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INTRODUCTION 

Oxygenated polyunsaturated fatty acids, collectively called oxylipins, are essential lipid 
mediators present in plants and animals. Oxylipins regulate a wide array of cellular 
activities, including gene regulation, energy production and signaling pathways.  
In mammals, the bioactive lipid mediators involved in many physiological processes are 
produced mainly by cyclooyxgenases (COX) and lipoxygenases (LOX). These enzymes are 
also conserved in lower animals, including corals. So far, COX, LOX and the unique 
catalase-related allene oxide synthase-lipoxygenase (cAOS-LOX) fusion protein have 
been identified from several soft corals (Animalia, Cnidaria). 

In the soft coral Capnella imbricata, two cAOS-LOX fusion proteins (cAOS-LOX-a  
and -b) with the amino acid identity of 88% have been identified. Although the LOX 
domain of both fusion proteins dioxygenates arachidonic acid (AA) to  
8R-hydroperoxyeicosatetraenoic acid (8R-HpETE), the reaction specificities of the  
N-terminal domains differ. Specifically, the cAOS-a domain catalyzes the formation of 
allene oxide from 8R-HpETE, while the cAOS-b gives rise to unidentified short-chain 
aldehydes. A precedent can be found in plants where LOX-derived fatty acid 
hydroperoxides are metabolized by highly identical cytochrome P450-type AOS and HPL 
which however have different genetic origins and are structurally incomparable to coral 
enzymes. In regard to the biological role of coral fusion proteins, it has been shown that 
the gene expression and catalytic activity of cAOS-LOX-a are elevated in the mechanical 
and thermal stress response of corals. However, the biological role of cAOS-LOX-b needs 
further investigation. It should be noted that oxylipins derived by plant AOS and HPL are 
necessary for their defense and stress signaling. 

The X-ray structures of the cAOS domain (PDB ID: 1u5u), the fusion protein (PDB ID: 
3dy5) and the AA-bound LOX domain (PDB ID: 4qwt) of the soft coral Plexaura 
homomalla cAOS-LOX revealed the high structural similarity between coral cAOS and 
human erythrocyte catalase (HEC), while the 8R-LOX domain was the most similar to 
coral 11R-LOX and the pharmacologically important human 5S-LOX. Moreover, the heme 
coordinating residues, the distal heme residues, and the proximal heme ligand of cAOS 
are identical to the corresponding residues of catalase. Despite the homology between 
catalase-related enzymes and true catalases, cAOS prefers fatty acid hydroperoxides,  
while catalases exclusively metabolize hydrogen peroxide (H2O2). 

Two highly homologous enzymes, cAOS-a and cAOS-b, with distinct reaction 
specificities  evoked the interest about their structural and catalytic characteristics. One 
of the main objective of this thesis was to determine the unidentified polar compounds 
and propose the reaction mechanism of cAOS-b. In that regard, cAOS-b was identified as 
the first animal catalase-related hydroperoxide lyase (cHPL) catalyzing the scission of  
8R-HpETE to aldehydic fragments. In addition, it was important to understand the 
determinants in the reaction mechanism and the substrate binding of cHPL in a relation 
to cAOS. For this, in silico and in vitro approaches were applied. The residues responsible 
for the cHPL-specific reaction were determined via site-directed mutagenesis.  
The differences in the substrate anchoring and the substrate preferences between cAOS 
and cHPL indicate their distinct usage of fatty acid hydroperoxides in vivo. As with Cyp74 
enzymes, cAOS and cHPL contribute to the formation of versatile oxylipins, which may 
regulate multifaceted physiological processes of corals. 
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ABBREVIATIONS 

α-ketol  8-hydroxy-9-keto-(5Z, 11Z, 14Z)-eicosatrienoic acid 
AA arachidonic acid; (5Z, 8Z, 11Z, 14Z)-eicosatetraenoic acid 
ALA α-linolenic acid; (9Z, 12Z, 15Z)-octadecatrienoic acid 
AO allene oxide; 8,9-epoxy-(5Z, 9E, 11Z, 14Z)-eicosatetraenoic acid 
AOC allene oxide cyclase 
AOS allene oxide synthase 
AOS-LOX allene oxide synthase-lipoxygenase fusion protein 
COX cyclooxygenase 
cAOS catalase-related allene oxide synthase 
cHPL catalase-related hydroperoxide lyase 
cyclopentenone 9-oxo-prosta-(5Z, 10, 14Z)-trienoic acid 
CYP450 proteins of cytochrome P450 superfamily 
DES divinyl ether synthase 
DHA (4Z, 7Z, 10Z, 13Z, 16Z, 19Z)-docosahexaenoic acid 
EPA (5Z, 8Z, 11Z, 14Z, 17Z)-eicosapentaenoic acid 
GLA γ-linolenic acid; 6Z, 9Z, 12Z-octadecatrienoic acid 
HPL hydroperoxide lyase 
H(p)DHE hydro(pero)xydocosahexaenoic acid 
H(p)EPE hydro(pero)xyeicosapentaenoic acid 
H(p)ETE hydro(pero)xyeicosatetraenoic acid 
H(p)ODE hydro(pero)xyoctadecadienoic acid 
H(p)OTE hydro(pero)xyoctadecatrienoic acid 
JA jasmonic acid; (+)-7- iso-jasmonic acid 
LA linoleic acid; (9Z, 12Z)-octadecadienoic acid 
LOX lipoxygenase 
PCR polymerase chain reaction 
PUFA polyunsaturated fatty acid 
RP- or SP-HPLC reverse phase or straight phase-high performance liquid 

chromatography 
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1 LITERATURE OVERVIEW 

1.1 Oxylipins 
Oxylipins are a major group of oxygenated long-chain polyunsaturated fatty acids 
(PUFAs) produced by aerobic organisms [1]. The double bonds of PUFAs are targets  
for regio- and stereospecific oxygenation by mono- or dioxygenases, or oxidized  
non-enzymatically by reactive oxygen species [2, 3]. Oxylipins are formed in primary and 
secondary oxygenation pathways. Primary pathways give rise to oxidized PUFA 
derivatives, e.g. PUFA hydroperoxides, whereas the secondary or downstream pathways 
catalyze the intra- or intermolecular rearrangements of functional groups within primary 
oxylipins. For instance, primary oxylipins in plants are mainly synthesized by 
lipoxygenases (LOX) [3]. Formed PUFA hydroperoxides are substrates for downstream 
enzymes, such as Cyp74 enzymes [4]. In animals, three major pathways responsible for 
the formation of primary oxygenated lipid mediators are cyclooxygenase (COX), LOX and 
cytochrome P450 (CYP450)[5]. All of the oxygenated products are catalyzed to secondary 
metabolites by corresponding enzymes (Scheme 1).  

1.1.1 Oxylipins in animals 

In animals, eicosanoids as 20-carbon oxylipins are derived by LOX, COX or CYP450 
(Scheme 1) [5].In animals, eicosanoids as 20-carbon oxylipins are catalyzed by three 
major pathways, LOX, COX or CYP450 (Scheme 1) [5]. COX and LOX catalyze the 
dioxygenation of AA to prostaglandings (PGs) and PUFA hydroperoxides (HpETEs), 
respectively, while NADPH-dependent P450 epoxygenases give rise to PUFA epoxides 
(EETs) and hydroxides (HETEs). Besides AA, eicosapentaenoic acid (EPA, C20:5n-3), 
dihomo-γ-linolenic acid (DGLA) and docosahexaenoic acid (DHA, C22:6n-3) are the major 
precursors for the downstream lipid mediators [5–7]. COX-derived prostaglandin H2 is 
catalyzed to thromboxane A2 (TXA2) by TXA2 synthase and prostacyclins (PGI2) by PGI2 
synthase (Scheme 2) [5]. Different HpETEs are metabolized to lipoxins (LXs), leukotrienes 
(LTs) and cysteinyl-leukotrienes (Cys-LTs) by corresponding enzymes [5]. EETs by CYP450 
epoxygenase are targets for epoxy hydrolases resulting in the formation of dihydroxy 
PUFAs (DHET) [8]. Most of the COX- and LOX-derived mediators react with their 
respective receptors to regulate different physiological processes [5]. 
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Scheme 1. The eicosanoid synthesis in animals [5]. DHET – dihydroxyeicosatetraenoic 
acid;  EET – epoxyeicosatetraenoic acid; H(p)ETE – hydro(pero)xyeicosatetraenoic acid; LTB4, 
LTC4, LTD4 and LTE4 – leukotriene B4, C4, D4 and E4; LXA4 and LXAB – lipoxin A4 and B4; PGG2 
and PGH2 – prostaglandin G2 and H2.  

1.1.2 Oxylipins in plants 

In plants, oxylipins are 16- and 18-carbon PUFAs oxidized by LOX [9] or α-dioxygenases 
(α-DOX) [10]. Although the PUFA precursors need to be released from membranes by 
lipases prior to the oxygenation, it has been reported that some of LOXs are able to 
metabolize membrane-bound PUFAs as well [11, 12]. The heme-containing α-DOX 
catalyzes the dioxygenation of the α-carbon of PUFAs, resulting in the formation of 
2-hydroperoxy derivatives [10]. In contrast to LOXs, its catalysis is independent from the 
cis,cis-1,4-pentadiene moiety. In addition, α-DOX shows homology to the mammalian 
COX enzymes [10]. LOX-derived PUFA hydroperoxides are substrates for downstream 
enzymes such as peroxygenases (PXG) and Cyp74 enzymes, e.g. allene oxide synthase 
(AOS), hydroperoxide lyase (HPL), divinyl ether synthase (DES) and epoxy alcohol 
synthase (EAS) [1] (Scheme 2). 

In contrast to most plants, moss as a non-flowering plant contains C18 and C20 
PUFAs [2]. Interestingly, some of the LOXs from mosses have 12-LOX activity with AA in 
addition to 13-LOX activity with C18 PUFAs [2]. However, it seems that mosses lack 
9-LOX activity. LOXs in mosses share an amino acid identity of 40% with plant LOXs, 
indicating the divergence of respective LOXs during evolution. As with plant Cyp74 
enzymes, moss Physcomitrella patens contains HPL [13] and AOS [14]. 
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Scheme 2. The oxylipin pathway in plants [1]. AOC – allene oxide cyclase; AOS – allene oxide 
synthase; DES – divinyl ether synthase; EAS – epoxy alcohol synthase; HO(D/T)E – hydroxy 
octadecadi(tri)enoic acid; HPL – hydroperoxide lyase; HpO(D/T)E – hydroperoxy 
octadecadi(tri)enoic acid; KO(D/T)E – keto octadecadi(tri)enoic acid; PXG – peroxygenase;  
ROS – reactive oxygen species.  

1.1.3 Oxylipins in other organisms 

A variety of dioxygenases have been isolated from fungi, eukaroytic algae and 
prokaryotes [2]. In fungi, both activities, LOX and COX, are present. However, no fungal 
COXs have been isolated due to the sequence dissimilarities to known COXs. As some of 
the pathogenic fungi contain only a small amount of C20 PUFAs, prostaglandins are 
produced from AA derived from its host. Contrary to COXs, many fungal LOXs have been 
isolated and characterized. Fungal LOXs prefer either C18 or C20 substrates and 
some of them are also bifunctional [2]. The best characterized LOX from fungi is the 
manganese-containing LOX [15]. Upon the activation of manganese LOX, Mn2+ is oxidized 
to Mn3+, which correspond to Fe2+ and Fe3+ in iron-containing LOXs. In addition to LOX 
and COX, fungi contains linoleate diol synthase (LDS), which catalyzes the dioxygenation 
and subsequent dihydroxylation of linoleate [16]. Although AOS activity has been 
detected in different fungal species [17–19], HPL activity is absent, probably due to the 
angifungicidal properties of aldehydes [20]. 

Eukaryotic algae contain different LOXs and COXs which contribute to the 
production of a vast array of bioactive oxylipins [2]. It was believed that the oxylipin 
metabolism was present only in eukaryotes. However, several dioxygenases have been 
isolated and characterized from prokaryotes in the last decade [2], mostly from 
cyanobacteria [21, 22]. 
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1.2 Lipoxygenase-dependent pathways 

1.2.1 Lipoxygenase 

Lipoxygenases (LOX) (EC 1.13.11.-) are ubiquitous non-heme iron-containing 
dioxygenases that catalyze the regio- and stereospecific formation of fatty acid 
hydroperoxides by introducing molecular oxygen to the cis,cis-1,4-pentadiene moiety of 
PUFAs. 

