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1. INTRODUCTION

The integrity of cells depends on both, the functionality of membranes that
separate its inside from the environment but also on the properties of the
membranes that limit intracellular organelles. Typical biomembranes are
composed of membrane proteins, membrane lipids and a minor share of
carbohydrates (glycocallix in case of plasma membranes). The lipid compartment
of biomembranes mainly consists of glycerophospholipids, sphingolipids and
cholesterol. Glycerophospholipids are amphiphilic molecules containing two
hydrophobic fatty acids attached to a glycerol. This glycerol moiety is connected
via a phosphodiester bond to a polar head group. The phosphate and the polar
head group constitute the hydrophilic part of the phospholipid molecule (Watson,
2015). The fatty acids of the membrane lipids are not only an important source of
energy, but they also function as substrates for the biosynthesis of lipid hormones
(Neitzel, 2010). Eicosanoids form such a class of bioactive lipid mediators
(Dennis and Norris, 2015) and the oxygenation of polyunsaturated fatty acids into
their hydroperoxy derivatives is the first step in the biosynthetic cascade of these
compounds. Cyclooxygenases (COXs), cytochrome P450 isoenzymes (P450)
and lipoxygenases (LOXs) (Dennis and Norris, 2015) have been identified as key
enzymes in the biosynthesis of these mediators and inhibitors of these
biocatalysts (COX1, COX2, ALOX5) are currently available for prescription for
the treatment of inflammatory (Harel, 2004) and hypercoagulative disorders
(Schafer, 1995). Arachidonic acid, one of the most abundant polyenoic fatty acids
in humans, is converted to prostaglandins, prostacyclins and thromboxanes via
the COX pathway (Dubois et al., 1998), to lipid epoxides and fatty acid diols by
cytochrome P450 isoenzymes (Spector and Kim, 2015) and to leukotrienes
(Savari et al.,, 2014), lipoxins (Romano, 2010), resolvins (Yoo et al., 2013),
maresins (Serhan et al., 2012) and protectins (Serhan and Petasis, 2011) via the
LOX pathway.

1.1. Lipoxygenases

1.1.1. History of lipoxygenases

LOXs, originally known to function as carotene oxidases, were discovered in

plants, more than 80 years ago. In 1932, Andre and Hou identified an enzyme in
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dried soybeans capable of oxidizing polyunsaturated fatty acids. They called this
enzyme lipoxidase (Andre and Hou, 1932). In 1940, it was reported that the two
catalytic activities (carotene oxidase and lipoxidase) are exhibited by one and the
same enzyme (Sumner and Sumner, 1940). Finally, in 1947, Theorell et al. first
characterized this enzyme and crystallized it (Theorell et al., 1947). Although
LOXs were discovered quiet early, the progress of LOX research was rather slow.
The major reason for this delay was the unclear biological function of these
enzymes. Lipid peroxidation was generally considered a deleterious process,
which leads to cellular dysfunction and even cell death. It remained totally unclear
why nature would have introduced enzymes to catalyse lipid peroxidation.
However, the interest in plant lipoxygenases continued over the years at low
levels since these proteins could be used as bleaching enzymes in food- and
agro-chemistry (Eskin et al., 1977).

For years, the presence of LOXs was considered to be restricted to plants and
lipid peroxidation in animal tissues had been related to non-enzymatic heme-
catalysed reactions (Tappel et al.,, 1953). In 1955 Rapoport and co-workers
described in the cytosol of immature red blood cells (rabbit reticulocytes) a heat-
labile catalytic activity capable of destroying mitochondrial membranes during in
vitro incubations and named the corresponding enzyme as “mitochondrial lysis
factor” (MLF) (Rapoport and Gerischer-Mothes, 1955). However, at that time it
remained unclear what kind of enzyme MLF actually represented and from the
chemical composition of biomembranes (membranes mainly consist of lipids and
proteins), it was concluded that MLF might constitute a protease or a lipase. LOXs
were not identified in animal tissues at that time and thus, MLF were not tested
for LOX-activity. During the next couple of years MLF was purified and
characterized with respect to its protein-chemical properties but its catalytic
activity could not be identified. In the early 1970’s, lipid peroxidation products
were isolated when human blood platelets were incubated with arachidonic acid.
Although the corresponding enzyme was not characterized at that time it was
called a platelet type 12-LOX (Hamberg and Samuelsson, 1974). Several months
later, Nugteren identified a soluble protein in the cytosol of blood platelets of
several mammalian species capable of oxidizing arachidonic acid and other
polyenoic fatty acids to hydroxylated derivatives and he called this enzyme

platelet arachidonate lipoxygenase (Nugteren, 1975). These two reports marked
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the starting point of animal LOX research, which developed into a major research
area in biochemistry, pharmacology and medicine. Since biomembranes contain
polyenoic fatty acids as essential structural components, Rapoport and co-
workers explored whether MLF might exhibit lipoxygenase activity. These
experiments were successful and in 1975 it was reported that rabbit reticulocytes
contain a cytosolic LOX capable of oxidizing unsaturated phospholipids of
mitochondrial membranes, which leads to a loss of membrane integrity and thus,
to structural and functional decomposition of mitochondria (Schewe et al., 1975).
After this, there was no looking back and during the subsequent years, LOXs
have been identified in a large number of animal cells and tissues. Today we
know that LOXs occur in two (eucarya, bacteria) of the three kingdoms of
terrestrial life but the search for corresponding enzymes in archaea was not yet

successful (Horn et al., 2015).

1.1.2. Distribution of lipoxygenases in terrestrial life

As indicated above LOX sequences have been detected in two of the three
domains of terrestrial life (bacteria, eukarya) and more detailed information on
different organisms containing LOX-like sequences are provided by Table 1.

In viruses, LOX-like sequences have been identified. However, most of them are
either heavily truncated or lack amino acids (iron liganding residues) that are
essentially required for the catalytic activity of functional enzymes. In the genome
of the giant virus Acanthamoeba polyphaga mimivirus, a full length LOX
sequence has recently been identified (Horn et al., 2015). However, expression
of the recombinant protein indicated a lack of both, the catalytic non-heme iron
and LOX activity (Gehring et al., unpublished data). Thus, for the time being no
functional LOXs has been identified in viruses.

Although LOX-like sequences have been identified in several archaea species
(third domain of terrestrial life) like Halorubrum kocurii and Methanococcus
voltae, until date, no convincing data is available indicating the expression of
catalytically active LOXs by these organisms. Like in viruses, most of these
seqguences are either strongly truncated or lack amino acids that are essentially
required for the catalytic activity (Horn et al., 2015).

As it was in the case for animal LOX, it was believed for a long time that these

enzymes do not occur in bacteria.
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Table 1: Distribution of LOX-sequences in the three domains of life (modified from Ivanov et al., 2010; Hansen et al., 2013).
?? — Indicate ALOX-like sequences the functionality of which has not been tested.

Archaea Eucarya
22 Methanococcus jannaschii Animalia Plantae
?? Methanococcus voltae Chordata Angiosperms/ Magnoliophyta

?? Halorubrum kocurii

Bacteria

Cyanobacteria: Variovorax sp. CF313, Thiocapsa
marina 5811, Cyanothece sp. ATCC 51142,
Acaryochloris marina MBIC11017, Nostoc punctiforme
PCC 73102, Nostoc sp. PCC 7120, Calothrix sp. PCC
63, Rivularia sp. PCC 7116, Oscillatoria acuminata
PCC 6304, Anabaena cylindrica PCC 7122,
Anabaena flos-aque, Cylindrospermum stagnale PCC
7417, Leptolyngbya sp. PCC 7375, Leptolyngbya sp.
PCC 7376, Synechococcus sp. PCC 7335,
Chamaesiphon minutus PCC 6605, Coleofasciculus
chthonoplastes PCC 7420, Microcoleus vaginatus
FGP-2, Microcystis aeruginosa PCC 9808, Oscillatoria
nigro-viridis PCC 7112

Proteobacteria: Shewanella woodyi ATCC 51908,
Shewanella woodyi ATCC 51908, Shewanella violacea
DSS12, Shewanella denitrificans 0S217,
Pseudomonas aeruginosa 42 A2 NCIMB 40045,
Myxococcus xanthus DK 1622, Nitrosomonas
europaea ATCC 19718, Photobacterium profundum
3TCK, Burkholderia thailandensis E264, Burkholderia
thailandensis Bt4, Citromicrobium bathyomarinum
JL354, Corallococcus coralloides DSM 2259,
Nitrosococcus watsonii C-113, Nitrosospira multiformis
ATCC 25196, Plesiocystis pacifica SIR-1
Bacteroidete: Indibacter alkaliphilus LW1

Ascidiace: Cione intestinalis
Leptocardii: Branchiostoma floridae
Actinopterygii: Danio rerio, Salmo
salar, Takifugu rubripes, Gasterosieus
aculeatus

Amphibia: Ambystoma mexico,
Xenopus laevis,

Reptilia: Anolis carolinensis

Aves: Gallus gallus

Mammalia: Bos Taurus, Tursiops
truncates, Myotis lucifugus, Felis
catus, Macropus eugenii,
Omithorhyncus anatinus, Erinaceus
europaeus, Choleopus hoffmanni,
Loxodonta africana, Mus musculus,
Equus caballus, Sus scrofa,
Oryctolagus cuniculus, Homo sapiens
Invertebrata

Placozoa: Trichoplax adhaerens
Cnidaria: Gersemia fruticosa,
Nematostella vectensis, Clavuraria
viridis, Plexaura homomalla, Hydra
magnipapillata

Echinodermata: Stronglycocentrus
purpuratus

Plathyhelminthes: Schistosoma
mansoni

Arthropoda: Ixodes scapularis
Hemichordata: Saccoglossus
kowalevskii

Monocots: Oryza sativa, Sorghum
bicolor, Triticum aestivum

Eudicots: Glycine max, Olea
europsea, Betula pendula, Prunus
persica, Vitis vinifera, Nicotiana
tabacum, Arabidopsis thaliana,
Camellia sinensis, Persea americana,
Populus trichocarpa, Cucumis sativus,
Citrus jambhiri

Bryophyta: Physcomitrella patens

Protista
Rhodophyta: Porphyra purpurea
Chlorophyta: Chlamydomonas
reinhardtii , Ostreococcus lucimarinus
Heterokontophyta: Phytophtora
infestans
Mycetozoa: Dictyostelium discoideum

Eungi
Ascomycota: Neurospora crassa,
Aspergillus fumigatus, Sclerotinia
sclerotiorum, Haematonectria
Basidomycota: Laccaria bicolor
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The major reason for this assumption was that the genome of the bacterial model
organism Escherichia coli does not contain LOX-like sequences. However, the
first bacterial lipoxygenase described was that of Pseudomonas aeruginosa
(Shimahara, 1964; Shimahara and Hashizume, 1973) and at present this enzyme
iIs the most comprehensively studied bacterial LOX. A systematic search of
currently available genomic bacterial sequences (~13,000 bacterial genomes) for
potential LOX-like sequences only revealed 60 hits, indicating that LOXs are not
widely (<0.5 %) distributed among bacteria (Horn et al., 2015). This data indicates
that LOX might not be essential for bacterial survival and pathology. In fact, most
bacteria that cause infections in humans lack LOX genes (Horn et al., 2015).

In eukarya, functional lipoxygenases have been characterized in a wide variety
of organisms. Functional LOXs have been identified in algae (red algae, green
algae), (Zimmerman and Vick, 1973) and fungi (Su and Oliw, 1998). However,
some human pathogenic fungi, such as Candida albicans, as well as the fungi
model organism Saccharomyces cerevisiae do not carry functional LOX genes.
In plants, numerous LOX isoforms have been characterized in both, lower plants
like mosses (Siedow, 1991; Senger et al., 2005) and in large variety of higher
flowering plants (eudicots and monocots) (Siedow, 1991).

In animals, functional LOX genes have been identified in many species that range
from protozoans via metazoans to mammals including higher primates (Horn et
al., 2015). In invertebrates functional LOX-isoforms have been characterized in
lower marine organisms such as coral (Brash et al., 1996), sea urchin (Hawkins
and Brash, 1987), starfish (Brash et al., 1991) and mussel (Hada et al., 1997,
Coffa and Hill, 2000). However, Drosophila melanogaster and Caenorhabditis
elegans, which are frequently employed as invertebrate model organisms do not
carry functional LOX genes (Horn et al., 2015). Among lower cordata, genomic
LOX-like sequences occasionally occur but functional characterization of the
corresponding enzymes from Florida lancelet, sea squirts and sea lamprey is still
pending. In higher cordates LOX-like sequences are more common and such
sequences have been identified in the elephant shark (cartilaginous fish), zebra
fish (bony fish), amphibians (Western clawed frog, African claw toads and bull
frogs), reptiles (American alligator and snakes) and birds (chickens, turkey) (Horn
et al., 2015). In mammals, functional LOX-genes have been described in rats,

mice, hedgehogs, rabbits, pigs, cattle, rhesus monkeys, baboons, gibbons,
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orangutans, chimpanzees as well as in recent (H. sapiens) and extinct (H.
neandertalenis, H. denisovan) human subspecies (lvanov et al., 2010; Horn et
al., 2015). Completion of the human genome project indicated the existence of
six functional LOX-genes (ALOX15, ALOX15B, ALOX12, ALOX12B, ALOXES3,
ALOX5), which encode for the six functional LOX-isoforms. In addition, a
corrupted pseudogene (ALOXE12) is present. Among these, ALOX5 was
localized on the short arm of chromosome 10, while the remaining ALOX genes
were mapped to a joint LOX gene cluster located on the short arm of chromosome
17. The mouse genome involves single orthologs for all human LOX genes but

in this species the aloxel2 gene is functional (Funk et al., 2002).

1.1.3. Lipoxygenase reaction

LOXs are classified as a family of dioxygenases that catalyse the bioconversion
of polyunsaturated fatty acids to their hydroperoxy derivatives. These enzymes
contain one ion of non-heme iron at the catalytic center, which is essential for its
enzymatic activity. When the iron is present in its ferrous (Fe?*) form, LOXs are
catalytically silent and need to be activated to function as catalyst. This activation
is achieved by oxidizing the iron into its ferric form (Fe3*) and a number of
oxidizing agents are capable to do so (Pistorius and Axelrod, 1974; Funk et al.,
1990b). In addition to iron-containing LOXs, there are manganese enzymes. The
LOX from the fungus GAumannomyces graminis, possess a manganese ion and
for this enzyme a similar switch in the valency state of the transition metal has
been implicated in the oxygenase reaction (Su and Oliw, 1998).

Formally, the LOX reaction (Figure 1) can be subdivided in four catalytic steps:
1) Hydrogen abstraction: The activated ferric (Fe3*) LOX abstracts a hydrogen
atom from a bisallylic methylene of the polyunsaturated fatty acid. Thus, for a
fatty acid to be a substrate for LOX, it has to carry a minimum of two double bonds
spaced by a methylene group. Hydrogen abstraction is the rate-limiting step of
the LOX reaction and proceeds as electron coupled proton tunnelling (Lehnert
and Solomon, 2003). 2) Radical rearrangement: The electron of the abstracted
hydrogen reduces the enzyme-bound iron from the Fe3* to Fe?* and the proton is
buffered by the medium. The resulting carbon-centred fatty acid radical can
rearrange, which is associated with the formation of a cis-trans conjugated diene

system. The direction of the radical rearrangement (n+2, rearrangement in
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direction of the methyl terminus of the substrate; n-2 rearrangement in direction
of the carboxylic terminus of the substrate) depends on the specificity of the

enzyme.

Product (hydroperoxy-fatty acid)
HoO,
H;C-RZ/_\Y——\R-COOH
i 'oo,/’ 1
LOX_Fe2+ _('L) LOX_Fe3+ < : (E) HgC-Rl/_—\(—\R-COOH
H
LOX-Fe?*
A
— = (B) (D)
SEREE
H;C-R? ", R-COOH
7
H H H+
Substrate v
(fatty acid)
/:\/:\ o [*2] [-2]
H,C-R? ° "’1,/ R-COOH ( C) = Hy C-Rz/j\/‘\R-COOH
H H
LOX-Fe?* LOX-Fe?*

Figure 1: Steps involved in a lipoxygenase-catalyzed reaction. A) peroxide dependent
activation of ferrous-LOX to ferric-LOX B) abstraction of hydrogen C) radical
rearrangement D) oxygen insertion E) peroxy radical reduction (modified from Ivanov et
al., 2015).

3) Oxygen insertion: The carbon-centred fatty acid radical then combines with
atmospheric dioxygen to form an oxygen-centred peroxy radical. 4) Reduction of
the peroxy radical: This peroxy radical is then reduced to the peroxy anion by
picking up an electron from the enzyme-bound ferrous iron, which is re-oxidized
to its ferric form. The peroxy anion is subsequently protonated (addition of a
proton from the buffer) which completes the catalytic cycle (Haeggstrom and
Funk, 2011).

1.1.4. Nomenclature of lipoxygenases

The nomenclature of lipoxygenases is very variable and somewhat confusing.
Previously, the different animal lipoxygenase-isoforms were classified with

respect to the position at which the oxygen molecule was inserted when
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arachidonic acid is used as a substrate. According to this nomenclature 5-, 8-,
11-, 12- or 15-LOXs were differentiated. This method of classification was simple
but had been discontinued because of several reasons (Ilvanov et al., 2010,
2015). 1) For many non-mammalian lipoxygenases, arachidonic acid is not a
good substrate; instead they prefer other polyenoic acids like linoleic acid as
substrates (Porta and Rocha-Sosa, 2002). 2) Evolutionarily related LOX-isoforms
of various species exhibit different positional specificities and thus, they are
differently classified according to the specificity-based classification concept. This
problem can be visualized if one compares human and mouse ALOX15. Both
enzymes are functional orthologs, but exhibit different positional specificities.
Human ALOX15 oxygenates arachidonic acid mainly at carbon 15 of arachidonic
acid (Sloane et al., 1991b) while mouse alox15 catalyses arachidonic acid 12-
lipoxygenation (Sun and Funk, 1996). Similarly, human ALOX15B and the
corresponding mouse ortholog (alox15b) exhibit different reaction specificity
although they are also functional orthologs. On the other hand, human ALOX15
and human ALOX15B exhibit similar reaction specificities although they are
evolutionary far distant. To overcome these problems a similarity-based
nomenclature concept was suggested, which classifies LOX isoforms according
to their amino acid sequence homology with the corresponding human enzymes.
This method of classification works well for all mammalian LOXs, but does not
work properly for classification of evolutionary more distant organisms owing to a
low degree of amino acid sequence conservation. For example, although a
number of LOX genes have been identified in zebrafish, neither of them shares
a high degree of amino acid conservation with human ALOX15 (Haas et al., 2011;
Jansen et al., 2011).

In summary, despite the numerous attempts, a universally accepted
nomenclature of LOXs is currently not available (lvanov et al., 2010, 2015).

1.2. Biological role of LOX-isoforms

1.2.1. In mammals

Arachidonic acid (AA) and linoleic acid (LA) are the two most abundant polyenoic
fatty acids found in mammalian cells that serve as efficient substrates for the
different LOX-isoforms. Other LOX fatty acid substrates are alpha- and gamma-

linolenic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
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(Kuhn et al., 2015). Mammalian LOXs exhibit their biological function via three
different proposed mechanistic approaches:

1) The primary products of the LOX reaction constitute reaction intermediates in
the biosynthesis of lipid mediators such as leukotrienes (LTs) (Savari et al.,
2014), lipoxins (Romano, 2010), hepoxins (Pace-Asciak, 2009), eoxins (Sachs-
Olsen et al., 2010), resolvins (Yoo et al., 2013), protectins (Serhan and Petasis,
2011) and others. LTs are typical pro-inflammatory mediators that are produced
from arachidonic acid via the ALOX5 pathway in leukocytes and other immune
cells (Haeggstrom and Funk, 2011). Along this pathway arachidonic acid is first
converted to 5S-H(p)ETE and then to leukotriene A4 (LTA4) by the catalytic
activity of ALOX5 (Radmark et al., 2007). The unstable LTA4 is further converted
either to cysteinyl LTs (LTC4, LTD4, LTE4) by LTC4 synthase or cysteine-free
LTs (LTB4) by LTA4 hydrolase. There are also additional non-LT ALOX5
products formed via the ALOX5 pathway such as 5-HETE and 5-oxo-ETE (Powell
and Rokach, 2013) and these metabolites may also exhibit bioactivities. The
cysteinyl LTs play essential roles in allergic disorders like allergic rhinitis
(Cobanoglu et al., 2013), pulmonary dysfunction (bronchial asthma) (Singh et al.,
2013) and allergic diseases of the eye (Gane and Buckley, 2013). LTB4 is one of
the most powerful pro-inflammatory stimulator of the innate immune response (Le
Bel et al.,, 2014). After injury, it stimulates cellular aggregation, vascular
permeability, chemotaxis, neutrophil adherence to the vessel wall (Palmblad et
al., 1981) and activation of several pro-inflammatory cells (M1 macrophages) by
initiating G-protein coupled intracellular signaling cascades when binding to cell
surface receptors of target cells (Hicks et al.,, 2007; Yokomizo, 2011). Anti-
inflammatory lipid mediators such as lipoxins (formed from AA) (Romano, 2010),
resolvins and protectins (formed from EPA and DHA) (Serhan and Petasis, 2011)
induce pro-resolving responses. They modify the cellular composition in the
inflamed tissue by decreasing diapedesis of neutrophils. They normalize vascular
permeability and induce apoptosis in neutrophils. Moreover, pro-inflammatory M1
macrophages are replaced with anti-inflammatory M2 cells aimed at cleaning up
the inflamed tissue (Ereso et al., 2009; Ohira et al., 2010; El Kebir and Filep,
2013).

2) Several LOX-isoforms are capable of oxidizing complex lipid-protein

assemblies (like biomembranes or lipoproteins) altering their structural and
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functional properties in physiological processes like erythropoiesis (ALOX15)
(Schewe et al., 1977) and epidermal differentiation (mice alox12b and aloxe3)
(Epp et al., 2007; Krieg et al., 2013).

LOX- Major Bioactivity
Isoform expression
site Hematopoiesis

—_—

Osteogenesis

—
—

Atherogenesis

N——

Eosinophils, .
ALOX15 bronchial Tumorgenesis
epithelium )

Adipogenesis

——

Inflammation

Figure 2: The bioactivity of mammalian ALOX15 isoforms. (Kelavkar et al., 2001; Zhao
and Funk, 2004; Kronke et al., 2009a, 2009b; Pallast et al., 2010; Cole et al., 2013; Kuhn
et al., 2015).

3) As lipid peroxidizing enzymes, LOXs modify the cellular redox-state.
Regulation of cell proliferation and gene expression is governed by the
maintenance of cellular redox equilibrium indicating that the LOXs activity may in
turn modify the functional phenotype of the mammalian cells (Kuhn et al., 2015).
Since the expression of several proto-oncogenes and tumor suppressor genes is
also redox-dependent, LOX have also been implicated in carcinogenesis. In fact,
various LOX-isoforms have been reported to exhibit both pro- and anti-
carcinogenic properties especially in colorectal (ALOX5) (Wasilewicz et al., 2010)
and prostrate carcinoma (ALOX5, ALOX12, ALOX15, ALOX15B) (Gupta et al.,
2001; Kandouz et al., 2003; Kelavkar et al., 2006). Figure 2 indicates the
physiological roles of mammalian ALOX15 isoforms. Although detailed clinical
trials are yet to be carried out, the different mammalian LOX-isoforms seem to
play active roles in the pathogenesis of several cardiovascular (ALOX5, ALOX15,
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ALOX15B) and neurological (ALOX15) disorders (Kuhn et al., 2015).

1.2.2. In plants

Linoleic acid and linolenic acid are two major fatty acids in plant tissues and these
fatty acids serve as efficient substrates for plant LOXs. The diversity of LOX
products in plants has been related to the multiplicity of LOX-isoforms and to the
variability of the peroxide metabolism (Porta and Rocha-Sosa, 2002). The
predominant factors that induce expression of LOX genes in plants include
infections (fungal or microbial), water deficiency, wounding, thermal injury (both
heat and cold), ozone stress, mechanical treatment and ultraviolet irradiation
(Grechkin, 1998). The fatty acid hydroperoxides derived from plant LOXs are
further metabolized into oxylipins such as jasmonates (Mosblech et al., 2009),
which regulate a number of physiological and patho-physiological processes:

1) Defense reaction in plant infection: LOX-derived hydroperoxy fatty acids, such
as 13-H(p)ODE and 9-H(p)ODE, of Arachis hypogaea (peanuts) function as
inhibitors and inducers for mycotoxin synthesis but the detailed mechanism
remains elusive (Burow et al., 2000).

2) Vegetative growth and ripening: Plants LOXs (e.g. potato tubers LOXs) are
essential in the development and growth of tubers by catalyzing the formation of
oxylipins that play important roles in regulating cell growth during the formation
of tubers (Kolomiets et al., 2001). The different LOX-isoforms in tomatoes are
involved in fruit ripening and in the synthesis of C6 aldehydes that contribute to
the taste and aroma of tomatoes. In addition, tomato fruit LOXs have been
implicated in the degradation of the thylakoid membranes during the transition of
chloroplast to chromoplast in tomatoes (Griffiths et al., 1999). Some LOXs (eg. in
soybean leaves) are used as vegetative storage proteins (VSPs) that store
excessive nitrogen (for the production of chlorophyll) and are completely different
from the storage proteins found in plant seeds (Tranbarger et al., 1991; Fischer
et al., 1999).

3) Wounds and herbivore attacks: Oxylipins synthesized by plant LOXs are
essential for defense mechanisms. Among others are jasmonic acid and
phytodienoic acid that behave as signaling molecules during wounding and
pathogen attack (Siedow, 1991; Porta and Rocha-Sosa, 2002). Also, plant LOXs

provides protection against herbivores (insects) by releasing several defense
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molecules (eg. (Z)-3-hexenyl acetate) that in turn attract herbivore predators
(Alborn, 1997).

4) Pathogen attack: Plants LOXs also provide defense against pests. Several
LOX products (colneleic and colnelenic acid) of potatoes exhibit anti-microbial

activities during infections (Weber et al., 1999).

1.2.3. In prokaryotes

Although a number of catalytically active LOX-isoforms have been identified in
bacteria, their biological roles are largely unknown (Hansen et al., 2013). The
absence of LOXs in most bacterial species and sequence comparison with
eukaryotic LOXs suggested that there has not been a continuous development
of bacterial LOXs. In fact, bacteria have acquired LOX sequences from
eukaryotes via horizontal gene transfer (Porta and Rocha-Sosa, 2001) and have
retained them as functional genes since then. Thus, for these bacterial species,
there appears to be an evolutionary pressure on these sequences that has
prevented inactivating mutations. Bacteria containing LOXs have been
hypothesized to facilitate the dynamic plasticity of membranes that might provide
a selective advantage for the bacteria during the colonization to different
ecological niches. In order to maintain the plasticity and the functionality of
bacterial membranes, it is important to maintain a (poly) unsaturated fatty acid
containing environment around the bacteria (Hansen et al., 2013). Cyanobacteria
are aquatic and photosynthetic bacteria that occur in many terrestrial ecosystems
such as fresh water, marine environments, rocks or damp soil (Cohen and
Gurevitz, 2006). It has been hypothesized that cyanobacterial LOXs might be
involved in the metabolism of chloroplasts (Koeduka et al., 2007). Chloroplasts
are rich in polyunsaturated fatty acids, making them suitable substrates
candidates for LOXs. Polyenoic fatty acids have been proven to be efficient
substrates for both plant and animal LOXs (Porta and Rocha-Sosa, 2002; Kuhn
et al., 2015).

However, some bacterial species like Pseudomonas aeruginosa (PA) are devoid
of polyenoic fatty acids and thus, they do not contain classical LOX substrates.
In fact, the major fatty acids of many P. aeruginosa strains involve mono-
unsaturated fatty acids, such as C18:1 (46.2 %), C16:1 (34.4%) and C16:0 (16.9
%) (Oliver and Colwell, 1973). These data suggest that the substrates for the
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secreted Pseudomonas aeruginosa-lipoxygenase (PA-LOX) should come from
its hosts’ cells. PA-LOX is a secreted arachidonate 15-LOX that was discovered
many years ago. Unfortunately, its biological roles still remains unknown (Vance
et al., 2004). Based on the currently available data, the following biological roles
of PA-LOX have been postulated:

1) PA-LOX might modulate host’s inflammatory response: Although the PA-LOX
activity is predominantly restricted to the periplasmic space of P. aeruginosa,
significant amounts of active PA-LOX was also secreted to the surrounding
medium via the Xcp type |l secretion pathway. P. aeruginosa infections frequently
occur in lung diseases, such as bronchial asthma and cystic fibrosis. Thus, it is
possible that this bacterium produces lipoxins via the 15-LOX pathway to
suppress host derived-inflammation and in turn provide itself with a favorable
environment to survive throughout the chronic disorder in immunocompromised
patients (Vance et al., 2004).

2) PA-LOX might increase the invasive capacity of P. aeruginosa: Interaction of
LOX sufficient and deficient P. aeruginosa strains with human lung epithelial cells
indicated that the introduction of LOX in the genome of P. aeruginosa increases
the invasive capacity making the bacteria more infectious (Garreta et al., 2013).
However, whether this effect on the P. aeruginosa virulence is due to the direct
modification of the host cells’ membrane integrity or by modulation of the host’s
inflammatory response via interference with the arachidonic acid cascade
remains unknown.

3) PA-LOX might promote biofilm growth: A recent study has implicated PA-LOX
in biofilm formation. However, PA-LOX was not required for biofilm growth in
abiotic in vitro systems. The authors suggest that PA-LOX alters lipid signaling
during host-pathogen interaction, which might impact the biofilm growth
(Deschamps et al., 2016). Nonetheless, the molecular basis for this prediction
and the PA-LOX products that trigger the biofilm formation still needs to be
addressed in a more detail. Moreover, LOX-deficient bacteria such as E. coli are
also capable of forming biofilms following alternative mechanisms (eg.
autotransporter adhesins) (Beloin et al., 2008). Thus, the authors’ interpretation
that PA-LOX is required for biofilm growth requires further clarification with

respect to bacteria that exhibit this ability in the absence of LOX.
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1.3. Properties of lipoxygenases
Enzymes are proteins that catalyze a large number of chemical reactions in
biological systems and the rates of these reactions depend on the structural

characteristics of the proteins.
1.3.1. Protein-chemical properties of lipoxygenases

1.3.1.1. Structural properties of lipoxygenases

The open reading frame of the different mammalian LOX-isoforms indicated
proteins in the range of ~600-700 amino acids (Brash, 1999; Haeggstrom and
Funk, 2011). In contrast, soybean lipoxygenase is a protein with ~850 amino
acids (Boyington et al., 1993). From the amino acid sequence data, the protein
chemical properties of these enzymes can be concluded. The molecular mass of
LOXs in animals range between 75-80 kDa, while in plants, it is in the range of
94-104 kDa (Brash, 1999). The recently described prokaryotic LOXs have their
molecular masses in the range of 61-111 kDa (Hansen et al., 2013). Previous
studies have indicated that although the molecular weight of human ALOX15
(74.67 kDa) is slightly lower when compared to rabbit ALOX15 (75.26 kDa), the
human enzyme runs somewhat slower on the SDS-PAGE gel. The theoretical
isoelectric point for human 15-LOX is 6.8 and 6.7 for rabbit enzyme. However,
under native conditions, these two enzymes exhibited an isoelectric point of 5.5
(Rapoport et al., 1978; Kuhn et al., 1993). Interestingly, a study done on the
different LOX-isozymes in soybean leaves have identified one class of isozymes
that exhibit neutral isoelectric points (ranging from pH 6.8 to 7.2) and another
class of isozymes exhibiting rather acidic isoelectric points (ranging from pH 4.7
to 5.6) (Saravitz and Siedow, 1995).

The crystal structure of several LOXs has been solved. The first plant and
mammalian LOXs whose crystal structures were solved were soybean LOX
(Boyington et al., 1993) and rabbit ALOX15 respectively (Gillmor et al., 1997).
Most lipoxygenases constitute a single polypeptide chain, which is folded into a
two-domain structure. The N-terminal 3- barrel domain consists of several parallel
and anti-parallel B-strands but the larger C-terminal domain is mostly helical and
involves the substrate-binding pocket. Figure 3 indicates the two domains in the
structure of human ALOX15B.
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Figure 3. Structure of human ALOX15B (PDB ID: 4NRE) (Kobe et al., 2014). Orange: N-
terminal 8- barrel domain; cyan: C-terminal catalytic domain; red sphere: iron atom.

The structure of rabbit ALOX15 and coral 8R-LOX resembles an elliptic cylinder
while the soybean LOX1 resembles an elliptic spheroid (Ilvanov et al., 2010). In
lower organisms LOXs can also occur as fusion proteins (Koljak et al., 1997,
Léhelaid et al., 2008). For soybean LOX1 and rabbit ALOX15, the B-domain
consists of first N-terminal 146 and 110 amino acids respectively. Because of its
similarity to the C2-domain of lipases, the N-terminal domain of both plants and
animal LOXs has been implicated in membrane binding and in activity regulation.
A study on several truncated mammalian-LOXs indicated that the N-terminal
domain may not be essential for catalytic activity of all LOXs and has hardly any
impact on reaction specificity of LOXs (Walther et al., 2011). The two domains of
eukaryotic LOXs are typically interconnected by a flexible oligopeptide (lvanov et
al., 2010; Kuhn et al., 2015). The C-terminal catalytic domain involves the non-
heme iron located in the putative substrate-binding pocket. The C-terminal core
of the soybean LOX1 represents a multi-helix bundle with two anti-parallel -
sheets (Minor et al., 1996). The catalytic domain of rabbit ALOX15 on the other
hand consists of 21 helices interrupted by a small B-sheet sub-domain (Gillmor
et al., 1997). The crystal structures of various LOXs indicated that the non-heme
iron is octahedrally coordinated by 6 ligands. These include water molecule or
hydroxyl group and five amino acid side chains. Three conserved histidines, the
largely conserved C-terminal isoleucine and a variable amino acid that differs in
the LOXs from different species (Brash, 1999).
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Pseudomonas aeruginosa lipoxygenase (PA-LOX) was the first bacterial LOX
that was crystallized (Garreta et al., 2011) and detailed investigations have
indicated remarkable structural and functional differences to the eukaryotic
isoforms. In place of the N-terminal B-barrel domain of the eukaryotic LOXs, PA-
LOX has an insertion of ~100 amino acids. These amino acids form a pair of long
anti-parallel helices that act as a lid to its large substrate-binding pocket. Also,
the crystal structure of PA-LOX indicated a bifurcated substrate-binding pocket
that was big enough to accommodate a complete phosphatidylethanolamine
molecule with a C18 (at sn-1 position) and a C14/16 (at sn-2-position) fatty acid
linked to the polar head group. This phospholipid was spontaneously
incorporated into the holoenzyme during recombinant expression of the protein
and was retained at the active site throughout the entire purification procedure
(Garreta et al., 2013). Similar to plants, the iron ligands for PA-LOX also included
three histidines, one aspargine, a C-terminal isoleucine and a water/hydroxyl

molecule (Garreta et al., 2013).

