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Abstract
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Dioxygenase-cytochrome P450 (DOX-CYP) fusion enzymes are present in diverse human and
plant pathogenic fungi. They oxygenate fatty acids to lipid mediators which have regulatory
functions in fungal development and toxin production. These enzymes catalyze the formation
of fatty acid hydroperoxides which are subsequently converted by the P450 activities or reduced
to the corresponding alcohols. The N-terminal DOX domains show catalytic and structural
homology to mammalian cyclooxygenases, which belong to the most thoroughly studied human
enzymes.

7,8-Linoleate diol synthase (LDS) of the plant pathogenic fungus Gaeumannomyces graminis
was the first characterized member of the DOX-CYP fusion enzyme family. It catalyzes the
conversion of linoleic acid to 8R-hydroperoxylinoleic acid (HPODE) and subsequently to 7S,8S-
dihydroxylinoleic acid by its DOX and P450 domains, respectively. By now, several enzymes
with homology to 7,8-LDS have been identified in important fungi, e.g., psi factor-producing
oxygenase (ppo)A, ppoB, and ppoC, of Aspergillus nidulans and A. fumigatus.

By cloning and recombinant expression, ppoA of A. fumigatus was identified as 5,8-LDS.
Partial expression of the 8R-DOX domains of 5,8-LDS of A. fumigatus and 7,8-LDS of
G. graminis yielded active protein which demonstrates that the DOX activities of LDS are
independent of their P450 domains. The latter domains were shown to contain a conserved motif
with catalytically important amide residues. As judged by site-directed mutagenesis studies, 5,8-
and 7,8-LDS seem to facilitate heterolytic cleavage of the oxygen-oxygen bond of 8R-HPODE
by aid of a glutamine and an asparagine residue, respectively.

Cloning and expression of putative DOX-CYP fusion proteins of A. terreus and Fusarium
oxysporum led to the discovery of novel enzyme activities, e.g., linoleate 9S-DOX and two
allene oxide synthases (AOS), specific for 9R- and 9S-HPODE, respectively. The fungal AOS
are present in the P450 domains of two DOX-CYP fusion enzymes and show higher sequence
homology to LDS than to plant AOS and constitute therefore a novel class of AOS.

In summary, this thesis describes the discovery of novel fatty acid oxygenases of human and
plant pathogenic fungi and the characterization of their reaction mechanisms.
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Introduction 

Fatty acids are aliphatic monocarboxylic acids and are essential to all living 
organisms. They are the main components of biomembranes which facilitate 
the separation of a cell or a compartment from its environment and are there-
fore as old as life itself [1]. In addition to their structural importance for 
biomembranes, fatty acids and their oxygenation products act as intra- and 
extracellular signaling molecules in vertebrates, fungi, plants, and corals. 
Fatty acid derivatives and related enzymes are also important drugs and tar-
gets for the treatment of a wide range of pathophysiological conditions such 
as inflammation, pain, cardiovascular diseases, and fever.  

Fatty acid oxygenating enzymes are also involved in the development and 
mycotoxin production of human and plant pathogenic fungi. Several of these 
enzymes belong to the dioxygenase-cytochrome P450 (DOX-CYP) fusion 
enzyme family, as its prototype, 7,8-linoleate diol synthase (LDS) of 
Gaeumannomyces graminis. Related enzymes are present in fungi of medi-
cal, biological, and biotechnological importance. This thesis contributes to 
this research area and focuses on the biosynthesis of oxygenated fatty acids 
in pathogenic fungi. 

Oxylipins 
Oxygenated fatty acids can be formed enzymatically or by autoxidation [2-
6]. The term oxylipin comprises oxygenated fatty acids and in a narrower 
sense only if, in at least one step, a mono- or dioxygenase (DOX) was in-
volved in their formation [7]. Oxylipins are signaling molecules and are 
widely distributed in the Animalia, Fungi, and Plantae kingdoms [3, 8-11]. 

Mammalian oxylipins – Eicosanoids 
Oxylipins which are derived from unsaturated C20 fatty acids, e.g., eicosa-
pentaenoic, dihomo-γ-linoleic, or arachidonic acid (AA), are collectively 
termed eicosanoids and constitute the largest and most important group of 
mammalian oxylipins [12].  

The research field around eicosanoids dates back to the early 1930s when 
studies on seminal plasma from sheep and humans led to the discovery of a 
novel group of biologically active compounds [13]. They were termed 
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prostaglandins since they were primarily detected in the sheep prostate-like 
vesicular gland and were shown to have remarkable physiological effects on 
the circulation and on numerous organs [14, 15]. In the following decades, 
their structures were elucidated and underlying enzymes were identified 
[13]. It was shown that prostaglandins are formed from AA via the cyclo-
oxygenase (COX) pathway [16, 17] and that aspirin which has been used as 
an analgesic drug for more than a hundred years acts via inhibition of prosta-
glandin formation [18]. In 1982, Sune K. Bergström, Bengt I. Samuelsson, 
and John R. Vane were awarded the Nobel Prize “for their discoveries con-
cerning prostaglandins and related biologically active substances”. 

AA is by far the most important precursor of eicosanoids and is present in 
phospholipids in cell membranes. It is released upon cellular stimulation by 
phospholipase A2 [19]. AA is oxygenated via three major pathways, the 
COX, lipoxygenase (LOX), and cytochrome P450 (P450) pathway yielding 
prostanoids, leukotrienes, and several hydroxyl and/or epoxy derivatives 
(Fig. 1), respectively, which are potent lipophilic mediators [20]. The latter 
stimulate G-protein-coupled receptors and are involved in a variety of phy-
siological and pathophysiological processes, e.g., inflammation, immune 
response, allergy, thrombosis, reproduction, fever, pain, and control of blood 
pressure [8, 21].  

Prostanoids are derived from AA via the COX pathway and include 
prostaglandins and thromboxane which contain a five- and six-membered 
ring structure, respectively [22]. The first step in their formation is the 
conversion of AA to prostaglandin (PG)H2 by the action of PGH2 synthases 
(PGHS). PGH2 is a transient key intermediate which is transformed to PGD2, 
PGE2, and PGF2α by the action of specific synthases and to PGI2 (syn. pros-
tacyclin) and thromboxane A2 by specific P450 [23-25]. Prostanoids are 
involved in the maintenance of physiological conditions e.g., blood pressure, 
renal function, bronchial tonus, secretion of gastric juice, and when formed 
in excess also in the mediation of pathophysiological processes as pain, fe-
ver, and the development of cancer [22]. 

The human LOX pathway comprises six functional genes [26] and cata-
lyzes the conversion of AA to hydroperoxyeicosatetraenoic acids (HPETE) 
which are further converted to leukotrienes, lipoxins, and hepoxilins. 
Lipoxins are trihydroxyeicosanoic acids containing 4 conjugated double 
bonds [27, 28]. Interest in these compounds is mainly due to their anti-
inflammatory properties [29]. Hepoxilins are hydroxy epoxy metabolites 
generated by the action of 12-LOX on AA and further rearrangement [30]. 
However, the most thoroughly studied LOX is 5-LOX which transforms AA 
to 5S-HPETE and subsequently to leukotriene (LT)A4. The latter acts as a 
precursor for the biosynthesis of other leukotrienes, namely cysteinyl LT and 
LTB4. As indicated by their names, leukotrienes are primarily formed in 
different kinds of leukocytes and contain three conjugated double bonds (“-
triene”). They participate e.g., in inflammatory, asthmatic, and allergic 
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reactions. The 5-LOX inhibitor zileuton and the cysteinyl LT-1 receptor 
antagonists montelukast and zafirlukast mediate dilatation of the bronchial 
smooth muscle and are therefore used in the control of asthma [8, 31].  

Conversion of AA by P450 comprises the third pathway of AA-derived 
eicosanoids yielding hydroxyeicosatetraenoic and epoxyeicosatrienoic acids 
[32, 33]. These biologically active metabolites are formed by the action of 
P450 hydroxylases and epoxygenases, mainly in the kidney and liver, but 
also in other organs [33-35]. These enzymes are associated with the regula-
tion of the vascular tone, volume homeostasis, and the release of peptide 
hormones [36]. 

 
Figure 1. Overview of eicosanoids derived from AA by the COX, LOX, and P450 
pathways. 

Plant oxylipins 
Plant oxylipins comprise a diverse group of hydroperoxy-, hydroxy-, epoxy-, 
and oxo-fatty acids, as well as divinyl ethers, volatile aldehydes, the plant 
hormones 12-oxophytodienoic acid (OPDA) and jasmonic acid (JA) and 
related derivatives [3]. These compounds are mainly derived from linoleic 
(LA, 18:2n-6), α-linolenic (α-LA, 18:3n-3), and roughanic acid (16:3n-3). 
Several oxylipins were shown to be involved in growth and development and 
in defense reactions against pathogens [37, 38].  

Biosynthesis of plant oxylipins is mainly initiated by LOX or 
α-dioxygenases (α-DOX) generating hydroperoxides which are often further 
converted by various P450, e.g., allene oxide synthase (AOS), hydroper-
oxide lyase, desaturase, or epoxy alcohol synthase [37, 39]. Oxygenated 
fatty acids can also be generated by non-enzymatic reactions. The free-radi-
cal catalyzed conversion of α-LA yields C18-isoprostanoids [40]. These 
prostaglandin-like compounds are also called phytoprostanes and are formed 
during oxidative stress by reactive oxygen species. It is assumed that phyto-
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prostanes are involved in defense reactions as a response to oxidative stress 
[4]. 

Among plant oxylipins, JA and its derivatives have attracted special inter-
est. JA is formed sequentially from α-LA by several enzymes [41, 42]. At 
first, 13S-LOX catalyzes the formation of 13S-hydroperoxyoctadecatrienoic 
acid (13S-HPOTrE), which is transformed by an AOS and allene oxide 
cyclase to the cyclic intermediate cis-12-OPDA (Fig. 2). Reduction of the 
latter by the OPDA reductase 3 followed by three steps of chain shortening 
via β–oxidation finally yields JA. The latter is involved in plant growth and 
development and mediates plant responses to the environment, e.g., plant-
plant communication [43].  

 
Figure 2. Biosynthetic conversion of α-LA to JA, compiled from [41, 44].  

Fungal oxylipins 
In fungi, C18 fatty acids comprise the most abundant fatty acids [45, 46] and 
they are the most common precursors of fungal oxylipins, in particular LA 
and α-LA.  

The first fungal LOX was identified in Fusarium oxysporum in 1976 [47] 
and was shown to catalyze the conversion of LA to a mixture of 9- and 13-
hydroxyoctadecadienoic acids (HODE) [48]. Some years later, a fungal oxy-
lipin was identified which was generated via a novel pathway unrelated to 
lipoxygenases. This oxylipin was isolated in 1986 from the basidomycete 
Laetisaria arvalis and was therefore called laetisaric acid [49]. It was shown 
to act as a fungicide on the root pathogen Phythium ultimum [49]. This com-
pound was identified as 8R-HODE which is obtained by reduction of its 
precursor, 8R-hydroperoxyoctadecadienoic acid (HPODE) [50].  

8R-HODE was also found to be present in Aspergillus nidulans along 
with 5,8-DiHODE and a lacton derivative of 5,8-DiHODE [51-53]. These 
LA-derived oxylipins were reported to possess hormone-like activities by 
acting as precocious sexual inducers (psi) of sporulation since they affect the 
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ratio of sexual (ascospores) and asexual spores (conidia) [54-56]. By now, 
8R-HODE, 5,8-DiHODE, and/or related metabolites, e.g., 7,8- and 8,11-Di-
HODE, have also been identified in several other fungi, e.g., Aspergillus 
fumigatus [57], the rice pathogen Magnaporthe grisea [58], Agaricus bispo-
rus [59], and Leptomitus lacteus [60]. The physiological function of fungal 
oxylipins is mostly studied in the genus Aspergillus [61, 62] but is generally 
less well understood compared to mammalian or plant oxylipins [10].  

The mechanism of biosynthesis of 8R-HODE and its subsequent conver-
sion to 7,8-DiHODE by G. graminis was elucidated by Oliw and coworkers 
in the 1990s [63, 64]. They established that 8R-HODE is generated via 8R-
HPODE in a typical DOX reaction which is unrelated to lipoxygenases.  

Several fungi have been reported to produce prostaglandins [65, 66], e.g., 
the pathogenic yeasts Candida albicans and Cryptococcus neoformans [67]. 
However, it is not conclusively established that eicosanoids can be formed in 
fungi, especially since these reports are numerically few and because fungi 
only contain small amounts of C20 fatty acids which are required for prosta-
glandin biosynthesis. Additionally, the identification of genes and enzymes 
responsible for fungal prostaglandin synthesis is still missing.  