Mechanism of catalysis 

Catalysis by LOX is divided into four steps, as follows (Scheme 3): a) position-specific 
hydrogen abstraction from a bis-allylic methylene (R1-CH2-R2), which results in the 
formation of a pentadienyl radical, b) the rearrangement of the radical either in the 
direction of the methyl terminus (+2 rearrangement) or in the direction of the carboxyl 
terminus (-2 rearrangement) of PUFAs, 3) the introduction of molecular oxygen to the 
antarafacial plane (the opposite side of a substrate), producing a peroxy radical with a 
specific chiral center (R or S), and 4) the reduction of a peroxy radical to form the fatty 
acid hydroperoxide. 

Scheme 3. LOX-catalyzed hydrogen abstraction from AA and the subsequent formation of PUFA 
hydroperoxide. The abstracted hydrogen and formed hydroperoxy group are antarafacially 
positioned [23]. Figure is reproduced from Ivanov et al. 2010 [24]. 

Nomenclature 

LOXs are classified based on their stereo- and regiospecificity (Fig. 1). For example, coral 
8R-LOX catalyzes the formation of 8R-hydroperoxy-eicosatetraenoic acid (8R-HpETE) 
from AA [25]. In addition, two human 12-LOX isozymes with different stereospecificities 
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have been named, 12S-LOX and 12R-LOX. Moreover, the location or the cell type of LOXs 
with the same stereospecificity has been specified, e.g. the platelet, epidermal or 
leukocyte type of 12-LOX [26]. 

All of the plant LOXs and some of the animal LOXs catalyze the formation of products 
with S stereoconfiguration. However, the R-lipoxygenases seem to be more prevalent in 
animals and have also been identified in marine invertebrates [25, 27]. The possible 
regio- and stereomers of PUFA hydroperoxides produced by LOXs are presented in 
Figure 1. The Ala-to-Gly mutation as the “Coffa/Brash determinant” [28, 29] of LOXs has 
been postulated to be the switch from S- to R-regiospecificity, however, this rule is not 
applicable to all of the LOXs [30]. 

Figure 1. Potential regio- and stereomers of LOX-derived PUFA hydroperoxides [23]. 

To date, 5S-LOX, 8S-LOX, 12S-LOX, 12R-LOX and 15S-LOX have been identified from 
mammals [31] (Table 1). In addition, 9R-, 9S- and 13S-LOX [32] can be found in plants 
while 8R-LOX [33], 5R-LOX [34] and 11R-LOX [27, 35] seem to be only specific to marine 
invertebrates. It should be noted that plant LOXs react only with C18 PUFAs, e.g. LA, 
a-LA, whereas animal LOXs prefer C20 or longer PUFAs [32]. 

Table 1. Human lipoxygenases [36]. 

Gene name Common names Main substrate Main product Biological function 
ALOX5 5-LOX AA 5S-HpETE, LTA4 LT production, 

inflammatory 
mediators 

ALOX12 Epidermal 
12-LOX 

AA 12S-HpETE modulation of platelet 
aggregation 

ALOX12b 12R-LOX linoleoyl-ω-
hydroxyceramide 

9R-Hp-linoleoyl-ω- 
hydroxyceramide 

maintenance of 
epidermal 
permeability barrier 

ALOXE3 eLOX3 9R-hydroperoxy-
linoleoyl-ω- 
hydroxyceramide 

9R,10R-epoxy-13R-
hydroxylinoleoyl- 
ω-hydroxyceramide 

maintenance of 
epidermal 
permeability barrier 

ALOX15 15-LOX-1,  
12/15-LOX, 
leukocyte 12-LOX 

free and 
esterifed PUFAs 

15S- and 12S-HpETE inflammatory 
mediators, 
membrane oxidation 

ALOX15b 15-LOX-2 AA 15S-HpETE negative cell cycle 
regulation, 
tumor suppression 
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Enzyme structure 

The first crystal structure of Glycine max LOX was described in 1993 [37]. So far, four 
plant, seven animal and three bacterial LOX structures are available at the Protein Data 
Bank (PDB) [38]. Although the α-helical catalytic and the N-terminal β-barrel domains are 
conserved between animal and plant LOXs, the molecular weight of plant LOXs is around 
100 kDa, while animal LOXs are about 20 kDa smaller [39] (Fig. 2). In addition, the iron of 
LOXs is coordinated primarily by conserved histidines and an N-terminal isoleucine. 
The inactive enzyme contains the iron in the ferric form (Fe3+), which in catalysis is 
oxidized to the ferrous form (Fe2+) (Scheme 3). The N-terminal β-barrel domain of LOXs 
shares homology with the C-terminal C2 domain of lipases [40] and has been labeled as 
the PLAT (Polycystin-1, Lipoxygenase, Alpha-Toxin) domain in animal LOXs (Fig. [40] and 
has been labeled the PLAT (Polycystin-1, Lipoxygenase, Alpha-Toxin) domain in animal 
LOXs (Fig. 2B). Although most of the LOXs are cytosolic, the β-barrel of animal LOXs is 
necessary to obtain the substrate from the hydrophobic environment via calcium 
activation. However, the role of the β-barrel domain of plant LOX in membrane binding 
has not been shown. 

Figure 2. The conserved core structure of plant, animal and bacterial LOXs. (A) The overall structure 
of LOXs with the catalytic iron (red). The helical part in the active site is indicated in pink. The animal 
(B) and plant (C) LOXs with distinct N-terminal domains possibly involved in the membrane binding. 
The calcium ions are presented in blue. (D) The bacterial LOX with additional helices instead of the  
N-terminal PLAT domain. Figure is reproduced from Newcomer et al. 2015 [38]. 
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Soybean LOX L-1 [41], Gersemia fruticosa 11R-LOX [42] and Fusarium graminearum 
13S-LOX [43] contain tubular channelings for molecular oxygen. Directing the oxygen by 
specific residues might be involved in the regio- and stereospecificity of the 
dioxygenation [38]. However, the structural data of different LOXs regarding oxygen 
channeling is not clear. 

Substrate positioning 

The substrate positioning in the active site is a key factor in controlling oxygenation by 
LOXs. LOXs can bind PUFAs in a tail-to-head (“tail first”) or a head-to-tail (“head first”) 
orientation. It has been reported that only 13S-LOX can oxidize either membrane-bound 
or free PUFAs. This indicates that 13S-LOX binds substrates in a tail-to-head orientation 
while substrates of 9S-LOX can enter the substrate channel only in a “head-first” 
orientation [44]. In addition, 15S-LOX-2 binds substrates as “tail-first”, whereas in 5-LOX, 
substrates enter he substrate channel as a carboxy group first (Fig. 3). The same principle 
applies to 12-LOX and 8-LOX.  

Figure 3. The inverse positioning of AA in the active sites of 5-LOX and 15-LOX-2. AA bound in a 
head-to-tail orientation by 5-LOX (A) and in a tail-to-head orientation by 15-LOX-2 (B).  
The non-heme iron is presented in red. The cavity depths of corresponding LOXs are in correlation 
with the schematic presentation. Figure is reproduced from Newcomer et al. 2015 [38]. 

Substrate specificity and availability 

Most of the LOXs prefer free PUFAs as substrates which have been released from a 
membrane by specific phospholipases [45]. Even though LOXs are positioned near 
membranes via the PLAT domain, the phospholipid membrane per se is not necessary for 
the activity of most LOXs. However, mammalian 15-LOX [46] and coral 11R-LOX [47] 
become catalytically active in the presence of lipid membranes through a structural 
reorganization of the PLAT domain. Only few LOXs are able to metabolize either free or 
esterified substrates, e.g. plant 13-LOX [44]. 
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Biological function 

Overall, mammalian LOXs are involved in 1) the modification of lipid-protein complexes, 
2) the regulation of the intracellular redox state and 3) the synthesis of bioactive lipid
mediators (Fig. 4, upper part). Specifically, the modification of membrane-bound 
substrates by LOX increases the membrane permeability via hydrophilic pores and may 
result in the dysfunction of a cell. The cellular redox state is influenced by the pro- and 
anti-oxidative processes initiated by LOXs. The redox state affects gene expression and 
the transcription of redox-sensitive genes, which may control the phenotype of a cell [48]. 

Mammalian LOXs give rise to a variety of bioactive lipid mediators which include 
leukotrienes [49], lipoxins [50], hepoxilins [51], eoxins [52], resolvins [6], protectins [53], 
maresins [7] and other oxylipins. These LOX-derived lipid mediators are involved in 
different pathophysiological processes including inflammatory, metabolic, infectious, 
neurodegenerative and other disorders. Therefore, as LOXs are involved in many 
pathogeneses of human diseases, they are potential targets in drug research. 

In plants, 9-LOX is involved in cell death via hydroxy acids, whereas 13-LOX 
participates in processes which involve lipid peroxidation, the wounding response, 
daytime sensing, fertility and development (Fig. 4, lower part) [54]. 

Figure 4. Biological functions of LOXs. In mammals (upper part), LOXs contribute to the synthesis 
of lipid mediators, the rearrangement of lipid-protein complexes and the control of the intracellular 
redox state via gene expression [48]. In plants (lower part), LOXs are involved in different steps of 
the life cycle of plants [55].  

1.2.2 The Cyp74 family 

In plants, the Cyp74 family of CYP450 consist of AOS, HPL, DES and EAS [56]. These 
enzymes are atypical CYP450 due to the fact they do not need NADPH or molecular 
oxygen as co-factors. The Cyp74 enzymes catalyze the formation of a common 
intermediate, epoxy allylic radical, which is converted to either allene oxide (AO), epoxy 
alcohol, hemiacetal or divinyl ether via intramolecular rearrangements (Scheme 4).  
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Scheme 4. The catalytic mechanisms of plant AOS, HPL, DES and EAS. EAS catalyzes the insertion 
of a hydroxy radical to the epoxy allylic radical as a common intermediate of Cyp74 enzymes to 
produce epoxy alcohol. AOS conducts the dehydration of epoxy allylic radical to allene oxide via 
oxidation and subsequent proton loss. The common intermediate for the formation of hemiacetal 
or divinyl ether by HPL or DES, respectively, is a vinyloxycarbinyl radical. Although the AOS reaction 
can be explained using the carbocation intermediate, the existence of a purely radical or 
carbocation-containing pathway remains unclear. However, as the HPL reaction involves the 
formation of radicals, the reactions catalyzed by the members of the Cyp74 family are presented 
as radical. Scheme is reproduced from [57]. 

Allene oxide synthase 

AOs are chemically derived from an allene group by oxidation [58]. In plants, AOs are 
synthesized from either 9S- or 13S-hydroperoxides of ALA or LA by AOS of the Cyp74A 
family [59]. It should be noted that only 13S-hydroperoxide-derived AOs are converted 
to jasmonic acid (JA), an essential plant mediator, whereas 9S-hydroperoxides are 
utilized by alternative pathways [44]. Although plant AOSs prefer either 9S- or 
13S-hydroperoxides, dual positional specificities of AOS have been identified from rice 
[60] and barley [61]. Due to the differences in the sequences between plant 9-AOS and 
13-AOS, 9-AOS and 9/13-AOS belong to the Cyp74C group instead of Cyp74A [59].  

The crystal structures of plant Arabidopsis thaliana AOS [62] and Parthenium 
argentatum AOS [63] with substrate and intermediate analogs revealed the structural 
attributes necessary for substrate binding and catalysis. Based on the structural 
information of AOS and the sequence alignments of Cyp74 enzymes, several single amino 
acids have been proposed to be determinants in the reaction specificity of Cyp74 
enzymes. One of the most appealing regions of AOS and HPL, the substrate recognition 
site, contains conserved Phe and Leu, respectively [62, 64]. Single amino acid exchanges 
of the substrate cavity have led to the conversion from AOS to HPL [14, 65], DES to AOS 
[66] or EAS to AOS [57], illustrating the high homology between the members of the 
Cyp74 family (Table 2). Attempts to alter the activity from plant HPL to AOS have not 
been very successful. However, a cucumber EAS having HPL activity only with 
13S-hydroperoxides was converted to AOS via site-directed mutagenesis recently [57].  
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Table 2. The conversion of reaction specificity between the Cyp74 enzymes via site-directed 
mutagenesis. The choice of mutations is explained in corresponding publications.  
The measurements were conducted with 9S-HpODE or 13S-HpODE from LA (n-6), and 9S-HpOTE or 
13S-HpOTE from ALA (n-3). 
 

