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INTRODUCTION

Marine ecosystems are living multi-species systems that are challenged and adapt
to environmental changes. Corals are integral species in major marine ecosystems
worldwide and are endangered due to biotic and abiotic stressors. Understanding
the interplay between stress elicitors and early responses generated would
improve the predictive power and measures for preventing the loss or decline in
coral reefs. Because corals are some of the simplest animal species, they further
represent valuable model organisms to study stress and adaptation. Thus, the
basic results of oxylipin pathways obtained in corals are likely applicable to
higher animals, which, due to their complexity and restrictions, are difficult to
study in vivo.

Oxylipins are well-established stress mediators in vertebrates and plants,
synthesized mainly by lipoxygenase (LOX) and cyclooxygenase (COX), and
LOX and allene oxide synthase (AOS) pathways, respectively. In corals, besides
COX and LOX enzymes, the initial oxidation of arachidonic acid (AA) is
catalyzed by a natural fusion protein, comprised of a catalase related peroxidase
and a lipoxygenase (AOS-LOX). The product of the C-terminal LOX domain
(8R- hydroperoxide) is sequentially converted by the N-terminal AOS to an
unstable allene oxide (AQO), which decomposes in water into 8-hydroxy, 9-keto-
5Z,11Z,14Z-trienoic acid (a-ketol) and 9-oxo-prosta-57,10,14Z-trienoic acid
(cyclopentenone/ preclavulone A). Although AOS-LOX and derived eicosanoids
have been detected in two soft coral species, the biological significance of AOS-
LOX metabolites in corals has not been established.

The biosynthesis of eicosanoids varies among corals. For example, in addition
to metabolites of LOX and AOS-LOX pathways, large amount of COX products,
endogenous prostaglandins (PGs), are present in Plexaura homomalla, but no
COX activity is detected in vitro. However, conclusive evidence shows that COX
enzymes are responsible for PG synthesis in P. homomalla. Whereas both
endogenous PGs, and COX activity in vitro are detected in Gersemia fruticosa,
in some corals neither PGs nor COX are found. Based on the genome of Acropora
digitifera, stony corals are devoid of the COX gene. At the same time, the AOS-
LOX gene is present in both soft and stony corals. The biological function of this
widely distributed AOS-LOX pathway in corals is unknown.

According to previous studies conducted by our group, G. fruticosa contains
all of the aforementioned AA pathways. Unfortunately, due to its extreme natural
environment, the coral is unsuitable for in vivo experiments. In order to find a
more convenient model for stress experiments, the octocorals Capnella
imbricata, Sarcophyton sp., Lobophyton sp. and Xenia sp. were analyzed for their
fatty acid content. Eventually, due to its high AA content, easily cultivated and
fast growing C. imbricata was chosen for further studies of the oxylipin
metabolism.

In this thesis the biosynthetic AOS-LOX pathway, which converts AA to
allene oxide, was established for the Arctic G. fruticosa and Indo-Pacific C.



imbricata, and identified as a fast and sensitive pathway induced in response to
mechanical and thermal stress in C. imbricata in vivo. Observed changes suggest
the importance of the AOS-LOX pathway in mediating the early stress response

of coral.



ABBREVIATIONS

8R-HETE 8R-hydroxy-(5Z, 9E, 11Z, 14Z)-eicosatetraenoic acid

8R-HpETE 8R-hydroperoxy-(5Z, 9F, 11Z, 14Z)-eicosatetraenoic acid

a-ketol 8-hydroxy, 9-keto-(5Z, 11Z, 14Z)-eicosatrienoic acid

AA arachidonic acid, (57, 87, 11Z, 14Z)-eicosatetraenoic acid

ALA a- linolenic acid, (92, 12Z, 15Z)-octadecatrienoic acid

AO allene oxide; 8, 9- epoxy-(5Z, 9F, 11Z, 14Z)-eicosatetraenoic
acid

AOC allene oxide cyclase

AOS allene oxide synthase

AOS-LOX allene oxide synthase-8R-lipoxygenase fusion protein

COX cyclooxygenase

Cyclopentenone 9-oxo-prosta-(5Z, 10, 14Z)-trienoic acid

CYP cytochrome P450 family proteins

dnOPDA dinor-oxo-phytodienoic acid; 10-oxo0-(8, 132)-phytodienoic
acid

DES divinyl ether synthase

EPA (57,87, 117, 14Z, 17Z)-eicosapentaenoic acid

Grp78/BiP glucose-regulated protein 78/binding immunoglobulin protein

HPL hydroperoxide lyase

HETE hydroxyeicosatetranoic acid

HpETE hydroperoxyeicosatetranoic acid

HSF heat shock factors

HSR heat shock response

Hsp(70) heat shock protein (70 kDa)