1.3.1.2. Mutant variants of lipoxygenases

Human ALOX15 (Kuhn et al., 1993) and the ALOX15 orthologs of rabbits (Bryant
et al., 1982) and orangutans (Vogel et al., 2010) convert arachidonic acid to 12S-
and 15S-H(p)ETE in a ratio of 1:10. On the contrary, the mouse (Freire-Moar et
al., 1995), rat (Watanabe and Haeggstrom, 1993), pig (Yoshimoto et al., 1990),
cattle (De Marzo et al., 1992) and rhesus monkey ALOX15 orthologs (Vogel et
al., 2010) form an inverse product pattern (12- and 15-H(p)ETE in a ratio of 10:1).
The molecular basis of the different reaction specificities of ALOX15 orthologs
has been extensively studied (Ilvanov et al., 2010). Multiple sequence alignment
of various 12- and 15-lipoxygenating enzymes have indicated that when the
amino acids at positions 416, 417 and 418 of human ALOX15 (15-lipoxygenating)
were mutated to smaller residues, a 12-lipoxygenating ALOX15 variant was
created. This data suggested that the region around these amino acids might
impact the substrate alignment at the active site (Sloane et al., 1991a). Similar
strategies were also employed for rabbit and mouse ALOX15 orthologs and the
data of these experiments led to the development of the triad concept of positional
specificity (Borngraber et al., 1996, 1999). According to this hypothesis, the triad
amino acids consisting of Phe353 (Borngraber-1 determinant), lle418/Met419
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(Sloane determinants) (Sloane et al., 1991a, 1995) and 1le593 (Borngraber-2
determinant) (Borngraber et al., 1999) (numbers according to rabbit ALOX15)
contribute to the positional specificity of ALOX15 orthologs. These residues were
suggested to occupy the bottom of the substrate-binding pocket so that the
geometry of their side-chains directly impacts the volume of the active site.
Insertion of smaller residues at these positions in the 15-lipoxygenating human
ALOX15 enables arachidonic acid to penetrate deeper into the pocket, which
favors arachidonate 12-lipoxygenation (Sloane et al., 1991a; Vogel et al., 2010).
Inversely, the 12-lipoxygenating mouse alox15 can be converted to a 15-
lipoxygenating enzyme by a Leu353Phe (insertion of a bulkier residue) exchange
(Borngraber et al., 1996). Multiple site directed mutagenesis studies carried out
for the 12- and 15-lipoxygenating ALOX15 orthologues of pig (Suzuki et al.,
1994), man (Sloane et al., 1995), rabbit (Borngraber et al., 1999), rhesus monkey
(Vogel et al., 2010), orangutan (Vogel et al., 2010), rat (Pekarova et al., 2015)
and gibbon (Adel et al., 2016) indicate that these orthologs follow this concept.

The triad concept explains the reaction specificities of mammalian ALOX15
orthologs, of human ALOX12 and of human ALOX5 (Vogel et al., 2010).
However, it is not applicable to human and mouse ALOX15B (Vogel et al., 2010)
and mouse alox12b (Meruvu et al., 2005). Human ALOX15B exhibits a single
positional specificity converting arachidonic acid predominantly to 15S-H(p)ETE
(Brash et al., 1997). On the other hand, the mouse enzyme which shares a high
degree of sequence conservation with the human ortholog, oxygenates
arachidonic acid to 8S-H(p)ETE (Jisaka et al., 1997). Site directed mutagenesis
of Asp602 and Val603 (Jisaka determinants) of human ALOX15B to the
corresponding amino acids present at these positions in the mouse ortholog,
Asp602Tyr+Val603His, resulted in a complete shift in the positional specificity of
human ALOX15B. The double mutant exhibited a positional specificity of 70 %
8S-H(p)ETE and 30 % 15S-H(p)ETE. Similarly, when the 8-LOX mouse residues
were mutated to the corresponding residues present in human ALOX15B
(Try603Asp+His604Val), its positional specificity was converted from 8S- to 90 %
15S-arachidonic acid oxygenation (Jisaka et al., 2000). When the sequences of
different mammalian ALOX15B orthologs (chimpanzee, gorilla, orangutan,

rhesus monkey, pigs, baboon, rats) was compared, an Asp-Val/Asp-lle motif was
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found. These sequence data suggest that the ALOX15B orthologs of these
species exhibit arachidonic acid 15-lipoxygenating activities (Kuhn et al., 2015).
The regio-specificity of LOXs has been an area of focus of many studies and
recent publications have hypothesized several factors that contribute to the
mechanisms of the stereo-specificity that control a LOX-catalyzed reaction. The
depth of the substrate binding pocket and the head-to-tail orientation of the
substrate are both important factors (Coffa and Brash, 2004 ). A single amino
acid residue controls the mechanism underlying the R- and S-stereospecificity
exhibited by LOXs. Multiple sequence alignment of several LOX sequences
suggested that most S-lipoxygenating enzymes carry an alanine (Ala) residue at
a critical position (so-called ‘Coffa site’) in their primary structure. On the contrary,
most R-lipoxygenating enzymes carry a glycine (Gly) at this site (Table 2).
Several mutagenesis studies showed that an Ala to Gly exchange induced
significant alterations in the enantioselectivity and positional specificity of several
LOX-isoforms (Coffa and Brash, 2004; Coffa et al., 2005b; Schneider et al.,
2007). After Ala to Gly exchange, human ALOX15B that converted arachidonic
acid exclusively to 15S-HETE as wildtype enzyme now formed a 1.5:1 mixture of
both 11R-HETE and 15S-HETE. On the contrary, after the Gly441Ala exchange,
the human ALOX12B that only produced 12R-HETE as wildtype enzyme now
converted arachidonic acid to 8S-HETE and 12R-HETE in a ratio of 1.4:1 (Coffa
and Brash, 2004).

Recombinant mini-LOX from cyanobacterium Nostoc (Anabaena) sp. PCC7120
carries an alanine at the position, which aligns with the ‘Coffa site’. However, it
converted linoleic acid to 9R-HODE (Lang et al., 2008; Zheng et al., 2008) (Table
2). Interestingly, a substitution of this alanine by a larger valine resulted in a
linoleic acid 13S-lipoxygenation (Zheng et al., 2008). Also, the S-lipoxygenating
mouse alox12 carries a serine at this position instead of an alanine (Coffa and
Brash, 2004). However, there is no experimental data yet to confirm if the
exchange of the serine to a glycine alters the reaction specificity of this isoform.
Although the molecular basis behind the observed specificity alterations is not yet
clear, the amino acid side chain geometry has been postulated to impact intra-
enzyme oxygen diffusion (Schneider et al., 2007). However, final proof of this
concept is still pending.It should be stressed that only minor alterations in the

reaction specificity were observed when the Ala-to-Gly exchanges were carried
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out in ALOX15 orthologs (rabbit, rhesus monkeys, mice, human and orangutans)
(Jansen et al., 2011).

Table 2. The amino acid residue at the Coffa positions of different LOX isoforms
(modified from Coffa and Brash, 2004).

Amino acid
Organism S/R- residue at the Reference
LOX .
Coffa site
Human ALOX5 S Alanine (Funk et al., 1989)
Human ALOX12 S Alanine (Funk et al., 1990a)
Human ALOX15 S Alanine (Sigal et al., 1988)
Human ALOX15B S Alanine (Brash et al., 1997)
Mouse alox5 S Alanine (Chen et al., 1995)
Mouse alox12e S Alanine (Kinzig et al., 1997)
. Martinez-Clemente et al.,

Mouse alox15 S Alanine 2(010)
Rabbit ALOX15 S Alanine (Schewe et al., 1981)
Soybean LOX-1 S Alanine (Van Os et al., 1981)
Barley LOX-2 S Alanine (Bachmann et al., 2002)
Human ALOX12B R Glycine (Boeglin et al., 1998)
Mouse alox12b R Glycine (Krieg et al., 1999)
Coral 8-LOX R Glycine (Brash et al., 1996)
Mouse alox12 S Serine (Siebert et al., 2001)
Zebrafish LOX1 S Glycine (Jansen et al., 2011)
égacbff;oa;?m LOX R Alanine (Zheng et al., 2008)

Moreover, the zebrafish LOX-2, which carries a glycine at this position, was
predicted to catalyze R-oxygenation. However, the recombinant protein converts
arachidonic acid mainly to 12S-HETE (Haas et al., 2011; Jansen et al., 2011)
indicating that this LOX-isoform does not adhere to the Ala-vs.-Gly concept.

Pseudomonas aeruginosa is a gram-negative bacterial pathogen, which is known
for its high intrinsic resistance to antibiotics and for its ability to cause a wide
spectrum of opportunistic infections (Gellatly and Hancock, 2013). A
lipoxygenase from this pathogen (PA-LOX) has been successfully expressed as

a recombinant protein and a number of studies explored the enzymatic properties
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of this enzyme (Vance et al., 2004; Vidal-Mas et al., 2005; Garreta et al., 2013;
Lu et al., 2013; Deschamps et al., 2016). However, identification of key amino
acid residues that might contribute to the reaction specificity of PA-LOX is still
pending. Multiple sequence alignment of PA-LOX with several eukaryotic LOXs
reveal that the amino acids Glu369, Met434, Phe435 and Leu612, might
constitute the triad determinants. Glu604 and Lys605 might be the Jisaka
determinants of this enzyme. Additionally, PA-LOX converts arachidonic acid
exclusively to 15S-HETE, and carries an alanine at its “Coffa site”. Thus,
mutagenesis of the above mentioned residues might provide valuable information
on the applicability of the currently available concepts explaining the reaction

specificity of other LOX-isoforms.

1.3.2. Enzymatic properties of lipoxygenases

1.3.2.1. Reaction conditions favored by different LOX-isoforms

Several studies have suggested that the reaction conditions have a great impact
on the catalytic properties of LOXs. For instance, oxygenation of fatty acid
substrates is pH-dependent. The different isoforms of soybean LOX show a pH
optimum ranging between 6.5 to 9.0 with a maximum activity at a pH 9.0 for
soybean LOX1 (Siedow, 1991; Baysal and Demirdoven, 2007). The pH optimum
for human ALOX15 was 7.0 in the presence of 0.2 % sodium cholate and a Km
for linoleic acid oxygenation of 3 yM was determined (Kihn et al., 1993). The
recombinant human ALOX15 was expressed at high levels in the
baculovirus/insect cell system, and purified to an apparent electrophoretic
homogeneity with a yield of 25 — 30 mg of pure protein/liter of liquid culture. Its
molecular turnover rate for linoleic acid oxygenation (13S-H(p)ODE) ranges
between 8 — 25 s (Kuhn et al., 1993) depending on the quality of the enzyme
preparation. Recombinant human ALOX12 expressed in the baculovirus/insect
cell system exhibited a pH optimum in the range of 7.5 - 8.0 (in the presence of
0.006 % Tween-20) and had a Km value of 10 uM for both arachidonic acid and
linoleic acid. The molecular turnover rate (kcat) of arachidonic acid oxygenation
was 250 st (Chen et al., 1993). An arachidonate 15-lipoxygenting enzyme
detected in human neonatal foreskin cultured keratinocytes exhibited its

maximum activity in the pH range of 6.7 - 7.3 in the presence of > 2 mM calcium.
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Its efficiency to metabolize both arachidonic acid (Km: 10.6 uM) and linoleic acid
(Km: 9.5 yM) was very similar (Burrall et al., 1988) but for the time being it
remains unclear which human gene (ALOX15 vs. ALOX15B) encodes for this
enzyme. For native rabbit ALOX15 prepared from the lysate of a reticulocyte-rich
blood cell population, the pH optimum ranged between 7.0 - 7.4. The molecular
turnover ratio for linoleic acid (13S-H(p)ODE) oxygenation ranges between 5 —
50 st with a temperature optimum between 20 — 25 °C. An activation energy of
12 kJ/mol was determined. In the absence of substrate, rabbit ALOX15 is stable
for long time periods at temperatures <10 °C, however, it undergoes structural
fluctuations and becomes inactive at temperatures >20 °C (Mei et al., 2008).
Among prokaryotes, the LOXs from cyanobacteria, Nostoc sp. PCC 7120 exhibits
a broad pH optimum between pH 7 - 10 and oxygenates linoleic acid exclusively
to 9R-H(p)ODE (Lang et al., 2008). Two isoforms of LOXs have been described
in Anabaena sp, Nostoc punctiforme, that convert linoleic acid to 13S-H(p)ODE
with an optimum activity at a pH 7.0 (Koeduka et al., 2007).

A LOX-like enzyme has been reported in the Pseudomonas aeruginosa strain
42A2. For this enzyme, periplasmic (Guerrero et al., 1997; Busquets et al., 2004)
and/or secreted expression has been described (Vance et al., 2004; Vidal-Mas
et al., 2005; Lu et al., 2013; Deschamps et al., 2016). When intact P. aeruginosa
bacteria were incubated with oleic acid, the bacteria were capable to oxidize this
substrate to (E)-10-hydroxy-8-octadecenoic acid, (E)-10-hydroperoxy-8-
octadecenoic acid and (E)-7,10-dihydroxy-8-octadecenoic acid. In an attempt to
find out whether this bioconversion was cell bound or extracellular, the cell culture
supernatant and different subcellular fractions (outer membrane, periplasm,
cytoplasmic membrane, and cytoplasm) were tested for enzymatic activity. From
gas chromatographic analyses of the reaction products it was concluded that a
LOX-like enzyme present in the periplasmic space of the bacterium was
responsible for the biotransformation of oleic acid (Guerrero et al., 1997).
Busquets et al. later confirmed this by isolating the native protein from the
periplasmic space of P. aeruginosa. This protein had a molecular weight of
45 kDa. A pH range of 8.5 - 9 and temperatures 25 — 30 °C seemed to be optimal
for this periplasmic LOX. Interestingly, this enzyme oxygenated linoleic acid more
efficiently (100 %, Km=0.66 mM) than linolenic (60 %, Km=0.73 mM:) and oleic
acids (46 %, Km=0.74 mM), although the substrate affinities seemed similar



Introduction 22

(Busquets et al., 2004). However, the chemical identity of this enzyme, in
particular the amino acid sequence has not been clarified. Later, in 2004, a
secreted lipoxygenase from P. aeruginosa (PA-LOX) was recombinantly
expressed that converted arachidonic acid to 15S-HETE (Vance et al., 2004).
This recombinant enzyme had a molecular weight of 70 kDa and converted
linoleic acid predominantly to 13S-HODE (Km=48.9 yM). It exhibited a maximal
catalytic activity at pH 7.5 and 25 °C (Lu et al., 2013). In a recent study, PA-LOX
was expressed as a recombinant His-tag fusion protein (without the secretion
signal). It exhibited a molecular weight of 76 kDa and converted arachidonic acid
(Km=12 uM) to 15S-H(p)ETE and linoleic acid to 13S-H(p)ODE. This enzyme
exhibited its maximum activity at pH 6.5 in the presence of 0.01 % TX-100 at
25 °C (Deschamps et al., 2016). Guerrero et al. were the first to test for a LOX-
like activity in P. aeruginosa cell culture supernatant (Guerrero et al., 1997).
However, they were unsuccessful because of two reasons: 1) Large amounts of
PA-LOX is required for biotransformation of oleic acid (Vidal-Mas et al., 2005). 2)
Secreted PA-LOX oxygenates polyenoic acids such as arachidonic and linoleic
acids more efficiently when compared to oleic acid (Vance et al., 2004, Vidal-Mas
et al., 2005; Deschamps et al., 2016).

1.3.2.2. Substrate specificity of lipoxygenases

Most mammalian LOXs prefer free polyenoic fatty acids as substrates but they
are also capable of further converting the products of fatty acid oxygenation to
secondary products such as epoxy leukotrienes, double oxygenation products
and glutathione conjugates (lvanov et al., 2015). Leukotrienes constitute the most
comprehensively characterized secondary LOX products and their biosynthetic
pathway involves two critical steps catalyzed by LOX: 1) Formation of
hydroperoxy polyenoic fatty acids and 2) Formation of epoxy leukotrienes from
the hydroperoxy derivative. The second reaction involves both, a hydrogen
abstraction from a bisallylic methylene and the homolytic cleavage of the
hydroperoxide bond, which leads to the formation of an oxygenated fatty acid
biradical. This biradical is subsequently stabilized by the formation of epoxy
leukotrienes, such as LTA4 (Haeggstrom and Funk, 2011; Ivanov et al., 2015).
This reaction sequence has been postulated for ALOX5 (5,6-LTA4) (Radmark
and Samuelsson, 2010) and ALOX15 (14,15-LTA4) (Bryant et al., 1985). These
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epoxy leukotrienes can then be conjugated with glutathione leading to the
formation of LTC4 (Hammerstrom and Samuelsson, 1980) and eoxins (Sachs-
Olsen et al., 2010).

Anti-inflammatory mediators like lipoxins can in principle be synthesized via two
major pathways: 1) Triple oxygenation pathway: Arachidonic acid is first
converted to 15-H(p)ETE by ALOX15. The 15-H(p)ETE is oxygenated once again
by these LOXs to 14,15-DiH(p)ETE that is then oxygenated by ALOX5 to 5,14,15-
TriH(p)ETE (lipoxin B4). Lipoxin A4 can be synthesized via an alternative
pathway. ALOX5 first converts arachidonic acid to 5-H(p)ETE, which is
subsequently double and triple oxygenated to 5,6,15-TriHETE via the catalytic
activity of different LOX-isoforms. 2) Epoxy leukotriene pathway: The
archidonate-oxygenation products of ALOX5 (5S-H(p)ETE) and ALOX15 (15S-
H(p)ETE) are first converted to 5,6- or 14,15-epoxy leukotrienes that are
hydrolyzed to vincinal diols like 5,6-DIHETE or 14,15-DIHETE. These diols are
then further oxygenated to lipoxins. For instance, the 5,6-DIHETE is oxygenated
to lipoxin A4 by human and rabbit ALOX15. On the other hand, 14,15-DIHETE
originating from the hydrolysis of 14,15-LTA4 may be converted to lipoxin B4 by
ALOX5 catalyzed oxygenation (lvanov et al.,, 2015). For PA-LOX, the lipoxin
synthase activity was also tested but the authors concluded that this enzyme
does not exhibit such catalytic property (Deschamps et al., 2016).

Some LOX-isoforms are also capable of oxygenating phospholipids, cholesterol
esters and even complex substrates like biomembranes and lipoproteins
(Schewe et al., 1975; Belkner et al., 1991; Takahashi et al., 1993; Pekéarova et
al., 2015). Rabbit ALOX15 is capable of oxygenating both polyenoic fatty acid
containing phospholipids (Schewe et al., 1975) and cholesterol esters (Belkner
et al., 1991). In fact, the ability of rabbit ALOX15 to attack phospholipids led to its
discovery (Schewe et al., 1975). However, its phospholipid oxygenase capability
is more than one order of magnitude lower than its fatty acid oxygenase
capability, indicating that free fatty acids are the preferred substrates (lvanov et
al., 2015). Molecular docking of a phospholipid to the active site of rabbit ALOX15
indicated that it is impossible for a phospholipid molecule to bind at its substrate-
binding pocket without steric clashes. Thus, this ability of rabbit ALOX15 to
oxygenate phospholipids can only be explained if the enzyme exhibits a high

degree of motional flexibility during phospholipid interaction that causes its
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structure to undergo sizeable rearrangements (lvanov et al., 2015). Side by side
experiments with different LOXs indicated that porcine ALOX15 behaves
similarly. It is capable of oxygenating arachidonic acid containing phospholipids
to 12S-HETE containing products. In contrast, human ALOX12 was not able to
do so (Takahashi et al., 1993). Among the plant LOXs, soybean LOX1 is also
capable of oxygenating phosphatidylcholines in the presence of detergents
(Brash et al., 1987). Interestingly, a recent study on bacterial LOXs has indicated
that the mini-LOX of Anabaena sp. PCC7120 (fusion protein) also oxygenated
linoleic acid containing phosphatidylcholines to 9R-HODE. However, similar to
eukaryotic LOXs, phospholipids are not a good substrate for this bacterial species
since the reaction rate was much lower (Zheng et al.,, 2008). The ALOX15
orthologs of humans (Kuhn et al.,, 1993), rabbits (Kuhn et al., 1990) and pig
(Takahashi et al., 1993) are capable of oxygenating complex lipid-protein
assemblies such as biomembranes and lipoproteins. Rabbit ALOX15 oxygenates
various biological membranes including rat liver mitochondrial and endoplasmic
membranes, beef heart submitochondrial particles and erythrocyte plasma
membranes to 15S-HETE and 13S-HODE containing ester lipids (Kuhn et al.,
1990). This ability of rabbit ALOX15 suggested a role of this enzyme in the
maturational breakdown of mitochondria and other intracellular organelles during
the maturation of red blood cells (Schewe et al., 1975, 1986a; Kuhn et al., 1990).
A more recent study indicated that the 12-lipoxygenating alox15 of rat and its 15-
lipoxygenating Leu353Phe mutant are also capable of oxygenating the ester
lipids of mitochondrial membranes and lipoproteins to 13S-HODE and 12S-HETE
(wildtype) and 13S-HODE and 15S-HETE (Leu353Phe mutant) (Pekarova et al.,
2015).

The structure of PA-LOX has been solved at a resolution of 1.75 A. Unlike most
eukaryotic LOXs, the substrate-binding cavity of this enzyme is much bigger and
bifurcated. The structure also contains a complete phosphatidylethanolamine
bound to its substrate-binding pocket. The sn-1 fatty acid of this phospholipid
occupies the catalytic cavity containing the non-heme iron and the sn-2 fatty acid
occupies the second cavity of the enzyme (Garreta et al.,, 2013). These data
suggest a high binding affinity of the enzyme for phospholipids. Thus, it might be
possible that PA-LOX, when secreted from the bacteria during P. aeruginosa

infections is capable of oxygenating the membrane phospholipids of the
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surrounding host cells. However, so far no direct experimental evidence is
available indicating the capability of the enzyme to oxygenate membrane bound

phospholipids without the preceding activity of lipid hydrolyzing enzymes.
1.3.2.3. Reaction stereochemistry of lipoxygenases

The LOX reaction is initiated by a stereospecific hydrogen removal from a CH:2
between two cis double bonds after which molecular dioxygen is covalently
inserted at the opposite face of the fatty acid substrate. This stereo chemical
arrangement as indicated in Figure 4 is called “antarafacial character” of the LOX
reaction and has been reported for a number of LOX isoforms (Hamberg and
Samuelsson, 1967a, 1967b; Egmond et al., 1972; Brash et al., 2012).
Stereospecifically labeled fatty acids containing a tritium at either the proR- or the
proS-position of a bisallylic methylene was first prepared by Schroepfer and
Bloch in 1965 (Schroepfer and Bloch, 1965). Since then, usage of these
substrates has proved to be an efficient strategy to investigate the chemical
reactions catalyzed by lipoxygenases and other eicosanoid synthesizing
enzymes (Brash et al., 2012). Due of the difference in mass of a hydrogen and a
deuterium or even a tritium, it is easier to break a C-H bond when compared with
a C-°H or a C-3H-bond (Brash et al., 2012).

Oxygen insertion

HpODE
|

OH
Linoleic acid

HaC

proS-H proR-H

v N
13S 9S
9R 13R

Hydrogen abstraction

Figure 4: Antarafacial relationship between hydrogen abstraction and oxygen insertion
with linoleic acid as a substrate (modified from Kuhn et al., 2005).

Since hydrogen abstraction is the rate-limiting step in LOX catalyzed reactions,
the above-mentioned difference translates into a kinetic isotope effect (KIE)

(Brash et al., 2012). M. Hamberg and B. Samuelsson were the first to describe
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the stereo-chemical features of a LOX-catalyzed reaction. When soybean LOX
was incubated with stereospecifically labeled [13D-3H] (proR) and [13L-3H] (proS)
8, 11, 14- eicosatrienoic acid (w6), only the proS-hydrogen at C13 was removed
by the soybean LOX to form a 15Ls-hydroperoxide. Thus, the abstraction of
hydrogen from the methylene group at C13 was strictly stereospecific (Hamberg
and Samuelsson, 1967a). Among others, similar analysis of LOXS’
stereochemistry was carried out for other LOX isoforms including plant 9S-LOX
(Hamberg and Samuelsson, 1967a; Hamberg, 1971), human ALOX5 (Borgeat et
al.,, 1976; Corey and Lansbury, 1983), human ALOX12 (Hamberg and
Samuelsson, 1974; Hamberg and Hamberg, 1980) and soybean LOX1 (Coffa et
al., 2005b). Among the prokaryotic LOXs, the stereochemistry of the LOXs only
from Anabaena sp. PCC7120 has been established so far. These LOXs also
exhibit the antarafacial relationship between the hydrogen abstraction and
oxygenation while forming 9R-HODE from the stereospecifically labeled [11-3H]
linoleic acids (Zheng et al., 2008). An exception to this concept is the manganese
containing fungal-LOX from Gaumannomyces graminis. It exhibits a suprafacial
relationship between the hydrogen abstraction and oxygen insertion and
oxygenates linoleic acid to 11S-HODE (Hamberg et al., 1998). Although it has
been established that PA-LOX converts arachidonic acid to 15S-HETE and
linoleic acid to 13S-HODE (Vance et al., 2004; Vidal-Mas et al., 2005), the

reaction stereochemistry behind the catalysis is yet to be elucidated.



Introduction 27

1.4. Aims of this project

Lipoxygenases (LOXs) are fatty acid dioxygenases that catalyze the
conversion of polyunsaturated fatty acids to their hydroperoxy derivatives. They
frequently occur in plants and mammals but have also been detected in several
bacteria. Pseudomonas aeruginosa lipoxygenase (PA-LOX) is a secreted
arachidonate 15-LOX, which has been implicated in the pathogenesis of PA
infections. For this dissertation, PA-LOX was overexpressed as a recombinant
N-terminal Hiss-tagged fusion protein and purified to apparent electrophoretic
homogeneity by a combination of various chromatographic techniques. The
expression strategy was optimized and the purified enzyme was characterized
with respect to its protein chemical properties (molecular weight, iron content).
With the purified enzyme preparation, two sets of experiments have been carried
out aiming at:

1) Characterization of basic enzymatic properties (temperature
dependence, activation energy, kinetic constants, stereochemistry of the reaction
products, substrate specificity, thermo stability). PA-LOX will then be crystallized
to solve the 3D-structure of the enzyme-substrate complex in order to obtain more
detailed information on the alignment of substrate lipids at the active site.
Functionally relevant amino acids will identified and site-directed mutagenesis
studies will be carried out to explore the functional consequences of selected
enzyme mutants. Relevant mutants will then be crystallized to explore the

structural basis for the observed functional changes.

2) Investigations into the biological relevance of PA-LOX as possible
pathogenicity factor of the bacterium. Here the capability of PA-LOX to synthesize
pro- (leukotreines) and anti-inflammatory (lipoxins) mediators will be quantified.
Since PA-LOX is a secreted protein, it might contribute to attack host cells by
oxidizing their membrane lipids. This possibility will be tested by incubating pure
PA-LOX in vitro with different types of eukaryotic cells (erythrocytes, cultured lung
epithelial cells) and by analyzing the amounts and structures of the oxygenated
lipids employing a lipidomic approach (HPLC, LC-MS/MS).
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2. MATERIALS AND METHODS

2.1. Materials
2.1.1. Chemicals

Chemical name

Company (City, country)

Acetic acid

Carl Roth GmbH (Karlsruhe, Germany)

Acetonitrile

Thermo Scientific (Schwerte, Germany)

Ammonium acetate

Sigma Aldrich (Taufkirchen, Germany)

Arachidonic acid

Sigma Aldrich (Taufkirchen, Germany)

Cardiolipin (from bovine heart,
sodium salt)

Sigma Aldrich (Taufkirchen, Germany)

Chloroform

Baker (Deventer, Netherlands)

Disodium hydrogen phosphate

Carl Roth GmbH (Karlsruhe, Germany)

EDTA

Sigma Aldrich (Taufkirchen, Germany)

Glucose Sigma Aldrich (Taufkirchen, Germany)
Glycerol Carl Roth GmbH (Karlsruhe, Germany)
HEPES Sigma Aldrich (Taufkirchen, Germany)

HPLC grade water

VWR Chemicals (Radnor, USA)

Hydrocholoric acid

Carl Roth GmbH (Karlsruhe, Germany)

Imidazole Carl Roth GmbH (Karlsruhe, Germany)
Isopropanol Carl Roth GmbH (Karlsruhe, Germany)
Kanamycin Carl Roth GmbH (Karlsruhe, Germany)
LB-Agar Carl Roth GmbH (Karlsruhe, Germany)
LB-Medium Carl Roth GmbH (Karlsruhe, Germany)

Magnesium chloride

Merck (Darmstadt, Germany)

Magnesium sulfate

Sigma Aldrich (Taufkirchen, Germany)

Methanol

VWR Chemicals (Radnor, USA)

n-Hexane

Carl Roth GmbH (Karlsruhe, Germany)

Polyethylene glycol

Sigma Aldrich (Taufkirchen, Germany)

Ponceau S

Sigma Aldrich (Taufkirchen, Germany)

Potassium chloride

Merck (Darmstadt, Germany)

Potassium Hydroxide

Merck (Darmstadt, Germany)

Potassium dihyrodgen phosphate

Merck (Darmstadt, Germany)

Restriction enzyme Ndel

Thermo Scientific (Schwerte, Germany)

Restriction enzyme Hindlll

Thermo Scientific (Schwerte, Germany)

SDS

Serva (Heidelberg, Germany)

Sodium borohydride

Life Technologies, Inc. (Eggenstein,
Germany)

Sodium chloride

Carl Roth GmbH (Karlsruhe, Germany)
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Soybean lipoxygenase

Sigma Aldrich (Taufkirchen, Germany)

Tris(hydroxymethyl)aminomethane

Sigma Aldrich (Taufkirchen, Germany)

Tris Carl Roth GmbH (Karlsruhe, Germany)

Tryptone

Sigma Aldrich (Taufkirchen, Germany)

Tween 20

Sigma Aldrich (Taufkirchen, Germany)

Yeast extract

Germany)

Becton Dickinson and Co. (Heidelberg,

2.1.2. Fatty acid substrates

Fatty acid

Company (City,
country)

C18:A9 (cis) Octadecenoic acid

C18:A11 (cis) Octadecenoic acid

C18:A9,12 (all cis) Octadecadienoic acid (Linoleic acid)

C18:A6,9,12 (all cis) Octadecadienoic acid

C18:A9,12,15 (all cis) Octadecadienoic acid

C18:A6,9,12,15 (all cis) Octadecatetraenoic acid

C20:A5,8,11 (all cis) Eicosatrieneoic acid

C20:A11,14 (all cis) Eicosadienoic acid

C20:A8,11,14 (all cis) Eicosatrienoic acid

C20:A5,8,11,14 (all cis) Eicosatetraenoic acid (Arachidonic
acid)

C20:A8,11,14,17 (all cis) Eicosatetraenoic acid

C20:A5,8,11,14,17 (all cis) Eicosapentaenoic acid

C22:A4,7,10,13,16,19 (all cis) Docosahexaenoic acid

Sigma Aldrich
(Taufkirchen,
Germany)

2.1.3. Phospholipid substrates

Phospholipids

Company (City,
country)

1-palmitoyl-2-linoleoyl phosphatidylcholine

1-palmitoyl-2-linoleoyl phosphatidylethanolamine

1-palmitoyl-2- linoleoyl phosphotidylionositol

Santa Cruz
(Texas, USA)

1-palmitoyl-2-linoleoyl phosphatidylserine

1,2-dilinoleoyl-sn-glycero-3-phosphoethanolamine

Avanti Polar
Lipids
(Alabaster, USA)
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2.1.4. HPLC-standards

Standard Company (City, country)
5(+)-HETE
11R-HETE
12S-HETE Cayman Chemical company (distributed by Biomol, Hamburg,
12(+)-HETE Germany)
15S-HETE
15(+)-HETE
9R-HODE Cascade Biochem Ltd. ( London, United Kingdom)
13S-HODE Cayman Chemical company (distributed by Biomol, Hamburg,
13(z)-HODE Germany)

2.1.5. Lipoxin and Leukotriene synthesis

Standard Company (City, country)
5S-HETE
5S,6S-DIHETE | Cayman Chemical company (distributed by Biomol, Hamburg,
5S,6R-DIHETE | Germany)
15-H(p)ETE

2.1.6. Cells and media

Competent bacteria and media

Purpose Type of cells Company (city, country)
Generation of E. coli XL-1 Blue cells Stratagene (La Jolla, USA)
mutants
Protein , E. coli BL21 (DE3) cells Invitrogen (Carlsbad, USA)
expression

SOC medium

20 g/L trypton, 5 g/L yeast extract, 10 mM sodium chloride, 2.5 mM potassium

chloride, 10 mM magnesium chloride, 10 mM magnesium sulfate and 20 mM

glucose
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Eukaryotic cells and cell culture media

Company

Eukaryotic cells (city, country)

Human epithelial adenocarcinoma cells (Caco-2 cells)

ATCC (Manassas, USA)
Adenocarcinomic human alveolar basal epithelial cells

(A549 cells)
Cell culture media Company
(city, country)
Eagle’s Minimum Essential Medium (EMEM) — for Lonza (Basel,
Caco-2 cells Switzerland)
Dulbecco’s Modified Eagle Medium (DMEM) — for PAN-Biotech
A549 cells (Aidenbach, Germany)

Red blood cells (RBCs)
5 ml of blood was taken from a healthy volunteer into a tube containing 250 pl of
0.5 M EDTA (pH 8.0). The collected blood was centrifuged at 700 x g for 5 min at

4 °C and the supernatant, which is the plasma, was recovered. The pellet
containing the RBCs was re-suspended in 20 ml of PBS and centrifuged at 200 x
g for 15 min at 4 °C. The supernatant was discarded and the RBCs were
recovered. The above step was repeated once again in order to thoroughly wash
the RBCs and to get rid of any remaining plasma in the sample. The supernatant

was discarded completely and the RBC pellet was now ready for the assay.

2.1.7. Rabbit ALOX15

The native rabbit ALOX15 that was used for comparative measurements was
previously prepared according to (Rapoport et al., 1978). It was purified to
apparent electrophoretic homogeneity from a reticulocyte-rich hemolysate
supernatant by sequential ammonium sulfate precipitation, anion exchange

chromatography and preparative isoelectric focusing in a sucrose gradient.
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2.1.8. Buffers

Technique

Buffer name

Composition

PA-LOX assay

10XPBS

137 nM NacCl, 2.7 mM KCI, 1.5 mM
KH2PO4, 6.5 mM Na:HPO4 in 1 L water,
pH 7.4. Dilute 1:10 to make 1XPBS

Wash buffer 1

0.1 M Tris/HCI, 300 mM NacCl, 10 mM
imizadole, pH 8.0

Protein 0.1 M Tris/HCI, 300 mM NacCl, 25 mM
e Wash Buffer 2 -
purification imizadole, pH 8.0
. 0.1 M Tris/HCI, 300 mM NacCl, 200 mM
Elution buffer .
imizadole, pH 8.0
Stacking gel 0.5 M Tris/HCI, 0.4 % (v/v) SDS, pH 6.75
buffer
SDS page ResoMNG 68l | 1.5 M Tris/HCI, 0.6 % (v/v) SDS, pH 8.8

Running buffer

25 mM Tris/HCI, 192 mM Glycine, 0.1 %
(v/v) SDS, pH 8.3

Western Blot

Membrane buffer

1X Rapid transfer buffer (Amresco, Solon,
USA)

Wash Buffer PBS/0.3 % (v/v) Tween 20 solution
Agarose gel 40 mM Tris, 2 mM EDTA-Na salt,
electrophoresis TAE buffer 29.6 mM Acetic acid, pH 8.5
2.1.9. Kits
Purpose Kit name Company (city, country)
DNA MIDI-preparation .
amplification kit Macherey Nagel (Duren, Germany)

Site-directed
mutagenesis

QuikChange site-
directed
mutagenesis Kit

Agilent technologies (Santa Clara, USA)

Protein
expression

Enpresso B kit

BioSilta Ltd. (St. Ives, Great Britain)

2.2. Methods

2.2.1. Site directed mutagenesis

Selection of primers

Forward and reverse primers were designed and the primers included the desired

mutation. Primers comprising single mutants were around 30 bases long and

those comprising double mutants were around 36 bases long. Each amino acid

exchange was preceded and followed by at least 10 - 12 bases of the template

DNA.
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Performing PCR

Polymerised chain reaction (PCR) reaction mixture (25 pl) involved the template
DNA, the forward and reverse primers for the respective mutants, variable
amounts of 2-fold concentrated Pfu Master-Mix (Agilent technologies, Santa
Clara, USA) and sterile water. The mixture was prepared on ice as suggested by
the manufacturer. In most cases the wildtype-PA-LOX in pET-28a(+) was used
as our template.