Enzyme Mutation Substrate Activity Ref. 
Lycopersicon 
esculentum AOS3 

F108L 9S-HpODE, 9S-HpOTE (n-3) 
13S-HpODE, 13S-HpOTE (n-3) 

AOS  AOS, EAS 
AOS  EAS 

[64] 

Physcomitrella patens* 
AOS2 (PpAOS2) 

F93L 
 

9S-HpODE, 9S-HpOTE (n-3) AOS  EAS 
13S-HpODE, 13S-HpOTE (n-3) AOS  AOS, EAS, HPL 

Zea mays AOS1 
(ZmAOS1) 

F95L 
 

9S-HpODE, 9S-HOTE (n-3) 
13S-HpODE, 13S-HpOTE (n-3) 

AOS  AOS, EAS, HPL 

Linum usitatissimum 
AOS (LuAOS)  

F150L 9S-HpODE, 9S-HOTE (n-3) 
13S-HpODE, 13S-HpOTE (n-3) 

AOS  no change 

Medicago truncatula  
CYP74C13_MT 
Cucumis sativus 
CYP74C1_CS 
C. sativus CYP74C31 

L97F 
 
L93F/G283A 
 
L98F/A287G 

9S-HpODE, 9S-HOTE (n-3) EAS  AOS 

[57] 
13S-HpODE, 13S-HpOTE (n-3) HPL  AOS 

LuDES 
Nicotiana tabacum DES 

E292G 
V379F 

13S-HpOTE (n-3), 9S-HpODE DES  AOS [66] 

P. patens* AOS1 
 

F93L 9S-HpODE, 13S-HpODE, 9S-
HPOTE (n-3) 

AOS  HPL 
 [14] 

  13S-HpOTE (n-3) AOS  AOS, HPL  

L. esculentum AOS3 
 

K302S 
T336Y 

9S-HpODE AOS  HPL [67] 

L. esculentum AOS3 
 

F295I 
S297A 

9S-HpODE 
 

AOS  HPL [65] 

A. thaliana AOS F137L 13S-HpODE AOS  HPL 
[62]   13S-HpOTE (n-3) AOS  AOS, HPL 

* - P. patens is a moss used as a model organism in plant research. 
 
Hydroperoxide lyase 
 
Plant HPL designated as Cyp74B catalyzes the scission of fatty acid hydroperoxides to 
short-chain aldehydes [59]. Specifically, the 13S- or 9S-hydroperoxy fatty acid of  
LA is converted to 12-oxo-(9Z)-dodecenoic acid as traumatin and (3Z)-hexenal or  
9-oxo-nonanoic acid and (3Z,6Z)-nonadienal by 13-HPL or 9-HPL, respectively [68].  
HPL with dual activity, 9/13-HPL as Cyp74C, reacts with 13S-hydroperoxides and  
9S-hydroperoxides similarly [69]. Although it is known that HPL is involved in plant 
defense and gene expression, the activity and the location of 9- and 13-HPL vary between 
different plant species and even within the plant [68]. For instance, 13-HPL has been 
identified from soybean seedlings and tea leaves, while 9-HPL has been identified from 
cucumber fruits [68], pear fruits [70] and lipid bodies of almonds [71]. Cucumber 
seedlings contain both activities, 9- and 13-HPL [68]. This correlates with the notion that 
the C6-aldehydes are associated with the smell of fresh grass, while the (3Z,6Z)-nonadienal 
or (3Z)-nonenal are similar to the odor of a cucumber [68]. 

Formed (3Z)-aldehydes isomerize enzymatically [72] or non-enzymatically [69] to 
(3E)-aldehydes. It has been shown that both isomers, (3Z)-hexenal and (2E)-hexenal, are 
biologically active in plants [72]. For instance, (3Z)-hexenal and (2E)-hexenal regulate the 
expression of stress-related genes [73] and due to the electrophilic characteristics of the 
α,β-unsaturated carbonyl moiety of (2E)-hexenal [3, 74], it has antibacterial [72] and  
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antifungal properties [75]. (E)-aldehydes are reduced to alcohol derivatives by alcohol 
dehydrogenase or reductases [72] to avoid the high reactivity and harmful effects on 
photosynthetic systems in plants. 
 
Biological function 
 
The HPL and AOS pathways compete for the same substrate, although, their cellular 
location and the regulatory aspects indicate that there are specific lipases and LOXs for 
specific branches [76]. For example, two distinct LOX pathways in tomato and potato are 
designated either for the HPL or AOS branch [44]. The AOS pathway is involved in the 
plant defense via the synthesis of JA, while green leaf volatiles formed by HPL act as 
signaling compounds for natural enemies and are necessary in communicating with 
undamaged plants. Moreover, several silencing experiments have demonstrated  
cross-talk between the AOS and HPL branch [77, 78]. 

1.3 Coral lipoxygenase-allene oxide synthase pathway 
In corals, an 8R-lipoxygenase (8R-LOX) and a catalase-related allene oxide synthase 
(cAOS) are expressed together as a cAOS-LOX fusion protein [25]. The name cAOS-LOX is 
based on the sequence order in the gene, having the cAOS sequence located at the 5’ 
end and the LOX sequence at the 3’ end [25]. However, the enzymatic reaction is initiated 
by the C-terminal 8R-LOX domain, followed by the N-terminal cAOS domain. Specifically, 
the 8R-LOX domain catalyzes the conversion of AA to 8R-HpETE, which subsequently is 
converted to AO by the N-terminal cAOS domain. Due to the unstable properties of AO, 
it is detected as its stable end-products: 8-hydroxy-9-keto-(5Z, 11Z, 14Z)-eicosatrienoic 
acid as α-ketol and 9-oxo-prosta-5Z,10,14Z-trienoic acid as cyclopentenone or 
precavulone A [25]. 

 
Occurrence 
 
The cAOS-LOX fusion proteins have been identified from the soft corals Plexarua 
homomalla [25], G. fruticosa [79] and Capnella imbricata [80], and the full sequence from 
Clavularia viridis is available at the NCBI database (NCBI ID: AB188528). The amino acid 
identity between cAOS-LOXs from different coral species is around 80-90%.  
The sequence data of stony corals also suggests the existence of cAOS-LOX in hexacorals 
[81]. In the soft coral G. fruticosa, the cAOS-LOX [79] pathway co-exists with the 
independent 11R-LOX [27], however, no other LOX activity besides 8R-LOX has been 
reported from other corals. 
 
Biological function 
 
The gene expression of cAOS-LOX is elevated in response to white band disease [82], UV 
radiation [83] and temperature [84]. The increased enzymatic activity of cAOS-LOX,  
together with elevated eicosanoid levels during mechanical and thermal stress, have 
been shown [80]. This demonstrates that cAOS-LOX plays a central role in the stress 
response of corals. The cAOS-LOX pathway has been suggested to be a biomarker of 
endangered coral species in connection with climate warming and pollution [80, 85]. 
 
 



20 

Structure  
 
The crystal structures of the P. homomalla cAOS-LOX fusion protein (PDB ID: 3dy5) [86] 
and the stand-alone domains, cAOS (PDB ID: 1u5u) [87] and 8R-LOX (PDB ID: 4qwt) [88] 

(Fig. 5) have been reported. The structure of 8R-LOX with AA demonstrated its similarity 
to mammalian LOXs rather than plant LOXs [88]. 8R-LOX as a typical animal LOX contains 
the core domain with the non-heme iron in the catalytic center and the PLAT domain 
with calcium binding sites. 8R-LOX has a U-shaped substrate channel which binds AA in 
a tail-to-head orientation (Fig. 5A). Arg182 in the substrate entry site of 8R-LOX is 
necessary for the productive binding of AA [88]. In contrast to coral 11R-LOX, the activity 
of 8R-LOX is not membrane-dependent, however, the presence of calcium ions [89] 
and/or the membrane [90] enhance the catalytic rate of 8R-LOX. It has been suggested 
that the PLAT domain of 8R-LOX plays a role only in membrane targeting and does not 
affect the catalytic activity in vivo [90]. Although cAOS and 8R-LOX can be expressed 
individually as active proteins, the covalent linkage between cAOS and 8R-LOX appears 
to be necessary for membrane targeting [86]. 

Despite the low amino acid identity, ~11%, between cAOS and human erythrocyte 
catalase (HEC), the core structures and their catalytic centers are conserved (Fig. 5B and 
5C). Specifically, the heme coordinating residues, Arg64, Arg102 and Arg360, the distal 
heme residues, His67 and Asn137, and the proximal heme ligand, Tyr353 of cAOS, are 
identical to the corresponding residues of catalase [91]. However, coral cAOS with the 
larger substrate channel prefers fatty acid hydroperoxides as substrates instead of 
hydrogen peroxide (H2O2) [25]. 

The most notable difference in catalytic centers between true catalases and cAOS is 
the Val66 in catalases instead of the Thr66 of cAOS (Fig. 5C) [25]. The T66V (Thr66Val) 
mutation of cAOS did not alter the reaction specificity, but the formation of AO 
decreased drastically in parallel with the increased consumption of hydrogen peroxide 
(H2O2) [92]. The inverse mutation of HEC, V66T, reduced the decomposition of H2O2 
which confirmed the specific role of Val66 in the interaction with H2O2 [93].  

In addition, the replacements of Asn137 (Fig. 5C) lowered the turnover rate of cAOS 
but did not alter the reaction specificity of cAOS [94]. Most likely, Asn137 is not involved 
in the catalysis but it is necessary for the productive binding of a substrate. 
 

 



21 

Figure 5. The crystal structures of P. homomalla 8R-LOX and cAOS. (A) The crystal structure of 
8R-LOX with AA (cyan) (PDB ID: 4qwt). The conserved residues, His384, His389, His570 and Ile693, 
coordinating the non-heme iron are shown in yellow. The positively charged Arg182 interacting 
with the carboxy group of AA is presented in pink. The PLAT domain and calcium ions are presented 
as brown and light green, respectively. (B) The superimposed structures of P. homomalla cAOS (PDB 
ID: 1u5u) and HEC (PDB ID: 1dgf) are presented in blue and gray. The heme is presented in yellow. 
(C) The conserved active center between cAOS and HEC. The residues in the active site, Thr66, His67 
and Asn137, and the proximal heme ligand, Tyr353, are presented in green. 
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The mechanism of catalysis of cAOS 

The structural data of cAOS suggests that His67 interacts with the hydroperoxy group via 
hydrogen bonding, which is necessary for homolytic cleavage by the heme iron. 
The cleavage of the hydroperoxy group results in the formation of an alkoxyl radical and 
the Fe4+-OH of cAOS as Compound II (Scheme 5). Similarly to plant AOS, allene oxide is 
formed from the epoxy allylic radical intermediate as a result of deprotonation.  

Scheme 5. The putative reaction mechanism of coral cAOS. The hydrogen bond between the His67 
of cAOS and the hydroperoxy group of 8R-HpETE is necessary for homolytic cleavage by the heme 
group. The formation of an alkoxyl radical is followed by the epoxy allylic radical and corresponding 
carbocation. The latter is deprotonated to an AO. Scheme is adapted from [87]. 

Comparison of coral and plant AOSs 

Coral cAOS do not need any additional co-factors similarly to the CYP450-type plant AOS 
(Cyp74), TxA2 synthase (Cyp5) and PGI2 synthase (Cyp82) [56]. However, a heme group 
with catalytically relevant residues in the active site plays an important role in their 
mechanisms. Despite the LOX-dependency and the identical reactions catalyzed by coral 
cAOS and plant AOS, there are several differences between corresponding oxylipin 
pathways (Scheme 6): 

i) coral cAOS and LOX are fused together [25], whereas plant enzymes
are expressed individually [54]; 
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ii) although coral cAOS and plant AOS are heme-containing and PUFA
hydroperoxides metabolizing proteins, they are not structurally
related. The former enzyme is catalase-related and the latter belongs
to the CYP450 superfamily [58];

iii) plant LOX catalyzes the formation C18 PUFA hydroperoxide in
S stereoconfiguration, while the cAOS-LOX pathway produces
R-hydroperoxides of AA;

iv) no allene oxide cyclase has been detected from corals, but the JA
pathway in plants contains several enzymes involved in the production
of cyclic oxylipins from AO [95];

v) plant AOSs are membrane-associated [96], while coral cAOS-LOX and
its domains are fully active without the presence of lipid bilayers [89].

