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ABBREVIATIONS

-DOX -dioxygenase
AOX alcohol oxidase
BMG buff ered minimal glycerol
BMM buff ered minimal methanol
CP-HPLC chiral phase-high performance liquid chromatography
COX-1 cyclooxygenase-1
eLOX3 epidermal lipoxygenase 3
ESI electrospray ionization
EPR electron paramagnetic resonance
ETYA eicosatetraynoic acid
GC-MS gas chromatography-mass spectrometry
DiHODE dihydroxyoctadecadienoic acid
HODE hydroxyoctadecadienoic acid
HOTrE hydroxyoctadecatrienoic acid
HPODE hydroperoxyoctadecadienoic acid
HPOTrE hydroperoxyoctadecatrienoic acid
HPLC high performance liquid chromatography
KOTrE ketooctadecatrienoic acid
KPB potassium phosphate buff er
LC-MS liquid chromatography-mass spectrometry
LDS linoleate diol synthase
LOX lipoxygenase
MALDI-TOF matrix assisted laser desorption ionization
Mn-LO manganese lipoxygenase
NSAIDs non-steroidal anti-infl ammatory drugs
PCR polymerase chain reaction
PG prostaglandin 
POX peroxidase
sLO soybean lipoxygenase
SDS-PAGE sodium dodecyl sulphate–polyacrylamide gel electrophoresis
SP-HPLC straight phase-HPLC
SRS-A slow reacting substance of anaphylaxis
RP-HPLC reverse phase-HPLC
RT-PCR reverse transcription-polymerase chain reaction
YPDS yeast peptone dextrose sorbitol
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INTRODUCTION

Oxygenated fatty acids, also known as oxylipins [1], are found in both the plant and 
the animal kingdoms. Th eir biosynthesis involves at least one step of oxygenation, 
which can be achieved by two main enzymatic systems: fatty acid dioxygenases 
with catalytic non-heme iron (the lipoxygenases) and the dioxygenases with heme 
e.g. cyclooxygenases, linoleate diol synthases and -dioxygenases. Th e third 
important system, which can catalyze the oxygenation of unsaturated fatty acids, 
is the cytochrome P450 family of monooxygenases (Fig. 1). Th e presence of various 
structural diff erences between the oxylipins formed in plants and animals might 
be due to the diff erent fatty acid profi les and the fact that there are diff erent sets of 
enzymes catalyzing their biosynthesis and metabolism.
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Figure 1. Oxidative metabolism of polyunsaturated fatty acids in mammals, plants and fungi.
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Fatty acid dioxygenases form local mediators, which regulate important aspects of 
the physiology of man and plants. Human lipoxygenases are important in asthma 
and allergic infl ammation, whereas cyclooxygenases are inhibited by aspirin and 
other non-steroidal anti-infl ammatory drugs. In plants, lipoxygenases are involved 
in defense mechanisms against fungal pathogens. Th e present thesis focuses on 
lipoxygenases and heme-containing dioxygenases in pathogenic fungi. 

Lipoxygenases

Historical background
A fi rst scientifi c report on a lipoxygenase was presented in 1932, when Andre and 
Hou [2] described oxidation of lipids in soybeans by an enzyme named lipoxidase. 
Th e importance of the lipoxygenase products in humans generates from the discovery 
made by Harkavy [3] in 1930 of a substance from the sputum of asthma patients that 
caused spasm in the smooth muscle preparations. About 10 years later, the substance 
was found in perfusates of dog and monkey lungs treated with cobra venom [4] 
and was named “Slow Reacting Substance of Anaphylaxis” (SRS-A) [5, 6]. It took 
almost 40 years until the structure of SRS-A was determined [7-9]. Samuelsson 
and co-workers found that the fi rst step in SRS-A biosynthesis was catalyzed by a 
lipoxygenase similar to the ones previously described in soybean [10, 11].

Th eorell [12] crystallized the lipoxygenase from soybeans in 1947, and this 
enzyme has been one of the most studied lipoxygenases. Lipoxygenases were 
considered exclusively plant enzymes until the mid seventies, when 12-LOX activity 
was discovered in human and bovine platelets [10]. Just one year later, Schewe et al 
[13] identifi ed 15-LOX activity in the rabbit reticulocytes. From their discovery for 
more than 30 years ago and until now, the lipoxygenases have been under intensive 
study in order to elucidate their structure, mechanism of action and functions. 

Occurrence and function of lipoxygenases
Th e lipoxygenases belong to the big family of dioxygenases that are widely spread in 
nature in plants [14] and animals [15]. Th ey have also been detected in bacteria [16-
18] and lower marine organisms [19-21]. All lipoxygenases cloned and sequenced 
so far belong to the same gene family, which is defi ned by sequence homology of 
catalytically important amino acids.

Lipoxygenases in plants 
Th ere are at least 35 plant lipoxygenases cloned, sequenced and characterized [22]. 
Some plants contain multiple lipoxygenases with at least 8 identifi ed in soybean 
[23]. Th e most common substrates for lipoxygenases in plants are linoleic and -
linolenic acids.
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According to the positional specifi city of the linoleic acid oxygenation, the 
plant lipoxygenases are classifi ed into 9- and 13-LOX [24]. Th e enzymes catalyze 
oxygenation at C-9 respective C-13 of the hydrocarbon backbone of the fatty acid with 
the formation of 9S-hydroperoxy and 13S-hydroperoxy derivatives. A more complex 
classifi cation based on their primary structure divides the plant lipoxygenases into 
type 1-LOXs, characterized by a high sequence similarity (~75%), and type 2-LOXs 
with a relative lower sequence similarity (~35%) [24]. 

Some plant lipoxygenases are constitutive but most of them are often activated by 
pathogen attack, as a means of pathogen resistance [24-26]. Th eir products can have 
diverse important functions in signalling [27], plant defense or wounding [28, 29]. 
Th e lipoxygenases in plants can also be used as storage proteins during vegetative 
growth [30]. Since lipoxygenases are normally present in the seeds of plants they are 
also involved in a series of developmental processes [31, 32] and in the mobilization 
of storage lipids during germination [33]. 

Th e mammalian lipoxygenases
Mammalian lipoxygenases belong to the lipoxygenase gene family [23, 34, 35]. Th eir 
main substrate is arachidonic acid. Depending on the position of the oxygenation, 
they are divided into 4 classes, designated as follows: 5-LOX, 8-LOX, 12-LOX and 
15-LOX. Th e 8-LOX has only been identifi ed in mouse [36], while 5-, 12- and 15-
LOX are present in humans. Both 12- and 15-LOX are characterized by the presence 
of several isoforms. A more accurate classifi cation based on their phylogenetic 
relatedness, divides the mammalian lipoxygenases into four groups [15]:

1. 5-LOX (found, for example, in man [37], mouse [38], rat [39] and hamster 
[40]).

2. platelet-type 12-LOXs (found, for example, in man [41] and mouse [42]).
3. epidermis-type LOXs (see below).
4. 12/15 LOXs (see below).

Th e third category includes epidermis-type lipoxygenases like 12R-LOX and 15S-
LOX from man [43, 44] and 15S-LOX and 8S-LOX from mouse [45, 46]. In the last 
category are grouped together leukocyte-type 12-LOXs from mouse [47], rat [48], 
rabbit [49], bovine [50] and porcine [51], together with reticulocyte-type 15S-LOX 
from man [52] and rabbit [53]. Th e human reticulocyte 15-LOX is closely related 
to porcine leukocyte 12-LOX, thus these two isoforms are grouped together in 
12/15 LOXs although they have diff erent positional specifi city. Usually, isoenzymes 
that exhibit the same position specifi city are named after the prototypical tissue of 
their occurrence. Th is is the case of 12-LOXs, which can be platelet-, leukocyte- or 
epidermis-type. 

5-LOX catalyses the oxygenation of arachidonic acid to 5S-HPETE but also the 
dehydration to leukotriene A4 (LTA4). Th e latter can be further metabolized either to 
leukotriene B4 by LTA4 hydrolase or by glutathione conjugation catalyzed by LTC4 
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synthase and other downstream processes to LTC4, LTD4 and LTE4 [54]. 5-LOX 
is stimulated by calcium, ATP, other subcellular components [54] and only then 
the enzyme can interact with the fi ve-lipoxygenase activating protein (FLAP) and 
becomes activated [55]. In comparison with other lipoxygenases this mechanism 
appears to be unique for 5-LOX. In intact cells both FLAP and 5-LOX need to 
be expressed for the leukotriene synthesis [56]. Th e leukotrienes represent potent 
mediators in allergy and infl ammation [57, 58]. 5-LOX and the leukotrienes might 
also play important roles in atherosclerosis [59]. Several recent reports associated 
5-LOX with pathological events regarding pulmonary hypertension [60], multiple 
organ failure [61], renal ischemia-reperfusion injury [62] and cancer [63].

Th e group of 12-LOX exhibit diff erences in what regards their biological properties 
and the substrates for oxygenation. It is known that the leukocyte type 12-LOX can 
oxygenate C18, C20 and C22 fatty acids while the platelet type 12-LOX prefers C20 
fatty acids such as arachidonic acid and eicosapentaenoic acid [64]. Interestingly, 
the 12-LOX are characterized by the presence of R-lipoxygenating isoforms present 
in murine [65] and human skin [43, 66]. Th e 12-LOX in platelets diff er from the 
12-LOX of leukocytes in position specifi city.

12R-LOX is expressed in psoriasis [43]. Epidermis contains also eLOX3 which is 
a lipoxygenase without lipoxygenase activity but with epoxyalcohol synthase activity 
[67]. 12R-HPETE can be transformed to epoxyalcohols by eLOX3. Epoxyalcohols 
can also be formed from 12-HPETE in the liver, and were designated hepoxilins by 
Pace-Asciak and coworkers [68]. 12-LOXs are also supposed to be involved in the 
biosynthesis of bioactive mediators such as lipoxilins, with important roles in the 
regulation of immunological and hemodynamic processes [68, 69]. Several reports 
suggest a role for platelet 12-LOX in cancer [70].

Th e mammalian 15-LOX can also be subclassifi ed into two groups: the reticulocyte 
type (15-LOX-1) with the rabbit enzyme as the prototype [53] and a second 15-
LOX cloned from human hair roots and designated 15-LOX-2 [44]. Th e 15-LOX-1 
presents amino acid sequence identity of 85% with leukocyte-type 12-LOX. Both 
enzymes show dual specifi city by catalyzing formation of 15- and 12-HETE and 
were designated 12/15-LOX [34]. Regarding the biological functions, 15-LOX 
may be involved in structural modifi cations of complex lipid-protein assemblies, 
the modulation of intracellular lipid signal transducers and, last but not least, the 
formation of bioactive oxygenated fatty acid derivatives [64]. 

Lipoxygenases in fungi
Th e fungi are organisms characterized by a variable content in fatty acids [71]. Th e C18 
fatty acids are predominant in ascomycetes and basidiomycetes, while the oomycetes 
and the true fungi present higher levels of arachidonic and eicosapentanoic acids. 
Th ere are some reports of lipoxygenases in fungi like Saprolegnia parasitica [72], 
Pityrosporum orbiculare [73] and Psallioata bispora [74, 75]. 

Interesting for study are the fungi that act as pathogens and secrete lipoxygenases 
that may be involved in their pathogenic mechanism. One of these fungi is 



13

Gaeumannomyces graminis also known as the Take-all fungus – name given by the 
Australian farmers in the 19th century [71]. Take-all attacks wheat cultures and 
other grasses by causing the roots to rotten. G. graminis secretes a lipoxygenase 
with some unique features [76]. First of all, the catalytic metal is not iron as in all 
the other lipoxygenases, but manganese. Th erefore the enzyme has been designated 
Mn-LO. Secondly, the enzyme transforms linoleic and -linolenic acid to 13R-
hydroperoxy fatty acids and to novel products, 11S-hydroperoxy fatty acids. Th e 
function of Mn-LO is unknown but it may cause oxidative damage to the root cells 
of wheat and grasses [76]. An alignment of partial amino acid sequences from Mn-
LO, lipoxygenases with known 3D structures and two putative fungal lipoxygenases 
from Magnaporthe grisea and Aspergillus fumigatus showed that many important 
residues are conserved (Table 1).

As it has been mentioned above, there are plant pathogen interactions that may 
induce secretion of lipoxygenases. It is the case of another pathogenic fungus -
Magnaporthe grisea or the rice blast fungus. M. grisea can induce a linoleate 13-LOX 
(rice LOX-1) as an early response of the host to the pathogen [77]. 

Table 1. Partial amino acid sequence of lipoxygenases with known 3D structures, Mn-LOX, and 
two putative fungal lipoxygenases

Metal binding regions
Y H Q L M S H W L N T H A V V E sLOX-1
Y H Q L V S H W L N T H A V V E sLOX-3
V H E L N S H L L R G H L M A E Rabbit 15S-LOX
Y A E I I E H L L K T H L L M E Coral 8R-LOX
Y S Q M - Y H V L - F H T I P E Mn-LOX
H G Q I - F H V A Y P H A I A E LOX_Mg
H S Q L - Y H L A N T H D V A E LOX_Af
H A A V N F G Q Y P Y G sLO-1
H A A V N F G Q Y P Y G sLO-3
H S S I H L G Q L D W F Rabbit 15S-LOX
H H A I N Y P V A Y Y G Coral 8R-LOX
H H V M N Q G S P V K F Mn-LOX
H H V L N Q G E P V T A LOX_Mg
H H A L N G A T V S E A LOX_Af

LOX_Mg, putative LOX of Magnaporthe grisea, LOX_Af, Putative LOX of Aspergillus fumigatus. 
Conserved metal ligands are in bold.

Structural aspects of lipoxygenases
Lipoxygenases are long, single chain proteins of molecular masses of ~75-80 kDa in 
animals and ~94-104 kDa in plants [23]. Th ere are over 50 sequences of lipoxygenases 
reported and many expressed as active proteins [78]. Th e enzymes range in length 
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from 923 residues (rice LOX-2) to 661 residues (rabbit erythrocyte 15-LOX). Th e 
plant sequences are longer than mammalian sequences by 150 to 200 residues in 
range. Th e sequence identity between plant and mammalian lipoxygenases is highest 
in the regions of the catalytic domain, which are near to the iron. 

Th e crystal structures of two soybean lipoxygenases (LOX-1 and LOX-3) [79, 
80], rabbit reticulocyte 15-LOX [81] and a coral 8-LOX [82] have been elucidated. 
Th e protein structure is composed of two major domains: a small N-terminal -
barrel domain and a large catalytic C-terminal domain, which is predominantly 

-helical and contains the active site iron. Th e function of the -barrel might be 
related to lipid binding [83] and to membrane translocation [84]. In sLO-1 the iron 
is apparently six coordinated [85]. It binds to three His nitrogens, one oxygen from 
the carboxy-terminus of Ile 839, a water molecule and a distant Asn 694 residue. Th e 
three His and the Ile are residues conserved in all the sequenced iron lipoxygenases. 
Th e Asn ligand in sLO-1 is at least 2.9 Å away from the catalytic iron, indicating a 
weak interaction. In the area around the iron atom there are two large cavities: one 
is thought to be involved in substrate binding and the second is actually a funnel-
shaped channel that is thought to be the means of entry for the dioxygen substrate 
[86]. Th e bound water points toward the mouth of the substrate-binding channel. 

Lipoxygenases are enzymes known to contain non-heme iron in their catalytic 
center. Th ere is only one lipoxygenase that does not follow this rule and this is Mn-
LO of G. graminis. Atomic absorption spectroscopy studies showed that it contained 
0.94 Mn per molecule [76]. Upon alignment with the primary structure of sLO-1 
over the -helices, the three His ligands and the distal metal ligand Asn seemed 
to be conserved. Electron paramagnetic resonance (EPR) studies showed that it is 
likely that Mn-LO has three N-ligands to the metal center and O-ligands in the 
six remaning positions [87]. Th e C-terminal amino acid of Mn-LO is valine [88]. 
Site-directed mutagenesis of murine platelet and leukocyte 12-LOX showed that the 
C-terminal isoleucine could be substituted with valine with retention of enzymatic 
activity [89]. 

Reaction mechanism of lipoxygenases
Lipoxygenases are enzymes that catalyze the oxygenation of polyunsaturated fatty 
acids with one or several (1Z,4Z)-pentadiene units to hydroperoxy fatty acids with 
cis-trans conjugated dienes as main products. 

Th e lipoxygenation starts with the oxidation of Fe2+ to Fe3+ during a short time 
lag. During catalysis the iron redox cycles between Fe2+-OH2 in the inactive form 
and the base Fe3+-OH- in the active form of sLO-1. Th e catalytic base has been 
identifi ed by studies upon the mutated amino-acids from the second coordination 
sphere of sLO-1 and the catalytic activity of these mutants in H2O and 2H2O at 
diff erent temperatures [90]. 

Th e lipoxygenase reaction consists of three consecutive steps of which the fi rst 
one is stereospecifi c and rate limiting [91] :
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1. Th e hydrogen abstraction from the allylic methylene group with the formation 
of a carbon-centered radical. 

2. Rearrangement of the radical formed with Z,E-diene conjugation
3. Insertion of molecular oxygen at C-1 or C-4 of the pentadienyl structure with 

the formation of an oxygen-centered hydroperoxide fatty acid radical. Th e 
radical intermediate is reduced to the corresponding anion and the enzyme is 
oxidized back to the ferric form. 

Th e main products of the lipoxygenase reaction are the hydroperoxy fatty acids. Th ey 
can still contain double allylic methylenes so they can be further metabolized by 
lipoxygenase via double or triple oxygenation [92, 93]. Under reduced oxygen tension 
or anaerobiosis, the hydroperoxy fatty acids can be substrates for a hydroperoxide 
isomerase reaction. Th e reaction requires the presence of a reductant and it consists 
in a homolytic cleavage of the hydroperoxy bond with the formation of keto dienes 
and epoxyalcohols as main products.

A comparison between the reaction mechanism of Mn-LO and sLO-1 can reveal 
similarities but also important diff erences. Mn-LO presents the characteristic lag 
phase of iron lipoxygenases. If linoleic acid is used as substrate, the fi rst step of 
the lipoxygenation is the stereospecifi c abstraction of the bis-allylic pro-S hydrogen 
from C-11 of the (9Z,12Z)-pentadiene unit of linoleic acid and the likely formation 
of a delocalized alkyl radical over C9 to C13. Th is is done in the same way by sLO-
1 and Mn-LO. In regard to the dioxygenation, the diff erences appear in the way 
the molecular oxygen reacts with the alkyl radical and they might be due to steric 
factors at the active site [94]. SLO-1 allows antarafacial oxygenation and forms 13S-
HPODE, while Mn-LO allows a suprafacial attack of the oxygen at either C13 or 
C11 in a ~3:1 ratio [95] with the formation of 13R-HPODE and 11S-HPODE, 
respectively. Mn-LO can also isomerize 11S-HPODE to 13R-HPODE [95]. Th e 
presumptive mechanism for the isomerization would be the formation of the peroxyl 
radicals in equilibrium with the pentadienyl or the Δ9-[11,12,13]-allyl radicals 
and molecular oxygen [71]. Th e EPR could detect a peroxyl radical during sLO-1 
catalysis and an alkoxyl radical has also been identifi ed [96]. Th e radicals are likely 
formed also by Mn-LO but they have not been detected by EPR. Th e biosynthesis 
of 13R-HPODE takes place with a higher rate ( kcat=19) than the isomerization of 
11S-HPODE to 13R-HPODE (kcat=7 and 9 respectively) and this might be due to 
the steric factors that favor the oxygen insertion at C-13. Th e turnover of linoleic 
acid by Mn-LO is ~26 s-1, while for sLO-1 it is 10 times faster [97]. 