Digestion of the template DNA

The un-mutated parental DNA template was then digested with FastDigest Dpnl
(Thermo Scientific, Massachusetts, USA) for 30 min at 37 °C. The degrading
enzyme was then deactivated by incubating the mixture at 80 °C for 5 min.
Transformation of competent E. coli XL1-Blue cells

8 ul of the PCR mixture were then added to 100 pl of E. coli XL-1 Blue cells. The

mixture was gently mixed and incubated on ice for 30 min. The cells were then

subjected to heat shock by incubating them at 42 °C for 45 s. This made the
competent cells porous allowing the DNA to pass the membranes. To prevent
further damage to the E. coli cells, they were placed back on ice for 3 min. 300 pl
of SOC medium was then added to the cells and incubated for 1 h on a shaker
at 37 °C and 180 rpm shaking frequency. 100 — 200 ul of this mixture was then
plated on kanamycin containing agar plates (50 pg/ml) and incubated overnight
at 37 °C. After 24 h, 2 - 5 clones were picked for each mutant and re-suspended
in 4 ml of LB medium containing 50 pg/ml kanamycin. After overnight culture, the
plasmids were then prepared as per the instructions of the NucleoSpin Plasmid
Easy Pure (Macherey-Nagel, Diren, Germany).

Agarose gel electrophoresis

To exclude that the mutagenesis strategy did not induce major structural
alterations, an aliquot of mutant DNA was subjected to restriction digestion by
Ndel and Hindlll in FD fast digest buffer (Thermo Scientific, Schwerte, Germany).
The mixture was incubated at 37 °C for 1 h and then run on agarose gel (1 %
(w/v)) electrophoresis. The gels were then viewed on BioDocAnalyze software
coupled with a transilluminator (Biometra, Goéttingen, Germany).

Confirmation of successful mutation by DNA sequencing

DNA sequencing was carried out by Eurofins Genomics (Ebersberg, Germany)

to confirm the successful amino acid exchange. The different mutants generated
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included: PA-LOX Vall89Arg, Vall89Tyr, Glu369Ala, Glu373Asp, Glu373Leu,
Met374Ala, Leu378Phe, Leu378Tyr, Ala420Gly, Leu425Phe, Leu425Tyr,
lle431Ala, lle431Glu, lle431Phe, 1le431Tyr, Met434Ala, Met434Val, Phe435Ala,
Phe435Leu, Met434Val+Phe435Leu, Glu604Tyr+Lys605His, Tyr609Ala and
Leu6l2Val

2.2.2. Protein expression

Transformation of competent E. coli BL21 (DE3) cells

The prokaryotic expression plasmid pET28a(x) containing the coding sequence
of PA-LOX (without secretory sequence) was kindly provided by Prof. Xavi
Carpena (Institut de Biologia Molecular, Parc Cientific de Barcelona, Baldiri
Reixac 10, 08028 Barcelona, Spain). This plasmid was amplified for further
analysis in E. coli XL-1 Blue cells and extracted using the MIDI-preparation Kkit.
PA-LOX (wildtype and mutants) was expressed in E. coli employing the Enpresso
B kit. 200 ng of the plasmid-DNA was added to 100 ul of E. coli BL21 (DE3) cells,
gently tap-mixed, and incubated on ice for 30 min. The cells were then subjected
to heat shock at 42 °C for 45 s after which they were cooled down on ice for
2 min. Then 500 yl of SOC medium was added to this mixture and incubated on
a shaker at 37 °C and 180 rpm shaking frequency for 1 h. 200 pl of this mixture
was then plated on kanamycin containing agar plates and incubated overnight at
37 °C.

Pre-culture and main culture

2 ml of a bacterial pre-culture (LB medium with 50 ug/ml kanamycin) were
inoculated and grown at 37 °C on a shaker for 6 — 8 h at 180 rpm shaking
frequency. Once the required optical density (ODsoo) was attained, the 2 ml pre-
culture was then added to 50 ml main culture medium as suggested by the
vendor. The main culture was grown overnight on a shaker at 30 °C and 250 rpm
shaking frequency in Ultra Yield flasks (BioSilta Ltd., St. Ives, Great Britain). The
expression of the recombinant enzyme was induced by adding 1 mM (final
concentration) IPTG to the main culture after which the culture was incubated
over night on a shaker at 25 °C and 250 rpm shaking frequency.

Cell harvest and enzyme purification

Bacteria suspension was centrifuged at 3000 x g at 4 °C for 10 min after which

the cells were reconstituted in 20 ml PBS. The suspended cells were centrifuged
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once again at 3000 x g and 4 °C for 10 min, the supernatant was discarded and
the cells were reconstituted in 5 ml PBS. They were then lysed by sonication
(digital sonifier, W-250D Microtip Max 70 % Amp, Model 102C (CE); Branson
Ultraschall, Furth, Germany) to release the intracellular proteins. Cell debris were
then pelleted by centrifugation at 15,000 x g for 20 min at 4 °C and the resulting
lysate supernatant was employed for further enzyme purification.

An aliquot of 200 pl of the cell lysate was stored away for SDS-PAGE. The Hise-
tag containing recombinant protein was then purified by nickel agarose affinity
chromatography using Protino Ni-NTA-agarose suspension (Machery Nagel,
Duren, Germany). For this, 5 ml of cell lysate supernatant was incubated with
500 ul of the Ni-NTA beads on a rotator, rotamix RMI (ELMI, Riga, Latvia), for
1 h, at4 °C. The gel beads were then transferred to an open bed chromatography
column (Bio-Rad, Minchen, Germany). Purification involved washes with three
kinds of buffers with varying imidazole concentrations. To remove nonspecifically
bound proteins, the column was first eluted thrice with 800 pl wash buffer 1
containing 10 mM imidazole. Next, the column was washed thrice with 800 pl
wash buffer 2 containing 25 mM imidazole to elute weakly bound proteins.
Finally, rinsing the column seven times with 300 pl of elution buffer containing
200 mM imidazole eluted the desired recombinant protein. This high
concentration of imidazole competes with the Hise-tag of the recombinant protein
for binding at the Ni-ions. As result of this competition, the protein is eluted from
the column. Usually, the majority of the PA-LOX was recovered in the elution
fractions 1, 2 and 3.

Desalting, concentration and gel filtration of the protein preparation

The imidazole ions present in the elution fractions of the affinity chromatography
were removed by size exclusion chromatography using Econo-Pac 10DG
desalting columns (Bio-Rad, California, USA). The columns were first washed
two times with 20 ml of PBS. Once the buffer had drained out completely, 3 ml of
the protein sample was loaded on the column. The first effluent was discarded.
4 ml of PBS was then allowed to run down the column and the effluent was
collected as it contained the desired protein.

The desalted protein solution was subsequently concentrated to the required
protein concentrations by centrifugation at 3000 x g through an Amicon Ultra-15

10K centrifugal filter (Millipore, Massachusetts, USA). 10 % (v/v) of glycerol was
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added to the protein as cryoprotectant and the solution was stored at - 80 °C until
further use.

When required, aliquots of the desalted protein were further purified by gel
filtration using a Superdex 200 10/300 GL FPLC column (GE Healthcare,
Uppsala, Sweden). The column was eluted with 20 mM Tris-HCI buffer at pH 8.0
(flow: 0.5 ml/min). The purified PA-LOX obtained from the FPLC was then
concentrated for further use by centrifugation at 3000 x g through an Amicon
Ultra-15 10K centrifugal filter.

2.2.3. Quantification of protein concentration and of the degree of purity

Protein determination by Bradford assay

Quantification of the protein concentrations in the enzyme solutions of different
purity was determined by the Bradford assay (Bradford, 1976). The assay was
carried out in polystyrene cuvettes (10 x 4 x 45 mm, Sarstedt AG & Co,
Numbrecht, Germany) with a final volume of 1 ml and measured on the
Biophotometer plus (Eppendorf, Hamburg, Germany). The photometer was
calibrated for a range of 0 — 10 pg/ml and from the absorbance at 595 nm the
final concentration of the protein could be quantified.

SDS-PAGE

The degree of purity of the lysate, elution fractions and of the concentrated LOX
preparations was estimated by SDS polyacrylamide gel electrophoresis (SDS-
PAGE). The protein was denatured prior to loading the solution on the gel by
incubating aliquots of the enzyme with 4-fold concentrated loading buffer (Carl
Roth GmBH, Karlsruhe, Germany) and 20-fold concentrated reducing agent
(Lonza, Basel, Switzerland) at 95°C for 3 min. The samples were then
centrifuged at 12,000 x g for one min and the supernatants were loaded on the
gel. The SDS gel involved a 4 % stacking gel and 10 % resolving gel (suitable for
proteins whose molecular weights ranged between 20 - 300 kDa). The SDS-
PAGE gel was run in a Bio-Rad chamber (California, USA) at a current of 25 -
30 mA in the running buffer. After the separation of the different proteins
according to their molecular weights, the gels were first washed three times
(5 min each) with distilled water and then stained with Coomasie blue (Thermo
Scientific, Schwerte, Germany) for 30 min on a shaker or used directly for western

blot analysis.
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Western-blot

Once the proteins have been separated according to their molecular weights on
the SDS-PAGE, they were transferred on the nitrocellulose membrane. This
transfer was achieved at 75 V for 20 min in 1X rapid transfer buffer (Amresco,
Solon, USA). Preliminary visualization of the transferred protein bands (before
treatment with antibodies) was carried out by staining the gels with 0.2 % (v/v)
Ponceau S in 3 % (v/v) TCA. In order to prevent nonspecific binding of antibodies
to the membrane surface, the membrane was first blocked with 5 % (w/v) dry milk
solution (Bio-Rad, Hercules, USA) in PBS. To visualize Hise-tag fusion proteins,
the membrane was then incubated with anti-Hiss-tag antibody (30 min), which
was coupled to rabbit peroxidase as reporter enzyme producing the color for
specific visualization of the histidine-tagged proteins. When PA-LOX specific
antibodies, raised in rabbits, were employed (as a primary antibody), the
membrane was incubated (for 1 h) with a secondary antibody (anti-rabbit IgG
peroxidase conjugate (1:5000 dilution), that recognizes the primary antibody.
Excess of unbound antibodies were removed by washes with PBS containing
0.3 % (v/v) Tween 20. The membranes were then incubated with a 1:1 diluted
Western lightening oxidizing agent and Western lightening enhanced luminol
(Perkin Elmer, Waltham, USA) for 1 min. The specific PA-LOX bands were then

visualized with the Fujifilm imagining system (Fujifilm, Dusseldorf, Germany).
2.2.4. Interaction of PA-LOX with different classes of substrates

2.2.4.1. Fatty acid oxygenase activity

The fatty acid oxygenase activity of PA-LOX was tested with ten different fatty
acids with variable chain lengths and numbers of double bonds, which have
previously been shown to be suitable substrates for other LOX isoforms
(Hamberg and Samuelsson, 1967a; Borgeat et al., 1976; Lang et al., 2008). For
these tests an aliquot of the enzyme preparations was incubated with 0.1 mM of
PUFAs in a total volume of 1 ml. The activity was monitored at 235 nm on the
spectrophotometer for 180 s and the increase in absorbance was considered as
suitable measure for the catalytic activity with the different fatty acid substrates.
After the incubation period, the products were reduced with sodium borohydride
and incubated on ice for 10 min. 100 pl of 100 % acetic acid were then added in

order to adjust a pH of 3 in the reaction mixture. Then 1 ml of methanol was added



Material and Methods 38

to precipitate the protein and the sample was further incubated on ice for 5 min.
The protein precipitated was removed by centrifugation at 14,000 x g and 8 °C
for 10 min. Aliquots of the supernatant containing the fatty acid oxygenase

products were then subjected to HPLC analysis.

2.2.4.2. Phospholipid oxygenase activity

Wildtype-PA-LOX that was previously crystallized contained a complete
phospholipid at its active site that was spontaneously incorporated during
enzyme expression and was not removed during the purification procedure
(Garreta et al., 2013). This result suggested that PA-LOX might exhibit a high
binding-affinity for phospholipids. Thus, it would be possible that the enzyme may
be capable of oxygenating phospholipids and other complex fatty acid
derivatives. To test this hypothesis, aliquots of recombinant PA-LOX and purified
native rabbit ALOX15 were first incubated side-by-side at 25 °C with phospholipid
preparations representing the four most abundantly occurring membrane
glycerophospholipid classes (phosphatidylcholine, PC;
phosphatidylethanolamine, PE; phosphatidylinositol, PI; phosphatidylserine, PS).
After an incubation of 15 min, the reaction was stopped by the addition of sodium
borohydride as peroxide reducing agent. The assay mixture was then acidified
with 80 pl of acetic acid and the total lipids were extracted according to the Bligh-
Dyer method (Bligh and Dyer, 1959). 2.5 ml methanol and 1.25 ml chloroform
were added to the reaction mixture, which was vortexed vigorously for 1 min and
then cooled down on ice for 15 min. Next, 1.25 ml of chloroform and 1.25 ml of
water were added and the mixture was again vortexed for 1 min. The samples
were subsequently centrifuged for phase separation (3,000 x g for 1 min). The
bottom chloroform phase was recovered, the solvents were evaporated and the
remaining lipids were reconstituted in 850 ul of methanol. 150 ul of 40 % (v/v in
water) KOH were added and the ester lipids were hydrolyzed under argon
atmosphere for 20 min at 60 °C. The samples were then cooled down on ice for
5 min and acidified with 150 pl of acetic acid. After incubating the samples on ice
for 20 min, precipitate was removed by centrifugation (10,000 x g for 10 min at
4 °C). The free hydroxy fatty acids present in the supernatants were prepared by
RP-HPLC and further analyzed by SP- and CP-HPLC.
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2.2.4.3. Oxygenation of membrane bound phospholipids

This capability of PA-LOX to oxygenate biomembranes was determined by
incubating aliquots of the enzyme preparations with vesicles of beef heart inner
mitochondrial membranes (Crane et al.,, 1956) that were considered as bio-
relevant model membranes. The volume of each activity assay was adjusted to
1 ml and membrane and enzyme concentrations (PA-LOX and rabbit ALOX15)
were variable depending on the arachidonic acid oxygenase activity of the
different enzyme preparations. The membrane oxygenase activity of the two
enzyme preparations was followed oxygraphically using a Clark-type oxygen
electrode (Helmut Saur Laborbedarf, Reutlingen, Germany). After an incubation
period of 15 min, the reaction was stopped by the addition of sodium borohydride,
which reduces the formed hydroperoxy fatty acids to the corresponding hydroxy
derivatives. The assay mixture was then acidified with 80 ul of 100 % acetic acid
and the total lipids were extracted according to the Bligh-Dyer method (Bligh and
Dyer, 1959). The bottom chloroform phase was recovered, the solvents were
evaporated and the remaining ester lipids were reconstituted in 1 ml of a 1:1
mixture of chloroform and methanol. Aliquots of this mixture were then either
subjected to SP-HPLC separation (Robins and Patton, 1986) of the major
phospholipid classes or to alkaline hydrolysis as described above. The hydrolysis
products were then directly injected into RP-HPLC for quantification of the 13-
HODE + 15-HETE/linoleic acid + arachidonic acid ratio, which constitutes a

suitable measure to characterize the degree of oxidation of the membrane lipids.

2.2.4.4. Oxygenation of intact erythrocyte membranes

The ability of PA-LOX to oxygenate intact cells was determined by incubating
isolated human erythrocytes with purified PA-LOX. The reaction mixture
consisted of 100 pl of packed human RBCs re-suspended in 1 ml of PBS, which
was incubated with different amounts of pure recombinant PA-LOX for different
time intervals. The disruption of RBCs’ cell membranes was quantified by
determining the degree of hemolysis. After the different incubation periods, the
intact RBCs were centrifuged down at 13,000 x g for 5 min and the hemoglobin
content of the supernatant was determined by measuring the absorbance of the
Soret band at 410 nm. The assay mixture was then subjected to lipid extraction
(Bligh and Dyer, 1959). Aliquots of the extracted lipids dissolved in methanol were
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subjected to LC-MS/MS analysis to identify the structures of the oxygenated
phospholipids. The remaining sample was subjected to alkaline hydrolysis as
described above and analyzed by RP-HPLC to quantify the amounts of 13-HODE
and 15-HETE.

2.2.4.5. Leukotriene and lipoxin synthesis

Leukotriene synthesis

The ability of PA-LOX to synthesize 14,15-leukotrienes was determined by
incubating the purified enzyme with 15-H(p)ETE under anaerobic conditions. The
reaction mixture consisted of 25 yM of 15-H(p)ETE in 1 ml of PBS to which an
aliquot of PA-LOX was added. The mixture was incubated for 10 min at room
temperature. The reaction was stopped by the addition of 1 ml of 0.1 M
hydrochloric acid and incubated on ice for 15 min. This procedure induced acidic
hydrolysis of the epoxy leukotriene to the corresponding diols. The entire
procedure was carried out under argon atmosphere in order to avoid 15-H(p)ETE
oxygenation to the corresponding double oxygenation products. Finally 2 ml of
methanol were added and aliquots were analyzed for leukotriene A4 hydrolysis
products by HPLC. Pure rabbit-ALOX15 was used as a positive control. The
products (conjugated trienes) were analyzed by RP-HPLC by recording the
absorbance at 270 nm.

Lipoxin synthesis

PA-LOX lipoxin synthase activity was tested using 5S-HETE and a 1:1 mixture of
both, 5S,6S- and 5S,6R-DIHETE as its substrates in the presence of 3 uM linoleic
acid serving as activator of the enzyme. The reaction mixture consisted of 30 uM
of the above substrates in 500 ul of PBS. An aliquot of purified PA-LOX was
incubated with the substrate mixture for 10 min. The reaction was stopped by the
addition of sodium borohydrate and incubated on ice for 10 min. The mixture was
acidified with 50 pl of acetic acid followed by addition of 500 pyl methanol and
again incubated on ice for 10 min. The protein precipitate was removed by
centrifugation at 14,000 x g and 8 °C for 10 min. The supernatant was recovered
and formation of conjugated tetraenes was monitored by RP-HPLC by recording
the absorbance at 300 nm.
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2.2.5. Activity assay
2.2.5.1. Spectrophotometric analysis

2.25.1.1. PA-LOX with different PUFAs

The catalytic activity of the PA-LOX with different fatty acid substrates was
monitored spectrophotometrically using a Shimadzu instrument (Shimadzu UV-
2102 PC spectrophotometer, Shimadzu, Duisburg, Germany). The 1 ml activity
assays were carried out in precision cuvettes made of quartz suprasil, (Hellma,
Tustin, USA). The time-dependence of product formation (conjugated dienes)
was monitored at 235 nm at 25 °C for 180 s in triplicates. The kinetic progress
curves (absorbance vs. time) were obtained for each fatty acid substrate at
different substrate concentrations. From the linear portion of the kinetic progress
curves, the kinetic parameters, Km (Michaelis constant) and Vmax (maximum
rate) for each substrate were calculated according to the Lineweaver-Burk

equation.

2.2.5.1.2. Temperature profile

The effect of temperature on the activity of PA-LOX was also assayed
spectrophotometrically. The substrate, 165 uM linoleic acid in PBS, was first
heated in the cuvette holder of the spectrophotometer to the respective
temperature (5, 10, 15, 20, 25, 30, 35 and 40 °C) for 10 min. Then, an aliquot of
PA-LOX was added and the activity assay was carried out in triplicates. The initial
rates of the kinetic progress curves were used to plot the temperature-
dependence profile. The catalytic activities obtained for PA-LOX between 5 -
35 °C were employed to construct the Arrhenius plot from which the activation
energy for PA-LOX could be determined. As a positive control, here again, rabbit
ALOX15 was used. However, because of the higher sensitivity of rabbit ALOX15
for heat denaturation, the Arrhenius plot for the rabbit-LOX was constructed using
catalytic activities obtained between 5 — 25 °C.

2.2.5.1.3. Variable oxygen concentrations

Measurement of activity under normoxic and hyperoxic conditions

Molecular oxygen is an essential requirement for the LOX reaction since

atmospheric dioxygen serves as second substrate for fatty acid oxygenation.
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Here we explored the impact of variable oxygen concentrations on the rate of
fatty acid oxygenation for wildtype-PA-LOX and its Ala420Gly mutant. For this
purpose, the oxygenation rate of PA-LOX was determined at two concentrations
of arachidonic acid (0.16 mM and 0.32 mM) at different oxygen concentrations.
The oxygen concentrations were adjusted by mixing different amounts of
anaerobic PBS (argon saturated) with different amounts of hyperoxic PBS
(oxygen saturated) so that the final oxygen concentrations in the assay system
varied between 0.08 mM to 1.2 mM. For this purpose, two tubes containing 30 ml
PBS were flushed with pure oxygen or argon for a period of 3 h. The
spectrophotometric cuvette was first filled with argon gas to remove oxygen. We
then added aliquots of the anaerobic buffer (0 - 1.6 ml) to the cuvette under argon
atmosphere. To prevent diffusion of oxygen into the cuvette, a plastic stopper
containing two capillary holes was used to close the cuvette. To achieve the
desired oxygen concentration, different aliquots of hyperoxic buffer were added
through the capillary holes of the stopper to give a final volume of 1.6 ml. The
desired volume of anaerobic arachidonic acid solution (18 pl) was added and the
reaction was started by the addition of aliquots (0.1 - 0.5 pl) of partially
anaerobised PA-LOX solution. The increase in absorbance at 235 nm was
measured under each condition for 180 s at 25 °C in triplicates. The Km values
for oxygen for both, wildtype and mutant PA-LOX were then determined from the
Hill equation from the linear part of the kinetic progress curve as described below.
Determination of oxygen affinity of wildtype- and Ala420Gly-PA-LOX

Prof. Dr. Hermann-Georg Holzhitter (Institut fir Biochemie, Charité -
Universitatsmedizin Berlin, Germany) evaluated the reaction kinetics of wildtype-
PA-LOX and its Ala420Gly mutant at different oxygen concentrations. When the
results characterizing the oxygen affinity of wildtype-PA-LOX and its Ala420Gly-
mutant were evaluated, the kinetic raw data obtained were first fitted to the
Michaels-Menton equation (Hill coefficient n =1). Unfortunately, the degree of
fitting was not satisfying so we fitted the data to the Hill-equation (mentioned

below) and obtained a higher degree of fitting.
Vmax OZn
Sos" + Oy

Here, Vmax represents the maximal catalytic activity the enzyme exhibited under
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oxygen saturation conditions. Sos is the half-saturation concentration of oxygen
at which half-maximal rate is reached and the coefficient n takes into account
positive cooperativity reflected by the sigmoidal shape of the activity-oxygen
relationship. Employing the boot-strap method, the mean values and variances
of the three kinetic parameters were determined. By assigning to each oxygen
concentration randomly a single activity measurement selected from the set of
repetitive measurements, restricted data sets were generated. Numerical values
for the kinetic parameters were estimated by fitting the model to the randomly
chosen restricted data set by least-square minimisation. The bootstrap trials were
repeated 50 times and based on the 50 bootstrap sets of parameter values (mean

* variances) were calculated.

2.2.5.1.4. Experiments with stereospecifically labeled substrates

LOX reactions are initiated by stereospecific hydrogen abstraction from a
bisallylic methylene group of the fatty acid substrate. This initial elementary
reaction is followed by oxygen insertion at the opposite face of the substrate
molecule. Thus, there is an antarafacial relationship between the initial hydrogen
abstraction and the subsequent oxygen insertion during the LOX reaction. To test
whether PA-LOX follows this paradigm, it was incubated with linoleic acid
carrying a deuterium either at the proS- ([11S-?H]) position or at the proR- ([11(R)-
2H]) position at C11 (bisallylic methylene) of linoleic acid. The rate of oxygenation
of the two-substrate isomers was determined by measuring the increase in
absorbance at 235 nm and 25 °C and the relative reaction rates were calculated.
After 5 min, the reaction was stopped and the products were analyzed by HPLC.
Reaction products were prepared by RP-HPLC (no separation of 13- and 9-
HODE) and further analyzed by normal phase- and chiral phase-HPLC. Retention
of the deuterium label in the final reaction products was quantified by GC/MS.
The proR linoleic acid and proS linoleic acid were a kind gift of Prof. Mats
Hamberg (Department of Medical Biochemistry and Biophysics, Karolinska

Institute, Stockholm, Sweden).

2.2.5.2. Oxygraphic activity assay

The abstraction of hydrogen in the LOX reaction is followed by the introduction of

atmospheric dioxygen into the fatty acid molecule. Thus, consumption of oxygen
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from the reaction mixture was considered as an additional read out parameter for
the oxygenase activity of PA-LOX. These measurements were carried out on the
oxygraph using a Clark-type oxygen electrode (Helmut Saur Laborbedarf,
Reutlingen, Germany). The reaction mixture comprised of 1 ml PBS containing
165 uM arachidonic acid or linoleic acid incubated in the presence of rabbit
ALOX15 and PA-LOX. After 5 min of incubation, the reaction was stopped by the
addition of sodium borohydride. After acidification and addition of methanol, the
products were then analyzed by HPLC. The membrane oxygenase activity of
rabbit ALOX15 and PA-LOX was determined by incubating both the LOXs with
1 mg/ml beef heart mitochondrial membranes. After 15 min of incubation, the
products were recovered by lipid extraction and alkaline hydrolysis and then
analyzed on the HPLC.

2.2.5.3. HPLC quantification of reaction products

2.2.5.3.1. Reversed phase - HPLC (RP-HPLC)

Isocratic RP-HPLC
HPLC analyses were performed on Shimadzu instrument equipped with a

Hewlett Packard diode array detector 1040 A. A Nucleodur C18 Gravity column
(Marchery-Nagel, Diren, Germany; 250 x 4 mm, 5 um particle size) coupled with
a guard column (8 x 4 mm, 5 um patrticle size) was used. A flow of 1 ml/min was
maintained throughout the run. The respective products were detected at
different absorbances and the corresponding solvents as indicated in Fout!

Ongeldige bladwijzerverwijzing..

Table 3: The absorbances and solvent systems used while detecting different LOX-
derived products.

Products Absorbance Solvent system
Conjugated 235 nm 85/15/0.1 (% v/v) of methanol/water/acetic
dienes acid
Conjugated 270 nm 80/20/0.1 (% v/v) of methanol/water/acetic
trienes acid
Conjugated 300 nm 380/620/1 (% viv) of
tetraenes acetonitrile/water/acetic acid
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RP-HPLC separation of mono- and double oxygenated phospholipids

Phospholipids containing a linoleic acid residue at both, the snl- and the sn2-
position can be oxygenated by PA-LOX to a mono- and a double-oxygenated
phospholipid. To separate mono- and double oxygenated phospholipids, the
reaction products were analysed on a gradient RP-HPLC system. An aliquot of
PA-LOX was incubated side by side with 1-palmitoyl-2-linoleoyl-
phosphatidylethanolamine and 1,2-dilinoleoyl-phosphatidylethanolamine. The
lipids were extracted (Bligh and Dyer, 1959) and the oxygenated phospholipids
were then directly analysed on a Shimadzu equipment and diode array detector.
A Nucleodur C18 Gravity column (Marchery-Nagel, Duren, Germany; 250 X
4 mm, 5 um particle size) was used. The two solvents employed with this system
were: 1) Solvent A: methanol/acetonitrile/water in the ratio of 70/20/10 (% v/v)
containing 1 mM ammonium acetate and 2) Solvent B: 100% Methanol
containing 1 mM ammonium acetate. The gradient system was set up in the
following manner: For the first 10 min, 100 % solvent A was employed. Due to
the lower concentration of methanol in solvent A (compared to solvent B), the
more polar compounds (di-oxygenated-PE) were first eluted. Then from 11-
40 min, the solvent system was shifted from 100 % solvent A to 100 % solvent B
(linear increase in solvent B concentration) to elute apolar compounds (mono-
oxygenated PE). From 41 — 50 min, the system was run with 100 % solvent B.
Finally, the solvent system was shifted back to 100 % solvent A within 10 min
(between 51 — 60 min) by a linear gradient. Absorbance at 235 nm indicated the
presence of conjugated diene containing phospholipids (mono-HODE-PE and di-
HODE-PE).

2.2.5.3.2. Straight phase - HPLC (SP-HPLC)

The separation of crirical pairs of different HETE-isomers (e.g. 11- and 15-HETE,
12- and 8-HETE) and HODE-isomers (13- and 9-HODES) is not possible by RP-
HPLC under our analytical conditions and thus, normal phase-HPLC (SP-HPLC)
was carried out to resolve these isomers. SP-HPLC was performed on a Nucleosil
100 - 5 column (Macherey/Nagel, Duren, Germany, 250 x 4 mm, 5 ym particle
size). An isocratic solution system of n-hexane/2-propanol/ acetic acid in a ratio

of 100/2/0.1 (% v/v) was employed at a flow rate of 1 ml/min. The products were
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detected at an absorbance of 235 nm. Using authentic standards, the HPLC was
calibrated and the products eluting at the respective retention times were
collected for further analyses.

In case of the incubations with mitochondrial membranes, the major classes of
phospholipids (PE, PS, PI, PC and cardiolipin (CL)) were separated by SP-HPLC
on a Nucleosil 50 - 7 column (Macherey/Nagel, Duren, Germany). The solvent
system employed here consisted of 2-propanol/n-hexane/ethanol/25 mM
phosphate buffer, pH 7.0/acetic acid in a ratio of 98/73.4/20/12.4/0.12 (% v/v) at
a flow rate of 1 ml/min (isocratic elution). To avoid precipitation of the phosphate,
the solvents were mixed in a particular order (Robins and Patton, 1986). The
absorbance at 210 nm indicating the presence of PUFAs containing
phospholipids and absorbance at 235 nm indicating the presence of conjugated
diene in the phospholipids were simultaneously recorded. Unfortunately, the
oxygenated phospholipids were not well separated from their non-oxygenated

counterparts under these chromatographic conditions.

2.2.5.3.3. Chiral phase - HPLC (CP-HPLC)

The enantiomer composition or chirality of the oxygenation products was
specified by CP-HPLC employing a Chiralcel OD column (Daicel Chem. Ind., Ltd.,
Osaka, Japan). A solvent system consisting of hexane/2-propanol/acetic acid
(100/5/0.1 % v/v) and a flow rate of 1 - 1.5 ml/min was employed for this purpose
(isocratic elution). The products were collected from either RP- or SP-HPLC,
solvent was evaporated and the products were reconstituted in the CP-HPLC

solvent for analysis.

2.2.6. Storage stability of purified enzyme

The stability of PA-LOX during long-term storage was explored under two
conditions. The recombinant enzyme was incubated for different time sets
(7 days) in the presence and absence of 10 % glycerol (v/v). After the respective
time period, the enzymatic activity of PA-LOX was determined by measuring the
catalytic activity of the enzymes using the spectrophotometric method.
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2.2.7. Determination of iron content

Ms. Constanze Richter carried out the atom absorbance spectroscopy (AAS) at
the Institute of Food Chemistry and Toxicology, Technical University Berlin,
Germany, to quantify the iron content of PA-LOX. For the determination of iron
content of wildtype-PA-LOX, the enzyme was first expressed and purified. Then
the iron content of 5 mg/ml of enzyme was quantified by AAS on a Perkin-Elmer
Life Sciences AA800 instrument equipped with an AS800 auto sampler
(Massachusetts, United States). The iron content value obtained was related to
the amount of enzyme that was measured spectrophotometrically (1 mg/ml of
pure PA-LOX gives an absorbance of 1.1 at 280 nm).

2.2.8. GC/MS and LC/MS/MS analysis

2.2.8.1. Analysis of fatty acid oxygenation products of PA-LOX

The fatty oxygenation capacity of PA-LOX was tested with different polyenoic
fatty acid substrates. The dominant conjugated dienes formed were prepared by
RP-HPLC. The carboxylic groups were methylated, the hydroxy groups were
silylated and the derivatives were analyzed by GC/MS to elucidate the chemical
structure of the major oxygenation products. Our collaborator, Dr. Igor lvanov
(University of Rostock, Institute of pharmacology and toxicology, Rostock,
Germany), carried these analyses out on a Hewlett Packard 5890 Series Il Plus
gas chromatograph coupled with Hewlett Packard 5971 detector and equipped
with a 19091A 101HP-Ultra 1 column (12 m x 0.2 mm, coating thickness
0.33 um). The temperature of the injector and the ion source was maintained at
280 °C and 200 °C, respectively. The following temperature program was
followed for the elution of the derivatized fatty acids from the gas chromatographic
column: isothermally at 70 °C for 3 min and then from 70 °C to 300 °C at a rate
of 30 °C/min.

2.2.8.2. Analysis of products with stereospecifically labeled substrates

Prof. Mats Hamberg (Department of Medical Biochemistry and Biophysics,
Karolinska Institute, Stockholm, Sweden) performed the GC/MS analysis of the
reaction products obtained when PA-LOX was interacted with stereospecifically
labeled linoleic acid (Hamberg, 1998, 2011). To determine whether the proS- or
proR-hydrogen of the bisallylic methylene was abstracted by PA-LOX, both the
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wildtype and Ala420Gly-PA-LOX were incubated with stereospecifically labeled
linoleic acid. The activity of this interaction was monitored on the
spectrophotometer after which the products were separated on SP-HPLC. The
retention of deuterium in the products (13-HODE in wildtype and 13-HODE and
9-HODE in Ala420Gly-PA-LOX) was determined by GC/MS analysis. Since the
mass of deuterium is higher than that of hydrogen, the C-?H bonds of the linoleic
acid are broken more slowly compared to the C-H bonds (Brash et al., 2012).

This difference is translated into a strong kinetic isotope effect (KIE).

2.2.8.3. Oxidized lipids of PA-LOX treated RBCs

Dr. Maceler Aldrovandi, (Institute of Infection and Immunity, Cardiff University,
United Kingdom) performed the LC/MS/MS analysis of the PA-LOX treated
human erythrocytes. The membrane oxygenase activity of PA-LOX was tested
by incubating the enzyme with intact erythrocytes for 12 h and 24 h. After the
incubation period, the assay mixture was subjected to lipid extraction and the
extracts were used to identify the oxygenated phospholipid species by reverse-
phase LC/MS/MS. Lipid extracts (10 pl) were analyzed on a LUNA RP C18
column (150 x 2.1 mm, 3 um particle size) (LUNA, Cheshire, United Kingdom)
using a binary solvent gradient of mobile phase A (methanol/acetonitrile/water of
60/20/20 % v/v, 1 mM ammonium acetate) and B (methanol 100 %, 1mM
ammonium acetate) at a flow rate 0.2 ml/min over 50 min. The elution gradient of
B (%) over time was: 50 — 100 % for 10 min, 100 % for 30 min, reduced to 50 %
in 2 min and held at 50 % for next 8 min. Products were monitored by LC/MS/MS
in negative ion mode, on a 6500 Q-Trap (Sciex, Cheshire, United Kingdom) using
the specific parent to daughter transitions (transitions specified in each graph in
Figure 31 of the results section 3.3.4.2.). Optimized ESI-MS/MS conditions were:
source temperature 500 °C, GS1 40, GS2 30, curtain gas (CUR) 35, ion spray
voltage (IS) -4500 V, first quadrupole (Q1) at low resolution, third quadrupole (Q3)
at unit resolution, dwell time 75 s, de-clustering potential (DP) -50 V, entrance
potential (EP) -10 V, collision energy (CE) -38 V and collision cell exit potential
(CXP) at -11V. 1,2-dipentadecanoyl-sn-glycero-3-phosphocholine (15:0/15:0)
(Avanti Polar Lipids, Alabaster, USA) and 1,2-dipentadecanoyl-sn-glycero-3-
phosphoethanolamine (15:0/15:0) (Avanti Polar Lipids, Alabaster, USA) internal
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standards were added at 10 ng per sample. Lipids were normalized to internal
standards to correct for extraction efficiencies.

2.2.9. Protein crystallization

The crystal trials, X-ray diffraction data collection, structural refinement and
structural modeling of both the wildtype- and Ala420Gly-PA-LOX were carried out
under the supervision of Dr. Patrick Scheerer by Jacqueline Kalms and Etienne
Galemou Yoga (Institute of Medical Physics and Biophysics, Charité -

Universitatsmedizin Berlin, Germany).