Scheme 6. The formation of allene oxides in coral (left) and plant (right) LOX-dependent 
pathways. In corals, allene oxide is synthesized by the cAOS-LOX fusion protein, while in plants two 
individual enzymes catalyze the distinct steps of the pathway. Plant AO is converted to cyclized 
derivatives by allene oxide cyclase, whereas coral cyclopentenone together with ketols are formed 
non-enzymatically. 

Regardless of the distinct genetic origin of coral and plant AOS, the biological role 
of both pathways seems to be involved in the synthesis of oxylipins in response to abiotic 
and biotic stressors [44, 80, 85]. From an evolutionary standpoint, the properties of 
oxygenated PUFAs appear to be necessary for specific signaling via intracellular proteins 
or via membrane-bound receptors in different organisms [31]. 
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2 AIMS OF THE STUDY 

The general aims of the current study were to determine the reaction mechanism of C. 
imbricata cAOS-b and compare the structural-functional properties of highly identical C. 
imbricata cAOS-b and P. homomalla cAOS. 
 
The specific goals of the study were: 

• identification of products and elucidation of reaction mechanism for cAOS-b; 
• determination of residues responsible for distinct reaction specificities of 

highly conserved cAOS and cAOS-b; 
• comparison of structural and functional aspects between cAOS and cAOS-b in 

terms of substrate binding; 
• ascertainment of substrate preferences of cAOS and cAOS-b.  
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3 MATERIALS AND METHODS 

The brief description of materials and methods used in the thesis are listed below.  
The detailed protocols are presented in the corresponding publications. 
 
In silico analysis 
 

- Structural analysis of P. homomalla cAOS was performed to evaluate the 
structural differences between P. homomalla cAOS and C. imbricata cAOS-b 
(Publications II and III). 

- Docking simulations were carried out to establish the interactions between the 
enzyme as template and the substrate as ligand (II, III). 

- The homology modeling of C. imbricata cAOS-b was conducted to understand 
the structural characteristics necessary for lyase activity and the substrate 
binding (II, III). 

Protein expression and characterization 
 

- The expression constructs of C. imbricata cAOS-a, cAOS-b, 8R-LOX and  
P. homomalla cAOS were prepared using PCR cloning (I-III). 

- The site-directed mutagenesis of C. imbricata cAOS-a, cAOS-b and P. homomalla 
cAOS was performed by using the whole plasmid PCR method to establish the 
role of a single amino acid on the substrate binding and product synthesis  
(II, III). 

- Recombinant C. imbricata cAOS-a, cAOS-b and P. homomalla cAOS domains and 
the corresponding mutants with a C-terminal, and C. imbricata LOX domain with 
an N-terminal His-tag were expressed in Escherichia coli BL21(DE3) cells (I-III). 

- Expressed enzyme variants were purified using nickel-affinity chromatography 
(I-III). 

- Oligomerization states of wild-type enzymes and mutants were analyzed with 
size-exclusion chromatography (II). 

- Kinetic parameters of enzyme variants were assayed spectrophotometrically  
(I-III). 

 
Product identification  
 

- The products of C. imbricata cAOS-b and 8R-LOX were analyzed and collected 
with RP- and SP-HPLC, and identified by using LC-MS and NMR (I). 

- The products of C. imbricata cAOS-b and P. homomalla cAOS mutants were 
analyzed by using RP-HPLC coupled with ESI-Q-TOF-MSMS and radiodetector  
(II, III). 

- The metabolites synthesized from alternative fatty acid hydroperoxy substrates 
by C. imbricata cAOS-b and P. homomalla cAOS were analyzed in the same way 
described previously (III). 
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4 RESULTS 

4.1 The protein characterization of C. imbricata cAOS-b and 8R-LOX (I) 
The recombinant C. imbricata cAOS-LOX-b (122 kDa) fusion protein, cAOS-b (43 kDa) and 
8R-LOX (79 kDa) domains were expressed and purified as active proteins. The cAOS-LOX-b 
fusion protein and 8R-LOX eluted on the size exclusion column as monomers, while  
cAOS-b tended to oligomerize. Although this indicated that 8R-LOX is necessary for the 
stability of cAOS-b, the reaction rate and specificity of the cAOS-b domain alone or as a 
part of the fusion protein were identical. However, the factors of the oligomerization of 
cAOS-b remained unclear. The regio- and stereospecificity of C. imbricata 8R-LOX was 
confirmed by co-eluting the reduced product with 8R-HETE by G. furticosa 8R-LOX [97] 
and the racemic standard of 8-HETE as references on a chiral column. C. imbricata cAOS-b 
as a hemeprotein contains the λ maximum at 407 nm, while the corresponding value of 
cAOS is at 406 nm [25]. 

4.2 The reaction mechanism of C. imbricata cAOS-b (II) 
C. imbricata cAOS-b  catalyzed the cleavage of 8R-HpETE to short-chain aldehydes,  
(5Z)-8-oxo-octenoic acid as C8-oxo acid and (3Z,6Z)-dodecadienal as C12 aldehyde  
(Fig. 6). This type of enzymatic scission of PUFA hydroperoxides is typical for HPL [98]. 
Therefore, cAOS-b [80] was designated as the first animal HPL, and the abbrevation of 
cHPL will be used from now on. In an aqueous solution, C8-oxo acid and C12 aldehyde 
isomerized to the (5E)- and (3E)-derivatives, respectively, containing the α,β-unsaturated 
carbonyl moiety (Fig. 6A). The non-enzymatic isomerization was detected with the shift 
in the UV chromophore from 205 nm to 220 nm by SP- and RP-HPLC. The initial products 
were determined as reduced derivatives of aldehydes, C8-hydroxy acid and C12 alcohol. 
The hydroxy derivatives contained the non-isomerized cis double bonds with the cis 
configuration (Fig. 6A). 
  



27 

Figure 6. The proposed reaction mechanism of cHPL. (A) The enzymatic cleavage of 8R-HpETE into 
(5Z)-8-oxo-octenoic acid as C8-oxo acid and (3Z,6Z)-dodecadienal as C12 aldehyde which in an 
aqueous solution isomerize non-enzymatically to (6E)- and (2E)-derivatives (green), respectively. 
The primary products of cHPL can be analyzed as reduced derivatives of C8-oxo acid and C12 
aldehyde (blue). (B) The steps in the formation of the hemiacetal intermediate by cHPL and its 
breakage into aldehydic fragments. Both catalase-related enzymes, cAOS and cHPL, give rise to a 
common intermediate, an epoxy allylic radical, which is transformed to a divinyl ether radical only 
by cHPL. The common and distinct steps in the reaction mechanisms between cAOS and cHPL are 
indicated by the blue and the green boxes, respectively (Publication I). 

The isotopic analysis of the products by cHPL demonstrated that the oxygens in the 
oxo groups of C8-oxo acid and C12-aldehyde are retained from the hydroperoxy group 
of the 8R-HpETE substrate which excludes the involvement of water in the reaction (Fig. 
6B). Based on the results and the reaction mechanism of plant HPL [99], the steps of the 
catalysis by cHPL are postulated in Figure 6B. 

4.3 Sequence and structural analysis of C. imbricata cHPL (II) 
C. imbricata cHPL and coral cAOSs as highly homologous enzymes have the amino acid 
identity of around 81-83%. In addition, all of the defined catalytically important residues, 
Thr66, His67 and Asn137, and the distal heme ligand, Tyr353, are conserved [25, 80, 85]. 
The differences in the sequences between the substrate channels of cHPL and cAOSs are 
presented in Figure 7A. To determine the structural characteristics of cHPL, the 3D 
homology model of cHPL was generated based on the crystal structure of P. homomalla 
cAOS (PDB ID: 1u5u) by using a SwissModel tool [100]. The good quality of the model 
with the Global Model Quality Estimation (GMQE) and Qualitative Model Energy Analysis 
(QMEAN) values of nearly 1 [101] was achieved with the high amino acid identity 
between cHPL and cAOS sequences and the good resolution of the template structure of 
P. homomalla cAOS. The superimposed structures of cHPL and cAOS with the differences 
in the residues are shown in Figure 7B and 7C.  
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Figure 7. The sequence and structure comparison between coral cAOS and cHPL. (A) The amino 
acid alignment of the substrate channels of P. homomalla cAOS and C. imbricata cHPL.  
The invariant and variable residues of the sequences are shown in black and gray, respectively.  
The sequence differences between the substrate channels of cAOS and cHPL are indicated as light 
blue and red, respectively. The catalytically important residues and the distal heme ligand is 
presented as green. (B) The superimposition of the crystal structure of P. homomalla cAOS (blue) 
and the model of C. imbricata cHPL (red). The substrate entry site is located near R56G and is 
indicated with an arrow. The heme and the active site are presented in yellow and green, 
respectively. (C) The rotated view (180 degrees) of the superimposed structures (Publication II). 

4.4 Docking simulations of P. homomalla cAOS (II, III) 
The 8R-HpETE substrate and the alternative fatty acid substrates, 8R-HpEPE, 10R-HpDHE, 
9R-Hp-GLA, 8R-Hp-AEA, 8R-Hp-1-AG and 8R-Hp-1-AG were docked successfully into the 
substrate channel of P. homomalla cAOS. All of the ligands were placed in the substrate 
pocket in a catalytically productive conformation, with the carboxy group located near 
Lys107 or Lys60 and with the hydroperoxy group of a ligand interacting with the 
catalytically essential residues, Thr66 and His67, and the heme iron (Fig. 8). The docking 
simulations with 9R-Hp-ALA were unsuccessful probably due to the rigidness of the 
ligand and the incompatibility with the substrate channel of cAOS. 
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Figure 8. The docking simulations of the crystal structure of P. homomalla cAOS with PUFA 
hydroperoxides. (A) 8R-HpETE (cyan), 10R-HpDHE (green) and 9R-Hp-AEA (pink) placed in the 
substrate channel of P. homomalla cAOS. The interactions between the residues (green) and the 
head group of a ligand are indicated with dotted lines. The heme is shown in yellow.  
(B) The distances between the head group of ligands and the positively charged residues, Lys60 and 
Lys107. The proximity of Lys60 to the head group varied due to the distinct length of the ligands 
(Publications II and III). 

4.5 Docking simulations of C. imbricata cHPL (II, III) 
The docking simulations of the model of C. imbricata cHPL resulted in unsuccessful 
docking attempts probably due to the structural constraints in the substrate channel (Fig. 
9A). The major difference between the substrate entry sites of cHPL and cAOS was the 
SSSAGE loop of cHPL instead of the PVEEGD motif in cAOS. Most likely the SSSAGE loop 
has distinct backbone conformation compared to the PVEEGD motif of cAOS. Therefore, 
the SSSAGE loop of cHPL was remodeled using a MODELLER tool [102], which led to a 
wider substrate entry site (Fig. 9A). The refined loop of the remodeled cHPL (cHPL-
SSSAGE) with the best score was used in the docking simulations with 8R-HpETE. The 8R-
HpETE substrate was located in the substrate channel of the cHPL-SSSAGE model in a 
catalytically productive conformation (Fig. 9B). This indicated that the differences in the 
substrate entry sites between cHPL and cAOS, especially the SSSAGE loop, might 
influence the reaction specificity and the substrate preference. 

Figure 9. The refined model of cHPL. (A) The remodeled SSSAGE loop of cHPL (pink). The loops of 
cAOS and the initial model of cHPL are shown in blue and beige, respectively. The residues located 
in the substrate entry site of cAOS and cHPL are presented in beige and green, respectively. 
The heme is indicated in yellow. (B) The docking simulation of the cHPL-SSSAGE model with 
8R-HpETE (cyan) (Publication III).  
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4.6 Residues involved in the reaction specificity of C. imbricata cHPL (II) 
Based on the sequence and the structural analysis, the distinct residues of the substrate 
channel of wild-type (wt) cHPL were replaced with the corresponding residues in the wt 
cAOS sequence (Fig. 7A). Specifically, the R56G, P65A, LL108-109YP, F150L, YS176-177NL, 
Y176N, S177L, I357V and SSSAGE155-160PVEEKG mutations of cHPL were prepared and 
analyzed. The kinetic parameters of the prepared mutants are presented in Table 3.  
The F150L, P65A and I357V mutations in the heme region and the ME59-60LK and 
SSSAGE155-160PVKEEG mutations in the substrate entry site lowered the kcat value of 
cHPL. In contrast, YS176-177NL located at the bottom of the substrate channel and the 
R56G mutant in the substrate entry site increased the kcat of cHPL.  
 