JA jasmonic acid; (+)-7- iso-jasmonic acid

LA linoleic acid, (97, 12Z)-octadecadienoic acid

LOX lipoxygenase

OPDA oxo-phytodienoic acid; (+)-12-0x0-(10, 152)-phytodienoic acid

PUFA polyunsaturated fatty acid

gPCR quantitative real-time polymerase chain reaction

ROS reactive oxygen species

RP-HPLC reverse phase-high performance liquid chromatography

RT-PCR reverse transcription polymerase chain reaction

TXA» thromboxane A,

UPC unidentified polar compounds

UPR unfolded protein response
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1. REVIEW OF THE LITERATURE
1.1. Oxylipin pathways

Oxylipins are commonly found in aerobic organisms (plants, animals and fungi)
(Blee 1998,2002; Rowley et al. 2005; Wasternack 2007; Serhan et al. 2008a;
Wasternack and Hause 2013a). They are formed from polyunsaturated fatty acids
(PUFA) by pathways involving at least one mono- or dioxygen-dependent
oxidation (Gerwick et al. 1991). The main precursors of oxylipins are C16 and
C18 PUFAs in plants (Wasternack and Hause 2013a) and C20 (C22) PUFAs in
animals (Wymann and Schneiter 2008). PUFAs are converted to corresponding
oxylipins by the activity of lipoxygenase (LOX), cytochrome P450 (CYP) and
alpha-dioxygenases (DOX) in plants (Fig. 1a) and LOX, cyclooxygenase (COX)
and CYP enzymes in animals (Fig. 1b) (Blee 2002). It should be noted that while
plants lack COXs, some CYP families (e.g. CYP74) are not present in higher
animals (Nelson et al. 2013). Due to the labile nature of the compounds, oxylipins
are messengers acting in an auto-paracrine manner, and mostly are not stored in
tissues, but rather are formed in response to various stimuli (Serhan et al. 1996;
Blee 1998; Serhan et al. 2008a). At the same time, some oxylipins (e.g.
phytoprostanes) are also formed non- enzymatically under conditions of oxidative
stress via the action of reactive oxygen species (ROS) (Mueller 2004; Mueller
and Berger 2009), generating highly complex oxylipin patterns.
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Figure 1. Oxidative metabolism of PUFAs in plants (a) and mammals (b) (adapted from
(Blee 2002)).

1.1.1. Plant-derived oxylipins

Different classes of oxylipins are formed from hexatrienoic (C16:3), linoleic (LA,

C18:2) or a-linolenic (ALA, C18:3) acids by at least six different enzyme families
(Fig. 1a) (Blee 2002; Feussner and Wasternack 2002; Mosblech et al. 2009;
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Wasternack and Kombrink 2010; Wasternack and Hause 2013a). LOXs and
DOXs conduct the formation of regio- and stereospecific fatty acid
hydroperoxides (Hamberg et al. 2003; Wasternack and Hause 2013a). Fatty acid
hydroperoxides formed by LOXs are substrates for downstream CYP family
proteins, including allene oxide synthase (AOS), hydroperoxide lyase (HPL) and
divinyl ether synthase (DES), leading to the formation of unstable allene oxides
(AO), short chain aldehydes and divinyl ether containing PUFAs, respectively
(Fig. 2) (Howe and Schilmiller 2002; Lee et al. 2008). The relative levels of
jasmonic acid (JA), oxo-phytodienoic acid (OPDA) and C16 derived dinor-oxo-
phytodienoic acid (dnOPDA) are oxylipin signatures of plants. It is notable that
under normal conditions the oxylipin signatures in different plant species are
similar, but not identical (e.g. potatoes versus Arabidopsis thaliana) (Weber et al.
1997). In general, oxylipin synthesis is induced by wounding, and the metabolites
formed up-regulate its synthesis pathway (Wasternack 2007).

