membrane-associated substrates, causing
permiabilizing of organelle membranes and eventual cell death.[5,11]
1.4 Structure

!
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The general structure of LOX enzymes consists of two domains formed by a
single polypeptide chain (Figure 1.3). The catalytic or alpha domain is primarily
made up of alpha helicies and accounts for the bulk of the LOX structure. The
catalytic domain contains a non-heme iron coordinated by five ligands,[2,12] which
consist of three conserved histidines, the conserved C-terminal isoleucine, and a fifth
ligand, the identity of which is related to the overall catalytic rate of the enzyme.
[13,14] The alpha domain also contains an oxygen access channel that is the basis of
the stereospecific oxygen addition, which would be otherwise be impossible with the
proposed radical reaction mechanism. [15,16] The smaller beta domain consists of a
beta barrel structure, and may play a role in calcium dependent membrane binding,
facilitating proximity to LOX substrates.[17]

However, cleavage experiments

indicate the beta domain is un-necessary for catalytic activity or allosteric product
regulation. [18,19] Several crystal structures of LOX proteins have been published to
date, including human 5-LOX,[20] and 15-LOX-2,[21] the human 15-LOX-1
homologue, rabbit 15-LOX,[22] pseudomonas 15-LOX,[23] coral 8-LOX,[24] and
Soybean LOX-1.[25] The structures of Soybean LOX-1, human 5-LOX and Human
15-LOX-2 are compared in Figure 1.3. The general LOX fold is apparent even in the
98 kD soybean enzyme, which is significantly larger than the human enzymes at 78
kD (5-LOX) and 76 kD (15-LOX-2) each.
1.5 Mechanism
The general mechanism for LOX catalysis takes place via hydrogen
abstraction, radical rearrangement and molecular oxygen addition to the activated
!
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radical substrate. A pictorial representation of the proposed LOX mechanism is
shown in Figure 1.3.[26] The position of the substrate in relation to the active site
iron determines the location of peroxide installation. LOX substrates are positioned
by active site depth and interaction with conserved residues lining the active site.
[27,28] When isolated, LOX enzymes are found primarily in the inactive ferrous
(FeII) state. The enzyme can be activated to the ferric state by removal of a hydroxide
from previously generated hydroperoxy product. Once active, the iron is able to
stereoselectively remove an atomic hydrogen via proton coupled electron transfer,
from the 1,4-cis,cis-pentiadiene moiety, 3 carbons away from the eventual position of
product hydroxide. Based on measurements of the kinetic isotope effect, hydrogen
abstraction takes place via a quantum mechanical tunneling mechanism.[29]
Hydrogen abstraction leads to radical rearrangement which gives rise to a delocalized
radical system. The activated substrate is then able to accept molecular oxygen via
the oxygen access channel to the specific location of peroxide addition, resulting in a
peroxide radical. Quenching of the peroxide radical by the active iron completes the
catalytic cycle and the product is then released. This activated substrate mechanism
is highly unique among enzymes using molecular oxygen, most of which will bind
and activate oxygen first.[30]
Due to the mechanism of enzyme activation, LOX enzymes can also possess
pseudoperoxidase activity in the presence of reductive compounds.

This is a

mechanism by which hydroperoxide product can be decomposed in the presence of a
redox inhibitor due to continuous cycles of enzyme activation by product and
!
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subsequent inactivation by inhibitor. This activity is an important consideration for
LOX inhibitor design as compounds that support this activity generally make poor
therapeutics. [31,32]
1.6 Identification and Characterization of LOX Inhibitors
LOX enzymes are important in a number of human diseases.

As such,

identification of potent and specific inhibitors to LOX isozymes is an important area
of research, both for identification of potential therapeutics and to discover
compounds that can help tease out the downstream effects of specific LOX isozymes.
Zileuton, a human 5-LOX inhibitor, is currently the only FDA approved LOX
inhibitor therapeutic.[33]

However, a recently developed high throughput screen

has led to the discovery of several specific and potent inhibitors of various other
human LOX isozymes, [34-37] one of which has since aided in increasing the
understanding of LOX biology.[38]
The high throughput screen used to identify recently reported LOX inhibitors
is based on the xylenol orange assay for LOX activity.[39] Activity measurements
are accomplished by addition of Fe2+ and the Fe3+ chelator, xylenol orange (XO).
Lipid hydroperoxide products oxidize Fe2+ and the FeXO complex is quantified by
absorbance measurement at 573 nm. Applying this assay to a 1536-well plate using a
large compound library (>50,000 compounds) allows direct identification of potential
lead compounds. A graphical representation of a multi-concentration high throughput
screen using this method is shown in Figure 1.4. Compounds whose concentration is
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positively correlated with a reduction in detected LOX product are further
characterized by manual screening methods.
The traditional method for manual LOX activity measurement is kinetic
monitoring of UV absorbance change. The conjugated diene product has an
absorbance maximum at 234 nM allowing direct quantitation of product with
extinction coefficients approximately 25,000 M-1cm-1.

This direct absorbance

detection has the benefit of reveling changes in enzyme kinetics, such as lag phase
extension, that can help to characterize inhibitors. Using varied concentrations of
substrate and inhibitor, reactions are initiated by addition of small, fixed
concentrations of enzyme and initial rate of turnover is determined by calculating the
change in absorbance per second during the most rapid product formation. Reaction
rate may be plotted against substrate concentration at fixed inhibitor concentrations
and fit with a hyperbolic equation to yield Km and Vmax. Replots of Km/Vmax and
1/Vmax yield Ki and Ki´, the binding affinities for the active site and a secondary
binding site respectively.

In addition to binding affinity, these plots allow

determination of the type of inhibition exhibited by the compound. Measurement of
reaction rates by product absorbance detection has the disadvantage of being limited
to enzyme concentrations sufficient to achieve significant turnover in a timeframe
compatible with kinetic monitoring. This leads to a lower limit on the binding
affinities that can me measured by UV absorbance, since the observed Ki must be
large in comparison to active enzyme concentration in order to calculate binding
affinity using the Michaelis-Menten equation.
!
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1.7 Allostery
Allostery is a means for biological regulation of enzyme activity. It occurs
when the binding of a specific factor has an effect on enzyme catalysis. In contrast
with competitive inhibitors, binding of an allosteric regulator must occur at a site on
the protein separate from the active site, eliciting a conformational change that can
either activate or suppress enzymatic activity. For LOX enzymes, allosteric effectors
can have very complex activities, affecting the catalysis of multiple substrates in
different ways.[40]

Human 5-LOX was the first LOX enzyme for which allosteric

regulation was confirmed.[41] 5-LOX is allosterically regulated by calcium and
ATP, causing increases in catalytic rate, which affects the turnover of specific
substrates to different degrees.[42] Soybean LOX-1 as well as both human 15-LOX
isozymes also possess allostery. [40,43,44] Substrate mimics and specific enzymatic
products have distinct effects on the affinity of the enzyme for various substrates.
[19,40] This allosteric effect may be part of a natural product feedback mechanism to
regulate the levels of product formation within the cell. Due to the complex network
of substrates and products involved with the LOX signaling pathways, allosteric
modification of enzyme activity using small molecule effectors is an attractive
prospect for therapeutics, as well as expanding the understanding the mechanisms by
which LOX enzymes elicit their specific effects. The site of allosteric binding on
LOX is currently under investigation. Docking studies led to the proposal of a site
between the alpha and beta domains,[44] however, cleavage of the beta domain
reduces, but does not eliminate allosteric effect, and allosteric pH effect is not
!
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dependent on residues in the inter-domain interface.[19] It is possible that, similar to
COX enzymes, LOX allostery is the result of transient homodimers.[45] In support
of this hypothesis, addition of LOX product to rabbit 12/15-LOX has been shown to
increase the proportion of LOX dimers in solution.[46] More investigation is needed
to elucidate the mechanism of allosteric regulation of LOX.
1.8 Human 15-Lipoxyenases
1.8.1 Human 15-Lipoxygenase-1
Within the human genome a single 5-LOX, three 12-LOX, and two 15-LOX
variants have been identified, as well as eLOX-3, unique LOX isozyme with a highly
varied product profile.[47] The two 15-LOX genes contain only 35% sequence
identity and show unique tissue expression and substrate specificity.[48] 15-LOX-1
is a 75 kD enzyme that is expressed in many tissues, including reticulocytes,
eosinophils, and macrophages.[49] It uses a histadine fifth coordination ligand and
has a Kcat of 5.3 (0.4) and a Kcat/Km of 2.0 (0.2) using AA.[40] 15-LOX-1 produces
approximately 90% 15-hydroxyeicosatetraenoic acid (15-HETE) and 10% 12hydroxyeicosatetraenoic acid (12-HETE) from AA.[50]

Its mouse homologue

produces primarily 12-HETE (80%) leading to a common reference to these enzymes
as 12/15-LOX.

15-LOX-1 also reacts well with LA, producing 13-hydroxy

octadecadienoic acid (13-HODE).
Expression of 15-LOX-1 is markedly up-regulated in prostate and colorectal
cancers, and its product 13-HODE can be found at high levels in prostate tumors.[51]
However, expression is reduced in breast cancer, and overexpression experiments in
!

8!

several cell types have lead to tumor suppression, causing debate as to weather
expression of 15-LOX-1 is beneficial or deleterious in malignant tissues.[49]
15-LOX-1 also plays a controversial role in atherosclerosis.[50] However,
most recent data for 12/15-LOX indicates a protective function. Production of proresolution mediators by 15-LOX-1 and related enzymes has been shown to slow the
progression of atherosclerosis.[52] In addition, increased expression of 12/15-LOX
has also been shown to increase the rate of cholesterol ester degradation, leading to a
reduced rate of foam cell formation.[53]
15-LOX-1 is also important for programed degradation of organelle
membranes, as in red blood cell maturation and ocular lens cells.[54] In an
experimental model for stroke, 12/15-LOX was discovered to play a related role in
the mechanism of tissue damage, through direct breakdown of organelle
membranes.[11] Inhibition of 12/15-LOX abrogates significant tissue damage that
occurs after oxygen reperfusion into brain tissue after stroke. [38,55]
Expression levels of 12/15-LOX in mice has been linked to the production of
several inflammatory cytokines. A number of studies have established positive links
between 12/15-LOX expression and IL-12 production. [56-58]

IL-12 is a key

regulator of innate and adaptive immunity, which regulates production of IFN-γ, a
cytokine of vital importance for immune responses to intracellular pathogens.[59]
12/15-LOX products have also been shown to directly increase the levels if IL-6 and
TNFα expression. [60,61] TNFα is an important regulator of NFkB, a factor that
controls DNA transcription under cellular stress. IL-6 is a pro-inflammatory cytokine
!

9!

linked to atherosclerosis, and defense against pathogens. [62,63] Given the complex
role of 15-LOX-1 in human disease and immune signaling, coupled with this
enzyme’s multiple substrate specificity, further study toward dissecting the precise
roles of specific LOX products and activities on human disease states is needed.
1.8.2 Human 15-Lipoxygenase-2
First reported in 1997, the second human 15-LOX variant (15-LOX-2), is a 76
kD enzyme and is primarily expressed in skin, cornea, prostate, and lung.[48] Due to
its limited tissue expression and relatively recent discovery, 15-LOX-2 is not as well
characterized as 15-LOX-1. The fifth coordination ligand of 15-LOX-2 is a serine,
and the enzyme has a Kcat of 0.74 (0.03) and a Kcat/Km of 0.10 (0.01) with AA,
making it a significantly slower than the other human 15-LOX.[40] It has high
specificity for AA over LA and produces 15-HETE from AA almost exclusively. 15LOX-2 appears to play a repressive role in cancer progression as enzyme expression
and 15-HETE generation is reduced in prostate tumors, and 15-LOX-2 expression is
negatively correlated with tumor prognosis. [64,65]

Similar results have been

observed in other tissues having native 15-LOX-2 expression. [66-68] In mice,
transgenic expression of 15-LOX-2 causes hyperplasia.[69]

However, the

homologous enzyme of 15-LOX-2 in mice is an 8-LOX, a positional specificity that
has not been identified in humans.[70] Overexpression of 8-LOX in mice inhibits
cell proliferation by a similar mechanism as 15-LOX-2 in humans. [71,72] This
highlights an important pitfall of murine models for LOX biology; the differing
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positional specificity of human and murine enzymes may lead to similar LOX
products having disparate effects across organisms.[70]
15-LOX-2 is also highly expressed in atherosclerotic lesions, and recent data
indicates that it may be more important than 15-LOX-1 in disease progression.
[73,74] Knockdown of 15-LOX-2 gene transcription resulted in marked reduction in
lipid accumulation. Gene knockdown was also shown to decrease production of the
pro-inflammatory cytokines IFN-γ IL-6, IL-8 and IL-12 in human primary
macrophages.[75] This is strong evidence for a detrimental role of 15-LOX-2 in
atherosclerotic plaque formation. The roles of 15-LOX-2 in both atherosclerosis and
cancer progression are in need of further study and could benefit from the
development of chemical tools to modulate activity.
1.9 Pseudomonas 15-Lipoxygenase
Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen of
great importance in cases of cystic fibrosis (CF) and nosocomial pneumonia. P.
aeruginosa infections in the lungs of CF patients have high prevalence and are
characterized by chronic non-resolving inflammation. [76,77] P. aeruginosa is also a
important cause of hospital acquired pneumonia infections.[78] A key factor in these
infections is their resistance to treatment due to formation of biofilms, a protective
structure that sequesters bacterial cells from access by antimicrobial agents. Bacterial
biofilms are large structures made up primarily of polysaccharides, DNA and
proteins, forming a protective coating over bacterial communities.[79]

Bacteria

within biofilms undergo significant changes in gene expression profiles to support
!
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biofilm development and maintenance. Recent studies of gene expression profiles in
biofilm associated P. aeruginosa indicate a dramatic increase in expression of a novel
15-lipoxygenase enzyme (p15-LOX). [80] The presence of lipoxygenase enzymes in
bacteria is a rare occurrence. This protein was confirmed to possess 15-lipoxygenase
activity and the activity was shown to be excreted into the periplasm and extracellular
space, an indication that the protein might serve to modulate host immune
response.[7] The literature contains other examples of pathogens possessing similar
15-LOX activity, as well as other potential means for disrupting host immune
signaling. [81,82] The presence of this activity may provide an explanation for the
aberrant inflammation present in P. aeruginosa infections.
Alignment of human 15-LOX enzymes with p15-LOX shows 25% and 26%
identity with 15-LOX-1 and 15-LOX-2 respectively. This identity is reasonably high
considering a shared identity of 35% between the human enzymes.