Several fungi have been shown to produce JA and JA derivatives, e.g., 
Gibberella fujikuroi [68], Lasiodiplodia theobromae [69], and F. oxysporum 
[70]. A study from Thakkar et al. suggests a putative function of JA in the 
fungus’ infection process of plants [71]. The complete mechanism of fungal 
biosynthesis is still unknown and responsible enzymes have not been identi-
fied. However, important insight into fungal JA formation of L. theobromae 
was provided by Tsukada et al. in 2010 [72]. By using isotope-labeled sub-
strates they showed that JA is likely formed by a similar biosynthetic path-
way as described in plants, which is indicated by the presence of the key 
intermediate 12-OPDA during plant JA biosynthesis. At the same time, they 
revealed that the stereoselectivity during cycloolefin reduction of 12-OPDA 
differs in plant and L. theobromae, indicating separate biosynthetic pathways 
for JA formation in plant and fungi. 

As far known, the first steps of fungal oxylipin biosynthesis are all cata-
lyzed either by heme or non-heme dioxygenases. Their mechanisms of ac-
tion are described below. 

Fatty acid oxygenases 
Fatty acid oxygenases can be divided into mono- and dioxygenases which 
catalyze the regio- and stereospecific insertion of one or two atoms of mo-
lecular oxygen into a fatty acid, respectively. For many of these enzymes 
heme serves as prosthetic group which is essential to most living organisms. 
Heme consists of an iron ion coordinated to four nitrogen atoms of the planar 
organic ring structure protoporphyrin IX (Fig. 3) [73]. The two remaining 
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axial ligands of the iron have great impact on the reactivity of the heme 
group [74]. Examples for heme-containing enzymes are P450, peroxidases, 
and catalases [75].  

 
Figure 3. Chemical structure of heme. 

Fatty acid monooxygenases – Cytochrome P450  
Most fatty acid monooxygenases belong to the P450 superfamily. P450 are 
present in virtually all organisms and catalyze diverse reactions in the degra-
dation and biosynthesis of exo- and endogenous compounds [76, 77]. P450 
are hemoproteins and were named due to their absorption of light at 450 nm 
in the reduced state upon binding of carbon monoxide. P450 catalyze the 
transfer of molecular oxygen to X-H bonds (X = C, N, or S) accompanied by 
reduction of the other oxygen atom to water according to the following ge-
neral formula [34, 78]: 
 
RH + O2 + NADPH + H+  ROH + H2O + NADP+  

 
In humans, there are 57 P450, some of which are essential for the bio-

synthesis of e.g., steroids, bile acids, vitamins, and prostaglandins as well as 
the metabolism of drugs and toxins [79]. Especially plants are rich in P450 
as illustrated by the model of higher plants, Arabidopsis thaliana, which 
contains at least 286 P450 genes [80]. By now, there are thousands of identi-
fied P450 proteins. They are divided into families and subfamilies [81] 
which comprise enzymes with more than 40 and 55% amino acid identities 
and which have assigned numbers and capital letters, respectively. However, 
the sequence identities of P450 are generally low, often below 20%. Never-
theless, P450 have a conserved fold, in particular in the core of the protein 
close to the heme. Conserved domains include (i) the heme-binding loop 
with the absolutely conserved Cys residue which serves as proximal heme 
ligand and is present in the Phe-Xaa-Xaa-Gly-Xaa-Arg-Xaa-Cys-Xaa-Gly 
motif, (ii) the Glu-Xaa-Xaa-Arg motif in the K-helix on the proximal side of 
the heme, and (iii) the Ala/Gly-Gly-Xaa-Asp/Glu-Thr-Thr/Ser motif in the I-
helix on the distal side [80]. The latter contains the famous acid-alcohol pair 
which is present in over 80% of all hydroxylases and contributes to distal 
hydrogen-bonding networks and active site water placements required du-
ring catalysis [82, 83].  
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P450 are famous for being able to catalyze a great diversity of reactions 
[84] which is due to the variability in the domains involved in substrate 
access and binding [85]. The prototype P450 reaction is though hydroxy-
lation which occurs as illustrated in Fig. 4. A water molecule is replaced 
when the substrate binds to the enzyme. Then, the ferric heme is reduced to 
the ferrous state by an electron supplied by NADPH via a P450 reductase 
before binding of molecular oxygen which yields a ferrous P450 dioxygen 
complex. After another one-electron reduction and protonation of the 
Fe(III)-hydroperoxy complex, (P450[FeIII-O-OH] is obtained. In the next 
step, protonation and heterolytic cleavage of the dioxygen bond with elimi-
nation of H2O forms a highly reactive iron-oxo intermediate 
(P450[FeIV=O]•+), called compound I. The latter performs hydrogen abstrac-
tion from the substrate yielding P450[FeIV-OH], also referred to as com-
pound II, and a substrate radical. By a hydrogen abstraction-oxygen rebound 
mechanism [86] the oxygenated product is obtained which dissociates from 
the heme which returns to its resting state [82, 83]. The electrons necessary 
for oxygen cleavage and substrate hydroxylation are received from different 
redox partners [78], in most cases from NAD(P)H as cofactor via a cyto-
chrome P450 reductase.  

 

Figure 4. Catalytic cycle of cytochromes P450 with molecular oxygen or hydro-
peroxides as oxygen donors, compiled from [39, 83]. Hydroxylation, the prototype 
P450 reaction, requires all steps of the circular route. In the peroxide shunt pathway, 
the same transformation is catalyzed but neither molecular oxygen nor reducing 
equivalents are needed. CYP74 and LDS use hydroperoxides as substrates and cir-
cumvent several steps of the circular route with formation of allene oxides and diols, 
respectively, as indicated by grey and grey dashed arrows, respectively. The hy-
droxylation and peroxide shunt pathways are in black. Abbreviations: RH, substrate; 
ROH, hydroxylated RH; LOOH designates 8R-HPODE and HPODE in the LDS and 
CYP74 pathways, respectively; LO, allene oxide; L(OH)(OH), DiHODE. 
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P450 can be divided into four classes according to the electron transfer 
system which provides the catalytic site with electrons [80]. Class I com-
prises bacterial and mitochondrial P450 which require a flavin adenine dinu-
cleotide (FAD)-containing reductase and an iron-sulfur protein (ferredoxin). 
In class II enzymes, as microsomal P450, electrons are transported from 
NADPH via a single membrane-bound enzyme, the FAD- and flavin mono-
nucleotide (FMN)-containing reductase, usually designated cytochrome 
P450 reductase. Class III P450 are self-sufficient and do not require an ex-
ternal electron source and class IV enzymes “receive electrons directly from 
NAD(P)H” [80]. Prokaryotic P450 are soluble whereas eukaryotic P450 are 
mostly membrane-bound.  

P450 class III comprises various enzymes involved in oxylipin formation, 
e.g., CYP8A1, CYP5, and CYP74. They do not use molecular oxygen but 
hydroperoxides as oxygen donor and they neither need NADPH nor an ex-
ternal P450 reductase for catalysis [87], as indicated in Fig. 4. A conserved 
Asn residue which is present in the I-helices of CYP74 and CYP8A1 is as-
sumed to facilitate oxygen-oxygen bond cleavage [39, 88]. 

Hydroperoxide isomerase activities of LDS catalyze the conversion of 
8R-HPODE to diols by suprafacial hydrogen abstraction and oxygen inser-
tion, typical of P450. In 2008, LDS were indeed suggested to contain P450 
domains [89], which was experimentally confirmed for ppoA (5,8-LDS) of 
A. nidulans [90]. The latter enzyme was found to be a fusion enzyme of an 
N-terminal DOX and a C-terminal P450 domain. The former domain cata-
lyzes the conversion of LA to 8R-HPODE which is transformed to 5,8-
DiHODE by the P450 domain [90]. 

Fatty acid dioxygenases 
Prostaglandin H2 synthases 
PGHS are hemoproteins which comprise COX and hydroperoxidase (POX) 
activities. They are often only referred to as COX and perform the first step 
in the formation of prostaglandins [91]. Research on PGHS has been per-
formed since the 1960s and 70s. PGHS was purified from bull seminal vesic-
les [92] and was identified as the major enzyme in the oxidative conversion 
of AA via PGG2 to PGH2 [93-95].  

PGHS are integral membrane proteins present on the luminal site of the 
endoplasmic reticulum and of the inner and outer membranes of the nuclear 
membrane [96]. They exist in two isoforms, PGHS-1 and PGHS-2, which 
are both active as homodimers [95]. Each monomer consists of three struc-
tural domains, an N-terminal epidermal growth factor-like domain, a mem-
brane binding domain and a C-terminal catalytic domain; the latter com-
prises the COX and POX sites [97]. The COX activity performs the two 
oxygenation steps yielding PGG2, and the POX activity reduces PGG2 to 
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PGH2 and conducts activation of the COX site. This activation is accom-
plished in the POX site by trace amounts of fatty acid hydroperoxides from 
the environment [2] which oxidize the ferric heme to an oxyferryl heme 
radical cation (compound I) (Fig. 5). Compound I accepts an electron from 
Tyr385 in the COX site leading to formation of a tyrosyl radical (Tyr385•) 
and is in turn converted to intermediate II (oxyferryl iron plus a neutral pro-
toporphyrin) [91].  

 
Figure 5. Scheme of POX and COX reaction cycles, compiled from Smith [91].  

The COX reaction of PGHS is initiated by abstraction of the pro-S hydro-
gen at the bis-allylic C13 of AA by Tyr385• (Fig. 6). After double bond mi-
gration, a free radical at C11 is yielded which is capable to react with unacti-
vated molecular oxygen. Antarafacial oxygen insertion at C11 forms an 11R-
hydroperoxyl radical which attacks C9. This leads to two cyclization steps 
with formation of an endoperoxide and a radical at C15. This radical reacts 
with molecular oxygen and PGG2 is obtained which is the last step of the 
COX cycle [91]. Subsequently, the additional electron from the Tyr385• is 
transferred to intermediate II which becomes compound II (Fig. 5). The lat-
ter accepts an electron and is thus recovered to its initial state (ferric heme). 
The reaction cycle restarts by reduction of PGG2 to PGH2 and formation of 
compound I in the POX site [91]. Hydrogen abstraction from the bis-allylic 
C13 occurs with a deuterium kinetic isotope effect (D-KIE) of ~ 2 [98].  
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Figure 6. Biosynthetic conversion of AA to PGH2.  

The first crystal structure was reported from ovine PGHS-1 in 1994 [99]. 
Since then, 3D structures of both isoforms of PGHS have been resolved from 
several species with different substrates and inhibitors [96, 100-103]. Struc-
tural and site-directed mutagenesis studies facilitated the identification of 
crucial amino acids for catalysis and substrate positioning [104]. In the POX 
site, His388 serves as proximal heme ligand and His207 is located at the 
distal site of the heme and both histidines are required for full activity [105, 
106]. AA binds to the active site of the COX site in an “L-shaped” confor-
mation and Arg120 and Ser530 facilitate that C13 is located close to Tyr385 
which performs hydrogen abstraction [96]. Additionally, Val349 and Tyr348 
and a couple of other residue are also involved in proper substrate position-
ing [96, 104].  

The two isoforms of PGHS display 60-65% sequence identity when de-
rived from the same species [97] but their 3D structures are almost identical. 
PGHS-1 is constitutively expressed and necessary to maintain physiological 
conditions, whereas the inducible PGHS-2 is mostly associated with patho-
physiological conditions as pain, inflammation, fever, and the development 
of cancer [21, 97]. However, PGHS-1 is also associated with thrombosis [96, 
107]. Both isoforms are used as drug targets [95]. Aspirin, the first synthetic 
analgesic drug, has been on the market for over a hundred years. It is still a 
common drug due to its analgesic, anti-inflammatory, antipyretic, and an-
tithrombotic properties and belongs to the group of nonsteroidal anti-in-
flammatory drugs (NSAID). It was not until 1971 that Sir John Vane could 
show that the action of these drugs depends on inhibition of prostaglandin 
formation [18].  

NSAID act by inhibiting AA from binding to the COX site of PGHS in a 
reversible (e.g., ibuprofen and flurbiprofen) or irreversible way (aspirin) 
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[96]. Aspirin inhibits PGHS by acetylation of Ser530 [108]. The isoforms of 
PGHS differ in their active sites. The COX site of PGHS-2 is more spacious 
(~20%) compared to PGHS-1 and can therefore bind larger molecules [96]. 
This knowledge facilitated the discovery of PGHS-2-selective drugs, the so 
called coxibes, which due to their size mainly bind to PGHS-2. They have 
been on the market since 1999.  