R\ R _DES R L

Hydroperoxides OOH Divinyl Ethers

, Allene Oxides

Hydrolysis. Oxo-acids and Aldehydes

#
a-Ketols AOC

y-Ketols
R —
o) (o}

Cyclopentenones Jasmonic acid

Figure 2. Plant oxylipin pathways. LOXs convert LA and ALA to corresponding 9- and
13-hydroperoxides. AOS converts fatty acid hydroperoxide to allene oxide, HPL into
volatile compounds and DES into divinyl ether containing fatty acids. R and R’ vary
according to the substrate.

As previously described, a great number of enzymes are responsible for the
metabolism of fatty acids. Here the focus is on the biosynthesis of oxylipins
initiated by the LOX and followed by either AOS or HPL.

The best-characterized pathway of plant oxylipins is the formation of the stress
mediator JA via its precursor OPDA (Wasternack and Kombrink 2010).
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Accordingly, the biosynthesis of JA is catalyzed from ALA by sequential
activities of LOX, AOS and allene oxide cyclase (AOC) (Blee 2002; Block et al.
2005). While the non-enzymatic cyclization of AO leads to a racemic mixture of
OPDA, AOC catalyzes the stereospecific formation of 9§, 13§ enantiomer
essential in the formation of JA (Ziegler et al. 1997). The first steps of JA
synthesis (up to OPDA formation) take place in the plastids, while the shortening
of the carboxylic acid side-chain and the formation of JA are conducted in
peroxisomes (Fig. 3) (Wasternack 2007). JA is elicited in response to injury,
pathogenesis and herbivory (Farmer et al. 2003; Schilmiller and Howe 2005).
Jasmonates, which are comprised of JA, methyl ester- and amino acid conjugates
of JA, are involved in growth and development, and are essential in the local and
systemic signaling of defense (Wasternack and Kombrink 2010; Wasternack and
Hause 2013a). However, OPDA, the precursor of JA, is a signal mediator in
tendril coiling in the climbing plant Bryonia dioica (Blechert et al. 1999), which
has been found to be a potent regulator of the wound response in A. thaliana
(Stintzi et al. 2001). Importantly, OPDA and JA regulate a distinct set of genes in
response to wounding (Taki et al. 2005).

Figure 3. Localization of the lipoxygenase pathway in a plant cell (Wasternack 2007).

In parallel with the AOS route, the HPL pathway mediates the conversion of
13§- fatty acid hydroperoxide to non-volatile traumatin (C12 oxo-acid) and
volatile C6 aldehydes (Fig. 2) (Zimmerman and Coudron 1979; Vick and
Zimmerman 1987; Bate et al. 1998; Howe et al. 2000; Grechkin and Hamberg
2004; Halitschke et al. 2004). The volatile compounds are instantly synthesized
at the chloroplast membranes in response to wounding, e.g. the unstable (£)-3-
hexenal generated is detected 1-2 s after injury (Fall et al. 1999), stimulating the
healing of the wound and inducing the expression of the prosystemin gene, which
in turn acts as a positive feedback loop enhancing wound signal. Metabolites of
the unstable (Z£)-3-hexenal are (£)-2-hexenal, hexenols and hexenyl acetates.
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Hexanals and hexenals have antibacterial (Croft et al. 1993) and antifungal
properties (Major et al. 1960; Gueldner et al. 1985; Sivasankar et al. 2000). In
addition, they function as messengers in plant-to-plant signaling (Bate and
Rothstein 1998) and “attract” or “repel” insects (Croft et al. 1993; Turlings et al.
1995). The volatile aldehydes have a compound specific aroma, also detectable
by humans. For example, the leaf aldehyde (£)-2-hexenal in a 1:1 mix with
hexenol emits a “fresh green” scent of newly mown grass. Hexanal or (£)-3-
hexanal, the result of 13- hydroperoxide break-down, emits a beany-grassy odor.
(E)-3-noneal or (E)-3, (E)-6 nonadienal, produced from 9-hydroperoxide, emit a
cucumber-pear-like odor (Noordermeer et al. 2001b). For humans, the “green
odor” has anti-stress properties (Oka et al. 2008). Accordingly, the volatiles
(including JA) are used as scents in fragrances.