If -linolenic acid is used as substrate (Fig. 2) the products formed are ~27% 
11S-HPOTrE and ~73% 13R-HPOTrE at steady state with a Km of 2.2 μM. Th e 

3 fatty acid proved to be a better substrate for Mn-LO with a turnover of ~47 s-1 
[98]. 
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Figure 2. Products formed upon incubation of -linolenic acid with Mn-LO

Substrate alignment at the active site
Although direct structural data on LOX/fatty acids complexes is not currently 
available, attempts have been made to describe the alignment of the fatty acid 
substrate at the catalytic site of lipoxygenases [99]. Th ere are two current theories 
that describe how the substrate enters the active site. Th e fi rst theory is based on the 
hypothesis that the active site is a hydrophobic pocket in which the fatty acid enters 
with the methyl-end fi rst (“tail fi rst”). Th is allows the positioning of the hydrogen 
atom, which is abstracted from the bisallylic methylene, in close proximity to the non-
heme iron, acting as electron acceptor [99, 100]. In favour of this hypothesis comes 
the three point enzyme/substrate interaction suggested by Kuhn and co-workers 
[101]. Th is interaction is based on the structural model of 15-LOX/arachidonic acid 
complex and includes fi rst a hydrophobic interaction between the methyl-end of the 
substrate and the amino acids located at the bottom of the active site. Secondly, an 
ionic interaction of the fatty acid carboxylate with the positively charged side chain 
might occur and, last but not least, the π-electron interaction between the double 
bonds of the fatty acid and aromatic amino acid residues.

Th e “tail fi rst” theory is also supported by studies on human reticulocyte-LOX-1 
[102] and site-directed experiments made by Gan and co-workers on human 15-
LOX-1 [103]. Th e latter showed evidence for the presence of a positive charged 
residue, located close to the surface of the protein, which might interact with the 
negatively charged carboxyl group of the substrate. Th ese observations are consistent 
with the methyl-end binding of the substrate in the active site of mammalian 15-
LOX [104, 105]. 

Th e second hypothesis regarding the alignment of the substrate in the active 
site involves a carboxylate-end binding. Amzel and co-workers [106] proposed a 
carboxylate-end fi rst binding for sLO-1, which is supported by the crystal structure 
of the ferric form of sLO-3 (purple LOX) [107]. A recent report [108] indicated that 
the substrate might bind carboxyl-end fi rst in the active site of sLO-1, orientation 
directed by the presence of two residues Trp500 and Arg707 located on the side, 
respectively the bottom of the substrate pocket. 
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Dioxygenases with heme

Cyclooxygenases
An important pathway in the oxygenation of fatty acids is represented by the 
cyclooxygenases or prostaglandin H synthases, as they are also reff ered to. Th ese 
are heme-dependent enzymes, which have arachidonic acid and dihomo- -linolenic 
acid as preferential substrates and catalyze prostanoid biosynthesis [109, 110]. Th e 
reaction comprises two sequential steps that illustrate two types of activity: fi rst the 
bisoxygenation of arachidonic acid by the cyclooxygenase (COX) activity yielding 
the hydroperoxy endoperoxide PGG2 and second, the peroxidase activity (POX), 
which leads to PGH2. Although the POX reaction is considered the second step 
in the formation of PGH2, the COX reaction is dependent on POX activity for its 
activation with formation of a tyrosyl radical [111, 112]. 

Regarding the reaction mechanism, the initial step is the abstraction of the 13-
pro-S hydrogen from arachidonic acid and antarafacial insertion of oxygen at C-11 to 
generate an 11-R peroxy radical [113]. Th e stereospecifi c abstraction of the hydrogen 
is catalyzed by a tyrosyl radical, which has been detected by EPR [110, 114, 115], and 
it is likely formed after oxidation of the heme iron to a ferryl intermediate by PGG2 
[115, 116]. A recent review [117] showed how the COX reaction might actually be 
divided into four consecutive steps as follows:

1. Th e radical at Tyr385 abstracts the 13-pro-S hydrogen with the formation of an 
11-arachidonyl radical.

2. Th e molecular oxygen attacks on the side antarafacial to hydrogen abstraction 
and generates the 11-R-peroxyl radical.

3. Th e 11-R-peroxyl radical likely swings over C8, by rotation of the C10-C11 
bond, in order to attack at C9 and to form an endoperoxide. Th e rotation of 
the C10-C11 bond brings C12 closer to C8 and makes possible the closure of 
a cyclopentane ring. As a result of this transition, C15 is repositioned for the 
addition of a second oxygen molecule.

4. Th e 15-S-peroxy radical is aligned below Tyr385 for donation of the radical and 
formation of PGG2.

Th e hypothetical transition from step 3 likely occurs through a movement of the 
-end of arachidonic acid towards the carboxyl half. Previous studies have shown 

that the COX products might be formed from diff erent competent conformers of 
arachidonic acid [118]. Cyclooxygenases can also catalyze the oxygenation of other 
polyunsaturated fatty acids into active compounds [119-123]. 

Cyclooxygenases present two isoforms, COX-1 and COX-2. COX-1 is 
constitutively expressed and involved in the physiological homeostasis, while COX2 
is the inducible isoform, whose expression is triggered by specifi c cellular events. 
Both isoforms are membrane bound and localized on the luminal surfaces of the 
endoplasmic reticulum [124, 125]. COX-1 and -2 present 60-65% sequence identity 
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but diff erences occur in what regards the signal peptides and the membrane binding 
domains. Specifi c for COX-2 is an insert of 18 amino acids that is located six residues 
in from the C terminus. Crystallization studies showed that the structures of the 
two isoforms are homologous and quite superimposable. Th ey undergo signifi cant 
conformational changes following the binding of fatty acid substrates and NSAIDs 
[126, 127]. 

Th e COX inhibition reduces infl ammation, pain and fever. Aspirin treatment 
has long-term eff ects on platelet aggregation by inhibition of COX-1 [128]. Th e 
inhibition achieved by aspirin presents a diff erent mechanism, as the drug binds in 
the active site and acetylates Ser530 thus blocking the access of the substrate [111, 
129]. NSAIDs inhibit both COX-1 and COX-2. Th e selective inhibition of COX-
2, achieved by the coxibs, proved to be effi  cient in the treatment of infl ammation, 
pain and arthritis [130], Th e coxibs might be connected to severe adverse eff ects 
regarding the cardiovascular system and rofecoxib has been retrieved from the 
market for these reasons [131]. 

Th e two COX isoforms have manifested important roles in many human 
pathologies which include thrombosis [132, 133], infl ammation, pain and fever 
[134], various cancers [135-137] , Alzheimer’s [138] and Parkinson’s [139] diseases. 

Linoleate diol synthases
Linoleate diol synthase (LDS) is a hemeprotein isolated from the fungus 
Gaeumannomyces graminis [140, 141]. Th e enzyme belongs to the fatty acid heme 
oxygenase family, having a similar oxygenation mechanism with cyclooxygenases, 
although the products formed are diff erent. 

Th e reaction catalyzed by LDS begins with the abstraction of the 8-pro-S 
hydrogen from linoleic acid followed by the oxygen insertion with formation of 
8-hydroperoxyoctadecadienoic acid (8-HPODE) [142]. A tyrosyl radical likely 
catalyzes the hydrogen abstraction [142], in analogy with COX. Th e second activity 
of the linoleate diol synthase is the hydroperoxide isomerase activity, which converts 
8R-HPODE into 7S,8S-dihydroxylinoleic acid (7,8-DiHODE). Th is isomerization 
is achieved by elimination of the 7-pro-S-hydrogen and intramolecular insertion of 
oxygen [140, 143]. Th e enzyme oxygenates linoleic, -linolenic, oleic and ricinoleic 
acids, while arachidonic, -linolenic and stearic acids were not substrates [144]. In 
conclusion, the formation of a tyrosyl radical and the presence of ferryl intermediates 
during catalysis are similar for LDS and COX but the peroxidase activities diff er. 

Th e results of the cloning of the LDS gene supported the functional similarities 
between the two classes of dioxygenases with a sequence identity up to 23-24% 
and 36-37% positive homology with COX-2 over the catalytic domain [145]. Th e 
sequence identity increases up to 36% over the core -helices including the proximal 
and distal heme ligands and the critical Tyr residue of cyclooxygenases [145]. 

LDS homologs are present among expressed sequence tags (EST) from, for 
example, Neurospora crassa, Mycosphaerella graminicola and Glomus intraradices 
(see www. ncbi. nlm. gov). Th e presence of 8R-HPODE biosynthesis but not the 
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corresponding LDS-like gene, has been reported in Leptomitus lacteus [146] and 
Laetisaria arvalis [147]. 

Th e function of LDS is largely unknown but 8R-hydroxylinoleate (8-HODE) 
has been identifi ed as a sporulation hormone and anti-fungal agent [148-150]. A 
mutant of Aspergillus nidulans has been systematically studied by Champe, Keller 
and their colleagues. In addition to 8-HODE (PsiB ) they have identifi ed 5,8-
dyhydroxylinoleic acid (5,8-DiHODE) (PsiC ) as sporulation hormones [149]. Th is 
was recently confi rmed by excellent gene knockout studies [151]. A summary of 
products likely formed from 8R-HPODE is shown in Fig. 3. 8,11-DiHODE was 
identifi ed as a fungal metabolite only recently [152]. Whether 5,8-DiHODE and 
8,11-dihydroxylinoleic acid (8,11-DiHODE) are formed from 8R-HPODE has 
not been determined. Th ese results underline the importance of LDS in fungal 
reproduction and growth. 

COOH
HOO

8R-HPODE

COOH
HO

HO

7S,8S-DiHODE

COOH
HO

OH

5,8-DiHODE

COOH
HO

OH

8R,11S-DiHODE

?

Figure 3. Structures of the fungal metabolites formed from 8-HPODE.

Fatty acid -dioxygenases
Besides the lipoxygenase pathway, the fatty acids from the plant leaves can undergo 
transformations by -oxidation. Th e process involving the oxidation at the -carbon 
of the fatty acid chain was discovered for the fi rst time in 1956, when Stumpf [153] 
found that palmitic acid can be converted into pentadecanal by a preparation from 
peanut cotyledons. In 1999, the enzyme catalyzing oxygenation of fatty acids into 
2-hydroperoxides was discovered in tobacco as a pathogen-induced oxygenase 
(PIOX) [154]. Th e enzyme was named -dioxygenase-1 ( -DOX1). Together 
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with the homologous oxygenase from Arabidopsis [155, 156], it belongs to the new 
class of enzymes called -dioxygenases. Other -dioxygenases have been found in 
cucumber [154], rice [157], pea [158] and the green alga Ulva pertusa [159, 160]. Th e 
discovery of a second -DOX like-sequence in Arabidopsis [156] and the FEEBLY 
sequence from tomato [161] represented evidence for the existence of an isoform 
designated -DOX2. A strong -DOX activity has been recently reported in the 
moss Physcomitrella patens [162]. Th e fact that this new -dioxygenase prefers as 
substrate palmitic acid while oleic acid proved to be a very poor substrate marks a 
diff erence in comparison with -DOX1 from tobacco and Arabidopsis. Th e amino 
acid identity between -dioxygenases from higher plants is quite high (59-95%). 
Th e alignment with the P. patens -DOX places the latter as a distinct phylogenetic 
group. 

Th e -DOX1 from tobacco and Arabidopsis possessed heme-binding motifs and 
showed homology to mammalian COX-1 and -2 [155, 156]. Th e peroxidase activity 
of - seem to be insignifi cant in -DOX1 from tobacco and Arabidopsis [154, 155], 
or even absent for the related enzymes from cucumber [154] and rice [157]. 

Th e reaction mechanism consisted in stereospecifi c abstraction of the pro-R 
hydrogen from C-2 followed by insertion of molecular oxygen with retention of 
absolute confi guration. Th e 2-hydroperoxy fatty acids are chemically unstable and 
can easily be transformed to aldehydes [162]. 

In regard to the biological roles of -dioxygenases, several studies on -DOX1 
from tobacco and Arabidopsis seem to indicate the participation in plant defence 
against microbial infection and in the defense mechanism induced to protect cells 
from oxidative stress. Interestingly, the isoform -DOX2 seems not to be induced 
in response to microbial infection but involved in the plant development. Th e high 
levels of -DOX2 transcripts, noticed in leaves subjected to artifi cial senescence by 
leaf detachment, might speak about an important role in the protecting mechanisms 
that control cell disruption [162]. 

Expression systems for lipoxygenases
Structural and functional analyses of proteins, especially those that have potential 
therapeutic or industrial use, require usually large amounts of proteins. Th e supply 
of many valuable proteins is often limited by their low natural availability. Th e use 
of recombinant DNA technology and diff erent expression systems has overcome this 
limitation and opened the way for the production of recombinant proteins. Among 
the most used expression systems are the bacteria, the yeasts and the insect cells. 
Since the latter represents an area that lies outside the scope of this thesis, only the 
fi rst two systems will be described.

Bacterial systems - E. coli 
Th e development of the bacterial expression systems, particularly E. coli has been 
a major advance in the production of large amounts of proteins from cloned genes 
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[163]. Th e E. coli expression has facilitated the effi  cient production of therapeutic-
grade proteins such as insulin [164], growth hormone [165] and interferon [166]. 
Many plant and mammalian lipoxygenases have been expressed successfully in E. 
coli [89, 90, 167-169].

Th e fact that it is a well-characterized organism and the high availability of the 
techniques used for transformation and expression places E. coli as one of the fi rst 
choices among expression systems. However, the high-level expression of recombinant 
proteins in E. coli often results in the formation of inclusion bodies [170]. Th ese 
aggregates are both insoluble and inactive and might represent an important hinder 
in obtaining biologically active recombinant proteins. Although procedures can be 
developed for renaturation of the proteins [171, 172], they can be diffi  cult to achieve 
and time-consuming.

Proteins derived from eukaryotic genomes require post-translational modifi cations 
that cannot be achieved by the use of a prokaryotic expression system. For example, 
E. coli has no capacity to glycosylate recombinant proteins and this might alter the 
function of certain proteins [173, 174]. Th e inability to fold correctly the foreign 
protein and perform post-translational modifi cations limits the types of proteins 
that can be expressed in E. coli. Many of the proteins that cannot be expressed in E. 
coli due to the inconveniences presented above have been produced successfully in 
eukaryotic systems like the yeast P. pastoris [175]. 

Expression in yeast - Pichia pastoris
P. pastoris was discovered for more than 30 years ago [176] as one of the yeasts species 
capable of metabolizing methanol [177]. Since its development as a heterologous 
expression system in 1980 [178], P. pastoris has proven to be a powerful tool for large-
scale production of proteins of interest. Th is methylotrophic yeast is using methanol 
as sole source of carbon and energy. Th e fi rst step in the metabolic pathway is the 
oxidation of methanol to formaldehyde by the enzyme alcohol oxidase (AOX). Th e 
reaction generates hydrogen peroxide and, in order to avoid the toxicity, the process 
is located in a peroxisome capable of sequestering the hydrogen peroxide away from 
the rest of the cell. Th ere are two genes in P. pastoris that code for AOX - AOX1 and 
AOX2. Th e fi rst one is responsible for the majority of AOX activity [179]. Expression 
of AOX1 is controlled at the level of the transcription [179-181] and is induced by 
methanol to high levels. 

Th e strains used for expression are either the wild type X-33 or derivated strains 
such as GS115, KM71 and SMD1168, which have a mutation in the histidinol 
dehydrogenase gene (HIS4) and allow for selection of expression vectors containing 
HIS4 upon transformation [182]. 

Although the vectors used for transformation into P. pastoris are designed in 
accordance with the expression into the diff erent P. pastoris strains, they present 
also several common features [178]. One of them is represented by the foreign gene 
expression cassette composed of DNA sequences containing the P. pastoris AOX1 
promoter, followed by one or more unique restriction sites for insertion of the foreign 



22

Mirela Cristea

gene, followed by the transcriptional termination sequence from the P. pastoris 
AOX1 gene that directs effi  cient 3’ processing and polyadenylation of the mRNAs. 
Certain vectors contain dominant drug-resistance markers allowing introduction 
of multiple copies of the foreign gene. One of these set of vectors is pPICZ, which 
contains the Sh ble gene from Streptoalloteichus hindustanus. Th e Sh ble gene confers 
resistance to the drug Zeocin and acts as selectable marker for both E. coli and P. 
pastoris. Th e pPICZ vectors present two important advantages: their size (~3 kb), 
which makes them easier to manipulate and the presence of a multiple cloning site 
for the integration of multiple copies of the foreign gene. All expression vectors 
contain at least one P. pastoris DNA segment such as the AOX1 promoter fragment 
with unique restriction sites that can be used for cleaving and integration of the 
vector into the host genome. Th us stable P. pastoris transformants are generated via 
homologous recombination [182].

Using the P. pastoris system, the heterologous proteins can be expressed 
intracellularly or secreted into the medium. Th e secreted protein represents the 
majority of the total protein in the expression medium, since P. pastoris secretes 
only low levels of endogenous proteins and there are no other added proteins to the 
culture medium to promote growth [183].

Due to its respiratory mode of growth, P. pastoris can be very well adapted for 
expression at high-cell densities in fermentors [178]. Th e secreted proteins can be 
produced in larger amounts in a fermentor than in the shake-fl ask cultures since their 
concentration is proportional to the concentration of P. pastoris cells in the medium. 
Another important advantage of the fermentor culture is the fact that methanol 
can be added in growth-limiting rates which increases the level of transcription of 
the AOX1 promoter. Th e controlled environment in the fermentor ensures also a 
constant and quite high oxygen level needed for the methanol metabolism of the 
yeast.

P. pastoris is an eukaryote capable of achieving many post-translational 
modifi cations such as folding, disulfi de bridge formation and O- and N-linked 
glycosylation [178]. Th e pattern of glycosylation diff ers from the one achieved by 
higher eukaryotes posing problems for the proteins used in the pharmaceutical 
industry. Th e diff erences between the mammalian and the yeasts N-linked 
glycosylation might limit the use of this, otherwise, extremely effi  cient expression 
system.

Th ere are only two reports describing lipoxygenases expressed in P. pastoris. Th ey 
are porcine leukocyte 12-LOX [184] and rat leukocyte 12-LOX [185].

More than 20 mammalian LOX-isoforms have their primary structures elucidated 
but only one three-dimensional structure has been reported until now [83]. In order 
to facilitate the study of the structure and the oxygenation mechanism, the need for 
detailed crystal trials is imposing. P. pastoris represents the recombinant expression 
system that might off er the necessary amount of lipoxygenases for these studies.
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Mn-LO is a fungal enzyme secreted by the devastating root pathogen of wheat, 
Gaeumannomyces graminis. Th is lipoxygenase contains manganese in its catalytic 
center, which makes it unique. All other lipoxygenases contain iron. G. graminis 
also expresses a heme-containing dioxygenase, linoleate diol synthase (LDS), 
with structural and catalytical similarities to cyclooxygenases and fatty acid -
dioxygenases.

Th e aims of the present studies were to

− Develop a robust and effi  cient system for heterologous expression of Mn-
LO (paper I).

− Determine the eff ects of site-directed mutagenesis of the putative metal 
ligands of Mn-LO on enzyme activity and manganese content (paper I).

− Characterize the eff ects of three mutations (Ala, Th r and Val) of the con-
served Mn-LO Gly316 residue on product formation, as the homologous 
Gly of R lipoxygenases is known as a determinant of R/S stereospecifi city 
(paper II).

− Develop an LC-MS/MS method for analysis of epoxyalcohols (paper III). 

− Study the catalytical properties of Mn-LO (~100 kDa) and its smaller form 
of ~70 kDa designated mini-Mn-LO (papers I and IV).

− Study the thermostability of Mn-LO and the mechanism of formation of 
mini-Mn-LO (paper IV).

− Determine the biosynthesis and the transformations of R and S stereoiso-
mers of 11-HPODE by Mn and Fe containing lipoxygenases (paper V).

− Determine whether mycelia of the rice blast fungus, Magnaporthe grisea, 
can metabolize linoleic acid by the LDS or lipoxygenase pathways (paper 
VI).

− Determine whether Magnaporthe grisea expresses homologous genes to LDS 
and Mn-LO (paper VI).
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COMMENTS ON METHODOLOGY

Expression in Pichia pastoris

Expression construct
Th e vector chosen for expression was pPICZ A, which off ers the advantage of the 
high-level, methanol inducible expression of the gene of interest in P. pastoris [178]. 
Th is vector contains the AOX-1 promotor and can be used in any P. pastoris strain 
including X-33. pPICZ A is conveniently small (3.6 kb) and contains the Zeocin 
resistance gene for selection in both E. coli and P. pastoris. In the expression construct 
pPICZ A-Mn-LO-602, the native secretion signal had been replaced with the yeast 
secretion -signal for secreted expression of the recombinant protein. 