Linoleate diol synthases 
LDS are fusion proteins of N-terminal DOX and C-terminal P450 domains 
and the latter account for hydroperoxide isomerase activities. The prototype 
of this enzyme class is 7,8-LDS of G. graminis. Native 7,8-LDS which had 
been purified to homogeneity and the recombinant enzyme were studied 
thoroughly [109-113]. 7,8-LDS is a bifunctional heme-dependent enzyme 
which catalyzes the conversion of LA to 8R-HPODE and its subsequent 
isomerization to 7,8-DiHODE [63, 64, 109]. In addition to the latter reaction, 
8R-HPODE can be transformed to its corresponding alcohol, 8R-HODE, by 
chemical reduction [63]. The enzymatic reaction starts with oxidation of the 
heme which forms a tyrosyl radical. This radical abstracts the pro-S hydro-
gen at C8 yielding a fatty acid radical. After antarafacial insertion of mole-
cular oxygen, 8R-HPODE is obtained. Abstraction of the pro-S hydrogen at 
C7 and suprafacial oxygen insertion yield the end product 7,8-DiHODE 
[111] (Fig. 7).  

The N-terminal DOX domain shows catalytic and sequence homology to 
PGHS [114, 115]. Both enzymes are heme-dependent and initiate the oxy-
genation by formation of a tyrosyl radical, which abstracts a hydrogen atom 
from the fatty acid substrate, and catalyze antarafacial oxygen insertion. 
Recombinant expression and site-directed mutagenesis of catalytically active 
amino acids allowed further insights into the similarities between 7,8-LDS 
and PGHS [112, 113]. 

In 2003, Cristea and coworkers reported a homologous gene to 7,8-LDS 
in the rice blast fungus M. oryzae which also converts LA to 8-HODE and 
7,8-DiHODE [58]. Subsequently and facilitated by the release of the ge-
nomes of A. nidulans and A. fumigatus [116, 117], Tsitsigiannis and cowor-
kers identified three homologous genes to 7,8-LDS in the genomes of 
A. nidulans and A. fumigatus, and designated them psi producing oxygenase 
(ppo) A, ppoB, and ppoC since the corresponding enzymes affected the bio-
synthesis of psi-factors and the development of the fungus [56]. By recombi-
nant expression, ppoA of A. nidulans and ppoC of A. fumigatus and A. nidu-
lans could be linked to formation of 8-H(P)ODE and 5,8-DiHODE and to 
10R-H(P)ODE, respectively [90, 118, 119]. The responsible enzymes were 
hence designated 5,8-LDS and 10R-dioxygenase (10R-DOX), respectively. 
The function of the ppoB gene still remains unknown but a recent report 
shows that formation of 8,11-DiHODE is not related to ppoB [120].  
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The hydroperoxide isomerase activity of LDS was suggested to be a P450 
by Lee et al. in 2008 [89]. This was confirmed one year later by Brodhun 
and coworkers. They showed by spectroscopic analysis of the heme-carbon 
monoxide complex that the C-terminal domain of 5,8-LDS of A. nidulans is 
a P450 [90]. This was the proof that LDS are DOX-CYP fusion enzymes.  

10R-DOX are also DOX-CYP fusion enzymes [119] and oxidize LA to 
10R-HPODE by hydrogen abstraction at C8 followed by double bond mi-
gration and antarafacial oxygen insertion at C10 [57]. These enzymes lack 
the cysteine residue which serves as fifth heme ligand and their P450 do-
mains are therefore inactive. 10R-HPODE is not further converted except for 
the non-enzymatic reduction of the hydroperoxide to the alcohol. 

Additionally to their role in fungal development [55, 56, 62, 121], ppo 
genes and corresponding enzymes might be involved in the formation of 
secondary metabolites since the double and triple mutants ΔppoAΔppoB and 
ΔppoAΔppoBΔppoC of A. nidulans exhibited overproduction of penicillin 
and produced only traces of the mycotoxin sterigmatocystin [122].  

 
Figure 7. Catalytic mechanism of LDS and 10R-DOX, compiled from [57, 63, 64, 
118]. 

Alpha-dioxygenases 
In 1998, a plant dioxygenase with homology to PGHS-1 and -2 of verte-
brates was discovered in tobacco leaves. It was shown to be upregulated in 
response to pathogen infection and was therefore named pathogen-induced 
oxygenase (PIOX) [123]. Subsequent studies on this oxygenase and a homo-
logous enzyme of Arabidopsis revealed that they catalyze oxidation at the α-
carbon (C2) of fatty acids by abstraction of the pro-R hydrogen at C2 and 
suprafacial insertion of molecular oxygen. These enzymes were therefore 
designated α-DOX. The resulting 2R-hydroperoxy fatty acid derivatives are 
unstable and undergo spontaneous decarboxylation yielding chain-shortened 
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aldehydes [124-126]. By now, α-DOX have been discovered in various 
plants, e.g., cucumber, rice, pea, the green alga Ulva pertusa, and the moss 
Physcomitrella patens. α-DOX are divided into two subgroups, α-DOX-1 
and α-DOX-2, due to sequence alignment and phylogenetic studies and dif-
ferences in preferred substrates [125].  

The homology of α-DOX and PGHS was judged from sequence align-
ments, site-directed mutagenesis studies, and most importantly from the 
recently published crystal structure of α-DOX of A. thaliana establishing 
that the heme ligands, the catalytic tyrosine residue, and the overall structure 
of the catalytic domain are conserved [123, 125, 127-129]. 

 The biological functions of α-DOX are associated with plant develop-
ment and defense against pathogen attack [125].  

Lipoxygenases 
LOX are non-heme metallodioxygenases and are widely distributed in 

plants, fungi, and mammals [10, 37, 130, 131]. They catalyze the regio- and 
stereospecific insertion of molecular oxygen into fatty acids which contain at 
least one 1Z,4Z-pentadiene structure. LOX consist of a single polypeptide 
chain folded into two domains, an N-terminal β-barrel and a large mostly 
α-helical domain which contains the catalytic center with the catalytic metal 
[2, 132]. The most thoroughly studied LOX are human 5-LOX, which initi-
ates leukotriene biosynthesis by formation of 5S-HPETE [133], and soy-
bean-LOX-1 (sLOX-1) [130]. The latter was already crystallized in 1947 
[134] and catalyzes the conversion of LA to 13S-HPODE. By now, crystal 
structures are available for various LOX, e.g., human 5-LOX [135], coral 
8R-LOX [136], arachidonate 15-LOX [137], sLOX-1 [138], soybean LOX-3 
[139], and porcine leukocyte 12-LOX [140]. 

In most LOX, iron serves as catalytic metal which is coordinated by con-
served ligands; in the case of sLOX-1 by three histidine residues, the car-
boxylic group of the C-terminal isoleucine, an asparagine residue, and a 
water molecule [138]. In the course of the reaction, the metal redox cycles 
between inactive and reduced Fe2+-OH2 and oxidized and active Fe3+-OH- 

[141]. The latter is the catalytic base which in a process of proton-coupled 
electron transfer abstracts the bis-allylic hydrogen from a 1Z,4Z- pentadiene 
structure of the fatty acid. This yields a carbon-centered radical which is 
delocalized over the pentadiene structure. Molecular oxygen is inserted in an 
antarafacial way and regio- and stereospecifically at C1 or C5 of the penta-
diene and a peroxyl radical is formed. The latter is reduced by the catalytic 
metal and becomes a peroxyl anion which after protonation yields the end 
product, a cis-trans conjugated hydroperoxide. sLOX-1 performs the initial 
hydrogen abstraction with an exceptionally high D-KIE of ~80 which is 
among the largest D-KIE ever seen in enzymatic reactions [142]. 

13R-LOX of G. graminis has attracted special interest and is the most 
studied fungal LOX [143-145]. This LOX and the recently identified 
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9S-LOX of Magnaporthe salvinii [146] are the only known LOX with 
manganese as catalytic metal. In contrast to FeLOX, 13R-MnLOX catalyzes 
suprafacial oxygen insertion and oxygenates LA to ~80% 13R-HPODE and 
~20% to the uncommon bis-allylic hydroperoxide 11-HPODE. The latter can 
be isomerized to 13R-HPODE [141]. 13R-MnLOX is secreted from 
G. graminis and might contribute to the oxidative damage of root cells de-
scribed below [130].  

Compared to mammalian and plant LOX little is known about the bio-
logical function of fungal LOX. However, there are indications that fungal 
LOX might be involved in quorum-sensing mechanisms as well as develop-
ment [147, 148]. 

Pathogenic fungi 
The enzyme activities studied in this thesis mainly derive from A. fumigatus, 
A. terreus, G. graminis, M. oryzae, and F. oxysporum. They belong to the 
Ascomycota (sac fungi) which is the largest phylum within the kingdom 
Fungi [149]. As indicated by their name, all ascomycetes contain an ascus 
which is a sac-like structure that contains the ascospores after meiosis. There 
are more than 30.000 ascomycetes and they account for 75% of all described 
fungi. Some of them are famous for being serious human and plant patho-
gens [150], producers of secondary metabolites [151], or hosts for recombi-
nant expression of proteins [152].  

Aspergillus is a genus of filamentous fungi and comprises about 250 spe-
cies [153]. Many of these moulds are of medical, biological, and industrial 
importance which is illustrated by the fact that the genomes of several 
aspergilli are sequenced [154]. Several species are dreaded due to their 
pathogenicity while the same or others species are invaluable for food fer-
mentation processes or industrial production of secondary metabolites, e.g., 
penicillin, ascorbinic, or citric acid [155, 156].  

A. fumigatus is infamous for being a potent human pathogen [157]. Its 
spores are ubiquitous in the atmosphere and enter the human body via the 
respiratory tract. In immunocompetent individuals, the spores are mostly 
eliminated by the innate immune system. In contrast, immunocompromized 
individuals are vulnerable to infection leading in the worst case to life-
threatening invasive aspergillosis, the main cause of death of immunocom-
promized patients. The effects of the mostly exclusively applied antifungal 
drug amphotericin B vary considerably among different patient groups but 
are generally poor, leading to a mortality rate of up to 90% [158, 159].  

Another important Aspergillus is A. terreus. It produces several secondary 
metabolites of economic importance, e.g., the cholesterol-lowering drugs 
lovastatin and simvastatin as well as itaconic acid [160, 161]. The latter is 
used as a monomer in the industrial synthesis of e.g., polyesters and plastics 
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[162]. A. terreus is also clinically relevant since it causes infections ranging 
from superficial infections to invasive aspergillosis in severely immunocom-
promized patients [163]. Due to limited response to the fungicidal drug am-
photericin B, infections with A. terreus are associated with higher mortality 
rates compared to other aspergilli [164].  

G. graminis and M. oryzae belong to the family Magnaporthaceae and 
are serious plant pathogens. G. graminis is a soilborne and root-infecting 
fungus which causes root rot of cereals and grasses [165]. This disease is 
also referred to as take-all and starts in the roots and extends to the whole 
plant causing nutrient- and water-deficiency symptoms which lead to pre-
mature death. Most vulnerable to infection are wheat and barley. Take-all is 
the most important root disease of wheat worldwide and is favored by mono-
culture. No effective and economic fungicide is available for disease control 
[166]. 

M. oryzae, previously known as M. grisea [167], was judged to be the sci-
entifically and economically most important fungal pathogen by a fungal 
pathologist community [168]. It causes the rice blast disease, which is the 
most destructive disease of rice worldwide with devastating consequences. 
The fungus destroys 10-30% of the annual rice harvest [169]. A loss of 10% 
corresponds to the amount of rice that could feed 60 million people. Today, 
more than 50% of the world population rely on rice and it is expected that it 
will increase by 2 billion people by 2050 [167]. It will therefore be strongly 
required to restrain the losses of the rice harvest. The genome of M. oryzae is 
published and the fungus serves as model to study host-fungal pathogen 
interactions [170]. Despite the effort and progress to understanding the rice 
blast disease, little of this knowledge has led to practical consequences for 
disease control [167]. 

Another devastating pathogen is F. oxysporum. Its species complex com-
prises a wide range of soilborne pathogens which collectively infect more 
than 100 different hosts and account for severe crop losses of economically 
important plants, e.g., tomato, cotton, banana [168, 171]. Fusarium species 
also infect humans and cause a broad spectrum of infections, ranging from 
allergic reactions, mycotoxicosis, and external infections to (locally) inva-
sive diseases. The latter are mainly restricted to severely immunocompro-
mized patients and are frequently fatal [172]. The genome of an F. ox-
ysporum isolate was released by the Broad Institute in 2007 which facilitates 
research on the pathogenic mechanism [171, 173].  
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Aims 

Several fungi are serious plant and human pathogens which cause devasta-
ting losses of staple foods and account for fatal infections of immunocom-
promized patients, respectively. It is vital to identify targets to restrain fungal 
pathogenicity. In order to reach this goal, genes and proteins of relevant 
pathogens need to be studied and linked to biological effects.  

The overall goal of the present study was to obtain further insight into the 
mechanisms of oxylipin biosynthesis in human and plant pathogenic fungi 
and to identify enzyme activities of unknown oxygenase-like genes in their 
genomes. Many of the underlying enzymes are DOX-CYP fusion proteins 
which have been successively discovered and characterized since the 1990s. 
Their N-terminal DOX domains share structural and catalytic similarities 
with COX and catalyze the formation of hydroperoxides. The latter are then 
converted by the C-terminal P450 domains to diols. 
 