Table 3. The kinetic parameters of wt cHPL, wt cAOS, cHPL mutants and a cAOS mutant with  
8R-HpETE. The measurements were performed at an enzyme concentration of 5 nM. The kinetic 
parameters are presented with the corresponding standard error (n = 3).  

Enzyme kcat (s-1) Km (µM) kcat/Km (s-1, µM-1) 
C. imbricata cHPL 
 wild-type 133.5 ± 5.0 4.0 ± 0.5 35.0 ± 5.0 

Heme region 
F150L  49.5 ± 1.5 2.0 ± 0.5 27.5 ± 6.0 
P65A 40.5 ± 2.5 15.5 ± 2.5 2.5 ± 0.5 
I357V 64.0 ± 3.0 5.0 ± 1.0 13.0 ± 2.5 

Substrate channel 

R56G 304.5 ± 23.0 19.0 ± 4.0 16.0 ± 3.5 
YS176-177NL 218.0 ± 14.0 4.0 ± 1.0 56.0 ± 13.5 
ME59-60LK 7.5 ± 0.5 7.5 ± 2.0 1.0 ± 0.5 
SSSAGE155-160 
PVKEEG fragment 

52.0 ± 3.5 2.0 ± 0.8 26.0 ± 10.5 

C. imbricata cAOS  
 wild-type 1835.0 ± 196.5 46.5 ± 9.0 39.5 ± 8.5 

Heme region L150F 203.5 ± 8.0 6.5 ± 1.0 30.5 ± 4.5 
P. homomalla cAOS* 
 wild-type  1409.0 ± 85.0 45.5 ± 7.5 31.0 ± 5.5 
* - values obtained from the article by Boutaud et al. [89]. 
 

Despite the fact that all of the mutants influenced the catalytic parameters of cHPL, 
only the F150L and YS176-177NL mutations resulted in a change of reaction specificity 
from cHPL to cAOS. The incubations with individual mutants, Y176N and S177L, revealed 
that only S177L was responsible for the altered catalysis (unpublished data). This is in 
correlation with the docking simulations of P. homomalla cAOS, which showed that only 
Phe150 and Ser177 interacted with the C6=C7 double bond and C16 of 8R-HpETE, 
respectively (Fig. 10A and 10B). The cHPL F150L mutant produced a mixture of cHPL and 
cAOS products (Fig. 10C, second panel), while the S177L substitution also gave rise to 
some additional products, epoxy alcohol and trihydroxy derivatives (Fig. 10C, third 
panel). 

The inverse mutation of cAOS, L150F, was prepared to test the role of the Phe150 of 
cHPL in the cAOS sequence. Although the kcat of cAOS L150F was about 10 times lower 
than wt cAOS, the reaction specificity remained unaltered. 
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Figure 10. The determinants of the reaction specificity of cHPL. (A) The interaction between 
8R-HpETE and the catalytically important amino acids and the residues in the substrate channel. 
The residues of cAOS and cHPL are presented in blue and cyan, respectively. The heme is shown in 
yellow. (B) The proximity between 8R-HpETE (green) and the residues influencing the reaction 
specificity of cHPL. The heme is presented in yellow. (C) The radiochromatograms of the products 
synthesized from [1C-14]-8R-HpETE by wt cHPL, its mutants and cAOS L150F. The cHPL F150L and 
S177L mutants gave rise to a mixture of cAOS and cHPL products (second and third panel). 
The product patterns of other cHPL mutants were identical to the products of wt cHPL (upper panel). 
The cAOS L150F mutation did not influence the reaction specificity of cAOS (lower panel) 
(Publication II). 

4.7 Determinants in the substrate binding of cHPL and cAOS (III) 
The potential residues involved in the formation of a salt bridge (Fig. 8) with the 
negatively charged carboxy group of PUFA hydroperoxides were replaced with either a 
neutral amino acid, Met, or with a residue containing the opposite charge, Glu or Lys. 
Specifically, the K60M, K60E, K107M and K107E mutants of cAOS, and the E60M, E60K, 
K107M and K107E mutants of cHPL were prepared and analyzed. The kinetic parameters 
of each mutant determined with 8R-HpETE, 8R-HpEPE, 10R-HpDHE, 9R-Hp-ALA 
and 9R-Hp-GLA are presented in Table 4. In addition, the double mutation of cAOS, 
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K60M-K107M, was prepared to exclude the compensation of the loss of positive charge 
by either K60 or K107.  

The K60M, K60E and K107M mutations did not influence the kinetic parameters of 
cAOS which indicates that Lys60 and Lys107 were not involved in the salt bridge 
formation and therefore, these residues are not necessary for the productive binding of 
8R-HpETE. This result was in correlation with the K60M-K107M mutation, which had the 
same kinetic properties as determined for the individual mutants. The reduction of the 
kinetic parameters of cAOS by the K107E mutation can be explained by the altered 
structural conformation and/or the electrostatic interactions between the adjacent 
residues and the carboxy group of the 8R-HpETE substrate. However, the differences in 
the results between K107M and K107E indicate that the positive charge of Glu107 might 
influence the structural integrity and the electrostatic properties of the substrate entry 
site of cAOS. Yet, the K107M mutation illustrates that the loss of positive charge does 
not influence the substrate binding of the substrate.  

The significantly lower kcat and Km values of cHPL due to the Glu60 mutations 
demonstrated that the Glu60 of cHPL is necessary for the productive binding of a 
substrate, even though the negative charge of Glu60 excludes the salt bridge formation 
with the carboxy group of 8R-HpETE. This notion is in correlation with the ME59-60LK 
mutation which similarly to the E60M mutation, attenuated the kinetic parameters of 
cHPL (Tables 3 and 4). In addition, the increased turnover rate of cHPL with replaced 
Lys107 demonstrated that the positively charged Lys107 is not necessary and even 
interrupts the electrostatic interactions with the PUFA hydroperoxides. However, as the 
Glu60 and Lys107 mutations influenced the kinetic parameters drastically, the 
interactions between the substrate entry site and 8R-HpETE are presumably more 
complex than expected. 

The reaction specificity of cAOS or cHPL with the C18, C20 and a C22 PUFA 
hydroperoxides remained unaltered. Specifically, cAOS catalyzed the formation of 
corresponding α-ketols from all of the different substrates, while cHPL gave rise to 
respective oxo-acids. 
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Table 4. The kinetic parameters of wt cAOS, wt cHPL and mutants determined with PUFA 
hydroperoxides. The kinetic parameters are presented with the corresponding standard error  
(n = 3). The catalytic efficiency (Ecat) was obtained from the ratio of kcat/Km (s-1 µM-1).  
The measurements were performed at an enzyme concentration of 10 nM. 
 

Substrate 
cAOS 

wild-type K60M K60E K107M K107E 

8R
-H

pE
TE

 kcat (s-1) 2360 ± 230 2580 ± 340 2670 ± 230 2400 ± 160 1080 ± 110 

Km (µM) 50 ± 10 50 ± 10 50 ± 10 50 ± 5 30 ± 5 

kcat/Km 50 ± 10 50 ± 15 50 ± 10 50 ± 5 35 ± 10 

8R
-H

pE
PE

 kcat (s-1) 2370 ± 230 2950 ± 730 2450 ± 390 2460 ± 180 1260 ± 100 

Km (µM) 40 ± 10 60 ± 20 70 ± 20 50 ± 5 25 ± 5 

kcat/Km 55 ± 10 50 ± 20 40 ± 10 55 ± 10 50 ± 10 

10
R-

H
pD

HE
 

kcat (s-1) 1400 ± 170 1100 ± 140 1040 ± 180 2800 ± 370 1030 ± 140 

Km (µM) 35 ± 10 20 ± 5 30 ± 10 50 ± 10 30 ± 10 

kcat/Km 40 ± 10 50 ± 15 40 ± 15 60 ± 15 40 ± 15 

9R
-H

p-
AL

A kcat (s-1) 1370 ± 130 2050 ± 510 1080 ± 120 1780 ± 280 700 ± 70 

Km (µM) 80 ± 10 90 ± 35 50 ± 10 80 ± 20 30 ± 5 

kcat/Km 15 ± 2 25 ± 10 20 ± 5 25 ± 5 25 ± 5 

9R
-H

p-
G

LA
 

kcat (s-1) 1710 ± 200 1630 ± 340 1550 ± 160 2650 ± 290 1220 ± 100 

Km (µM) 75 ± 15 75 ± 30 90 ± 20 125 ± 20 60 ± 1 

kcat/Km 25 ± 6 20 ± 10 15 ± 5 20 ± 5 20 ± 5 

Substrate 
cHPL 

wild-type E60M E60K K107M K107E 

8R
-H

pE
TE

 kcat (s-1) 170 ± 10 90 ± 10 20 ± 1 580 ± 60 390 ± 30 

Km (µM) 12.0 ± 1.5 4.5 ± 1.5 1.5 ± 0.2 38.0 ± 6.5 12.5 ± 2.0 

kcat/Km 15 ± 2 20 ± 5 15 ± 2 15 ± 5 30 ± 5 

8R
-H

pE
PE

 kcat (s-1) 420 ± 30 200 ± 10 160 ± 20 720 ± 60 460 ± 30 

Km (µM) 50 ± 5 20 ± 2 40 ± 10 70 ± 10 20 ± 5 

kcat/Km 10 ± 1 10 ± 1 5 ± 1 10 ± 2 25 ± 5 

10
R-

H
pD

HE
 

kcat (s-1) 700 ± 70 300 ± 30 55 ± 2 1290 ± 220 620 ± 50 

Km (µM) 60 ± 10 30 ± 5 5 ± 1 90 ± 20 15 ± 5 

kcat/Km 10 ± 2 10 ± 2 10 ± 2 15 ± 5 40 ± 15 

9R
-H

p-
AL

A kcat (s-1) 340 ± 25 110 ± 10 80 ± 15 700 ± 180 490 ± 90 

Km (µM) 60 ± 10 25 ± 5 50 ± 15 140 ± 50 80 ± 20 

kcat/Km 5 ± 1 5 ± 1 2 ± 1 5 ± 2 5 ± 2 

9R
-H

p-
G

LA
 

kcat (s-1) 550 ± 50 220 ± 15 70 ± 5 620 ± 90 460 ± 40 

Km (µM) 80 ± 15 60 ± 10 30 ± 5 80 ± 20 60 ± 10 

kcat/Km 6.5 ± 1.0 4.0 ± 0.5 2.0 ± 0.5 8.0 ± 2.5 8.5 ± 2.0 
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4.8 Substrate preferences of coral cHPL and cAOS (III) 
The substrate preferences of P. homomalla cAOS and C. imbricata cHPL were determined 
based on the catalytic efficiencies obtained with 8R-HpETE, 8R-HpEPE, 10R-HpDHE, 
9R-Hp-ALA and 9R-Hp-GLA (Table 4) [103]. The substrate preferences of P. homomalla 
cAOS from best to worst were determined as follows: 8R-HpETE > 8R-HpEPE > 
10R-HpDHE > 9R-Hp-GLA > 9R-Hp-ALA (Scheme 7A). In parallel, the substrate preference 
of C. imbricata cHPL are presented as follows: 8R-HpETE = 8R-HpEPE > 10R-HpDEHE > 
9R-Hp-GLA > 9R-Hp-ALA (Scheme 7B). Even though the most preferred substrate of cAOS 
and cHPL was 8R-HpETE, the substrate selectivities with 8R-HpEPE and 10R-HpDHE were 
notably different. The 8R-HpEPE substrate was almost as good as 8R-HpETE, while 
10R-HpDHE as a C22 fatty acid was metabolized with lower efficiency by cAOS. 
In contrast, as 8R-HpETE was the best substrate for cHPL, 8R-HpEPE and 10R-HpDHE were 
metabolized with similar efficiency. The much lower efficiency of cAOS and cHPL with 
9R-Hp-ALA and 9R-Hp-GLA indicated that C18 fatty acid substrates was not preferred. 
However, the higher kcat value with 9R-Hp-GLA was in correlation with the successful 
docking simulations only with 9R-Hp-GLA, suggesting that cHPL and cAOS prefer 
substrates with the C5=C6 double bond adjacent to the hydroperoxy group (Scheme 7).  