PCR technology was used in order to delete the native secretion signal of the 
Mn-LO precursor (Fig. 4). Th e sequence of Mn-LO in the vector pGEM-7Zf (+) 
was used as a template with a sense primer containing restriction sites for XbaI and 
EcoRI, whereas the antisense primer was located downstream of an NcoI restriction 
site. XbaI and NcoI were used for restriction of the 681 bp fragment, which was 
ligated into pGEM-Zf(+) yielding pGEM7-Mn-LO-602. Th e latter was restricted 
with EcoRI, and the Mn-LO-602 fragment (1.8-kb) was cloned into the EcoRI-
restricted pPICZ A. Sequencing confi rmed that the -factor signal sequence of 
pPICZ A was in frame with the coding sequence of Mn-LO-602. 

Transformation into P. pastoris – Electroporation 
Th e electroporation method uses a pulsed electrical fi eld to introduce DNA into the 
cells [186]. Th e strength of the applied fi eld, the length of the electric pulse and the 
temperature can infl uence the effi  ciency of transfection along with the conformation, 
the concentration of the DNA and the ionic composition of the medium.

Th e procedures for transformation described by Invitrogen were followed [187]. 
pPICZ A-Mn-LO-602 and the mutants were grown in low salt Luria-Bertani 
medium using Zeocin resistance for screening. Th e purifi ed and linearized DNA was 
fi rst mixed with freshly prepared electro competent P. pastoris X-33 cells in 0.2 cm 
cuvettes and pulsed (1.5 kV, 25 mF, 200 Ω; Gene Pulser, Bio-Rad). After recovery 
for 1.5-3 h at 28.5°C aliquots were spread on YPDS-agar plates containing 100 mg/
L Zeocin and incubated at 28.5°C for 3-4 days. PCR screening was routinely done 
in order to recheck the presence of Mn-LO DNA in the colonies. 
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Figure 4. Amino acid sequences of the native secretion signal and of the recombinant Mn-LO. Th e 
peptides in red are identifi ed by Maldi-TOF analysis of tryptic peptides of mini-Mn-LO. Th e Ser 
and Th r residues of the fi rst 50 amino acids and the putative N-glycosylation sites are underlined. 
Mini-Mn-LO is likely formed by cleavage between Asp and Pro (shown in bold and underlined).

Secretion signal

1 MRSRILAIVF AARHVA

Reco mbinant Mn-LOX

15 ENALPL AAEDAAATLS LTSSASSTTV LPSPTQYTLP
51 NKDPNQGARN ASIARKRELF LYGPSTLGQT TFYPTGELGN NISARDVLLW
101 RQDAANQTAT AYREANETFA DITSRGGFKT LDDFALLYNG HWKESVPEGI
151 SKGMLSNYTS DLLFSMERLS SNPYVLKRLH PTKDKLPFSV ESKVVKKLTA
201 TTLEALHKGG RLFLVDHSYQ KKYTPQPGRY AAACQGLFYL DARSNQFLPL
251 AIKTNVGVDL TYTPLDDKDD WLLAKIMFNN NDLFYSQMYH VLFHTIPEIV
301 HEAAFRTLSD RHPVMGVLNR LMYQAYAIRP VGGAVLFNPG GFWDQNFGLP
351 ASAAIDFPGS VYAQGGGGFQ AGYLEKDLRS RGLIGEDSGP RLPHFPFYED
401 AHRLIGAIRR FMQAFVDSTY GADDGDDGAL LRDYELQNWI AEANGPAQVR
451 DFPAAPLRRR AQLVDVLTHV AWITGGAHHV MNQGSPVKFS GVLPLHPAAL
501 YAPIPTAKGA TGNGTRAGLL AWLPNERQAV EQVSLLARFN RAQVGDRKQT
551 VRDAFAAPDL LAGNGPGYAA ANARFVEDTG RISREIAGRG FDGKGLSQGM
601 PFVWTALNPA VNPFFLSV

Expression in baffl  ed fl asks
Th e fi rst goal of the expression process is to generate biomass by growing the Zeocin 
resistant colonies in buff ered minimal glycerol (BMG). In order to induce expression 
of the protein, the cells were transferred to buff ered minimal methanol (BMM) and 
grown at 21°C or 28.5 °C in 3 or 5 L baffl  ed fl asks (250 rpm). Methanol was added 
daily (0,5%) until the OD600 of the culture reached ~15 after 5-6 days. Th e cells were 
then precipitated by centrifugation and the supernatant stored at +4°C. Th e pH of 
the medium at the end of the expression experiments reaches pH 4.5 or even lower, 
which is normal for a healthy P. pastoris culture. An adjustment of the pH to 7 was 
performed in order to run the purifi cation experiments. 

Expression in fermentor
Many proteins can be well expressed in P. pastoris in shake-fl ask cultures but 

the expression can reach ultra-high cell densities in a fermentor [188, 189]. Th is 
is possible due to the controlled environment from the fermentor, which includes 
the control of the pH, the oxygen and the carbon source feed rate. Th e fermentor 
expression can be used for P. pastoris cultures, since this organism prefers a respiratory 
rather than fermentative mode of growth, thus the toxic fermentation products do 
not accumulate in the culture. Th is procedure is advantageous for secreted proteins 
since their concentration increases with the cell density.
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For large-scale biosynthesis of recombinant Mn-LO, an FE2 bioreactor (10 L, 
20°C) was chosen for growing one P. pastoris transformant in basal salt medium 
with 20% dissolved oxygen and pH 5.0, controlled by addition of NH3 and H3PO4. 
Protein biosynthesis was induced by 0.5% methanol. Th e BMM medium was assayed 
for lipoxygenase activity daily. Th e culture reached an OD600 of 440 and a biomass 
of 340 g/L on day 5 with little gain inlipoxygenaseactivity from the previous day. 
Th e supernatant was recovered by centrifugation, processed directly or stored at 
-80°C. 

Site-directed mutagenesis
Site-directed mutagenesis based on PCR technology was used in order to study 
the putative ligands of Mn-LO and other catalytically important amino acids. Th is 
rapid four-step procedure [190] requires only a small amount of DNA template and 
ensures high mutation effi  ciency together with a decreased potential for random 
mutations.

Point mutations of diff erent amino acids from the expression construct pPICZ A-
Mn-LO-602 were performed with the QuikChange kit (Stratagene), using Pfu 
DNA polymerase and oligonucleotides (31–43 nt). Th e two-stage PCR method was 
used with the following conditions 95°C for 5 min followed by 12–16 cycles (95°C 
for 30 s, 55°C for 1 min, and 68°C for 12 min). After the fi rst 3 cycles, the PCR 
containing sense and antisense primer pairs were combined [191]. Th e PCR reaction 
was followed by treatment with DpnI (3 h) in order to digest the parental DNA 
template, which was methylated. Th e plasmids obtained were transformed into E. 
coli. Mutated plasmids were screened by restriction analysis in some cases and all 
were sequenced. 

Protein analysis and purifi cation

Chromatography
Th e two fi rst steps in the purifi cation of recombinant Mn-LO and its mutants were 
hydrophobic interaction and ion-exchange chromatography. Th e protocol described 
by Su et al [76] was followed. Th e ionic strength of the cell free P. pastoris BMM 
medium from the fermentor culture was adjusted by addition of ammonium sulphate 
to 0.6 M concentration. Th e pH was adjusted to 7.0 (10 M KOH) and precipitates 
were removed by centrifugation. Th e supernatant was then loaded on a phenyl-
Sepharose CL-4B column in 5 mM KPB (pH 7.2)/0.6 M ammonium sulfate. Th e 
column was washed with the same buff er and captured proteins were eluted with 
2.5 mM KPB (pH 7.2). After dialysis, the material was further purifi ed by cation 
exchange chromatography (CM Sepharose CL-4B) in 0.01 mM KPB (pH 6.8). Th e 
column was then eluted in one step with 0.01 mM KPB (pH 6.8)/0.2 M NaCl. 
Th e eluted protein was stored in the elution buff er at +4°C (with 1 mM NaN3) and 
concentrated by diafi ltration, as required for further analysis.
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Th e HPLC system for gel fi ltration consisted of pump and diode array detector 
from Waters (Waters 626 and Waters 996 PDA) and the column (Biosep Sec-
S3000; 300 x 8.2 mm, Phenomenex) was eluted at 0.5 ml/min with 0.1 M KFB 
(pH 6.8)/0.15 M NaCl.

Th e purifi cation of mini-Mn-LO was done by gel fi ltration and anion exchange 
chromatography with a Q-Sepharose FF column. Th e sample was applied to the 
column in 20 mM TrisHCl pH 8. Th e elution buff er contained 20 mM Tris HCl 
pH 8 with 0.5 M NaCl.

SDS-PAGE 
SDS-PAGE is used to assess the homogeneity and the molecular weight of purifi ed 
proteins. Deglycosylation analyses can also be run eff ectively on a SDS-PAGE gel. 

After purifi cation and ultracentrifugation the protein samples were applied on 
7,5% separation gels and SDS–PAGE was performed as described [76]. Th e analysis 
was used routinely in order to confi rm the expression of the mutated proteins. 
Protein bands were analyzed by MALDI-TOF after trypsin digestion (see below).

For deglycosylation, Mn-LO was denaturated by heating and then treated with 
O-glycosidase or with O-glycosidase plus N-glycosidase F overnight at 37°C. Mini-
Mn-LO was deglycosylated by the same procedure.

Lipoxygenase and hydroperoxyde isomerase activity assay

UV analysis
Light absorption was measured with a dual beam spectrophotometer (Shimadzu UV-
2101 PC). Th e same instrument was used for stopped-fl ow with a spectrophotometer 
accessory (RX 1000 Rapid Kinetics, Applied Photophysics). Th e cis-trans conjugated 
hydro(pero)xy fatty acids were assumed to have a molar extinction coeffi  cient of 
25,000 cm-1 M-1 at 235 nm (linoleic acid) and at 237 nm ( -linolenic acid) [192, 193]. 
Th elipoxygenaseactivity was determined by UV spectroscopy from the maximal rate 
of biosynthesis of cis-trans conjugated hydroperoxy fatty acids during the linear part 
of the reaction in 0.1 M NaBO3 buff er pH 9.0. 

To assess C-11 and C-13 dioxygenation of -linolenic acid, recombinant Mn-LO 
and the mutants were usually incubated in triplicate with 50-100 μM linoleic acid in 
0.1 M NaBO3 buff er (pH 9.0) and the UV absorbance was followed until 50% of the 
substrate appeared to be consumed (at the middle of the linear UV reaction curve).

Th e hydroperoxide isomerase activity was monitored by following the conversion 
of 13R-HPOTrE (1-100 μM) to 13-KOTrE at 280-282 nm in duplicate or triplicate, 
and the rate was determined from the linear part. Apparent Km was estimated by 
Michaelis-Menten kinetics. Hydroperoxide isomerase activity was also monitored 
by the decline in UV absorbance at 237 nm.
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Experiments under oxygen-18 atmosphere were performed essentially as described 
[95].

HPLC analysis
HPLC is a convenient technique for separation and analysis of lipoxygenase 
metabolites.

RP-HPLC (octadecasilane silica, 5-μm; 200 x 8 mm) was used to purify 9-, 11- 
and 13-HPODE using methanol/water/acetic acid, 80/20/0.01, and detected by 
UV absorbance at 235 and 210 nm [194]. Fractions with 11-HPODE were diluted 
with water and extracted on a cartridge of octadecasilane silica (SepPak/C18). For 
analytical HPLC analysis of HODE and HOTrE, the RP-HPLC column was 
Kromasil 5 C18 (250 x 2 mm; 5 μm, 100 Å, Phenomenex) and it was eluted with 
methanol/water/acetic acid, 80/20/0.01, at 0.3-0.4 ml/min (P2000, SpectroSystem), 
whereas 70/30/0.01 was used for partial separation of epoxyalcohols.

Separation of methyl 13- and 9-hydroxylinoleates were performed by straight 
phase-HPLC (SP-HPLC; Nucleosil 50-5, 250x4. 6 mm; eluted with 2 ml/min) or by 
chiral phase-HPLC (CP-HPLC; R-(-)-N-3,5-dinitrobenzoyl- -phenylglycine, 250 x 
4.1 mm; eluted with 0.8 ml/min) with 0.5% isopropanol in hexane (v/v) as eluent 
[93].

SP-HPLC with MS/MS analysis of epoxyalcohols was performed on a Kromasil-
100 column (250 x 2 mm, 5 μm), which was eluted at 0.3 ml/min with 1 or 3% 
isopropanol in hexane (with 0.1-0.03 ml acetic acid L-1) for hydroxy fatty acids 
and for epoxyalcohols, respectively. To reduce variations in retention times on SP-
HPLC, the fl ow rate was usually adjusted so that threo 11-hydroxy-12S,13S-epoxy-
9Z-octadecenoate had a retention time of ~12 min.

Mass spectrometry

LC-MS/MS analysis
LC-MS/MS has been proven to be a very useful tool for analysing polar, non-volatile 
or thermolabile molecules, without the need for prepurifi cation or derivatization.

For LC-MS/MS analysis, the column mostly used contained octadecasilane silica 
(5-μm, 250 x 2 mm) and it was eluted with methanol/water/acetic acid, 80/20/0.01, 
at 0.4 ml/min. Th e effl  uent was subject to electrospray ionization (ESI) in an ion 
trap mass spectrometer (LCQ, Th ermoFinnigan) with monitoring of the negative 
ions as described [98].

GC-MS analysis
GC-MS analysis is useful for determining the position of the hydroperoxy group 
ofl ipoxygenasemetabolites after reduction to alcohols and derivatization (methylation 
and silylation).
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A capillary GC (Varian 3100) with a non-polar column (30 m; DB-5, fi lm, 0.25-
μm; diameter, 0.25-mm) and an ion trap mass spectrometer (ITS40, Finnigan 
MAT) were used [144]. After splitless injections of samples in heptane, the GC was 
programmed from 120 to 200°C with 40°C/min, to 260°C with 28°C/min and 
then to 285°C with 3°C per min. C-values were determined by the retention times 
of fatty acid methyl esters. Trimethylsilyl ether and methyl ester derivatives were 
prepared as described [144].

MALDI-TOF analysis
Matrix Assisted Laser Desorption Ionization (MALDI) utilizes the energy from a 
laser to desorb and ionise the analyte molecules in the presence of a light-absorbing 
matrix [195]. Th e smallest ions travel fastest through the fl ight tube and arrive at the 
detector fi rst. Th us, the time of fl ight (TOF) in the electrical fi eld is a measure of the 
mass (or, more precisely, the mass/charge ratio). Th is method allows the analysis of 
small amounts of biomolecules ranging from a few picomoles to femtomoles.

Mn-LO was analyzed after gel fi ltration and desalting by MALDI-TOF (Bruker 
Ultrafl ex TOF/TOF) and the same instrument was used for analysis of tryptic 
peptides, which were obtained by digestion of the band in the polyacrylamide gel 
as described [196].

Bioinformatic resources and sequence analysis
DNA sequencing analysis was performed at the department of Animal Breeding and 
Genetics, SLU, and at the Uppsala Genome Center, Rudbeck Laboratory, Uppsala, 
Sweden. Sequencing was performed using a Big Dye Terminator sequencing kit and 
ABI 377 automatic sequencer (Perkin Elmer, Applied Biosystems). Th e Lasergene 
program (DNASTAR, Madison, WI) and the BLAST algorithm (www. ncbi. nlm. 
nih. gov) were used for sequence analysis [197].

Th e genome of M. grisea was analysed by the TBLASTN algorithm at the 
Whitehead Institute Centre for Genome Research (www-genome. wi. mit. edu) 
with the protein sequence of LDS. (www. ncbi. nlm. nih. gov/). 
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RESULTS

Expression of Mn-LO in the yeast P. pastoris (paper I)
Th e P. pastoris colonies were grown overnight in BMG in order to generate biomass. 
Th e OD600 was ~1 when the induction was started by transferring the cells to 
BMM at room temperature. After 4-5 days of methanol induction, the cultures in 
baffl  ed fl asks reached on OD600~15. At this point the cells were centrifuged and the 
supernatant was collected by centrifugation.

Enzyme activity measurements by UV spectroscopy and LC-MS analysis 
showed that the cultures secreted active enzyme, which formed 11S-HOTrE and 
13R-HPOTrE in the same ratio as Mn-LO [76]. Th e shake-fl ask cultures yielded 
a relatively low amount of enzyme ~0.5-1 mg/L. Th us, a scale-up of the expression 
was performed in a fermentor. Th e fermentor culture reached an OD600 of 440 and 
thelipoxygenaseactivity of the culture medium suggested secretion of ~30 mg/L.

Recombinant Mn-LO (papers I and IV)

Protein analysis
From the bioreactor culture, 10 mg of Mn-LO was purifi ed to apparent homogeneity 
by hydrophobic interaction and ion exchange chromatography. Th e recombinant 
Mn-LO had an apparent size of ~90 kDa (range 80-100 kDa) on SDS-PAGE thus, 
it appeared to be slightly less glycosylated than the native Mn-LO from G. graminis 
var. avenae [76].

Th e manganese content of the recombinant protein was 0.98 mol Mn/mol protein 
and the UV absorbance at 280 nm of 1 mg protein/ml was 1.14 absorbance units.

Catalytical properties
Th e Km and Vmax of recombinant Mn-LO with -linolenic acid as a substrate in 0.1 
M NaBO3 (pH 9.0; 21°C) was 7.1 μM and 18 nmol/min/μg. Th e maximal linear 
increase in UV absorbance in 0.61 ml of 0.1 M sodium borate buff er with 0.05 mM 

-linolenic acid and 2.74 μg enzyme was ~0.490 absorbance units/μg at 237 nm 
(biosynthesis of 12 nmol 13R-HPOTrE min-1 μg-1). Corresponding numbers for 0.05 
mM linoleic acid was ~0.255 absorbance units/μg, or 6.2 nmol 13R-HPODE min-1 
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μg-1. Th e maximal turnover number of oxygen, as measured by an O2 electrode [76], 
suggested formation of 18% 11S-HPODE while the corresponding fi gure for native 
Mn-LO was 21% [76]. Th e recombinant enzyme seemed to have similar catalytical 
properties as the native enzyme.

A marked kinetic lag phase of 2-3 min was observed upon incubation of 
recombinant Mn-LO with 50 μM -linolenic acid. Th e lag phase decreased with 
the substrate concentration and it was reduced in the presence of 13R-HPODE. 
After the lag phase the reaction continued at a linear rate and slowed down with 
consumption of substrate. Th ese experiments suggested that recombinant Mn-
LO was mainly in inactive form (MnII-LO) and could be converted to active form 
(MnIII-LO) by the products formed.

A series of C16-C22 fatty acids were incubated with Mn-LO. 17:3n-3 and 18:3n-3 
proved to be the preferred substrates while other C16-C22 fatty acids were oxygenated 
with low effi  ciency.

Mn-LO could be activated to MnIII-LO by preincubation with 13R-HPOTrE 
(1-10 μM). Interestingly, the active form MnIII-LO catalyzed the formation of n-6 
hydroperoxides as main products of all the fatty acids tested, except 22:6n-3. Th e 
MS/MS analysis could also detect n-8 hydroperoxides in variable amounts from 
traces (17:3n-3) to 40-50% (22:5n-3 and 22:5n-6). Th ese results suggested that 
the carbon chain length of the fatty acid and the double bond confi guration could 
play an important role in the oxidation of MnII to the active form, MnIII, by n-6 
hydroperoxides. 

Th e thermostability studies performed in paper IV in TrisHCl buff er showed that 
Mn-LO was almost totally inactivated (>95%) after 5 min at 67oC, 30 min at 65 oC, 
and 90 min at 62 oC. Upon incubation of Mn-LO (1 mg) with Chelex-100 resin in 
sodium bicarbonate/NaCl buff er at 50 oC, more than 97% of the manganese could 
be extracted from Mn-LO, as confi rmed by atomic absorption spectroscopy. 

Mini-Mn-LO (papers I and IV)
Recombinant purifi ed Mn-LO (10 mg, ~90 kDa), which was stored in the elution 
buff er of the CM-Sepharose column (with 1 mM NaN3) at 4°C for 6 months, 
was enzymatically active, but SDS–PAGE analysis showed that Mn-LO had been 
quantitatively converted to a protein of only ~70 kDa. Th is protein was designated 
mini-Mn-LO (Fig.5)

MALDI-TOF analysis showed that the molecular mass of Mn-LO averaged ~91 
kDa (range 80–100 kDa), whereas the molecular mass of mini-Mn-LO averaged 
~67.4 kDa (range 64–70 kDa).