 

Specific aims of the present thesis were to: 
 

• Clone and express ppoA of A. fumigatus.  
• Express and characterize the 8R-DOX domains of LDS. 
• Determine crucial amino acids for the 8R-DOX and hydroperoxide 

isomerase activities of LDS. 
• Obtain further insights into the mechanistic actions of COX, LOX, and 

8R-DOX by studying deuterium kinetic isotope effects and the oxidation 
of substrate analogs. 

• Determine the oxylipin profile of A. terreus. 
• Express putative DOX-CYP fusion proteins of A. terreus and 

F. oxysporum. 
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Comments on methodology 

Recombinant expression 
The precondition to all kinds of enzymatic studies is the availability of ade-
quate amounts of enzyme. While natural organisms under physiological 
conditions mostly produce enzymes at low concentrations, recombinant ex-
pression systems are widely used because they provide higher amounts of 
enzyme and allow protein modifications which facilitate further analysis or 
purification. Recombinant expression systems comprise living cells and take 
advantage of the cellular machinery to produce protein from a DNA template 
of interest. Bacterial, mammalian, and other eukaryotic cells are used for this 
purpose. These cells differ in their properties regarding their efficiency and 
ability to perform posttranslational modifications. The latter are often re-
quired to retain activity of eukaryotic enzymes. 

Expression was performed in insect cells and Escherichia coli, repre-
senting eukaryotic and prokaryotic expression systems, respectively. E. coli 
was used more often due to higher yields, less laboratory effort, and lower 
costs. 

Expression in insect cells 
In the beginning of the study, all recombinant enzymes were obtained by 
plasmid-driven expression in Sf21or Sf9 cells [174]. These lepidopteran cells 
lines stem from ovarian tissue of the fall army worm Spodoptera frugiperda 
(Sf). Sf9 is a subclone derived from Sf21 and these cells grow faster and at 
higher density. Protein expression is under control of the OpIE2 promoter 
from the Orgya pseudotsugata multicapsid nucleopolyhedrosis virus [175].  

Cells were grown in adherent cultures. This is a convenient way to main-
tain cells, but growing as a monolayer of course limits the cell density and 
thereby the protein yield. Nevertheless, the amount of active enzyme ob-
tained by insect cell expression was sufficient for enzyme activity assays. 

The open reading frames of the genes of interest were cloned into pIZ/V5-
His expression vectors with disruption of the native stop codons. The ex-
pression constructs prolonged the protein sequences with a C-terminal V5-
tag allowing Western blot analysis. Transfection of the cell lines was per-
formed by a plasmid-liposome complex. Two days post transfection, the 
cells were harvested, disrupted by sonication, and cell debris was removed 
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by centrifugation. The crude extract was either used immediately for enzyme 
activity assays or stored at -80 °C until needed.  

Expression in E. coli 
E. coli is one of the most thoroughly studied organisms and enables rapid 
and inexpensive overexpression of a large variety of proteins. The starting 
point for this was the work performed by Studier and colleagues in the 
1980’s [176]. They managed to insert the open reading frame of the RNA 
polymerase of the T7 bacteriophage into the genome of E. coli under control 
of the lac repressor. Expression of the T7 RNA polymerase can thus be con-
trolled by lactose or, more commonly, by isopropyl β-D-1-thiogalactopyra-
noside, which is a non-metabolizable mimic of lactose. The DNA coding for 
the protein of interest is inserted in a plasmid which is introduced into E. coli 
and which contains the T7 promoter sequence. The latter is famous for its 
extremely high affinity for the T7 RNA polymerase facilitating high expres-
sion levels. 

A common consequence of forcing E. coli to overexpression of a certain 
protein is the formation of insoluble inclusion bodies which often contain 
incorrectly folded and therefore inactive protein. Another disadvantage of 
E. coli is its disability to perform posttranslational modifications which are 
often required for activity of eukaryotic proteins.  

Although the largest parts of the proteins were indeed present in inclusion 
bodies, the amounts of soluble and active enzyme were sufficient for the 
present studies. Open reading frames of the genes of interest were extended 
with a 5’CAAC overhang by polymerase chain reaction (PCR) technology 
which facilitated direct blunt-end cloning into pET101D-TOPO [177]. This 
vector provides extension of the expressed protein with a V5-tag enabling 
detection of the protein by Western blot analysis. The vector was inserted 
into E. coli BL21(DE3) cells by heat shocking. Overexpression was induced 
by 0.1 mM isopropyl β-D-1-thiogalactopyranoside and lasted normally for 
5 h at room temperature under moderate shacking. Cells were harvested by 
sonication, lyzed, and sonicated. After removal of cell debris by centrifuga-
tion, the crude extract was ready for enzyme activity assays. 

Analysis of protein expression 
Recombinant enzymes were denatured with sodium dodecyl sulfate and 
separated by gel electrophoresis on an 8% polyacrylamide gel. After se-
paration, protein expression was studied by Western blot analysis. This tech-
nique takes advantage of the highly specific binding of an antibody with its 
antigen and allows qualitative, and to a certain degree quantitative, analysis 
of a protein of interest. The protein sequences of all recombinant enzymes 
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were fused to a C-terminal V5-epitope tag which served as antigen during 
Western blot analysis. The separated enzymes were blotted on a nitrocellu-
lose membrane which was subsequently incubated with two different anti-
bodies. The primary antibody specifically bound to the V5-epitop of the 
recombinant protein, whereas the secondary was an anti-mouse immuno-
globulin G conjugated to a horseradish peroxidase and bound to the primary 
antibody. Incubation with a substrate for the horseradish peroxidase yielded 
a luminescing product which could be detected by a photographic film, if a 
V5-taged protein was present on the membrane in sufficient amounts. 

Site-directed mutagenesis 
This technique allows the replacement of single amino acids in a protein 
sequence and the study of the impact of single residues on catalysis. Site-
directed mutagenesis is achieved by incorporation of point mutations in the 
DNA sequence by PCR technology. Essentially, the QuickChange protocol 
by Stratagene was followed [178] with Pfu or Phusion DNA polymerases. 
The primers were complementary to the DNA strands except for the desired 
mutation which was introduced in all amplicons during the PCR program. 
Methylated maternal DNA was digested with the restriction enzyme DpnI. 
Mutated plasmid was transformed into chemically competent E. coli cells 
(NEB5α) by heat shocking and mutagenesis was confirmed by sequencing.  

Enzyme activity assay 
300-500 µl of crude extracts from lyzed insect cells or E. coli were incubated 
with 100 µM fatty acid on ice for 30 min. Addition of 2-4 volumes of metha-
nol stopped the reaction due to precipitation of the proteins. Fatty acid me-
tabolites were purified with the aid of an octadecyl silica cartridge and eluted 
with ethyl acetate. Evaporation to dryness under a stream of nitrogen and 
dilution in ethanol reduced the sample volume to 40 µl whereof 10 µl were 
subject to analysis by high performance liquid chromatography-tandem mass 
spectrometry (HPLC-MS/MS). In some cases, hydroperoxy metabolites were 
reduced to the corresponding alcohols by addition of triphenylphosphine. 

Analysis of fatty acid metabolites  
High performance liquid chromatography 
Chromatography is the most commonly applied method for the separation of 
substances in complex mixtures. Separation is based on physical and/or 
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chemical properties of the sample components, e.g., hydrophobicity and 
steric configuration. A sample is dissolved in a mobile phase which passes a 
stationary phase. Separation of the components occurs due to different affini-
ties to the stationary phase which yields different retention times.  

In this study, fatty acid metabolites were separated by HPLC implying 
that a liquid mobile phase passes at high pressure (100-200 bar) through a 
column which contains the stationary phase. Analyses were either performed 
with octadecyl silica, silica, or chiral columns, also known as reversed, nor-
mal, and chiral phase (RP- / NP- / CP-) HPLC, respectively. Most often, 
mono- and dihydroxy metabolites were separated by RP-HPLC in isocratic 
mode with methanol/water/acetic acid (750/250/0.05 or 800/200/0.05) at a 
flow rate of 0.3 ml/min. Acetic acid served as additive to increase chromato-
graphic separation. When higher resolution was required, metabolites were 
separated by NP-HPLC on silica columns with hexane/isopropyl alco-
hol/acetic acid. Separation of stereo enantiomers was achieved by CP-HPLC 
with Reprosil Chiral NR, Reprosil Chiral AM, or Chiralcel OB-H columns 
which contain chiral stationary phases. Eluted metabolites were subject to 
analysis by mass spectrometry. 

Mass spectrometry 
This powerful method has been instrumental for the analysis of eicosanoids 
for decades. A mass spectrometer basically consists of an ion source, an 
analyzer, and a detector. Before entering the analyzer, the molecules have to 
be ionized and converted to the gas phase. Collision with an inert gas makes 
the ions break into fragments which can be separated by their mass-to-charge 
(m/z) ratios under the influence of electric and magnetic forces. The system 
is put under low pressure or vacuum which assures that only intramolecular 
fragmentations occur. This makes the m/z ratios and the relative intensities 
of fragments unique for every molecule.  

In the present study, ions of fatty acid metabolites were generated by 
electrospray ionization and analyzed in negative ion mode. During this pro-
cess, the sample passes a nozzle which, at its end, has a strong negative volt-
age. Evaporation of the solvent leads to a decrease of droplet size and an 
increase of the electric field density on the surface of the droplet. This pro-
cess proceeds until only gaseous ions remain. The latter enter the analyzer, a 
linear quadrupol ion trap. This instrument enables trapping, monitoring, and 
fragmentation of the ions before they are detected. 

Identification of fatty acid metabolites was performed by in-line analysis 
of HPLC coupled to mass spectrometry and was thus based on both retention 
times and m/z ratios. This was important, in particular if no baseline separa-
tion was achieved during HPLC. One has to keep in mind that analysis by 
liquid chromatography-MS/MS may be hindered due to the matrix effect 
[179], which results into altered ion intensities detected during MS analysis 
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due to the co-elution of matrix compounds to the MS interface. Especially 
for analysis of metabolites at very low concentrations, this effect has to be 
considered. NP- and CP-HPLC effluents were combined with a mixture of 
isopropyl/water to facilitate ionization prior to MS/MS analysis. 

Kinetic isotope effects 
Isotopes are chemical elements which have the same number of protons and 
electrons but different numbers of neutrons, leading to different mass num-
bers. Isotopes of the same element are chemically indistinguishable but be-
have differently in a dynamic sense which can be explained by the fact that 
heavy objects move more slowly than lighter ones [180]. Kinetic isotope 
effects (KIE) describe differences in dynamic behavior between isotopes 
[180] and facilitate the identification of rate-determining steps during a reac-
tion and thereby the elucidation of its mechanism [181]. For that purpose 
often deuterium-KIE (D-KIE) are determined since the mass ratio of the 
hydrogen isotopes protium and deuterium is much larger than for any other 
element [182].  

Isotopes differ in their vibrational zero-point energies (VZPE) which de-
scribe the energy at their ground state at absolute zero. The VZPE is directly 
correlated to the mass of a particle in inverse proportion. Due to their lower 
VZPE, heavier isotopes require higher energies for bond cleavage, which in 
turn requires higher activation energies and results in lower reaction rates 
[180]. The D-KIE can therefore be estimated by the ratio of the reaction 
rates (k) for the protonated (H) and deuterated (D) substrate: 

D-KIE = kH/kD 
The difference of activation energy required for breaking a C-H and C-D 

bond is ~1 kcal/mol which typically leads to a seven fold reduction of the 
reaction rate at room temperature [183]. Larger D-KIE cannot be explained 
by differences in VZPE alone and are a strong indication of hydrogen tun-
neling. This effect describes the possibility of hydrogen to “tunnel” through 
the energy barrier without reaching the transition state which is required 
according to the semi-classical transition-state-theory (Fig. 8) [182].  

Analyses of D-KIE were performed by comparison of the reaction rates 
during oxygenation of selectively deuterated and non-deuterated substrates 
by oxygen consumption assay, ultraviolet-spectroscopy, or by HPLC-
MS/MS. 
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Figure 8. Three models depicting the activation energies (ΔEa) needed to reach the 
transition state (TS), compiled from [182]. I, Classical model, no difference in ΔEa 
for protium (H), deuterium (D), and tritium (T). II, Semiclassical model which 
allows for different VZPE of H, D, and T, implying different ΔEa for the isotopes. 
III, Semiclassical model with tunneling correction. In addition to differences in 
VZPE, this model takes into account that lighter isotopes tunnel the energy barrier at 
a lower energy under the top of the barrier leading to lower ΔEa. E, energy; GS, 
ground state; RC, reaction coordinate. 