In fact,

phylogenetic alignment of human, plant, and bacterial LOX sequences has lead to the
speculation that P. aeruginosa may have acquired its LOX gene via horizontal gene
transfer.[83]

Interestingly, cystic fibrosis patients show a loss of 15-LOX-2

expression and decreased levels of the inflammatory resolution mediator lipoxin A4
prior to bacterial infection,[84] along with an increase in IL-6 production.[85] It is
tempting to speculate that LOX expression is a means to return the site of infection to
a more habitable state. However, if 15-LOX augmentation via pathogenic expression
served the purpose to mask the host immune signaling, a reduction of inflammation
signaling upon infection and biofilm growth might be expected. Instead, wild type P.
!
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aeruginosa induces significantly more TNFα and IL-6 upon transitioning to biofilm
growth.[86] Clearly the benefit of significant expression increase for this sizable
enzyme is in need of further investigation.
1.10 Scope of Dissertation
This dissertation seeks to expand the current knowledge in two distinct but
important areas of 15-lipoxygenase biology. The first is discovery of lipoxygenase
inhibitors to solve unique and important experimental challenges.

To this end,

chapter two is devoted to the discovery and characterization of the first selective and
potent human 15-LOX-2 inhibitors described to date. The methodology for discovery
of these compounds via high throughput screening is described, as is their kinetic
characterization. Important structural determinants of their activity are also analyzed.
The recently published 15-LOX-2 crystal structure is taken advantage of to explore
the docking poses of the reported compounds and to infer possible reasons for
observed structurally important functionalities.[21]
In the third chapter, an assay is reported with the ability to identify allosteric
inhibitors of lipoxygenase enzymes and measure binding affinities for nanomolar
active LOX inhibitors. A novel assay buffer system compatible with both LOX
enzymatic reaction and liquid chromatography-mass spectrometry (LC-MS) analysis
is described, as is an assay procedure compatible with 96-well automated sample
preparation. Binding affinity of several previously published, nanomolar active 15LOX-1 inhibitors is reported.[35] The ranking of binding affinities allows further
insight into the structure activity relationship of these molecules.
!
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The known

allosteric effector, deuterated 13-HODE was used along with 15-LOX-2 as proof of
principle that changes in substrate specificity, elicited by effector molecules, could be
detected by this novel assay technique. Allosteric effect was titrated with increasing
concentrations of deuterated 13-HODE.
The final chapter is focused on the biological and biochemical
characterization of the 15-lipoxygenase enzyme expressed by the opportunistic
pathogen, P. aeruginosa, in an attempt to gain insight into the biological function of
this unique enzyme in this important pathogen. Structural and kinetic properties are
compared with homologous human enzymes, and substrate specificity and product
profile is determined for a wide range of biologically relevant substrates. The ability
of p15-LOX to oxidize phosphatidylcholine-linked substrates is examined.

The

impact of lipoxygenase expression on cytokine signaling is examined for several
important cytokines in attempt to establish a function for LOX expression in immune
signaling disruption.

!
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1.11 Figures
Figure 1.1 Common Lipoxygenase substrates. AA is numbers to show positional
specificity of LOX variants. Arachadonic acid, AA; linoleic acid, LA; ϒ-linoleic
acid, GLA; dihomo-ϒ-linoleic acid, DGLA; eicosadienoic acid, EDA; α-linolenic
acid, ALA; Docosahexaenoic acid, DHA; Eicosapentaenoic acid, EPA
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Figure 1.2 Structures of several Lipoxygenase enzymes. Soybean LOX-1 structure
1YGE,[25] human 5-LOX structure 3O8Y, [20] human 15-LOX-2 structure
4NRE.[21]
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Figure 1.3 The proposed lipoxygenase reaction mechanism. [26] The reaction shown
is a 15-S-Lipoxygenase reacting with AA.
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Figure 1.4 High throughput Screening for lipoxygenase inhibitors.[35] Black points
represent compound concentrations not related to enzyme activity, blue and green
points represent potential hit compounds whose concentrations are related to enzyme
activity in screening assay.
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Chapter 2
A High Throughput Screen Identifies Potent And Selective Inhibitors To Human
Epithelial 15-Lipoxygenase-2
2.1 Introduction
Lipoxygenase

(LOX)

enzymes

catalyze

the

hydroperoxidation

of

polyunsaturated fatty acids with varying levels of substrate preference and positional
specificity.

Human LOX enzymes are named for the primary position of

hydroperoxide installation on arachidonic acid (AA), with two human LOX isozymes
hydroperoxidating at carbon-15 of AA. Both reticulocyte 15-LOX-1 (15-LOX-1 or
12/15-LOX) and epithelial 15-LOX-2 (15-LOX-2) appear to have distinct and
important roles in cancer progression but current data are highly conflicted as to
whether their enzymatic activities are beneficial or deleterious [1]. 15-LOX-2 is
expressed in skin, cornea, prostate, and lung [2]. In humans, expression level of 15LOX-2 is inversely related to prostate tumor volume [3].
overexpression of 15-LOX-2 leads to hyperplasia [4].

In mice, however,

15-LOX-1 is primarily

expressed in reticulocytes, eosinophils, and macrophages [1]. In certain cancers, the
expression of 15-LOX-1 is increased in malignant tissue; however, in other cases its
expression correlates with suppression of tumor growth [5].

While the exact

mechanism by which 15-LOX-1 and 15-LOX-2 elicit their effects is unknown, there
are data that suggest the differences in their biological activities are evoked by
differences in the substrate preferences of the two enzymes [6]. It has also been
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speculated that 15-LOX-2 may have some biological role independent of its
enzymatic function, as seen with splice variants that lack enzymatic activity [7].
Given the complex biological role of both 15-LOX-1 and 15-LOX-2, it would
be helpful to have specific inhibitors of these two isozymes to better delineate their
roles in human disease. Potent and selective inhibitors of 15-LOX-1 have been
identified [8-12], however, no potent and selective inhibitors for 15-LOX-2 have been
observed. There are currently two inhibitors with potency against 15-LOX-2 in the
literature (Figure 2.1). The first, nordihydroguaiaretic acid (NDGA), is a redox active
LOX inhibitor and has an IC50 value of 11.0 +/- 0.7 µM for 15-LOX-2 [13]. The
second is the flavanoid based compound, 27c, which has an IC50 value of 8.3 +/- 0.9
µM [13]. However, neither of these compounds is selective toward 15-LOX-2. Due
to this dearth of potent and selective 15-LOX-2 inhibitors, we set out to identify novel
inhibitors against 15-LOX-2 using our previously reported high throughput screen
[14] that has already yielded potent and selective compounds against 15-LOX-1 [8]
and platelet 12-LOX (12-LOX) [15,16]. In the current work, we report two potent
and selective 15-LOX-2 inhibitors that were characterized by kinetic analysis and
could be used further to characterize the biological mechanism by which 15-LOX-2
affects disease progression.
2.2 Materials and Methods
2.2.1 Materials
All commercial fatty acids were purchased from Nu Chek Prep, Inc. (MN,
USA) and were further re-purified using a Higgins HAISIL column (5 µm, 250 X 10
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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. BWb70c and NDGA were purchased from Sigma/Aldrich Chemicals. The
inhibitors were obtained from the NIH Molecular Libraries Small Molecule
Repository (MLSMR): (https://mli.nih.gov/mli/compound-repository/).

All other

chemicals were reagent grade or better and were used without further purification.
2.2.2 Overexpression and Purification of Lipoxygenases.
Different lipoxygenases, such as 15-LOX-1, 15-LOX-2, and 12-LOX were
expressed as N-terminal His6-tagged proteins and were purified via immobilized
metal affinity chromatography (IMAC) using an Ni-NTA resin for 15-LOX-1 [12],
and 15-LOX-2 [17], and a Ni-IDA resin for 12-LOX [18]. The protein purity was
evaluated by SDS-PAGE analysis and was found to be greater than 90%. Human
leukocyte 5-lipoxygenase (5-LOX) was expressed as a non-tagged protein and used
as a crude ammonium sulfate protein fraction, as published previously [19,20].
2.2.3 High-throughput Screen 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.
2.2.4 15-Lipoxygenase-2 qHTS Assay.
All screening operations were performed on a fully integrated robotic system
(Kalypsys Inc, San Diego, CA) as described elsewhere [21]. Three µL of enzyme
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(approximately 50 nM 15-LOX-2, final concentration) was dispensed into 1536-well
Greiner black clear-bottom assay plates. Compounds and controls (23 nL) were
transferred via Kalypsys PinTool, equipped with 1536-pin array, at concentrations
ranging from 57 µM to 0.73 nM. The plate was incubated for 15 min at room
temperature, and then a 1 µL aliquot of substrate solution (50 µM arachidonic acid
final concentration) was added to start the reaction. The reaction was stopped after
6.5 min by the addition of 4 µL FeXO solution (final concentrations of 200 µM XO
and 300 µM 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 a +4 ºC 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 were normalized to controls, and plate-based data corrections were
applied to filter out background noise. Average Z’ was 0.69 across 688 1536-well
assay plates. Signal to background was 3.4. The qHTS yielded 1,562,952 activity
points in dose response format. We had identified 163 chemical clusters and 191
singletons using the cheminformatics analysis process previously described [21].
2.2.5 Lipoxygenase UV-Vis Assay.
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The inhibitor compounds were screened initially using one concentration
point at 25 µM 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 (ε = 25,000 M-1cm-1). The reactions were
initiated by adding 200 nM 15-LOX-2, 30 nM 12-LOX, 40 nM 15-LOX-1, or
approximately 100 - 300 nM (5-10 µL) of 5-LOX crude extract to a cuvette with 2
mL reaction buffer, constantly stirred using a magnetic stir bar at room temperature
(22 ºC). Reaction buffers used for various LOX isozymes were as follows: 25 mM
HEPES (pH 7.3), 0.3 mM CaCl2, 0.1 mM EDTA, 0.2 mM ATP, 0.01% Triton X-100,
10 µM AA for the crude, ammonium sulfate precipitated 5-LOX; and 25 mM HEPES
(pH 7.5), 0.01% Triton X-100, 10 µM AA for 15-LOX-2, 15-LOX-1, and 12-LOX.
The substrate concentration was quantitatively determined by allowing the enzymatic
reaction to go to completion in the presence of 15-LOX-2. For the inhibitors that
showed more than 50% inhibition in the one-point screen, IC50 values were obtained
by determining the % inhibition, relative to solvent vehicle only, at various inhibitor
concentrations. The data were then plotted against inhibitor concentration, followed
by a hyperbolic saturation curve fit (assuming total enzyme concentration [E] <<
IC50). It should be noted that all of the potent inhibitors displayed greater than 80%
maximal inhibition, unless otherwise stated in the tables. All inhibitors were stored at
‒20 °C in DMSO. NDGA was utilized as positive control for the selectivity assays for
the various LOX isozymes.
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2.2.6 Steady State Inhibition Kinetics.
The steady-state kinetics experiments were performed with MLS000545091
and MLS000536924 to determine the mode of inhibition. Inhibitor concentrations of
0, 1, 2 and 5 µM were used. Reactions were initiated by adding approximately 200
nM of 15-LOX-2 to a constantly stirring 2 mL cuvette containing 25 mM HEPES
buffer (pH 7.5) and 1 – 40 µM AA, in the presence of 0.01% Triton X-100. LOX
reaction rates were determined by monitoring the formation of the conjugated
product, 15-HPETE, at 234 nm (ε = 25 000 M-1 cm-1) with a Perkin-Elmer Lambda
40 UV/Vis spectrophotometer.