Th e broad mass peak of Mn-LO is consistent with extensive glycosylation. SDS–
PAGE analysis of the two proteins after N- and O-linked deglycosylation showed 
that Mn-LO (~90 kDa) was converted to a less glycosylated protein of ~70 kDa. 
Mini-Mn-LO was converted only to slightly smaller protein of ~63 kDa.
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Figure 5. SDS-PAGE analysis. Lane 1, Protein size markers; Lane 2, mini-Mn-LO; Lane 3, recom-
binant Mn-LO. 

MALDI-TOF analysis of mini-Mn-LO suggested that mini-Mn-LO could be formed 
by cleavage in the N-terminal sequence before amino acid 66. Th e hydrolysis of Mn-
LO performed under mild acidic conditions (pH 2.6), according to the method of 
Fraser et al [198], yielded mini-Mn-LO judged from the SDS-PAGE analysis. Th e 
transformation is likely due to the cleavage of an acid-labile Asp-Pro bond present in 
the N-terminal region. Th is cleavage might also occur during expression when the 
P. pastoris culture medium becomes acidic.

Th e catalytic properties of mini-Mn-LO were investigated and the Km and Vmax 
with -linolenic acid as a substrate were 6.4 μM and 12 nmol/min/μg, respectively. 
Th is suggested that the Vmax was reduced by one third in comparison with Mn-LO.

Site-directed mutagenesis of putative manganese ligands 
(paper I)
Th e putative metal ligands of Mn-LO were deduced by analogy with iron 
lipoxygenases [88]. All mutations were performed by site-directed mutagenesis 
and the mutants were expressed in P. pastoris. A protein band at 90 kDa on the 
SDS-PAGE gel indicated that the expression succeeded. Th e mutated proteins were 
considered active when a signifi cant increase in UV absorbance at 237 nm with 50 
μM -linolenic acid was observed and the two products 11S-HPOTrE and 13R-
HPOTrE could be identifi ed by LC-MS.

Th e mutations of three histidine residues of Mn-LO, His-274 and His-278 of -
helix 9 (helix numbering refers to sLO-1 [199]) in the partial sequence H274VLFH278 
and His-462 in the partial sequence H462HVMNQG yielded inactive proteins. Th e 
mutants His274Gln, His278Glu, and His462Gln contained less than 0.05 mol 
Mn/mol Mn-LO protein, according to atomic absorption spectroscopy. His-274, 
His-278, His-462 appeared to be critical for both enzyme activity and manganese 
binding and could be manganese ligands.
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Th e deletion of the amino acid residue Val-602 in the C-terminal end yielded 
protein with undetectable enzyme activity and low manganese content (less than 
0.05 mol Mn/mol Mn-LO protein). Th is suggested that the C-terminal amino acid 
residue Val-602 likely is a metal ligand in analogy with the C-terminal Ile of iron 
lipoxygenases [23]. Th e Val602Ile and Val602Ala mutants were found enzymatically 
active but the activity appeared to be low.

Other mutations in helix 18, His463Gln, Asn466Glu or Leu, and Gln467Asn in 
the partial sequence HH463VMN466Q467G retained enzyme activity and neither of 
them seemed to be important for enzyme activity. 

Mutations of the conserved residue Gly316 and the 
hydroperoxide isomerase activity (paper II)
Alignments ofl ipoxygenasesequences [200, 201] showed that R-lipoxygenases 
contain a conserved Gly residue in the central part of their primary structure, 
which is substituted with an alanine, or serine, in S-lipoxygenases. Previous reports 
[200, 201] associate this active site residue with the control of stereochemistry of 
lipoxygenases. In order to investigate if the conserved residue has the same function 
in Mn-LO, three mutants of Gly316 were prepared and expressed in P. pastoris. 
Th ese were Gly316Ala, Gly316Val and Gly316Th r.

Gly316Ala and linoleic acid – Mn-LO Gly316Ala metabolized 18:2n-6 to 11S-
HPODE and 13R-HPODE as the native enzyme, and 13R-HPODE accumulated 
as the end product. MS/MS analysis revealed that signifi cant but small amounts of 
9-HPODE also were formed (signal at m/z 171 (-OOC-(CH2)7-CHO)). Relative to 
13R-HODE, the native enzyme formed 2-3% 9S-HPODE and the mutant 7-10% 9S-
HPODE, as judged by SP-HPLC and chiral phase HPLC analysis. Hydroperoxide 
isomerase activity with 13R-HPODE as a substrate was insignifi cant compared to 
13R-HPOTrE.

Gly316Ala and -linolenic acid – Mn-LO Gly316Ala metabolized 18:3n-3 to 
11S-HPOTrE and 13R-HPOTrE with a kinetic time lag similar to the recombinant 
Mn-LO. After a linear increase at 237 nm due to the formation of 13R-HPOTrE, 
the kinetic curve declined. Th e UV analysis showed that the decrease in absorbance 
at 237 nm was accompanied by an increase in absorbance at ~282 nm with an 
isosbestic point at 252 nm (Fig. 6). LC-MS/MS analysis confi rmed that the increase 
in absorbance at 282 was due to the formation of 13-KOTrE also identifi ed by RP-
HPLC with MS/MS analysis. Th e Gly316Ala mutant transformed 13R-HPOTrE to 
13-KOTrE at a linear rate without apparent time lag and with a Km~10μM.

Experiments under oxygen-18 atmosphere with Mn-LO Gly316Ala and 18:3n-
3 demonstrated complete incorporation of oxygen-18 in the hydroxyl group at C-
11 and in the epoxide at C12-C13 of threo and erythro 11-hydroxy-12,13-epoxy-
octadecadienoic acid. In conclusion, the Gly316Ala mutant of Mn-LO possessed 
hydroperoxide isomerase activity.
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Figure 6. Time curve at 237 nm for the biosynthesis of 13R-HPOTrE by Mn-LO Gly316Ala. Th e 
decline in UV absorbance is due to the formation of 13-KOTrE with maximum absorbance at 282 
(the insert show repeted UV spectra recorded every other min. for 4-18 min after the start of the 
reaction).
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SP-HPLC with MS/MS was used to analyze the polar products formed during 
the hydroperoxide isomerase reaction. 13-KOTrE eluted as the least polar product 
while 13-HOTrE, 11-HODE and 9-HODE eluted as major peaks along with small 
amounts of 12-HOTrE and 16-HOTrE. MS/MS analysis (m/z 309 -> full scan) 
of the polar products suggested that also epoxyalcohols are formed, as described 
below.

In comparison with Mn-LO Gly316Ala, the hydroperoxide isomerase activity of 
the native enzyme seemed to be low but detectable. Th e studies performed in paper 
II showed that the mutation of Gly316 to Ala increased the hydroperoxide isomerase 
activity of Mn-LO about 7-15 times with 18:3n-3 and 17:3n-3 as substrates.

Gly316Ala and (n-3) fatty acids– Mn-LO Gly316Ala oxygenated 17:3n-3 slightly 
less effi  ciently than 18:3n-3, but the hydroperoxide isomerase activity was increased. 
Th e reduced lipoxygenase activity might be explained by an increase of the distance 
of the n-8 carbon to the catalytic base caused by the mutation. Th e oxygenation 
pattern was interesting, since the mutation seemed to change the oxygenation of 
17:3n-3 from exclusively at the n-6 carbon towards the n-8 (7%) and n-10 (11%) 
carbons. Th e same phenomenon was noticed upon incubation of Mn-LO Gly316Ala 
with 18:3n-3 when the oxygenation was shifted with an increased formation of 9S-
HPOTrE. Although this is in agreement with the shifts in oxygenation reported 
before with the Gly to Ala mutations in coral 8R-LOX and 12R-LOX [200, 202] 
the results presented in paper II showed that the conserved residue not only is a 
determinant of stereopecifi city but it can also confer hydroperoxide isomerase activity 
to the enzyme. Th e presence of an n-3 double bond in the structure of the fatty acid 
substrate seemed to be essential for the hydroperoxide isomerase reaction. LC-MS 
confi rmed that 17:3n-3 also was converted to epoxyalcohols and keto compounds.
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Mn-LO Gly316Ala was also incubated with the R- and S-hydroperoxides at 
n-6 of 17:3n-3, 18:3n-3, and 19:3n-3. Th e R hydroperoxides were transformed to 
keto compounds at a rate, which was 5 times higher than for the corresponding 
S-hydroperoxides. Th is might be due to the fact that the R-hydroperoxides 
can be positioned closer to the catalytic metal that the hydroperoxides with S-
confi guration.

Gly316Val and Gly316Th r – In order to increase the changes produced in the 
active site by the Gly316Ala mutation, the Gly was mutated to bulkier residues such 
as Val and Th r. Mn-LO Gly316Val and Gly316Th r did not show any lipoxygenase 
activity in agreement with the corresponding mutations of 12R-lipoxygenases and 
S-lipoxygenases, which also yielded inactive enzymes [201{Coff a, 2005 #4, 202].

Epoxyalcohols synthesis and analysis by LC-MS (papers II 
and III)

Epoxyalcohols synthesis by Mn-LO Gly316Ala
Upon incubation of Mn-LO Gly316Ala with 13R-HPOTrE, the oxygen-oxygen 
bond is likely cleaved homolytically with the formation of an alkoxyl radical. Th is 
radical is transformed by Mn-LO Gly316Ala to erythro and threo 11-hydroxy-
12R,13R-epoxy-9Z,15Z-octadecadienoic acid in a ratio of 2:3 and 13-KOTrE as 
major products. In addition to these two trans epoxides, the corresponding erythro 
and threo isomers of the corresponding cis epoxide also appeared to be present as 
minor products. Th e MS/MS analysis could also confi rm the presence of an isomer 
of 9-hydroxy-12S,13R-epoxy-10E,15Z-octadecadienoic acid. 

Epoxyalcohols synthesis by anaerobic incubation of Mn-LO
Th e epoxyalcohols generated by anaerobic incubation of Mn-LO with 13R-HPOTrE 
and -linolenic acid diff ered from the epoxyalcohols formed from linoleic acid. 
Th e main product was identifi ed as erythro 11-hydroxy-12R,13R-epoxy-9Z,15Z-
octadecadienoic acid. Small amounts of the threo isomer and 9-hydroxy-12S,13R-
epoxy-10E,15Z-octadecadienoic acid were also detected by MS/MS analysis.

Incubation of Mn-LO with linoleic acid under anaerobic conditions generated 
epoxyalcohols mainly derived from 13R-HPODE. Th e main epoxyalcohols separated 
by SP-HPLC are eryhtro and threo 11-hydroxy-11R,12R-epoxy-9Z-octadecenoic 
acid and one cis epoxy isomer, 11-hydroxy-12S,13R-epoxy-9Z-octadecenoic 
acid. Epoxyalcohols from 11S-HPODE and 9S-HPODE were formed as minor 
products.

Epoxyalcohols synthesis by hematin catalysis 
Th e hematin-catalyzed isomerization of the hydroperoxides to epoxyalcohols was 
performed in order to generate standards and to compare it with the synthesis 
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catalyzed by Mn-LO Gly316Ala and the anerobic incubation of Mn-LO (paper II).
In paper III, a series of hydroperoxides derived from linoleic, [ 9,10,12,13-2H4 ] 

linoleic and -linolenic acids were transformed to epoxyalcohols and keto fatty acids 
by hematin-catalyzed reactions. NP-HPLC with ESI-MS/MS proved to be a useful 
method for the separation and the analysis of the products formed. 

Th e MS/MS spectra of 1,2-epoxy-3-hydroxy and 1-hydroxy-2,3-epoxy 
regioisomeric epoxyalcohols showed two characteristic and identical fragments 
separated by 30 mass units. Identical MS/MS spectra were noticed for 11-hydroxy-
9,10-epoxy- and 9-hydroxy-10,11-epoxy-12Z-octadecenoic acids and also for the 
pair 11-hydroxy-12,13-epoxy and 13-hydroxy-11,12-epoxy-12Z-octadecenoic 
acids. Th e identical spectra could be explained by Payne rearrangement. Th is 
phenomenon describes an epoxide migration which is based on the deprotonation 
of the epoxyalcohol to an alkoxide [203] (Fig. 7) and might occur in the gas-phase 
of the mass spectrometer.
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Figure 7. Epoxide migration (Payne rearrangement).

MS/MS spectra of the allylic epoxyalcohols formed from 9-HPODE and 13-
HPODE showed characteristic fragments, as these epoxyalcohols contain the 1,2-
epoxy-5-hydroxy-3-pentene elements. 

Lipoxygenase inhibitors eff ect on Mn-LO and Mn-LO 
Gly316Ala (paper II)
BW A4C (100 μM) augmented the initial transformation rate of 13R-HPOTrE 
to 13-KOTrE several fold. BW A4C then slowed down and blocked the reaction 
after a few min (cf. [204]). Th is inhibitory eff ect was less pronounced when smaller 
amounts of enzyme were used.

Th e stimulatory eff ect of BW A4C on the hydroperoxide isomerase activity 
was concentration-dependent, with a several fold increase in the initial rate of 
transformation of 13R-HPOTrE to 13-KOTrE at 30-100 μM BW A4C. Th e 
stimulatory eff ect declined at 300 μM BW A4C. Th e inhibitory eff ect of BW A4C 
on lipoxygenation was smaller than its stimulatory eff ect on the peroxidase activity, 
as 100 μM BW A4C only inhibited the lipoxygenase reaction by ~40% in these 
experiments.

Finally, ETYA (100 μM) [205], reduced the rate of conversion of 13R-HPOTrE 
to 13-KOTrE by Mn-LO Gly316Ala by 75 %.



37

11-HPODE synthesis and isomerization by iron- and 
manganese-dependent lipoxygenases (paper V)
Mn-LO transformed 11R,S-HPODE to 13R-HPODE as the main product. Th e 11R 
stereoisomer was apparently also transformed to a cis-trans conjugated chromophore. 
9R-HPODE was identifi ed by UV, LC-MS, SP-HPLC and CP-HPLC analysis. CP-
HPLC showed that the 9R stereoisomer was the main compound formed.

Th e methyl ester of 11S-HPODE was partly converted by Mn-LO to cis-trans 
conjugated chromophores and the main metabolite was identifi ed by CP-HPLC 
analysis as the 13R-HPODE methyl ester. In addition, small amounts of 13S-
HPODE methyl ester (~5% of 13R-HPODE methyl ester) and 9S-HPODE methyl 
ester (~5% of 13(R)-HPODE) were detected. Th e methyl ester of 11R-HPODE was 
not isomerized to methyl 9R-HPODE or to other products to any signifi cant extent. 
Th e two isomerizations presented above occurred much less effi  ciently than the 
isomerization of 11S-HPODE to 13R-HPODE previously reported [95, 97].

Longer time and larger amounts of enzyme were needed in order to isomerize 
11S-HPODE by sLO-1. 13R-HPODE was identifi ed as the main product. Methyl 
11S-HPODE was metabolized more effi  cient than 11S-HPODE by sLO-1. Th e two 
main products were methyl 13R-HPODE (62%) and 9S-HPODE (38%), but there 
was a relatively large formation of 13S-HPODE (about 30% of 13R-HPODE) and 
9R-HPODE (about 30% of 9S).

Th e rice leaf inducible lipoxygenase transformed linoleic acid to 13S-HPODE in 
accordance with previous studies [206]. Th e analysis also showed the formation of 
a second, less abundant compound, which was identifi ed as 11-HPODE (74% 11R) 
after UV spectroscopy and GC-MS analysis.

Linoleate diol synthase activity from the rice blast fungus 
Magnaporthe grisea (paper VI)
Mycelia from two strains of M. grisea could rapidly metabolize linoleic acid by the 
LDS pathway with the formation of 8-HODE and 7,8-DiHODE, as confi rmed 
by GC- and LC-MS analysis. In addition, 17R-hydroxylinoleic acid, 8S,17R-
dihydroxylinoleic acid and 8S,16R-dihydroxylinoleic acid could also be detected.

After analysis of the genome of M. grisea from the Whitehead Institute/MIT 
Center for Genome Research an LDS-like gene was found in contig 2.1121 and 
a smaller part in contig 2.2091. Expression of mRNA of LDS of M. grisea by the 
strain Guy 11 could be detected. Th e three intron borders were confi rmed by RT-
PCR and sequencing.

Alignment of the deduced protein sequence with LDS of G. graminis yielded 
65% identities, 78% positives and 2% gaps. Important residues such as the tyrosine 
residue (Tyr 384), which likely forms a tyrosyl radical and abstracts a hydrogen 
atom during catalysis [142], are conserved in the LDS of M. grisea (Fig. 8).
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Figure 8. Alignment of the deduced protein sequences of the linoleate diol synthase (LDS) precur-
sor of M. grisea with LDS precursor of G. graminis. Th e conserved putative heme-binding histidines 
and the tyrosine residue are shown in red.

1 MASSSSSGSSTRSSSPSDPPSSFFQKLGAFLGLFSKPQPP LDS_Mg
1 MTVSTHHDDSPGLSG----------RLRDLLHHVFGNQKS LDS_Gga

41 RPDYPHAPGNSAREEQTDITEDIQKLGFKDVETLLLYLNS LDS_Mg
31 PTVYPNAPGNSAKPVPTGLADDIDKLGFKDIDTLLIFLNS LDS_Gga

81 SVKGVNDDKQLLLERLIQLLSKLPPTSTNGKKVTDGLITG LDS_Mg
71 AVKGVNDDQQFLLEKMIQLLAKLPPASREGKKLTDGLIND LDS_Gga

121 LWESLDHPPVSSLGEKYRFREADGSNNNIHNPTLGVAGSH LDS_Mg
111 LWDSLDHPPVASLGKGFSFREPDGSNNNIHLPSLGAANTP LDS_Gga

161 YARSAKPMVYQNPNPPAPETIFDTLMARDPAKFRPHPNQI LDS_Mg
151 YARSTKPLVFQNPNPPDPATIFDTLMVRDPAKFRPHPNKI LDS_Gga

201 SSVLFYFATIITHDIFQTSSRDPSINLTSSYLDLSPLYGR LDS_Mg
191 SSMLFYLATIITHDIFQTSPRDFNINLTSSYLDLSPLYGR LDS_Gga

241 NLEEQLSVRAMKDGLLKPDTFCSKRVHGFPPGVGVLLIMF LDS_Mg
231 NHDEQMAVRTGKDGLLKPDTFSSKRVIGFPPGVGAFLIMF LDS_Gga

281 NRFHNYVVTSLAKINEGNRFKKPVG-DDTAAWEKYDNDLF LDS_Mg
271 NRFHNYVVTQLAKINEGGRFKRPTTPDDTAGWETYDNSLF LDS_Gga

320 QTGRLITCGLYVNIVLVDYVRTILNLNRVDSSWILDPRTE LDS_Mg
311 QTGRLITCGLYINIVLGDYVRTILNLNRANTTWNLDPRTK LDS_Gga

360 EGKSLLSKPTPEAVGNQVSVEFNLIYRWHCGMSQRDDKWT LDS_Mg
351 EGKSLLSKPTPEAVGNQVSVEFNLIYRWHCTISERDDKWT LDS_Gga

400 TDMLTEALGGKDPATATLPEFFGALGRFESSFPNEPEKRT LDS_Mg
391 TNAMREALGGQDPATAKMEDVMRALGMFEKNIPDEPEKRT LDS_Gga

440 LAGLKRQEDGSFEDEGLIKIMQESIEEVAGAFGPNHVPAC LDS_Mg
431 LAGLTRQSDGAFDDTELVKILQESIEDVAGAFGPNHVPAC LDS_Gga

480 MRAIEILGMNQARSWNVATLNEFREFIGLKRYDTFEDINP LDS_Mg
471 MRAIEILGIKQSRTWNVATLNEFRQFIGLTPHDSFYHMNP LDS_Gga

520 DPKVANLLAEFYGSPDAVELYPGINAEAPKPVIVPGSGLC LDS_Mg
511 DPKICKILAQMYDSPDAVELYPGIMAEAAKPPFSPGSGLC LDS_Gga

560 PPSTTGRAILSDAVTLVRGDRFFTVDYTPRNLTNFGYQEA LDS_Mg
551 PPYTTSRAILSDAVSLVRGDRFYTVDYTPRNITNWGFNEA LDS_Gga

600 ATDKSVDNGNVIYKLFFRAFPNHYAQNSIYAHFPFVIPSE LDS_MG
591 STDKAVDWGHVIYKLFFRAFPNHFLPNSVYAHFPFVVPSE LDS_Gga

640 NKKIMESLGLADKYSWQPPQRKPATQMIRSHAAAVKILNN LDS_MG
631 NKLIFEGLGAANKYSWDPPKARAPIQFIRSHKAVLEVLSN LDS_Gga

680 QKDFKVVWGESIGFLTKFPTGENPGLGFALAGDAPANQQS LDS_MG
671 QKDYKVTWGPAIKMLS-----GDPATSFALAGDEPANAAS LDS_Gga

720 RDQLMKCIFSPKAWEDEVRQFCEATTWDLLRRYSAKVQDK LDS_MG
706 RHHVIAALTAPKQWRDEVRRFYEVTTRDLLRRHGAPVHGV LDS_Gga

760 GPHLKVHTHEIDVIRDVISLANARFFAAVYSLPLKTENGD LDS_MG
746 G--AGPRTHEVDVIRDVIGLAHARFMASLFSLPLKEEGKE LDS_Gga

800 DGVYSDHEMYRSLMLIFSAIFWDNDVSKSFKLRRDARAAT LDS_Mg
784 EGAYGEHELYRSLVTIFAAIFWDSDVCNSLKLHQASKAAA LDS_Gga

840 QKLGALVEKHIVEMGS------LFHSFKHSHS--AVSDKT LDS_Mg
824 DKMSALIAEHVREMEAGTGFLGALGKLKDLITGNDVHANG LDS_Gga

872 NGLANGGANGHANGNANGHTNGNGIHQNGGAAP---SMLR LDS_Mg
864 NGVYTNGNGVYTNGNG-VHTNGNGVHTNGNGVPHAAPSLR LDS_Gga

909 SYGDLMLRRMIEAYGEGKSVKEAVYGQIMPSIAAGTANQT LDS_Mg
903 SFGDQLLQRMLSQ--DGRSIEETVSGTILPVVMAGTANQT LDS_Gga

949 QIMAQCLDYYMSDDGAEHLPEMKRLASLETPEAFNTLMK LDS_Mg
941 QLLAQCLDYYLG-VGEKHLPEMKRLAMLNTSEADEKLLK LDS_Gga
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DISCUSSION