Bioinformatics 
Bioinformatics, also known as computational biology, comprises computer-
based methods for the analysis and maintenance of biological data and has 
captured an irreplaceable position in many kinds of life science research. 
The amount of data, e.g., from sequencing projects, 3D protein structures, 
and high throughput analyses, grows constantly and the data are archived in 
public accessible databases. Bioinformatic tools include e.g., methods for 
structural predictions of proteins and most importantly for analysis and 
alignment of DNA or protein sequences. The study of sequence similarities 
may reveal conserved patterns and is of fundamental importance e.g., for 
evolutionary studies, since similarities of protein sequences or structures 
often imply similar functions. 

In this study, nucleotide and protein sequences were obtained from Gen-
Bank (http://www.ncbi.nlm.nih.gov). The Basic Local Alignment Search 
Tool (BLAST) algorithm [184], which is the most widely used tool in bioin-
formatics [185], was applied for the search of homologs to a given nucleo-
tide or protein sequence. The ClustalW algorithm [186] allowed alignment 
of sequences. The SWISS-MODEL server [187] provided 3D models of 
given protein sequences by automated structure homology modeling. The 
construction of phylogenetic trees was performed with the help of the Mo-
lecular Evolutionary Genetics Analysis (MEGA) 4 or 5 software [188]. Se-
quencing was performed by the Uppsala Genome Center (Rudbeck Labora-
tory, Uppsala, Sweden). 
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Results 

Dioxygenase activities of LDS (paper I) 
PpoA of A. fumigatus was cloned from total RNA by reverse-transcription 
PCR and expressed in insect cells and E. coli. The recombinant enzyme 
transformed LA mainly to 8-H(P)ODE and 5,8-DiHODE and was therefore 
identified as 5,8-LDS. 

LDS belong to the DOX-CYP fusion enzyme family and contain an N-
terminal DOX and a C-terminal P450 domain (Fig. 9) [89, 90]. The latter 
contains the heme-thiolate Cys residue in the conserved motif Phe-Gly-Xaa-
Gly-Phe-His-Xaa-Cys-Xaa-Gly which is typical for all P450 [80]. Replace-
ments of the Cys residues of 5,8-LDS (Cys1006) and 7,8-LDS (Cys1080) of 
G. graminis with Ser retained DOX but abolished hydroperoxide isomerase 
activities. 

The DOX domains share sequence homology with COX [114, 115] which 
catalyze substrate activation by hydrogen abstraction performed by a tyrosyl 
radical in the conserved sequence Y(R/H)WH which is also present in DOX 
(Fig. 9). The Tyr374Phe mutant of 5,8-LDS of A. fumigatus abolished 8R-
DOX activity, which is in homology with the Tyr376Phe mutant of 7,8-LDS 
of G. graminis [112], but retained hydroperoxide isomerase activity. This 
demonstrates that DOX and P450 activities of LDS are independent of each 
other.  

As mentioned above, 8R-DOX shares structural and catalytic homology 
to COX and so does 10R-DOX. 8R-DOX and 10R-DOX both catalyze hy-
drogen abstraction at C8, but the positions for oxygen insertion differ.  

Val349 and Ser353 are crucial for COX catalysis [104] and replacements 
of the corresponding residues of 10R-DOX (Leu384 and Val388) with less 
bulky and bulkier residues, respectively, increased the relative amounts of 8-
HPODE up to five times [118]. Therefore, the corresponding residues of 5,8-
LDS of A. fumigatus, Val328 and Leu332, were substituted with a series of 
different amino acids. The results suggest that neither Val328 nor Leu332 
are involved in the correct direction of molecular oxygen since the relative 
formation of 8-H(P)ODE was not altered. This implies that the 8R-DOX 
domains are controlled by different residues compared to 10R-DOX and 
COX-1. 

Alignment of the predicted and known α-helices of 5,8- and 7,8-LDS and 
COX-1, respectively, led to the identification of the DOX domains. Expres-
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sion constructs of 674 and 673 N-terminal amino acids of 5,8- and 7,8-LDS, 
covering one additional α-helix compared to COX-1, yielded protein with 
unchanged or slightly lower 8R-DOX activity. This was judged by compari-
son of Michaelis menten constants of truncated and full-length constructs. In 
the latter, the catalytic Cys residues were substituted with Ser. Constructs 
lacking these extra helices were expressed but inactive. This shows that the 
8R-DOX domains are independent of their P450 domains and confirms that 
LDS are fusion enzymes. 

 
Figure 9. Overview of conserved regions and partial constructs of LDS. Catalyti-
cally important residues which were subject to site-directed mutagenesis are in bold. 
Km, Michaelis menten constant; NCBI, National Center for Biotechnology Infor-
mation. 

Hydroperoxide isomerase activities of LDS (paper II 
and V) 
The P450 domains of LDS contain a conserved sequence, Ala-Asn-Xaa-
Xaa-Gln, which might be located within the putative I-helix close to the 
heme (Fig. 9). This was judged from a 3D homology model of 7,8-LDS of 
G. graminis based on the crystal structure of CYP8A1(Fig. 10) [88]. The 
model suggests that Ala934 and Asn938 of 7,8-LDS align with Ala283 and 
Asn287 of the I-helix of CYP8A1. The latter residue is located close to the 
endoperoxide of PGH2 and is therefore likely involved in the scission of the 
O-O bond [88].  
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Figure 10. Alignment of the I-helix and Cys ligand loop of CYP8A1 with a 3D 
homology model of 7,8-LDS of G. graminis. The heme groups and catalytically 
important residues of CYP8A1 (grey) and the corresponding residues of 7,8-LDS 
(black) are depicted as sticks (CYP8A1: Ala283, Asn287, and Cys441; 7,8-LDS: 
Ala934, Asn938, and Cys1080), as well as Gln941 of 7,8-LDS.  

Replacements of Asn938 of 7,8-LDS of G. graminis with Leu, Asp, and 
Glu residues abolished and reduced the activities, respectively, suggesting 
that Asn938 is of catalytic importance (Table 1). Replacements of Gln941 
had minor effects.  

Substitutions of the homologous amide residues of 5,8-LDS (Asn887 and 
Gln890) of A. fumigatus yielded the opposite results. Formation of 5,8-Di-
HODE was retained as main metabolite when Asn887 was substituted with 
Leu, but was strongly reduced by the Gln890Leu replacement. Substitution 
of Gln890 with Glu retained 5,8-DiHODE as main metabolite, but had major 
impact on the product profile. Oxygenation was partly shifted to C11 and the 
amount of non-enzymatically formed epoxy alcohols was increased due to 
homolytic scission of the O-O bond.  

This is in agreement with the site-directed mutagenesis studies on the cor-
responding amide residues (Asn878 and Gln881) of 5,8-LDS of A. terreus. 
The Asn878Leu mutant supported heterolytic cleavage of 8R-HPODE as the 
native enzyme, but shifted oxygenation from C5 to C6 and C7. In contrast, 
exchanging Gln881 with Leu yielded a more rigorous effect. This replace-
ment virtually abolished the hydroperoxide isomerase activity. Gln881 was 
also substituted with Asn, Glu, Asp and Lys yielding three effects. First, 
increased non-enzymatic formation of epoxy alcohols by homolytic scission 
of 8R-HPODE (Gln881Asn, Gln881Lys, Gln881Asp). Second, the product 
pattern was altered with increased formation of 6,8-DiHODE (Gln881Asn) 
and 8,11-DiHODE (Gln881Asp, Gln881Glu, Gln881Lys). Third, enzymatic 
formation of epoxy alcohols by homolytic cleavage of 8R-HPODE 
(Gln881Glu).  

The main results suggest that LDS catalyze hydroperoxide isomerase ac-
tivities by two different amide residues. 7,8- And 5,8-LDS might use Asn 
and Gln residues, respectively. These residues seem to be involved in the 
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heterolytic scission of the oxygen-oxygen bond of 8R-HPODE. This is the 
first description that LDS might differ in catalytically important amino acids.  
 

Table 1. Summary of the effects of the replacements of amide residues of the Ala-
Asn-Xaa-Xaa-Gln motif on the hydroperoxide isomerase activities of LDS of 
G. graminis and 5,8-LDS of A. fumigatus and A. terreus, respectively. The catalytic 
activities of the native and mutated enzymes are schematically graded from +++ to – 
for simplicity. G. graminis, gg; A. fumigatus, af; A. terreus, at.  

7,8-LDSgg 5,8-LDSaf 5,8-LDSat 

Native +++ Native +++ Native +++
N938L 
N938Q 
N938D 
 
Q941L 
 
 
 
Q941E 

- 
+ 
+ 
 
++ 
6,8-DiHODE  
8,11DiHODE  
 
++ 
5,8-DiHODE 
8,11-DiHODE 

N887L 
 
 
 
Q890L 
 
 
 
Q890E 

++ 
6,8-DiHODE    
8,11-DiHODE  
 
+ 
 
 
 
++ 
8,11-DiHODE 
Epoxy alcohols 

N878L 
 
 
 
Q881L 
Q881D/E 
 
 
Q881N/K 

++ 
6,8-DiHODE      
7,8-DiHODE      
 
- 
++ 
8,11-DiHODE    
Epoxy alcohols   
++ 
Epoxy alcohols   
Other diols          

Novel insights into the reaction mechanisms of COX, 
8R-DOX, and LOX (paper III) 
The oxidation mechanisms of ovine COX-1, 8R-DOX of 5,8- and 7,8-LDS 
of A. fumigatus and G. graminis, and two LOX (13R-MnLOX and sLOX-1) 
were studied with cis-trans isomers of LA, selectively deuterated substrates, 
and fatty acids which differed in chain length and number of double bonds.  

The initial oxidation rates during the conversion of C18 and C20 mono- and 
polyunsaturated fatty acids by COX-1 were compared. C20 and C18 fatty 
acids were oxygenated in the following order of rates: 20:2n-6 > 20:1n-6 > 
20:3n-9 > 20:1n-9 and 18:3n-3 > 18:2n-6 > 18:1n-6, respectively, whereas 
18:1n-9 was not oxidized. 

LA, (9E,12Z)18:2 and (9Z,12E)18:2 were all oxidized by COX-1 by hy-
drogen abstraction at C11 and antarafacial oxygen insertion. The former two 
substrates mainly supported oxygenation at C9 and the latter at C13 
(Fig. 11). Formation of the 13S-stereoisomer from (9Z,12E):18:2 was unex-
pected and was shown to involve bond rotation at C13 which yields the 
1Z,4Z-pentadiene radical. These results demonstrate that a cis double bond 
in the n-6 position facilitates substrate positioning. 
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8R-DOX of 5,8- and 7,8-LDS oxygenated (9Z,12E)18:2 mainly at C8, as 
expected. Incubations with (9E,12Z)18:2 and (9E)18:1 revealed differences 
in substrate specificities, as only 8R-DOX of 5,8-LDS accepted these fatty 
acids as substrates. Unexpectedly, (9E,12Z)18:2 was mainly converted to the 
9R-hydroxy metabolite which requires hydrogen abstraction at C11. This is 
the first report that 8R-DOX can catalyze hydrogen abstraction from bis-
allylic carbon atoms. 

 
Figure 11. Overview of hydrogen abstraction and formation of major oxygenation 
products of cis-trans isomers of LA by ovine COX-1 and 8R-DOX. Top, COX-1 
oxidizes (9E,12Z)18:2 mainly by hydrogen abstraction at C11 and antarafacial oxy-
gen insertion at C9. Middle, (9Z,12E)18:2 is oxidized by COX-1 mainly to the 13S-
hydroperoxy metabolite which requires bond rotation at C13. Bottom, 8R-DOX 
catalyzes hydrogen abstraction at the bis-allylic C11 of (9E,12Z)18:2 with formation 
of 9R-HPODE. 

At pH 9, sLOX-1 abstracts the pro-S hydrogen at C11 of LA with for-
mation of 13S-HPODE and when the carboxyl group is uncharged due to a 
lower pH, the substrate binds in opposite direction and forms 9S-HPODE 
(Fig. 12) [189]. The oxygenation of cis-trans isomers of LA at neutral pH 
has been studied by Funk et al. [190]. We reinvestigated these oxidations at 
pH 9.  

Oxidation of (9E,12Z)18:2 mainly yielded 9-HPODE (95%), almost in ra-
cemic mixture (R/S ratio of 60/40), and small amounts of the trans isomer of 
13-HPODE. In contrast to the reaction at neutral pH, we could not detect 13-
HODE with 9Z,11E configuration which requires bond rotation at C9 [190]. 
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The almost racemic formation of 9-HODE suggests that the substrate binds 
in both orientations (Fig. 12). 

Oxidation of (9Z,12E)18:2 yielded 9-HPODE (65%) and 13-HPODE 
(35%; R/S ratio, 64/36), essentially as previously reported at neutral pH 
[190]. Since [11R-2H](9Z,12E)18:2 was not oxidized at a detectable rate, 
(9Z,12E)18:2 likely binds to the enzyme in reverse orientation compared to 
LA with abstraction of the pro-R hydrogen of C11. Formation of the R-
stereoisomer of 13-HPODE is likely achieved by bond rotation at C13.  