Scheme 7. The substrate preferences of cAOS (A) and cHPL (B) determined with PUFA 
hydroperoxides. The substrate preferences starting with the best substrate are presented from top 
to bottom. The motifs possibly reducing the catalytic efficiency are indicated in gray. Similar 
catalytic efficiencies obtained with different PUFA hydroperoxides are indicated by the equal sign 
(Publication III). 

The ability to metabolize neutral derivatives of PUFA hydroperoxides were tested 
with methylated 8R-HpETE (Met-8R-HpETE), Met-10R-HpDHE, 8R-Hp-AEA and 8R-Hp-1-AG 
(Fig. 11). In contrast to cAOS, only cHPL catalyzed the conversion of Met-8R-HpETE and 
Met-10R-HpDHE (Fig. 11B). In addition, the turnover rate of cHPL with 8R-Hp-1-AG and 
8R-Hp-AEA was about four times higher than cAOS (Figs. 11C and 11D), while the 
turnover rate of cAOS with 8R-HpETE was 10 times higher compared to the value of cHPL 
(Fig. 11A). The capability of cHPL to metabolize endocannabinoid derivatives and 
10R-HpDHE as C22 PUFA indicates the structural differences between the substrate entry 
sites of cAOS and cHPL. 
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Figure 11. The incubations of cAOS and cHPL with alternative substrates. (A) The control reactions 
of cAOS and cHPL with free 8R-HpETE. (B) Activities with Met-8R-HpETE which were in correlation 
with the incubations with Met-10R-HpDHE (not shown). (C and D) The incubations with 8R-Hp-1-AG 
(C) and 8R-HpE-AEA (D), respectively. The loss of the conjugated diene of PUFA hydrpoperoxides at 
235 nm was observed spectrophotometrically (Publication III). 

The Met-8R-HpETE, 8R-Hp-1AG and 8R-Hp-AEA substrates were metabolized by 
cAOS and cHPL according to the reaction mechanism obtained with 8R-HpETE. 
This indicated that different head groups of the arachidonate derivatives do not influence 
the catalyzed reaction of cAOS or cHPL. 
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5 DISCUSSION  

In the current study, the catalytic activity of the first animal HPL was determined.  
In addition, the structural and functional aspects between highly identical cHPL and cAOS 
were examined. The structural determinants of cHPL and cAOS necessary for the distinct 
reaction specificities and substrate binding will be discussed. 
 
The independence of the individual domains of cHPL-LOX 
 
In order to study the isolated cHPL domain, the individual N-terminal domain of  
cHPL-LOX was expressed as an active protein. This correlates with the studies of 
functionally independent P. homomalla cAOS and 8R-LOX [89]. In vivo, the linkage 
between 8R-LOX and cHPL or cAOS is probably necessary to assure  membrane targeting 
and the proximity of two domains [86, 90]. In plants, the regulatory aspects of  
LOX-dependent pathways are different due to the distinct localizations of 9S-LOX,  
13S-LOX, AOS and HPL [59]. As the expression of plant LOX, AOS and AOC are all 
controlled by the transcription factor Col1, an artificial LOX-AOS-AOC complex was 
generated to study their possible co-occurrence and co-operativity in the inner envelope 
of chloroplasts [104]. In addition to coral cAOS-LOX and cHPL-LOX, several fungal fusion 
proteins with dioxygenase(DOX)-LDS, DOX-AOS or DOX-EAS activities have been 
identified [105]. 
 
Characterization of the reaction mechanism catalyzed by cHPL 
 
Although the active site, catalytically important residues and overall structure between 
coral cAOS and cHPL are conserved, cAOS and cHPL convert 8R-HpETE into different 
products. 

The steps in the reaction catalyzed by cHPL correspond to the mechanism of plant 
HPL [99]. The reaction is initiated by the cleavage of the hydroperoxy group followed by 
sequential steps until the formation of short-chain aldehydes (Fig. 6B). Instead of the 
formation of the C9=C10 double bond as described in the cAOS reaction, cHPL catalyzes 
the breakage of the C8-C9 bond of the epoxy group (Fig. 12) and the subsequent 
formation of hemiacetal intermediate [106]. Currently, it is not known which factors are 
involved in the epoxy ring opening by cHPL. Two possible options can be proposed:  
a) the hydrogen at C8 is abstracted by the His67 of cHPL or by the Compound II  
(Fe4+-OH), or b) the epoxy ring opening occurs spontaneously due to the instability of the 
epoxy allylic radical. However, it should be emphasized that, compared to epoxy alcohol 
synthases, the radical at C10 of cAOS and cHPL is protected from the rebound of the 
hydroxy group of Compound II or the incorporation of molecular oxygen. Therefore, all 
of the intramolecular rearrangements by cAOS and cHPL occur only near C8 or C9 of the 
epoxy ring. 
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Figure 12. The distinct conversion of the epoxy allylic radical intermediate by cAOS (left) and cHPL 
(right). The hydrogen at C9 of an epoxy allylic radical is abstracted by cAOS, resulting in the 
formation of an allene oxide. In contrast, cHPL catalyzes the epoxy ring opening of the epoxy allylic 
radical instead of the hydrogen abstraction at C9 (Publication II). 

The lyase-type activity can either induce “homolytic” cleavage, also known as 
α-scission, or “heterolytic” as the β-scission of carbon-carbon bonds of fatty acid 
hydroperoxides [68]. Coral cHPL and plant HPL both catalyze the “heterolytic” cleavage 
of a fatty acid hydroperoxide. Specifically, cHPL catalyzes the cleavage of the C8-C9 bond 
between the hydroperoxy group and the C9=C10 double bond of 8R-HpETE, which results 
in the formation of C8-oxo acid and C12-aldehyde. The “homolytic” cleavage of 8R-HpETE 
takes place between the C7-C8 bond and this type of lyase-like activity has been reported 
in sea urchins [107], by LOXs in anaerobic conditions [108] and by non-enzymatic 
reactions with free heme [109]. 

The reaction mechanism of plant HPL has been presented either with [110] or 
without [99] the involvement of water. Although both mechanisms are valid on paper, 
the latter mechanism was confirmed with the isolation of hemiacetal intermediate 
containing both oxygens from the hydroperoxy group of a fatty acid substrate [99]. 
This result was supported by our study with the 18O-labeled water showing that the 
oxygens of 8R-HpETE are retained in the oxo groups of C8-oxo acid and C12 aldehyde. 

Coral cHPL catalyzes the reaction at a turnover rate about 10 times lower than cAOS 
and plant HPL [69, 111, 112]. The lower reaction efficiency of cHPL with 8R-HpETE 
compared to the value of cAOS is explained by the much lower Km value in relation to the 
kcat value of cHPL (Table 4). The lower Km value of cHPL indicates that the interaction 
between the enzyme and the substrate is stronger. Even though cAOS and cHPL compete 
for the same substrate in vivo, the catalytic efficiency of LOX domains and the activity of 
lipasese are the rate limiting steps prior to the reaction by cAOS or cHPL. Furthermore, 
the cellular locations and the regulatory aspects of cAOS-LOX and cHPL-LOX are not 
known. 

Determinants in the reaction mechanism of cHPL 

The residues involved in the reaction mechanism of cHPL, Phe150 and Ser177, were 
shown to be the interacting residues of the 8R-HpETE substrate by in vitro and in silico 
approaches. Most likely, the Phe150 of cHPL directs the substrate in a position necessary 
for the epoxy ring opening and the Leu177 of cHPL is involved in the coordinating of the 
aliphatic tail of the substrate. The mutations in these residues, F150L and S177L, 
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influenced the interactions with the substrate or intermediates resulting in the formation 
of cAOS products. Clearly, the properties of wt residues were necessary to catalyze only 
the cHPL-specific reaction and the F150L and S177L mutations restructured the substrate 
channel more similar to cAOS. 

The inability of cAOS L150F to alter the reaction mechanism is in correlation with 
the results obtained with the Cyp74 enzymes. The opposite mutations in the residues of 
AOS which initially resulted in the conversion of AOS activity to HPL were not effective 
on the shift from HPL to AOS [65, 113]. This phenomenon can be explained by structural 
properties of the substrate channels of AOS and HPL. Most likely, the catalytic center of 
coral cHPL is more sensitive to single mutations than cAOS due to the distinct substrate 
positioning. The L150F mutation of cAOS did not influence substrate placement in the 
active site, probably due to the shape of the substrate entry site and/or the substrate 
channel. The most notable structural features that might be involved in directing the 
substrates are the PVEEGD and SSSAGE loops in the substrate entry sites of cAOS and 
cHPL, respectively. However, the SSSAGE-PVEEGD substitution did not result in the 
altered reaction specificity of cHPL. It can be speculated that cHPL arose from cAOS 
during the evolution of catalase-related enzymes due to gene duplication and 
modification. This is also explained by the inefficient conversion of cAOS to cHPL. 
However, as only the F150L mutation of cAOS was prepared during this study, the effects 
of single mutations on the cAOS-specific residues in the active site remain elusive. 
 
Structural characteristics of the substrate binding by cAOS and cHPL 
 
The substrate is bound to the U- or L-shaped channel of coral cAOS with its carboxy head 
located in the substrate entry site and the hydroperoxy group near the catalytically 
important residues (Figs. 7 and 8). Most of the fatty acid-binding enzymes interact with 
PUFA substrates in a similar fashion [42, 88, 115]. Two common criteria in the binding of 
PUFA substrates by fatty acid-binding proteins are as follows: (1) the electrostatic 
interactions between the carboxy group of a fatty acid and the polar residues of a 
protein, and (2) the hydrophobic interactions between the aliphatic tail of a fatty acid 
and the non-polar substrate pocket of a protein. Studies on the fatty acid binding 
enzymes, albumin [116] and lipid transfer proteins [117], have demonstrated that 
substrate binding is ensured mainly by hydrophobic interactions. In addition, COX-2 
tolerates the lack of a carboxy group of substrates or substrate analogs [115, 118, 119]. 
In contrast, COX-1 [120] and coral 8R-LOX The substrate is bound to the U- or L-shaped 
channel of coral cAOS with its carboxy head located in the substrate entry site and the 
hydroperoxy group near the catalytically important residues (Figs. 8 and 9). Most of the 
fatty acid-binding enzymes interact with PUFA substrates in a similar fashion [42, 88, 
114]. Two common criteria in the binding of PUFA substrates by fatty acid-binding 
proteins are as follows: (1) the electrostatic interactions between the carboxy group of a 
fatty acid and the polar residues of a protein, and (2) the hydrophobic interactions 
between the aliphatic tail of a fatty acid and the non-polar substrate pocket of a protein. 
Studies on the fatty acid binding enzymes, albumin [115] and lipid transfer proteins [116], 
have demonstrated that substrate binding is ensured mainly by hydrophobic 
interactions. In addition, COX-2 tolerates the lack of a carboxy group of substrates or 
substrate analogs [114, 117, 118]. In contrast, COX-1 [119] and coral 8R-LOX [88] cannot 
bind substrates without the involvement of positively charged Arg in their substrate 
entry sites. 
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Substrate preferences of PUFA-metabolizing enzymes are determined by the 
structural characteristics of the substrate channel. The length, the number of double 
bonds, the positioning and the stereoconfiguration of functional groups of PUFA 
substrates all together need to match with the properties of the substrate channel for 
productive binding and efficient catalysis. For example, the substrate selectivity of  
COX-1 and COX-2 differ mainly due to the wider channel opening of COX-2 [118]. Despite 
the differences in the substrate preference, COX-1 and COX-2 catalyze the same reaction 
and both prefer free AA as the substrate [120]. In contrast, highly homologous cAOS and 
cHPL catalyze different reactions and their substrate preferences are similar but not 
identical. Similar to COX isozymes [120], the reaction mechanism of cAOS and cHPL is 
preserved with substrates with different head groups. Therefore, even though cAOS and 
cHPL can bind alternative substrates, their catalytic center is well stabilized. To give an 
example of the opposite, M. truncatula HPL has EAS activity with 9S-HpODE and HPL 
activity with 13S-HpODE [57]. However, the reaction specificities remained unaltered 
with either ALA- or LA-derived hydroperoxides, suggesting that only the location of the 
hydroperoxy group was necessary for distinct reactions (Table 2). Coral cAOS and cHPL 
prefer only substrates with the hydroperoxy group located at the ω12 position from the 
methyl terminus, e.g. 8R-HpETE and 10R-HpDHE. 