The substrate concentration was quantitatively

determined by allowing the enzymatic reaction to proceed to completion. Initial
enzymatic rates were plotted versus substrate concentration at various inhibitor
concentrations, and subsequently fitted to the Henri−Michaelis−Menten equation,
using KaleidaGraph (Synergy) to determine the microscopic rate constants, Vmax
(µmol/min/mg) and Vmax /KM (µmol/min/mg/ µM). KM/Vmax was replotted versus
inhibitor concentration to yield Ki and 1/Vmax was replotted versus inhibitor
concentration to yield Ki´. Ki and Ki´ are defined as the equilibrium constants of
dissociation from the enzyme and enzyme substrate complex, respectively
2.2.7 Pseudoperoxidase Assay.
The pseudo-peroxidase activity was determined with 15-LOX-2 enzyme,
using BWb70c as a positive control, and 13-HPODE as the oxidizing product, on a
Perkin-Elmer Lambda 40 UV/Vis spectrophotometer, as described previously [22].
Activity was determined by monitoring the decrease at 234 nm (product degradation)
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in buffer (50 mM Sodium Phosphate (pH 7.4), 0.3 mM CaCl2, 0.1 mM EDTA, 0.01%
Triton X100, and 20 µM 13-HPODE). About 400 nM 15-LOX-2 was added to 2 mL
buffer containing 20 µM 13-HPODE, constantly mixed with a rotating stir bar (22
°C). Reaction was initiated by addition of 20 µM inhibitor (1:1 ratio to product). The
percent consumption of 13-HPODE was recorded and loss of product less than 20%
was not considered as viable redox activity. Individual controls were conducted
consisting of enzyme alone with product and MLS000545091 and MLS000536924
alone with enzyme.

These negative controls formed the baseline for the assay,

reflecting non-pseudo-peroxidase dependent hydroperoxide product decomposition.
To rule out the auto-inactivation of the enzyme from pseudo-peroxidase cycling, the
15-LOX-2 residual activity was measured after the assay was complete: 20 µM AA
was added to the reaction mixture and the residual activity was determined by
comparing the initial rates with inhibitor and 13-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.
2.2.8 Cyclooxygenase assay.
Cyclooxygenase activity assay was performed as previously described [8].
Approximately 3 µg of either ovine COX-1 (COX-1) or human recombinant COX-2
(COX-2) (Cayman Chemical) were added to buffer containing 0.1 M Tris-HCl buffer
(pH 8.0), 5 mM EDTA, 2 mM phenol and 1 µM hematin at 37 °C. The selected
inhibitors were added to the reaction cell, followed by an incubation of 5 minutes
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with either of the COX enzymes. The reaction was then initiated by adding 100 µM
AA in the reaction cell, as indicated in enzymatic protocol (Cayman Chemicals).
Data were collected using a Hansatech DW1 oxygen electrode and the consumption
of oxygen was recorded. Indomethacin and the solvent (DMSO), were used as
positive and negative controls, respectively, and the percent inhibition of the enzyme
was calculated by comparing the rates of the samples to the controls.
2.2.9 HPLC inhibitor Modification Assay.
Compounds were confirmed to be un-modified by the enzyme. Both 15LOX-2 inhibitors (10 µM) were incubated with the enzyme in the presence and
absence of 10 µM AA. The mixture was extracted and analyzed via HPLC using a
C18 reverse phase column with a gradient of 50−100% acetonitrile versus water
(0.1% TFA). Retention times and absorbance spectra were compared to enzyme-free
control reaction.
2.2.10 Computational Docking of Inhibitors to 15-LOX-2.
The 15-LOX-2 inhibitors MLS000545091 and MLS000536924 were docked
to the crystal structure of 15-LOX-2 (PDB ID: 4NRE) [23].

The competitive

inhibitor found in the 15-LOX-2 structure is a substrate mimic with a long aliphatic
chain that binds in the active site. In order to successfully dock our much larger
inhibitors in the active site, we found it necessary to treat the active site as
conformationally flexible.

Specifically, we docked MLS000536924 using the

InducedFit Docking (IFD) software (Schrodinger Inc). IFD uses a combination of
rigid docking (Glide) and protein side chain optimization (PRIME) to dock the ligand
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in the binding site [24]. Prior to using IFD, the protein structure was subjected to a
protein preparation step. During this step solvent and other unwanted ligands, except
the metal ion (Fe3+) and the active site inhibitor, were removed from the structure,
hydrogen atoms were added and the binding site was energy-minimized, such that the
heavy atoms of the protein did not move beyond 0.3 Å from their initial position.
Default parameters were used during IFD.
After the induced fit docking, most active site residues remained largely unchanged,
but the side chains of residues Leu 420 and Leu 610 moved slightly (heavy atom root
mean square difference (RMSD) between before and after IFD is 1.4 Å) to
accommodate the aromatic ring of the ligand. The resulting MLS000536924 bound
structure was then used in the subsequent standard Glide docking protocol. In
addition to the 15-LOX-2 inhibitors of this work, the selective 15-LOX-1 ligands
[8,25] (ML094 and ML351) and selective 12-LOX inhibitors [15,16] (ML127 and
ML355) were docked as control molecules, since they are known not to inhibit 15LOX-2. Glide (version 5.8515) docking was performed using the extra precision
(XP) scoring function. In our earlier work, the force-field based rescoring (MMGBSA) of docking poses was shown to yield better rank-ordering of ligands [26].
Therefore, after the Glide docking, the docking poses were rescored using MMGBSA. During MM-GBSA rescoring, the ligand was minimized in the binding
pocket, while the protein was held rigid. After ligand minimization, the protein and
the ligand were separated from the complex and their energies were evaluated. All
energy evaluations were performed using the OPLS-all atom force-field, with a
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generalized Born implicit solvent energy function. A relative binding energy was
calculated for each ligand by subtracting energies of the ligand and the protein from
the complex. The relative binding energy was used for rank ordering.
2.3 Results and Discussion
2.3.1 High throughput screening and compound identification.
To identify novel small molecule inhibitors of 15-LOX-2, we tested a diverse
collection of 107,261 compounds arrayed as dilution series (57 µM to 0.73 nM). The
15-LOX-2 qHTS assay utilized the Xylenol Orange colorimetric method for detecting
the hydroperoxide reaction products of lipoxygenase as described elsewhere [14,28].
Complete screening results have been provided in the PubChem public database
under Assay Identifier 882. Following the screen and data analysis, screening hits
were cherry-picked and retested in the original XO assay; further re-confirmation of
inhibitory activity was performed using the orthogonal cuvette-based assay as
described in Methods. The compounds shown in Figure 2.2 were identified as the
most promising hits based on their re-confirmed activity and demonstrated selectivity
in the cuvette-based lipoxygenase assay.
2.3.2 Inhibition of Analogues.
Once the two lead compounds were identified, a limited series of related
compounds were identified and screened to investigate structure/activity relationships
(Figure 2.3 and Figure 2.4).

Compounds were first screened using a single

concentration point at 25 µM. Compounds displaying more than 50% inhibition at 25
µM were then screened at 5 µM, and those displaying greater that 50% inhibition at 5
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µM were subjected to full IC50 determination, using a minimum of 4 inhibitor
concentrations (ranging from 0.5 to 20 µM).

Eleven compounds related to

MLS000545091 were screened, with varying polarity and steric bulk of both ends of
the molecule (Figure 2.3). The majority had no activity, but one (MLS001007221)
had comparable activity. Six compounds related to MLS000536924 were tested,
varying the size and polarity of only one end of the molecule (Figure 2.4). Of these
six compounds, four had comparable potency to the parent compound, with one being
approximately 4-fold more potent (MLS000550104). These data suggest that the
parent inhibitors are not promiscuous 15-LOX-2 inhibitors and that it may be possible
to improve their potency with further experimentation. We are currently exploring
this line of inquiry.
2.3.3 Compound Selectivity.
After identifying two potent 15-LOX-2 inhibitors by high throughput
screening, their selectivity was probed using manual screening methods. Compound
potency was compared against human LOX isozymes using the UV-Vis assay
following hydroperoxide product formation.

Both compounds displayed high

selectivity for 15-LOX-2 against all enzymes tested (Table 2.1). MLS000536924
displayed approximately 20-fold selectivity over 15-LOX-1, over 30-fold selectivity
compared to 5-LOX and >50-fold over 12-LOX.

MLS000545091 showed

approximately 20-fold selectivity to the target enzyme over 5-LOX, close to 40-fold
over 15-LOX-1, and >50-fold over 12-LOX. These compounds were also tested
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against COX-1 and COX-2 using an oxygen electrode reaction cell. Both compounds
displayed little inhibition against either COX isozyme under the conditions tested.
2.3.4 Pseudoperoxidase Activity Assay.
Many published LOX inhibitors use a redox mechanism to reduce the iron
center and inactivate LOX [13]. The possibility of off-target redox chemistry puts
redox inhibitors at a disadvantage compared to high affinity competitive inhibitors for
therapeutics [29]. The UV-vis pseudoperoxidase assay was used to confirm the
absence of redox activity for the current two 15-LOX-2 inhibitors [22].

No

degradation of hydroperoxide product was observed at 234 nm, indicating that
MLS000536924 and MLS000545091 are not redox active.
2.3.5 HPLC Inhibitor Modification Assay.
To confirm that 15-LOX-2 was incapable of catalyzing chemical
transformations of the two 15-LOX-2 inhibitors, HPLC analysis was performed on
the compounds after exposure to the enzyme. No significant difference in absorbance
spectra or retention time was observed for either of the lead compounds after
exposure to 15-LOX-2.
2.3.6 Steady-State Inhibitor Kinetics.
The nature of LOX inhibition by the current compounds was further
investigated using steady-state kinetics (Table 2.2). Analysis was performed with
MLS000545091 and MLS000536924 by monitoring the formation of 15-HPETE as a
function of substrate and inhibitor concentration in the presence of 0.01% Triton X100.
!

The microscopic rate constants, Vmax (µmol/min/mg) and Vmax /KM
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(µmol/min/mg/ µM) were determined for MLS000545091 (Figure 2.5) and
MLS000536924 (Figure 2.6) using the Henri−Michaelis−Menten equation.

For

MLS000545091, the kinetic rate constants were replotted with KM/Vmax and 1/Vmax
versus inhibitor concentration (Figure 2.7), yielding Ki and Ki´, respectively. The Ki
was 0.9 +/- 0.4 µM and the Ki´ was 9.9 +/- 0.7 µM, indicating mixed-type inhibition.
The error for Ki is relatively high, which could be due to the hydrophobic nature of
the inhibitor and its insolubility. For MLS000536924, KM/Vmax was replotted (Figure
2.8) to yield a Ki of 2.5 +/- 0.5 µM. The 1/Vmax was also replotted, but did not change
with increasing inhibitor concentration, indicating competitive inhibition. In order to
confirm that these compounds do not bind to the allosteric site of 15-LOX-2
appreciably [30,31], their IC50 values were compared using both AA and LA as a
substrate, but no significant difference in inhibitor binding was observed (data not
shown). This data indicated that allosteric binding does not affect inhibitor potency
greatly, which is to be expected given the difference in magnitude between Ki and Ki´
for MLS000545091.
2.3.7 Computational Docking of Inhibitors to 15-LOX-2.
Predicted binding poses of the 15-LOX-2 inhibitors MLS000545091 and
MLS000536924 are shown in Figure 2.9 and Figure 2.10 respectively. For both
inhibitors, the nitrogen atom of the heterocyclic ring interacts with the iron (distances
2.3 Å and 2.4 Å, respectively) and the flanking hydrophobic rings occupy
hydrophobic pockets on either side of the metal ion. Similar to the binding mode of
the competitive inhibitor present in the 15-LOX-2 structure [23], both ligands bind in
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a U-shaped binding mode. In addition to the binding mode, relative docking scores
were calculated for all the docked ligands (Table 2.3), using both the Glide extra
precision (XP) docking score and a molecular mechanics based scoring function
(MM-GBSA). The Glide XP scoring function has been shown to predict relative
binding potencies with reasonable accuracy [27], but in the present work the 15LOX-2 inhibitors were indistinguishable from the non-binders.

The molecular-

mechanics energy function based MM-GBSA rescoring [26] more clearly
distinguishes between the binders and non-binders.
2.4 Conclusions
Using high throughput screening, we have successfully identified two
compounds, MLS000545091 and MLS000536924, which selectively inhibit 15-LOX2 over other oxygenases. These are the first inhibitors of 15-LOX-2 reported in the
literature that have low micromolar potency and that do not inhibit the other LOX
isozymes.

The limited set of derivatives that were investigated demonstrated a

structural sensitivity for both compounds, indicating that a more extensive
structure/activity relationship study could produce more potent molecules.
Interestingly, the degree of similarity in size and shape between the two compounds
identified here, MLS000545091 and MLS000536924, may be suggestive of a
possible general pharmacophore for successful inhibition of 15-LOX-2.