 
Figure 12. Overview of hydrogen abstraction and oxygen insertion of LA and its 
cis-trans isomers by sLOX-1. Top, At pH 9, sLOX-1 catalyzes abstraction of the 
pro-S hydrogen of C11, followed by oxygen insertion and formation of 13S-
HPODE. At a lower pH, the substrate binds in inverse orientation with formation of 
9S-HPODE. Middle, Oxidation of (9E,12Z)18:2 yields 9-HPODE, almost in racemic 
mixture, which suggests that the substrate binds in both orientations. Bottom, 
sLOX-1 oxidizes (9Z,12E)18:2 to a mixture of 9- and 13-HPODE. Formation of 
13R-HPODE can be explained by bond rotation at C13. 
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Kinetic isotope effects of COX, 8R-DOX, 9-DOX, and 
LOX (paper III, V, and VI)  
The D-KIE of sLOX-1 and COX-1 during oxygenation of AA differ by a 
factor of greater than 10. While LOX are limited to hydrogen abstraction 
from bis-allylic carbon atoms, COX-1 is also capable to abstract hydrogen 
from allylic carbon atoms, a process which requires more energy. Our 
hypothesis was that the D-KIE might be higher during energetically more 
demanding reactions since their reaction rates should depend to a greater 
extent on the contribution of hydrogen tunneling.  

We therefore performed the following studies. (i) Comparison of the D-
KIE of COX-1 during abstraction of hydrogen atoms from allylic and bis-
allylic carbon atoms. (ii) Estimation of the D-KIE of hydrogen abstraction 
from allylic and bis-allylic carbon atoms by 8R- and 9-DOX, respectively. 
(iii) Comparison of the D-KIE of sLOX-1 and 13R-MnLOX which have dif-
ferent catalytic metals, Fe and Mn, respectively. 

The oxidation rates of non- and selectively deuterated LA and 20:1n-6 by 
COX-1 were compared by oxygen consumption assays. Oxygenation of LA 
and 20:1n-6 represent hydrogen abstractions at C11 (bis-allylic) and C13 
(allylic), respectively. The results suggested a D-KIE of ~3 for LA and ~25 
for 20:1n-6 (Fig. 13). In homology to COX-1, 8R-DOX catalyzed allylic 
hydrogen abstraction at C8 with a high D-KIE (>20), as judged by compari-
son of the reaction rates of during oxidation of [8,8-2H2]18:1n-9 and 18:1n-9.  

These results suggest that oxidations at allylic carbon atoms by COX-1 
and 8R-DOX are accompanied by large D-KIE which can be explained by 
hydrogen tunneling.  

The D-KIE of the 9R- and 9S-DOX activities of A. terreus and recombi-
nant FOXB_01332 were estimated to be < 5, respectively. This was judged 
by comparison of the oxidation rates of [11,11-2H2]18:2n-6 with 18:2n-6 or 
[13C18]18:2n-6. This implies that the D-KIE during hydrogen abstraction 
from bis-allylic carbon atoms by fungal 9-DOX activities and COX-1 are in 
the same order of magnitude.  

Oxygenation of [11S-2H]18:2n-6 by 13R-MnLOX occurred with a D-KIE 
which is in the same magnitude as for sLOX-1 (~53). This suggests that the 
catalytic metals, Fe and Mn, respectively, do not affect the D-KIE. 
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Figure 13. Summary of apparent D-KIE during hydrogen abstraction from 
bis-allylic and allylic carbon atoms by different dioxygenases. 

Oxylipin profile of A. terreus (paper IV) 
A BLAST search revealed the existence of five DOX-CYP homologues in 
the genome of A. terreus. According to a phylogenetic tree, two of these 
genes were likely to encode known enzyme activities, viz. 10R-DOX and 
5,8-LDS activities, since their deduced protein sequences clustered with 
enzymes with known activities from other aspergilli. Since three genes re-
mained orphans, the potential to find novel oxylipins encouraged us to study 
the oxygenation of fatty acids by A. terreus. 

In addition to the expected monohydroxy metabolites, 8R- and 10R-
HPODE, 9(R)-hydroperoxy-10(E),12(Z)-octadecadienoic acid (9R-HPODE) 
was identified (Fig. 14). The latter was shown to be formed by hydrogen 
abstraction at C11, followed by double bond migration and suprafacial oxy-
gen insertion at C9. This was judged by incubations with [11S-2H]18:2n-6 
with retention of the deuterium label suggesting abstraction of the pro-R 
hydrogen of C11. Separation of the stereoisomers by CP-HPLC and com-
parison of the retention times with the one for 9S-HPODE obtained from 
potato stolons indicated that the 9R stereoisomer was formed with high ste-
reoselectivity suggesting enzymatic formation. 

Besides the expected 5S,8R-DiHODE metabolite, oxidation of LA by 
A. terreus also yielded high amounts of two other polar metabolites, 9-hy-
droxy-10-oxo-12(Z)-octadecenoic acid (α-ketol) and 13-hydroxy-10-oxo-
11(E)-octadecenoic acid (γ-ketol) (Fig. 14). The latter two are most likely 
hydrolysis products of the unstable allene oxide 9(R),10-epoxy-10,12(Z)-
octadecadienoic acid. The AOS activity of A. terreus seems to be specific for 
9R-HPODE as substrate since neither 9S-HPODE, 13R/S-HPODE, nor 13R-
HPOTrE were transformed to significant amounts of α-ketols.  

Neither 9R-HPODE nor the allene oxide had been described before to be 
enzymatic products from any other Aspergillus. This publication is the first 
report that linoleate 9R-DOX and allene oxide activities can be expressed by 
fungi. 
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Figure 14. Overview of the metabolites formed from LA by A. terreus. 

Discovery of the first fungal AOS (paper V) 
As reported in paper IV, A. terreus possesses 9R-DOX activity linked to an 
AOS. The genome of A. terreus contains five genes (ATEG) with homology 
to DOX-CYP fusion proteins which might account for these activities. 
Cloning and expression of all of them led to the identification of the first 
fungal AOS. The gene coding for this activity was shown to be located 
within the P450 domain of the DOX-CYP fusion gene ATEG_02036. Incu-
bations of the recombinant enzyme with 9R-HPODE yielded mainly 9-hy-
droxy-10-oxo-12(Z)-octadecenoic acid (α-ketol) and trace amounts of 13-
hydroxy-10-oxo-11(E)-octadecenoic acid (γ-ketol) which are spontaneous 
hydrolysis products of the unstable allene oxide 9(R),10-epoxy-10,12(Z)-
octadecadienoic acid. The fungal AOS belongs to the CYP6003 family and 
shows higher sequence identity to 5,8-LDS (~37%) than to plant AOS 
(CYP74) or CYP8A1 (<15%). The low sequence homology to CYP74 and 
the absence of the characteristic insert of nine amino acids close to the cys-
teinyl ligand which is typical of other CYP74 [39] demonstrates that the 
fungal AOS sequence is unique and that it must have evolved independently 
from CYP74.  

In summary, this publication describes the discovery of the first allene 
oxide synthase of fungal origin. 
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Crucial amide residue for AOS activity of A. terreus 
(paper V) 
As the P450 domains of LDS, the AOS of A. terreus contains the conserved 
sequence Ala-Asn-Xaa-Xaa-Gln described above. The importance of the 
latter amide residues (Asn964 and Gln967) was studied by site-directed mu-
tagenesis. Asn964 of the AOS was shown to be crucial for catalysis since 
replacements with Val and Asp almost abolished and strongly reduced the 
activity, respectively. In addition to small amounts of the α-ketol, incuba-
tions of the Asn964Asp mutant with 9R-HPODE also yielded epoxy alco-
hols. This indicates that the homolytic cleavage of the hydroperoxide is re-
tained but that the desaturation step is disturbed which favors the formation 
of epoxy alcohols. These results suggest that Asn964 is important but not 
absolutely required for catalysis. This is in accordance with other members 
of P450 class III, e.g., CYP8A1 and CYP74, which also use Asn residues for 
formation of hydrogen bonds with the dioxygen of PGH2 and hydroper-
oxides, respectively, and facilitate homolytic scission of the oxygen-oxygen 
bonds [39, 88]. Substitution of Gln967 with Leu did not seem to affect 
catalysis. This was unexpected since the homologous Gln residue is im-
portant for the hydroperoxide isomerase activity of 5,8-LDS and since the 
fungal AOS shows higher homology to 5,8-LDS than to other P450 class III, 
as described above.  

In brief, Asn964 seems to be essential for the AOS of A. terreus. 

10-DOX and 5,8-LDS of A. terreus (paper V) 
Cloning and expression of ATEG_04755 yielded a protein which supports 
10R-DOX activity. The recombinant protein transformed LA and 18:3n-6 
mainly to 10R-HPODE and 10-HPOTrE, respectively. In analogy with 10R-
DOX of A. fumigatus and A. nidulans [118, 119], ATEG_04755 yielded 8-
hydroperoxyoctadecamonoenoic acid as main metabolite when incubated 
with oleic acid. 

Cloning of ATEG_03992 yielded two different cDNA sequences. One 
coded for the same 1071 amino acids which were predicted by conceptual 
translation (GenBank accession number EAU35794) and supported 5,8-LDS 
activity. The other cDNA sequence is presumably the result of alternative 
splicing.  

In the splice variant, the last intron is part of the open reading frame, 
leading to a frameshift after the first 963 N-terminal amino acids and the 
introduction of a stop codon after 1064 residues. This implies that the splice 
variant lacks the heme thiolate residue which is absolutely required for all 
P450 activities.  
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The splice variant of ATEG_03992 supports 8R-DOX activity as judged 
by incubations with LA, α-LA, and oleic acid, but as expected, it does not 
possess any hydroperoxide isomerase activity. This is the first indication that 
the oxylipin profile might be influenced by alternative splicing events. 

Discovery of a 9S-DOX-AOS fusion enzyme of 
F. oxysporum (paper VI) 
A BLAST search on AOS of A. terreus (ATEG_02036, GenBank accession 
number AGH14485) revealed the existence of a homologous protein in 
F. oxysporum Fo5176 with predicted DOX and P450 domains in the N- and 
C-terminal parts, respectively. The deduced protein sequences of 
FOXB_01332 (GenBank accession number EGU88194) and ATEG_02036 
share about 50% sequence identity. We purchased the open reading frame of 
FOXB_01332 and expressed the protein in E. coli to study whether it could 
convert LA.  

The DOX and P450 domains were both expressed as active proteins. 
FOXB_01332 converted LA to 9S-HPODE by abstraction of the pro-R hy-
drogen, followed by double bond migration and antarafacial insertion of 
oxygen at C9, as judged by incubations with [11S-2H]18:2n-6 and [11R-
2H]18:2n-6, respectively. The hydroperoxide was transformed to an unstable 
allene oxide, 9S(10)-epoxy-10,12(Z)-octadecadienoic acid, (9S(10)-EODE), 
as indicated by the presence of its hydrolysis products 9-hydroxy-10-oxo-
12(Z)-octadecamonoenoic acid (α–ketol) and 13-hydroxy-10-oxo-11(E)-
octadecamonoenoic acid (γ–ketol). FOXB_01332 is therefore designated 9S-
DOX-AOS. The recombinant enzyme did not transform 9R-HPODE, 13S-, 
or 13R-HPODE to allene oxides which implies that 9S-DOX-AOS is not 
involved in the biosynthesis of allene oxides as precursors of JA.  

9S-DOX-AOS is homologous to LDS, 10R-DOX, and to AOS of 
A. terreus, e.g., as indicated by conserved histidine ligands to the heme and 
the catalytically tyrosyl residue. In contrast to the latter enzymes, 9S-DOX-
AOS does not have the conserved sequence Ala-Asn-Xaa-Xaa-Gln in its 
P450 domain which comprises catalytically important amide residues for the 
scission of the dioxygen bonds of hydroperoxides. It is therefore likely that 
fungal AOS constitute at least two different subfamilies.  

In conclusion, we report the first linoleate 9S-DOX. This enzyme is fused 
to a P450 domain with AOS activity specific for 9S-HPODE. This is the first 
description that allene oxides can be formed by a heme-dependent DOX-
CYP fusion protein and without the need of a lipoxygenase.  
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Discussion 

Oxylipins have regulatory functions in fungal development and mycotoxin 
production [61, 122]. Some fungi are severe plant and human pathogens. 
G. graminis and M. oryzae cause loss of wheat and rice crops which could 
feed millions of people while infections with Aspergilli account for fatal 
infections of immunocompromized patients being a severe problem in the 
clinic. The main goal is to find targets to contain fungal pathogenicity. We 
are though still quite far away from this goal. Therefore, basic research 
needs to be conducted to identify potential targets and to study genes and 
proteins and to link them to their biological effect. This may be facilitated by 
studying the oxygenation mechanisms of oxylipins and their signaling path-
ways. Fortunately, much of the knowledge gained from the eicosanoid field 
is applicable to fungal oxylipin research.  