Th e fungus G. graminis – a known pathogen aff ecting wheat cultures worldwide, 
secretes Mn-LO. Th is enzyme presents similar features with the iron lipoxygenases 
in what regards the protein sequence and some of the catalytical properties [76, 88]. 
But the presence of manganese in the active center [76] and the reaction mechanism 
that involves suprafacial oxygen insertion [95] makes it unique. Another important 
diff erence between Mn-LO and iron lipoxygenases is marked by the fact that the latter 
catalyze the conversion of 1Z,4Z-pentadienes to 1-hydroperoxy-2E,4Z-pentadienes, 
whereas Mn-LO forms 3-hydroperoxy-1Z,4Z-pentadienes and transforms them to 
1-hydroperoxy-2E,4Z-pentadienes [95].

In order to study in detail the structural aspects and the metal ligands, an 
appropriate system for expression had to be chosen. Th e bacterial cells represented the 
fi rst choice but in the case of Mn-LO only inactive enzyme could be obtained. Proper 
protein folding and post-translational modifi cations, which could only be off ered by 
a eukaryotic expression system, seemed to be required. Th e P. pastoris expression 
off ers numerous advantages like transcriptional regulation of heterologous proteins 
by AOX1 promoter and suitable methods for molecular genetic manipulations 
along with technology for the growth of the expression strains in large high-density 
fermentor cultures.

Th e yeast P. pastoris has proven to be a robust and effi  cient system for expression 
of Mn-LO (paper I). Diff erent strains and growing conditions have been tested in 
order to obtain the best level of expression. Th e wild-type strain was chosen for 
expression and a lower temperature for induction than the one recommended of 
30oC. Sometimes lower temperatures allow a proper folding of the protein of interest 
especially for the ones with high degree of glycosylation as Mn-LO. With these 
conditions the recombinant protein reached almost the same glycosylation level (80-
100 kDa) as the native Mn-LO (90-130 kDa) with 12 possible O-glycosylation sites 
and 2 N-glycosylation sites in the N-terminal region. Th e presence of a smaller, 
less glycosylated protein on the SDS-PAGE gel could be due to proteolysis at the 
N-terminal end with loss of sugar moieties. Th e new protein, designated mini-Mn-
LO, retained the enzyme activity. Th us, the cleavage seemed to take place at the 
N-terminal end, since the C-terminal Val was discovered as essential for the enzyme 
activity. A “mini-LOX” was obtained by mild tryptic digestion of sLO-1[207]. 
Interestingly, the presence of a weak and acid-labile Asp-Pro bond in the N-terminal 
region of Mn-LO seemed to confi rm the fact that mini-Mn-LO might be formed by 
a cleavage in this region. Indeed, Mn-LO was transformed to mini-Mn-LO under 
acidic conditions. A complex structure with a high level of glycosylation might be an 
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important hinder in the crystallization process. Mini-Mn-LO could be the perfect 
candidate for this kind of studies. Th e X-ray analysis of the crystals would off er a 
complete image over the structure of this unique LOX.

EPR analysis [87] and extended X-ray absorbtion fi ne structure analysis (data 
not published) suggested that manganese interacts with three nitrogen and three 
oxygen atoms. Th e site-directed mutagenesis results from paper I showed that the 
histidine residues in positions 274, 278 and 462 might provide the three nitrogens. 
Th e coordination by two of the oxygen atoms could be done with the carboxyl group 
of the C-terminal Val and a water molecule. In search of a third oxygen ligand, 
mutations were performed at Asn466 and Glu467, which yielded active enzymes, 
and this was in accordance with similar studies performed on mouse 8-LOX [208].

It is well known that enzymes that belong to the same gene family often have 
conserved 3D structures. Diff erences occur though between the primary sequences 
of Mn-LO and iron lipoxygenases and these are the gap between the two putative 
manganese ligands His-274 and His-278 and the unique C-terminal pentapeptide.

Th e mechanism of selectivity of manganese and iron lipoxygenases is still 
unknown and it might be that these diff erences in the sequence make the enzyme 
to choose manganese and not iron in the catalytic centre. Studies on mononuclear 
non-heme iron(II) enzymes have revealed the presence of a conserved structural 
motif designated as the 2-His-1-carboxylate facial triad motif [209]. As the name 
suggests, this motif consists of two His residues and one carboxylate (from Asp, Glu, 
Ile or Val) that bind to the metal and occupy one face of the coordination spheres. 
Th e active metal appear to have still three coordination sites available for exogenous 
ligands such as O2 or the substrate. Th e binding of the substrate likely opens the 
sixth coordination site for O2 and primes the active metal for dioxygen attack. Th us, 
the 2-His-1-carboxylate facial triad might act as a platform for dioxygen activation 
[210]. Th e conserved triad motif could also be found in enzymes that are not directly 
involved in oxygen activation like superoxide dismutases [209] and lipoxygenases 
[211]. Since both iron and manganese dependent superoxide dismutases seemed 
to contain the 2-His-1-carboxylate facial triad [209], the metal selectivity might 
be controlled from a region located far from the catalytic centre. Th is theory was 
confi rmed by site-directed mutagenesis studies on a cambialistic form of superoxide 
dismutase from Porphyromonas gingivalis, which showed that mutations in the second 
coordination sphere could change the catalytic properties towards the manganese 
form [212].

Recent studies have shown that only one mutation of a conserved residue in the 
active site of lipoxygenases can aff ect the regio and stereospecifi city of the arachidonic 
acid oxygenation [200, 201]. Th e residue is conserved as an Ala in S-lipoxygenases 
and as a Gly in R-lipoxygenases. Th e mutation of Gly to Ala in human 12R-LOX 
[200] and coral 8R-LOX [82, 200] changed the position of the oxygenation of the 
substrate such that an enzyme with R-stereospecifi city could make an S-product. 
Th e corresponding residue in Mn-LO is Gly316 and site directed mutagenesis was 
used in paper II in order to investigate if the change in stereospecifi city applies 
to Mn-LO. Th e mutation of Gly316 to Ala kept the same profi le regarding the 
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lipoxygenase reaction but increased considerably the hydroperoxide isomerase 
activity of the enzyme having as consequence the formation of epoxyalcohols and 
other less polar products like keto fatty acids. Th ere are reports of a pseudoperoxidase 
activity observed in sLO-1 [213, 214] and 5-LOX [215] but only in the presence of 
a reducing agent. Interestingly, the hydroperoxidase activity of the Mn-LO mutant 
was not dependent of metal reducing agents. Epoxyalcohol synthesis under normal 
oxygen tension is also catalyzed by eLOX3 [67], an enzyme classifi ed as lipoxygenase 
but lacking lipoxygenase activity. Th e transformation of hydroperoxy fatty acids to 
epoxyalcohols might be of biological importance since mutations of eLOX3 have 
been associated with two disorders of skin keratinisation [216]. Th e fact that a single 
point mutation in Mn-LO could generate a reaction cycle (Fig. 9) similar to the 
self-suffi  cient cycle of eLOX3 might provide new insights into the mechanism of 
hydroperoxide isomerases and the catalytic diff erences between iron and manganese 
lipoxygenases.

Mn2+ LOOH

LO.Mn3+OH

BW A4C

Epoxyalcohols

LO.

Mn3+

ETYA

Keto compound

Figure 9. Proposed mechanism for the hydroperoxide isomerase activity of Mn-LO Gly316Ala. 
Hydroperoxy fatty acids (LOOH) are oxidizing Mn2+ to Mn3+OH with the formation of an alkoxyl 
radical (LO·). Mn-LO transforms LO· to epoxyalcohols, keto fatty acids and water, and the cata-
lytic metal is reduced to Mn2+. BW A4C stimulates the reaction by reducing Mn3+ to Mn2+, whereas 
ETYA inhibits it. 

Regarding the changes in stereospecifi city, the Gly316Ala Mn-LO appeared to 
change the oxygenation from the n-6 carbons of 17:3n-3 and 18:3n-3 towards the n-
8 and n-10 carbons. Th is seemed to confi rm the Coff a and Brash determinant theory 
on R-lipoxygenases, although the change observed in Mn-LO was only modest 
compared to the previous studied enzymes, but confi rmed the studies reported by 
Meruvu and co-workers on murine 12R-LOX [202].

When the Gly in position 316 is mutated to an Ala the volume of the active site 
of lipoxygenases is diminished [94] and also the fl exibility of the protein. In this 
case the structure of the substrate seemed to play an important role during the 
hydroperoxide isomerase reaction. Th e n-3 double bond present in the -linolenic 
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acid was apparently essential, since Mn-LO Gly316Ala transformed 13R-HPODE to 
an insignifi cant extent in comparison with 13R-HPOTrE. Th e mutation Gly 316Ala 
might place the R-hydroperoxide group of 17:3n-3, 18:3n-3 and 19:3n-3 closer to 
the catalytic metal, allowing a homolytic cleavage of the oxygen-oxygen bond. Th e 
positional specifi city is strongly infl uenced by the orientation of the substrate and 
how deep it can enter the catalytic domain of the protein [201]. By mutating Gly to a 
bulkier Ala, the active site entrance could be reduced. In the case of R-lipoxygenases 
the substrate appear to have a more superfi cial position, closer to the entrance exit 
and the surface of the active enzyme.

Epoxyalcohols and keto fatty acids can also be synthesized by hematin treatment 
of the 8-, 9-, 11- and 13-hydroperoxyoctadecadienoic acids. NP-HPLC with ESI-
MS/MS proved to be an effi  cient method for analyzing these products (paper III). 
Reverse-phase LC MS/MS analysis of hydroperoxy fatty acids has been reported 
before [217-221] but there are only few reports on normal phase LC-MS/MS 
used for analysis of eicosanoids and oxylipins [222]. NP-HPLC with atmospheric 
pressure chemical ionization or particle beam interface has been used for analysis of 
vitamins A, D and E, phospholipids and retinoic acid [223-225]. NP-HPLC with 
ESI-MS/MS has been used to separate and identify 2 and 3 hydroxy metabolites 
of long chain polyunsaturated fatty acids [226]. Th e results presented in paper III 
illustrate how NP-HPLC can actually achieve a better separation than RP-HPLC. 
Interestingly, epoxide migration (Payne rearrangement) [203] might occur in the 
gas phase of the mass spectrometer, since isomeric epoxyalcohols with 1,2-epoxy-3-
hydroxy and 1-hydroxy-2,3-epoxy elements showed virtually identical spectra. Th e 
Payne rearrangement consists in a deprotonation of the epoxyalcohol to an alkoxyde 
and occurs usually in aqueous media that contains strong bases [203].

Th e MS/MS spectra of the allylic epoxyalcohols derived form 9- and 13-
HPODE seemed to have many ions in common. Th is might be explained by the 
transformation of the epoxide and hydroxyl groups to aldehydes during collision-
induced fragmentation [217-221]. Th e diff erences in ion intensities in the spectra 
made possible the identifi cation of allylic epoxyalcohols. Th e MS/MS ions in the 
spectra of unsaturated keto fatty acids could be explained by charge migration and 
keto-enol tautomerism with breaking of C-C bonds. In conclusion, paper III likely 
represents one of the fi rst systematic studies of epoxyalcohols derived from linoleic 
and -linolenic acids by LC-MS/MS.

Th e position of the fatty acid substrate in the active site of lipoxygenases can play 
an important role in the lipoxygenase reaction and the regio- and stereospecifi city of 
these enzymes. Previous studies have established two theories regarding which part 
of the structure of the fatty acid enters the active site fi rst: the methyl end or the 
carboxyl end [101]. Oxygenation experiments with diff erent n-3 and n-6 fatty acids 
presented in paper IV suggested that the methyl end binding theory (“tail fi rst”) 
might apply to Mn-LO. In this case the negatively charged carboxyl group of the 
fatty acid substrate likely interacts with positively charged residues located near the 
entrance of the active site.



43

Th e fatty acid substrates align in a relatively narrow channel in the active site of 
lipoxygenases [83, 199] thus it seems possible that the site can also accommodate the 
formed hydroperoxy fatty acids. Th e investigations performed in paper V looked for 
evidence of the binding of 11S-HPODE, 11R-HPODE and methyl ester derivatives 
at the active site of Mn-LO and sLO-1. Diffi  culties in generating 11-HPODE were 
overcome by the biosynthesis of 11S-HPODE by Mn-LO [95] and the formation of 
11(R,S)-HPODE during vitamin E-controlled autoxidation of linoleic acid [194]. As 
expected, 11S-HPODE was converted by Mn-LO to 13R-HPODE but 9R-HPODE 
could be also identifi ed. Th e results suggested that 11R-HPODE was transformed 
to 9S- and 13S-HPODE. 11S-HPODE and 11R-HPODE might align in opposite 
orientations at the active site and further studies are needed in order to confi rm this 
posibility.

Mn-LO belongs to the family of fungal dioxygenases together with LDS from 
G. graminis [141, 145]. A gene with similar organization with LDS was expressed 
and sequenced from another pathogenic fungus Magnaporthe grisea (paper VI). 
PBLAST analysis and alignment with LDS of G. graminis yielded 65% identities, 
78% positives, and 2% gaps for the deduced LDS sequence of M. grisea. Th e 65% 
identity places the LDS from M. grisea in the same family as LDS from G. graminis. 
Th e function of the new enzyme is unknown, but it may be involved in sporulation 
[148, 149] or even in the pathogenic mechanism of M. grisea.

To summarize, Mn-LO could be effi  ciently expressed in the yeast P. pastoris and 
this opened the way for the study of the putative metal ligands by site-directed 
mutagenesis.

Th e metal ligands of iron and manganese lipoxygenases appear to be homologous 
but not entirely conserved. Th e diff erences observed in the sequence of Mn-LO 
compared to iron lipoxygenases may represent the source for the unique biochemical 
properties of Mn-LO. Although Mn-LO appears to be an R-LOX with the 
conserved Gly in position 316, the studies presented in this thesis have shown that 
this residue can be more than a determinant of stereospecifi city. Apparently, Gly316 
controls both the oxygen insertion and the position of the hydroperoxy group of 
the n-6 hydroperoxy fatty acids with an n-3 double bond to the catalytic metal thus 
conferring an augmented hydroperoxide isomerase activity to the enzyme.

Th e investigations presented in this thesis contribute to the structural and 
biochemical characterization of Mn-LO, the only lipoxygenase that contains 
manganese. Its function continues to remain a mystery, although the fact that the 
enzyme is secreted by G. graminis suggests a presumptive role of Mn-LO in the 
pathogenic mechanism of this fungus. Its mycelia penetrate and devastate the roots 
of wheat and other grasses and Mn-LO products might provide the oxidative damage 
to the root cells [76]. Knowing how to control this mechanism might off er new 
means in the combat against a pathogen that aff ects wheat cultures worldwide.
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CONCLUSIONS

1. Mn-LO could be effi  ciently expressed in secreted form in the yeast Pichia 
pastoris. Th e amount of enzyme was 0.5-1 mg/L in shake fl asks and up to 30 
mg/L in fermentor.

2. Site-directed mutagenesis suggested that four residues, His-274, His-278, His-
462 and the C-terminal amino-acid Val-602, were essential for enzyme activity 
and for manganese binding. 

3. Th e mutation Gly316Ala of Mn-LO possessed dual enzyme activities – 
oxygenation of -linolenic acid and 17:3n-3 to R hydroperoxides at the n-6 
carbon, and transformation of these hydroperoxides to epoxyalcohols. 

4. Th e hydroperoxide isomerase activity of the mutant Mn-LO Gly316Ala was 
increased 7-15 times and a reducing lipoxygenase inhibitor (BW A4C) augmented 
the activity.

5. Normal phase-HPLC-MS/MS was found to be a suitable method for analysis 
of epoxyalcohols of linoleic and -linolenic acids, but epoxide migration 
complicated the analysis of epoxyalcohols with 1,2-epoxy-3-hydroxy and 1-
hydroxy-2,3-epoxy elements.

6. Th e oxygenation of polyunsaturated n-3 and n-6 fatty acids by Mn-LO and its 
active form MnIII-LO suggested that the substrates entered the active site with 
their -ends (“tail fi rst”). 

7. Mn-LO (~ 100 kDa) could be converted to mini-Mn-LO (~ 70 kDa) by mild 
acidic hydrolysis, likely by cleavage of an Asp-Pro peptide bond in the N-
terminal region.

8. Th e previously established mechanism of isomerization of 11S-HPODE by 
suprafacial migration of O2 appeared to be valid also for the isomerizations of 
11R-HPODE by Mn-LO and 11S-HPODE by sLO-1.

9. Mycelia of Magnaporthe grisea oxygenated linoleic acid to 8-HODE and 7,8-
DiHODE in analogy with LDS of Gaeumannomyces graminis. A homologous 
gene was identifi ed in the genome of M. grisea and cDNA sequencing revealed 
that the two LDS enzymes could be aligned with 65% amino acid identity.



45

Acknowledgements

Th e present work was carried out at the Division of Pharmaceutical Pharmacology, 
Department of Pharmaceutical Biosciences, Faculty of Pharmacy, Uppsala 
University, Sweden.

I would like to express my sincere gratitude to:

Professor Ernst H. Oliw, my supervisor, for welcoming me into your research 
group and for sharing with me your vast knowledge and experience in the fi eld of 
lipoxygenases. Your genuine support and dedicated supervision represent the most 
signifi cant contribution to my thesis.

Dr. Chao Su, my co-supervisor and co-author, for all your guidance, support and 
inspiring scientifi c discussions. 

My co-authors, especially, Professsor Mats Hamberg, Professor Åke Engström and 
Dr. Anne Osbourn for valuable contributions to my work. 

Erica Johansson, colleague, for taking care, so well, of all administrative matters , 
for your friendly company and for always taking time to listen and help. Th ank you, 
also, for proof-reading my thesis.