This

hypothesis was further supported by computational docking results. For instance, in
the predicted binding poses, the oxadiazole or triazole rings interacted with the metal
ion and both aromatic rings occupied the hydrophobic channels in a similar manner
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(U-shaped) to the competitive inhibitor bound in the 15-LOX-2 crystal structure. We
are currently probing the structural determinants and cellular activity of these
inhibitors, in the hopes of developing effective 15-LOX-2 cellular probes to
investigate its role in human disease.
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2.5 Figures
Figure 2.1 Current known 15-LOX-2 inhibitors (IC50 values are in µM).
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Figure 2.2 Discovered 15-LOX-2 Selective inhibitors.
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Figure 2.3 15-LOX-2 IC50 values for a few 15-LOX-2 inhibitor analogs, with errors
in brackets for MLS000545091 analogs. The UV-based manual inhibition data (3
replicates) were fit as described in the Materials and Methods section.
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Figure 2.4 15-LOX-2 IC50 values for a few 15-LOX-2 inhibitor analogs, with errors
in brackets MLS000536924 analogs. The UV-based manual inhibition data (3
replicates) were fit as described in the Materials and Methods section.
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Figure 2.5 Steady-state kinetics data for the determination of Ki and Ki´ for 15-LOX2 with MLS000545091. Initial enzymatic rate (µmol/min/mg) versus substrate
concentration (µM) at inhibitor concentrations of 0 µM (open circles) 1 µM (open
squares) 2 µM (open diamonds) and 5 µM (closed circles) fitted to the
Henri−Michaelis−Menten equation to yield Vmax (µmol/min/mg) and Vmax /KM
(mol/min/mg/µM). All measurements were done in triplicate.

(B) KM/Vmax replot

(closed circles) (units are µM/µmol/min/mg) versus [Inhibitor] (µM), which yielded a
Ki of 0.9 +/- 0.4 µM. 1/Vmax replot (open circles) (units are 1/µmol/min/mg) versus
[Inhibitor] (µM), which yielded a Ki´ of 9.9 +/- 0.7 µM, indicating weak mixed-type
inhibition.
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Figure 2.6 Steady-state kinetics data for the determination of Ki and Ki´ for 15-LOX2 with MLS000545091. KM/Vmax replot (closed circles) (units are µM/µmol/min/mg)
versus [Inhibitor] (µM), which yielded a Ki of 0.9 +/- 0.4 µM. 1/Vmax replot (open
circles) (units are 1/µmol/min/mg) versus [Inhibitor] (µM), which yielded a Ki´ of 9.9
+/- 0.7 µM, indicating weak mixed-type inhibition.
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Figure 2.7 Steady-state kinetics data for the determination of Ki for 15-LOX-2 with
MLS000536924. Initial enzymatic rate (µmol/min/mg) versus substrate
concentration (µM) at inhibitor concentrations of 0 µM (open circles) 1 µM (open
squares) 2 µM (open diamonds) and 5 µM (closed circles) fitted to the
Henri−Michaelis− Menten equation to yield Vmax (µmol/min/mg) and Vmax /KM
(µmol/min/mg/µM). All measurements were done in triplicate.
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Figure 2.8 Steady-state kinetics data for the determination of Ki for 15-LOX-2 with
MLS000536924. KM/Vmax replot (closed circles) (units are µM/µmol/min/mg) versus
[Inhibitor] (µM), which yielded a Ki of 2.5 +/- 0.5 µM. 1/Vmax replot (open circles)
(units are 1/µmol/min/mg) versus [Inhibitor] (µM), value did not change with
increasing inhibitor concentration, indicating competitive inhibition.
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Figure 2.9 The docking pose of the ligand MLS000545091 bound to 15-LOX-2.
Carbon atoms of the ligands are shown in green, while the carbon atoms of the
protein are shown in grey. The oxygen, nitrogen and hydrogen atoms are shown in
red, blue and white colors respectively. The metal ion (Fe3+) is shown as an orange
sphere. Residues that coordinate to the iron ion are also shown. All water molecules,
including the ones that coordinate the metal ion, were deleted prior to docking.
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Figure 2.10 The docking pose of the ligand MLS000536924 bound to 15-LOX-2.
Carbon atoms of the ligands are shown in green, while the carbon atoms of the
protein are shown in grey. The oxygen, nitrogen and hydrogen atoms are shown in
red, blue and white colors respectively. The metal ion (Fe3+) is shown as an orange
sphere. Residues that coordinate to the iron ion are also shown. All water molecules,
including the ones that coordinate the metal ion, were deleted prior to docking.
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2.5 Tables
Table 2.1 Selectivity data (µM), with error in brackets. Full IC50 performed with 15LOX-2, all other IC50 values estimated based on one inhibitor point at 20 µM. All
assays were performed in triplicate. The LOX assays were performed with 10 µM
AA, while the COX assays were performed with 100 µM AA.

!

Compound

15LOX-2

15LOX-1

12LOX

5LOX

COX1

COX2

MLS000
545091
MLS000
536924

2.6 [0.4]

>100

>100

>50

>50

>100

No

3.1 [0.4]

>50

>100

>100

>100

>100

No
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Redox

Table 2.2 Inhibitor Ki values (µM) with AA from Dixon replots. All assays were
done in triplicate. The Ki was determined from the slope (Km/Vmax) replot at varying
inhibitor concentration.
(1/Vmax) replot.

The Ki´ was determined similarly from the y-intercept

N/A, The y-intercept did not vary with increasing inhibitor,

indicating a competitive inhibitor.
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Compound

Ki

Ki´

MLS000545091

0.9 [0.4]

9.9 [0.7]

MLS000536924

2.5 [0.5]

N/A
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Table 2.3 The docking scores and relative binding energies of selective 15-LOX-2,
12-LOX and 15-LOX-1 inhibitors docked to the 15-LOX-2 crystal structure.

Compound
(Target LOX)

Docking Score
(Glide XP)

Relative MMGBSA Binding
Score (kcal/mol)

MLS000545091
(15-LOX-2)

-7.29

0.0

2.6

MLS000536924
(15-LOX-2)

-7.68

4.3

3.1

ML355
(12-LOX) [16]

-7.36

27.9

>100

ML127
(12-LOX) [15]

-6.27

35.8

>100

ML094
(15-LOX-1) [8]

-9.51

47.0

>100

ML351
(15-LOX-1) [25]

-6.84

67.2

>100
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15-LOX-2
IC50 (µM)
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Chapter 3
A High Throughput Mass Spectrometric Assay for Discovery Of Human
Lipoxygenase Inhibitors and Allosteric Effectors
3.1 Introduction
Lipoxygenase (LOX) enzymes oxygenate 1,4-cis,cis-pentadiene-containing
polyunsaturated fatty acids to produce signaling molecules which regulate
inflammation. Human 15-lipoxygenase-1 (15-LOX-1 or 12/15-LOX) is implicated in
atherogenesis,[1] diabetes,[2] Alzheimer’s disease,[3] breast cancer,[4] and stroke.[5]
Human 15-lipoxygenase-2 (15-LOX-2) is implicated in breast,[6] prostate,[7] and
renal cancers,[8] as well as atherosclerosis.[9] Identifying inhibitors to these and
other human LOXs has been an area of continued research. [10-16] The common
method for discovering LOX inhibitors is the UV absorbance based assay, however,
this method requires high nanomolar concentrations of LOX to produce measurable
enzymatic rates. Thus, this method limits the lower range of inhibitor potency to
greater than 10 nM, as has already been observed.[10] The high sensitivity of mass
spectrometry provides a means for measuring product formation in smaller amounts
than the UV method, potentially allowing inhibitor measurements for more potent
compounds. However, LOX product measurements by mass spectrometry are
impeded by the requirement of detergents to inhibit chemical aggregates and prevent
promiscuous inhibition.[17] To circumvent this LCMS compatibility problem, the
acid cleavable detergent, sodium 3-(4-(1,1-bis(hexyloxy)ethyl)pyridinium-1yl)propane-1-sulfonate (PPS), is utilized, which degrades before injection onto the
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LCMS. The use of PPS, coupled with a volatile buffer, provides a reaction condition
which does not require organic extraction, yields high sensitivity measurements of
LOX reaction products and is fully compatible with a high-throughput, direct
injection LCMS process.
In addition to high sensitivity, mass spectrometry based product detection also
provides the ability to differentiate unique enzymatic products.

This opens the

possibility of studying substrate specificity changes in addition to enzymatic
inhibition, providing a means to determine if an inhibitor is binding the allosteric site
of LOX. LOXs make particularly interesting targets for allosteric regulation as their
various isozymes can act on multiple substrates producing an array of products,
whose ratios have unique biological effects. [18,19] Previous competitive substrate
experiments have shown that the allosteric sites of both 15-LOX-1 and 15-LOX-2
bind specific LOX products to regulate substrate preference,[20,21] however, nonnative allosteric molecules have not been identified. The ability to identify small
molecules capable of modulating substrate preference of LOX enzymes would be a
valuable tool for probing the downstream biological effects of specific LOX product
ratios on inflammatory related diseases.

Unfortunately, current methods for

measuring LOX substrate preference require large-scale reactions and timeconsuming HPLC analysis, and are thus inadequate for compound screening.
In the current work, we utilize high sensitivity LCMS analysis, coupled with
LCMS compatible enzyme reaction conditions, to provide fast and reliable inhibitor
data for a set of 15-LOX-1 inhibitors whose potency was previously unknown.[10]
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Furthermore, the reported method opens the possibility of analyzing multiple reaction
products simultaneously, potentially leading to the discovery of allosteric effector
molecules of LOX. Finally, this novel method is amenable to miniaturization,
allowing for adaptation to a 96-well format, with reagent requirements and analysis
times compatible with high throughput (HTP) screening.
3.2 Materials and Methods
3.2.1 Materials
All commercial fatty acids were purchased from Nu Chek Prep, Inc. (MN,
USA) and were further re-purified using a Higgins HAISIL (5 µm, 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. LOX products 15(S)-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15HETE), 13-HODE and fully deuterated 13(S)-HODE (perdeuterated 13-HODE)
were made and purified as previously described. [22,23] NDGA was purchased
from Sigma/Aldrich Chemicals.
Molecular

Libraries

The inhibitors were obtained from the NIH
Small

Molecule

Repository:

(https://mli.nih.gov/mli/compound-repository/). All other chemicals were reagent
grade or better and were used without further purification.
3.2.2 Overexpression and Purification of Lipoxygenases
15-LOX-1 and 15-LOX-2 were expressed as N-terminal His6-tagged
proteins and were purified via immobilized metal affinity chromatography using
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an Ni-NTA resin.[14] The protein purity was evaluated by SDS-PAGE analysis
and was found to be greater than 90%.
3.2.3 Lipoxygenase Inhibitor Affinity Assay
LOX turnover reactions were performed at 3 ml volume in a stirred reaction
vessel. Assay buffer consisting of 50 mM ammonium bicarbonate adjusted to pH 7.5
with 10 µM arachidonic acid (AA), 0.01% PPS acid cleavable detergent (Figure 3.1)
and 0.2 mg/ml BSA. Various concentrations of inhibitor were added in 10 µl of
DMSO or vehicle control. Reaction was initiated by adding 0.6 nM 15-LOX-1, and
quenched at <20% turnover (500 sec) by addition of 200 µM glacial acetic acid. 6
µM 13-HODE was added as an internal standard. 10 µl of each sample was injected
on to a Thermo LTQ HPLC-MS, using a Thermo Aquasil (3 µm, 30 mm x2.1 mm) C18 column to separate buffer salts and protein from fatty acids. A gradient was run at
200 µl/min from 70% water 30% acetonitrile to 10% water 90% acetonitrile for 5
minutes followed by 100% acetonitrile for 3 minutes. All solvents contained 0.1%
formic acid. The first minute of each run was diverted to waste. Samples were
dispersed by electrospray ionization and detection occurred in negative ion mode. All
m/z between 290 and 340 were scanned, with LOX products eluding between 5 and 6
minutes. Between each sample the column was washed with 50% acetonitrile, 50%
isopriponol followed by 90% water, 10% methanol. Percent inhibition was calculated
for each run by normalizing 15-HETE peak area to 13-HODE internal standard and
comparing to 15-HETE/13-HODE ratio in control samples. A standard curve was
performed to verify that products were being detected within their linear range. All
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concentrations were run in triplicate. Peak areas were linear for all concentrations
tested, yielding a standard curve with a coefficient of determination (R2) of 0.997 for
15-HETE. Inhibitor assays were performed by measuring enzyme inhibition at 5
inhibitor concentrations in triplicate. The Kiapp values were determined by plotting
the fractional velocity as a function of the inhibitor concentration, followed by a
quadratic fit using the Morrison equation.[24] To determine the average Kiapp and the
associated error, the enzyme concentration in the Morrison equation was varied from
the maximal active enzyme concentration as measured by the metal content ([E]) to
0.01 nM. The subsequent Kiapp values were averaged and the standard deviation
determined. NDGA was used as a control inhibitor to compare UV absorbance and
LCMS methods. A UV based IC50 was performed as previously described[10] using
ammonium bicarbonate buffer and PPS in 3 ml reaction volume with approximately
20 nM of 15-LOX-1. Aliquots were taken directly from UV cuvettes, quenched and
run in LCMS assay. IC50 values for NDGA were determined by fitting data to a
hyperbolic equation.
3.2.4 96 Well Allosteric Effector Assay
Turnover reactions were performed in 96-well plates, with 100 µl total volume
using assay buffer consisting of 50 mM ammonium bicarbonate adjusted to pH 7.5
with 0.01% PPS acid cleavable detergent. To verify the allosteric effect on the
substrate ratio change, perduterated 13-HODE at 0, 10 and 20 µM was used. Effector
compound was diluted in 25 µl of assay buffer before adding to assay plate.
Approximately 700 ng (150 nM in 100 µl) 15-LOX-2 protein in 25 µl assay buffer
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was added by multichannel pipette and allowed to incubate with the effector for 30
seconds. The reaction was initiated by adding 50 µl of assay buffer containing 16 µM
ϒ-Linolenic acid (GLA) and 4 µM AA and mixed with a multichannel pipette. The
reaction was quenched between 5 and 10% total turnover (60 sec) by adding 50 µl
MeOH containing 6% glacial acetic acid to cleave PPS detergent, and 500 µM tris(2carboxyethyl)phosphine (TCEP) to reduce LOX products. Samples were incubated
for 30 minutes to allow PPS cleavage to occur, then samples were neutralized by
adding 50 µl of 80% MeOH, 20% 4 M NaOH, to facilitate detection of products using
negative mode.