The interest in research on fungal dioxygenases has increased considera-
bly with the discovery that these enzymes share structural and catalytic simi-
larities with COX [113, 114], enzymes which belong to the most thoroughly 
studied mammalian oxygenases due to their physiological and pharmaco-
logical importance. The study of fatty acid oxygenases also allows insights 
into their evolutionary relationships and reveals similarities in plant, fungal, 
and animal pathogen responses. Furthermore, it is assumed that fungi 
comprise a rich source of still unknown secondary metabolites of potential 
value. 

Due to extensive sequencing projects [116], bioinformatic tools, and 
molecular biology, COX-related enzymes were identified in several im-
portant fungi [56, 57, 191]. The first fungal enzyme of this group was 7,8-
LDS of G. graminis [109, 114]. The release of genomes of several aspergilli 
facilitated the identification of three 7,8-LDS-like genes, ppoA, B, and C, in 
A. nidulans and A. fumigatus [56, 57]. The cloning and recombinant expres-
sion of ppoA of A. fumigatus was the starting point for the present study.  

LDS are fusion proteins 
LDS are members of the DOX-CYP fusion enzyme family. Their N- and C-
terminal domains belong to the peroxidase and the P450 superfamilies, res-
pectively. The first domain catalyzes the formation of a tyrosyl radical which 
abstracts the pro-S hydrogen of C8 with formation of 8R-HPODE. The latter 
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is transformed by the hydroperoxide isomerase activities of the C-terminal 
domains to 5,8- or 7,8-DiHODE, respectively.  

Fusion proteins have evolved by joining of two genes coding for separate 
proteins, most likely to ensure efficient progression of linked reactions. One 
example for a fusion protein is CYP102A1 (P450 BM3) from the bacterium 
Bacillus megaterium which catalyzes NADPH-dependent hydroxylation of 
fatty acids. Its FAD- and FMN-containing reductase is fused to the C-termi-
nal end of the P450 enzyme ensuring efficient electron transport and one of 
the highest turnover numbers reported for P450 [192]. Another example is 
PGHS with its COX and POX activities described in the introduction.  

DOX activities 
The 8R-DOX domains of LDS can be aligned with COX and α-DOX around 
the YRWH motif with the catalytically important tyrosine and the distal 
histidine. The identification of residues which are in control of the DOX 
reaction is based on the similarity to COX. This similarity also facilitated the 
identification of the 8R-DOX domains of LDS.  

Partial constructs of 5,8- and 7,8-LDS of A. fumigatus and G. graminis, 
respectively, corresponding in length to COX, yielded inactive protein, 
whereas those which contained one additional α-helix, yielded prominent 
8R-DOX activities. The fact that the DOX domains could be expressed as 
active proteins and that they are structurally independent of their P450 do-
mains confirms that LDS are fusion enzymes.  

Replacement of Tyr374 of 5,8-LDS of A. fumigatus abolished the DOX 
activity, whereas the P450 activity remained unaffected. This indicates that 
Tyr374 may have a homologous function as Tyr385 of COX-1 which is oxi-
dized to a radical by the heme prior to hydrogen abstraction of the substrate. 
This is in agreement with corresponding mutations performed on other LDS, 
e.g., 7,8-LDS of G. graminis [112], 5,8-LDS of A. nidulans [90], and 
α-DOX of the plant Oryza sativa [127].  

Other similarities of 7,8-LDS of G. graminis and 10R-DOX of 
A. fumigatus with COX were thoroughly studied by Garscha and Oliw, 
mainly by site-directed mutagenesis [118]. By these studies, Leu384 and 
Val388 were shown to control the regiospecificity during oxygen insertion 
by 10R-DOX. Leu384 corresponds to Val349 of ovine COX-1 which is 
known to be involved in controlling the dioxygenation at C11/15 [104, 108]. 
The corresponding residues of 5,8-LDS of A. fumigatus to Leu384 and 
Val388 are Val328 and Leu332. However, replacements of the latter two 
residues by site-directed mutagenesis did not imply any alteration of the 
relative formations of 8R- or 10R-H(P)ODE. These replacements were per-
formed with the Cys1006Ser mutant as template to prevent further isomeri-
zation of 8-HPODE to 5,8-DiHODE to facilitate the analysis. Corresponding 
mutants of 5,8-LDS of A. nidulans (Val328Ala and Val328Leu) had intact 



 44 

isomerase activities and had, if any, only minor impact on the oxygenation 
position [119]. It remains unknown which residues control of the insertion of 
oxygen in 5,8-LDS. 

P450 activities 
The first prediction that LDS have a C-terminal P450 domain was reported 
by Lee and coworkers and was based on bioinformatic analysis [89]. One 
year later, Brodhun and coworkers confirmed this prediction by expression 
and characterization of 5,8-LDS of A. nidulans which included the record of 
the Soret peak at 450 nm characteristic for P450 [90]. Earlier attempts to 
identify the P450 domains of LDS failed due to instability of the carbon 
monoxide complex. 

As expected, replacement of the heme ligand Cys1006 of 5,8-LDS of 
A. fumigatus with Ser abolished the hydroperoxide isomerase activities. This 
is in accordance with the corresponding mutations performed on 7,8-LDS of 
G. graminis and 5,8-LDS of A. nidulans [90]. 10R-DOX are also DOX-CYP 
fusion enzymes, but they lack isomerase activities partly since the cysteinyl 
heme ligand is replaced by a Ser. Replacement of this residue to Cys was not 
sufficient to obtain P450 activity of 10R-DOX of A. fumigatus in analogy 
with 10-DOX of A. nidulans [119].  

Partial expression of three different P450 domains of 5,8-LDS of A. fu-
migatus, which varied in length, yielded, in contrast to the DOX domains, 
inactive enzyme. Nevertheless, co-incubations of Tyr374Phe and 
Cys1006Ser of A. fumigatus with LA yielded both 8R-H(P)ODE and 5S,8R-
DiHODE, showing that the two domains are catalytically independent of 
each other, which supports that LDS are fusion enzymes.  

In comparison to the DOX domains, little is known about the regiospeci-
ficity of the P450 activities. Although it is challenging to obtain information 
on the P450 domains by homology only, we could identify a conserved and 
catalytically important sequence, Ala-Asn-Xaa-Xaa-Gln, which might be 
located within the I-helix, as judged by a homology model of 7,8-LDS based 
on CYP8A1.  

The Asn residue of this sequence can be aligned with the catalytic 
Asn287 of CYP8A1 which in turn has a homologous function as the Thr 
residue of the conserved acid/alcohol pair of P450 class I and II which facil-
itates proton delivery for the hydroxylation reaction. Replacements of the 
amide residues of the Ala-Asn-Xaa-Xaa-Gln sequence were shown to affect 
hydroperoxide isomerase activities of 5,8-LDS of A. terreus and A. fumiga-
tus and 7,8-LDS of G. graminis either with in loss of activity, shift of the 
oxygenation position, and/or (non-)enzymatic formation of epoxy alcohols. 
These residues might therefore have a similar function as the acid/alcohol 
pair and Asn residues of P450 class I and II and class III, respectively.  
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The shift to the enzymatic formation of epoxy alcohols is of special inter-
est since it implies a change from heterolytic to homolytic cleavage of the 
oxygen-oxygen bond of 8R-HPODE (Fig. 15). It would be of great interest 
to understand the mechanistic differences favoring homo- and heterolytic 
O-O bond scissions. It is discussed that the active site microenvironment is 
influenced by water molecules, the electron density at the porphyrin iron, 
and by hydrogen bonds which facilitate charge separation to a higher or 
lower extend which promotes homo- or heterolytic scission [83]. The 
possibility of the enzyme to stabilize a radical also affects the scission pro-
cess. Most likely, 3D structures with high resolution are inevitable to solve 
this issue. 

 
Figure 15. Overview of the conversion of 8R-HPODE to diols and epoxy alcohols 
by heterolytic and homolytic scission of the oxygen-oxygen bond, respectively. 
Amide residues of the Ala-Asn-Xaa-Xaa-Gln motif of LDS seem to affect the scis-
sion. 

 
Site-directed mutagenesis was the method of choice to study the impact of 

single amino acid residues on catalysis and the product pattern. Expression 
of protein was confirmed by Western blot analysis when required. Since 
LDS have dual enzyme activities, the enzyme activity of the unaffected do-
main served as internal control for expression, implying that Western blot 
analysis was only indicated when replacements in the DOX domain yielded 
inactive enzyme.  

It is tempting to overestimate the results obtained from site-directed mu-
tagenesis studies. Therefore, one has to keep in mind that this technique has 
limitations. To interpret the loss of activity only based on site-directed muta-
genesis is problematic since it may be a result of unspecific structural 
changes, disruption of the protein structure, or due to the loss of heme. The 
binding of the substrate may be affected or it may be a combination of these 
effects which is visible as the final effect (loss of activity or an altered pro-
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duct pattern). Without 3D information from crystallographic studies, results 
from site-directed mutagenesis studies have to be interpreted with caution. 
However, even if 3D information is available, one has to consider that en-
zymes may undergo conformational changes by induced-fit mechanisms 
upon substrate binding [193].  

Another fact important to allow for is that the results on catalysis and the 
product profile from overexpressed enzymes outside from their cellular envi-
ronment may not be fully applicable to living organisms. There are indica-
tions that the hydroperoxide isomerase reactions are influenced by post-
translational modifications, alternative splicing events, and gene regulation. 
Eukaryotic enzymes are often subject to posttranslational modification. A 
study from Jernerén and coworkers suggest that the different oxygenation 
profiles of M. oryzae and its naturally occurring mutant (Δmac1 sum1-99), 
which possesses constitutively protein kinase A activity, might be due to 
phosphorylation [194].  

Another indication that phosphorylation may affect enzyme activity was 
provided by Gilbert and coworkers with their recent study on human 5-LOX 
[195]. They mimicked phosphorylation at Ser-663 by replacing this residue 
with an Asp. This mutant showed robust 15-LOX but only traces of 5-LOX 
activity. However, replacements of predicted phosphorylation sites of 7,8-
LDS of M. oryzae with Ser and Glu residues did not affect the product pro-
file (Hoffmann and Oliw, unpublished observation). It would be interesting 
to co-express 7,8-LDS of M. oryzae with protein kinase A and to study the 
effect on the product profile although one has to keep in mind that there 
might be other mechanisms than phosphorylation which may affect the en-
zyme activity and the oxygenation products of M. oryzae.  

We found that alternative splicing events may influence the product pat-
tern of A. terreus. Cloning of 5,8-LDS of A. terreus yielded besides the ex-
pected full-length cDNA a splice variant which encodes a protein that lacks 
the cysteinyl ligand. The splice variant of ATEG_03992 supports 8R-DOX 
activity as judged by incubations with LA, α-LA, and oleic acid, but as ex-
pected, it does not possess any hydroperoxide isomerase activity. This is the 
first indication that the oxylipin profile might be influenced by alternative 
splicing events. 

The oxylipin profile may also be affected by gene regulation as indicated 
by the fact that the oxygenation products of A. fumigatus and A. nidulans 
vary with the growth conditions [57].  

Taken together it becomes obvious that oxylipin biosynthesis depends on 
a multitude of factors, e.g., posttranslational modification, alternative spli-
cing, and gene regulation. Further research is needed to comprehend the 
overall picture. 
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Fusion enzymes with AOS activities 
We discovered the first fungal AOS in the C-terminal domains of the two 
DOX-CYP fusion proteins ATEG_02036 of A. terreus and FOXB_01332 of 
F. oxysporum, respectively. Unlike other AOS, these enzymes show about 
30% homology to LDS and comprise therefore a novel group of AOS. This 
suggests that the group of heme-dependent DOX-CYP fusion proteins not 
only comprises LDS but also DOX-AOS.  

Fusion proteins with AOS activities have also been reported from the 
coral Plexaura homomalla [196, 197] and the cyanobacterium Acaryochloris 
marina [198]. These enzymes contain N-terminal catalase domains which 
account for AOS activities and C-terminal LOX domains. The independency 
of the 8R-LOX and AOS activities of the coral fusion enzyme was proved by 
separate recombinant expressions [197]. 

Fungal 9-DOX activities 
It has been known for a long time that LA can be oxygenated at C9 by the 
action of 9S-LOX of plants [199]. Our studies show that 9-HPODE also can 
be formed by a similar mechanism by fungal 9-DOX activities. A. terreus 
and FOXB_01332 comprise linoleate 9R- and 9S-DOX activities, respec-
tively. In both cases, 9-HPODE serves as substrate for the subsequent for-
mation of allene oxides, as it is the case in L. theobromae, which possesses 
9R-DOX and AOS activities [200].  

8R-DOX of 5,8-LDS of A. fumigatus can also form 9R-HPODE by hy-
drogen abstraction at C11 when incubated with (9E,12Z)18:2. Although the 
latter substrate is not naturally occurring it shows that hydrogen abstraction 
and oxygen insertion can be altered by small steric changes. 