Lena Hörnsten, co-author, for excellent technical assistance and friendly support 
during my fi rst months in the lab.

Associate Professor Lena Bergström and Professor Fred Nyberg at the Division of 
Biological Research on Drug Dependence for fruitful collaboration. 

Katarina Stark, Ph. D, colleague and co-author, for your friendship, nice lunches 
and dinners, inspiring discussions and the wonderful Christmas tree expeditions! 

Ulrike Garscha, Ph. D student, colleague and co-author, for being a good friend and 
sharing many of my ideas about life. Th ank you for your contribution to my work 
and for assistance in teaching.   

Raili Engdahl and Emma Andersson for all the help with the laboratory work 
(especially the hours spent in the cold-room) and for creating such a nice atmosphere 
in the lab!

Annika and Robert, for your friendship, support and all nice lunch breaks and 
dinners.



46

Mirela Cristea

Former and present Ph.D students and postdocs at the department for cooperation 
in teaching and nice spring excursions!

Magnus Jansson, for computer support and help with my thesis. 

All my students but, especially, Erasmus students from Spain, Aina and Mireya for 
being fast learners and for keeping alive my Spanish!

All my friends in Sweden, for social support and pleasant company. 

All my relatives and friends back in Romania, especially, Irina and Nadia. I am 
grateful that we managed to keep our friendship in spite of the distance and time!

My mother Anna-Maria and my father Neculai, my brother Radu, my grandmother 
Tita and my aunt, Felicia, for loving me so much and for always believing in me. 
Th ank you for all your help and support that meant a lot to me all these years!  Even 
miles away you are always close to my heart! Vă mulţumesc din sufl et pentru că aţi fost 
lângă mine, pot spune, in fi ecare zi din această perioadă de doctorat, impărţind grijile 
dar şi bucuriile! Dragostea, ajutorul si indrumarea voastră m-au ajutat să devin omul 
care sunt azi!

Ulf ’s family and especially, Ulla, for your care, support and all nice moments 
together!

Last but certainly not the least, Ulf, my beloved, for sharing your life with me and 
for all your love, encouragement and support. Tack för all din ömhet, omtanke och 
kärlek som gör att livet känns underbart. Te iubesc!

Mirela Cristea

Uppsala March 2006

Th is work was supported by the Swedish Medical Research Council (03X-06523), 
Magn. Bergvalls Stiftelse, Formas (1733), Knut and Alice Wallenberg Foundation 
and Stiftelsen Lars Hiertas Minne. Travel grants from the Swedish Pharmaceutical 
Society are gratefully acknowledged.



47

REFERENCES

1. Hamberg, M., Pathways in the biosynthesis of oxylipins in plants, J Lipid Mediat 6 
(1993) 375-384.

2. Andre, E., and Hou, K., Sur la presence d`une oxydase des lipides ou lipoxydase dans 
la graine de soja, Glycine soja Lieb., Comptes Rendus 194 (1932) 645-647.

3. Harkavy, J., Spasm -producing substance in the sputum of patiens with bronchial 
asthma, Arch. Intern. Med. 45 (1930) 641-646.

4. Feldberg, W., and Kellaway, C. H., Liberation of histamine and formation of lysoci-
thin-like substances by cobra venom, J. Physiol. 94 (1938) 187-226.

5. Brocklehurst, W. E., Th e release of histamine and formation of a slow-reacting sub-
stance (SRS-A) during anaphylactic shock, J Physiol 151 (1960) 416-435.

6. Kellaway, C. H., and Trethewie, E. R., Th e liberation of a slow-reacting smooth 
muscle-stimulating substance in anaphylaxis, J Exp Physiol 30 (1940) 121-145.

7. Morris, H. R., Taylor, G. W., Piper, P. J., Sirois, P., and Tippins, J. R., Slow-reacting 
substance of anaphylaxis: purifi cation and characterisation, FEBS Lett 87 (1978) 203-
206.

8. Hammarström, S., Murphy, R. C., Samuelsson, B., Clark, D. A., Mioskowski, C., 
and Corey, E. J., Structure of leukotriene C. Identifi cation of the amino acid part, 
Biochem Biophys Res Commun 91 (1979) 1266-1272.

9. Murphy, R. C., Hammarström, S., and Samuelsson, B., Leukotriene C: a slow-react-
ing substance from murine mastocytoma cells, Proc Natl Acad Sci U S A 76 (1979) 
4275-4279.

10. Hamberg, M., and Samuelsson, B., Prostaglandin endoperoxides. Novel transforma-
tions of arachidonic acid in human platelets, Proc Natl Acad Sci U S A 71 (1974) 3400-
3404.

11. Hamberg, M., and Samuelsson, B., On the specifi city of the oxygenation of unsatu-
rated fatty acids catalyzed by soybean lipoxidase, J Biol Chem 242 (1967) 5329-5335.

12. Th eorell, H., Holman, R. T., and Åkeson, A., Crystalline lipoxidase, Acta Chem. 
Scand. 1 (1947) 571-576.

13. Schewe, T., Halangk, W., Hiebsch, C., and Rapoport, S. M., A lipoxygenase in rabbit 
reticulocytes which attacks phospholipids and intact mitochondria, FEBS Lett 60 
(1975) 149-152.

14. Gardner, H. W., Recent investigations into the lipoxygenase pathway of plants, Bio-
chim Biophys Acta 1084 (1991) 221-239.

15. Kuhn, H., and Th iele, B. J., Th e diversity of the lipoxygenase family. Many sequence 
data but little information on biological signifi cance, FEBS Lett 449 (1999) 7-11.

16. Watanabe, K., Ishikawa, C., Ohtsuka, I., Kamata, M., Tomita, M., Yazawa, K., and 
Muramatsu, H., Lipid and fatty acid compositions of a novel docosahexaenoic acid-
producing marine bacterium, Lipids 32 (1997) 975-978.



48

Mirela Cristea

17. Porta, H., and Rocha-Sosa, M., Lipoxygenase in bacteria: a horizontal transfer event? 
Microbiology 147 (2001) 3199-3200.

18. Vance, R. E., Hong, S., Gronert, K., Serhan, C. N., and Mekalanos, J. J., Th e oppor-
tunistic pathogen Pseudomonas aeruginosa carries a secretable arachidonate 15-lipox-
ygenase, Proc Natl Acad Sci U S A 101 (2004) 2135-2139.

19. Hada, T., Swift, L. L., and Brash, A. R., Discovery of 5R-lipoxygenase activity in 
oocytes of the surf clam, Spisula solidissima, Biochim Biophys Acta 1346 (1997) 109-
119.

20. Hawkins, D. J., and Brash, A. R., Eggs of the sea urchin, Strongylocentrotus purpu-
ratus, contain a prominent (11R) and (12R) lipoxygenase activity, J Biol Chem 262 
(1987) 7629-7634.

21. Brash, A. R., Boeglin, W. E., Chang, M. S., and Shieh, B. H., Purifi cation and molec-
ular cloning of an 8R-lipoxygenase from the coral Plexaura homomalla reveal the 
related primary structures of R- and S-lipoxygenases, J Biol Chem 271 (1996) 20949-
20957.

22. Mita, G., Gallo, A., Greco, V., Zasiura, C., Casey, R., Zacheo, G., and Santino, A., 
Molecular cloning and biochemical characterization of a lipoxygenase in almond 
(Prunus dulcis) seed, Eur J Biochem 268 (2001) 1500-1507.

23. Brash, A. R., Lipoxygenases: occurrence, functions, catalysis, and acquisition of sub-
strate, J Biol Chem 274 (1999) 23679-23682.

24. Shibata, D., and Axelrod, B., Plant lipoxygenases, J Lipid Mediat Cell Signal 12 (1995) 
213-228.

25. Veronesi, C., Rickauer, M., Fournier, J., Pouenat, M. L., and Esquerre-Tugaye, M. 
T., Lipoxygenase gene expression in the tobacco-Phytophthora parasitica nicotianae 
interaction, Plant Physiol 112 (1996) 997-1004.

26. Rance, I. I., Fournier, J., and Esquerre-Tugaye, M. T., Th e incompatible interaction 
between phytophthora parasitica var. nicotianae race 0 and tobacco is suppressed in 
transgenic plants expressing antisense lipoxygenase sequences, Proc Natl Acad Sci U S 
A 95 (1998) 6554-6559.

27. Creelman, R. A., and Mullet, J. E., Biosynthesis and action of jasmonates in plants, 
Annu Rev Plant Physiol Plant Mol Biol 48 (1997) 355-381.

28. Blee, E., Impact of phyto-oxylipins in plant defense, Trends Plant Sci 7 (2002) 315-
322.

29. Liavonchanka, A., and Feussner, I., Lipoxygenases: occurrence, functions and cataly-
sis, J Plant Physiol 163 (2006) 348-357.

30. Fischer, A. M., Dubbs, W. E., Baker, R. A., Fuller, M. A., Stephenson, L. C., and 
Grimes, H. D., Protein dynamics, activity and cellular localization of soybean lipoxy-
genases indicate distinct functional roles for individual isoforms, Plant J 19 (1999) 
543-554.

31. Kolomiets, M. V., Chen, H., Gladon, R. J., Braun, E. J., and Hannapel, D. J., A leaf 
lipoxygenase of potato induced specifi cally by pathogen infection, Plant Physiol 124 
(2000) 1121-1130.

32. Saravitz, D. M., and Siedow, J. N., Th e Lipoxygenase Isozymes in Soybean [Glycine 
max (L.) Merr.] Leaves (Changes during Leaf Development, after Wounding, and 
following Reproductive Sink Removal), Plant Physiol 107 (1995) 535-543.

33. Feussner, I., Kuhn, H., and Wasternack, C., Lipoxygenase-dependent degradation of 
storage lipids, Trends Plant Sci 6 (2001) 268-273.



49

34. Funk, C. D., Th e molecular biology of mammalian lipoxygenases and the quest for 
eicosanoid functions using lipoxygenase-defi cient mice, Biochim Biophys Acta 1304 
(1996) 65-84.

35. Yamamoto, S., Mammalian lipoxygenases: molecular structures and functions, Bio-
chim Biophys Acta 1128 (1992) 117-131.

36. Fürstenberger, G., Hagedorn, H., Jacobi, T., Besemfelder, E., Stephan, M., Lehmann, 
W. D., and Marks, F., Characterization of an 8-lipoxygenase activity induced by the 
phorbol ester tumor promoter 12-O-tetradecanoylphorbol-13-acetate in mouse skin 
in vivo, J Biol Chem 266 (1991) 15738-15745.

37. Matsumoto, T., Funk, C. D., Rådmark, O., Hoog, J. O., Jörnvall, H., and Samuels-
son, B., Molecular cloning and amino acid sequence of human 5-lipoxygenase, Proc 
Natl Acad Sci U S A 85 (1988) 26-30.

38. Chen, X. S., Naumann, T. A., Kurre, U., Jenkins, N. A., Copeland, N. G., and Funk, 
C. D., cDNA cloning, expression, mutagenesis, intracellular localization, and gene 
chromosomal assignment of mouse 5-lipoxygenase, J Biol Chem 270 (1995) 17993-
17999.

39. Balcarek, J. M., Th eisen, T. W., Cook, M. N., Varrichio, A., Hwang, S. M., Stroh-
sacker, M. W., and Crooke, S. T., Isolation and characterization of a cDNA clone 
encoding rat 5-lipoxygenase, J Biol Chem 263 (1988) 13937-13941.

40. Kitzler, J. W., and Eling, T. E., Cloning, sequencing and expression of a 5-lipoxygen-
ase from Syrian hamster embryo fi broblasts, Prostaglandins Leukot Essent Fatty Acids 
55 (1996) 269-277.

41. Izumi, T., Hoshiko, S., Rådmark, O., and Samuelsson, B., Cloning of the cDNA for 
human 12-lipoxygenase, Proc Natl Acad Sci U S A 87 (1990) 7477-7481.

42. Chen, X. S., Kurre, U., Jenkins, N. A., Copeland, N. G., and Funk, C. D., cDNA 
cloning, expression, mutagenesis of C-terminal isoleucine, genomic structure, and 
chromosomal localizations of murine 12-lipoxygenases, J Biol Chem 269 (1994) 
13979-13987.

43. Boeglin, W. E., Kim, R. B., and Brash, A. R., A 12R-lipoxygenase in human skin: 
mechanistic evidence, molecular cloning, and expression, Proc Natl Acad Sci U S A 95 
(1998) 6744-6749.

44. Brash, A. R., Boeglin, W. E., and Chang, M. S., Discovery of a second 15S-lipoxygen-
ase in humans, Proc Natl Acad Sci U S A 94 (1997) 6148-6152.

45. Jisaka, M., Kim, R. B., Boeglin, W. E., Nanney, L. B., and Brash, A. R., Molecular 
cloning and functional expression of a phorbol ester-inducible 8S-lipoxygenase from 
mouse skin, J Biol Chem 272 (1997) 24410-24416.

46. Sun, D., McDonnell, M., Chen, X. S., Lakkis, M. M., Li, H., Isaacs, S. N., Elsea, S. 
H., Patel, P. I., and Funk, C. D., Human 12(R)-lipoxygenase and the mouse ortholog. 
Molecular cloning, expression, and gene chromosomal assignment, J Biol Chem 273 
(1998) 33540-33547.

47. Freire-Moar, J., Alavi-Nassab, A., Ng, M., Mulkins, M., and Sigal, E., Cloning and 
characterization of a murine macrophage lipoxygenase, Biochim Biophys Acta 1254 
(1995) 112-116.

48. Watanabe, T., Medina, J. F., Haeggström, J. Z., Rådmark, O., and Samuelsson, B., 
Molecular cloning of a 12-lipoxygenase cDNA from rat brain, Eur J Biochem 212 
(1993) 605-612.



50

Mirela Cristea

49. Berger, M., Schwarz, K., Th iele, H., Reimann, I., Huth, A., Borngräber, S., Kuhn, 
H., and Th iele, B. J., Simultaneous expression of leukocyte-type 12-lipoxygenase and 
reticulocyte-type 15-lipoxygenase in rabbits, J Mol Biol 278 (1998) 935-948.

50. De Marzo, N., Sloane, D. L., Dicharry, S., Highland, E., and Sigal, E., Cloning and 
expression of an airway epithelial 12-lipoxygenase, Am J Physiol 263 (1992) 1 p pre-
ceding L1.

51. Yoshimoto, T., Suzuki, H., Yamamoto, S., Takai, T., Yokoyama, C., and Tanabe, 
T., Cloning and sequence analysis of the cDNA for arachidonate 12-lipoxygenase of 
porcine leukocytes, Proc Natl Acad Sci U S A 87 (1990) 2142-2146.

52. Sigal, E., Craik, C. S., Highland, E., Grunberger, D., Costello, L. L., Dixon, R. A., 
and Nadel, J. A., Molecular cloning and primary structure of human 15-lipoxygenase, 
Biochem Biophys Res Commun 157 (1988) 457-464.

53. Fleming, J., Th iele, B. J., Chester, J., O’Prey, J., Janetzki, S., Aitken, A., Anton, I. 
A., Rapoport, S. M., and Harrison, P. R., Th e complete sequence of the rabbit ery-
throid cell-specifi c 15-lipoxygenase mRNA: comparison of the predicted amino acid 
sequence of the erythrocyte lipoxygenase with other lipoxygenases, Gene 79 (1989) 
181-188.

54. Samuelsson, B., Dahlen, S. E., Lindgren, J. A., Rouzer, C. A., and Serhan, C. N., 
Leukotrienes and lipoxins: structures, biosynthesis, and biological eff ects, Science 237 
(1987) 1171-1176.

55. Miller, D. K., Gillard, J. W., Vickers, P. J., Sadowski, S., Leveille, C., Mancini, J. A., 
Charleson, P., Dixon, R. A., Ford-Hutchinson, A. W., Fortin, R., and et al., Identi-
fi cation and isolation of a membrane protein necessary for leukotriene production, 
Nature 343 (1990) 278-281.

56. Dixon, R. A., Diehl, R. E., Opas, E., Rands, E., Vickers, P. J., Evans, J. F., Gillard, J. 
W., and Miller, D. K., Requirement of a 5-lipoxygenase-activating protein for leukot-
riene synthesis, Nature 343 (1990) 282-284.

57. Henderson, W. R., Th e role of leukotrienes in infl ammation, Ann Intern Med 121 
(1994) 684-697.

58. Henderson, W. R., Role of leukotrienes in asthma, Ann Allergy 72 (1994) 272-278.
59. Rådmark, O., 5-lipoxygenase-derived leukotrienes: mediators also of atherosclerotic 

infl ammation, Arterioscler Th romb Vasc Biol 23 (2003) 1140-1142.
60. Jones, J. E., Walker, J. L., Song, Y., Weiss, N., Cardoso, W. V., Tuder, R. M., Loscalzo, 

J., and Zhang, Y. Y., Eff ect of 5-lipoxygenase on the development of pulmonary hyper-
tension in rats, Am J Physiol Heart Circ Physiol 286 (2004) H1775-1784.

61. Cuzzocrea, S., Rossi, A., Serraino, I., Di Paola, R., Dugo, L., Genovese, T., Britti, D., 
Sciarra, G., De Sarro, A., Caputi, A. P., and Sautebin, L., Role of 5-lipoxygenase in 
the multiple organ failure induced by zymosan, Intensive Care Med 30 (2004) 1935-
1943.

62. Patel, N. S., Cuzzocrea, S., Chatterjee, P. K., Di Paola, R., Sautebin, L., Britti, D., 
and Th iemermann, C., Reduction of renal ischemia-reperfusion injury in 5-lipoxy-
genase knockout mice and by the 5-lipoxygenase inhibitor zileuton, Mol Pharmacol 
66 (2004) 220-227.

63. Romano, M., and Claria, J., Cyclooxygenase-2 and 5-lipoxygenase converging func-
tions on cell proliferation and tumor angiogenesis: implications for cancer therapy, 
Faseb J 17 (2003) 1986-1995.

64. Kuhn, H., Lipoxygenases, in Prostaglandins, leukotrienes and other eicosanoids, in 
Marks, F., and Fürstenberger, G., (Eds.), Wiley-VCH, 1999, pp. 109-141.



51

65. Krieg, P., Siebert, M., Kinzig, A., Bettenhausen, R., Marks, F., and Furstenberger, G., 
Murine 12(R)-lipoxygenase: functional expression, genomic structure and chromo-
somal localization, FEBS Lett 446 (1999) 142-148.

66. Sun, D., Elsea, S. H., Patel, P. I., and Funk, C. D., Cloning of a human “epidermal-
type” 12-lipoxygenase-related gene and chromosomal localization to 17p13, Cytogenet 
Cell Genet 81 (1998) 79-82.

67. Yu, Z., Schneider, C., Boeglin, W. E., Marnett, L. J., and Brash, A. R., Th e lipoxygen-
ase gene ALOXE3 implicated in skin diff erentiation encodes a hydroperoxide isomer-
ase, Proc Natl Acad Sci U S A 100 (2003) 9162-9167.

68. Pace-Asciak, C. R., Reynaud, D., and Demin, P. M., Hepoxilins: a review on their 
enzymatic formation, metabolism and chemical synthesis, Lipids 30 (1995) 107-114.

69. Serhan, C. N., Lipoxin biosynthesis and its impact in infl ammatory and vascular 
events, Biochim Biophys Acta 1212 (1994) 1-25.

70. Marks, F., and Fürstenberger, G., Eicosanoids and cancer. In Prostaglandins, leukot-
rienes and other eicosanoids, F. Marks and G. Fürstenberger, eds., ed., Weinheim:
Wiley-VCH 1999.

71. Oliw, E. H., Plant and fungal lipoxygenases, Prostaglandins Other Lipid Mediat 68-69 
(2002) 313-323.

72. Hamberg, M., Herman, C. A., and Herman, R. P., Novel transformation of arachi-
donic acid in Saprolegnia parasitica, Adv Prostaglandin Th romboxane Leukot Res 17A 
(1987) 84-89.

73. Wu, Z., Robinson, D. S., Hughes, R. K., Casey, R., Hardy, D., and West, S. I., Co-
oxidation of beta-carotene catalyzed by soybean and recombinant pea lipoxygenases, 
J Agric Food Chem 47 (1999) 4899-4906.