Addition of methanol to samples increased detected product,

presumably by minimizing product adhesion to wells. Well plates were covered with
silicon sealing mats and kept at 4º C during analysis to limit evaporation. Twenty µl
of each sample was injected on to the LCMS, using conditions identical to those
described

above.

The

ratio

of

15-HETE

to

13(S)-hydroxy-6Z,9Z,11E-

octadecatrienoic acid (13-HOTrE(ϒ)) peak areas was computed to determine
substrate preference for each individual sample. A standard curve was performed to
verify that products were being detected within their linear range. Standards were run
in triplicate and standard curves had R2 values of 0.994 for 15-HETE and 0.993 for
13-HOTrE(ϒ).
3.3 Results and Disccussion
3.3.1 Lipoxygenase Inhibitor Affinity Assay.
The advent of effective high throughput screening methods for the discovery
of human LOX inhibitors has lead to the publication of several highly potent
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compounds against many of the human LOX isozymes.[10,15,16,25] Ranking the
potency of these inhibitors is vital to understanding structure/activity relationships
and thus optimizing inhibitor binding. However, several compounds were previously
discovered with IC50 values below the limit of the UV LOX assay (IC50 <10 nM).[10]
The current LCMS assay is designed to use enzyme concentrations below those for
the UV LOX assay, providing the ability to determine greater inhibitor potencies than
previously possible.[10]
LCMS is a powerful tool for identifying and quantitating analytes at low
concentrations, but several key hurdles must be addressed for its application to an
LOX inhibition assay. Ammonium bicarbonate was used due to its wide buffer range
(pH 6.8 to 11.3) and volatility, which limits the introduction of salt. A detergent is
required due to the hydrophobic nature of the LOX substrates and inhibitors, which
tend to aggregate.

However, this presents a problem for LCMS detection, as

traditional detergents are not compatible with mass spectrometry. To remedy this
problem, the acid cleavable detergent PPS was used.

The mechanism for PPS

cleavage is shown in Figure 3.1 and is achieved when the reaction is quenched and
incubated with acetic acid. To maximize analyte signal and reduce error, the aqueous
reducing agent, TCEP was added with the acetic acid, this reduces the peroxide to an
alcohol, which eliminates decomposition into the oxo-lipid product and results in a
single mass peak (the alcohol). It should be noted that reduction is required because
the hydroperoxide product (e.g. 15(S)-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic
acid), can degrade to the alcohol and ketone during ionization, thus hampering its
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detection. Finally, samples are adjusted back to neutral pH, to facilitate negative ion
detection.
To validate the reported inhibitor assay, the known 15-LOX-1 inhibitor
NDGA was used. The LCMS assay was performed using aliquots of the UV LOX
assay samples, quenched at appropriate total turnover (<20%). IC50 values obtained
using UV and LCMS methods are reported in Figure 3.2. The two methods show
excellent agreement with inhibitors within the potency range of both assays. These
IC50 values of NDGA are more potent than previously reported using the UV LOX
assay (250 +/- 20 nM), but still within the range of published values.[11]
Previously published nanomolar active 15-LOX-1 inhibitors possessed
binding affinities too great to be measured by traditional UV-Vis methodology.[10]
Due to the approximately 30-fold lower enzyme concentration required for the
current LCMS assay, five compounds were chosen from the inhibitor series reported
by Rai et. al. and their Kiapp values determined (Figure 3.2). The measured Kiapp
values for the inhibitors still approached the concentration of LOX, despite the
significant decrease in required enzyme concentration. This precluded the use of
hyperbolic data fitting and instead, the Kiapp values were determined using the
Morrison equation.[24] The Kiapp values are listed for both the LCMS assay and the
UV assay (Figure 3.2) and it is apparent that the Kiapp values for the new assay are
more accurate than the approximate values published previously (IC50 < 10 nM). In
addition, the data demonstrate that the affinity of the inhibitor series increases with
greater hydrophobicity, in agreement with the previous conclusion, however not to
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the degree that was expected.[10] None of these inhibitors have lower than nanomolar
potency. This novel LCMS method lowers the potency limit for inhibitors to the low
nanomolar scale (approximately 0.3 nM) and allows for a wider range of the most
promising LOX inhibitors for cellular studies.
3.3.2 96-Well Allosteric Effector Assay
Allosteric regulation occurs when enzyme activity is affected by binding of a
regulator to a site other than the active site. This change in enzyme activity is the
result of changes in active site due to conformational changes facilitated by effector
binding. Allosteric regulation can either be positive (allosteric activator) or negative
(allosteric inhibitor). To identify changes in active site topography, two substrates
with different affinity for the active site are allowed to compete for turnover and the
ratio of product formation by each substrate is determined. If the addition of an
effector changes this substrate specificity ratio, it indicates that the effector is binding
to an allosteric site. This allosteric regulation of substrate specificity has been
previously observed for both 15-LOX-1 and 15-LOX-2 with the addition of specific
LOX products, indicating auto-regulation.[20-22,26] However, the HTP screening for
additional allosteric effector molecules is not possible in the previously published
HTP screens because of the difficulty of measuring the change in product
ratios.[25,27-30] The current LCMS LOX assay overcomes these challenges due to
its rapid nature and its ability to measure product ratios.
To test the validity of the current assay for determining the allosteric effect,
changes in the substrate preference ratio of 15-LOX-2 with AA and GLA were
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measured.

Perduterated 13-HODE was used as an external allosteric effector

molecule. The perdeuterated product was required in order to differentiate it from the
AA and GLA products, as previously published.[20-22] The substrate preference
ratio is measured below 20% conversion to product, to ensure a reliable ratio
measurement. Due to a high preference for AA under the current assay conditions, a
1:4 ratio of AA to GLA was used to maintain a low overall percent turnover while
still having enough of each product for accurate measurements on LCMS. A total
substrate concentration of 20 µM was chosen to ensure maximal product detection
and minimal in-situ product generation, which could elicit an auto-feedback allosteric
mechanism.
The effect of perdeuterated 13-HODE addition on substrate preference is
summarized in Table 1. Using 15-LOX-2 with its substrates AA and GLA, the
AA/GLA ratio was determined to be 2.3 +/- 0.1. Using the known allosteric effector
perdeuterated 13-HODE, we were able to elicit a change in substrate preference,
achieving an AA/GLA ratio of 1.1 +/- 0.1 with 20 µM perdeuterated 13-HODE
added. Based on the standard curve for AA and GLA products, the addition of
perdeuterated 13-HODE changed the AA/GLA ratio by reducing AA catalysis, but
not affecting GLA catalysis significantly (data not shown). These data indicate that
the current method successfully detects allosteric regulation of 15-LOX-2 at
biologically relevant concentrations in a HTP manner. It should be noted that the
specific substrate preference ratio observed does not match our previous steady-state
kinetic study with AA/GLA and 15-LOX-2.[21] This is most likely due to the
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variation in conditions between the two assays, and does not affect the ability of the
assay to detect allosteric effector molecules.
To Summarize, use of an acid cleavable detergent (PPS) and hydrophilic
reducing agent (TCEP) in a volatile buffer system allows for direct detection of LOX
reaction products via LCMS, thus allowing for a HTP screen in 96-well plates. Using
this novel system, the amount of LOX needed was also reduced by 30-fold, which
allowed for the IC50 determination of low nanomolar inhibitors. As this method
represents the first HTP screen capable of identifying allosteric effector molecules of
human LOX enzymes, it opens the possibility of identifying drug-like molecules
capable of changing the substrate specificity of LOX isozymes. Given the varying
biological effects of LOX products, novel allosteric effector molecules could be
valuable tools in helping understand the complex and synergistic role of LOX product
ratios in the cell.
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3.5 Figures
Figure 3.1 PPS Cleavage Mechanism. In the presence of acid, PPS is cleaved to
yield 3-acetyl-1-(3-sulfopropyl)pyridinium and hexanol

.
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Figure 3.2 15-LOX-1 Potent inhibitor binding affinity measurement. Binding
affinities for selected 15-LOX-1 inhibitors as measured by LCMS and UV based
methods.

a

Binding affinities measured by the UV LOX assay were published

previously.[10]
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3.6 Tables
Table 3.1 Effect of 13-HODE on the AA/GLA turnover ratio with 15-LOX-2. The
turnover ratios were performed with eight replicates, a 1:4 AA:GLA initial ratio and
20 µM total substrate.

Effector

AA/GLA Ratio [SD]

No Product

2.3 [0.1]

10 µM perdeuterated 13-HODE

1.4 [0.1]

20 µM perdeuterated 13-HODE

1.1 [0.1]
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Chapter 4
Biochemical Characterization and Inflammatory Signaling Investigations with
the 15-Lipoxygenase Enzyme of Pseudomonas aeruginosa
4.1 Introduction
Pseudomonas aeruginosa (P. aeruginosa) is the second most prevalent cause
of nosocomial pneumonia infections and a major cause of morbidity and mortality
among cystic fibrosis patients. [1] Chronic, non-resolving lung inflammation is a
well-established hallmark P. aeruginosa infections in cystic fibrosis. Pseudomonas
produces

and

excretes

a

functional

15-lipoxygenase

(15-LOX),[2]

whose

transcription is up-regulated more than 200-fold during biofilm formation.[3] In
addition, P. aeruginosa has been shown to activate cytosolic phospholipase A2
during infection, increasing the available pool of cytosolic and extracellular
arachadonic acid (AA).[4] This data, coupled with the finding that exogenous 15LOX can initiate anti-inflammatory signaling seems to indicate a role of the P.
aeruginosa 15-lipoxygenase (p15-LOX, loxA) in modulation of host immune
signaling.[5] Indeed, P. aeruginosa is not the only pathogen shown to possess 15LOX activity.[5] To investigate this potential role of p15-LOX, further
characterization of the effects of enzyme expression on inflammatory signaling is
needed.
The original characterization of p15-LOX verified the functionality of the
enzyme, and the localization to the periplasm and extracellular space, but did not
delve into the kinetics or substrate specificity of the enzyme. In addition, the authors
!
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were unable to determine conditions that yielded significant native protein
expression.[2] Since then, gene expression studies have found significant increases in
mRNA levels of p15-LOX when P. aeruginosa initiates biofilm formation.[3]
Recombinant expression and purification have also been reported recently, allowing
further kinetic characterization including temperature and pH activity profiles and
product stereochemistry determination using the substrate linoleic acid (LA).[6]
Herein, we performed a number of experiments to characterize the enzyme activity,
assess reactivity with biologically relevant substrates and investigate host response to
challenge with P. aeruginosa and p15-LOX, in an attempt to substantiate a role for
p15-LOX in disruption or modulation of host inflammatory signaling.
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
µm, 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.
Lipoxygenase (LOX) products were generated by reacting an individual
substrate with p15-LOX in 500 mL of 25 mM HEPES (pH 7.0) with 50 µM substrate
and run to completion. Reactions were quenched with 2.5 mL acetic acid, extracted
three times with 30% volume of dichloromethane, evaporated to dryness, and
!
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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.
Perdeuterated

LA

(d31-LA)

(98%

deuterated,

Cambridge

Isotope

Laboratories) was purified as previously described.[7] All other chemicals were of
high quality and were used without further purification
Pseudomonas wild type (PAO1) and knockout (PW3111) strains were
obtained from the P. aeruginosa Mutant Library at The University of Washington.[8]
Overexpression strain was a generous gift from Matthew Parsek. PA1169 (p15-LOX,
loxA) and PA1168 were cloned as an operon with the native ribosomal binding site
into the arabinose inducible vector pMJT-1. The resulting plasmid was transformed
into PAO1 using 300 µg/mL carbenicillin for selection.
4.2.2 Recombinant Plasmid Construction
Several methods were tried to insert p15-LOX into an E. coli expression
plasmid. First a PCR fragment was generated using Taq polymerase and cleaved with
Xho1 and Nco1. pET28-a was treated with the same enzymes then treated with calf
intestinal phosphatase.