2.2.9.1. Wildtype- PA-LOX

Crystallization

PA-LOX was crystallized in two different crystallization buffers leading to two
different crystal forms. Crystallizations were performed with the sitting-drop vapor
diffusion method in 24-well Linbro plates (Jena Biosciences, Jena, Germany) and
a protein concentration of about 15 mg/ml at 293 K. The first crystallization
condition (crystal form 1) was obtained over a reservoir solution containing 10 %
polyethylene glycol (PEG) 3350, 50 mM magnesium chloride and 100 mM
HEPES buffer at pH 7.5. Precipitants and protein solution were mixed in a 1.5 :
2 ul ratio into micro-bridges (Hampton Research, Aliso Viejo, USA). After 6 —
8 weeks the needle shaped PA-LOX crystals were cryo-cooled in liquid nitrogen
using 20 % glycerol (v/v). The reservoir solution of the second crystallization
conditions (crystal form 2) contained 12 % PEG 3350, 0.2 M magnesium chloride
and 0.1 M Tris(hydroxymethyl)-aminomethane at pH 7.1. Precipitants, protein
solution and seeding stock were mixed into micro-bridges (Hampton Research,
Aliso Viejo, USA) according to the Microseed Matrix Seeding (MMS) protocol
from Hampton Research (Aliso Viejo, USA). After 3 — 6 weeks, the plate-shaped
crystals were cryo-cooled in liquid nitrogen using 25 % glycerol (v/v) as cryo-
protectant. The cryo-protectant was mixed to the crystallization buffer in 5 %
steps (15, 20 and 25 %).

Data collection and structure analysis

Diffraction data were collected at 100 K using synchrotron X-ray sources from
BESSY Il (Berlin, Germany) (Mueller et al., 2015) and ESRF (Grenoble, France).
The best diffraction datasets for the highest resolution of both PA-LOX crystal
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forms were collected at synchrotron beamline ID23-1 (Nurizzo et al., 2006) at
ESRF with a Pilatus 6M-F detector at 0.972 nm wavelength. The data collection
and strategy software packages MxCuBE (Gabadinho et al., 2010) and EDNA
(Incardona et al., 2009) were used. The data collection of the first crystal form
(needle shape — crystal form 1) was performed with a crystal-to-detector distance
of 284 mm and a rotation increment of 0.1 ° with 0.04 s exposure time for each
frame (1200 images). 1500 images of the second crystal form (plate shape —
crystal form 2) were collected with a crystal-to-detector distance of 215 mm and
a rotation increment of 0.1 ° with an exposure time of 0.04 s for each frame. The
images of each data set were indexed, integrated and scaled using the XDS
(Kabsch, 2010) program package and the CCP4 program SCALA (Collaborative
Computational Project, 1994; Evans, 2006). The crystal form 1 belongs to the
orthorhombic space group P2:212 (approximately unit cell constants: a =
133.09A, b = 116.35A, ¢ = 42.72 A, a = B = y= 90.00 °). The crystal form 2
belongs to the orthorhombic space group C2221 (a = 83.74A, b =97.39A, c =
153.84 A, a =B = y=90.00 °).

Table 5 (Results section 3.1.3.2.) summarizes the statistics for crystallographic
data collection and structural refinement. Initial phases for both crystal forms of
wildtype-PA-LOX were obtained by the conventional molecular replacement
protocol (rotation, translation, rigid-body fitting) using the crystal structure of a
phospholipid-lipoxygenase complex from Pseudomonas aeruginosa (PDB entry
4G32), which was used in the program Phaser (McCoy et al., 2007) of the CCP4
software package (Collaborative Computational Project, 1994). A simulated-
annealing procedure with the resulting models were performed using a slow-
cooling protocol and a maximum likelihood target function, energy minimization
and B-factor refinements by the program PHENIX (Adams et al., 2010), which
were carried out in the resolution range of 43.8 - 1.9 A for the crystal form 1 and
48.97 - 1.48 A for the crystal form 2, respectively. After the first round of
refinements, phospholipid substrates in the ligand-binding pockets were clearly
visible in the electron density of both oa-weighted 2Fo-Fc maps, as well as in the
oa-weighted simulated annealing omitted density maps for both crystal forms of
PA-LOX. Both PA-LOX crystal forms were modeled with TLS refinement (TLS -
Translation, Libration (small movements) and Screw-rotation of a group of atoms)

using anisotropic temperature factors for all atoms (Winn et al., 2001).
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Restrained, individual B-factors were refined, and the crystal structure was
finalized by the CCP4 program REFMACS5 (Vagin et al., 2004) and other
programs of the CCP4 suite (Collaborative Computational Project, 1994). The
final model has agreement factors Rfee and Rcryst Of 18.2 % and 14.4 %, for
wildtype-PA-LOX crystal form 1 and 15.5 % and 13.6 %, for wildtype-PA-LOX
crystal form 2, respectively. Manual rebuilding of the wildtype-PA-LOX crystal
form 1 and 2 models and electron density interpretation were performed after
each refinement cycle using the program COOT (Emsley et al., 2010). Structure
validation was performed with the programs PHENIX (Adams et al., 2010), RCSB
PDB Validation server (Berman et al., 2000), MolProbity (Davis et al., 2007),
SFCHECK (Vaguine et al., 1999), PROCHECK (Laskowski et al., 1993),
WHAT_CHECK (Hooft et al., 1996) and RAMPAGE (Lovell et al., 2003). All
crystal structure superpositions of backbone a-carbon traces were performed
using the CCP4 program LSQKAB (Collaborative Computational Project, 1994).
All molecular graphics representations in this work were created using the PyMol
software package.

Structural modeling of enzyme substrate complexes

Both  structures of the  wildtype-PA-LOX enzyme present a
phosphatidylethanolamine molecule in two connected hydrophobic pockets of
which one is close to the active site (subcavity 1). The electron density of the
endogenous ligand was used to model linoleic acid and arachidonic acid in both
PA-LOX structures. Structures of arachidonic acid and linoleic acid were provided
by the COOT library and were directly modeled into the (positive difference) Fo-
Fc electron density map of the ZPE-ligand via several steps of rotation, translation
and real space refinement. The model-complex structures were finalized using
the restrained refinement procedure of the CCP4 program REFMACS5 and a last
refinement of geometric restrains using COOT (Vagin et al., 2004). The structure
of 5,8,11-eicosatrienoic acid was created with PyMOL using arachidonic acid as
template, since both fatty acids only differ in the double bond between C14 and
C15.

2.2.9.2. Ala420Gly-PA-LOX

Crystallization

Purified Ala420Gly mutant was crystallized with the sitting-drop vapor diffusion
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method in 24-well Linbro plates (Jena Biosciences, Jena, Germany) at a protein
concentration of about 15 mg/ml at 293 K. The reservoir solution contained 12 %
polyethylene glycol 3350, 0.2M magnesium chloride and 0.1 M
Tris(hydroxymethyl)-aminomethane at pH 7.1. Precipitants, protein solution and
seeding stock were mixed into micro-bridges (Hampton Research, Aliso Viejo,
USA) according to the Microseed Matrix Seeding (MMS) protocol from Hampton
Research. After 2-3 weeks, the plate-shaped crystals were cryo-cooled in liquid
nitrogen using 25 % glycerol (v/v) as cryo-protectant. The cryo-protectant was
mixed with the crystallization buffer in 5 % steps (15, 20 and 25 %).

Data collection and structure analysis

Diffraction data was collected at the synchrotron radiation facility ESRF in
Grenoble, France. The best data set was collected at the tunable beamline 1D
23-1 (Nurizzo et al., 2006) with a PILATUS 6M-F detector at a wavelength of A =
0.972 A using the data collection and strategy software packages MxCube
(Gabadinho et al., 2010) and EDNA (Incardona et al., 2009). The collection was
performed at 100 K, a crystal-to-detector distance of 261 mm and a rotation
increment 0.15 ° with an exposure time of 0.04 s for each frame (1000 images).
The images of the best data set were indexed, integrated and scaled using the
XDS program package (Kabsch, 2010) and the CCP4 program SCALA
(Collaborative Computational Project, 1994; Winn et al., 2011). Crystals belong
to orthorhombic space group C222, (approximately unit cell constants: a = 84 A,
b=97 A, c=156 A; a=p=y=90.00 °). Initial phases for PA-LOX-Ala420Gly mutant
were obtained by molecular replacement based on the crystal structure of the
phospholipid-lipoxygenase complex from Pseudomonas aeruginosa (PDB entry
5IR4) as initial search model using the CCP4 program PHASER (McCoy et al.,
2007). Subsequently, different refinement strategies (inter alia real-space
refinement, B-factor refinements) and simulated-annealing (slow cooling
protocol, maximum likelihood target function, energy minimization) were carried
out. The search for water molecules was performed with the PHENIX program
(Adams et al., 2010). The crystal structure was modeled with TLS refinement
using anisotropic temperature factors for all atoms. The crystal structure was
finalized with the CCP4 program REFMACS5 (Murshudov et al., 1997). Manual
rebuilding of the PA-LOX-Ala420Gly mutant model and electron density
interpretation was performed after each refinement cycle using the program
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COOT (Emsley et al., 2010). The final model has agreement factors Ryee / Ryork
of 17.1 % / 13.9 % (Bringer, 1992). Structure validations were performed with
the programs of the RCSB PDB Validation server (Berman et al., 2000),
MolProbity server (Davis et al., 2007) and WHAT IF server (Rodriguez et al.,
1998). All molecular graphics representations were created using PyMOL. Table
13 (Results section 3.2.3.4.) summarizes the statistics for crystallographic data
collection and structural refinement.

Structural modeling of enzyme substrate complexes

The crystal structure of the PA-LOX-Ala420Gly mutant described here contains
a phosphatidylethanolamine molecule (namely ZPE in the PDB entry) bound at
the substrate-binding pocket. The two fatty acid moieties of this endogenous
ligand occupy two adjacent fatty acid binding sub-cavities, which are connected
by a lobby, which harbors the polar head group of the phospholipid. The sub-
cavity that contains the snl fatty acid involves the catalytic non-heme iron.
Linoleic acid and arachidonic acid molecules were modeled into this sub-cavity
on the basis of the endogenous ligand. Both structures of the two fatty acids were
obtained from the COOT (Emsley and Cowtan, 2004) small molecule library and
directly fitted manually into the position of the endogenous ligand via several
steps of rotation; translation and geometry regularization refinement. The model-
complex structure was finalized using the structure geometry optimization
(idealization) procedure of the CCP4 program REFMACS, following a refinement
of geometric restrains in COOT.

Caver tunnel analysis

The Caver 3.0 (Chovancova et al., 2012) program was used as PyMOL plugin.
The settings in the program have been changed manually. The C11 and C15
carbon atom of the docked arachidonic acid as well as the C9 and C13 of linoleic
acid served as initial starting point in the crystal structures of both wild-type (PDB
entry 5IR4) and Ala420Gly (PDB entry 5LC8) mutant PA-LOX. The shell depth
(4 A), shell radius (3 A), cluster threshold (3.5 A), the maximum distance (3 — 4 A)
and the desired radius (5 A) were maintained constant for all calculations. The
maximum distance specifies the maximal distance of the tunnel calculation
starting point from the initial starting point. The minimum probe radius was

defined by the largest value showing a tunnel within the given parameters.
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3. RESULTS

3.1. Expression and characterization of PA-LOX

3.1.1. Sequence alignment

To compare the amino acid sequence of the PA-LOX variant expressed in this
study (no secretory sequence) with the sequences from other 15-lipoxygenating
isoforms (human ALOX15, human ALOX15B, rabbit ALOX15, soybean 15-LOX
and mouse alox15, Table 4), sequence alignments were carried out using the
EMBOSS Needle software from EMBL-EBI. To get accurate alignments, the

software introduced gaps to compensate for the insertions and deletions.

Table 4: Pairwise alignment of PA-LOX with other LOX-isoforms.

LOX type Identity (%) | Similarity (%)
Human ALOX15 25.6 38.8
Human ALOX15B 28.0 40.5
Rabbit ALOX15 22.3 34.7
Soybean 15-LOX1 22.9 34.0
Mouse alox15 24.9 38.5

PA-LOX shares a medium (25 % amino acid identity, 40.5 % amino acid
similarity) degree of amino acid conservation with these five lipoxygenases.
These data indicate that PA-LOX may not be closely related to these LOXs.

Summary: As prokaryotic LOXs, PA-LOX only shares a minor degree of amino
acid homology with higher developed plant and animal LOXs.

3.1.2. Expression of PA-LOX as a recombinant protein

For construction of the expression plasmid the cDNA of PA-LOX lacking the
secretion sequence was cloned into the pET 28a(x) expression plasmid, which
contains a kanamycin resistant gene. Because of technical reasons the coding
sequence of PA-LOX in the expression plasmid was preceded by a N-terminal
Hiss-tag followed by 11 additional amino acid residues originating from the pET

28a(x) vector. The construct was devoid of the first 18 N-terminal amino acids of
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the native protein, which involves the signal peptide responsible for effective
secretion (Vance et al., 2004). The recombinant protein begins with alanine at

the 19" position (last amino acid of the signal peptide) of the sequence (arrow in

Figure 5).
Native ——mee- MKRRSVLLSGVALSGTALANDSIFFSPLKYL-
Recombinant -MGSSHHHHHHSSGLVPRGSHMANDSIFFSPLKYL-

Figure 5: The predicted signal peptide region, Hiss-tag and the vector sequence of the
native and recombinantly expressed PA-LOX. Green: secretory sequence, black: protein
sequence, blue: vector sequence and red: N-terminal Hise-tag; arrow: the start position
of the coding sequence of signal sequence free PA-LOX.

PA-LOX was expressed as a recombinant protein in E. coli BL21 cells. After
expression was induced with IPTG, the cells were grown overnight at 25 °C,
bacteria were spun down, washed with PBS and the bacterial pellet was
reconstituted in 5 ml of PBS. After sonication, PA-LOX was purified from the
bacterial lysis supernatant by affinity chromatography on a nickel agarose
column. From SDS-PAGE gels stained with coomasie blue, it was concluded that
the majority of the recombinant protein was eluted in elution fractions 1-3 and that
the LOX preparation was >80 % pure (Figure 6). The identity of the protein bands
was confirmed by immunoblotting with an anti-Hise-tag antibody (not shown). In
a culture volume of 50 ml, we got a total yield of 3.2 + 0.3 mg (n=10) of purified
recombinant protein. Therefore, ~63.3 £ 5 mg of pure PA-LOX can be obtained
per liter of bacterial culture fluid. Another study has reported a total yield of 12 mg
PA-LOX/L (Deschamps et al., 2016) using a different E. coli expression system.
From SDS-PAGE (Figure 6), it became evident that the recombinant PA-LOX
migrated at an apparent molecular weight of 70 kDa, which was consistent with
previous literature data (Vidal-Mas et al., 2005). However, this value significantly
differs from the PA-LOX isolated from the periplasmic space of P. aeruginosa

bacteria, which showed a molecular weight of 45 kDa.
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Figure 6: Bacterial PA-LOX expression. PA-LOX was expressed as a recombinant Hise-
tag-fusion protein in E. coli in a 50 ml culture. The cells were first washed and the
bacterial pellet was re-suspended in 5 ml of PBS. After lysis by ultrasonication, an aliquot
(500 ul) of the bacterial lysis supernatant was stored for further analysis. The remaining
bacterial lysate was then purified on a nickel-agarose affinity chromatography column.
The majority of the recombinant PA-LOX protein was eluted in the fractions 1, 2 and 3
when the column was eluted with 300 p/ aliquots of the elution buffer containing 200 mM
imidazole. An aliquot (1 ul) of the bacterial lysis supernatant (Lys) and aliquots (2 ul) of
the different elution fractions 1,2,3 and 4 were analyzed by SDS-PAGE (Coomassie
staining) to determine the degree of purity. M-Precision plus unstained marker (Biorad,
California, USA) was used (Banthiya et al., 2016).

These data suggest that the native protein might have undergone post-
translational proteolysis before or during its excretion into the periplasmic space
(Busquets et al., 2004).

Summary: Recombinant PA-LOX was high level expressed in E. coli (63 mg/I
liquid culture) as N-terminal Hise-tag fusion protein and purified to
electrophoretic homogeneity (80 % pure) by affinity chromatography on Ni-
agarose.

3.1.2.1. Purification of PA-LOX using gel filtration

The PA-LOX preparation obtained from affinity chromatography was about 80 %
pure exhibiting a molecular weight of 70 kDa. However, in addition to the PA-LOX
band, two other major contaminating proteins were seen at molecular weights
25 kDa and 45 kDa. In an attempt to further purify PA-LOX, the elution fractions
obtained from affinity chromatography were pooled and subjected to gel filtration.
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Figure 7: Purification of PA-LOX by gel filtration. Affinity purified enzyme (4 mg) was
subjected to FPLC-gel filtration. Elution fractions of 500 u/ were collected. Aliquots
(0.8 ug) of fractions 18 — 27 (elution volume 9 — 14 ml) were then analyzed by SDS-
PAGE (Coomassie staining) to determine the degree of purity. M: Precision plus
unstained marker.

From Figure 7, it can be seen that a single major peak of PA-LOX exhibiting a
molecular weight of 70 kDa was obtained on the FPLC. Aliquots of the major peak
obtained from gel filtration were then analyzed on SDS-PAGE to determine the
purity of the peak. As indicated in the inset of Figure 7, the contaminating bands
seen in Figure 6 were now absent in these aliquots indicating a close to 100 %
pure PA-LOX preparation.

Summary: When subjected to purification by gel filtration chromatography, a
single major peak close to 100 % pure PA-LOX preparation was obtained.

3.1.3. Chemical properties of enzyme preparation

3.1.3.1. Iron content of PA-LOX

The iron content of the recombinantly expressed enzyme was 106 + 3 mol %
indicating that each molecule of enzyme carries one iron ion. Thus, the iron
homeostasis of the expression system was sufficient to allow high yield
expression of an iron containing recombinant protein. In a recent study, in which

PA-LOX was expressed as 76 kDa version using a TOPO expression vector the
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authors have identified an iron load of 67 % (Deschamps et al., 2016) indicating
that 1 out of 3 enzyme molecules in this particular enzyme preparation did not

contain iron and thus, was catalytically silent.

Summary: Recombinant PA-LOX contains 1 gram atom iron / mole enzyme.

3.1.3.2. Crystal structure of wildtype-PA-LOX

In previous studies on the structure-functionality relation of PA-LOX, the enzyme
was crystallized (Garreta et al., 2013) and its 3D structure was solved at 1.75 A
resolution. In addition to this structure, two other sets of X-ray data have been
provided for this enzyme. These included a wildtype-PA-LOX with a PDB entry
4G33 (2.0 A) (Garreta et al., 2013) and Gly188GIu mutant of PA-LOX with a PDB
entry 4RPE (1.6 A). In all structures the active site of the enzyme involved a
complete phospholipid molecule (phosphatidylethanolamine — ZPE, of PDB
nomenclature), which contains different fatty acids: C14:1, C18:1 at its snl1 and
sn2 positions (Garreta et al., 2013). In contrast, the Gly188GIlu mutant of PA-LOX
has been suggested to involve another type of phosphatidylethanolamine (8PE,
of PDB nomenclature) at its active site which contained C14:0, C18:0 as its fatty
acids (PDB entry: 4RPE). Thus, although the crystal structures of the proteins are
almost identical the structures of the bound endogenous ligands are different. It
should be stressed at this point that the electron density maps generated by X-
ray crystallography at such resolutions can neither accurately predict the chain
length of the attached fatty acids nor differentiate between single and double
bonds. Therefore, four points need to be addressed in greater detail in order to
obtain the precise structure of the endogenous ligand. 1) The number of carbon
atoms of the fatty acid chains at snl and sn2 positions of the phospholipid, 2)
The presence of double and/or single bonds in these fatty acids, 3) The positions
of the double (if any) bonds and 4) The geometry (cis/trans) of the double bonds.
More detailed chemical analysis of the enzyme bound lipids must be carried out
to comprehensively identify the precise structure of the endogenous ligand.

We also solved the crystal structure of our recombinantly expressed PA-LOX and
obtained two different forms of crystals with different geometry: 1) Crystal form 1:
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at 1.9 A resolution (PDB entry 5IR5; space group P21212) 2) Crystal form 2: at
1.48 A resolution (PDB entry 5IR4; space group C2221).

Table 5 summarizes the details of data collection and the refinement statistics.
Wildtype-PA-LOX is devoid of the N-terminal PLAT domain (Figure 8A), which is
a typical element of most eukaryotic LOXs (Bateman and Sandford, 1999). Unlike
the eukaryotic LOXs, the substrate-binding pocket of both our crystal forms is a
bifurcated cavity, which involves a phosphatidylethanolamine molecule (ZPE of

the PDB nomenclature).

Table 5: Methodological details of data collection and refinement statistics of PA-LOX
crystals (Banthiya et al., 2016).

PDB entry 5IR5 | 5IR4
Beamline ESRF; ID23-1 (Grenoble, France)
Number of crystals 1
Space group P21212 C222,
Unit cell (a, b, ¢ [A]; a, B, y | 133.09, 116.35, 42.72; | 83.74, 97.39, 153.84;
‘D 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Wavelength [A] 0.97242 0.97242
Resolution [A] 43.8-1.9(2.0-1.9) 48.97 - 1.48 (1.56 —

1.48)

Rpim 0.034 (0.249) 0.035 (0.355)
Rmerge 0.065 (0.471) 0.076 (0.774)
l/o (I) 13.1(2.8) 14.5 (2.0)
Completeness [%] 99.6 (99.8) 99.8 (99.0)
Redundancy 4.4 (4.4) 5.6 (5.6)
Rwork [%] 14.4 13.6
Riree [%] 18.2 155
Ramachandran favoured | 94.2 94.7
[%]
Ramachandran allowed [%] | 5.8 5.3
Ramachandran outlier [%] | O 0
RMSD superpose 0.118 (PDB entry 0.364 (PDB entry
(LSQKAB) 4G32) 4G33)

Previous data suggested that the phospholipid head forms 2 ionic bonds with the
protein. 1) Between the phosphate head group of the phospholipid and
guanidinium group of Arg422 (Figure 8A) and 2) Between the terminal amino
group of the phospholipid and the carboxylic group of Asp190. In addition to this,
the side chain of Arg422 might also contribute to enzyme-phospholipid interaction
(Garreta et al., 2013).
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Figure 8: Comparison of wildtype-PA-LOX crystal structures: A) The two forms of PA-
LOX crystals (crystal form 1 and 2) were superimposed on each other. Crystal form 1 is
represented as a blue cartoon and the crystal form 2 as orange cartoon. The endogenous
ligand (ZPE) is depicted by yellow and green sticks in crystal form 1 and 2 respectively.
The non-heme iron atom is shown as a red sphere. Inset: Closer view of the substrate
pocket which involves the endogenous Iligand. The head group of the
phosphatidylethanolamine ZPE in crystal form 1 is coordinated by the amino acids
Asp190 and Arg422 via hydrogen bonds. In crystal form 2, the antiparallel lid helices are
slightly shifted (by ~5 °) as indicated by the yellow arrow. Thus, the polar head group of
the ligand does not have any interaction with Arg422 (depicted as a black arrow). B) The
non-heme iron (blue sphere) is coordinated within an octahedral complex with five amino
acids (depicted as orange sticks) as direct protein ligands and a water molecule
(depicted as green sphere) (Banthiya et al., 2016).

The substrate-binding pocket of PA-LOX appears to be custom designed to
efficiently bind a complete phospholipid molecule. The snl fatty acid of the
phospholipid occupies the non-heme iron containing catalytic sub-cavity 1 while
the sn2 fatty acid moiety occupies the sub-cavity 2, which is devoid of any direct
access to the catalytic iron atom. The polar head group of the endogenous ligand
occupies the active site “lobby”. The catalytic centers of both the crystal forms
contain the catalytic non-heme iron. The metal ion is complexed in an octahedral
ligand sphere, in which three histidines (His377, His382 and His555), Asn559
and the C-terminal 11e685 function as direct protein iron ligands. As a sixth iron
ligand, a water molecule or a hydroxyl group was identified (Figure 8B). The
distance of the water (hydroxyl) molecule to the iron atom is 2.2 A (hydrogen
bond distance) and it also forms hydrogen bridges to the carboxylate oxygen of
the C-terminal 1le685. The amino acids that line the substrate binding pocket
include Glu373, Met374, Leud24, Phe430, lle431, Met434, Phe435, GIn562,
Ile608 and Tyr609. The catalytic subcavity-1 is separated from the catalytically

silent subcavity-2 by a hydrophobic barrier formed by the amino acids lle117,
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Phel20, Vall89, lle192, Leul93, Alal96, Serl97, Phe430, Leu600, Leu603 and
Glu604. The side chain of 11e608 limits the bottom of subcavity-2. Although the
wildtype-PA-LOX lacks the N-terminal PLAT domain of the eukaryotic LOXs, it
contains a pair of long-antiparallel helices that function as lid to the entrance of
the substrate-binding pocket. These two alpha-helices occupy slightly different
positions in the two crystal forms suggesting a certain degree of motional
flexibility of this lid structure. Taken together, when our 3D-structure crystal forms
was overlaid with the previously solved structures of the wildtype-PA-LOX (PDB
entries: 4G32 and 4G33) (Garreta et al., 2013), there were only minor structural
differences. Otherwise, the structures seemed virtually identical. However, the

structure of the endogenous lipid ligand has not completely been solved

Summary: The wildtype-PA-LOX was successfully crystallized and the
structure was solved to a resolution of 1.48 A and 1.9 A. Unlike eukaryotic
LOXs, PA-LOX folds into a single domain structure and is devoid of the N-
terminal PLAT domain.

3.1.4. Enzymatic properties of wildtype-PA-LOX
3.1.4.1. Oxidation of arachidonic and linoleic acid by PA-LOX

3.1.4.1.1. Product analysis

Arachidonic acid (AA) and linoleic acid (LA) are the two most frequently occurring
polyenoic fatty acids in mammalian cells. The ability of PA-LOX to oxygenate
these fatty acids was tested by incubating an aliquot of purified PA-LOX with the
two fatty acid substrates. The catalytic activity was first monitored on the
spectrophotometer for 3 min after which the products were prepared. RP-, SP-
and CP-HPLC analysis of the prepared products indicated that PA-LOX
converted arachidonic acid to 15S-HETE and linoleic acid to 13S-HODE (Figure
9 and Figure 10).
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Figure 9: Product analysis of PA-LOX with arachidonic acid by HPLC. An aliquot (0.4 ug)
of PA-LOX from the elution fraction 2 (obtained using nickel agarose affinity
chromatography) was incubated with 165 uM of arachidonic acid in 1 ml of PBS (pH 7.4)
for 3 min at 25 °C. The products were prepared and analyzed by HPLC. (A) RP-HPLC
(B) SP-HPLC (C) CP-HPLC analysis. (Banthiya et al., 2016).

Thus, PA-LOX oxygenates the two fatty acids at the n-6'" position irrespective of

the chain length and number of double bonds present in the substrate fatty acid.
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Figure 10: Product analysis of PA-LOX with linoleic acid on the HPLC. An aliquot (0.4 ug)
of PA-LOX from the elution fraction 2 (obtained using nickel agarose affinity
chromatography) was incubated with 165 uM of linoleic acid in 1 ml of PBS (pH 7.4) for
3 min at 25 °C. The products were prepared for product analysis on the HPLC. (A) RP-
HPLC (B) SP-HPLC (C) CP-HPLC analysis. (Banthiya et al., 2016).

Summary: Recombinant PA-LOX converts arachidonic acid to 15S-HETE and
linoleic acid to 13S-HODE suggesting an n-6 fatty acid oxygenase activity.
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3.1.4.1.2. Quantification of kinetic parameters

Basic enzyme kinetic parameters for PA-LOX were determined both by
spectrophotometrically assaying the increase in absorbance at 235 nm and
oxygraphically measuring the oxygen uptake using a Clark-type oxygen
electrode. On the oxygraph, a fresh preparation of PA-LOX exhibited a molecular
turnover ratio of 162.4 + 33.3 st at 165 uM of linoleic acid in the absence of any
detergent. In strictly comparative measurements under identical experimental
conditions pure rabbit ALOX15 exhibited a linoleic acid molecular turnover ratio
of 13.6 £ 2.6 s. This value for rabbit ALOX15 is in fair agreement with the results
of previous studies reporting molecular turnover rates of this enzyme for linoleic

acid ranging between 5 — 50 s (Schewe et al., 1986b; Borngraber et al., 1998).
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Figure 11: The Lineweaver-Burk plot for PA-LOX with arachidonic acid and linoleic acid
as substrates. 2 ug of PA-LOX was incubated with five different substrate concentrations
(20, 20, 50, 100 and 165 uM) at 25 °C for 3 min in 1 ml of PBS (pH 7.4). The increase in
absorbance at 235 nm was measured in the absence of any detergent. The activity data
was then used to construct the Lineweaver-Burk plot with A) arachidonic acid B) linoleic
acid (Banthiya et al., 2016).

More detailed kinetic measurements were carried out for PA-LOX on the
spectrophotometer to determine the substrate affinity (Km) of this enzyme. For
this purpose an aliquot of PA-LOX was incubated with five different substrate
concentrations and the increase in absorbance at 235 nm was monitored on the
spectrophotometer. The linear parts of the kinetic progress curves were used to
construct the Lineweaver-Burk plot (Figure 11) from which the basic kinetic
parameters (Km, Vmax and Kcat) for each substrate were determined (Table
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6).The wildtype-PA-LOX exhibited a higher affinity for arachidonic acid when
compared to linoleic acid (Table 6). However, since the maximal rate of linoleic
acid oxygenation was higher than that with arachidonic acid, the catalytic

efficiency of PA-LOX with both the fatty acid substrates was very similar.

Table 6: Kinetic parameters of PA-LOX with arachidonic acid and linoleic acid as its
substrates (Banthiya et al., 2016).

Molecular Km Keat/Km
Substrate turnover rate 1
-1 (uM) (uM.s)
(s™)
Arachidonic acid 23.5 48.9 0.48
Linoleic acid 65.4 174 0.38

The molecular turnover rate of PA-LOX with linoleic acid is almost 2.5-fold higher
when oxygraphic measurements were carried out (162 s) as compared with the
measurements at the spectrophotometer (65.4 s1). Side by side experiments
under strictly identical assay conditions using the same enzyme preparation
indicated a molecular turnover rate of 145 + 14 s on the oxygraph and 76 *
0.35s? on the spectrophotometer. Therefore, a 2:1 stoichiometry between
oxygen consumption (oxygraph) and conjugated diene formation
(spectrophotometer) was observed. Oxygen consuming secondary reactions,
which might contribute to the disappearance of conjugated dienes, may be
discussed as reasons for this unusual stoichiometry. Previously, a 1.1
stoichiometry between oxygen uptake and conjugated diene formation has been
reported for rabbit ALOX15 (Kihn et al., 1986).

Summary: The almost similar Kcat/Km ratios indicate that PA-LOX has no
major preference for either arachidonic or linoleic acid as its substrate.

3.1.4.2. Substrate specificity of PA-LOX

Linoleic acid, alpha- and gama-linolenic acids, arachidonic acid,
eicosapentaenoic acid and docosahexaenoic acid are the most abundant
naturally occurring ALOX15 substrates (Ilvanov et al., 2015). Since PA-LOX
effectively oxygenates linoleic acid and arachidonic acid, it was important to find
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out whether other n-6, n-3 and n-9 polyenoic fatty acids are suitable substrates
for the enzyme. To answer this question PA-LOX was incubated
spectrophotometrically with the different polyenoic fatty acids substrates
indicated in Table 7. The catalytic activities with the different fatty acids were
determined by measuring the increase in absorbance at 235 nm in triplicates on
the spectrophotometer. The oxygenation products were prepared by RP-HPLC
and then analyzed as trimethylsilyl derivatives by gas chromatography/mass
spectroscopy.

Table 7 indicates that most of the fatty acids are oxygenated at the n-6™ carbon
atom irrespective of the chain length and of the number of double bonds.
However, the w-9 fatty acid, C20:A5,8,11 was not effectively oxygenated since
no sizeable increase in absorbance at 235 nm could be measured using the
spectrophotometer. Thus, it was impossible to quantify the kinetic constants. In
order to explore the structure of small amounts of oxygenation products, which
cannot be reliably detected by spectrophotometric measurements, are formed
from this fatty acid, large-scale incubations were carried out with this fatty acid
substrate. Then the oxygenation products were prepared by RP-HPLC (Figure
12A) and analyzed by GC/MS analysis. The key ions at m/z 261 (alpha-cleavage,
relative abundance 100 %) and m/z 466 (molecular ion, relative abundance
0.2 %) indicated that the major product was a 5-hydro(pero)xy-derivative of this
polyenoic fatty acid. These data indicate that, this polyenoic acid undergoes
oxygenation at the n-16" carbon atom. Thus, with this fatty acid, PA-LOX exhibits
a 5-lipoxygenating activity (Figure 12). The mechanistic basis for this unusual
reaction specificity of the enzyme with 5,8,11-eicosatrienoic acid has not been
explored in detail but the most plausible explanation for the observed 5-
lipoxygenation may an inverse head-to-tail substrate orientation at the active site.
It may be postulated that the fatty acid slides into the substrate-binding pocket
with its carboxylic group ahead. Among the other fatty acids substrates tested,
PA-LOX preferred dihomo-y-linolenic acid (C20:A8,11,14; w-6) followed by
docosahexaenoic acid (C20:A4,7,10,13,16,19; w-3), arachidonic acid
(C20:A5,8,11,14; w-6) linoleic acid (C18:A9,12; w-6) and eicosapentaenoic acid
(C20:A5,8,11,14,17; w-3:) as indicated by their relative catalytic activities.
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Table 7: Relative catalytic activities of PA-LOX with different polyenoic fatty acid substrates and GC/MS analysis of the corresponding
oxygenated products (Banthiya et al., 2016).

Chain . Relative catalytic | Position of Most informative key ions in MS m/z (rel.
Class Substrate fatty acid . .
length efficiency (%) oxygenation abundance)
C18:A9,12 50 n-6 (Ci3) n.a.
®-6
C18:A6,9,12 11 N-6 (C1s) 17+3 (100), 367 (10.7) a-cleavage, 438 (0.1,
C18 M)
C18:A9,12 15 11 N-6 (C1s) iﬂ?; (84.1), 369 (8.8), a-cleavage, 438 (0.4,
®-3
C18:A6.9.12 15 6 N-6 (C1s) iﬂ?; (82.3), 367 (2.0), a-cleavage, 436 (0.2,
®-9 C20:A5,8,11 n.d. n-15 (Cs) 261 (100, a-cleavage), 466 (0.2, M%)
C20:A11,14 66 n-6 (Cis) 173 (100, a-cleavage), 468 (0.7, M*)
-6 C20:A8,11,14 428 n-6 (Cis) 173 (100, a-cleavage), 466 (0.7, M*)
C20
C20:A5,8,11,14 100 n-6 (Cis) 173 (90.9, a-cleavage), 464 (0.5, M*)
C20:A8,11,14,17 39 n-6 (Cis) 171 (90.9, a-cleavage), 464 (0.2, M*)
®-3
C20:A5,8,11,14,17 6 n-6 (Cis) 171 (69.3, a-cleavage), 462 (0.4, M)
C22 -3 C22:A4,7,10,13,16,19 367 n-6 (C17) 171 (48.0, a-cleavage), 488 (0.2, M*)
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Eicosapentaenoic acid is well oxygenated by most mammalian ALOX15
orthologues (Haeggstrom and Funk, 2011), but for PA-LOX it is a rather poor
substrate (relative catalytic activity of 6 %). In another study on substrate
specificity of PA-LOX, it was reported that arachidonic acid was the most
preferred substrate followed by linoleic acid, eicosapentaenoic acid,
docosahexaenoic acid and dihomo-gamma-linolenic acid (Deschamps et al.,
2016).
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Figure 12: RP-HPLC analysis of selected polyenoic fatty acid substrates with PA-LOX.
The bacterial lysate supernatant of PA-LOX ranging from 2-11 uyg/ml was incubated in
1 ml of PBS (pH 7.4) containing 0.1 mM of different polyenoic fatty acids substrates with
variable chain lengths and number of double bonds. The activity was monitored
spectrophotometrically in triplicates. The major conjugated dienes were then prepared
by RP-HPLC and analyzed as TMS-derivatives by GC/MS. The indicative fragmentation
pattern is given in the insets. A) C20:A5,8,11 (w-9), 11 ug, B) C20:A8,11,14 (w-6),
5.5 ug; C) C22:A4,7,10,13,16,19 (w-3), 2.2 ug (Banthiya et al., 2016).