74. Würzenberger, M., and Grosch, W., Origin of the oxygen in the products of the enzy-
matic cleavage reaction of linoleic acid to 1-octen-3-ol and 10-oxo-trans-8-decenoic 
acid in mushrooms (Psalliota bispora), Biochim Biophys Acta 794 (1984) 18.

75. Würzenberger, M., and Grosch, W., Th e formation of 1-octen-3-ol from the 10-
hydroperoxide isomer of linoleic acid by a hydroperoxide lyase in mushrooms (Psal-
liota bispora), Biochim Biophys Acta 794 (1984) 25.

76. Su, C., and Oliw, E. H., Manganese lipoxygenase. Purifi cation and characterization, 
J Biol Chem 273 (1998) 13072-13079.

77. Peng, Y. L., Shirano, Y., Ohta, H., Hibino, T., Tanaka, K., and Shibata, D., A novel 
lipoxygenase from rice. Primary structure and specifi c expression upon incompatible 
infection with rice blast fungus, J Biol Chem 269 (1994) 3755-3761.

78. Zhang, Y. Y., Rådmark, O., and Samuelsson, B., Mutagenesis of some conserved resi-
dues in human 5-lipoxygenase: eff ects on enzyme activity, Proc Natl Acad Sci U S A 
89 (1992) 485-489.

79. Steczko, J., Minor, W., Stojanoff , V., and Axelrod, B., Crystallization and preliminary 
X-ray investigation of lipoxygenase-3 from soybeans, Protein Sci 4 (1995) 1233-1235.

80. Boyington, J. C., Gaff ney, B. J., and Amzel, L. M., Crystallization and preliminary 
x-ray analysis of soybean lipoxygenase-1, a non-heme iron-containing dioxygenase, J 
Biol Chem 265 (1990) 12771-12773.

81. Sloane, D. L., Browner, M. F., Dauter, Z., Wilson, K., Fletterick, R. J., and Sigal, E., 
Purifi cation and crystallization of 15-lipoxygenase from rabbit reticulocytes, Biochem 
Biophys Res Commun 173 (1990) 507-513.



52

Mirela Cristea

82. Oldham, M. L., Brash, A. R., and Newcomer, M. E., Insights from the X-ray crystal 
structure of coral 8R-lipoxygenase: calcium activation via a C2-like domain and a 
structural basis of product chirality, J Biol Chem 280 (2005) 39545-39552.

83. Gillmor, S. A., Villasenor, A., Fletterick, R., Sigal, E., and Browner, M. F., Th e struc-
ture of mammalian 15-lipoxygenase reveals similarity to the lipases and the determi-
nants of substrate specifi city, Nat Struct Biol 4 (1997) 1003-1009.

84. Chen, X. S., and Funk, C. D., Th e N-terminal “beta-barrel” domain of 5-lipoxygen-
ase is essential for nuclear membrane translocation, J Biol Chem 276 (2001) 811-818.

85. Minor, W., Steczko, J., Stec, B., Otwinowski, Z., Bolin, J. T., Walter, R., and Axelrod, 
B., Crystal structure of soybean lipoxygenase L-1 at 1.4 A resolution, Biochemistry 35 
(1996) 10687-10701.

86. Prigge, S. T., Boyington, J. C., Gaff ney, B. J., and Amzel, L. M., Structure conserva-
tion in lipoxygenases: structural analysis of soybean lipoxygenase-1 and modeling of 
human lipoxygenases, Proteins 24 (1996) 275-291.

87. Gaff ney, B. J., Su, C., and Oliw, E. H., Assignment of EPR transitions in a man-
ganese-containing lipoxygenase and prediction of local structure, Applied Magnetic 
Resonance 21 (2001) 411-422.

88. Hörnsten, L., Su, C., Osbourn, A. E., Hellman, U., and Oliw, E. H., Cloning of the 
manganese lipoxygenase gene reveals homology with the lipoxygenase gene family, 
Eur J Biochem 269 (2002) 2690-2697.

89. Hammarberg, T., Zhang, Y. Y., Lind, B., Rådmark, O., and Samuelsson, B., Muta-
tions at the C-terminal isoleucine and other potential iron ligands of 5-lipoxygenase, 
Eur J Biochem 230 (1995) 401-407.

90. Tomchick, D. R., Phan, P., Cymborowski, M., Minor, W., and Holman, T. R., Struc-
tural and functional characterization of second-coordination sphere mutants of soy-
bean lipoxygenase-1, Biochemistry 40 (2001) 7509-7517.

91. Egmond, M. R., Veldink, G. A., Vliegenthart, J. F., and Boldingh, J., C-11 H-abstrac-
tion from linoleic acid, the rate-limiting step in lipoxygenase catalysis, Biochem Bio-
phys Res Commun 54 (1973) 1178-1184.

92. Maas, R. L., and Brash, A. R., Evidence for a lipoxygenase mechanism in the biosyn-
thesis of epoxide and dihydroxy leukotrienes from 15(S)-hydroperoxyicosatetraenoic 
acid by human platelets and porcine leukocytes, Proc Natl Acad Sci U S A 80 (1983) 
2884-2888.

93. Kuhn, H., Wiesner, R., Alder, L., Fitzsimmons, B. J., Rokach, J., and Brash, A. R., 
Formation of lipoxin B by the pure reticulocyte lipoxygenase via sequential oxygen-
ation of the substrate, Eur J Biochem 169 (1987) 593-601.

94. Knapp, M. J., Seebeck, F. P., and Klinman, J. P., Steric control of oxygenation regio-
chemistry in soybean lipoxygenase-1, J Am Chem Soc 123 (2001) 2931-2932.

95. Hamberg, M., Su, C., and Oliw, E., Manganese lipoxygenase. Discovery of a bis-
allylic hydroperoxide as product and intermediate in a lipoxygenase reaction, J Biol 
Chem 273 (1998) 13080-13088.

96. Chamulitrat, W., and Mason, R. P., Lipid peroxyl radical intermediates in the peroxi-
dation of polyunsaturated fatty acids by lipoxygenase. Direct electron spin resonance 
investigations, J Biol Chem 264 (1989) 20968-20973.

97. Su, C., Sahlin, M., and Oliw, E. H., Kinetics of manganese lipoxygenase with a cata-
lytic mononuclear redox center, J Biol Chem 275 (2000) 18830-18835.



53

98. Oliw, E. H., Su, C., Skogström, T., and Benthin, G., Analysis of novel hydroperoxides 
and other metabolites of oleic, linoleic, and linolenic acids by liquid chromatography-
mass spectrometry with ion trap MSn, Lipids 33 (1998) 843-852.

99. Kuhn, H., Schewe, T., and Rapoport, S. M., Th e stereochemistry of the reactions 
of lipoxygenases and their metabolites. Proposed nomenclature of lipoxygenases and 
related enzymes, Adv Enzymol Relat Areas Mol Biol 58 (1986) 273-311.

100. Kuhn, H., Sprecher, H., and Brash, A. R., On singular or dual positional specifi city 
of lipoxygenases. Th e number of chiral products varies with alignment of methylene 
groups at the active site of the enzyme, J Biol Chem 265 (1990) 16300-16305.

101. Kuhn, H., Saam, J., Eibach, S., Holzhutter, H. G., Ivanov, I., and Walther, M., Struc-
tural biology of mammalian lipoxygenases: enzymatic consequences of targeted alter-
ations of the protein structure, Biochem Biophys Res Commun 338 (2005) 93-101.

102. Sloane, D. L., Leung, R., Craik, C. S., and Sigal, E., A primary determinant for 
lipoxygenase positional specifi city, Nature 354 (1991) 149-152.

103. Gan, Q. F., Browner, M. F., Sloane, D. L., and Sigal, E., Defi ning the arachidonic 
acid binding site of human 15-lipoxygenase. Molecular modeling and mutagenesis, J 
Biol Chem 271 (1996) 25412-25418.

104. Borngräber, S., Kuban, R. J., Anton, M., and Kuhn, H., Phenylalanine 353 is a pri-
mary determinant for the positional specifi city of mammalian 15-lipoxygenases, J Mol 
Biol 264 (1996) 1145-1153.

105. Borngräber, S., Browner, M., Gillmor, S., Gerth, C., Anton, M., Fletterick, R., and 
Kuhn, H., Shape and specifi city in mammalian 15-lipoxygenase active site. Th e func-
tional interplay of sequence determinants for the reaction specifi city, J Biol Chem 274 
(1999) 37345-37350.

106. Prigge, S. T., Gaff ney, B. J., and Amzel, L. M., Relation between positional specifi city 
and chirality in mammalian lipoxygenases, Nat Struct Biol 5 (1998) 178-179.

107. Skrzypczak-Jankun, E., Bross, R. A., Carroll, R. T., Dunham, W. R., and Funk, M. 
O., Jr., Th ree-dimensional structure of a purple lipoxygenase, J Am Chem Soc 123 
(2001) 10814-10820.

108. Ruddat, V. C., Mogul, R., Chorny, I., Chen, C., Perrin, N., Whitman, S., Kenyon, 
V., Jacobson, M. P., Bernasconi, C. F., and Holman, T. R., Tryptophan 500 and argi-
nine 707 defi ne product and substrate active site binding in soybean lipoxygenase-1, 
Biochemistry 43 (2004) 13063-13071.

109. Marnett, L. J., Rowlinson, S. W., Goodwin, D. C., Kalgutkar, A. S., and Lanzo, C. 
A., Arachidonic acid oxygenation by COX-1 and COX-2. Mechanisms of catalysis 
and inhibition, J Biol Chem 274 (1999) 22903-22906.

110. Smith, W. L., Garavito, R. M., and DeWitt, D. L., Prostaglandin endoperoxide H 
synthases (cyclooxygenases)-1 and -2, J Biol Chem 271 (1996) 33157-33160.

111. Smith, W. L., DeWitt, D. L., and Garavito, R. M., Cyclooxygenases: structural, cel-
lular, and molecular biology, Annu Rev Biochem 69 (2000) 145-182.

112. Smith, W. L., Eling, T. E., Kulmacz, R. J., Marnett, L. J., and Tsai, A., Tyrosyl radi-
cals and their role in hydroperoxide-dependent activation and inactivation of prosta-
glandin endoperoxide synthase, Biochemistry 31 (1992) 3-7.

113. Hamberg, M., Myoglobin-catalyzed bis-allylic hydroxylation and epoxidation of lin-
oleic acid, Arch Biochem Biophys 344 (1997) 194-199.

114. Smith, W. L., and DeWitt, D. L., Biochemistry of prostaglandin endoperoxide H 
synthase-1 and synthase-2 and their diff erential susceptibility to nonsteroidal anti-
infl ammatory drugs, Semin Nephrol 15 (1995) 179-194.



54

Mirela Cristea

115. Karthein, R., Dietz, R., Nastainczyk, W., and Ruf, H. H., Higher oxidation states 
of prostaglandin H synthase. EPR study of a transient tyrosyl radical in the enzyme 
during the peroxidase reaction, Eur J Biochem 171 (1988) 313-320.

116. Dietz, R., Nastainczyk, W., and Ruf, H. H., Higher oxidation states of prostaglandin 
H synthase. Rapid electronic spectroscopy detected two spectral intermediates during 
the peroxidase reaction with prostaglandin G2, Eur J Biochem 171 (1988) 321-328.

117. Garavito, R. M., and Mulichak, A. M., Th e structure of mammalian cyclooxygenases, 
Annu Rev Biophys Biomol Struct 32 (2003) 183-206.

118. Th uresson, E. D., Lakkides, K. M., and Smith, W. L., Diff erent catalytically compe-
tent arrangements of arachidonic acid within the cyclooxygenase active site of pros-
taglandin endoperoxide H synthase-1 lead to the formation of diff erent oxygenated 
products, J Biol Chem 275 (2000) 8501-8507.

119. Kozak, K. R., Crews, B. C., Ray, J. L., Tai, H. H., Morrow, J. D., and Marnett, L. J., 
Metabolism of prostaglandin glycerol esters and prostaglandin ethanolamides in vitro 
and in vivo, J Biol Chem 276 (2001) 36993-36998.

120. Kozak, K. R., Rowlinson, S. W., and Marnett, L. J., Oxygenation of the endocannabi-
noid, 2-arachidonylglycerol, to glyceryl prostaglandins by cyclooxygenase-2, J Biol 
Chem 275 (2000) 33744-33749.

121. Malkowski, M. G., Th uresson, E. D., Lakkides, K. M., Rieke, C. J., Micielli, R., 
Smith, W. L., and Garavito, R. M., Structure of eicosapentaenoic and linoleic acids in 
the cyclooxygenase site of prostaglandin endoperoxide H synthase-1, J Biol Chem 276 
(2001) 37547-37555.

122. Th uresson, E. D., Malkowski, M. G., Lakkides, K. M., Rieke, C. J., Mulichak, A. 
M., Ginell, S. L., Garavito, R. M., and Smith, W. L., Mutational and X-ray crystallo-
graphic analysis of the interaction of dihomo-gamma -linolenic acid with prostaglan-
din endoperoxide H synthases, J Biol Chem 276 (2001) 10358-10365.

123. Prusakiewicz, J. J., Kingsley, P. J., Kozak, K. R., and Marnett, L. J., Selective oxy-
genation of N-arachidonylglycine by cyclooxygenase-2, Biochem Biophys Res Commun 
296 (2002) 612-617.

124. Morita, I., Schindler, M., Regier, M. K., Otto, J. C., Hori, T., DeWitt, D. L., and 
Smith, W. L., Diff erent intracellular locations for prostaglandin endoperoxide H syn-
thase-1 and -2, J Biol Chem 270 (1995) 10902-10908.

125. Spencer, A. G., Th uresson, E., Otto, J. C., Song, I., Smith, T., DeWitt, D. L., Gara-
vito, R. M., and Smith, W. L., Th e membrane binding domains of prostaglandin 
endoperoxide H synthases 1 and 2. Peptide mapping and mutational analysis, J Biol 
Chem 274 (1999) 32936-32942.

126. Chen, Y. N., Bienkowski, M. J., and Marnett, L. J., Controlled tryptic digestion of 
prostaglandin H synthase. Characterization of protein fragments and enhanced rate of 
proteolysis of oxidatively inactivated enzyme, J Biol Chem 262 (1987) 16892-16899.

127. Kulmacz, R. J., and Lands, W. E., Protection of prostaglandin H synthase from tryp-
sin upon binding of heme, Biochem Biophys Res Commun 104 (1982) 758-764.

128. Serhan, C. N., and Oliw, E., Unorthodox routes to prostanoid formation: new twists 
in cyclooxygenase-initiated pathways, J Clin Invest 107 (2001) 1481-1489.

129. Shimokawa, T., and Smith, W. L., Prostaglandin endoperoxide synthase. Th e aspirin 
acetylation region, J Biol Chem 267 (1992) 12387-12392.

130. Stichtenoth, D. O., Th e second generation of COX-2 inhibitors: clinical pharmaco-
logical point of view, Mini Rev Med Chem 4 (2004) 617-624.



55

131. Wang, D., Wang, M., Cheng, Y., and Fitzgerald, G. A., Cardiovascular hazard and 
non-steroidal anti-infl ammatory drugs, Curr Opin Pharmacol 5 (2005) 204-210.

132. Patrignani, P., Panara, M. R., Greco, A., Fusco, O., Natoli, C., Iacobelli, S., Cipol-
lone, F., Ganci, A., Creminon, C., Maclouf, J., and et al., Biochemical and pharmaco-
logical characterization of the cyclooxygenase activity of human blood prostaglandin 
endoperoxide synthases, J Pharmacol Exp Th er 271 (1994) 1705-1712.

133. Patrono, C., Aspirin as an antiplatelet drug, N Engl J Med 330 (1994) 1287-1294.
134. Croff ord, L. J., Lipsky, P. E., Brooks, P., Abramson, S. B., Simon, L. S., and van de 

Putte, L. B., Basic biology and clinical application of specifi c cyclooxygenase-2 inhibi-
tors, Arthritis Rheum 43 (2000) 4-13.

135. Kalgutkar, A. S., and Zhao, Z., Discovery and design of selective cyclooxygenase-2 
inhibitors as non-ulcerogenic, anti-infl ammatory drugs with potential utility as anti-
cancer agents, Curr Drug Targets 2 (2001) 79-106.

136. Song, X., Lin, H. P., Johnson, A. J., Tseng, P. H., Yang, Y. T., Kulp, S. K., and Chen, 
C. S., Cyclooxygenase-2, player or spectator in cyclooxygenase-2 inhibitor-induced 
apoptosis in prostate cancer cells, J Natl Cancer Inst 94 (2002) 585-591.

137. Moore, B. C., and Simmons, D. L., COX-2 inhibition, apoptosis, and chemopreven-
tion by nonsteroidal anti-infl ammatory drugs, Curr Med Chem 7 (2000) 1131-1144.

138. McGeer, P. L., and McGeer, E. G., Infl ammation of the brain in Alzheimer’s disease: 
implications for therapy, J Leukoc Biol 65 (1999) 409-415.

139. Smythies, J., On the functional of neuromelanin, Proc Biol Sci 263 (1996) 487-489.
140. Brodowsky, I. D., Hamberg, M., and Oliw, E. H., A linoleic acid (8R)-dioxygenase 

and hydroperoxide isomerase of the fungus Gaeumannomyces graminis. Biosynthesis 
of (8R)-hydroxylinoleic acid and (7S,8S)-dihydroxylinoleic acid from (8R)-hydroper-
oxylinoleic acid, J Biol Chem 267 (1992) 14738-14745.

141. Su, C., and Oliw, E. H., Purifi cation and characterization of linoleate 8-dioxygenase 
from the fungus Gaeumannomyces graminis as a novel hemoprotein, J Biol Chem 271 
(1996) 14112-14118.

142. Su, C., Sahlin, M., and Oliw, E. H., A protein radical and ferryl intermediates are 
generated by linoleate diol synthase, a ferric hemeprotein with dioxygenase and hydro-
peroxide isomerase activities, J Biol Chem 273 (1998) 20744-20751.

143. Hamberg, M., Zhang, L. Y., Brodowsky, I. D., and Oliw, E. H., Sequential oxygen-
ation of linoleic acid in the fungus Gaeumannomyces graminis: stereochemistry of 
dioxygenase and hydroperoxide isomerase reactions, Arch Biochem Biophys 309 (1994) 
77-80.

144. Brodowsky, I. D., and Oliw, E. H., Metabolism of 18:2(n - 6), 18:3(n - 3), 20:4(n - 6) 
and 20:5(n - 3) by the fungus Gaeumannomyces graminis: identifi cation of metabo-
lites formed by 8-hydroxylation and by w2 and w3 oxygenation, Biochim Biophys Acta 
1124 (1992) 59-65.

145. Hörnsten, L., Su, C., Osbourn, A. E., Garosi, P., Hellman, U., Wernstedt, C., and 
Oliw, E. H., Cloning of linoleate diol synthase reveals homology with prostaglandin 
H synthases, J Biol Chem 274 (1999) 28219-28224.

146. Fox, S. R., Akpinar, A., Prabhune, A. A., Friend, J., and Ratledge, C., Th e biosynthe-
sis of oxylipins of linoleic and arachidonic acids by the sewage fungus Leptomitus lac-
teus, including the identifi cation of 8R-Hydroxy-9Z,12Z-octadecadienoic acid, Lipids 
35 (2000) 23-30.

147. Brodowsky, I. D., and Oliw, E. H., Biosynthesis of 8R-hydroperoxylinoleic acid by the 
fungus Laetisaria arvalis, Biochim Biophys Acta 1168 (1993) 68-72.



56

Mirela Cristea

148. Champe, S. P., and el-Zayat, A. A., Isolation of a sexual sporulation hormone from 
Aspergillus nidulans, J Bacteriol 171 (1989) 3982-3988.

149. Champe, S. P., Nagle, D. L., and Yager, L. N., Sexual sporulation, Prog Ind Microbiol 
29 (1994) 429-454.

150. Bowers, W. S., Hoch, H. C., Evans, P. H., and Katayama, M., Th allophytic allelopa-
thy: isolation and identifi cation of laetisaric acid, Science 232 (1986) 105-106.

151. Tsitsigiannis, D. I., Zarnowski, R., and Keller, N. P., Th e lipid body protein, PpoA, 
coordinates sexual and asexual sporulation in Aspergillus nidulans, J Biol Chem 279 
(2004) 11344-11353.