Ligation between pET28-a and p15-LOX gene was

unsuccessful. p15-LOX gene was then inserted into pCR-XL-TOPO using the TOPO
cloning kit (Life Technologies). Correct insertion was confirmed by PCR. pET28-a
was digested with NdeI and XhoI. Insertion of p15-LOX gene from TOPO was
attempted, but unsuccessful.
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p15-LOX with a His6 tag was generated using Invitrogen Platinum PFX DNA
Polymerase in combination with the following primers from a Custom Gateway
PAO1 Clone set:
pLO151f: c acc gaa ttc atg AAT GAC TCG ATA TTC TTT TCA CCC
pLO151r: gcg ctc gag aag ctt tta tca GAT ATT GGT GCT CGC CGG GAT C
This PCR fragment was reacted with pet151d-TOPO to produce pet151/His6-p15LOX. The plasmid was then checked for orientation by restriction digest and the
PCR fragment sequenced at the DNA Sequencing Facility of UC Berkeley to confirm
the correct sequence and codon alignment.
4.2.3 Protein Expression and Purification
Purification of p15-LOX was carried out using the N-terminal His6-tag
construct described above, with the parent plasmid, pet151d-TOPO (Life
Technologies). The His6-p15-LOX protein was expressed using the pet151d-TOPO
plasmid in E. coli BL21 (DE3). The host cells were grown to 0.6 OD at 37º C,
induced by dropping the temperature to 20º C and grown overnight (16 hr). The cells
were harvested in 2 L fractions at a velocity of 5,000 x g, then snap frozen in liquid
nitrogen. The cell pellets were re-suspended in buffer A (25 mM HEPES, pH 7.5,
containing 150 mM NaCl), and lysed using sonication. The cellular lysate was
centrifuged at 40,000 x g for 25 min, and the supernatant was loaded onto an NTA-Ni
affinity column. The column was eluted with a gradient of 0-500 mM imidazole in
buffer A. p15-LOX fractions were collected at approximately 200 mM imidazole and
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pooled together yielding greater then 90% purity. Protein samples were combined
with glycerol to 10% (v/v) and then snap frozen under liquid nitrogen.
4.2.4 Protein and Metal Concentration
p15-LOX was subjected to amino acid analysis to determine protein
concentration. Purified protein was concentrated using a Millipore polyethersulfone
30 kD cutoff membrane in an amicon ultrafiltration cell and analyzed at Davis
Molecular Structure Facility (UCD). The same protein sample was also subjected to
Bradford assay and absorbance measurement at 280 nm, allowing for calculation of
the extinction coefficient. Iron content of p15-LOX was determined using a Finnegan
inductively coupled plasma mass spectrometer (ICP-MS). An internal Co3+ standard
and external standardized Fe solutions were used for quantitation.

Enzyme

concentrations were standardized to Fe content since only iron-loaded enzyme is
active.
4.2.5 Recombinant p15-LOX Cleavage
pET151/D-TOPO vector based construct adds 35 amino acids between start
site and beginning of the signal-peptide-cleaved native protein. A vector TEV site
was used to remove 26 of those residues, including the N-terminal His6 tag.
Recombinant His6-TEV enzyme was used as previously described. [9,10] Kinetic
properties of cleaved p15-LOX were compared to un-cleaved enzyme to verify that
additional residues do not affect enzyme properties. Metal analysis was performed
with cleaved protein as described above.
4.2.6 Steady-State Kinetic pH Profile
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Lipoxygenase rates were determined by following the formation of the
conjugated diene product at 234 nm (ε = 25000 M-1cm-1). All reaction mixtures were
2 mL in volume and constantly stirred using a magnetic stir bar at room temperature
(22º C), unless otherwise described. Assays were conducted in 25 mM HEPES buffer
(pH 6.5, 7.0, 7.5) containing 0.01% TX-100 with substrate concentrations ranging
from 1 to 60 µM and were initiated by the addition of enzyme, as described above.
Substrate concentrations were quantitatively determined by allowing the enzymatic
reaction to go to completion. Kinetic data were obtained by recording initial
enzymatic rates at each substrate concentration and were then fitted to the MichaelisMenten equation using KaleidaGraph (Synergy) to determine Kcat and Kcat/KM values.
4.2.7 Steady-State Kinetic Temperature Profile
Initial rates of reaction were measured by the above methods. Temperature
control of the reaction was achieved by using temperature-controlled cuvette holders.
To account for temperature-induced pH differences in HEPES, buffers were
equilibrated to temperatures from 22 to 45 °C and then the pH values adjusted.
Approximately 7 nM p15-LOX enzyme was added to initiate the reaction.
Approximately 10 µM AA was used as substrate and reaction was done in 25 mM
HEPES pH 7.0 (with no triton x-100).
4.2.8 Substrate preference
Substrate preference was determined by comparison of the initial reaction rate
by monitoring product formation on a Perkin Elmer Lambda 40 spectrophotometer at
234 nM. Approximately 7 nM p15-LOX enzyme was added to initiate the reaction.
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All substrates were at 10 µM concentration and in 25mM HEPES pH 7.0 (with no
triton x-100).
4.2.9 Product profile
Products formed by p15-LOX were determined by reacting 10 µM substrate
with p15-LOX to approximately 75% total turnover, monitored at 234 nM. Reactions
were quenched with 1% glacial acetic acid and analyzed by LC-MS on a ThermoElectron LTQ. Product separation was achieved by using a C18 HAIsil 250 × 4.6 mm
analytical column (Higgins Analytical). Solution A was 99.9% acetonitrile and 0.1%
acetic acid; solution B was 99.9% H2O and 0.1% acetic acid. An isocratic gradient of
55% A and 45% B was used to purify products. The identification of p15-LOX
products was achieved by comparing MS/MS fragments with known standards at
www.lipidmaps.org. In cases where MS/MS fragmentation standards were not
available, products were identified by comparing fragment masses with predicted
fragment masses with cleavage mediated by the hydroxy group near an unsaturated
carbon.[11]
4.2.10 Product Stereochemistry
Determining the stereochemistry of the 15-HETE produced by p15-LOX was
achieved by mosher ester analysis.[12] The HPLC purified LOX product (evaporated
in a glass vial) was reacted with 39 equivalents of anhydrous pyridine, 100 µL of
anhydrous deuterated chloroform, and 16 equivalents of either (S)-(+)-alphaMethoxy-alpha-trifluoromethylphenylacetyl

chloride

or

(R)-(–)-alpha-Methoxy-

alpha-trifluoromethylphenylacetyl chloride. Samples were diluted with deuterated
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chloroform to a final volume of 700 µL, transferred to a 5 mm NMR tube, and then
both 1D proton and 2D COSY spectra were taken (Varian 600 MHz NMR). The
unmodified LOX product was also analyzed in a similar manner for comparison, and
the proton assignments determined. The differences in proton chemical shifts between
R and S mosher esterfied products were tabulated. Subtracting the chemical shifts
between S and R spectra yields a positive or negative value, which indicates the
priority of each side of the alcohol in regards to the Chan-Ingold-Prelog convention
and thus allows the determination of the absolute configuration of the secondary
alcohol.[13]
4.2.11 Phosphoester substrate assay
Affinity for phosphoester linked substrates was determined for several
enzymes by comparing initial rate of phosphoester linked AA to free AA.
Phosphatidylcholine with C18 in position 1 and AA in position 2 (PC-C18-AA) and
Porcine Brain Phosphatidylserine (Avanti) were mixed in a 3:1 ratio and extruded
into liposomes using an Avanti lipid extruder. Activity buffer consisted of 20 µM
Tris pH 7.5 with 150 mM NaCl and 0.2 mM EDTA. CaCl2 (4.0 mM ) was added
directly to reaction mixture before enzyme addition when required.

Total

phospholipid concentration was approximately 20 µg/mL in activity buffer. AA
reactions were performed at 10 µM substrate.

Initial rates were measured as

described above. Rates were normalized to enzyme concentration used in each trial.
4.2.12 Kinetic Isotope Effect
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The noncompetitive kinetic isotope effect on the Kcat D(Kcat[LA]) and Kcat/KM
D

(Kcat/KM[LA]) values was determined by comparing the steady-state kinetic results

of protonated linoleic acid with that of perdeuterated linoleic acid, as previously
described.[14] Kinetic measurements were performed following product formation at
234 nm, in 25 mM HEPES buffer (pH 7.0). Reactions were initiated using 8 and 160
nM p15-LOX for protonated and perdeuterated linoleic acid, respectively, with
substrate concentrations ranging from 1 to 60 µM.

Kinetic parameters were

determined as described in steady-state kinetic pH profile. Kinetic isotope effect was
also determined competitively as previously described.[7]
4.2.13 Tryptophan Fluorescence Measurement
The fluorescence reduction resultant of product binding previously reported
for soybean LOX-1 (s15-LOX-1) was checked with p15-LOX.[15] Fluorescence was
measured continuously as 0.5 µM p15-LOX was added to 2 mL of 25 mM HEPE pH
7.5. 13-HpODE (20 µM) was added to induce fluorescence decrease. s15-LOX-1 was
used as a positive control.
4.2.14 Inhibitor screening
The one-point inhibition percentages were determined for known LOX
inhibitors by following the formation of the conjugated diene product at 234 nm (ε =
25000 M-1cm-1) at 25 µM inhibitor concentration. All reactions were 2 mL in volume
and constantly stirred using a magnetic stir bar at room temperature (22º C) with 7
nM p15-LOX. Reactions were carried out in 25 mM HEPES buffer (pH 7.0), 0.01%
Triton X-100, and 10 µM AA. The concentration of AA was quantitatively
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determined by allowing the enzymatic reaction to go to completion. IC50 values were
estimated based on inhibition percentage at a single point for compounds with less
than 50% inhibition at 25 µM. For NDGA, IC50 was determined by measuring
percent inhibition at five inhibitor concentrations and fitted to a simple hyperbolic
equation using KaleidaGraph (Synergy).
4.2.15 p15-LOX Antibody Purification
Polyclonal rabbit antibody was raised to purified recombinant p15-LOX
protein by Pocono Rabbit Farm & Laboratory. Antibody was purified from whole
blood by affinity for the purified recombinant p15-LOX protein, immobilized using a
Pierce Aminolonk immobilization kit.

Coupling and antibody purification was

performed following manufacturers recommendation. Briefly, 3 mL of 2 mg/mL
recombinant protein in pH 7.2 phosphate buffer was rocked in column overnight at
20º C. Reaction was quenched and column was washed and stored at 4º C. 4 mL
rabbit serum was loaded on column and washed with 7 mL PBS, 1 mL 1 M NaCl, 7
mL PBS and eluted with 6 mL glycine.

1.5 mL fractions were collected and

subjected to Bradford protein analysis. Eluted fractions with >0.05 mg/mL protein
were combined and 10% glycerol was added. Pooled AB aliquots were frozen in
liquid nitrogen and stored at -80º C.
4.2.16 P. aeruginosa Mutant Strain Growth and p15-LOX Expression
Analysis
p15-LOX expression was determined using immunoprecipitation and western
blot analysis. 50 mL Liquid cultures of wild type (PAO1), p15-LOX knockout, WspF
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knockout, p15-LOX overexpression (both induced and non-induced) strains were
grown overnight at 37º C, shaking at 225 rpm. To promote biofilm formation wild
type, p15-LOX knockout (PW3111), and WspF knockout strains were also grown at
minimal agitation (30 rpm) with a stir bar to facilitate biofilm adhesion. p15-LOX
overexpression was induced

by adding 0.5% arabinose 4 hr before harvesting.

Cultures were pelleted at 10,000 x G, 4º C, resuspended in lysis buffer and sonicated.
Cellular debris was removed by centrifuging at 15,000 x G. Immunoprecipitation
was performed using Protein A beads (Santa Cruz Biotech) following manufacturer
instructions. Briefly, Bradford assay was performed and 2 mg total cellular protein
was combined with 20 µL bead slurry. After incubation, 2 µL of crude p15-LOX
antibody sera was added. Beads were incubated and washed. PAGE was performed
using Life Technologies NuPAGE 4-12% Bis-Tris gels with MOPS running buffer.
A western blot was performed using purified p15-LOX polyclonal antibody as the
primary and Sigma Aldrich goat anti-rabbit IgG HRP as the secondary. Bands were
visualized using Pierce ECL western blotting substrate. Bands were detected and
quantified using a BioRad ChemiDoc XRS System. Loading control was performed
to verify that Bradford normalization of immunoprecipitation samples was accurate.
For this, a western blot was performed with normalized samples using Neoclone
RpoA antibody as the primary and Sigma Aldrich goat anti mouse HRP antibody as
the secondary. Analysis was performed as above.
4.2.17 NFκB measurement in 293T cells
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Human embryonic kidney 293T cells were transfected with an NFκB
luciferase reporter construct in a 96-well plate. Cells were infected with wild type or
p15-LOX transposon knockout P. aeruginosa strain PW3111, and incubated for 4 hr.
293T cells were lysed using neolite and luminescence was measured using a 96-well
plate reader.
4.2.18

TNFα

and

Egr1

Measurement

in

Immortalized

Mouse

Macrophages
Mouse macrophages lacking toll like receptor signaling were infected for 2.75
hours with wild type or PW3111 knockout before the cells were lysed. The eukaryotic
RNA was isolated, cDNA was generated, and then transcript levels of TNFα and egr1
were quantified by qPCR.