Whereas both 9-DOX abstract the bis-allylic pro-R hydrogen of C11, the 
activities differ in their direction of oxygen insertion (Fig. 16). 9S-DOX 
catalyzes antarafacial and 9R-DOX suprafacial oxygen insertion. However, 
it is known that single amino acid substitutions can change regio- and stereo-
specificities of LOX [201, 202]. It remains to be determined which residues 
account for the difference of orientation of oxygen insertion of 9-DOX. In 
analogy with lipoxygenases, 9R-DOX does not oxygenate oleic acid, pre-
sumably due to the lack of bis-allylic carbon atoms. In contrast, 9S-DOX is 
capable to perform the energetically more demanding abstraction of 
hydrogen atoms from allylic carbon atoms, as seen by oxygenation of 
18:1n-6 and 18:1n-9 at C11.  

9-DOX and lipoxygenases show a characteristic difference. Whereas the 
latter are famous for high contribution of hydrogen tunneling to the reaction 
rate, 9-DOX perform bis-allylic hydrogen abstractions with a more than ten-
fold lower D-KIE (<5) which is in the range of typical DOX reactions and 
virtually excludes hydrogen tunneling. 
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Comparison of partial sequences of ATEG_02036, 9S-DOX, and 8R-
DOX reveal an interesting difference in the conserved YR/HWH motif of 
8R-DOX and COX which comprise the putative catalytic tyrosine and distal 
heme. The Trp residue of this sequence is replace by a Phe in ATEG_02036 
and 9S-DOX and in other related (>50% sequence identity) orphan se-
quences. However, replacement of this Phe of FOXB_01332 with Trp did 
not affect the oxygenation position. Nevertheless, the YR/HWH motif seems 
to define different subfamilies of dioxygenases.  

It is remarkable that recombinant ATEG_02036 does not possess any 
DOX activity, in particular 9R-DOX activity, since it shares about 50% se-
quence identity with 9S-DOX-AOS. This can be due to several reasons, e.g., 
cloning or expression artifacts, incorrect folding, instability, unsuitable 
choice of expression system. Stability problems when expressed in E. coli 
have been reported for 10R-DOX of A. nidulans [119]. Although 9R-DOX 
could be unrelated to ATEG_02036, the low D-KIE observed during for-
mation of 9R-HPODE indicates the action of a protein of the peroxidase 
family. Cloning and expression of putative DOX-CYP fusion proteins of 
A. terreus did not yield protein with 9-DOX activity. It will be the issue of 
further investigations to elucidate the origin of the 9R-DOX activity. 

 
Figure 16. Reaction mechanisms of fungal 9-DOX and AOS activities and catalytic 
residues of corresponding enzymes. The 9R- and 9S-DOX activities of A. terreus 
and FOXB_01332, respectively, catalyze abstraction of the pro-R hydrogen of C11 
with formation of 9R- and 9S-HPODE by supra- and antarafacial oxygen insertion, 
respectively. The hydroperoxides are converted by the AOS activities of 
ATEG_02036 and FOXB_01332 to the corresponding allene oxides. The enzyme 
responsible for the 9R-DOX activity is unknown. 

AOS activities 
The discovery of fungal AOS revealed that there are now at least three sub-
groups of AOS, e.g., CYP74, fungal, and catalase-related AOS. Fungal AOS 
were found to be present in the C-terminal domains of two DOX-CYP fusion 
proteins, e.g., ATEG_02036 and FOXB_01332. The sequence identities of 
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these enzymes to LDS and CYP74 is ~30 and below 15%, respectively. Fun-
gal AOS show several similarities but differ in catalytic residues as well as 
substrate specificities. ATEG_02036 and FOXB_01332 selectively trans-
form 9R- and 9S-HPODE, respectively, to the unstable allene oxides, 9R- 
and 9S(10)-EODE, as judged by the accumulation of their hydrolysis pro-
ducts. FOXB_01332 also converts 11S-hydroperoxides of C20 fatty acids. 
Importantly, 13S- and 13R-hydroperoxides were not transformed. CYP74C 
from tomato and homogenate preparations from potato stolons can form 
allene oxides from 9S-HPODE and 9S-HPOTrE which can undergo cycliza-
tion [39, 203, 204] but without further transformation to JA. Fungal AOS 
discovered in this study are most likely not involved in the formation of al-
lene oxides as precursors of JA.  

The sequences of CYP74 have several characteristic features around the 
cysteinyl ligand [89], as reviewed by Brash [39]. In CYP74, the Phe residue 
in the typical Phe-Xaa-Xaa-Gly motif is replaced by Trp and these enzymes 
have a conserved Val residue four residues after the Cys-Xaa-Gly motif 
which is captured by Ala or Gly in conventional P450. Even more remark-
able is the insert of nine amino acids in the conserved heme binding 
sequence of CYP74. Except for the Phe to Trp replacement in the Phe-Xaa-
Xaa-Gly motif, which is present in ATEG_02036, none of these features 
characteristic of CYP74 is conserved in fungal AOS.  

In the course of the reaction, 9-HPODE undergoes homolytic cleavage by 
the AOS, presumably as reported for plant AOS, with formation of P450 
compound II (P450[FeIVOH]) and an intermediate 9S(10R)-epoxy-12(Z)-
octadecenoic acid with a radical at C11. Proton and electron transfer from 
C11 to the metal center results in formation of the allene oxide. In CYP74 
and CYP8A1, homolysis of the oxygen-oxygen bonds of the substrates is 
facilitated by Asn residues which point from the I-helix towards the heme 
[39, 88] and have corresponding functions to Thr residues in the sequence 
Gly-Xaa-(Glu/Asp)-(Ser/Thr) of P450 hydroxylases [39]. The importance of 
Asn321 of CYP74A for catalysis is illustrated by the fact that the 
Asn321Gln mutant only exhibits 5% activity compared to the wild type en-
zyme [89]. The catalase-related coral AOS was also reported to contain an 
important Asn residue. Replacements of Asn137 of the coral AOS with Ala, 
Gln, Ser, Asp and His strongly reduced the reaction rate to 0.8 – 4% com-
pared to the wt [205].  

A crucial Asn has also been identified in the AOS of A. terreus. Asn964 
of ATEG_02036 was shown to be catalytically important since replacements 
with Val and Asp abolished and reduced the activity, respectively. This resi-
due is present in the Ala-Asn-Xaa-Xaa-Gln motif (Fig. 17), conserved in 
LDS, and aligns with Asn938 crucial for the hydroperoxide isomerase 
activity of 7,8-LDS. Interestingly, FOXB_01332 does not contain this 
sequence. At the homologous position of the amide residues in the Ala-Asn-
Xaa-Xaa-Gln motif of LDS and the AOS of A. terreus, FOXB_01332 has an 
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acidic (Glu946) and alcoholic (Ser949) residue which both seem to lack 
catalytic importance as judged by site-directed mutagenesis studies. There 
are other amide residues which might be located in the I-helix of 
FOXB_01332 (Fig. 17). One of them (Asn921) is present in the sequence 
Asn-Val-Asp-Gln which resembles the Ala-Asn-Xaa-Xaa-Gln motif. 
However, replacement of Asn921 with Val did not alter the AOS activity. 
Additional AOS sequences would facilitate sequence homology studies to 
identify crucial residues. 

It will be the issue of further investigations to determine catalytically im-
portant residues involved in the homolytic cleavage of 9S-HPODE by 
FOXB_01332. In conclusion, these results indicate that previously known 
AOS are distinct from fungal AOS and that the latter can be divided into two 
subgroups. 

 
Figure 17. Partial alignment of the P450 domains of protein sequences of ascomy-
cetes with at least 50% sequence identity to AOS of A. terreus (AOSat) and/or 9S-
DOX-AOS of F. oxysporum. The proteins derive from plant pathogens, 9S-DOX-
AOS, EGU88194, F. oxysporum; EKJ79444, F. pseudograminearum; EFQ27323, 
Colletotrichum graminicola; CCF39565, C. higgensianum; ENH82400, C. orbicu-
lare, and Aspergilli, BAE60972, A. oryzae; EHA25900, A. niger; GAA91201, 
A. kawachii; AOSat, AGH14485, A. terreus. Amide residues are in bold. AOSat 
contains the ANXXQ motif which is conserved in LDS and comprises catalytically 
important amide residues for LDS and AOSat.  

Fungal JA biosynthesis  
Plants convert α-LA by a series of enzymes, e.g., AOS, to JA [206]. In con-
trast, the biosynthetic pathway of JA in fungi is not fully elucidated. As 
outlined in the introduction, plant and fungal JA biosynthesis appear to occur 
by similar but not identical mechanisms.  

Our results show that fungi can produce allene oxides by heme-dependent 
DOX-CYP fusion proteins, with and without an active DOX domain. This 

918  Q G N N V D Q V T D N L W L T A F G G I G V P V T A  
Q G S S I D H V T D N L W L T A F G G I G V P V T A  
Q G N S A E Q V V D N M W L T A F G G I G A P V T A  
Q G N S V D Q V V D N M W L T A F G G I G V P - - -  
Q G N S P D K V T D N M W L T A F G G I G V P V T A  

     S G K T P A E V A D I S W M N A V G G V G A T I G V  
     M D M T A A E T A E V C W L T A V G G V G A P V G L  
     M D M T A A E T A E V C W L T A V G G V G A P V G L  
     M G M S A E E V A D I C W L T A I G G V G T P S G V  

 
F Y E V L S F F L R P E N E A I W A E V Q A I A Q K    
F Y E V L A F F L R P E N A S I W A E V Q A I A Q K    
F Y E V L E Y F L R R E N A S I W A E V Q T L A Q K    

 F Y E V M E F F L R R E N A S I W A E V Q T L A Q A    
 F Y E V M D F F L R R D N E A V W A E V Q Q L A Q A    
 F T D V L N Y F L Q D E N S H H W E E I Q K L A A S    
 V A D V L Q Y Y L R P E N I D H W K R I Q N L V S Q    
 I A D V L Q Y Y L R P E N I H H W K Q I Q N L V S Q    
 V A N V L Q Y Y F R Y E N I G H W E E I Q K L V T Q    

918
919
879
930

1019
937
936
936

944
944
945
902
956

1045
963
962
962

EKJ79444
EFQ27323
CCF39565
ENH82400
BAE60972
EHA25900
GAA91201
AOSat

9S-DOX-AOS

 
 
 
 
 
 
 
 
 

EKJ79444
EFQ27323
CCF39565
ENH82400
BAE60972
EHA25900
GAA91201
AOSat

9S-DOX-AOS

“...A  N  X  X  Q...”

Plant 
pathogens

Aspergilli

Plant 
pathogens

Aspergilli



 51

indicates that the first two steps of fungal JA biosynthesis might be per-
formed by a putative 13S-DOX-AOS fusion enzyme without the need for a 
lipoxygenase. A BLAST search on ascomycetous proteins revealed proteins 
with over 50% sequence identity to ATEG_02036 and/or FOXB which 
might encode 13S-DOX-AOS or 13S-AOS activities (Fig. 17). Although 
CYP74-like genes could be identified with the help of bioinformatics, it 
might be challenging to identify fungal AOS by bioinformatics alone due to 
the following reasons. (i) The computer-based identification of CYP74-like 
proteins was mostly due to the characteristic insert of nine amino acids close 
to the heme [39, 89] which is lacking in fungal AOS. (ii) Only two se-
quences of fungal AOS are available at present containing relatively few 
conserved elements. (iii) The fungal AOS seem to belong to two different 
subgroups as discussed above.  

Another approach to find AOS involved in fungal JA biosynthesis might 
be to express the open reading frames of candidate genes, provided that se-
quence information is available.  
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Conclusion 

The main conclusions of the present thesis can be summarized as follows: 
 
• PpoA of A. fumigatus was identified as 5,8-LDS by expression. 
• The 8R-DOX activities of LDS are independent of their hydroperoxide 

isomerase activities. 
• 8R-DOX domains are controlled by different residues compared to 10R-

DOX and COX-1.  
• The hydroperoxide isomerase domains of LDS contain a conserved se-

quence which encloses amide residues which seem to facilitate hetero-
lytic scission of the oxygen-oxygen bond of 8R-HPODE. 

• Hydrogen abstraction at allylic carbon atoms by 8R-DOX and COX-1 
are accompanied by large D-KIE suggesting hydrogen tunneling. 

• A. terreus possesses linoleate 9R-DOX and AOS activities. 
• The P450 domain of the DOX-CYP fusion enzyme ATEG_02036 of 

A. terreus encodes an AOS specific for 9R-HPODE.  
• FOXB_01332 of F. oxysporum was identified as 9S-DOX-AOS. 
• Fungal AOS are present in the P450 domains of DOX-CYP fusion pro-

teins. They show low homology to plant AOS (CYP74) and belong 
therefore to a novel class of AOS. 

 
In summary, novel enzyme activities of pathogenic fungi and their reaction 
mechanisms were identified and characterized.  
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