152. Wadman, M. W., van Zadelhoff , G., Hamberg, M., Visser, T., Veldink, G. A., and 
Vliegenthart, J. F., Conversion of linoleic acid into novel oxylipins by the mushroom 
Agaricus bisporus, Lipids 40 (2005) 1163-1170.

153. Stumpf, P. K., Fat metabolism in higher plants. VIII. Saturated long chain fatty acid 
peroxidase, J Biol Chem 223 (1956) 643-649.

154. Hamberg, M., Sanz, A., and Castresana, C., alpha-oxidation of fatty acids in higher 
plants. Identifi cation of a pathogen-inducible oxygenase (piox) as an alpha-dioxygen-
ase and biosynthesis of 2-hydroperoxylinolenic acid, J Biol Chem 274 (1999) 24503-
24513.

155. Sanz, A., Moreno, J. I., and Castresana, C., PIOX, a new pathogen-induced oxygen-
ase with homology to animal cyclooxygenase, Plant Cell 10 (1998) 1523-1537.

156. Hamberg, M., Ponce de Leon, I., Sanz, A., and Castresana, C., Fatty acid alpha-
dioxygenases, Prostaglandins Other Lipid Mediat 68-69 (2002) 363-374.

157. Koeduka, T., Matsui, K., Akakabe, Y., and Kajiwara, T., Catalytic properties of rice 
alpha-oxygenase. A comparison with mammalian prostaglandin H synthases, J Biol 
Chem 277 (2002) 22648-22655.

158. Saff ert, A., Hartmann-Schreier, J., Schon, A., and Schreier, P., A dual function alpha-
dioxygenase-peroxidase and NAD(+) oxidoreductase active enzyme from germinating 
pea rationalizing alpha-oxidation of fatty acids in plants, Plant Physiol 123 (2000) 
1545-1552.

159. Akakabe, Y., Matsui, K., and Kajiwara, T., Alpha-oxidation of long-chain unsaturated 
fatty acids in the marine green alga Ulva pertusa, Biosci Biotechnol Biochem 64 (2000) 
2680-2681.

160. Akakabe, Y., Washizu, K., Matsui, K., and Kajiwara, T., Concise synthesis of 
(8Z,11Z,14Z)-8,11,14-heptadecatrienal, (7Z,10Z,13Z)-7,10,13-hexadecatrienal, and 
(8Z,11Z)-8,11-heptadecadienal, components of the essential oil of marine green alga 
Ulva pertusa, Biosci Biotechnol Biochem 69 (2005) 1348-1352.

161. van der Biezen, E. A., Brandwagt, B. F., van Leeuwen, W., Nijkamp, H. J., and Hille, 
J., Identifi cation and isolation of the FEEBLY gene from tomato by transposon tag-
ging, Mol Gen Genet 251 (1996) 267-280.

162. Hamberg, M., Ponce de Leon, I., Rodriguez, M. J., and Castresana, C., Alpha-dioxy-
genases, Biochem Biophys Res Commun 338 (2005) 169-174.

163. Marston, F. A., Th e purifi cation of eukaryotic polypeptides synthesized in Escherichia 
coli, Biochem J 240 (1986) 1-12.

164. Goeddel, D. V., Kleid, D. G., Bolivar, F., Heyneker, H. L., Yansura, D. G., Crea, R., 
Hirose, T., Kraszewski, A., Itakura, K., and Riggs, A. D., Expression in Escherichia 
coli of chemically synthesized genes for human insulin, Proc Natl Acad Sci U S A 76 
(1979) 106-110.



57

165. Goeddel, D. V., Heyneker, H. L., Hozumi, T., Arentzen, R., Itakura, K., Yansura, 
D. G., Ross, M. J., Miozzari, G., Crea, R., and Seeburg, P. H., Direct expression in 
Escherichia coli of a DNA sequence coding for human growth hormone, Nature 281 
(1979) 544-548.

166. Staehelin, T., Hobbs, D. S., Kung, H., and Pestka, S., Purifi cation of recombinant 
human leukocyte interferon (IFLrA) with monoclonal antibodies, Methods Enzymol 
78 (1981) 505-512.

167. Sloane, D. L., Craik, C. S., and Sigal, E., Th e expression of active human reticulocyte 
15-lipoxygenase in bacteria, Biomed Biochim Acta 49 (1990) S11-16.

168. Noguchi, M., Matsumoto, T., Nakamura, M., and Noma, M., Expression of human 
5-lipoxygenase cDNA in Escherichia coli, FEBS Lett 249 (1989) 267-270.

169. Kuhn, H., Barnett, J., Grunberger, D., Baecker, P., Chow, J., Nguyen, B., Bursztyn-
Pettegrew, H., Chan, H., and Sigal, E., Overexpression, purifi cation and character-
ization of human recombinant 15-lipoxygenase, Biochim Biophys Acta 1169 (1993) 
80-89.

170. Schein, C. H., Solubility as a function of protein structure and solvent components, 
Biotechnology (N Y) 8 (1990) 308-317.

171. Rudolph, R., and Lilie, H., In vitro folding of inclusion body proteins, FASEB J 10 
(1996) 49-56.

172. Lilie, H., Schwarz, E., and Rudolph, R., Advances in refolding of proteins produced 
in E. coli, Curr Opin Biotechnol 9 (1998) 497-501.

173. Meldgaard, M., and Svendsen, I., Diff erent eff ects of N-glycosylation on the thermo-
stability of highly homologous bacterial (1,3-1,4)-beta-glucanases secreted from yeast, 
Microbiology 140 (Pt 1) (1994) 159-166.

174. Jenkins, N., Parekh, R. B., and James, D. C., Getting the glycosylation right: implica-
tions for the biotechnology industry, Nat Biotechnol 14 (1996) 975-981.

175. Monsalve, R. I., Lu, G., and King, T. P., Expressions of recombinant venom allergen, 
antigen 5 of yellowjacket (Vespula vulgaris) and paper wasp (Polistes annularis), in 
bacteria or yeast, Protein Expr Purif 16 (1999) 410-416.

176. Ogata, K., Nishikawa, H., and Ohsugi, M., A yeast capable of utilizing methanol, 
Agric Biol Chem 33 (1969) 1519,1520.

177. Lee, J.-D., and Komagata, K., Taxonomic study of methanol-assimilating yeasts, J 
Gen Appl Microbiol 26 (1980) 133-158.

178. Higgins, D. R., and Cregg, J. M., Pichia Protocols. Methods in Molecular Biology, 
ed., Humana Press 1998.

179. Cregg, J. M., Madden, K. R., Barringer, K. J., Th ill, G. P., and Stillman, C. A., Func-
tional characterization of the two alcohol oxidase genes from the yeast Pichia pastoris, 
Mol Cell Biol 9 (1989) 1316-1323.

180. Ellis, S. B., Brust, P. F., Koutz, P. J., Waters, A. F., Harpold, M. M., and Gingeras, 
T. R., Isolation of alcohol oxidase and two other methanol regulatable genes from the 
yeast Pichia pastoris, Mol Cell Biol 5 (1985) 1111-1121.

181. Tschopp, J. F., Brust, P. F., Cregg, J. M., Stillman, C. A., and Gingeras, T. R., Expres-
sion of the lacZ gene from two methanol-regulated promoters in Pichia pastoris, 
Nucleic Acids Res 15 (1987) 3859-3876.

182. Cregg, J. M., Barringer, K. J., Hessler, A. Y., and Madden, K. R., Pichia pastoris as a 
host system for transformations, Mol Cell Biol 5 (1985) 3376-3385.

183. Barr, K. A., Hopkins, S. A., and Sreekrishna, K., Protocol for effi  cient secretion of 
HSA developed from Pichia pastoris, Pharm Eng 12 (1992) 48-51.



58

Mirela Cristea

184. Reddy, R. G., Yoshimoto, T., Yamamoto, S., and Marnett, L. J., Expression, purifi -
cation, and characterization of porcine leukocyte 12-lipoxygenase produced in the 
methylotrophic yeast, Pichia pastoris, Biochem Biophys Res Commun 205 (1994) 381-
388.

185. Nigam, S., Patabhiraman, S., Ciccoli, R., Ishdorj, G., Schwarz, K., Petrucev, B., 
Kuhn, H., and Haeggström, J. Z., Th e rat leukocyte-type 12-lipoxygenase exhibits an 
intrinsic hepoxilin A3 synthase activity, J Biol Chem 279 (2004) 29023-29030.

186. Drury, L., Transformation of bacteria by electroporation, Methods Mol Biol 31 (1994) 
1-8.

187. Invitrogen, Pichia expression vectors for selection on ZeocinTM and purifi cation of 
secreted, recombinant proteins, ed. 2002.

188. Cereghino, G. P., Cereghino, J. L., Ilgen, C., and Cregg, J. M., Production of recom-
binant proteins in fermenter cultures of the yeast Pichia pastoris, Curr Opin Biotechnol 
13 (2002) 329-332.

189. Stratton, J., Chiruvolu, V., and Meagher, M., High cell-density fermentation, Methods 
Mol Biol 103 (1998) 107-120.

190. Costa, G. L., Bauer, J. C., McGowan, B., Angert, M., and Weiner, M. P., Site-directed 
mutagenesis using a rapid PCR-based method, Methods Mol Biol 57 (1996) 239-248.

191. Wang, W., and Malcolm, B. A., Two-stage polymerase chain reaction protocol allow-
ing introduction of multiple mutations, deletions, and insertions, using QuikChange 
site-directed mutagenesis, Methods Mol Biol 182 (2002) 37-43.

192. Segraves, E. N., and Holman, T. R., Kinetic investigations of the rate-limiting step in 
human 12- and 15-lipoxygenase, Biochemistry 42 (2003) 5236-5243.

193. Ingram, C. D., and Brash, A. R., Characterization of HETEs and related conjugated 
dienes by UV spectroscopy, Lipids 23 (1988) 340-344.

194. Brash, A. R., Autoxidation of methyl linoleate: identifi cation of the bis-allylic 11-
hydroperoxide, Lipids 35 (2000) 947-952.

195. Yates, J. R., 3rd, Mass spectrometry and the age of the proteome, J Mass Spectrom 33 
(1998) 1-19.

196. Hellman, U., Wernstedt, C., Gonez, J., and Heldin, C. H., Improvement of an “In-
Gel” digestion procedure for the micropreparation of internal protein fragments for 
amino acid sequencing, Anal Biochem 224 (1995) 451-455.

197. Benson, D. A., Boguski, M. S., Lipman, D. J., Ostell, J., Ouellette, B. F., Rapp, B. A., 
and Wheeler, D. L., GenBank, Nucleic Acids Res 27 (1999) 12-17.

198. Fraser, K. J., Pulsen, K., and Haber, E., Specifi c cleavage between variable and con-
stant domains of rabbit antibody light chains by dilute acid hydrolysis, Biochemistry 
11 (1972) 4974-4977.

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

200. Coff a, G., and Brash, A. R., A single active site residue directs oxygenation stereo-
specifi city in lipoxygenases: stereocontrol is linked to the position of oxygenation, 
Proc Natl Acad Sci U S A 101 (2004) 15579-15584.

201. Coff a, G., Schneider, C., and Brash, A. R., A comprehensive model of positional and 
stereo control in lipoxygenases, Biochem Biophys Res Commun 338 (2005) 87-92.



59

202. Meruvu, S., Walther, M., Ivanov, I., Hammarström, S., Fürstenberger, G., Krieg, P., 
Reddanna, P., and Kuhn, H., Sequence determinants for the reaction specifi city of 
murine (12R)-lipoxygenase: targeted substrate modifi cation and site-directed muta-
genesis, J Biol Chem 280 (2005) 36633-36641.

203. Hanson, R. M., Epoxide migration (Payne rearrangement) and related reactions, in 
Organic reactions, in Overman, L. E., (Ed.), John Wiley &Sons, 2002, pp. 1-156.

204. Reynolds, C. H., Inactivation of soybean lipoxygenase by lipoxygenase inhibitors in 
the presence of 15-hydroperoxyeicosatetraenoic acid, Biochem Pharmacol 37 (1988) 
4531-4537.

205. Kuhn, H., Schewe, T., and Rapoport, S. M., Th e inactivation of lipoxygenases by 
acetylenic fatty acids, Biomed Biochim Acta 43 (1984) S358-361.

206. Zhang, L. Y., and Hamberg, M., Specifi city of two lipoxygenases from rice: unusual 
regiospecifi city of a lipoxygenase isoenzyme, Lipids 31 (1996) 803-809.

207. Maccarrone, M., Salucci, M. L., van Zadelhoff , G., Malatesta, F., Veldink, G., Vlieg-
enthart, J. F., and Finazzi-Agro, A., Tryptic digestion of soybean lipoxygenase-1 
generates a 60 kDa fragment with improved activity and membrane binding ability, 
Biochemistry 40 (2001) 6819-6827.

208. Jisaka, M., Boeglin, W. E., Kim, R. B., and Brash, A. R., Site-directed mutagenesis 
studies on a putative fi fth iron ligand of mouse 8S-lipoxygenase: retention of catalytic 
activity on mutation of serine-558 to asparagine, histidine, or alanine, Arch Biochem 
Biophys 386 (2001) 136-142.

209. Hegg, E. L., and Que, L., Jr., Th e 2-His-1-carboxylate facial triad--an emerging struc-
tural motif in mononuclear non-heme iron(II) enzymes, Eur J Biochem 250 (1997) 
625-629.

210. Koehntop, K. D., Emerson, J. P., and Que, L., Jr., Th e 2-His-1-carboxylate facial 
triad: a versatile platform for dioxygen activation by mononuclear non-heme iron(II) 
enzymes, J Biol Inorg Chem 10 (2005) 87-93.

211. Rådmark, O., Arachidonate 5-lipoxygenase, Prostaglandins Other Lipid Mediat 68-69 
(2002) 211-234.

212. Hiraoka, B. Y., Yamakura, F., Sugio, S., and Nakayama, K., A change of the metal-
specifi c activity of a cambialistic superoxide dismutase from Porphyromonas gingi-
valis by a double mutation of Gln-70 to Gly and Ala-142 to Gln, Biochem J 345 Pt 2 
(2000) 345-350.

213. Garssen, G. J., Veldink, G. A., Vliegenthart, J. F., and Boldingh, J., Th e formation of 
threo-11-hydroxy-trans-12: 13-epoxy-9-cis-octadecenoic acid by enzymic isomerisa-
tion of 13-L-hydroperoxy-9-cis, 11-transoctadecadienoic acid by soybean lipoxygen-
ase-1, Eur J Biochem 62 (1976) 33-36.

214. Chamulitrat, W., Mason, R. P., and Riendeau, D., Nitroxide metabolites from alkyl-
hydroxylamines and N-hydroxyurea derivatives resulting from reductive inhibition of 
soybean lipoxygenase, J Biol Chem 267 (1992) 9574-9579.

215. Riendeau, D., Falgueyret, J. P., Guay, J., Ueda, N., and Yamamoto, S., Pseudoperoxi-
dase activity of 5-lipoxygenase stimulated by potent benzofuranol and N-hydroxy-
urea inhibitors of the lipoxygenase reaction, Biochem J 274 (Pt 1) (1991) 287-292.

216. Yu, Z., Schneider, C., Boeglin, W. E., and Brash, A. R., Mutations associated with 
a congenital form of ichthyosis (NCIE) inactivate the epidermal lipoxygenases 12R-
LOX and eLOX3, Biochim Biophys Acta 1686 3 (2005) 238-247.

217. Griffi  ths, W. J., Tandem mass spectrometry in the study of fatty acids, bile acids, and 
steroids, Mass Spectrom Rev 22 (2003) 81-152.



60

Mirela Cristea

218. Griffi  ths, W. J., Yang, Y., Sjovall, J., and Lindgren, J. A., Electrospray-collision-
induced dissociation mass spectrometry of mono-, di- and tri-hydroxylated lipoxy-
genase products, including leukotrienes of the B-series and lipoxins, Rapid Commun 
Mass Spectrom 10 (1996) 183-196.

219. Murphy, R. C., Barkley, R. M., Zemski Berry, K., Hankin, J., Harrison, K., Johnson, 
C., Krank, J., McAnoy, A., Uhlson, C., and Zarini, S., Electrospray ionization and 
tandem mass spectrometry of eicosanoids, Anal Biochem 346 (2005) 1-42.

220. Murphy, R. C., Fiedler, J., and Hevko, J., Analysis of nonvolatile lipids by mass spec-
trometry, Chem Rev 101 (2001) 479-526.

221. Newman, J. W., Watanabe, T., and Hammock, B. D., Th e simultaneous quantifi ca-
tion of cytochrome P450 dependent linoleate and arachidonate metabolites in urine 
by HPLC-MS/MS, J Lipid Res 43 (2002) 1563-1578.

222. Lee, S. H., Williams, M. V., DuBois, R. N., and Blair, I. A., Targeted lipidomics using 
electron capture atmospheric pressure chemical ionization mass spectrometry, Rapid 
Commun Mass Spectrom 17 (2003) 2168-2176.

223. Bempong, D. K., Honigberg, I. L., and Meltzer, N. M., Normal phase LC-MS deter-
mination of retinoic acid degradation products, J Pharm Biomed Anal 13 (1995) 285-
291.

224. Byrdwell, W. C., Atmospheric pressure chemical ionization mass spectrometry for 
analysis of lipids, Lipids 36 (2001) 327-346.

225. Heudi, O., Trisconi, M. J., and Blake, C. J., Simultaneous quantifi cation of vitamins 
A, D3 and E in fortifi ed infant formulae by liquid chromatography-mass spectrom-
etry, J Chromatogr A 1022 (2004) 115-123.

226. Stark, K., Wongsud, B., Burman, R., and Oliw, E. H., Oxygenation of polyunsatu-
rated long chain fatty acids by recombinant CYP4F8 and CYP4F12 and catalytic 
importance of Tyr-125 and Gly-328 of CYP4F8, Arch Biochem Biophys 441 (2005) 
174-181.





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 28

Editor: The Dean of the Faculty of Pharmacy

A doctoral dissertation from the Faculty of Pharmacy, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Pharmacy. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Pharmacy”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-6625

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2006


	ABSTRACT
	LIST OF ORIGINAL PAPERS
	CONTENTS
	ABBREVIATIONS
	INTRODUCTION
	Lipoxygenases
	Historical background
	Occurrence and function of lipoxygenases
	Lipoxygenases in plants
	The mammalian lipoxygenases
	Lipoxygenases in fungi
	Structural aspects of lipoxygenases
	Reaction mechanism of lipoxygenases

	Dioxygenases with heme
	Cyclooxygenases
	Linoleate diol synthases
	Fatty acid (alfa)-dioxygenases

	Expression systems for lipoxygenases
	Bacterial systems - E. coli
	Expression in yeast - Pichia pastoris


	AIMS
	COMMENTS ON METHODOLOGY
	Expression in Pichia pastoris
	Expression construct
	Transformation into P. pastoris – Electroporation
	Expression in baffled flasks
	Expression in fermentor

	Site-directed mutagenesis
	Protein analysis and purification
	Chromatography
	SDS-PAGE

	Lipoxygenase and hydroperoxyde isomerase activity assay
	Mass spectrometry
	LC-MS/MS analysis
	MALDI-TOF analysis

	Bioinformatic resources and sequence analysis

	RESULTS
	Expression of Mn-LO in the yeast P. pastoris (paper I)
	Recombinant Mn-LO (papers I and IV)
	Protein analysis
	Catalytical properties

	Mini-Mn-LO (papers I and IV)
	Site-directed mutagenesis of putative manganese ligands (paper I)
	Mutations of the conserved residue Gly316 and the hydroperoxide isomerase activity (paper II)
	Epoxyalcohols synthesis and analysis by LC-MS (papers II and III)
	Epoxyalcohols synthesis by Mn-LO Gly316Ala
	Epoxyalcohols synthesis by anaerobic incubation of Mn-LO
	Epoxyalcohols synthesis by hematin catalysis

	Lipoxygenase inhibitors effect on Mn-LO and Mn-LO Gly316Ala (paper II)
	11-HPODE synthesis and isomerization by iron- and manganese-dependent lipoxygenases (paper V)
	Linoleate diol synthase activity from the rice blast fungus Magnaporthe grisea (paper VI)

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