Yersinia pseudotuberculosis (Y. pseudotuberculosis)

strains Δ5 and Δ5/B were included as positive and negative controls. Δ5/B lacks all
six effector proteins of the type III secretion system as well as the translocator protein
YopB. It is well established to induce far less TNFα than Δ5, which lacks only the
six type III secretion system effector proteins.[16]
4.2.19 BD Human Inflammatory Cytokine Measurement
p15-LOX knockout and overexpression strains were grown in LB and culture
optical density (OD) was normalized to 0.6 abs at 600 nm. Culture was added to
whole blood from a healthy volunteer at 1:10 1:20 and 1:50 culture to blood ratios.
Samples were rotated at 37º C for 3 hr. Cells were spun out and supernatant was
assayed for IL-12p70, TNFα, IL-10, IL-6, IL-1b, and IL-8 expression using the BD
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human inflammatory cytokine cytometric bead array kit following manufacturer
instructions. Samples were analyzed on a BD LSR II.
4.2.20 IL-8 Measurement in PBMC Cells
Expression of IL-8 was measured in isolated human PBMCs after exposure to
various P. aeruginosa cultures. 15-LOX products were added to appropriate wells of
a 96-well plate and dried under nitrogen. Plate was filled with 5.0x105 PBMC cells
per well in MEM media. Wild type P. aeruginosa, p15-LOX knockout and p15-LOX
overexpression strains were grown overnight and pelleted, followed by resuspension
in MEM and normalizing to 0.6 OD. Cultures were added to PBMC cells in 96-well
plate and recombinant pLOX was added to the supernatant in appropriate samples.
Samples were incubated at 37º C for 6 hr. Cells were spun out and supernatant was
assayed for IL-8 using R&D systems CXCL8/IL-8 DuoSet ELISA assay.
4.3 Results and Discussion
4.3.1 Sequence Alignment
The sequence of p15-LOX was compared to s15-LOX-1 and human 5-LOX,
12-LOX, 15-LOX, and 15-LOX-2 using the alignment program Clustal Omega,
available at http://www.clustal.org/omega/.[17] Alignment statistics are shown in
Table 4.1. Interestingly, the protein with greatest identity and similarity is 5-LOX.
p15-LOX has an asparagine as the fifth coordination ligand (N540), similar to s15LOX-1, 12-LOX and 5-LOX. However, the highest alignment score goes to 15LOX-2. Pairwise alignment scores from Clustal Omega are calculated by taking the
number of identities between the two sequences, divided by the length of the
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alignment, and presenting this number as a percentage. The alignment score (and
similarity) for s15-LOX-1 is better than 15-LOX-1, but this does not take into account
the large sequence gaps that appear in the human and Pseudomonas proteins when
aligned with the significantly larger plant enzyme.
4.3.2 Protein Expression and Purification Yield
The construction of the p15-LOX plasmid was difficult to achieve by standard
methods, therefore, Life Technologies Champion pET151 directional TOPO
expression kit was used. The final recombinant construct of p15-LOX used in this
study contains an N-terminal His6 tag, followed by 29 residues from the TOPO
expression vector that are not present in the wild type p15-LOX gene (Figure 4.1).
This construct lacks the 19 amino acid predicted signal peptide region, which is
present on the N-terminus of the bacterial DNA, but presumably cleaved before the
protein is excreted. The gene in the plasmid was successfully sequenced, however,
there was difference from the reported sequence, Gly 324 was an Asp in our vector.
We considered this a normal variant of the gene because the mutation was determined
to be in the original Gateway PAO1 Clone set by sequencing. In addition, it is not a
conserved residue in the sequence and therefore we did not change the residue.
Recombinant p15-LOX was expressed in E. coli on 4 L scale at 22º C and
purified with Probond Ni resin, yielding 48 mg of >90% pure protein based on SDS
PAGE gel (data not shown). Pure protein had an approximate molecular weight
(MW) of 76 kD based on gel MW markers. The concentration of p15-LOX in a
sample of pure protein was determined by amino acid analysis and used to establish
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an extinction coefficient of 169000 M-1cm-1 at 280 nm. Thus, 1.0 absorbance unit
equates to 2.20 mg/mL of p15-LOX protein. ICPMS was performed and the purified
recombinant p15-LOX was determined to be 67% metalated.

This enzyme

concentration was subsequently used to determine the Kcat and Km of 15p-LOX.

To

verify that the additional 26 amino acids added by the expression vector has no effect
on enzymatic activity, the enzyme was cleaved with TEV and kinetics were compared
at pH 7.0 in the presence and absence of TX-100. Metal content was also compared
by ICPMS using cleaved and uncleaved enzyme. No difference in activity or metal
content were observed (data not shown).
4.3.3 Enzyme Kinetics, pH and Temperature Dependence
The kinetic parameters, Kcat and Kcat/Km were determined as a function of pH
using AA as the substrate (Table 4.4). The greatest kinetic efficiency was observed at
pH 6.5. Activity decreased quickly below pH 6.5, as described previously by activity
measurements in culture media.[2]

This may be related to decreasing substrate

solubility at low pH. The enzymatic activity above pH 7.5 decreases rapidly to almost
no observable turnover.

Interestingly, this is shifted slightly from previous

observations using KH2PO4 buffer and LA substrate.[6] In contrast, human LOX
enzymes have maximal activity above pH 7.0, while s15-LOX-1 is most active at pH
9.0. The structural basis for the low pH preference of 15p-LOX is as yet unclear.
However, it is interesting to note that the pH of the extra-cellular fluid within the lung
is close to pH 7, and becomes lower, in patients with cystic fibrosis, a common
precursor for P. aeruginosa pneumonia infections.[18] Due to the low solubility of
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the substrate at pH 6.5, all subsequent kinetic measurements in this study were
performed at pH 7.0 to balance enzyme activity with substrate solubility.
Kinetic rate measurements for selected 15-LOX isozymes are compared in
Table 4.5. The enzymatic efficiency of p15-LOX at pH 6.5 far exceeds that of its
human homologues,[19] and is similar to the soybean 15-LOX enzyme (s15-LOX1).[20] The 5 endogenous ligands to the p15-LOX iron site consist of three histidines
(His 353, His 358 and His 536), the C-terminal isoleucine carboxylate and Asn 540,
similar to the coordination environments of 5-LOX, 12-LOX and s15-LOX-1. The
presence of the asparagine at the 5th coordination site can help to rationalize the high
kinetic rate of this enzyme, as the weak Asn ligand has been shown to increase kinetic
efficiency by increasing the reduction potential of the iron, thus making the
abstraction of the hydrogen more facile.[21]
The enzymatic activity of p15-LOX as a function of temperature was
determined. Little variation was observed in the enzymatic activity over the range of
22º C to 35° C, however, activity decreased significantly above 35° C (data not
shown). This data is in agreement with previous studies indicating an optimum
temperature of 25º C.[22]
4.3.4 Substrate preference and Product Profile
The substrate preference and product profile differences of the human 15LOX isozymes may be the basis of their distinct biological activities. [23,24] To
investigate the ability of p15-LOX to produce biologically relevant LOX products,
the enzyme activity with a range of possible LOX substrates was determined.
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Substrates were ranked by initial rate observed at 10 µM using UV absorbance
detection (Table 4.2).

Products produced from each substrate were determined by

HPLC-MS/MS and shown ranked by percent of total product peak area. The p15LOX reaction with AA produces predominately 15-HETE as previously
determined.[2] The most reactive substrates tend to produce predominately a single
product while slower substrates generally produce higher percentages of minor
products. DGLA is a notable exception to this trend, with a low catalytic efficiency
but only one observed product. Reaction with LA produces predominantly 13-HODE
as previously established.[6] Similar to 15-LOX-2, p15-LOX prefers AA substrate
over LA and does not produce significant 12-HETE product.[25] Interestingly, a
recent study observed a reduction in 15-LOX-2 expression in cystic fibrosis (CF)
patients, which was correlated with lower levels of the inflammatory resolution
mediator, lipoxin A4.[26] Considering P. aeruginosa is an important cause of chronic
infection for CF patients, clearly the interplay between p15-LOX product generation
and the unique conditions of the CF lung require further investigation.
4.3.5 Product Stereochemistry
To verify that p15-LOX products will have the same biological effects as
those generated from the human 15-LOX enzymes, the stereochemistry of 15-HETE
generated from the P. aeruginosa enzyme was determined. Mosher analysis was
performed on 15-HETE generated from enzymatic reaction with p15-LOX, as
previously described. [12,13] The change in chemical shift for each proton of the Rmosher reacted product can be subtracted from that of the S-mosher reacted product,
!

94!

and the resulting shift difference determines the stereochemistry of the original
product (Figure 4.2). Chemical shift values indicate that the 15-(S)-HETE product is
generated by p15-LOX, which is similar to human 15-LOX enzymes. This result is in
agreement with the chiral HPLC experiment performed previously using 13-HPOD
generated by p15-LOX.[6]
4.3.6 Phosphoester Substrate Activity
p15-LOX has been speculated to use phosphoester-linked substrate natively.[27] To
test this hypothesis, the ability of p15-LOX to react with PC-AA was examined
(Table 4.3). For comparison, the human enzymes 15-LOX-1, 15-LOX-2 and 12-LOX
were also assayed. Enzymes were compared by normalizing max rate of PC-AA
catalysis to the initial rate of AA turnover under similar conditions. Thus, enzymes
are ranked by activity with PC-AA as a percentage of that enzyme’s AA rate.
Reactions were run in the presence and absence of calcium as it has been shown to
aid in membrane binding.[28] Of the enzymes tested, p15-LOX had the slowest
relative rate under both calcium added and no calcium conditions. The ability of 15LOX-1 to oxidize phospoester-linked substrates is similar to that of p15-LOX in the
absence of calcium, but significantly higher with calcium present. 15-LOX-2 is
kinetically the slowest enzyme tested with AA, but its PC-AA is highest relative to its
rate with AA. p15-LOX and 15-LOX-2 both show a small increase in PC-AA
reaction rate when calcium is added. 12-LOX lies in between the human 15-LOX
isozymes with respect to reaction rate with PC-AA but interestingly is the only
enzyme whose peroxidating ability is unaffected by the addition of calcium.
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Although p15-LOX is faster than the human 15-LOX enzymes with free fatty acid
substrates, the absolute rate of peroxidation of the phosphoester-linked substrate by
the bacterial enzyme is comparable to human LOX rates. p15-LOX was also assayed
at pH 7.0, but no significant difference in phospholipid peroxidating ability was
observed.
4.3.7 Kinetic Isotope Effect
To verify that Hydrogen atom abstraction is rate limiting, as it the case with
other LOX enzymes, [7,14] the noncompetitive kinetic isotope effect (KIE) was
determined for p15-LOX with LA. The KIE for Kcat was 32 +/- 6 and for Kcat/Km the
KIE is 400 +/- 200 (Table 4.6). High error in the Kcat/Km KIE is due to the large error
in Km, most likely due to the poor solubility of the substrate above 30 µM at pH 7.
The competitive method for determination of the KIE was also attempted, however
the magnitude of the KIE made detection of the deuterated product difficult via
HPLC. The Kcat/Km KIE from the competitive method was estimated at 120 +/- 70,
consistent with the large Kcat/Km KIE seen with the noncompetitive method. The large
KIE is consistent with other LOX isozymes and indicates that hydrogen abstraction
proceeds through a tunneling mechanism and is a rate-limiting step in the reaction.[7]
4.3.8 Tryptophan Fluorescence Measurement
s15-LOX-1 exhibits a unique fluorescence signal which can be quenched with
addition of 13-HpODE.[15] To determine if p15-LOX also has this property, the
fluorescence of p15-LOX was measured with the addition of an excess of 13HpODE. No decrease in fluorescence was observed. The fluorescence change of
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s15-LOX-1 arises from decreases in tryptophan fluorescence due to tryptophan
residue in the vicinity of the s15-LOX-1 active site. Only tryptophans 480, 618, 624
and 648 of s15-LOX-1 align to with tryptophans in the p15-LOX sequence.
4.3.9 Specific human LOX inhibitor screening
In order to determine the feasibility of specific inhibition of p15-LOX in a
biologically relevant context, the cross reactivity of several high potency, high
specificity human lipoxygenase inhibitors for p15-LOX was assayed. IC50 values for
these compounds against p15-LOX are shown in Figure 4.3. Inhibition of p15-LOX
was determined via one point screen, as described previously.[29] The 15-LOX-1
active compound chosen was a recently reported highly specific, nanomolar potent
15-LOX-1 inhibitor.[30] The potency difference observed when assayed against p15LOX was approximately 2000-fold. A selective 15-LOX-2 inhibitor was also assayed
and showed the smallest difference in potency from its selective enzyme of all
inhibitors tested.[31] However, this may be due to the relatively low potency of this
inhibitor compared to the selective inhibitors for other isozymes. The chosen 12-LOX
compound was also a recently reported highly specificity inhibitor.[32]

This

compound had no effect on p15-LOX. The 5-LOX specific inhibitor chosen showed
a potency decrease of 100-fold. It is interesting that 5-LOX and 15-LOX-2 inhibitors
have the smallest potency difference since they also have the highest degree of
sequence similarity to p15-LOX based on alignment data. The nonspecific reductive
inhibitor NDGA was also assayed, and exhibited an IC50 value comparable to the
human enzymes.[33]
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4.3.10 p15-LOX in vivo Expression
To probe the expression level of p15-LOX in P. aeruginosa culture, western
blots were performed with various bacterial strains and culture conditions. Previous
experiments showed that mRNA was increased significantly over all other genes
during biofilm growth.[3] To test weather this corresponds to significant protein
expression, a western blot for p15-LOX was performed with P. aeruginosa cultures
grown in conditions which promote both planktonic and biofilm growth (Figure 4.4).
In addition, a WspF deletion was included as this mutant forms biofilms more quickly
and to a greater extent than wild type PAO1.[34]

Under planktonic growth

conditions, wild type PAO1 has no detectable expression of p15-LOX. The WspF
mutant has a low level of LOX expression in planktonic culture, but this may be due
to the propensity to form biofilms even while shaking.