The reason for these conflicting data remains unclear. However, the differences
in the assay systems (different substrate concentrations: 10 uM in the

Deschamps study vs. 100 uM in our study; different pH values: 7.0 in the
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Deschamps study vs. 7.4 in our study) are likely to contribute to the different

outcomes.

Summary: PA-LOX oxygenates most fatty acids at the n-6™ position and
dihomo-y-linolenic acid and docosahexaenoic acid are its preferred fatty acid
substrates.

3.1.4.2.1. Poor substrate behavior of C20:A5,8,11

As indicated in Table 7, arachidonic acid and linoleic acid are suitable substrates
for PA-LOX while C20:A5,8,11 eicosatrienoic acid was hardly oxygenated. To
determine the reason behind this substrate specificity we modeled the three
substrates into the active site of PA-LOX on the basis of the endogenous ligand.
Following the anatarafacial character of LOX, the proS hydrogen of C13 of
arachidonic acid and the proS-hydrogen of C11 of linoleic acid are abstracted in
PA-LOX catalyzed reaction (see section 3.2.3.3). Thus these atoms should be

localized in close proximity to the non-heme iron.

Figure 13: Structural modeling of wildtype-PA-LOX with three different polyenoic fatty
acid substrates. The enzyme-substrate complexes were modeled into the substrate
binding pocket on the basis of the X-ray coordinates of the endogenous ligand. The iron
atom is indicated as a blue sphere, the water molecule completing the octahedral iron
ligand sphere is given as cyan sphere, the iron liganding amino acids are represented
by orange sticks, the remaining wildtype-PA-LOX protein as orange cartoon and the fatty
acid substrates as green sticks. A) Linoleic acid, B) Arachidonic acid and C) C20:45,8,11
eicosatrienoic acid were modeled at the position of the endogenous ligand of wildtype-
PA-LOX (Banthiya et al., 2016).

The modeling data (Figure 13) indicate that the arachidonic acid backbone is

oriented at the active site in such a way that its proS-hydrogen at C13 of
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arachidonic acid is closer (2.3 A) to the water (hydroxyl) molecule while its proR
hydrogen is farther away (3.7 A). With linoleic acid, a similar observation was
made. Here the proS-hydrogen at C11 of the hydrocarbon chain is closer (2.2 A)
to the water (hydroxyl) molecule than its proR-hydrogen (3.7 A). These data are
consistent with preferential abstraction of the proS-hydrogen observed in the
experiments with stereospecifically labeled linoleic acid as its substrate (section
3.2.3.3). In contrast, with C20:A5,8,11 eicosatrienoic acid the proR and proS-
hydrogens of both its bisallylic methylenes (C7 and C10) were far away from the
active site water (hydroxyl) molecule. The proS-hydrogen at C10 was at a
distance of 5.7 A and the proR at the same carbon atom was at a distance of
5.5 A from the iron bound water. The two hydrogens at C7 were even farther
away. Thus, our structural model of the fatty acid enzyme complexes explains

the low oxygenation rate.

Summary: Both, spectrophotometric analysis and structural modeling studies
indicate that C20:A5,8,11 eicosatrienoic is not a good substrate for PA-LOX.

3.1.4.3. Activation energy and thermal stability of PA-LOX

3.1.4.3.1. Temperature profile of PA-LOX

The effect of temperature on the catalytic efficiency of PA-LOX was explored by
measuring the linoleic acid oxygenase activity of the enzyme at different
temperatures. The activities were measured spectrophotometrically. Similar
experiments were also performed with rabbit ALOX15 in order to compare the
two temperature profiles and the activation energies for two the LOXs (Figure
14). From Figure 14A, it can be seen that the activity of PA-LOX increases
gradually from 5 to 35 °C. At higher temperatures, there was a sudden drop in
activity. This may be due to the thermal denaturation of the protein. Under
identical experimental conditions rabbit ALOX15 exhibited maximal activity at
25 °C. Thus, it can be concluded that PA-LOX was more heat resistant than rabbit
ALOX15. Previous studies on the temperature dependence of recombinant PA-
LOX, suggested a T-optimum of PA-LOX at 25 °C (Lu et al., 2013; Deschamps
et al., 2016). Thus, it can be concluded that our enzyme preparation is thermally
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more stable than the preparations described before (Lu et al., 2013; Deschamps
et al., 2016). From the Arrhenius-plot, an activation energy for the oxygenation of
linoleic acid by PA-LOX of 33.8 kJ/mol x K was determined (Figure 14B).
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Figure 14: Temperature dependence on catalytic activity of PA-LOX and rabbit ALOX15.
A) The linoleic acid oxygenase activities of purified PA-LOX and pure rabbit LOX were
measured spectrophotometrically at temperatures ranging from 5 — 40 °C. The activities
at each temperature were measured in triplicates. The linear parts of the kinetic progress
curves were used to determine the catalytic activities and these values were plotted
against the measuring temperature. B) The activity values for PA-LOX in the temperature
range from 5 to 35 °C were used to construct the Arrhenius-plot in order to quantify the
activation energy for linoleic acid oxygenation (Banthiya et al., 2016).

Native rabbit ALOX15 exhibited a significantly lower activation energy of
14.8 kJ/mol x K. The activation energy indicates the minimum amount of energy
that is required to form the catalytic transition state (Krishtalik, 1985). Therefore,
rabbit ALOX15 requires less energy to form its transition state. However, almost
2-fold higher energy levels are required to overcome the threshold for PA-LOX

catalyzed reactions.

Summary: The maximum linoleic acid oxygenase activity of PA-LOX was
seen at 35 °C and the enzyme exhibited an activation energy for linoleic acid
oxygenation of 33.8 kJ/mol x K.

3.1.4.3.2. Thermo stability of PA-LOX

In order to explore the thermo stability of PA-LOX, a fresh enzyme preparation

was incubated at 4 °C for an extended period of time in the presence and
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absence of glycerol. Glycerol is frequently used as a stabilizing agent for protein

preparations.
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Figure 15: Thermo stability of PA-LOX. A fresh enzyme preparation was subjected to
size exclusion chromatography to remove excessive imidazole from the nickel agarose
purification and then concentrated to 16.7 mg/ml. This preparation was incubated at 4 °C
for 7 days in the presence and absence of 10 % glycerol. Aliquots of the enzyme
preparation were taken from the incubation sample at the different time points and
activity assays were carried out using the spectrophotometer in triplicates (Banthiya et
al., 2016).

The linoleic acid oxygenase activity of PA-LOX was determined at different time
points on the spectrophotometer in triplicates. As indicated in Figure 15, PA-LOX
loses about 60 % of its total linoleic acid oxygenase activity within the first
24 hours of incubation. This loss was more or less independent of the presence

and absence of glycerol.

Summary: PA-LOX loses almost 3/4t" of its activity in the first 24 hours of
incubation at 4 °C and this loss is independent of the presence or absence of
glycerol.

3.2. Concepts for the reaction specificity of LOXs
The reaction specificity of LOXs depends on their primary structure and site-

directed mutagenesis of critical amino acids has been reported to alter the
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reaction specificity of several LOX-isoforms (Sloane et al., 1991a, 1995,
Borngraber et al., 1996, 1999). To test whether this may also be the case for PA-
LOX, multiple site-directed mutagenesis were carried out and the reaction

specificities of the mutant enzyme species were determined.
3.2.1. Triad concept

Multiple sequence alignments and mutagenesis data for several mammalian
ALOX15 orthologs suggest that the amino acid regions around the Borngraber
determinants, Phe353 and 11e593 (Borngréber et al., 1996, 1999) and the region
around the Sloane determinants, 1le418 and Met419 (Sloane et al., 1991a, 1995)

may play important roles for the positional specificity of the enzymes.

Table 8: PA-LOX does not follow the Triad concept. Triad determinants were mutated
and the mutant enzyme species were expressed. Aliquots of the elution fraction 2 of
nickle-agarose purification were used to assay the arachidonic acid (165 uM) oxygenase
activity. The reaction products were prepared and analyzed by RP-HPLC and SP-HPLC
(Banthiya et al., 2016). For direct comparison with other LOXs, the table also contains
previously published data from rabbit ALOX15 (Borngraber et al., 1999).

The Triad determinants
Rabbit ALOX15 PA-LOX
Deter- LOX 12-HETE | 15-HETE LOX 12-HETE | 15-HETE
minant type (%) (%) type (%) (%)
Wildtype 3 97 Wildtype 0 100
BOrn- | agaa 80 20 E369A 0 100
graber |
Sloane 1418A 92 8 M434V 0 100
Sloane M419A 12 88 F435L 0 100
B.Om_ I593A 45 55 L612V 0 100
graber Il

According to 3D models of rabbit ALOX15, these residues form the bottom of the
putative substrate-binding pocket and their side chains have direct impact on the
volume of the pocket. When they were mutated to smaller residues (such as
alanine), the depth of the substrate-binding pocket increased so that arachidonic
acid could penetrate deeper into the pocket. This alters the structure of the
enzyme-substrate complex leading to arachidonic acid 12-lipoxygenation. On the
contrary, 12-lipoxygenating ALOX15 orthologs can be converted to a 15-
lipoxygenating enzyme by the targeted mutagenesis of the triad determinants.

Several 15-lipoxygenating ALOX15 orthologs including human (Sloane et al.,
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1995) and rabbit ALOX15 (Borngréber et al., 1999) as well as 12-lipoxygenating
ALOX15 orthologs including the enzymes from pigs (Suzuki et al., 1994), rhesus
monkeys (Vogel et al., 2010), mice (Borngraber et al., 1996) and rats (Pekarova
et al., 2015) follow the triad concept. To test this concept for PA-LOX, we
identified the corresponding triad determinants by multiple sequence alignment,
generated the mutants and tested their reaction specificity.

As shown in Table 8, none of the mutants catalyzed arachidonic acid 12-
ipoxygenation, indicating PA-LOX does not follow the triad concept. Similar data
have previously been shown for human ALOX15B (Vogel et al., 2010) and mouse
alox12b (Meruvu et al., 2005).

Summary: PA-LOX does not follow the classical triad concept that describes
positional specificity exhibited by mammalian ALOX15 orthologs

3.2.2. Jisaka determinants

Previous studies on human ALOX15B indicate that this enzyme does not follow

the triad concept (Vogel et al., 2010).

Table 9: The Jisaka determinants do not alter the positional specificity of PA-LOX. The
Jisaka determinants were mutated and the mutant enzyme species were expressed.
Aliquots of the elution fraction 2 of nickle-agarose purification were used to assay the
arachidonic acid (165 uM) oxygenase activity. The reaction products were prepared and
analyzed by RP-HPLC and SP-HPLC (Banthiya et al., 2016). For direct comparison with
other LOXs, the table also contains previously published data from and human ALOX15B
(Jisaka et al., 2000).

The Jisaka determinants
Human ALOX15B PA-LOX
8-HETE | 15-HETE 8-HETE | 15-HETE
LOX-type (%) (%) LOX-type (%) (%)
Wildtype 0 100 Wildtype 0 100
D602Y+V603H 70 30 E604Y+K605H 0 100

However, when Asp603 and Val604 of human ALOX15B were mutated to the
corresponding residues of the mouse ortholog (this enzyme functions as
arachidonic acid 8-lipoxygenase), the double mutant catalyzed arachidonic acid

8-lipoxygenation (Jisaka et al., 2000).
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Following sequence alignment with human ALOX15B, Glu604 and Lys605 were
the corresponding amino acid residues in PA-LOX. However as indicated in Table
9, when these residues were mutated (Glu604Tyr+Lys605His) in PA-LOX, there
were no alterations in the reaction specificity of the enzyme. Thus, PA-LOX does

not follow the Jisaka concept either.

Summary: Glu604Tyr+Lys605His-PA-LOX does not alter the reaction
specificity of the enzyme indicating that Glu604Tyr and Lys605His cannot be
classified as the Jisaka determinants of PA-LOX.

3.2.3. Ala vs. Gly concept

3.2.3.1. Product profile after Alato Gly exchange

Multiple sequence alignments of various S- and R-lipoxygenases have previously
indicated that an alanine residue is present at a critical position in most S-LOXs.
In contrast, this amino acid is a glycine in most R-LOXs (Coffa and Brash, 2004;
Coffa et al., 2005a; Schneider et al., 2007). When this Ala of an S-lipoxygenating
enzyme was mutated to Gly, the product profile partly shifts from S- to R-
lipoxygenation (Coffa and Brash, 2004). However, not all LOX isoforms follow
this Ala-vs.-Gly concept. For instance, although the LOX1 of zebrafish contains
a Gly at the critical position on the active site, it is a arachidonic acid 12S-
lipoxygenating enzyme (Haas et al., 2011; Jansen et al., 2011). Moreover, only
minor alterations (major product: 15S-HETE, minor product: 11R-HETE) in the
reaction specificity was noted when similar mutagenesis was carried out for the
ALOX15 orthologs from human, rabbits, rhesus monkeys and rats (Jansen et al.,
2011).

Ala420 of PA-LOX aligns with the Coffa determinant of human ALOX15B Ala416.
When this Ala420 was mutated to Gly, the Ala420Gly mutant of PA-LOX exhibited
a dual reaction specificity. The mutant enzyme functions as a dominant
arachidonic acid 11R-LOX (Figure 16B). The major products of arachidonic acid
oxygenation, 11R-HETE and 15S-HETE, were formed in the ratio of 1.5:1.
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Figure 16: Ala420Gly alters the reaction specificity of PA-LOX. A final enzyme
concentration of A) 3.7 pug/ml of wildtype-PA-LOX with arachidonic acid, B) 7.6 ug/ml of
Ala420Gly-PA-LOX with arachidonic acid, C) 3.7 pg/ml of wildtype-PA-LOX with linoleic
acid and D) 7.6 pg/ml of Ala420Gly-PA-LOX with linoleic acid were incubated for 3 min
at 25 °C in 1 ml of PBS (pH 7.4). The final concentration of both arachidonic acid and
linoleic acid was 165 uM. The reaction products were prepared by RP-HPLC and further
analyzed by consecutive SP-(main traces) and CP-HPLC (insets) (Kalms et al., 2017).

A similar ratio of 1.5:1 (11R-HETE: 15S-HETE) has also been observed for
Ala416Gly mutant of human ALOX15B (Coffa and Brash, 2004). With linoleic
acid, as indicated in Figure 16D, the Ala420Gly-PA-LOX formed 13S-HODE and
9R-HODE in the ratio of 2.6:1.

Summary: The Ala420Gly exchange alters the positional and
enantioselectivity of PA-LOX. It converts arachidonic acid to a 1.5:1 mixture of
11R- and 15S-HETE.
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3.2.3.2. Ala420Gly lowers the catalytic efficiency of PA-LOX

As indicated above, Ala420Gly-mutant of PA-LOX exhibited different reaction
specificity when compared with the wildtype enzyme. To explore whether other
enzymatic properties were also altered, we compared the basic kinetic
parameters between the mutant and the wildtype enzyme. For this, both the
wildtype- and Ala420Gly-PA-LOX were incubated with arachidonic acid with five
different substrate concentrations (10, 20, 50, 100 and 165 uM). The reaction
rates were monitored spectrophotometrically and the linear parts of the kinetic
progress curves were used to determine the kinetics of the reaction. From Table
10 it can be seen that there is a two-fold decrease in affinity for arachidonic acid
with the Ala420Gly-PA-LOX when compared to the wildtype-PA-LOX.

Table 10: Kinetics of wildtype- and Ala420Gly-PA-LOX with arachidonic acid as its
substrate.

Kinetics Wildtype | Ala420Gly
Enzyme concentration (uM) 0.03 0.33
Km (pM) 38.2+6 67.6 +17
Vmax (uM/min) 38.6+2 31.3+3
Molecular turn over rate (s?) 21.45 1.6
Catalytic efficiency ((uM.s)™?) 0.56 0.023

The molecular turnover rate of the mutant enzyme at substrate saturation was
13-fold lower than that of the wildtype enzyme (1.6 s vs. 21.4 s1), indicating that
the rate limiting step of the LOX reaction (hydrogen abstraction) catalyzed by the
mutant enzyme was more than 1 order of magnitude lower. However, the
enantiomer composition of the two major oxygenation products (15S-H(p)ETE,
11R-H(p)ETE) formed by the mutant enzyme indicated that the stereochemistry

of the reaction is completely enzyme controlled.

Summary: The Ala420Gly exchange lowers the catalytic efficiency of PA-LOX.

3.2.3.3. The antarafacial relationship

The LOX reaction involves an antarafacial relationship between hydrogen
abstraction and oxygen insertion (Haeggstrom and Funk, 2011). The major
arachidonic acid and linoleic acid oxygenation products of wildtype-PA-LOX are
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15S-H(p)ETE and 13S-H(p)ODE, respectively (Figure 9 and Figure 10) making
PA-LOX an S-lipoxygenating enzyme. Thus, if PA-LOX reaction follows the
antarafacial character, the proS hydrogen at the bisallylic methylene C11 must
be abstracted during incubations with linoleic acid. To test this hypothesis, we
incubated wildtype-PA-LOX, its Ala420Gly mutant and rabbit ALOX15 (positive
control) with 11S- (proS) and 11R- (proR) deuterated linoleic acids and measured
the increase in absorbance at 235 nm. The results indicated that proR-deuterated
linoleic acid was more efficiently oxygenated when compared with the proS
deuterated substrate by both wildtype- and Ala420Gly-PA-LOX (Table 11).

Table 11: The reaction rates measured for the oxygenation of 11R- and 11S-deuterated
linoleic acid by wildtype and mutant (Ala420Gly) PA-LOX as well as by rabbit ALOX15.
The reaction rates measured with 11R-deuterated linoleic acid for each LOX were set
100 % (LA-linoleic acid).

Relative rate (%) Kinetic

LOX isoform Product 1IRZH-LA | 11S2H-LA isotope
effect
Wildtype-PA-LOX 13S-H(p)ODE | 100+ 16.1 6.2+3.3 16.1

13S-H(p)ODE
Ala420Gly-PA-LOX 100 + 8. 15.1 + 3. .
a y 9R-H(p)ODE 00+ 8.0 5 3.9 6.6

Rabbit ALOX15 13S-H(p)ODE | 100 + 33.0 6.9+ 135 14.5

The observed primary kinetic isotopic effect, strongly suggests that the proS-
hydrogen is stereoselectively abstracted from C11 of linoleic acid. To confirm this
conclusion, we analyzed the reaction products (13S-HODE, 9R-HODE) for
retention or loss of the deuterium label by GC/MS. To do so, we first carried out
SP-HPLC analysis of the reaction products and found that wildtype-PA-LOX and
rabbit ALOX15 mainly produced 13S-H(p)ODE while for the Ala420Gly mutant a
mixture of 13S-H(p)ODE and 9R-H(p)ODE was formed. The products were
recovered from SP-HPLC and their deuterium content was determined by
GC/MS. Table 12 indicates that with all the LOX variants tested, more than 95 %
of the deuterium was lost in 13S-H(p)ODE and 9R-H(p)ODE when incubated with
proS-deuterated linoleic acid. On the other hand, more than 85 % of the
deuterium was retained in these products when proR-deuterated substrate was

used. Taken together these results indicate that the formation of 9R-H(p)ODE
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and 13S-H(p)ODE involves the abstraction of the proS hydrogen from the
bisallylic methylene at the C11 of linoleic acid.

Table 12: Retention of the deuterium label in the major reaction products. Wildtype and
mutant (Ala420Gly) PA-LOX as well as rabbit ALOX15 was incubated with 11R- and
11S-deuterated linoleic acids. (LA-Linoleic acid).

LOX isoform Product euterium retention (%)

11RH-LA | 11S2H-LA
Wildtype-PA-LOX 13S-H(p)ODE | 885+1.5 | 3.3%06
13S-H(p)ODE | 855+55 | 25%0.5
9R-H(p)ODE | 86.0+1.0 | 3.5+05
Rabbit ALOX15 13S-H(p)ODE | 89.0+0.0 | 3.0%0.0

Ala420Gly-PA-LOX

Together with the chirality analysis of the reaction products (stereoselective
formation of 13S-H(p)ODE), these results indicate that fatty acid oxygenation
catalyzed by PA-LOX involves an antarafacial character of initial hydrogen

abstraction and subsequent oxygen insertion.

Summary: Both, the wildtype-PA-LOX and its Ala420Gly-mutant follow the
antarafacial paradigm of LOX reaction.

3.2.3.4. Crystal structure of Ala420Gly mutant of PA-LOX

Wildtype-PA-LOX was previously crystallized to a resolution of 1.75 A (PDB
entry: 4G32, SG: P21212) (Garreta et al., 2013). We improved the resolution of
the wildtype-PA-LOX to 1.48 A resolution (PDB entry 5IR4; SG:C2221). Next, we
aimed at identifying the structural reason behind the altered reaction specificity
of the Ala420Gly mutant of PA-LOX. For this purpose, we crystallized this enzyme
mutant and solved the structure to a resolution of 1.8 A (PDB entry: 5LC8, SG:
C222;). Table 13 summarizes the details of data collection and the refinement
statistics. Similar to the wildtype, the Ala420Gly also had a complete
phosphatidylethanolamine (ZPE) at its active site (Figure 17A). The arachidonic
acid molecular turnover rate of the Ala420Gly mutant was approximately 13-fold
lower than that of the wildtype enzyme (Table 10) and this lowered activity can
be explained by the orientation of the endogenous ligand (ZPE) at the active site
of Ala420Gly mutant. When the ZPE of the wildtype-PA-LOX was superimposed
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with that of the Ala420Gly mutant, the n-8 carbon (site of hydrogen removal) in
the Ala420Gly mutant was displaced from the non-heme iron bound water by
0.6 A (Figure 17B). The n-8 carbon of the endogenous ligand corresponds to the
bisallylic C11 (linoleic acid) and C13 (arachidonic acid) from which the hydrogen

is abstracted during the first step of a PA-LOX catalyzed reaction.

Table 13: Methodological details of data collection and refinement statistics of
Ala420Gly-PA-LOX crystals. ®Number of crystals for data set: 1; "highest resolution shell
is shown in parenthesis; ‘R.m.s, root mean square; “as defined in the program
RAMPAGE (Lovell et al., 2003)., (Kalms et al., 2017).

Ala420Gly-PA-LOX Crystal form
PDB entry 5LC8
Beamline ID 23-1 - ESRF (Grenoble, France)
Space group (SG) C2221
Cell dimensions (a, b, c [A]; a, B,y | 84.33, 97.42, 155.60; 90.00, 90.00,
[°D 90.00
Wavelength [A] 0.972
Resolution (A) 48.71 — 1.80 (1.90 — 1.80)°
Rpim 0.04 (0.36)°
Rmerge 0.08 (0.67)°
l/o (1) 10.9 (2.1)°
Completeness [%)] 99.5 (99.6)°
Redundancy 4.5 (4.4)°
Wilson B factor (A?) 22.7
Resolution [A] 48.71 —1.80 (1.85 - 1.80)°
Rwork /Rfree [%] 13.9/17.1 (25.9 / 30.0)b
Average B factor (A?) 28.4
R.m.s® deviations
Bond lengths (A) 0.008
Bond angles (°) 1.18
Ramachandran favored [%)]¢ 94.3
Ramachandran allowed [%)]¢ 5.7
Ramachandran outlier [%]¢ 0

As discussed for wildtype-PA-LOX the proS-hydrogen at C13 of arachidonic acid
was localized in close proximity (2.2 A) to the active site water (hydroxyl) when
compared to the proR-hydrogen (3.4 A). Similar observations were also made
with linoleic acid as substrate. Here (Figure 17C) the proS-hydrogen at C11 was
at a distance 2.2 A from the water (hydroxyl) molecule, while the proR-hydrogen
was farther away (3.3 A).
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Figure 17: Structural analysis of the catalytic active center of Ala420Gly-mutant of PA-
LOX. A) The overall structure of the Ala420Gly mutant is depicted as orange ribbon
diagram. The inset is zoomed-in to view in detail the active site containing the non-heme
iron (blue sphere). As for the wildtype-PA-LOX five amino acids (orange sticks) and a
water molecule (cyan sphere) form the octahedral iron ligand sphere. The endogenous
ligand (ZPE) is depicted as green stick model. B) The endogenous ligand of the
Ala420Gly mutant (green sticks) and the wildtype-PA-LOX (purple sticks) superimposed.
C) The PA-LOX substrates, arachidonic acid and linoleic acid (green sticks) modeled
into the active site of the mutant. The amino acid iron ligands are depicted as orange
sticks. The dashed lines indicate the distance between the proS- (black) and proR- (red)
hydrogen of the fatty acid substrates and the water molecule (cyan sphere) (Kalms et al.,
2017).

These structural data are consistent with preferential proS-hydrogen abstraction
observed in the experiments with the stereospecifically labeled linoleic acid as
substrate (section 3.2.3.3). Thus, in principle the fatty acids substrates are
aligned at the active site of mutant PA-LOX as it is the case for the wildtype
enzyme. In other words, the structures of the enzyme-substrate complexes do
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not explain the differences in reaction specificity we observed for the two enzyme

variants.

Summary: The crystal structure of Ala420Gly-PA-LOX was solved at a
resolution of 1.8 A. The overall 3D-structure of the mutant enzyme resembled
that of the wildtype-PA-LOX.

3.2.3.5. The putative oxygen channels

Because of the similarities of the enzyme-substrate complexes of wildtype-PA-
LOX and its Ala420Gly mutant, the structural reasons for the different reaction
specificities of the two enzyme species may not be related to differences in the
initial hydrogen abstraction. Thus, subsequent elementary reactions (mechanism
of radical rearrangement, stereochemistry of oxygen insertion) are likely to be
impacted by the Ala420Gly exchange.

To explore these differences, we first investigated the cavity structure of both
enzyme variants in the immediate surrounding of the catalytic center to identify
potential oxygen access channels using the Caver 3.0 program (Chovancova et
al., 2012). We identified a more or less continuous tunnel interconnecting the
surface of the protein with the catalytic center. A similar tunnel has previously
been identified for soybean LOX-1 and this cavity was suggested to function as
oxygen transport channel (Minor et al., 1996; Knapp et al., 2001). Molecular
dioxygen was hypothesized to employ this cavity system to travel from the
periphery of the protein into the active site reaching the fatty acid substrate.

In the 3D-structure of wildtype-PA-LOX (Figure 18A), the side chain of the Ala420
blocks oxygen access to C11 of arachidonic acid and C9 of linoleic acid. In other
words, all the oxygen molecules traveling along this tunnel are directed to C15 of
arachidonic acid and C13 of linoleic acid, which explains the reaction specificity
of wildtype-PA-LOX. When Ala420 is mutated to a Gly the blockage seen in the
wildtype enzyme could not be observed any more.
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Figure 18: Comparison between the predicted oxygen access tunnel of the wildtype-PA-
LOX and its Ala420Gly mutant. A) Structure of wildtype-PA-LOX fatty acid complexes.
The fatty acids bound at the active site (right panel: linoleic acid; left panel: arachidonic
acid) are indicated as yellow stick models. The surface of the cavities (calculated using
PyMol) are colored in grey. The putative oxygen channel, which directs molecular
dioxygen to C15 of arachidonic acid or C13 of linoleic acid is labelled by green spheres.
The side chain of Ala420 blocks oxygen access to C11 of arachidonic acid and C9 of
linoleic acid. B) Putative oxygen channels in the Ala420Gly mutant. The predicted
oxygen access tunnel, which is labelled by blue spheres, directs molecular dioxygen to
both C15 and C11 in arachidonic acid and C13 and C9 in linoleic acid. Black arrows in
both A and B indicate the direction of the oxygen movement within the channel, which
explains the singular positional specificity of wildtype-PA-LOX and the dual reaction
specificity of its Ala420Gly mutant (Kalms et al., 2017).

Now it is possible for the oxygen molecules to reach C11 of arachidonic acid (in
addition to C15), which explains the dual reaction specificity of the Ala420Gly
mutant. A similar situation was observed for linoleic acid oxygenation (Figure
18B).

Summary: The Ala420Gly substitution bifurcates the putative oxygen access
tunnel towards both C11 and C15 of arachidonic acid explaining the dual
reaction specificity of the mutant enzyme.
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3.2.3.6. Ala420Gly improves the oxygen affinity of PA-LOX

As indicated above (Table 10), Ala420Gly-mutant of PA-LOX exhibited a 13-fold
lower molecular turnover rate when compared with the wildtype enzyme
suggesting that the rate-limiting step of the oxygenase reaction (initial hydrogen
abstraction) might be slowed down by this amino acid exchange. Next, we tested
whether the 3™ elementary reaction of the catalytic cycle, the oxygen insertion,
might also be impacted by this particular mutation. To answer this question we
carried out activity assays at different oxygen concentrations and determined the
Km for oxygen. For this purpose, anaerobic and oxygen saturated reaction
buffers were mixed at 12 different volume ratios. The final oxygen concentrations
in the assay mixtures varied in the range of 0.073 mM to 1.32 mM. After addition
of enzyme, the arachidonate oxygenase activity of PA-LOX at varying oxygen
concentrations was determined by recording the increase in absorbance at
235 nm.
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Figure 19: Comparison of oxygen affinity between wildtype- and Ala420Gly-PA-LOX.
The arachidonic acid (328 uM) oxygenase activity of both the wildtype- (0.41 ug) and
Ala420Gly (7.6 ug)-PA-LOX was measured at 12 different oxygen concentrations that
were achieved by mixing different volumes of argon-flushed (anaerobic) and oxygen-
flushed (hyperoxic) PBS. The increase in activity at each concentration was monitored
spectrophotometrically for 3 min. The linear part of the progress curves were used to
determine the catalytic activity that was then plotted against the different oxygen
concentrations employed and fitted against a Hill-type rate equation (Kalms et al., 2017).

Quantitative evaluation of the Hills equation (Figure 19) indicated a Km value for
oxygen of 406 uM for the wildtype enzyme (Table 14). This result was rather
surprising since Km values for oxygen in the one digit UM range have previously

been determined for other LOX-isoforms (Juranek et al., 1999; Yamamoto et al.,
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2002). For the Ala420Gly mutant the oxygen Km was improved reaching a Km of
235 uM. These data suggests that oxygen diffusion within the enzyme might be
altered by the Ala420Gly exchange. In order to confirm these differences in
oxygen Km we determined the reaction rates of both wildtype-PA-LOX and its
Ala420Gly mutant at 165 pM of arachidonic acid under normoxic (air saturation)
and hyperoxic (oxygen saturation) conditions. From the hyperoxia/normoxia
ratios given in Table 14, it can be concluded that the reaction rates under
hyperoxic conditions were significantly higher when compared to those at
normoxic conditions. The catalytic activity of the wildtype-PA-LOX at hyperoxic
conditions was more than 3-fold higher. However, with Ala420Gly-PA-LOX, the
hyperoxic/normoxic catalytic activity ratio was 1.6 confirming the previous finding
that the mutant exhibits a higher oxygen affinity than the wildtype-PA-LOX. These
data indicate that at normoxia (oxygen concentration of about 180 uM) the two

enzyme species do not work at oxygen saturation.

Table 14: Kinetic parameters of wildtype- and its Ala420Gly-PA-LOX at different oxygen
concentrations (Kalms et al., 2017). AA-Arachidonic acid

Parameter PA-LOX type
Wildtype Ala420Gly

Hyperoxia/normoxia ratio at 165 pM AA 3.4 1.6

Kwm (oxygen, uM) 406 * 37 235144

Vmax (uM/min) 205+15 126+ 1.7

Catalytic efficiency (min) 0.051 0.053

The physiological relevance of this unusually high oxygen Km has not been
explored, but such kinetic properties are characteristic for sensor proteins. Thus,
it might be possible that PA-LOX may be part of the oxygen sensor of
P. aeruginosa.

Summary: The Ala420Gly exchange improves the oxygen affinity of the
wildtype-PA-LOX.
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3.3. Biological relevance of PA-LOX

3.3.1. Synthetic capacity for pro- and/or anti-inflammatory mediators

3.3.1.1. Leukotriene synthase activity

Previous literature reports indicated that several ALOX5 and ALOX15 orthologs
are capable of catalyzing the conversion of 5- and 15-H(p)ETE (hydroperoxy fatty
acid substrates) to epoxy leukotrienes, which constitute potent pro-inflammatory
mediators (Bryant et al., 1985; Ueda et al., 1986; Brash et al., 1989). To quantify
their leukotriene synthase activity, aliquots of both PA-LOX and rabbit ALOX15
were incubated with 15S-H(p)ETE under anaerobic conditions and the
conjugated trienes formed were analyzed by RP-HPLC. Rabbit ALOX15 was
used as a positive control as it has previously shown to convert 15S-H(p)ETE to
14,15-epoxyleukotriene A4 and its hydrolysis products (Bryant et al., 1985). As
indicated in Figure 20A, rabbit ALOX15 catalyzed the conversion of 15S-H(p)ETE
to conjugated trienes (absorbance at 270 nm). Corresponding incubations with
15S-HETE did not lead to the formation of such products and thus, one may
conclude that the conjugated trienes did not originate from the double
oxygenation pathway but rather from the hydrolysis of an epoxy leukotriene
intermediate. With PA-LOX, conjugated trienes were only detected in small
amounts although similar arachidonic acid oxygenase activities of the two
enzymes were employed. These data suggest that 15-H(p)ETE is not efficiently
converted to epoxy leukotrienes by recombinant PA-LOX, which is consistent
with the previous findings (Deschamps et al., 2016) that 15-H(p)ETE is a poor
substrate for PA-LOX. Thus, PA-LOX does not exhibit a sizeable leukotriene

synthase activity.

Summary: PA-LOX unlike rabbit ALOX15 does not catalyze the synthesis of
leukotrienes from 15S-H(p)ETE..

3.3.1.2. Lipoxin synthase activity

Lipoxins are a family of bioactive products generated from arachidonic acid and
function as essential immunomodulatory and anti-inflammatory mediators
(Romano, 2010). Pure rabbit ALOX15 catalyzes the conversion of 5,15-DIHETE
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to conjugated tetraenes indicating its ability to synthesize lipoxins (Kuhn et al.,
1984). In order to test the lipoxin synthase activity of PA-LOX, the enzyme was
incubated with 5S-HETE and a 1:1 mixture of 5S,6S- and 5S,6R-DIHETE. The
ability of PA-LOX to synthesize lipoxins was determined by measuring the
formation of conjugated tetraenes with an absorbance maximum of 300 nm by
RP-HPLC. From Figure 20B and C it can be seen that significant amounts of

conjugated tetraenes were formed with PA-LOX.
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Figure 20: Ability of PA-LOX to synthesize leukotrienes and lipoxins. A) Leukotriene
synthase activity: 52 ug of pure PA-LOX were incubated in 1 ml of PBS (pH 7.4)
containing 25 uM of 15-H(p)ETE for 10 min at 25 °C. Similar incubations were carried
out with 72 ug of purified rabbit ALOX15 (similar arachidonic acid activity as PA-LOX) as
a positive control. The reactions products were reduced with sodium borohydride and
the sample was acidified with acetic acid. The products were then analyzed by RP-HPLC
to measure the conjugated trienes at an absorbance of 270 nm. B+C) Lipoxin synthase
activity: 2 ug of purified PA-LOX were incubated in 500 ul of PBS (pH 7.4) containing
30 uM of 5S-HETE (panel B) and 5,6-DIHETE (panel C) for 10 min at 25 °C. To activate
the enzyme, 3 uM of linoleic acid was added, which was quickly oxygenated to 13-
H(p)ODE, which serves as an enzyme activator. The reaction products were reduced
and analyzed by RP-HPLC recording the absorbance of 300 nm (Banthiya et al., 2016).