In the current thesis, the substrate preferences were determined based on the 
catalytic efficiency, which takes into account the kcat and Km values. This sort of specificity 
constant is used to determine the influence of different substrates or substrate analogs 
on the catalytic rate of an enzyme [103]. The catalytic efficiency has been misused in 
comparing the reactivity of different enzymes, e.g mutants, on the same substrate [103, 
121]. Therefore, the comparison between the reaction efficiencies of wt cAOS, wt cHPL 
and mutants determined with the same substrate might be misleading. Specifically, in 
the evaluation of the kinetic properties of cAOS mutants in relation to wt cAOS, the kcat 
and Km values need to be analyzed separately. For instance, even though the catalytic 
efficiencies between wt cAOS and mutants with 8R-HpEPE are similar (Table 4), the cAOS 
K107E mutant has about half the kcat value. In addition, the catalytic efficiency of cHPL 
K107E with 10R-HpETE was the highest but the kcat was comparable with the 
corresponding value of wt cHPL. This indicated that the catalytic efficiency of cHPL K107E 
was determined mainly by the Km value. 

Based on the analysis of protein-ligand interactions in the Protein Databank, the salt 
bridge interactions between a positively charged residue from a protein and a negatively 
charged oxygen from a ligand were two times higher than the opposite (approximately 
5000 vs 2500) [123]. As mentioned earlier, PUFA dioxygenases such as LOX and COX 
contain mostly positively charged Arg in their substrate entry sites, whereas coral cAOS 
and cHPL have the positively charged Lys in the entrance of the substrate channel. When 
we compare the properties of Arg and Lys, the ionic interaction by the larger guanidinium 
group of Arg is stronger than by the smaller ammonium group of Lys. The potency of an 
ionic interaction by Arg or Lys is influenced by its neighboring residues and also by 
whether the salt bridge is buried or solvent-exposed [124]. Therefore, the existence of 
Lys in the substrate entry site might not necessarily denote that formed contacts are 
weaker. For example, Lys234 of bacterial enzyme β-lactamase is particularly obligatory 
for the catalysis of penicillin derivatives with the C3 carboxy group [125, 126].  
The increase of the kcat value of a CYP450, FA hydroxylase, with short chain FAs was 
achieved as a result of Leu187 replacement in the substrate channel with Lys and not 
with Arg [127]. Despite the fact that the Lys60 and Lys107 of coral cAOS are located in 
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the substrate entry site, the in vitro measurements demonstrated that these lysines are 
not essential for the productive binding of substrates. For instance, an NMR study of a 
liver fatty acid binding protein (FABP) revealed the electrostatic interactions between 
two oleates and corresponding binding sites [128]. However, mutational analysis 
demonstrated that the electrostatic interaction occurs only in one binding pocket. 
Therefore, even though the structural data confirmed the electrostatic interactions by 
wt protein, an alternative substrate accommodation was necessary to bind the second 
oleate. In regard to the coral cAOS, the interactions between the carboxy group of a fatty 
acid substrate and the Lys107 seem to be too weak or the substrate is bound in an 
alternative way.Based on the analysis of protein-ligand interactions in the Protein 
Databank, the salt bridge interactions between a positively charged residue from a 
protein and a negatively charged oxygen from a ligand were two times higher than the 
opposite (approximately 5000 vs 2500) [122]. As mentioned earlier, PUFA dioxygenases 
such as LOX and COX contain mostly positively charged Arg in their substrate entry sites, 
whereas coral cAOS and cHPL have the positively charged Lys in the entrance of the 
substrate channel. When we compare the properties of Arg and Lys, the ionic interaction 
by the larger guanidinium group of Arg is stronger than by the smaller ammonium group 
of Lys. The potency of an ionic interaction by Arg or Lys is influenced by its neighboring 
residues and also by whether the salt bridge is buried or solvent-exposed [123]. 
Therefore, the existence of Lys in the substrate entry site might not necessarily denote 
that formed contacts are weaker. For example, Lys234 of bacterial enzyme β-lactamase 
is particularly obligatory for the catalysis of penicillin derivatives with the C3 carboxy 
group [124, 125]. The increase of the kcat value of a cytochrome P450 enzyme, FA 
hydroxylase, with short chain FAs was achieved as a result of Leu187 replacement in the 
substrate channel with Lys and not with Arg [126]. Despite the fact that the Lys60 and 
Lys107 of coral cAOS are located in the substrate entry site, the in vitro measurements 
demonstrated that these lysines are not essential for the productive binding of 
substrates. For instance, an NMR study of a liver fatty acid binding protein (FABP) 
revealed the electrostatic interactions between two oleates and corresponding binding 
sites [127]. However, mutational analysis demonstrated that the electrostatic interaction 
occurs only in one binding pocket. Therefore, even though the structural data confirmed 
the electrostatic interactions by wild-type protein, an alternative substrate 
accommodation was necessary to bind the second oleate. In regard to the coral cAOS, 
the interactions between the carboxy group of a fatty acid substrate and the Lys107 seem 
to be too weak or the substrate is bound in an alternative way. 
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Biological role of cHPL 
 
In corals, the biological role of cHPL-LOX is not clear, as mechanical and thermal stress 
do not induce the gene expression and activity of cHPL-LOX [80, 85]. In plants, short chain 
aldehydes are synthesized in response to abiotic and biotic stress [110]. Similarly,  
cHPL-LOX could be involved in the biotic defense via antimicrobial activity of aldehydes 
[74, 128, 129] or it could play a housekeeping role. In addition, the initial stress response, 
which happens in seconds or minutes, has not been analyzed in corals.  

The most abundant PUFA in soft corals, including P. homomalla and C. imbricata, is 
AA. The amounts of EPA and DHA are significantly lower than AA, but their availability 
and the biological role in corals have not been investigated. Studies determining  
total lipid content of corals usually present their results without differentiating  
membrane-bound and free PUFAs, and therefore it is difficult to conclude about the 
availability of free PUFA substrates [130–132]. Moreover, the release of PUFAs from 
membranes is highly dependent on lipases. Although cAOS-LOX and cHPL-LOX are not 
membrane-dependent in vitro, the possibility of metabolizing membrane-bound 
substrates by these fusion proteins in vivo remains elusive. Although AA is most 
abundant in C. imbricata, cAOS and cHPL might catalyze the conversion of alternative 
PUFA hydroperoxides as well. The ability of cHPL to metabolize different PUFA 
hydroperoxides, including endocannabinoid derivatives, indicates that cHPL might 
contribute to the wider product pool. Currently, an endocannabinoid system of Cnidaria 
has been identified only in Hydra species [133].  
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CONCLUSIONS 

In the current thesis, the mechanistic aspects of the first animal HPL were described.  
In addition, the structural and functional characteristics between highly identical cHPL 
and cAOS were studied. 

The main conclusions are presented as follows: 
• C. imbricata cHPL catalyzes the formation of hemiacetal intermediate from  

8R-HpETE. The hemiacetal breaks down into two fragments, C8-oxo acid and 
C12 aldehyde. The oxygens from the hydroperoxy group of 8R-HpETE are retained 
in the aldehydic fragments. Formed (Z)-aldehydes isomerize non-enzymatically 
to (E)-aldehydes. The latter contain highly reactive α,β-unsaturated carbonyl 
moiety.  

• Despite the high sequence identity and the conserved active sites between cHPL 
and cAOS, their reaction specificities differ. Two residues, Phe150 and Leu177, 
are responsible for the cHPL-specific activity, as replacements with the 
corresponding residues of cAOS result in a shift of activity from cHPL to cAOS. 

• The main differences in the substrate entry sites between cHPL and cAOS are 
the SSSAGE loop of cHPL and the corresponding motif of cAOS, PVEEGD, 
respectively. These motifs do not influence the reaction specificity but most 
likely contribute to the distinct kinetic properties and the substrate preferences 
of cAOS and cHPL. 

• The docking simulations demonstrated the electrostatic interactions between 
positively charged Lys60 and Lys107 of cAOS and the negatively charged carboxy 
group of fatty acid hydroperoxides. However, this was not confirmed by the 
mutational analysis. In contrast to cAOS, the substitutions in corresponding 
residues of cHPL, Glu60 and Lys107, resulted in altered kinetic parameters.  
As the Glu60 and Lys107 mutations had opposite effects on the turnover rates, 
the interactions between the substrate entry site of cHPL and a substrate are 
more complex than expected. 

• The substrate preferences of cAOS from best to worst were determined as 
follows: 8R-HpETE = 8R-HpEPE > 10R-HpDHE > 9R-Hp-GLA > 9R-Hp-ALA.  
In parallel, the preferred substrates of cHPL were: 8R-HpETE > 10R-HpDHE =  
8R-HpEPE, 9R-Hp-GLA > 9R-Hp-ALA. 

• In contrast to cAOS, cHPL metabolized 8R-hydroperoxy endocannabinoid 
derivatives with larger head groups and also methylated substrates more 
efficiently, indicating differences in the opening of the substrate channels 
between cAOS and cHPL. 
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ABSTRACT 
Structural and catalytic aspects of the catalase-related fatty 
acid hydroperoxide lyase 
A unique fusion protein, catalase-related allene oxide synthase-lipoxygenase (cAOS-LOX), 
plays a central role in the oxylipin synthesis of corals (Animalia, Cnidaria). The cAOS-LOX 
fusion protein catalyzes the conversion of arachidonic acid (AA) to 8R-hydroperoxy-
eicosatetraenoic acid (8R-HpETE), which subsequently is metabolized to allene oxide, 
detected as stable end-products, α-ketol and cyclopentenone. Two highly homologous 
fusion proteins, cAOS-LOX-a and -b, were identified in the soft coral Capnella imbricata. 
It was shown that the gene expression and activity of cAOS-LOX-a was elevated in 
response to abiotic stressors, while the levels and the activity of cAOS-LOX-b remained 
unaltered. This indicated the involvement of cAOS-LOX-a in the stress response of corals, 
although, the biological role of cAOS-LOX-b remains elusive.  

The initial product analysis revealed that instead of the formation of α-ketol and 
cyclopentenone, cAOS-LOX-b gives rise to unknown polar compounds. In the current thesis, 
these products were identified as (5Z)-8-oxo-octenoic acid and (3Z,6Z)-dodecadienal. 
This type of enzymatic activity is unprecedented among animals. Therefore, the N-terminal 
domains of cAOS-LOX-a and cAOS-LOX-b were designated as cAOS and cHPL, 
respectively. Specifically, cHPL catalyzed the conversion of 8R-HpETE to the hemiacetal 
intermediate, which breaks down into two short-chain fragments. The cHPL-catalyzed 
reaction corresponds to the reaction mechanism of plant HPL. In addition, both of the 
oxygens from the hydroperoxy group of 8R-HpETE are retained in the oxo groups of 
aldehydes, which excludes the involvement of water in the reaction mechanism. 
Although coral cAOS and cHPL catalyze the same reactions as corresponding plant 
enzymes, they originate from different gene families. As plant AOS and HPL belong to the 
subfamily of cytochrome P450, the core structure and the active site of cAOS are highly 
identical to catalases. 

The differences in the substrate channels between cAOS and cHPL possibly involved 
in the reaction specificity and substrate binding were determined based on sequence 
alignment and structural analysis. The residues responsible for the reaction specificity of 
cHPL were identified as Phe150 and Ser177 by using the site-directed mutagenesis 
approach. Specifically, the replacements in these residues resulted in a shift in the 
activity from cHPL to cAOS.  

Based on the X-ray structure of Plexaura homomalla cAOS (PDB IDs: 1u5u), 
positively charged Lys60 and Lys107 in the substrate entry site were postulated to be 
anchoring residues of the negatively charged carboxy group of 8R-HpETE. This was 
confirmed by docking simulations with different polyunsaturated fatty acid (PUFA) 
hydroperoxides. To understand their influence on the catalytic reaction, the Lys60 and 
Lys107 of cAOS were replaced with either Met, as a neutral residue, or Glu, as a 
negatively charged residue. In parallel, the corresponding residues of cHPL, Glu60 and 
Lys107, were substituted using the same strategy. Despite the data on the electrostatic 
interactions in silico, the mutations of Lys60 and Lys107 of cAOS did not influence the 
substrate binding in vitro. In contrast, substitutions of the Glu60 of cHPL reduced the 
reaction rate of cHPL significantly, indicating its essential role in the proper binding of 
substrates. As the replacements of the Lys107 of cHPL resulted in an increased turnover 
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rate, more complex interactions between the residues in the substrate entry site and the 
carboxy group of a PUFA hydroperoxide are anticipated. 