Using low agitation

conditions (biofilm growth) wild type bacteria displays a low level of detectable p15LOX protein and WspF shows a high level of expression. In agreement with mRNA
data, these data indicate that conditions that favor biofilm growth relate to higher
levels of p15-LOX expression. However, the native level of LOX expression in wild
type biofilms under the current conditions is still quite low. Studies are underway to
determine specific factors that initiate higher levels of functional p15-LOX
production.
4.3.11 Cell culture Cytokine Expression Measurements
To assess the effect of p15-LOX on inflammatory signaling, NFκB expression
was determined in human embryonic kidney 293T cells infected with wild type and
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p15-LOX knockout P. aeruginosa (Figure 4.5). Wild type bacteria induced 1.5-fold
more NFκB than the knockout strain. This is an interesting result as it indicates that
p15-LOX is not decreasing the immune response as could be expected from the
production of a 15-LOX-2 analog, but may in fact be doing the opposite.
To probe the source of NFκB induction, TNFα expression was measured in
mouse macrophages lacking toll like receptor (TLR) signaling. TNFα induction is
shown in Figure 4.6. Interestingly, wild type PAO1 induces approximately four times
the TNFα expression as does the knockout strain, corroborating the results of the
NFκB assay. Y. pseudotuberculosis strains Δ5 and Δ5/B were included as positive
and negative controls respectively. Egr1, a stress related transcription factor that is
up-regulated in conditions such as membrane stress or cell damage, was also assayed
and showed analogous results to TNFα (data not shown). In addition, TNFα was
examined in wild type macrophages, however difference in induction of TNFα
between wild type and knockout strains was not significant.
To probe a greater range of inflammatory cytokines, BD inflammatory
cytokine bead array kit was used to measure IL-12p70, TNFα, IL-10, IL-6, IL-1b, and
IL-8 in human whole blood challenged with P. aeruginosa.

To determine the

appropriate blood to culture ratio, p15-LOX knockout cultures were combined with
whole blood at ratios of 1:10, 1:20 and 1:50. Interestingly, the lower culture to blood
ratios produced greater cytokine response for TNFα, IL-6 and IL-8 (Figure 4.7).
Conversely, IL-1b showed decreasing expression with decreasing proportion of
culture. IL-12p70 and IL-10 were undetectable under the current conditions. In
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addition, differences in cytokine expression between p15-LOX overexpressing and
p15-LOX knockout cultures were examined at all dilutions, but cytokine expression
conditions showed no clear trend (data not shown).
To simplify assay conditions and data analysis, isolated, cryopreserved
PBMCs were chosen for subsequent experiments. Human IL-8 was measured by
ELISA assay for PBMCs challenged with P. aeruginosa (Figure 4.8). Wild type,
p15-LOX overexpressing and p15-LOX knockout strains were included, in addition
to knockout strains supplemented with 3 µg recombinant p15-LOX, 5 µM 15-HETE
and 5 µM 15-HpETE. Results for wild type and knockout cultures are similar to
NFκB and TNFα results above in that wild type induces more inflammatory mediator
than LOX knockout bacteria. Interestingly, uninfected PMBCs gave similar IL-8
response to cultures carrying LOX overexpression vector. Since these strains are
wild type, with the addition of p15-LOX, it is possible that the observed reduction in
IL-8 compared to wild type may be due to a defect in virulence caused by aggregated
p15-LOX within the bacteria. LOX knockout P. aeruginosa induces significantly
more IL-8 when the media is supplemented with active recombinant p15-LOX.
However, supplementation with 15-HETE or 15-HpETE has no discernable effect.
Studies are currently underway to determine if LOX activity is necessary to elicit the
increase in IL-8 production. The current results would seem to indicate that wild type
bacteria may have some additional factors that are acting in concert with p15-LOX
expression to raise IL-8 response, and that supplementing the media with the p15LOX AA product is not sufficient to mimic the effects of p15-LOX protein.
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Western blots were performed with these samples to determine if p15-LOX
could be seen in the media, however even supplementation with recombinant p15LOX resulted in no observable LOX in western samples containing PBMCs,
indicating that PBMCs were either degrading p15-LOX or sequestering p15-LOX
from the media. Small amounts of p15-LOX could be seen in LOX overexpressing
strains, possibly resulting from LOX protein that had not yet been excreted (data not
shown).
4.4 Conclusions
The current experimental results indicate that p15-LOX is a highly active
enzyme capable of efficiently catalyzing the peroxidation of a broad range of free
fatty acid substrates with high positional specificity. Expression of p15-LOX is
increased in biofilm growth, but conditions have not yet been identified that result in
high levels of functional protein production from wild type bacteria. Even so, it
appears that even low levels of excretion of p15-LOX has a clear effect on
inflammatory signaling in host cells, causing significant increases in NFκB, TNFα,
egr1 and IL-8 inflammatory mediator production.

Experiments are currently

underway to determine the mechanism by which this effect is manifest with p15LOX.
4.5 Acknowledgments
The authors would like to thank Jason Nguyen for excellent protein
purification and product extraction work, Fitnat Yildiz, Vicki Stone, and Matthew
Parsek for strain and molecular biology advice, Andrew Cheng and Laura Kwuan for
!

101!

strain manipulation, Walter Adams and Hector Ramirez for preliminary biology
results, Alicia Michael for western blotting help and Halie Milller and Bari Holm
Nazario for help with FACS samples. We would also like to thank the Manoil Lab at
the university of Washington and NIH P30 grant DK089507 for Pseudomonas
aeruginosa mutant strains.

!

102!

4.6 Figures
Figure 4.1 Signal peptide and vector added sequences of wild type and recombinant
p15-LOX protein
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Figure 4.2 Chemical shift values of carbon atoms in 15-HETE, generated by p15LOX. Splitting: s; singlet, d; doublet, t; triplet, qa; quartet, qi; quintet, m; multiplet,
dd; doublet of doublets. unc: exact position unclear
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u (S-R)

Figure 4.3 Various specific human LOX inhibitors were assayed against p15-LOX to
determine their potency. Potency difference was calculated using estimated IC50 for
p15-LOX divided by previously published IC50 for human isozyme.
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Figure 4.4 Western blot for p15-LOX showing LOX expression in various strains
under planktonic and biofilm growth conditions.

Strains: WS, WspF knockout of

PAO1; WT, PAO1; KO, p15-LOX transposon knockout of PAO1; OV, PAO1
carrying pBadLOX, PA1168 and PA1169 overexpression vector; OI, Same as OV,
induced with 0.5% arabinose; PP, Purified recombinant p15-LOX, 100 ng.
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Figure 4.5 NFκB expression in 293T cells challenged with wild type and p15-LOX
knockout P. aeruginosa. UN, uninfected macrophages; WT, wild type P. aeruginosa
strain PAO1; KO, p15-LOX transposon knockout P. aeruginosa strain PW3111.
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Figure 4.6 TNFα expression in macrophages challenged with wild type and p15LOX

knockout

P.

aeruginosa.

UN,

uninfected

macrophages;

d5,

Y.

pseudotuberculosis strain Δ5; d5/B Y. pseudotuberculosis strains Δ5/B; WT, wild
type P. aeruginosa strain PAO1; KO, p15-LOX transposon knockout P. aeruginosa
strain PW3111.
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Figure 4.7 Expression of various cytokines in human whole blood challenged with
p15-LOX transposon knockout P. aeruginosa strain PW3111. Light, uninfected;
medium light, 1:10; medium dark, 1:20; dark, 1:50.
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Figure 4.8 IL-8 expression in PBMCs challenged with various P. aeruginosa
cultures. WT, wild type PAO1 added to PBMCs; KO, p15-LOX transposon knockout
P. aeruginosa strain PW3111 added to PBMCs; OV, PAO1 carrying pBadLOX,
PA1168 and PA1169 overexpression vector added to PMBCs;

LOX, p15-LOX

knockout P. aeruginosa, supplemented with recombinant p15-LOX, added to
PBMCs; HETE, p15-LOX knockout P. aeruginosa, supplemented with 15-HETE,
added to PBMCs; HpETE, p15-LOX knockout P. aeruginosa, supplemented with
15-HpETE, added to PBMCs; UN, uninfected PBMCs; NEG, wild type PAO1 (no
PBMCs)
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4.7 Tables
Table 4.1 Pairwise sequence alignment statistics for selected LOX enzymes with
p15-LOX.

!

Protein

Mol Wt
(kD)

Identity

Similarity Gaps

Score

p15-LOX

74.81

--

--

--

--

s15-LOX-1 94.38

23.9%

37.3%

22.4%

20.00

5-LOX

78.00

27.1%

42.5%

8.5%

23.57

12-LOX

75.71

23.5%

37.8%

7.8%

20.39

15-LOX

74.82

24.7%

39%

9.9%

19.36

15-LOX-2

75.87

26.2%

40.8%

6.4%

24.77
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Table 4.2 Kinetic parameters for p15-LOX, determined at multiple pH values.
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pH

Kcat (s )

Km (µM )

Kcat /Km
(µM -1 s-1)

6.5

181(6)

12(1)

16(2)

7.0

157(5)

12(1)

13(1)

7.5

86(2)

13(1)

6.6(0.6)

-1
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Table 4.3 Kinetic parameters for p15-LOX at pH of maximal activity compared to
selected 15-LOX enzymes at their maximal activities. Kinetic parameters for s15LOX-1,[35] 15-LOX-1,[19] 15-LOX-2,[19] and 12-LOX were published previously.
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Enzyme

Kcat (s )

Kcat /Km
(µM -1 s-1)

p15-LOX

181 (6)

16 (2)

s15-LOX-1

287 (5)

19 (1)

15-LOX-1

5.3 (0.4)

2.0 (0.2)

15-LOX-2

0.74 (0.03)

0.1 (0.01)

-1
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Table 4.4 p15-LOX substrates ordered by maximum turnover rate as a percentage of
the fastest substrate (AA). Products made by each substrate were determined with
approximate percentage of total product shown. N/D: not determined

!

Substrate

% AA Rate
(10 µM)
Product

Approximate
% of total

AA

100

ALA

78(10)

LA

72(10)

DHA

72(10)

EPA

61(10)

DGLA
GLA

44(10)
44(10)

EDA

33(10)

94
6
<1
91
9
93
4
93
7
<1
78
14
8
100
78
20
2
70
30

15-HETE
9-HETE
11-HETE
13-HOTrE
N/D
13-HODE
9-HODE
17-HDoHE
4-HDoHE
20-HDoHE
15-HEPE
18-HEPE
11-HEPE
15-HETrE
13-HOTrE(ϒ)
N/D
N/D
15-HEDE
11-HEDE
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Table 4.5 Comparison of peroxidating ability of p15-LOX to selected human LOX
enzymes with phospoester linked substrate, in the presence and absence of calcium.

Enzyme

AA
Act/ µg

PC-AA
Act/ µg
0.08

PC-AA Rate
% of AA Rate
- Ca
0.31

PC-AA +Ca PC-AA Rat
Act/ µg
% of AA Rate
+ Ca
0.51
2.1

15-LOX-1

25.

15-LOX-2

0.86

0.03

4.1

0.05

6.3

12-LOX

2.5

0.02

0.97

0.02

0.96

p15-LOX

40.

0.09

0.22

0.14

0.35
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Table 4.6 Comparison of kinetic parameters for p15-LOX with LA and perdeuterated
LA to determine the KIE.

!

Substrate

Kcat (s )

Km (µM )

Kcat /Km
(µM -1 s-1)

LA

28 (2)

7 (2)

3.8 (0.9)

d-LA

0.9 (0.1)

100 (24)

0.009 (0.002)

LA/d-LA

32 (6)

0.07 (0.02)

400 (200)

-1

-1
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