Although a previous study on PA-LOX suggested that this enzyme does not
exhibit lipoxin synthase activity (Deschamps et al., 2016) our data clearly show
the formation of conjugated tetraenes during the oxygenation of 5S-HETE and
5S,6S/R-DIHETE.

Summary: PA-LOX catalyzes the synthesis of the anti-inflammatory lipoxins
from 5S-HETE and 5S,6S/R-DIHETE.
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3.3.2. Phospholipids as PA-LOX substrates

3.3.2.1. PA-LOX oxygenates all the four classes of phospholipids

The ability to oxygenate phospholipids containing polyenoic acids led to the
discovery of rabbit ALOX15 (Schewe et al., 1975). Recombinantly expressed PA-
LOX has previously been crystallized and its substrate binding pocket contained
a bound phospholipid molecule (Garreta et al., 2013). These data indicated that
the enzyme is capable of binding phospholipids at the catalytic center and also
suggests that it might be capable of oxidizing intact phospholipids without the

preceding activity of a lipid-hydrolyzing enzyme.
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Figure 21: Phospholipid oxygenase activity of PA-LOX. 50 ug of PA-LOX was incubated
with  1-palmitoyl-2-linoleoyl-phosphatidylethanolamine (dissolved in 0.5 % sodium
cholate) in 1 ml of PBS (pH 7.4) for 5min at 25°C. The concentration of the
phosphatidylethanolamine was adjusted to a linoleic acid concentration of 165 uM with
a final detergent concentration of 0.5 %. The oxygenation products were reduced to the
corresponding hydroxy-derivatives, the lipids were extracted and hydrolyzed under
alkaline conditions. The major conjugated dienes of both A) no enzyme controls and B)
PA-LOX containing samples were first separated on RP-HPLC (I) and the isomer
composition of the PA-LOX containing samples were quantified by SP-HPLC (Il) and
CP-HPLC (lll) (Banthiya et al., 2016).

To test this hypothesis, aliquots of purified PA-LOX and rabbit ALOX15 were
incubated with different classes of pure phospholipids Table 15. The reaction

products were extracted, hydrolyzed under alkaline conditions and the
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hydrolysates were analyzed by HPLC for conjugated diene containing products
formed during enzyme-phospholipid interaction (Figure 21). The conjugated
dienes detected in RPHPLC co-migrated with the authentic standards of 13-
HODE and 15-HETE. Since these compounds are not resolved in RP-HPLC, the
conjugated dienes were prepared and further analyzed by SP-HPLC.

Table 15: Side-by-side comparison of the phospholipid oxygenase activity of PA-LOX
with rabbit ALOX15: An aliquot of purified PA-LOX was incubated with the different
classes of phospholipids for 15 min at room temperature. The concentration of the
phospholipid was adjusted to a final linoleic acid concentration of 165 uM in 1 ml of PBS
(pH 7.4) containing 0.5 % sodium cholate. The oxygenated products were recovered,
reduced and subjected to lipid extraction and alkaline hydrolysis. The major product, 13-
HODE, was prepared by RP- and SP-HPLC and enantiomer composition was then
identified by CP-HPLC. Similar experiments were conducted with rabbit ALOX15 as a
positive control. For the two LOXs, the peak area units obtained on the HPLC with no
enzyme controls were subtracted from each substrate during the calculations of the
percent relative activity. (Banthiya et al., 2016).

PA-LOX Rabbit ALOX15
Substrate Relative 13S/13R- Relative 13S/13R
activity (%) ratio (%) activity (%) | ratio (%)
Linoleic acid 100 99:01 100 95:05
PE 0.06 93:07 8.3 95:05
PS 0.04 64:36 <0.01 83:17
Pl 0.05 95:05 0.5 88:12
PC 0.02 78:22 0.5 77:23

Co-chromatography of the major conjugated diene in SP-HPLC with an authentic
standard of 13S-HODE indicated that the major oxygenation product was 13-
HODE (Z,E).13-HODE (E,E), 9-HODE (E,Z) and 9-HODE (E,E) were also formed
in small amounts. As expected, from CP-HPLC analysis, we confirmed that the
major product with all the phospholipid substrates was 13S-HODE. Thus similar
to rabbit ALOX15, purified PA-LOX is also capable of oxygenating in vitro pure
phospholipids. After having shown that purified recombinant PA-LOX is capable
of oxygenating phospholipids in vitro, we quantified the phospholipid oxygenase
activity of PA-LOX and compared this catalytic activity with the phospholipid

oxygenase activity of rabbit ALOX15 under comparable experimental conditions.
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For this comparison the linoleic acid oxygenase activity of the two enzymes were
quantified and then identical linoleic acid oxygenase activities of the two enzymes
were used for the phospholipid oxygenase assay, which was carried out as
described in the legend to Figure 21.

Table 15 indicates that both, rabbit ALOX15 and PA-LOX, are capable of
oxygenating pure phospholipids in vitro. However, for both enzymes the ability to
oxygenate free linoleic acid was much higher than their ability to oxygenate
phospholipids. Rabbit ALOX15 exhibited a higher phospholipid oxygenase
activity when compared with PA-LOX. On the other hand, the profile of
oxygenation products with most phospholipid classes was comparable for the two
enzymes and chiral 13S-HODE was always the major oxygenation product. The
only exception was PS. Here a large share of the corresponding enantiomer
(13R-HODE) was detected suggesting that the oxygenation of this substrate was

not completely enzyme controlled.

Summary: PA-LOX exhibits a phospholipid oxygenase activity but this activity
is more than 3 orders lower than its fatty acid oxygenase activity.

3.3.2.2. Fatty acid selectivity during phospholipid oxygenation

The crystal structure of PA-LOX indicated that the substrate-binding pocket
consists of two sub-cavities, which join together in a lobby. Sub-cavity 1 involves
the catalytic iron and the snl fatty acid of the endogenous phospholipid ligand
ZPE. Sub-cavity 2 involves the sn2 fatty acid but this fatty acid cannot be
oxygenated since the iron is not in this sub-cavity. In mammalian phospholipids
the sn2 fatty acid is usually an unsaturated fatty acid. This leaves us with the
dilemma that the unsaturated fatty acid of mammalian phospholipids is bound in
the wrong sub-cavity. In other words, a phosphatidylethanolamine (PE) derivative
with a linoleic acid at the snl position should be a more effective substrate for
PA-LOX than a derivative with a linoleic acid at the sn2 position. Unfortunately,
PE with linoleic acid at the snl position is not commercially available and thus
comparison between PE-snl-linoleate and PE-sn2-linoleate is not possible.
However, PE derivatives with linoleate at both the snl and sn2 positions are

available and can be used for comparative studies.
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For such comparison, PA-LOX was incubated with 1-palmitoyl-2-linoleoyl-
phosphatidylethanolamine (monolinoleoyl-PE) and 1,2-dilinoleoyl-

phosphatidylethanolamine (dilinoleoyl-PE) side by side.
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Figure 22: PA-LOX oxygenates fatty acids bound to both sn-1 and sn-2 positions of
phospholipids. 12.5 ug of PA-LOX was incubated side by side with A) 1-palmitoyl-2-
linoleoyl-phosphatidylethanolamine and B) 1,2-dilinoleoyl-phosphatidylethanolamine in
Iml of PBS (pH 7.4) for 30min at 25°C. The concentration of the
phosphatidylethanolamine was adjusted to a linoleic acid concentration of 165 uM with
a final detergent concentration of 0.5 %. The lipids were extracted and the extracted
phospholipids were analyzed on the RP-HPLC (gradient solution system) as indicated in
Material and Methods (section 2.2.5.3.1.).

If these substrates were bound at the active site in the same way as the
endogenous ligand (only the sn1l fatty acid is bound in proximity of the iron), one
would expect oxygenation of only the snl-linoleate. Therefore, HODE containing
products must be seen only with dilinoleoyl-PE as monolinoleoyl-PE contains
linoleic acid at sn2 position. However, from Figure 22A it can be seen that
monolinoleoy-PE was oxygenated to mono-H(p)ODE-PE. This data indicates that
the sn2 fatty acid can also be oxygenated. Thus, there must be the possibility for
the sn2 fatty acid to be bound in the iron-containing subcavity 2 of the catalytic
center. Moreover, when we employed dilinoeoyl-PE as substrate, the major
product formed was di-HODE-PE (Figure 22B). This finding also indicates that
the sn2 fatty acid is oxygenated by PA-LOX. Taken together, these data indicate
that both the linoleic acids at sn1 and sn2 positions were oxygenated by PA-LOX.
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Next, the total conjugated dienes formed with both the substrates were compared
on RP-HPLC. From Figure 23, the products formed with the dilinoleoyl-PE are

significantly higher than those formed with monolinoleoyl-PE.
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Figure 23: Comparision of the conugated dienes formed with monolinoleoyl-PE and
dilinoleoyl-PE. 250 yg of PA-LOX was incubated with A) 1-palmitoyl-2-linoleoyl-
phosphatidylethanolamine and B) 1,2-dilinoleoyl-phosphatidylethanolamine in 1 ml of
PBS (pH 7.4) for 5 min at 25 °C. The concentration of the phosphatidylethanolamine was
adjusted to a linoleic acid concentration of 165 uM with a final detergent concentration
of 0.5%. The oxygenation products were reduced to the corresponding hydroxy
derivatives, the lipids were extracted and hydrolyzed under alkaline conditions. The
major conjugated dienes with both the substrates were separated on RP-HPLC for
guantification.

For statistical comparison, similar incubations of PA-LOX with the two substrates
were carried out in triplicates. The mean amount of 13S-HODE formed with
dilinoleoyl-PE was 7.2 + 1.0-fold higher when compared with the monolinoleoyl-
PE. These data strongly suggest that the phospholipid enzyme complex shown
in the crystallographic data is one of several possible complexes. There is the

possibility that the sn2 fatty acid is bound in the iron-containing sub-cavity.

Summary: PA-LOX is capable of oxygenating both the sn1 and sn2 fatty acids
bound to phospholipids.

3.3.3. Biomembranes as PA-LOX substrates

In silico docking studies on rabbit ALOX15 indicated that its active site is too small

to allow the binding of a complete phospholipid at its active site without steric
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clashes (Ilvanov et al., 2015). However, functional data clearly indicated that
rabbit ALOX15 (Kuhn et al., 1990) as well as the orthologs from humans (Kihn
et al., 1993) and pigs (Takahashi et al.,, 1993) are capable of oxygenating
membrane and lipoprotein-bound phospholipids. PA-LOX on the other hand has
an active site that is big enough to bind a complete phospholipid and oxygenates
its bound polyenoic fatty acids (section 3.3.2). Also, PA-LOX is capable of
oxygenating the most commonly occurring mammalian fatty acids, linoleic and
arachidonic acid. Thus, it might also have the ability to oxygenate membrane

bound phospholipids.

3.3.3.1. Oxygraphic measurements

To test this hypothesis, comparable linoleic acid oxygenase activities of PA-LOX
and rabbit ALOX15 (positive control) were incubated with biomembranes in an
oxygraphic assay chamber and the oxygen uptake was used as readout
parameter for the membrane oxygenase activity of the two LOX-isoforms. As
model membranes we used beef heart mitochondrial membranes, since previous
studies indicated that these membranes are well oxygenated by rabbit ALOX15
(Kuhn et al., 1990).
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Figure 24: Comparison of membrane oxygenase activity of PA-LOX and rabbit ALOX15.
1 mg of beef heart mitochondrial membrane protein was incubated with PA-LOX and
rabbit ALOX15 in 1 ml of PBS (pH 7.4) for 5 min at 25 °C in an oxygraphic assay
chamber. The final concentration of PA-LOX and rabbit ALOX15 in the reaction mixture
was adjusted to 92.8 nkat/ml and 9.9 nkat/ml linoleic acid oxygenase activity (determined
oxygraphically) respectively. Efficiency of the membrane oxygenase activity was
indicated by quantifying the decrease in the oxygen concentration in the reaction mixture
in duplicates (Banthiya et al., 2015).
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From Figure 24, it can be seen that addition of rabbit ALOX15 to the membrane
suspension induced an oxygen consumption indicated by the time dependent
decrease in the oxygen concentration in the assay chamber. To detect a
measurable oxygen uptake with PA-LOX we had to increase the amount of
enzyme so that linoleic acid oxygenase activity of PA-LOX was almost 10-fold
higher than that of the rabbit enzyme. Thus, with rabbit ALOX15 this oxygen
consumption was higher although only one tenth of linoleic acid oxygenase
activity of this enzyme was added. From Table 16 it can be seen that the
membrane oxygenase activity of rabbit ALOX15 was almost 25-times higher (7.4
s vs. 0.3 s) than that of PA-LOX.

Table 16: Comparison of membrane oxygenase activities of PA-LOX and rabbit ALOX15.
Purified 1.2 ug of PA-LOX or 11.5 ug of rabbit ALOX15 were incubated in 1 ml of PBS
(pH 7.4) containing 165 uM of linoleic acid or 1 mg of membrane protein. The reaction
was monitored oxygraphically for 5 min at 25 °C to determine the consumption of oxygen
by both PA-LOX and rabbit ALOX15 with the respective substrates. The molecular turn
over ratios were then calculated from the maximal reaction rates (n=4) (Banthiya et al.,
2015).

LOX type Molecular turnover rates (s) with
Linoleic acid Mitochondrial membranes
Rabbit ALOX15 13.6+2.6 7.4+05
PA-LOX 162.4 + 33.3 0.3+0.1

Taken together, although PA-LOX and rabbit ALOX15 exhibit membrane
oxygenase activities, both LOXs prefer free polyenoic fatty acids as substrates to
biomembranes. Moreover, when normalized to similar linoleic acid oxygenase
activity, rabbit ALOX15 oxygenates the mitochondrial membranes 289-times
more efficiently than PA-LOX. This is surprising since the crystal structures of two

enzymes would lead to inverse conclusions.

Summary: Oxygraphic measurements indicate the principle capability of PA-
LOX to oxygenate membrane bound phospholipids. However, this ability of
PA-LOX is more than 20-fold lower than membrane oxygenase activity
exhibited by rabbit ALOX15.

3.3.3.2. Product structure

As second parameter to quantify the membrane oxygenase activity of PA-LOX,

we analyzed the specific oxygenation products in the membrane ester lipids. For
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this purpose PA-LOX and rabbit ALOX15 were incubated with the mitochondrial
membranes for 15 min at 25 °C in PBS.
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Figure 25: Formation of conjugated dienes during the interaction of pure PA-LOX, rabbit
LOX with biomembranes. Beef heart mitochondrial membranes (5.3 mg/ml protein) in
1 ml of PBS (pH 7.4) were incubated with purified aliquot of PA-LOX and rabbit ALOX15
for 15 min at 25 °C in duplicates. To obtain almost similar amounts of products with both
the enzymes, 50-fold higher linoleic acid oxygenase activity of PA-LOX was employed.
After 15 min, the lipids were extracted and hydrolyzed under alkaline conditions. The
hydrolyzed products of the mitochondrial membranes A) without any LOX, B) With PA-
LOX and C) Rabbit ALOX15 were then analyzed on RP-HPLC to detect and collect the
corresponding products.

The reaction was stopped by the addition of sodium borohydride, which reduces
the hydroperoxy lipids to the corresponding alcohols. The membrane lipids were
extracted, the ester lipids were hydrolyzed under alkaline conditions and the
hydrolysates were subsequently analyzed by RP-HPLC. From RP-HPLC analysis
(Figure 25) it can be seen that the hydrolyzed lipid extracts of membranes
incubated in the absence of LOX contained only small amounts of conjugated
dienes when compared with both PA-LOX and rabbit ALOX15. These data
indicate that the enzymes are responsible for the formation of conjugated dienes.
The major conjugated dienes formed during membrane-enzyme interaction co-
migrated with 13-HODE and/or 15-HETE, which are not well separated under

these chromatographic conditions. To obtain more details on the product
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compositions formed by the two enzymes, the conjugated dienes were prepared
by RP-HPLC and further analyzed on SP- and CP-HPLC. From Figure 26A, it can
be seen that the major membrane oxygenase product of PA-LOX was 13-
HODE(Z,E), while 15-HETE constituted a minor product.
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Figure 26: SP-HPLC and CP-HPLC analysis of the conjugated dienes formed during the
interaction of PA-LOX with mitochondrial membranes. A) The conjugated dienes
detected in Figure 25 with PA-LOX were collected, the solvent was evaporated, the
remaining lipids were reconstituted in the SP-HPLC solvent and the conjugated dienes
were analyzed by SP-HPLC. Inset: UV spectra of 13-HODE(E,E) and 13-HODE(Z,E)
were recorded during the chromatographic run to confirm the supposed structure of the
conjugated diene chromophore. B) The major conjugated dienes (15-HETE, 13-
HODE(Z,E)) were prepared by SP-HPLC, the solvent was evaporated and the products
were reconstituted in the CP-HPLC solvent and CP-HPLC was carried out as described
in Material and Methods (2.2.5.3.3.). The arrows above the races indicate the retention
times of authentic standards (Banthiya et al., 2015).

Thus, from all polyenoic fatty acids present in mitochondrial membranes linoleic
acid was the major substrate. This result is not surprising since linoleic acid is the
major polyenoic fatty acid present in inner mitochondrial membranes (Richardson
et al., 1961). Additionally, traces of 13-HODE(E,E), 9-HODE(E,Z) were also seen
(Figure 26A). A similar product pattern has previously been observed for rabbit
ALOX15 (Kuhn et al., 1990). Determination of the enantiomer composition of 13-
HODE and 15-HETE indicated a strong preponderance of the S-enantiomer. In
contrast, the corresponding R-enantiomer was only present in small amounts
indicating that the formation of these products was completely controlled by the

enzyme (Figure 26B).

Summary: The predominant products formed when PA-LOX interacted with
mitochondrial membranes are 13S-HODE and 15S-HETE confirming the
membrane oxygenase activity of PA-LOX.
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3.3.3.3. Time course of membrane oxygenation by PA-LOX

The kinetics of the membrane oxygenase activity of PA-LOX was determined by
incubating the purified enzyme with beef heart mitochondrial membranes at
4 different time points: 5, 10, 15 and 30 min. The major conjugated dienes formed

at each time point were quantified on RP-HPLC.
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Figure 27: Time course of membrane oxygenase activity of PA-LOX. Purified and
concentrated PA-LOX exhibiting a 13.3 nkat arachidonic acid activity/ml was incubated
with 5.3 mg of beef heart mitochondrial membranes in 1 ml PBS at 25 °C for the
respective incubation periods indicated in the graph. The lipids were extracted and then
hydrolyzed under alkaline conditions. The conjugated dienes formed where then
analysed on RP-HPLC (Banthiya et al., 2015).

Both linear and non-linear regressions were carried out on the kinetic data
obtained, however, the non-linear data gave the best fit. From Figure 27 it can be
seen that there is an almost linear increase in products up to 30 min. The curve
does not intersect at zero because small amounts of conjugated dienes were
already present in the biomembranes before incubation with the enzyme. Since
linear regression analysis also fit the kinetic data well, it can be concluded that
PA-LOX undergoes only a minor suicidal inactivation during its incubations with
biomembranes. However, this was not the case with rabbit ALOX15. The majority
of conjugated dienes formed with rabbit ALOX15 were seen within the first 5 min.
At longer time periods, the amount of products formed decreased (data not

shown). This might be due to the suicidal character of the oxygenase reaction.

Summary: PA-LOX exhibited only minor suicidal inactivation during incubation
with biomembranes. On the other hand, rabbit ALOX15 exhausted its capacity
within the first 5 minutes of incubation.
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3.3.3.4. Phospholipid specificity during membrane oxygenation

In the previous sections (section 3.3.2), we have shown that when PA-LOX is
incubated with the different phospholipid classes individually, it slightly prefers
phosphatidylethanolamine (PE) as a substrate. To explore whether PE is also
preferentially oxygenated when biomembranes are used as LOX substrates, the
membranes were incubated with pure PA-LOX and rabbit ALOX15 (positive
control) for 15 min, the reaction products were reduced to the corresponding
alcohols and the membrane lipids were extracted. The major glycerophospholipid
classes were then separated by SP-HPLC (Figure 28) and tested for the
presence of conjugated dienes. For this purpose the different
glycerophospholipid classes (PE, PC, PS/PI) were prepared, hydrolyzed and the
hydroxy fatty acid/PUFA ratio was quantified by RP-HPLC as suitable measure
for the degree of oxygenation. Table 17 indicates that in the no enzyme control
incubations, the degree of oxygenation of all the phospholipid classes was very

low (variation between 0.01 to 0.04 %).
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Figure 28: Separation of the major phospholipid classes from the mitochondrial
membranes by SP-HPLC. Beef heart mitochondrial membranes (1 mg of membrane
protein) in 1 ml of PBS (pH 7.4) were incubated in the absence and presence of PA-LOX
and rabbit ALOX15 for 5 min at 25 °C. The final concentrations of PA-LOX and rabbit
ALOX15 in the reaction mixture were 92.8 nkatal/ml and 9.9 nkatal/ml linoleic acid
oxygenase activity (determined oxygraphically), respectively. The lipids were then
extracted, evaporated and reconstituted in 1:1 mixture of chloroform/methanol for SP-
HPLC analysis. Absorption at 210 nm detects the polyenoic fatty acid in the respective
phospholipid class. The figure indicates the extracted lipids from biomembranes in the
absence of enzyme (Banthiya et al., 2015).

The oxygenation degrees were significantly higher with both rabbit ALOX15 and
PA-LOX catalysis. The degree of oxygenation of PE and PC with rabbit ALOX15
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corresponded to 13.0 % and 7.4 %, while with PS/PI, the degree of oxygenation
was only 1.5 %.

Table 17: Comparison of oxygenation degree of the different classes of phospholipids in
biomembranes. The different glycerophospholipid classes were separated by SP-HPLC
(Figure 28) and subjected to alkaline hydrolysis. The hydrolyzed products were then
individually analyzed by RP-HPLC to determine the degree of oxygenation. For this
purpose phospholipid classes were hydrolyzed under alkaline conditions and the
resulting free fatty acids were analyzed by RP-HPLC for the occurrence of oxygenated
derivatives. From the RP-HPLC traces the 13-HODE+15-HETE/linoleic acid +
arachidonic acid ratio was calculated and this value was considered as a suitable
measure for the degree of oxygenation of the different glycerophospholipid classes
(Banthiya et al., 2015).

13-HODE+15-HETE / linoleic

Enzyme acid+arachidonic acid ratio (%)

PE PS/PI PC

No enzyme control 0.01 0.01 0.04
PA-LOX 11 0.3 0.22
Rabbit ALOX15 13 15 7.4

This data indicated that rabbit ALOX15 preferentially oxygenated PE followed by
PC and PS/PI. PA-LOX also oxygenated PE (1.1 %) most efficiently. However,
the oxygenation degree of all glycerophospholipid classes with PA-LOX was
much lower than that determined for rabbit ALOX15. Since the membrane
oxygenase activity of PA-LOX is low, 10-fold higher PA-LOX was employed for
these incubations. This data is consistent with the oxygraphic measurements
(Figure 24) indicating that, when normalized to identical linoleic acid oxygenase
activities, the membrane oxygenase activity of PA-LOX is considerably lower.

Summary: PA-LOX and rabbit ALOX15 favor phosphatidylethanolamine as
substrate among the different classes of phospholipids.

3.3.4. Intact erythrocytes as substrates for PA-LOX

3.3.4.1. Induction of hemolysis

As indicated above (section 3.3.3.), PA-LOX is capable of oxygenating
mitochondrial membranes. However, it remained to be explored whether the

enzyme also attacks plasma membranes of living cells. To test this, purified PA-
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LOX was incubated with erythrocytes from healthy volunteers for different time
periods. After the incubation times, the hemoglobin released due to lysis of the
cells by LOXs, was quantified by measuring the absorbance at 410 nm (Soret
band) in the supernatant after cells were spun down. To define 100 % hemolysis,
red blood cells were completely hemolyzed by re-suspending them in water.
From Figure 29 it can be seen that incubations with high amounts of PA-LOX
(760 pg/ml PBS) induced gradual hemolysis. After 24 h more than 50 % of the
erythrocytes were lyzed. At 10-fold lower enzyme concentration (76 pg/ml PBS)
a lower degree of hemolysis was observed. Incubations with rabbit ALOX15 (the
amount of enzyme added exhibited similar arachidonic oxygenase activity as that
obtained with 760 ug of PA-LOX) induced less that 0.5 % of hemolysis during the
first 4 hours. However, this value was significantly higher than the hemolysis

induced in the no enzyme control.

">

40- rabbit ALOX15 c

degree of hemolysis (%)

degree of hemolysis (%)

10 20
incubation period (h)

Figure 29: PA-LOX induces hemolysis in human erythrocytes. Freshly purified PA-LOX
(76 ug/ml and 760 ug/ml) was incubated with 100 ul of erythrocytes in 1 ml of PBS (pH
7.4) for different time intervals (0, 6, 12, 18 and 24 h). Similar incubations were carried
out with rabbit ALOX15 (1.2 mg/ml) and activity assays of the arachidonic acid
oxygenase activities indicated similar catalytic activities of the two enzymes. As a
negative control, a reaction mixture without any enzyme was also incubated. After the
respective incubation periods, the erythrocytes were spun down and the supernatant
was recovered. The cell pellets were subjected to osmotic hemolysis in 1 ml of ice-cold
water (45 min) to induce complete (100 %) hemolysis. Absorption at 410 nm (in
triplicates) of both the enzyme-induced lysis supernatant and the osmotic hemolysis
supernatant was used to calculate the degree of hemolysis. The different values depicted
above indicate the percentage of red blood cells of the reaction mixture that were
hemolyzed by the different enzymes. A) No-enzyme control (circles) B) 76 ug of PA-
LOX/mI C) 760 ug of PA-LOX/ml. Inset: Incubations with rabbit ALOX15 (solid squares:
Rabbit ALOX15-incubations; triangles : No-enzyme control incubations) (Banthiya et al.,
2015).
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After 24 hours, the degree of hemolysis induced by PA-LOX was 20-fold higher
than that induced by the rabbit enzyme (50 % hemolysis for PA-LOX vs. 2.5 %
for rabbit ALOX15).

Summary: PA-LOX is capable of inducing hemolysis of intact erythrocytes,
whereas rabbit ALOX15 is much less (20-fold lower) effective.

3.3.4.2. Lipidome analysis of erythrocyte lipids

HPLC analysis of the oxygenated polyenoic fatty acids formed during the
incubation of PA-LOX with intact erythrocytes indicated that esterified 13-HODE
and 15-HETE (not well separated under our analytical conditions) were formed
during this interaction (Figure 30). Using a lipidomic approach (LC-MS/MS) we
next intended to identify the intact oxygenated phospholipids formed during the
PA-LOX-erythrocyte interaction. For this purpose 385 ug of freshly purified PA-
LOX were incubated with intact erythrocytes for two different time periods (12 and
24 h). After the incubations the lipids were extracted and subjected to LC-MS
analysis. Figure 31 compares the concentrations of selected phospholipid
species in PA-LOX containing samples and the non-enzyme controls. The
amounts of phospholipids containing monounsaturated fatty acids (not good
substrates for PA-LOX) were comparable in both samples (Figure 31A). In
contrast, the amounts of polyunsaturated fatty acid containing phospholipids
were significantly lower in the samples treated with PA-LOX when compared to
the non-enzymatic controls (Figure 31B). Next, we compared the amounts of
phospholipids containing oxygenated derivatives of linoleic acid, arachidonic acid
and docosahexaenoic acid such as HODEs, HETEs, KETEs and HDoHEs. Here
we found that such phospholipids were mainly present LOX containing samples
(Figure 31C). HODEs, HDoHEs, HETEs are the products of linoleic acid,
docosahexaenoic acid and arachidonic acid peroxidation, respectively. KETE’s
are metabolites of arachidonic acid produced by the oxidation of HETE. Little or
no of such oxygenated phospholipids (oxPLs) were seen in non-enzyme control
incubations. Surprisingly, the levels of oxPLs were significantly higher in the 12 h
incubations than at 24 h. This observation may be due to the fact that lipid

hydroperoxides are unstable and may undergo decomposition during longer
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incubation periods. One way of such secondary decomposition is fragmentation
of the hydroperoxy fatty acid chain leading to phospholipids carrying shorter fatty
acid chains (Mcintyre, 2012). When searching for such truncated phospholipid
species we found them in our incubation samples. However, they did not increase
between 12 and 24 h (Figure 31D). The reason for this might be due to the fact
that these short chain phospholipids may undergo secondary reactions at longer
incubation periods. It has been reported that such short chain aldehydes form
protein adducts (Michael and pyrole adducts) (Hoff et al., 2003) and thus, cannot

be lipid extracted any more.

15-HETE/13-HODE
A

absorbance at 235nm

_J B
_J&m 'A

10 20
retention time (min)

Figure 30: PA-LOX oxygenates linoleic acid and arachidonic acid esterified in the
membrane phospholipids present in intact erythrocytes to 13-HODE and 15-HETE.
100 ul of packed erythrocytes in 1 ml of PBS (pH 7.4) were incubated with freshly purified
PA-LOX (500 ug) at 25 °C for 24 h under continuous agitation. Similar incubations of the
erythrocytes were carried out in the absence of PA-LOX as non-enzyme controls. After
24 h, the reaction mixture was subjected to lipid extraction. The bottom chloroform phase
was recovered, the solvent was evaporated and the remaining lipids were reconstituted
in methanol. The extracted lipids were then hydrolyzed under alkaline conditions and
analyzed by RP-HPLC to determine the major oxygenation products formed in the A)
non-enzymatic controls and B) PA-LOX containing samples.

Taken together, our lipidomic analyses indicate that pure recombinant PA-LOX
oxidizes the membrane phospholipids of human erythrocytes. If such membrane
oxidation proceeds during a P. aeruginosa infection, PA-LOX secreted from this
bacterium is capable of inducing hemolysis of the hosts’ erythrocytes by
oxygenating their membrane bound phospholipids. Since it alters the integrity of
the host cell membranes, PA-LOX may play a role as pathogenicity factor.
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Figure 31: Lipidomic analysis of selected phospholipid species formed during in vitro
incubation of intact human RBCs with purified PA-LOX. 100 u/ of packed erythrocytes
was incubated with 385 ug of freshly purified PA-LOX at 25 °C for 12 and 24 hours under
continuous agitation. Similar incubations of the erythrocytes were carried out in the
absence of PA-LOX as non-enzyme controls. The reaction mixture was subjected to lipid
extraction. The bottom chloroform phase was recovered, the solvent was evaporated
and the remaining lipids were reconstituted in methanol. These lipid extracts were
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analyzed by reverse-phase LC-MS-MS. The levels of A) Saturated/monosaturated fatty
acids containing phospholipids B) Polyunsaturated fatty acids containing phospholipids
C) Oxygenated phospholipids and D) Truncated phospholipids were compared between
the non-enzyme controls (-) and the PA-LOX (+) containing samples at both 12 and 24
hours of incubation. (white bars — non enzyme controls, n=2; black bars — PA-LOX
containing samples, n=4).

Interestingly, a similar profile of oxygenated phospholipid species was analyzed
when PA-LOX was incubated with cultured lung epithelial cells (A549 cells).

Summary: Lipidomic analysis of the extracted lipids indicates that PA-LOX
induces hemolysis by oxygenating the plasma membrane phospholipids of
intact erythrocytes.
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4. DISCUSSION

4.1. Recombinant expression and purification of PA-LOX
4.1.1. PA-LOX sequence

Lipoxygenase in Pseudomonas aeruginosa (PA-LOX) was first discovered in
mid-1960’s (Shimahara, 1964). Unlike any other LOXs discovered so far, PA-
LOX is a secretory protein (Vance et al., 2004). Using prediction algorithms, it
was reported that the first 19 amino acids of the PA-LOX sequence involves a
signal sequence, suggesting that PA-LOX might be a secreted protein (Vance et
al., 2004). However, there is no direct experimental evidence supporting this
hypothesis. One way of testing this would be by cleaving off the putative signal
sequence and then testing the secretory ability of PA-LOX by measuring LOX-
activity in the periplasm and cellular supernatant of the bacteria. Additionally, by
fusing the cDNA of the signal sequence upstream of a reporter gene and then
assaying secretion of the reporter, one can confirm the functionality of the
predicted signal sequence.

For our expression strategy, we deleted the signal sequence but introduced a
Hiss-tag region at the N-terminus of the protein (Figure 5). We preferred
intracellular recombinant expression for the following reasons: 1) A major
problem with secreted recombinant proteins is proteolytic cleavage. A previous
study has reported the isolation of a 45 kDa LOX from the periplasmic space of
P. aeruginosa (Busquets et al., 2004). Although the sequence of this 45 kDa LOX
is not yet available, the authors concluded that it might be a proteolysis product
formed during secretion. Therefore, to avoid the isolation of such truncated
versions of PA-LOX, we performed an intracellular recombinant expression. 2)
Along with the signal sequence, N-terminal Hiss-tag upstream of the signal
peptide will also be cleaved off after translocation, thus lowering the efficiency of
purification. 3) Other problems include incomplete translocation of proteins
across the inner membrane of the E. coli due to the insufficient capacity of the
export machinery. This reduces the total protein yield since the expressed
recombinant protein in the cytoplasm is likely to accumulate in inclusion bodies
(Mergulhé&o et al., 2005).

The putative N-terminal signal sequence was replaced by the Hiss-tag sequence.

The Hiss-tag region is essential for convenient purification of the recombinant
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protein. Thus, the N-terminal Hiss-tag followed by 11 additional amino acids from
the vector sequence preceded the coding region of PA-LOX. In principle, Hise-
tag can be introduced either at the N-terminus or the C-terminus of recombinant
proteins. However, when it comes to lipoxygenases, introduction of the Hiss-tag
at the C-terminus should be avoided since the C-terminal amino acid (1le685 in
case of PA-LOX) functions as ligand of the catalytic non-heme iron. Thus,
elongation of the C-terminus, which will be achieved by the Hiss-tag stretch, might
alter the iron ligand sphere and thus inactivate the enzyme. Introduction of the
Hiss-tag at the N-terminus upstream of the signal sequence would neither be a
good idea since the signal peptide is cleaved off after secretion, which would also
remove the Hise-tag peptide, which makes it more difficult to purify the
recombinant protein. Another possibility was to place the Hiss-tag between the
signal sequence and the remaining protein sequence. However, in this case, the
Hise-tag might get folded into the protein structure, which might reduce the
efficacy of purification by affinity chromatography. To avoid these problems and
to get high expression yields of the recombinant enzyme for protein-chemical and
enzymatic characterization, it was the most suitable expression strategy to place
the Hise-tag at the N-terminus of the protein and remove the signal sequence.

4.1.2. Expression level

After sonication and removal of cell debris by centrifugation, the lysate
supernatant was subjected to nickel agarose affinity chromatography to purify the
Hise-tag fusion proteins. After this purification step, we got a total yield of 63 *
5 mg of enzyme per liter of liquid culture, which was almost 5-fold higher than
previously described (Deschamps et al., 2016). When we employed the same
expression system for recombinant porcine ALOX15 a comparable yield
(48 mg/L) was achieved. These data indicate that the expression system used
here was very efficient for expression of LOX isoforms.

One of the major problems encountered during recombinant expression of
proteins is aggregation in inclusion bodies (Singh et al., 2015). However, since
our PA-LOX construct contained the N-terminal a-helix domain that is required
for a soluble expression (Lu et al., 2016) and the total yield of the recombinantly
expressed PA-LOX was high (63 mg/L), we did not test if PA-LOX is present in

inclusion bodies so far.
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4.1.3. Purity of PA-LOX

After affinity chromatographic purification of the Hiss-tag fusion protein on a nickel
agarose column a degree of purity >80 % of the enzyme preparation was
obtained. SDS-PAGE indicated one major protein band migrating at the expected
molecular weight of 70 kDa. In addition to the major band, two contaminating
protein bands with approximate molecular weights of 25 kDa and 45 kDa were
observed (Figure 6). Since these proteins could not be removed by affinity
chromatography, it might be possible that the contaminating bands are also Hise-
tag fusion proteins and may represent C-terminal truncation products of the PA-
LOX, which might have been formed from the full-length enzyme by proteolysis
or incomplete translation of the corresponding mRNA. However, westen blot
analysis of our protein preparation using an anti-Hise-tag antibody indicated a
single band at 70 kDa. No additional bands were seen at 25 kDa and 45 kDa.
Thus, the chemical identity of these contaminating proteins is yet to be
elucidated. In order to get rid of these contaminating bands, the nickel agarose
elution fractions 1-3 were subjected to FPLC size exclusion chromatography,
which separates proteins according to their molecular weight (Figure 7). Here we
observed a major protein peak. When aliquots of this peak were analyzed by
SDS-PAGE, we observed a single protein band migrating at 70 kDa without any
contaminating protein bands. These data suggest a close to 100 % purity of the

final enzyme preparation.