The substrate preferences of cAOS and cHPL with free PUFA hydroperoxides were 
determined based on the corresponding catalytic efficiencies. Although 8R-HpETE  
was metabolized with the best efficiency by cAOS and cHPL, 10R-hydroperoxy-
docosahexaenoic acid (10R-HpDHE) was a more suitable substrate for cHPL. The C18 
PUFA hydroperoxy derivatives, 9R-Hp-ALA and 9R-Hp-GLA, were metabolized with the 
lowest efficiency by both enzymes. 

Incubations with neutral PUFA hydroperoxides revealed that cHPL can catalyze the 
conversion of 8R-hydroperoxy derivatives of methylated AA, docosahexaneoic acid 
(DHA) and endocannabinoid derivatives, anandamide (AEA) and 1-arachidonoyl glycerol 
(1-AG). In contrast, even though cAOS was able to catalyze endocannabinoid derivatives 
with lower activity, no reaction was detected with methylated substrates. This refers to 
distinct characteristics of the substrate entry sites of cAOS and cHPL. 

In conclusion, two parallel pathways, cAOS-LOX and cHPL-LOX, were identified in 
the soft coral C. imbricata. Despite the high sequence identity, cAOS and cHPL catalyze 
the conversion of 8R-HpETE to different products. As with the plant Cyp74 enzymes,  
the shift from HPL to AOS can be achieved by single mutations in the amino acid 
sequence. In addition, due to variations in the substrate entry sites, the substrate binding 
and the substrate preference between cAOS and cHPL are different. The ability to 
metabolize alternative PUFA hydroperoxides by cHPL suggests the versatile usage of the 
substrate pool in vivo. Although cAOS and cHPL contribute to the multifaceted 
production of oxylipins, the cross-talk between oxylipin-mediated signaling pathways in 
corals needs further investigation. 

  
 
 
 
 
 
 



56 

KOKKUVÕTE 
Katalaasilaadse hüdroperoksiidlüaasi struktuursed ja 
katalüütilised omadused 
Pehmete korallide arahhidoonhappe (AA) metabolismis on kesksel kohal unikaalne 
liitvalk, katalaasilaadne alleenoksiidsüntaas-lipoksügenaas (cAOS-LOX). Liitvalgu  
C-terminaalne LOX domeen katalüüsib AA oksüdatsiooni 8R-hüdroperoksü-
eikosatetraeenhappeks (8R-HpETEks), mis N-terminaalse cAOS domeeni poolt 
konventeeritakse alleenoksiidiks (AO). AO-d kui ebastabiilset produkti detekteeritakse 
tema stabiilsete lõpp-ühendite, α-ketooli ja tsüklopentenooni, kaudu. Hiljuti 
identifitseeriti pehmest korallist Capnella imbricata kaks kõrge identsusega liitvalku, 
cAOS-LOX-a ja cAOS-LOX-b. Stressikatsed pehme koralliga C. imbricata näitasid 
kõrgenenud cAOS-LOX-a geeniekspressiooni ja aktiivsust, kusjuures cAOS-LOX-b tase jäi 
muutumatuks. Antud katsega näidati, et cAOS-LOX-a on seotud koralli üldise 
stressivastusega, kuid cAOS-LOX-b funktsioon vajab edasist uurimist. 

Esmase produktide analüüsi põhjal selgus, et cAOS-LOX-b katalüüsib α-ketooli ja 
tsüklopentenooni asemel tundmatuid polaarseid ühendeid. Käesolevas teesis näidati,  
et cAOS-LOX-b liitvalgu LOX domeen katalüüsib AA-st 8R-HpETE, mis N-terminaalse 
domeeni poolt konventeeritakse (5Z)-8-okso-okateenhappeks ehk C8-oksohappeks ja 
(3Z,6Z)-dodekadienaaliks ehk C12-aldehüüdiks. Kusjuures mõlemate aldehüüdsete 
fragmentide oksorühmad sisaldavad hapnikke 8R-HpETE hüdroperoksürühmast.  
See tähendab, et hemiatsetaalse vaheühendi moodustamisel vesi ei osale. Seesugust 
taimedele omast lüaasset aktiivsust ei ole varem loomades täheldatud. Koralli cAOS-b ja 
taime hüdroperoksiidlüüas (HPL) katalüüsivad identset reaktsiooni, mistõttu antud töös 
nimetati cAOS-b katalaasilaadseks hüdroperoksiidlüaasiks (cHPL).  

Hoolimata sellest, et koralli cAOS/cHPL ja taime AOS/HPL katalüüsivad samu 
reaktsioone, on taime ja koralli ensüümid erinevatest geeniperekondadest ja seetõttu ka 
struktuurilt erinevad. Plexaura homomalla cAOS kristallstruktuuri (PDB ID: 1u5u) ja 
järjestuse põhjal on koralli cAOS-i katalüütiline tsenter ning üldine struktuur identne 
katalaasidega. Hoolimata kõrgest struktuursest sarnasusest, eelistab cAOS rasvhappe 
hüdroperoksiide ning katalaas katalüüsib ainult vesinikperoksiidi lagunemist.  

Kõrgelt identsete cAOS-i ja cHPL-i järjestus- ning struktuuranalüüsi põhjal määrati 
nende substraadikanalite aminohappelised erinevused, mis võiksid olla seotud 
reaktsioonimehhanismi ja substraadisidumisega. Koht-spetsiifilise mutageneesi abil 
määrati, et aminohapped, Phe150 ja Leu177, on seotud cHPL-spetsiifilise reaktsiooniga. 
Täpsemalt, antud mutatsioonide tulemusena cHPL katalüüsis nii cHPL kui ka cAOS 
produktide teket.  
 P. homomalla cAOS-i kristallstruktuuri põhjal täheldati kahe positiivselt laetud 
aminohappe, Lys60 ja Lys107, potentsiaalset rolli elektrostaatilises interaktsioonis 
rasvhappe karboksüülrühmaga, mida kinnitasid dokkimissimulatsioonid erinevate 
ligandidega. Koht-spetsiifilise mutageneesi abil asendati antud lüsiinid vastavalt 
neutraalse metioniini või positiivselt laetud glutamaadiga. Paralleelselt muteeriti 
vastavad jäägid, Glu60 ja Lys107, cHPL-i järjestuses neutraalse või vastasmärgilise 
jäägiga. Mutatsioonide tulemusel selgus, et erinevalt in silico tulemustest, cAOS-i 
substraadikanalis olevad lüsiinid ei mõjuta kineetilisi parameetreid, mistõttu ei ole nad 
vajalikud substraadi sidumisel. Vastupidiselt cAOS-le, Glu60 asendused alandasid cHPL-i 
reaktsioonikiirust märkimisväärselt, mis ilmestab Glu60 olulisust substraadi 
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produktiivses sidumises. Erinevalt cAOS-le, Lys107 asendused tõstsid cHPL-i 
reaktsioonkiirust, mis viitab komplekssetele interaktsioonidele cHPL-i substraadikanali 
suudmes.  

Katalüütiliste efektiivsute põhjal oli nii cAOS-le kui ja cHPL-le parimaks substraadiks 
8R-HpETE. Suurim erinevus oli 10R-hüdroperoksü-dokosaheksaneehappe (10R-HpDHE), 
C22 hüdroperoksiidi, eelistuse osas. Kui cAOS-i efektiivsus langes 10R-HpDHE-ga 
märkimisväärselt, siis cHPL kasutas 10R-HpDHE-d pea samasuguse efektiivsusega kui  
8R-hüdroperoksü-eikosapentaeenhapet (8R-HpEPE-t). Mõlema ensüümi puhul täheldati, 
et 9R-Hp-ALA ja 9R-Hp-GLA kui C18 hüdroperoksü rasvhappeid metaboliseeritakse 
madalaima efektiivsusega.  

Inkubatsioonidest alternatiivsete substraatidega selgus, et cHPL on võimeline 
konventeerima nii 8R-hüdroperoksü-endokannabinoide kui ka metüleeritud 8R-HpETE-t 
ja 10R-HpDHE-d. Erinevalt cHPL-st oli cAOS-i reaktsioonikiirus endokannabinoididega 
umbes neli korda madalam ning metüleeritud substraate ei metaboliseeritud üldse.  
See asjaolu viitab märkimisväärsetele struktuursetele erinevustele cAOS-i ja cHPL-i 
substraadikanali suudmes. 

Kokkuvõtteks, korallis C. imbricata on kaks paralleelset oksülipiine sünteesivat rada, 
cAOS-LOX ja cHPL-LOX. Hoolimata cAOS-i ja cHPL-i kõrgest järjestuse identsusest, 
katalüüsivad nad 8R-HpETE-st erinevaid produkte. Sarnaselt taime Cyp74 ensüümidega, 
on üksikute mutatsioonide abil võimalik suunata cHPL-i sünteesima cAOS-i produkte. 
Erinevused cAOS-i ja cHPL-i substraadisidumises ja -eelistuses on tingitud eelkõige 
substraadikanali suudme struktuurist. Eeskätt cHPL-i võimekus metaboliseerida 
alternatiivseid rasvhappe hüdroperoksiide viitab cHPL-i ja cAOS-i substraadikasutuse 
eripäradele in vivo. Hoolimata sellest, et cAOS ja cHPL panustavad pehme koralli C. 
Imbricata oksülipiinide metabolismi, nende osalus ja koostoime korallide signaalradades 
vajab edasist uurimist. 
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Reelika Sultson (BSc), 2017, "Identification of Acropora sp. lipoxygenases". Tallinn 
University of Technology, Faculty of Science, Department of Chemistry. 

Jaroslav Marhivka (BSc), 2016, "The influence of His-epitope on the expression, 
purification and activity of coral allene oxide synthase“. Tallinn University of Technology, 
Faculty of Science, Department of Chemistry. 

Tähti Kull (BSc), 2013, "Cloning of lipoxygenase sequences from soft coral Capnella 
imbricata". Tallinn University of Technology, Faculty of Science, Department of Chemistry. 

Publications 

Teder, T.; Samel, N; Lõhelaid, H. (2019). Distinct characteristics of the substrate binding 
between highly homologous catalase-related allene oxide synthase and hydroperoxide 
lyase - Archives of Biochemistry and Biophysics, 676 (108126). 

Teder, T.; Boeglin, W. E.; Schneider, C.; Brash, A. R. (2017). A fungal catalase reacts 
selectively with the 13S fatty acid hydroperoxide products of the adjacent lipoxygenase 
gene and exhibits 13S-hydroperoxide-dependent peroxidase activity - Biochimica et 
Biophysica Acta - Molecular and Cell Biology of Lipids, 1862 (7), 706–715. 

Teder, T.; Boeglin, W. E.; Brash, A. R. (2017). Oxidation of C18 hydroxy‑polyunsaturated 
fatty acids to epoxide or ketone by catalase‑related hemoproteins activated with 
iodosylbenzene - Lipids, 52 (7), 587–597. 

Teder, T.; Lõhelaid, H.; Samel, N. (2017). Structural and functional insights into the 
reaction specificity of catalase-related hydroperoxide lyase: A shift from lyase activity to 
allene oxide synthase by site-directed mutagenesis - PLoS One, 12 (9), e0185291. 

Teder, T.; Lõhelaid, H.; Boeglin, W. E.; Calcutt, W. M.; Brash, A. R.; Samel, N. (2015).  
A catalase-related hemoprotein in coral is specialized for synthesis of short-chain 
aldehydes: Discovery of P450-type hydroperoxide lyase activity in a catalase - Journal of 
Biological Chemistry, 290 (32), 19823−19832. 

Lõhelaid, H.; Teder, T.; Samel, N. (2015). Lipoxygenase-allene oxide synthase pathway in 
octocoral thermal stress response - Coral Reefs, 34 (1), 143–154. 

Teder, T.; Boeglin, W. E.; Brash, A. R. (2014). Lipoxygenase catalyzed transformation of 
epoxy fatty acids to hydroxy-endoperoxides: A potential P450 and lipoxygenase 
interaction - Journal of Lipid Research, 55 (12), 2587−2596. 

Lõhelaid, H.; Teder, T.; Tõldsepp, K.; Ekins, M.; Samel, N. (2014). Up-Regulated Expression 
of AOS-LOXa and Increased Eicosanoid Synthesis in Response to Coral Wounding - PLoS 
One 9 (2), e89215. 

Science meetings and courses 

2019, October – science meeting – Bioactive lipid mediators in cancer, inflammation and 
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