4.2. Chemical properties of enzyme preparation
4.2.1. Molecular weight of PA-LOX

First we compared the theoretical molecular weights (MW) of the native secretory
PA-LOX (including the signal peptide), PA-LOX obtained from our expression
system and PA-LOX expressed in the Deschamps study (Table 18). Here we
found that the theoretical MW of our PA-LOX construct was similar to the native
PA-LOX involving the signal sequence. On the other hand the molecular weight
of the “Deschamps enzyme” (Deschamps et al., 2016) was higher because of the
additional 14 amino acids from the vector sequence.

From SDS-PAGE, the experimental MW of our PA-LOX preparation was
determined to be 70 kDa (Figure 6), which was in fair agreement with theoretical

value deduced from the amino acid composition. The reason for the difference
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between the theroretically predicted and SDS-displayed MW is unknown.
However, an incomplete unfolding of PA-LOX might influence the electrophoretic
mobility in SDS-PAGE. When the PA-LOX was expressed as secreted protein in
E. coli using its endogenous signal peptide sequence, a similar molecular weight
was determined (Lu et al., 2013). In the Deschamps study, PA-LOX was also
expressed without its signal sequence but in SDS-PAGE it runs at an apparent
MW of 76 kDa (Deschamps et al., 2016). This could be due to the 29 additional
amino acids preceding the protein instead of the 19 amino acids of the signal
peptide that was introduced in the expression plasmid between the Hiss-tag and
the native PA-LOX.

Table 18: Comparison of the theoretical molecular weight of different PA-LOXs
constructs. *(Deschamps et al., 2016), MW-Molecular weight.

PA-LOX Theoretical Type of Sequence (No. of amino
type MW (kDa) sequence acids)

Native 74.53 Signal peptide ('\ig)RRSVLLSGVALSGTALA

. Hise-tag MGSSHHHHHHSSGLVPRGS
Th 74.

's study 98 +vector HM (21)

. Hiss-tag HHHHHHKPIPNPLLGLDSTEN

Deschamps 76.62 +vector LYFQGIDPFTEF (33)

Our construct was only 12 amino acids shorter than the protein expressed by the
Deschamps study, which translates into a 1320 Da difference in MW between the
two studies. However, from SDS-PAGE the difference in molecular weight is
almost 6000 Da (70 kDa in ours vs. 76 kDa in (Deschamps et al., 2016)). The
reason for this difference is unclear. However, the presence of excessive proline
residues in the protein might affect its migration in SDS-PAGE. From Table 18,
the vector sequence of the Deschamps study has four proline residues while our
vector sequence has just one. Prolines introduce natural kinks in proteins making
them structurally more rigid. Due to the compromised flexibility, there might be a
reduction in the electrophoretic mobility of the protein (Kirkland et al., 1998).

When PA-LOX was isolated from the periplasmic space of Pseudomonas
aeruginosa 42A2, the enzyme exhibited a molecular weight of 45 kDa (Busquets
et al., 2004). This value is much lower than the theoretical molecular weight of

the native enzyme deduced from its amino acid composition. Thus, the enzyme
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must have undergone proteolytic cleavage before or after it has been secreted
into the periplasm. However, proteolytic removal of the signal sequence alone is
not sufficient to explain the loss of 30 kDa. Cleavage in the C-terminal region of
the native enzyme may not be a plausible explanation as this would result in the
loss of three of the five non-heme iron ligands of the protein (His555, His559 and

[le685) and this would have inactivated the enzyme.

A

SLLEAAASRRLYLLDYAELGKLA
PSGAVDKLLTGTGFAYAPIALFALGKDRAGLLPVAIQCGQDPATHPMFVRPAESESDLY
WGWQMAKTVVQVAEENYHEMFVHLAQTHLVSEAFCLATQRTLAPSHPLHVLLAPHFEGT
LFINEGAARILLPSAGFIDVMFAAPIQDTQATAGGNRLGFDFYRGMLPESLKARNVDDP
AALPDYPYRDDGLLVWNAIRQWAADYVAVYYASDGDVTADVELAAWVGEVIGSGKVAGF
RPITGRSQLVEVLTMVIFTASAQHAAVNFPQPSMMTYAPAICAMSAAPAPDSPSGKSEA
DWLKMMPPTLVALEKVNIYHLLGSVYHGRLGDYRQTGFPYAPVFSDRRVTASGGPLERF
QARLKEVEATIRTRNQARRKPYEYLLPSRIPASTNI

Tryps

B Staph |
Ch_hi | |

Tryps Ch_hi [ | |

Tryps| Tryps | | | |

Tryps Ch_hi| | Tryps| | | | |

Tryps| staph ||| staph || | | | |

GPNPLLIRRVDALPANFPLGEEQFRRVMGADDSLLEAAASRRLYLLDYAELGKLAPSGAV

Figure 32: A) Predicted sequence of the periplasmic PA-LOX (black letters) from the
native form containing all five iron ligands (bold and underlined amino acids) obtained
from Sequence Manipulation Suite. B) Possible cleavage sites for trypsin (Tryps),
chymotrypsin (Ch_hi) and Staphylococcus peptidase | (Staph) on the native PA-LOX
around Ser273. (Arrow — Ser273) (Obtained from EXPASYy peptide cutter program).

Thus, native PA-LOX should have lost the N-terminal sequence and such
cleavage preserves all iron ligands. Using online prediction tools (Sequence
Manipulation Suite), a 45 kDa protein is formed when proteolytic cleavage
proceeded in the surrounding of Ser273 of native secretory PA-LOX (Figure 32A).

The truncated protein starting from this position involves all the five amino acid
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ligands for the non-heme iron, which are essential for the catalytic activity. To
define the cleavage site more accurately, we employed the EXPASy peptide
cutter program and observed several potential cleavage sites around Ser273 for
trypsin-like and chymotrypsin-like proteases as well as for Staphylococcus
peptidase | proteases (Figure 32B). Unfortunately, no direct analytical data are
currently available on the N-terminal amino acid sequence of this 45 kDa native
protein so that our theoretical considerations are somewhat speculative.

In contrast to PA-LOX, LOXs originating from other bacterial species such as
Thermoactinomyces vulguris have a higher molecular weight of 160 kDa (Iny et
al., 1993). Also, most plant LOXs have a molecular mass in the range of 94 —
104 kDa and LOXs from mammals in 75-80 kDa range (Brash, 1999).

4.2.2. The iron content of PA-LOX

Most lipoxygenases identified so far contain a non-heme iron at their active sites.
The iron ion participates in the enzymatic reaction and is essential for the enzyme
activity. However, some LOX isoforms contain a manganese ion instead. These
enzymes include the LOX from G&aumannomyces graminis that contains
1 manganese ion per molecule enzyme. In contrast, its iron content was much
lower (<0.15 iron ions per enzyme molecule (Su and Oliw, 1998)). Our PA-LOX
preparation contains one-gram atom-iron per mole LOX. Thus, no iron
supplementation of the expression system was required to meet the iron demand
when expressing such high amounts of recombinant iron containing proteins. The
PA-LOX isolated from the periplasmic space of Pseudomonas aeruginosa only
contained 0.55 mol of iron per mol of protein and manganese was virtually absent
(0.025 mol manganese per mol protein) (Busquets et al., 2004). When PA-LOX
was expressed as recombinant His-tag fusion protein lacking the signal
sequence, only 67 % metalation was observed (Deschamps et al., 2016). In other
words, only two thirds of the enzyme molecules expressed under these
conditions contain iron. This relatively low iron load might contribute to the lower
specific activity of that particular PA-LOX preparation. Since lack of iron is likely
to induce partial miss folding of the protein, a structural microheterogeneity of that
enzyme preparation may be predicted, which might impact the crystallization

behavior.
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4.2.3. Crystal structure of wildtype-PA-LOX

The crystal structures of a number of different LOX-isoforms including PA-LOX
have previously been solved and

Table 19 presents’ details on the LOXs crystallized so far. We explored two
crystal forms of wildtype-PA-LOX and solved the 3D-structure at a molecular
resolution of up to 1.48 A (Figure 8). PA-LOX has been crystallized before (1.75 A
and 2.0 A) and superimposition of the two structures (Garreta et al., 2013)
showed high degree of similarity. The prokaryotic PA-LOX displayed significantly
different features when compared with the solved structures of eukaryotic LOXs:
1) PA-LOX lacks the N-terminal PLAT domain of the eukaryotic LOXs. Instead it
involves a pair of long antiparallel helices (~100 amino acid residues) that acts
as a lid for the entrance into the substrate-binding pocket. A similar observation
was also made in the crystal structures of the fungal-LOXs obtained from
Magnaporthe oryzae and Gaumannomyces graminis. The N-terminal PLAT
domain is also absent in the structures of manganese containing LOXs (Chen et
al., 2016; Wennman et al., 2016). A recent study has indicated that genetic
truncation of the N-terminal alpha-helix lid-structure of the PA-LOX generated an
enzyme, which was insoluble when expressed in E. coli. Moreover, proteolytic C-
terminal truncation of the lid-structure (mini-LOX) improved the substrate affinity
but lowered the catalytic activity and thermo stability. These data suggest that the
N-terminus helix domain might impact the catalytic properties of the enzyme.
However, the major effect of N-terminal truncation is that this manipulation
renders the enzyme more insoluble (Lu et al., 2016). In eukaryotes, truncation of
N-terminal domain reduced the catalytic efficiency of the enzyme leading to a
rapid suicidal inactivation of the rabbit ALOX15. Moreover, in eukaryotes, the N-
terminal B-domain was hypothesized to be involved in membrane binding and
exhibits a regulatory importance (Walther et al., 2011).

2) The substrate binding pocket of PA-LOX is big, bifurcated and contains a
complete phospholipid. The snl fatty acid moiety of this phospholipid occupies
the sub-cavity that contains the non-heme iron, while the sn2 fatty acid occupies
the second sub-cavity that does not have direct access to the non-heme iron. The

polar head group occupies the ‘lobby’ region of the active site.
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Table 19: Crystal data of LOXs from Protein data bank

LOX-isoform PIII)JB Complex structures ResoAutIon Reference
Substrate Inhibitor (A)
2SBL 26 (Boyington et al., 1993)
Glycine max LOX-1
1YGE 1.4 (Minor et al., 1996)
Clynemex o' oND. | BEED 2.1 (Mikami et al., to be published)
Glycine max
Leu546Ala/Leu754Ala 4WHA 1.7 (Hu et al., 2014)
LOX-1
Glycine max lle553Leu
LOX-1 3BNB 1.45
Glycine max 1e553Gly (Meyer et al., 2008)
LOX-1 3BNC 1.65
Glycine max lle553Val
LOX-1 3BND 1.6
Glycine max lle553Ala
LOX-1 3BNE 1.4
G creroicl | qyak 1.95 (Segraves et al., 2006)
(Skrzypczak-Jankun et al.,
ILNH 26 1997)
; 7 (Skrzypczak-Jankun et al.,
Qlyciheimax DX oy nsey | 20122247 | 2001, 2003, 2003b, 2004;
1NO3/ 11K3 2.1/2.15/2.0 Borbulevych et al., 2003;
Vahedi-Faridi et al., 2004)
Glycine max LOX-B 21UJ 24 v ¢ al., 2006)
ounetal.,
Glycine max LOX-D 21UK 24
Oryctolagus cuniculus 1LOX 24 (Gillmor et al., 1997)
15LOX-1 2POM 24 (Choi et al., 2008)
4QWT 2.0 (Neau et al., 2014)
Hapun eoness 8R- ["2FNQ 3.2 (Oldham et al., 2005)
3FG1 1.85
Plexaura homomalla (Neau et al., 2009)
lle805Tyr 8RLOX | o °° i
Plexaura homomalla
lleB05Ala 8R-LOX | °F C* 241
Homo sapiens 5LOX 308Y 2.39 (Gilbert et al., 2011)
Homo sapiens
3vo2 2.74
Lt (Gilbert et al., 2012)
Homo sapiens 3vo8 2.07
Ser663Asp 5LOX 3Vv99 2.25
Ge’sem’alf’g;“sa MR- | 3vFq 2.47 (Eek et al., 2012)
SHE Boroie 12:1 €8 3RDE 1.89 (Xu et al., 2012)
(Truncation)
Homo sapiens 15L0OX-2 4NRE 2.63 (Kobe et al., 2014)
Homo sapiens 12-LOX 3D3L 26 (Tresaugues et al., to be
(truncation) i published)
Gaeumannomyces
graminis 5FX8 2.6 (Chen'et al., 2016)
Megheporhe.aiyzee | sepe 2.04 (Wennman et al., 2016)
Pseudomonas 4G32 1.75
aeruginosa T b (Garreta et al., 2013)
Pseudomonas (Carpena et al., to be
aeruginosa Gly186Giu ARPE 8 published)
Cya""’”gggfp' PCC | sexs 2.7 (Newie et al., 2016)
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In contrast, the substrate-binding pocket of the rabbit ALOX15 is a boot-shaped
cavity, which is accessible from the surface (Gillmor et al., 1997; Choi et al.,
2008). In silico docking studies have suggested that the substrate-binding pocket
of this enzyme is too small to bind a complete phospholipid without steric clashes
(lvanov et al., 2015). However, small angle X-ray scattering experiments
suggested that binding of a ligand at the active site of this enzyme induces major
structural alterations that in turn might increase the overall volume of the binding
pocket (Choi et al., 2008). The substrate-binding pocket of the coral 8R-LOX is a
U-shaped channel, which may allow access to the non-heme iron from two
different directions (lvanov et al., 2010). Additionally, human ALOXS5 involves an
elongated substrate-binding cavity, which appears to be blocked at both ends.
Phel77 and Tyrl81 (FY-fork) guard one end, while Trp148 blocks the other end
of the cavity. The authors suggest that the entry into such an active site requires
a conformational change from either ends of the cavity (Gilbert et al., 2011).
Taken together, the overall structure of PA-LOX clearly indicates that the
substrate-binding pocket of this enzyme seems to be perfect to bind to a complete

phospholipid thereby exhibiting a high binding affinity for phospholipids.

4.3. Enzymatic properties of wildtype-PA-LOX
4.3.1. Free fatty acids as substrates for PA-LOX

4.3.1.1. Kinetic parameters with arachidonic acid and linoleic acid

Arachidonic acid and linoleic acid are the two most abundant fatty acid LOX
substrates in mammalian cells. However, these fatty acids rarely occur in
P. aeruginosa (Oliver and Colwell, 1973). When PA-LOX oxygenates these
substrates, n-6 hydroperoxy derivatives (15S-H(p)ETE and 13S-H(p)ODE) are
formed. This finding is consistent with the literature data classifying PA-LOX as a
secreted arachidonate15S-lipoxygenating enzyme (Vance et al., 2004).

The two LOX-isoforms from cyanobacteria, Nostoc punctiforme ATCC 29133,
NpLOX1 and NpLOX2 also exhibited a similar linoleic acid oxygenation as PA-
LOX (Koeduka et al., 2007) whereas the LOX isolated from Nostoc sp. PCC 7120
exhibited a 9R linoleic acid oxygenation (Lang et al., 2008). As prokaryotic LOXs,
eukaryotic enzymes also exhibit variable reaction specificities and arachidonic
acid is oxygenated to different product isomers (Table 20). To explore the

reaction kinetics of arachidonic acid and linoleic acid oxygenation by PA-LOX,
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spectrophotometric measurements were performed (Table 6 of Results sectio).
PA-LOX exhibited a higher reaction rate with linoleic acid when compared with
arachidonic acid (117.8 vs. 42.3 uM/min). Conversely, it exhibited higher affinity

for arachidonic acid when compared to linoleic acid (Km of 48.9 vs. 174 uM).

Table 20: Product profile of several eukaryotic LOXs when subjected to arachidonic acid
oxygenation.

Type of LOX Products With_ arachidonic Reference

acid

Human ALOX15 15S-HETE and 12S-HETE (Sigal et al., 1988)
(10:1)

Human ALOX15b 15S-HETE (Brash et al., 1997)

Rabbit ALOX15 15S-HETE (Schewe et al., 1981)

Soybean LOX-1 15S-HETE (Van Os et al., 1981)

Martinez-Clemente et

Mouse alox15 12S-HETE z(al., 2010)

Mouse alox15b 8S-HETE (Jisaka et al., 1997)

Rat alox15 12S-HETE and 15S-HETE (Watanabe et al., 1993)
(10:2)

Human ALOX12 12S-HETE (Funk et al., 1990a)

Human ALOX12B 12R-HETE (Boeglin et al., 1998)

Mouse alox12 12S-HETE (Siebert et al., 2001)

Mouse alox12b 12R-HETE (Krieg et al., 1999)

Porcine ALOX15 12S-HETE (Yokoyama et al., 1986)

Zebrafish LOX 12S-HETE (Jansen et al., 2011)

Coral LOX 8R-HETE (Brash et al., 1996)

Human ALOX5 5S-HETE (Funk et al., 1989)

Mouse alox5 5S-HETE (Chen et al., 1995)

Interestingly, there is hardly any difference in the Kcat/Km ratio between the two
substrates, indicating that the catalytic efficiency for both is similar. The molecular
turnover rate of PA-LOX at 165 uM linoleic acid was determined to be 162 s on
the oxygraph. This value was more than 10-fold higher than the molecular
turnover rate exhibited by rabbit ALOX15 (13.6 s') under strictly comparable
conditions. Simultaneous oxygraphic and spectrophotometric measurements of
linoleic acid (165 pM) oxygenation indicated a deviation from 1:1 stoichiometry.
In fact, under exactly comparable conditions, a molecular turnover rate 145 +

14 s was measured at the oxygraph and 76 + 0.35 s at the spectrophotometer.
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Thus, the stoichiometry between oxygen consumption and conjugated diene
formation was roughly 2:1. A 1.1 stoichiometry for rabbit ALOX15 has been
reported earlier (Kihn et al., 1986). The lacking 1:1 stoichiometry between
oxygen uptake and conjugated diene formation during PA-LOX catalyzed linoleic
oxygenation may be due to the additional oxygen consuming secondary reactions
(lipohydroperoxidase activity) or the decomposition of the conjugated dienes (e.g.
formation of oxodienoic acid or short chain aldehydes) that might lead to an
overestimation of PA-LOX mediated oxygen uptake. To address this question we
recorded the UV-spectrum of the incubation mixture (range of 200-400 nm)
during the time course of the oxygenation reaction but did not get any evidence
for the formation of oxodienes. However, there is always the possibility for the
formation of secondary lipid peroxidation products that do not show up in the
spectrophotometer but such products need to be identified by MS/MS. In
conclusion the molecular basis for the lack in stoichiometry between oxygen
uptake and conjugated diene formation remains to be explored.

The Km value of eukaryotic LOXs for linoleic acid oxygenation vary in the lower

micro molar range (Table 21).

Table 21: The Km values for linoleic acid oxygenation by eukaryotic LOXs

LOX-isoform Km for linoleic acid Reference
(M)
Human ALOX15 3 (Kdhn et al., 1993)
Rabbit ALOX15 6.36 (Schewe et al., 1986b)
Soybean LOX-1 8.5 (Van Os et al., 1981)
Human ALOX12 10 (Chen et al., 1993)
Human ALOX5 12.2 (Soberman et al., 1985)

In contrast, the corresponding value for PA-LOX was more than 10-fold higher
suggesting a low affinity of the enzyme for this fatty acid. It should however, be
stressed that the Km strongly depends on the in vitro activity assay. Variations in
the reaction conditions such as pH, buffer composition and reaction temperature
as well as the presence or absence of detergents strongly impact the water
solubility of fatty acid substrates and thus may impact the Km. Detergents
strongly influence the monomer-micelle equilibrium of fatty acid substrates in the

assay system and strongly impact the reaction kinetics. Thus, direct comparison
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of Km values obtained in different kinetic assay systems can be misleading and
side-by-side reactions are always recommended for direct comparison. The
catalytic efficiency of the PA-LOX preparation with arachidonic acid as substrate
from another study was significantly higher (16 (uM x s)1) (Deschamps et al.,
2016) than the corresponding value obtained with our enzyme preparation. The
reason behind such a low catalytic efficiency of our enzyme preparation is the
high Km (48.9 uM) and a low molecular turnover rate (23.5 s™) for arachidonic
acid (Table 6). This may be due to the different buffer conditions used by this
study. The activity assay in this study was carried out at a lower pH (6.5 vs. 7.4
in our study) and in the presence of detergents (0.01 % Triton X-100). In order to
test the impact of detergents on the reaction kinetics we compared the rate of
linoleic acid (165 pM) oxygenation by PA-LOX in the presence and absence of
0.01 % sodium cholate. Here we found a more than 70 % increase in the reaction
rate in the presence of detergents. Since usually no detergents are present in
biological environments we routinely explored the reaction kinetics in the absence
of such additives. In the absence of detergents catalytic efficiencies (Kcat/Km) of
2 (MM x s)tand 0.10 (UM x s)* were determined for human ALOX15 and human
ALOX15B (Wecksler et al., 2008) and these values are more similar to the data
we determined for PA-LOX.

4.3.1.2. Kinetic parameters with other free fatty acid substrates

The polyenoic fatty acids present in mammalian cells can be subdivided with
respect to their nutritional importance in two principle categories: omega-3 and
omega-6. The major omega-3 polyenoic fatty acids, such as eicosapentaenoic
(EPA) acid and docosahexaenoic acid (DHA), are biosynthesized via elongation
and desaturation of alpha-linolenic acid. In contrast, omega-6 fatty acids, such as
arachidonic acid (AA) and dihomo-y-linolenic acid (DGLA), derive from linoleic
acid (LA). In cellular systems several LOX-, COX- and cytochrome P450-
isoenzymes compete for AA, EPA, DHA and DGLA to produce essential
inflammatory mediators (Das, 2006). One of the main pre-requisite for a
lipoxygenase catalyzed reaction is that the fatty acid substrates contain at least
one 1,4-cis,cis-pentadiene structural unit (Haeggstrom and Funk, 2011). In order
to explore the ability of PA-LOX to produce biologically relevant products, we
tested the activity of PA-LOX with a number of polyunsaturated fatty acid
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substrates with variable chain length and number of double bonds (Table 7). PA-
LOX oxygenated almost all polyunsaturated fatty acid substrates at n-6™ position
irrespective of the chain length and the number of double bonds. However,
among the free fatty acids tested, PA-LOX prefers DGLA and DHA. In addition,
arachidonic acid and linoleic acid were also well oxygenated, while
eicosapentaenoic acid was less effectively oxygenated.

DHA is found at high nanomolar concentrations in broncho-alveolar lavage fluid.
Additionally, when DHA was added to cultures of P. aeruginosa PR3, the
extracted lipids obtained after 72 h of bioconversion exhibited an antibacterial
activity against both gram-positive and gram-negative bacteria (Shin et al., 2007).
Cystic fibrosis patients exhibit abnormal blood and tissue levels of
polyunsaturated fatty acids. Among others, the levels of DHA are reduced in
ileum, lung and pancreas of cystic fibrosis mouse models. In contrast, the levels
of the arachidonic acid are increased. Interestingly, these levels were normalized
by dietary supplementation with DHA (Freedman et al., 1999; Mimoun et al.,
2009). Using cell culture models, it has been demonstrated that the treatment of
cystic fibrosis bronchial epithelial cells with exogenous DHA reverses this
imbalance by down-regulating the expression of desaturase genes that function
as catalysts during the conversion of linoleic acid to arachidonic acid (Njoroge et
al., 2012). Thus, dietary supplementation of DHA has been recommended to
improve the clinical conditions of some cystic fibrosis patients (Coste et al., 2007,
Martinez et al., 2009). Here we report that PA-LOX prefers DHA as substrate and
this finding suggests PA-LOX dependent metabolization of DHA might contribute
to the reduction of DHA observed during the P. aeruginosa infections. Reducing
the amounts of DHA in the host, the pathogen may delay its clearance from lungs.
In another study on recombinantly expressed PA-LOX, it was suggested that
arachidonic acid was the most preferred substrate for this enzyme (Deschamps
et al., 2016). The reason behind this difference is unclear but the different assay
conditions (substrate concentration 10 yM in the Deschamps study vs. 100 M in
our study, pH 7.0 in the Deschamps study vs. pH 7.4 in our study ) may contribute.
PA-LOX isolated from the periplasmic space of P. aeruginosa exhibited oleic acid
oxygenase activity (Busquets et al., 2004) and a similar observation was later on
also reported for the recombinant enzyme (Vidal-Mas et al., 2005). In the latter

study it was reported that the oleic acid oxygenase activity of recombinant PA-
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LOX amounted to about 30 %, when the rate of linoleic acid oxygenation was set
to 100 % (Vidal-Mas et al., 2005). However, as indicated in Figure 33A, under
similar enzyme amounts and assay conditions, we did not see an oleic acid

oxygenase activity in our oxygraphic measurements.

» PA-LOX+0OA PA-LOX+VA
9 \ (
‘a W I’ \
[, d \
T E 200- \\ 200 \
Q= \
C o PA-Lox+LA$\ PA-LOX+LA!
82 \
: £ o \ \
2 : \
5 N N
1 1 T 1 E
2 4 2 4
time (min) time (min)

Figure 33: Testing the ability of PA-LOX to oxygenate oleic acid and vaccenic acid
oxygraphically. 2.1 ug of freshly prepared PA-LOX was incubated with A) Oleic acid (OA)
and B) Vaccenic acid (VA) in 1 ml of PBS (pH 7.4) for 5 min at 25 °C in an oxygraphic
assay chamber. As a positive control, we also tested the linoleic acid (LA) oxygenase
activity of PA-LOX side-by-side. The final concentration of the all the fatty acid substrates
in the reaction mixture was adjusted to 165 uM. Ability of PA-LOX to oxygenate OA and
VA was indicated by the decrease in the oxygen concentration in the reaction mixture.

The reasons for this discrepancy have not been explored. However, the activity
assays in the Vidal-Mas study were differently structured. Compared with our
standard assay Vidal-Mas incubated high amounts of recombinant PA-LOX
(400 pg vs. 2.1 ug in our study) with more than 30-fold higher oleic acid
concentrations (3.15 mMvs. 0.1 mM in our study). Moreover, the reaction mixture
was incubated for longer time periods (2 hours vs. 3 min in our study) in 200 mM
borate buffer (pH 8.0 vs. PBS with pH 7.4 in our study). The enzyme activity was
monitored at 235 nm. This assay system is surprising since measurements
at 235nm are based on the formation of conjugated dienes. Since oleic acid lacks
the bisallylic methylene, it cannot be transformed to conjugated dienes (Vidal-
Mas et al., 2005). Vaccenic acid is another monounsaturated fatty acid (C18:
A11), which abundantly occurs in P. aeruginosa (Oliver and Colwell, 1973). Thus,

we tested this fatty acid as substrate for PA-LOX. Comparative oxygraphic
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measurements of purified PA-LOX with cis-vaccenic acid and linoleic acid
(positive control) as substrate did not reveal any indications for a major vaccenic
acid oxygenase activity of the enzyme. In fact, when compared with linoleic acid,
we did not see any oxygen consumption with this monounsaturated fatty acid
(Figure 33B).

In the literature the oleic acid oxygenase activity of PA-LOX was concluded from
the analysis of the reaction products (Vidal-Mas et al., 2005), which is a very
sensitive method. In contrast, oxygraphic measurements are not very sensitive
but nevertheless, side-by-side comparative measurements with linoleic acid
oxygenation suggest that under our experimental conditions, the vaccenic acid
and oleic acid oxygenase activities are more than one order of magnitude lower

than the enzyme’s linoleic acid oxygenase activity.

4.3.1.3. Oxygen affinity of PA-LOX

Atmospheric dioxygen is the second substrate for all LOX-isoforms. The oxygen
affinity of several mammalian LOXs has been studied before and the oxygen Km
values are summarized in Table 22. The oxygen Km values for these LOXs range
in the lower two-digit micromolar range. On the contrary, the wildtype-PA-LOX
exhibits an unusually high Km value (406 uM) for oxygen indicating its low oxygen
affinity (Table 14). Thus, under physiological conditions most mammalian LOXs
are working in the range of oxygen saturation, where minor alterations in oxygen
concentrations in the surrounding have negligible impact on the reaction rate. In
contrast, at physiological conditions, PA-LOX is not oxygen saturated and thus,

alterations in the oxygen concentration strongly impact the reaction rate.

Table 22: The oxygen affinity of various eukaryotic LOXs.

LOX-type Oxyg;:‘sw?]fflnlty Reference
Soybean LOX-1 20+ 1.5 (Egmond et al., 1976)
Rabbit ALOX15 3.7£0.2 (Ludwig et al., 1987)
Purified human ALOX12 14 £ 3.3 (Hada et al., 1991)
Crude human ALOX12 13+4.1 (Juréanek et al., 1999)
Purified human ALOX12 26 +6.0 (Takahashi et al., 1988)
Crude porcine ALOX15 26+ 2.6 (Juréanek et al., 1999)
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In cystic fibrosis patients, who are frequently infected by P. aeruginosa,
decreased oxygen concentrations were measured in the airways (Alvarez-Ortega
and Harwood, 2007). Employing micro oxygen sensors, a pO2 as low as
2.5 mmHg was determined in the diseased lung region when compared with
180 mmHg in healthy airway lumen (Worlitzsch et al., 2002). Therefore, external
oxygen supplementation is frequently employed for the treatment of acute
episodes of respiratory failures (Madden et al., 2002). Our kinetic data suggest
that during P. aeruginosa infections, an increase of the oxygen concentration
would strongly activate PA-LOX activity but the clinical consequences of this
enzyme activation remain to be explored. It may well be that this activation of PA-

LOX might contribute to the deleterious effects of long-term oxygen therapy.

4.3.2. Thermal stability and activation energy of PA-LOX

When incubated at 4 °C, PA-LOX loses 60 % of its initial catalytic activity during
the first 24 hours even if glycerol is present as stabilizing agent. After this
incubation period, the enzyme was not completely inactive and after one week of
incubation at 4 °C it still exhibited 20 % residual activity (Figure 15). However, a
similar drop of the catalytic activity was not observed for the 45 kDA PA-LOX
isolated from the periplasmic space of P. aeruginosa. This enzyme exhibited
100 % of its initial activity even after a week storage at 4 °C (Busquets et al.,
2004). Thus, the truncated enzyme that is secreted from the bacterium appears
to be more stable than its recombinant full-length isoform.

Temperature variations do not only impact enzyme stability but also the reaction
rate and the reaction kinetics. In our hands, the temperature optimum (Topt) of
PA-LOX catalyzed linoleic acid oxygenation was 35 °C (Figure 14). In contrast,
other study suggested a Topt Of about 25 °C (Lu et al., 2013; Deschamps et al.,
2016). A similar Topt (25 °C) was reported for oleic acid oxygenation catalyzed by
the 45 kDa periplasmic PA-LOX (Busquets et al., 2004). From the Arrhenius plot,
an activation energy for PA-LOX catalyzed linoleic acid oxygenation of
33.8 kJ/mol x K was calculated (Figure 14). This value is somewhat higher than
that determined in side-by-side experiments with rabbit ALOX15 (14.3 kJ/mol x
K). A similar activation energy of 18 kJ/mol x K was previously reported for
soybean LOX (Tappel et al., 1953). Activation energy is the minimum amount of
energy required to reach the catalytic transition state (Krishtalik, 1985). Thus,
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both rabbit ALOX15 and soybean LOX require low initial energy to reach this
threshold. However, at such low energies, reactions catalyzed by PA-LOX will
not occur because they require almost 2 times higher energy to overcome this
threshold.

4.4. Concepts for the reaction specificity of LOXs

4.4.1. Triad and Jisaka determinants

The positional specificity of LOXs mirrors the structure of the enzyme-substrate
complex during a LOX catalyzed reaction. Several studies have been carried out
to identify key amino acid residues that are essential for the reaction specificity
of LOXs. The positional specificity of various ALOX15 and ALOX12 isoforms can
be explained by the triad concept. According to this concept, a triad of amino
acids, which align with Phe353 (Borngraber et al., 1996), lle418/Met419 (Sloane
et al., 1991a, 1995) and [le593 (Borngraber et al., 1999) of rabbit ALOX15
function as sequence determinants for the positional specificity of LOXs. These
residues are often clustered together in the 3-dimesional structures and form the
bottom of the substrate-binding pocket. The bulkiness of their side chains
appears to be of major importance since these side chains determine the depth
of these pockets. The hydrogen abstractions of 15- and 12- lipoxygenating
enzymes occur from C13 and C10 of the arachidonic acid, respectively. When
the triad determinants of a 15-lipoxygenating LOX are replaced by less space-
filling residues, the substrate penetrates deeper into the pocket, which
approaches C10 of the arachidonic acid molecule closer to the non-heme iron
resulting in a 12-lipoxygenation. On the contrary, larger residues at these
positions favor arachidonate 15-lipoxygenation (Vogel et al., 2010). Conversion
of a 15-lipoxygenating ALOX15 ortholog to a 12-lipoxygenating enzyme involves
an alternative site for hydrogen abstraction (C-13 to C-10), while the radical
rearrangement remains the same ([+2]-rearrangement of the radical electron
towards the methylene end of the substrate in both 15- and 12-lipoxygenating
enzymes). The 15-lipoxygenating ALOX15 orthologs from humans (Sloane et al.,
1995) and rabbits (Borngraber et al., 1999) as well as the 12-lipoxygenating
orthologs from pigs (Suzuki et al., 1994), rats (Pekarova et al., 2015), rhesus
monkeys (Vogel et al., 2010) and gibbons (Adel et al., 2016) follow this triad

concept. However, applicability of the triad concept has not yet been tested for
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any bacterial LOXs. In order to identify the triad determinants of PA-LOX, we
carried out multiple amino acid alignments of PA-LOX with mammalian ALOX15
orthologs and mutated the putative triad determinants of PA-LOX to smaller
residues (Table 8). Unfortunately, we did not find convincing changes in the
reaction specificity and these mutagenesis data indicate that PA-LOX does not
follow the triad concept. Similar observations have been made for murine alox15b
and its human ortholog. Instead of the triad determinants, Glu604 and Lys605
appeared to be positional determinants of human ALOX15B (Jisaka et al., 2000).
Assuming a similar scenario for PA-LOX, we then mutated the corresponding
amino acids of PA-LOX to residues of the murine alox15b (Table 9). However,
the corresponding double mutant did neither show any alterations in the reaction
specificity. The major product still remained 15S-H(p)ETE. Although mutations of
the triad determinants did not induce major alterations in the positional specificity,
the mutants exhibited altered catalytic efficiencies of arachidonic acid
oxygenation. While the mutants, Met434Val and Leu612Val exhibited a reduced
catalytic activity (35 % and 60 %, respectively) with arachidonic acid when
compared to the wildtype-PA-LOX (100 %); the Glu369Ala and Phe435Leu
mutants exhibited an increased catalytic activity (180 % and 240 % respectively).
The Glu604Tyr+Lys605His double mutant exhibited a similar catalytic efficiency
as the wildtype enzyme.

Exploring the 3D-structure of the wildtype-PA-LOX, we identified several other
amino acid residues that might function as positional determinants since they

might be involved in enzyme-substrate interaction.

Table 23: Analysis of the possible positional determinants of PA-LOX

Type of exchange Mutant Observation
Met374Ala
Met434Ala | <1% residual activity
Phe435Ala | (inactive)

Tyr609Ala
Glu373Leu | >109% residual activity
Leu378Phe | (active)

Leu425Phe | No alteration in positional

Leu425Tyr | SPecificity

Bulky amino acid to
smaller amino acid

Smaller amino acid to
bulky amino acid
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These residues were mutated to either bulkier or lesser space filling residues
(Table 23), expressed and the product profile of each of them was analyzed by
HPLC. In addition to these amino acids, the structure of wildtype-PA-LOX
indicated other residues, which might contribute to form the bottom of the
substrate-binding pocket. These residues include Leu424, Phe430, GIn562 and
lle608. Testing these mutants in the future might help determine the positional
determinants of PA-LOX.

4.4.2. Ala vs. Gly concept

4.4.2.1. Product profile after Alato Gly exchange

We successfully identified the amino acid responsible for the enantioselectivity of
PA-LOX. Multiple sequence alignments of several S- and R-LOXs with known
reaction specificity have indicated that a single conserved amino acid residue at
a critical position is different between these two types of enzyme subclasses.
Most S-LOXs have an alanine at the critical position (so called ‘Coffa Site’), while
a glycine is present at the same position in most R-LOXs. Additionally, when the
alanine is mutated to a glycine in human ALOX15B and mouse alox15b, these
LOXs are converted to 11R- and 12R-lipoxygenating enzymes, respectively.
Also, when the glycine of the human ALOX15B and coral 8R-LOX is mutated to
alanine, these enzymes were transformed to 8S- and 12S-LOXs respectively
(Coffa and Brash, 2004). However, similar mutations in ALOX15 orthologs from
mice, rabbits, rhesus monkeys, orangutans and men induced only minor
alterations in the reaction specificity, which do however point in the same
direction (Jansen et al., 2011). Also, the 9R-LOX from the cyanobacterium
Nostoc sp. PCC7120 carries an alanine at the ‘Coffa Site’. When this Ala was
mutated to a lesser bulky Gly, there was no significant alteration in the reaction
specificity. However, when bulkier residues, such as Val or lle, were introduced,
13S-HODE was the major oxygenation product (Andreou et al., 2008). On the
other hand, there are exceptions from this concept such as zebrafish LOX-1. This
enzyme carries a glycine at this position but functions as S-lipoxygenating
(Jansen et al., 2011). PA-LOX is an S-lipoxygenating enzyme that carries an
alanine at the ‘Coffa Site’ (Ala420). Targeted mutagenesis of this alanine to a
lesser space filling glycine revealed partial changes in the enantioselectivity of
the enzyme suggesting that PA-LOX adheres to the Ala vs. Gly concept of LOX-
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specificity. An Ala420Gly-PA-LOX converted arachidonic acid to 11R-HETE and
15S-HETE in the ratio of about 1.5:1 (Figure 16). A similar 1.5:1 (11R-HETE:15S-
HETE) ratio was obtained for the Ala416Gly of human ALOX15B (Coffa and
Brash, 2004). Therefore, the S- or R-stereo control in LOXs is a joint contribution
of both, the positional specificity and the enantioselectivity of LOXs.

This data indicates that PA-LOX adheres to the Ala-vs.-Gly concept of
enantioselectivity. In order to obtain a structural explanation for the altered
reaction specificity, we solved the crystal structure of the Ala420Gly mutant
(1.8 A) (Figure 17). The overall 3D-structures of wildtype and mutant PA-LOX
were similar. Using the protein tunneling software Caver 3.0 (Kozlikova et al.,
2014), a permanent tunnel that connects the protein surface with the catalytic
center was detected and this tunnel might function as an intra-protein path for
oxygen diffusion. Structural modeling of the enzyme-substrate complex
suggested that when dioxygen employs this tunnel for intra-enzyme movement
in the wildtype-PA-LOX, it is directed to C15 of the arachidonic acid backbone.
However, the Ala420Gly-exchange redirects the intra-enzyme oxygen diffusion
by bifurcating the putative oxygen access channel. Removal of the CH3s-group of
Ala420 apparently opens a side channel so that atmospheric dioxygen can also
reach C11 of arachidonic acid (Figure 18).

In an attempt to completely block arachidonic acid 15-lipoxygenation, amino
acids that line the putative oxygen channel (towards C15 of arachidonic acid)
were identified. One of them was lle431, which is localized in the protein in such
a way that its side chain narrows the putative oxygen channel for 15-
lipoxygenation in wildtype-PA-LOX. We hypothesized that by replacing the lle431
with a bulkier Phe, we might prevent oxygen molecules from reaching C15 of
arachidonic acid during substrate oxygenation and force the oxygen molecules
to travel along the new side channel, which was opened by Ala420Gly exchange.
If this was the case, the double mutant lle431Phe+Ala420Gly might strongly favor
11-lipoxygenation and the single mutant lle431Phe might exhibit a strongly
reduced reaction rate. As expected, the single mutant was inactive (residual
activity ~0.3 %). However, the double mutant, lle431Phe+Ala420Gly was also
inactive. Since inactive mutants are difficult to interpret, these mutagenesis
experiments did not advance our knowledge on the mechanistic basis of the

functional alterations induced by Ala420Gly exchange. Additional mutagenesis
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studies and crystallographic experiments under high oxygen pressure (oxygen
pumping experiments) (Colloc’h et al., 2008) might help to shed light on this topic.

4.4.2.2. Ala420Gly and wildtype follow the antarafacial relationship

For most LOXs identified so far, hydrogen abstraction and oxygen insertion occur
from opposite faces of the plane determined by the double bond system of the
fatty acid substrate. Thus, these two steps of the LOX reaction follow an
antarafacial relationship (Egmond et al., 1973; Kuhn, 2000). Although altered
reaction specificity is seen with the Ala420Gly-PA-LOX, the products formed with
both wildtype- (13S-HODE) and mutant-PA-LOX (9R- and 13S-HODE) involved
the abstraction of proS-hydrogen from C11 of the stereospecifically labeled
linoleic acid (Table 12). Thus, during a PA-LOX catalyzed reaction, hydrogen
abstraction and oxygen insertion follow the antarafacial paradigm of the LOX
reaction. The prokaryotic Anabaena LOX also follows the antarafacial
relationship. Similar to Ala420Gly-PA-LOX, this enzyme also involves abstraction
of the proS-hydrogen from C11 of linoleic acid during the formation of 9R-HODE
(Zheng et al., 2008). An exception to this rule is the manganese containing 13R-
MnLOX of Gaumannomyces graminis and the 9S-MnLOX of Magnaporthe
salvinii, where hydrogen removal and oxygen insertion occur suprafacially
(Hamberg et al., 1998). Experiments with stereospecifically labeled linoleic acid
indicated that oxygenation of this substrate by soybean LOX-1, PA-LOX and 13R-
MnLOX involves abstraction of the proS-hydrogen from C11 of the linoleic acid.
However, the site of oxygen insertion appears to be different. A direct comparison
of the active site residues of the 13R-MnLOX and soybean LOX-1 suggested that
the benzene ring of Phe337 of 13R-MnLOX (Leu407 in case of PA-LOX) is
oriented in such a way that it shields the face of the 12Z double bond (of linoleic
acid) which results in a 13R-oxygenation (Figure 34A). Multiple sequence
alignment of different LOXs indicate that most iron containing LOXs contain an
lle or Val at this position (Wennman et al., 2012). In case of soybean LOX, the
lle547 at the same position favors a 13S-oxygenation (Figure 34B). Replacement
of the Phe337 with an lle retained the hydrogen abstraction of the 13R-MnLOX
but completely flipped its oxidation process from suprafacial to mainly

antarafacial resulting in a 13S-oxygenation (Wennman et al., 2012).
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Figure 34: The predicted amino acids contributing towards the suprafacial and
antarafacial relationship between hydrogen abstraction and oxygenation in A) 13R-
lipoxygenating-Manganese LOX and B) 13S-lipoxygenating Soybean LOX-1 (modified
from Wennman et al., 2012).

Thus, the authors concluded that a single amino acid residue controls the
direction of oxygenation in the manganese LOXs. However, since the
replacement of Phe337lle opens the oxygen channel directed towards 13S-
oxygenation, an additional amino acid residue/s must be involved in blocking the
oxygen molecules migrating towards 13R-oxygenation. The authors’ did not
identify such residue/s both in the manganese and the soybean LOX-1 that
actively blocks oxygen molecules from 13R-oxygenation during a dominant 13S-
lipoxygenation.

The fatty acid in 13R-MnLOX is also aligned in the tail first orientation at the active
site as in case of PA-LOX. Since 13R-MnLOX follows the suprafacial paradigm,
the hydrogen abstraction and the oxygen insertion occur on the same plane (iron
side) of the fatty acid determined by the double bonds (Figure 34A). However, in
case of PA-LOX, hydrogen abstraction and oxygenation occurs antarafacially (as
seen with soybean LOX-1 in Figure 34B), on the opposite sides of the fatty acid
plane. Therefore, although the fatty acid substrates are aligned in a similar
manner in both 13R-MnLOX and PA-LOX, oxygen insertions for the two LOXs

occur on the opposite sides of the plane of the 1,4-pentadiene moiety.

4.4.2.3. Ala420Gly exchange lowers the catalytic efficiency of PA-LOX

Spectrophotometric analyses at different arachidonic acid concentrations were

performed for direct comparison of the kinetics between the wildtype- PA-LOX
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and its Ala420Gly-mutant (Table 10). After the Ala420Gly exchange, the Km
(arachidonic acid) of the mutant enzyme (67.6 uM) was almost twice as high as
that of the wildtype LOX (38.2 uM), indicating that the wildtype enzyme exhibits
an almost 2-fold higher affinity for arachidonic acid than the mutant protein. Also,
the wildtype-PA-LOX exhibited a 10-fold higher molecular turnover than the
mutant-enzyme (21.45 s vs. 1.6 s1). Previous studies have reported that the Ala
to Gly exchange in the human ALOX15B, mouse 8S-LOX, coral 8R-LOX and
human 12R-LOX resulted in a variable loss in the catalytic activity ranging from
almost no impairment of catalytic activity to a ~15-fold drop in activity (Coffa and
Brash, 2004). A similar reduction (13-fold) was observed when the Ala420 of our
wildtype-PA-LOX was exchanged with Gly. The reason behind such a drop in
activity is still unknown. However, one might speculate that substrate alignment
at the active site is altered in such a way that the rate-limiting step of the LOX
reaction might sterically be hindered. In other words, if the hydrogen to be
abstracted is somewhat dislocated from the iron bound hydroxyl, hydrogen
abstraction may be impaired. Modeling linoleic acid and arachidonic acid into the
active site of both the wildtype- and Ala420Gly-PA-LOX suggested that the
bisallylic methylenes (C11 of linoleic acid and C13 of arachidonic acid) were
shifted away by 0.6 A from the iron bound hydroxyl (Figure 17). This might be a
plausible explanation for the observed lower catalytic activity of Ala420Gly-PA-
LOX.

4.4.2.4. Ala420Gly improves the oxygen affinity of PA-LOX

The molecular basis for the altered reaction specificity induced by Ala-to-Gly
exchange has not completely been clarified. From the crystallographic and
structural modeling data, we concluded that the Ala420Gly-exchange bifurcated
the putative oxygen diffusion channel of PA-LOX (Figure 18). The side chain of
the Ala420 in the wildtype-PA-LOX prevents penetration of oxygen molecules to
the 11R-position of arachidonic acid, which allows only 15S-lipoxygenation. In
Ala420Gly-PA-LOX, this barrier is removed, which enables molecular dioxygen
to reach both the C11 and C15 position of the substrate molecule explaining the
dual specificity of the mutant enzyme. These structural data were consistent with
kinetic measurements indicating that the Ala420Gly mutant exhibited a 2-fold
higher oxygen affinity (Km for oxygen 406 uM for wildtype-PA-LOX vs. 235 uM
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for Ala420Gly mutant) than the wildtype-PA-LOX (Table 14). These kinetic data
are particularly remarkable since the oxygen affinity of both wildtype and mutant
PA-LOX were much lower than the corresponding parameters of mammalian
LOXs (Table 22).

4.5. Biological relevance of PA-LOX
4.5.1. Lipoxin and leukotriene synthase activity of PA-LOX

In addition to free polyenoic fatty acids, mammalian ALOX15 orthologs, such as
rabbit ALOX15 (Bryant et al., 1985; Kuhn et al., 1987) and porcine ALOX15 (Ueda
et al., 1987; Yamamoto et al., 1988), are also capable of oxygenating conjugated
diene system containing hydroperoxy fatty acids to pro- and anti-inflammatory
mediators such as leukotrienes and lipoxins. The ability of PA-LOX to synthesize
leukotrienes was determined by quantifying the conjugated trienes formed when
PA-LOX was incubated with 15S-H(p)ETE as substrate under anaerobic
conditions. Unlike rabbit ALOX15, which was employed as positive control
(Bryant et al., 1985), PA-LOX does not display major 14,15-leukotriene synthase
activity (Figure 20). Translating into the in vivo situation these data suggest that
PA-LOX might not contribute to induce a pro-inflammatory response directed
against the pathogen. However, when PA-LOX was incubated with 5S-HETE
(arachidonic acid oxygenation product of the ALOX5 pathway) and 5S,6S/R-
DIHETE (5,6-leukotriene A4 hydrolysis product), it was capable of synthesizing
lipoxin isomers, which constitute anti-inflammatory eicosanoids (Figure 20). In
other words, PA-LOX might contribute to down-regulation of the host
inflammatory reaction against the pathogen. A recent study, however,
contradicted these findings (Deschamps et al., 2016). Here the authors reported
that the recombinantly expressed PA-LOX does not exhibit any lipoxin synthase
activity. This conclusion was made from kinetic in vitro incubations at enzymatic
concentrations that were sufficient to catalyze free fatty acid oxygenation. In fact,
at such low enzyme concentrations we did not detect major lipoxin formation
under our experimental conditions either. However, at higher concentrations,
substantial amounts of lipoxins could be detected in the incubation mixtures.
Thus, taken together, the results of these two independent studies suggest that
in principle PA-LOX is capable of catalyzing lipoxin formation from 5S-HETE and

5,6-DIHETE. However, the enzyme concentration must be high enough and 13-
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H(p)ODE must be present as LOX activator in the incubation mixture. The
biologically more relevant question is whether such high enzyme concentrations
are actually reached in vivo and whether the amounts of lipoxins formed under in
vivo conditions are sufficiently high to repress the inflammatory reaction. These
guestions cannot be answered at the moment.

P. aeruginosa infections frequently occur in cystic fibrosis (CF) and a recent study
suggested that eicosanoid class switching during pathogenesis of CF is defective
in pediatric CF patients. As a consequence of this defective eicosanoid class
switching, the lipoxin A4 / leukotriene B4 ratio is reduced, which counteracts
active resolution of inflammation in the lower airways of CF patients. The lipoxin
A4 | leukotriene B4 ratio in the bronchoalveolar lavage (BAL) fluid of controls
(children without CF undergoing bronchoscopy for clinical reasons) indicated that
their eicosanoid balance was strongly in favor of lipoxin A4 rather than leukotriene
B4 as seen in CF BAL fluid. The reduced levels of the pro-resolving lipoxins
compared to the pro-inflammatory leukotrienes has directly been associated with
decreased lung function (Ringholz et al., 2014). Several studies have suggested
the application of lipoxin derivatives as a therapeutic strategy to improve the
conditions of CF patients. In fact, lipoxin A4 improves the conditions of the lung
by repairing epithelial barrier function, by restoring the ion transport and by
improving the height of the airway surface liquid layer in bronchial epithelium of
CF patients (Verriére et al., 2012). It also reduces the severity of inflammation in
this disease (Urbach et al., 2013). These data indicate that in addition to
contributing to the evasion strategy of the P. aeruginosa, the lipoxin synthase
activity of PA-LOX might contribute to silence CF symptoms.

4.5.2. PA-LOX oxygenates complex lipid assemblies

4.5.2.1. Phospholipid and biomembrane oxygenase activity of PA-LOX

Several mammalian ALOX15 orthologs of different species (Kuhn et al., 1990;
Kihn et al., 1993; Takahashi et al., 1993; Pekarova et al., 2015) oxygenate
esterified polyenoic fatty acids bound to biomembranes and lipoproteins. So far,
among the prokaryotic LOXs, Anabaena LOX has shown to exhibit the principle
capability of oxygenating arachidonic acid containing phosphatidylcholine.
However, the membrane oxygenase activity of prokaryotic LOXs has not yet been

reported (Zheng et al., 2008). There are several evidences available in the
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literature that made us conclude that the secretory PA-LOX might be capable of
oxygenating membrane bound phospholipids: 1) The crystal structure of PA-LOX
indicated a Dbifurcated active site, which contained a complete
phosphatidylethanolamine molecule. This endogenous lipid ligand was co-
purified with the recombinant enzyme during the multi-step purification procedure
(Garreta et al., 2013). This data prompted us to conclude that PA-LOX has a high
binding affinity for phospholipids. 2) Tryptophan florescence measurement and
isothermal calorimetric analysis suggested that PA-LOX is capable of interacting
with polyunsaturated fatty acids containing phospholipids (not phospholipids
containing the monounsaturated oleic acid). As a matter of fact, when the enzyme
was added to phospholipid vesicles, an endothermal peak was observed in
isothermal microcalorimeter but the baseline did not return to its initial value.
From these results, the authors concluded that PA-LOX is capable of modifying
phospholipid vesicles (Garreta et al., 2013). 3) In vivo invasiveness analysis
indicated that the invasive capacity of PA-LOX expressing P. aeruginosa strains
was significantly higher when compared with PA-LOX deficient strains (Garreta
et al., 2013). This data suggested a possible role of PA-LOX in P. aeruginosa
infections. However, whether PA-LOX increases infectiousness of the bacteria
by directly modifying the host cell membranes or by interfering with the hosts’
immune system remains to be elucidated. To test the membrane oxygenase
activity of the PA-LOX we applied different analytical methods: 1) We carried out
oxygraphic measurements (Figure 24) during the incubation of PA-LOX with
biological model membranes (vesicles of mitochondrial inner membrane). Here
we observed a clear oxygen consumption suggesting oxygenation of membrane
lipids and/or proteins. 2). Using HPLC we detected oxygenated polyenoic fatty
acids in the membrane lipids after a 15 min incubation period (Figure 25, Figure
26). More detailed analysis of the reaction products indicated the presence of
13S-H(p)ODE and 15S-H(p)ETE, which were absent in control incubations
without enzyme. It should, however, be stressed that the oxygenase activity of
both PA-LOX and rabbit ALOX15 with free polyenoic fatty acids was at least one
order of magnitude higher than the membrane oxygenase activities of the two
enzymes.

Interestingly, under strictly comparable conditions, rabbit ALOX15 exhibited a

higher membrane oxygenase activity than PA-LOX (molecular turnover rates of
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7.4 s for rabbit ALOX15 vs. 0.3 s for PA-LOX) as concluded from oxygraphic
measurements (Table 16). This was surprising because the X-ray structure of
PA-LOX seems more suitable for oxygenating phospholipids than rabbit ALOX15.
While the substrate binding pocket of PA-LOX is big enough to accommodate a
complete phospholipid molecule (Garreta et al., 2013), rabbit ALOX15 cannot
bind a complete phospholipid without major structural rearrangement (Ilvanov et
al., 2015).

4.5.2.2. PA-LOX oxygenates intact cells

After having shown that PA-LOX is capable of oxygenating disintegrated model
membranes, we were interested to explore if PA-LOX is capable of oxygenating
the membranes of intact cells without the preceding activity of any lipid
hydrolyzing enzymes. To answer this question, we incubated PA-LOX with intact
human erythrocytes in vitro and observed strong hemolysis (50 %) indicating
decomposition of the erythrocyte membranes (Figure 29). Under strictly
comparable conditions the degree of hemolysis induced by a rabbit ALOX15 only
varied between 1 to 2 %. Since hemolysis induced by rabbit ALOX15 was even
lower than in non-enzymatic control incubations, it was concluded that only PA-
LOX oxygenates the membrane lipids, which disrupts the red cells. Lipidomic
analysis (Figure 31) of the phospholipid content of the red cell membranes
indicated that the levels of polyunsaturated fatty acids containing phospholipids
were strongly decreased after incubations of the RBCs with PA-LOX. On the
other hand, the levels of monosaturated phospholipids remained unchanged
when PA-LOX containing and PA-LOX lacking incubation samples were
compared. These data are plausible because all PA-LOX catalyzed reactions
require the presence of a bisallylic methylene in the lipid substrates. In addition
to the time dependent decrease in PUFA-containing phospholipids, we observed
an anti-parallel increase in phospholipids containing 13-HODE, 15-HETE and 15-
KETE. Here again, these oxygenated phospholipid species were absent in
control incubations without the enzyme. Moreover, we observed a time
dependent increase in phospholipid species carrying truncated PUFA
derivatives. Such truncated PUFAs have previously been described as products
of LOX-catalyzed oxygenation of free PUFAs (Mcintyre, 2012). Similar
observations were made when PA-LOX was incubated with cultured lung



Discussion 131

epithelial cells and these data suggest that the enzyme might be capable of
attacking different types of plasma membranes.

When we compared the extent of membrane oxygenase activity with the fatty
acid oxygenase activity of PA-LOX in vitro, we found that the fatty acid oxygenase
activity was more than 2 orders of magnitude higher. However, to explore whether
the membrane oxygenase activity we described is of any in vivo relevance, direct
experimental data quantifying the in vivo expression level of the enzyme in P.
aeruginosa infected patients are required. Currently, there is no information on
the local in vivo concentration of PA-LOX in any P. aeruginosa infection model or
in any other human disease. Immunohistochemical staining employing a PA-LOX
specific antibody is one way of addressing this question. Moreover, it would be of
particular interest to explore whether oxygenated phospholipid can be detected
in the erythrocyte membranes of P. aeruginosa infected patients. Under the
oxidizing conditions in human erythrocytes (oxygen concentrations are more than
2 orders of magnitude higher when compared with other cells; iron concentrations
are more than 3 orders of magnitude higher than in other cells) oxygenation of
unsaturated membrane lipids frequently occur. Still, the levels of oxidized
phospholipids are kept minimal by continuous phospholipid repair processes.
However, if membrane lipid oxidation is suddenly upregulated because PA-LOX
is present, the repair capacity may be overcome, which would lead to an
accumulation of lipid peroxidation products. The presence of such products may
alter the plasma membrane properties and such RBCs are rapidly removed from
circulation (Fadok et al., 2001). In addition, oxidized phospholipids are also
important regulators for toll-like receptor (TLR) signaling. It has been shown that
15-H(p)ETE containing phospholipids may function as agonists of TLR-4 and
thus, activate the NF-kB pathway of the immune cells (Man ek-Keber et al., 2015).
Thus, during a P. aeruginosa infection, PA-LOX induced oxygenation of red cell
membrane phospholipids might induce clearance of oxygenated RBC from the
blood stream. If this is the case, the average life expectancy of RBC, which is
about 110 days in normal humans, might be reduced in P. aeruginosa infected-
patients. As long as this reduced cellular life span is compensated by higher RBC
production in the bone marrow, anemia would not occur. However, at severe P.
aeruginosa infections, the compensatory capacity of the bone marrow may not

be sufficient anymore and then anemia may develop.
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In a recent mouse study it has been suggested that the amplified inflammatory
response observed during cystic fibrosis may be due to the impaired clearance
of phospholipid hydroperoxides (Trudel et al.,, 2009). Thus, in addition to
damaging intact cells, the continuous production of oxidized phospholipids by PA-
LOX might worsen the conditions of P. aeruginosa infected patients.

In addition to the possible biological functions of PA-LOX discussed above, a
recent study implicated PA-LOX in bacterial biofilm formation. In order to mimic
an infection setting, the authors cultured P. aeruginosa on the surface of lung
epithelial cells. They observed a reduction in the bacterial biofilm growth in the
absence of PA-LOX when compared with P. aeruginosa that expreses LOX. On
the other hand, the authors showed that PA-LOX was not required for biofilm
formation in an abiotic experimental setup (Deschamps et al., 2016).
Unfortunately, the underlying molecular mechanism for this observation has not
been elucidated.

Although the membrane oxygenase activity of PA-LOX suggests that the enzyme
is capable of destroying red blood cells, it still remains to be proven whether PA-
LOX constitutes a virulence factor of P. aeruginosa. In fact, for this bacterium a
number of other secreted virulence factors (e.g. secreted elastase) have been
identified, which allow the bacteria to attack and invade host cells (Bejarano et
al., 1989; Lyczak et al., 2000; Ben Haj Khalifa et al., 2011). The principle capacity
of secreted PA-LOX to oxidize membrane lipids may make the host cell
membrane more permeable for the bacteria, which might favor cell invasion. In
this respect, PA-LOX might function as virulence factor, but an in vivo proof for
this hypothesis is still pending.

P. aeruginosa infections are difficult to treat because this bacterium has
developed resistance to a large range of antibiotics (Hurley et al., 2012).
Understanding and identifying bacterial virulence factors, which include both the
cell associated and extracellular compounds is important in the future for the
identification of potent anti-P. aeruginosa drugs. In addition to anti-microbial
agents that are currently being developed, targeted therapies against PA-LOX
might constitute a therapeutic strategy for P. aeruginosa infections. Among the
inhibitors we tested so far, only nordihydroguaiaretic acid (NDGA) seemed to be
effective (ICso = 31.6 yM) against PA-LOX. Thus, identification of PA-LOX

specific inhibitors might improve the efficacy of the therapeutic arsenal
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continuously being developed against P. aeruginosa. The high yield expression
system developed in this work provides the possibility for the development of a
test hierarchy for effective PA-LOX inhibitors, which can further be developed as

anti- P. aeruginosa drugs.
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5. SUMMARY

LOXs are lipid-peroxidizing enzymes, the biological functions of which have
extensively been studied in mammals, plants and lower eukaryotic organisms. The
opportunistic pathogen Pseudomonas aeruginosa (PA), which causes life-threatening
infections in immunocompromised individuals, is among the rare bacterial species,
which expresses a secretory lipoxygenase (PA-LOX). Although the enzyme was
already discovered in the mid-1960s, its biological relevance has not been explored.
The aim of this dissertation was to characterize PA-LOX with respect to its structural
and functional properties and to obtain experimental evidence for its biological role. To
reach these goals PA-LOX was overexpressed as recombinant Hiss-tag fusion protein
in E. coli and purified to electrophoretic homogeneity by a combination of different
chromatographic techniques. A molecular weight of 70 kDA was determined and each
enzyme molecule contained 1 iron ion. PA-LOX functions as n-6 fatty acid dioxygenase
and exhibits a similar catalytic efficiency with both, arachidonic acid and linoleic acid.
The enzyme was crystallized and its 3D-structure (1.48 A) indicated that the
polypeptide chain folds into a single domain. The active site, which contains the non-
heme iron, constitutes a bifurcated hydrophobic cavity, which involves a phospholipid
molecule as endogenous lipid ligand. Multiple mutagenesis studies indicated that the
reaction specificity of PA-LOX does not follow some classical concepts worked out for
mammalian LOXs. However, Ala420Gly exchange altered the reaction specificity of
the enzyme and the crystal structure of the mutant enzyme (1.8 A) suggested an
altered path of intra-enzyme oxygen diffusion as mechanistic basis for the observed
functional changes. In contrast to most mammalian LOX-isoforms, PA-LOX was
capable of oxidizing phospholipids to specific oxygenation products even if they were
incorporated in biomembranes. Long term (24 h) in vitro incubations of PA-LOX with
intact erythrocytes caused hemolysis and lipidomic analysis indicated that more than
50 % of the polyenoic fatty acids present in the membrane lipids were oxygenated. It
might be speculated that the catalytic activity of the secreted enzyme on the membrane
phospholipids of host cells may destabilize the membrane structure allowing the
pathogen to enter the cell more easily. In this case the development of PA-LOX specific
inhibitors might constitute a novel concept for anti-PA therapy. Moreover, PA-LOX is
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capable of converting polyenoic fatty acids to anti-inflammatory and pro-resolving
lipoxins. If this catalytic activity is of in vivo relevance, the pathogen can down-regulate
the immune system of the host, which might be considered as part of an evasion

strategy of this particular pathogen.
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6. ZUSAMMENFASSUNG

Lipoxygenasen (LOX) sind lipidperoxidierende Enzyme, deren biologische
Funktionen in Saugetieren, Pflanzen und niederen Eukaryoten umfassend
untersucht wurden. Das Bakterium Pseudomonas aeruginosa (PA), welches
lebensbedrohliche Infektionen bei Patienten mit geschwachtem Immunsystem
hervorruft, gehort zu den seltenen Bakterienspezies, die eine sekretorische LOX
(PA-LOX) exprimieren. Obwohl das Enzym bereits in den 1960er Jahren erstmals
beschrieben wurde, konnte seine biologische Bedeutung bis heute nicht
aufgeklart werden. Die Ziele der vorliegenden Dissertation bestanden darin, die
PA-LOX als rekombinantes Protein zu exprimieren und es hinsichtlich seiner
strukturellen und funktionellen Eigenschaften zu charakterisieren. Die
rekombinante PA-LOX weist ein Molekulargewicht von 70 kDa auf und jedes
Enzymmoleklil enthdlt ein Eisenion. Das Protein fungiert als n-6-
Fettsauredioxygenase und kann Linolsaure, Arachidonsdure und andere
Polyenfettsduren mit hoher Reaktionsrate oxygenieren. Das rekombinante
Protein wurde kristallisiert und seine 3D-Struktur (1,48 A) aufgeklart. Die
Polypeptidkette faltet sich zu einer einzigen Domane, welche das katalytisch
wirksame NichthAmeisen enthalt. Das aktive Zentrum der PA-LOX wird von
einem  gabelformigen  hydrophoben  Hohlraum  gebildet, der ein
Phospholipidmolekil als endogenen Lipidliganden enthalt.  Multiple
Mutageneseuntersuchungen zeigten, dass die Reaktionsspezifitat der PA-LOX
nicht den klassischen Konzepten folgt, die fur Saugetier-LOX ausgearbeitet
wurden. Der Austausch von Ala420Gly veranderte die Reaktionsspezifitat des
Enzyms und die Kristallstruktur der Enzymmutante deutet darauf hin, dass die
Diffussion von Sauerstoff innerhalb des Proteins durch die Mutation verandert
wurde. Diese strukturelle Verdnderung erklart die beobachtete Modifizierung der
Positionsspezifitdt. Im Gegensatz zu den meisten Saugetierlipoxygenasen ist die
PA-LOX in der Lage, Phospholipide zu spezifischen Oxygenierungsprodukten
umzuwandeln, selbst wenn diese in Biomembranen eingebaut sind.
Langzeitnkubationen (24 h) der rekombinanten PA-LOX mit intakten
Erythrozyten fihrten zur Hamolyse, wobei die Lipidom-Analyse zeigte, dass mehr
als 50 % der in den Membranlipiden vorliegenden Polyenfettsduren oxygeniert

waren. Da PA in der Lage ist, eukaryotische Zellen zu infizieren, kdnnte man
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spekulieren, dass die katalytische Aktivitdt des sezernierten Enzyms die
Membranstruktur der Wirtszellen destabilisiert, wodurch das Pathogen leichter in
die Zelle gelangen kann. Sollte dieser Mechansimus zutreffen, kénnte die
Entwicklung von PA-LOX-spezifischen Inhibitoren von grof3em medizinischen
Interesse sein. Dartber hinaus ist PA-LOX in der Lage, Polyenfettsauren zu
entzindungshemmenden Lipoxinen umzuwandeln. Wenn diese katalytische
Aktivitat auch in vivo nachzuweisen ware, kann das Bakterium das Immunsystem
des Wirts herunterregulieren, was als Teil einer Evationsstrategie dieses

Erregers angesehen werden kann.
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10. APPENDIX

Primers

Vall89Arg up — CGG GTC GGC CTG CTG AGA GAC GAC ATC CTC
Vall189Arg do — GAG GAT GTC GTC TCT CAG CAG GCC GAC CCG

Val189Tyr up — CGG GTC GGC CTG CTG TAC GTC GAC GAC ATC
Val189Tyr do — GAT GTC GTC GAC GTA CAG CAG GCC GAC CCG

Glu369Ala up — CAG GTC GCC GAG GCG AAC TAC CAC GAG
Glu369Ala do — CTC GTG GTA GTT CGC CTC GGC GAC CTG

Glu373Asp up — GAG AAC TAC CAC GAC ATG TTC GTC CAC CTG
Glu373Asp do — CAG GTG GAC GAA CAT GTC GTG GTAGTT CTC

Glu373Leu up — GAG AAC TAC CAC CTG ATG TTC GTC CAC CTG
Glu373Leu do — CAG GTG GAC GAA CAT CAG GTG GTAGTT CTC

Met374Ala up — GAG AAC TAC CAC GAG GCG TTC GTC CAC CTG
Met374Ala do — CAG GTG GAC GAA CGC CTC GTG GTAGTT CTC

Leu378Phe up — GAG ATG TTC GTC CAC TTC GCC CAG ACC CAC
Leu378Phe do — GTG GGT CTG GGC GAA GTG GAC GAA CAT CTC

Leu378Tyr up — GAG ATG TTC GTC CAC TAC GCC CAG ACC CAC
Leu378Tyr do — GTG GGT CTG GGC GTA GTG GAC GAA CAT CTC

Ala420Gly up — TTC ATC AAC GAG GGG GGG GCG CGG ATC CTG
Ala420Gly do — CAG GAT CCG CGC CCC CCC CTC GTT GAT GAA

Leud25Phe up — GCG CGG ATC CTG TTC CCC AGC GCG GGC TTC
Leud425Phe do — GAA GCC CGC GCT GGG GAA CAG GAT CCG CGC
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Leud25Tyr up — GCG CGG ATC CTG TAC CCC AGC GCG GGC TTC
Leud25Tyr do — GAA GCC CGC GCT GGG GTA CAG GAT CCG CGC

lle431Ala up — CCC AGC GCG GGC TTC GCC GAC GTG ATG TTC
lle431Ala do — GAA CAT CAC GTC GGC GAA GCC CGC GCT GGG

[1e431Glu up — CCC AGC GCG GGC TTC GAA GAC GTG ATG TTC
lle431Glu do — GAA CAT CAC GTC TTC GAA GCC CGC GCT GGG

lle431Phe up — CCC AGC GCG GGC TTC TTC GAC GTG ATG TTC
lle431Phe do — GAA CAT CAC GTC GAA GAA GCC CGC GCT GGG

1e431Tyr up — CCC AGC GCG GGC TTC TAC GAC GTG ATG TTC
1e431Tyr do — GAA CAT CAC GTC GTA GAA GCC CGC GCT GGG

Met434Ala up — GGC TTC ATC GAC GTG GCG TTC GCC GCG CCG
Met434Ala do - CGG CGC GGC GAA CGC CAC GTC GAT GAA GCC

Met434Val up — GGC TTC ATC GAC GTG GTG TTC GCC GCG CCG
Met434Val do — CGG CGC GGC GAA CAC CAC GTC GAT GAAGCC

Phe435Ala up — TTC ATC GAC GTG ATG GCC GCC GCG CCG ATC
Phe435Ala do — GAT CGG CGC GGC GGC CAT CAC GTC GAT GAA

Phe435Leu up — TTC ATC GAC GTG ATG TTA GCC GCG CCG ATC
Phe435Leu do — GAT CGG CGC GGC TAA CAT CAC GTC GAT GAA

Met434Val+Phe435Leu up — GGC TTC ATC GAC GTG GTG TTA GCC GCG
CCG ATC CAG
Met434Val+Phe435Leu do — CTG GAT CGG CGC GGC TAA CAC CAC GTC
GAT GAA GCC
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Glu604Tyr+Lys605His up — CTG GTG GCG CTG TAC CAC GTG AAC ATC TAT
Glu604Tyr+Lys605His do — ATA GAT GTT CAC GTG GTA CAG CGC CAC CAG

Tyr609Ala up — GAG AAG GTG AAC ATC GCT CAC CTG CTC GGT
Tyr609Ala do — ACC GAG CAG GTG AGC GAT GTT CAC CTT CTC

Leu612Val up — ATC TAT CAC CTG GTC GGT TCG GTC TAC
Leu612Val do — GTA GAC CGA ACC GAC CAG GTG ATA GAT