Traumatin and traumatic acid are formed from the carboxyl end of the fatty
acid hydroperoxides; they are wound hormones that promote growth
(Zimmerman and Coudron 1979). For example, 9-OH traumatin is involved in
the fast wound response, produced non-enzymatically and enzymatically within
the first hour, and is not stored (Kallenbach et al. 2011).

1.1.2. Animal-derived oxylipins

Eicosanoids are the main branch of oxylipins synthesized in animals from
arachidonic acid (AA, C20:4w6) and other C20 polyenoic acids by fatty acid di-
and monooxygenases, LOX, COX and cytochrome P450 epoxygenases,
respectively (Fig. 1b and Appendix 1) (Brash 1999; Rouzer and Marnett 2003;
Nelson et al. 2013). In addition to AA, other PUFAs, such as eicosapentaenoic
acid and docosahexaenoic acid (DHA, C22:6w3), are the precursors for important
PUFA derivatives: resolvins and protectins (Serhan et al. 2002; Serhan et al.
2008a), which mediate the resolution of inflammation.

Vertebrate eicosanoids

Animal 5-, 8-, 11-, 12- and 15-LOXs (E.C. 1.13.11.-) catalyze the conversion
of AA into corresponding 5-, 8-, 11-, 12- and 15- hydroperoxyeicosatetraenoic
acids (HpETEs) (Brash 1999) (Appendix 1, b). Depending on the species and
cell-type specific expression of enzymes, the content and distribution of
eicosanoids vary. For example, six LOXs with 5-, 12-, 15- specificity are
expressed in human (Horn et al. 2013), while additional 8-LOX is expressed in
mouse skin (Jisaka et al. 2000). Thus far, the LOX with 11R-specificity has been
identified only in marine invertebrates, such as hydra (Di Marzo et al. 1993), sea
urchins (Hawkins and Brash 1987) and corals (DiMarzo et al. 1996; Varvas et al.
1999; Mortimer et al. 2006). In terrestrial organisms, the prevalent
stereoconfiguration of LOX products is S, while R stereospecificity is more
pronounced in marine invertebrates.
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HpETEs are involved in cell migration (chemotactic) and are potent pro- and
anti-tumorigenic agents. For example, 5- and 12-HETEs formed by 5- and 12-
LOX, and 13-HODE formed by 15-LOX are involved in the proliferation and
inhibition of apoptosis, angiogenesis, cancer invasion and metastasis, while 15-
and 8-HETE formed by 15-LOX2 and 8-LOX are involved in the differentiation,
growth arrest and induction of apoptosis (Pidgeon et al. 2007; Moreno 2009). In
addition, they mediate atherosclerosis (15-HETE) and allergic inflammation
(Duroudier et al. 2009). Downstream LOX cascades produce leukotrienes and
lipoxins, which promote inflammation and are involved in the initiation and
resolution of inflammation, respectively (Funk 2001; Serhan and Chiang 2002;
Haeggstrom and Funk 2011).

Another oxygenation route converting AA to prostaglandins (PGs) is
catalyzed by COXs, also known as prostaglandin endoperoxide synthases (E.C.
1.14. 99.1). All vertebrates have two COX isozymes, a constitutive COX-1 and
an inducible COX-2 (Funk 2001). Both COXs catalyze the formation of PGG;
(cyclooxygenase activity) and its reduction to PGH; (peroxidase activity) (Rouzer
and Marnett 2003; Schneider et al. 2007). The main differences between COX-1
and COX-2 are their genetic regulation and function (Rouzer and Marnett 2005;
Blobaum and Marnett 2007). The formation of PGH, by COXs is a rate-limiting
step in its downstream conversion to prostaglandin E, (PGE:), PGF2,, and PGD.,
as well as the conversion to thromboxane A, (TXA;) and prostacyclin (PGI) by
corresponding isomerases or synthases (Fig. 4 and Appendix 1, a) (Rouzer and
Marnett 2011).

Inhibition of COX reduces inflammation, pain and fever (Flower 2006). The
anti-inflammatory effect of non-steroidal anti-inflammatory drugs (NSAIDs) is
related to COX-2 inhibition (Vane and Botting 1998). COX-2 is also involved in
the promotion and progression of cancer, although, the role is tumor specific
(Krishnamoorthy and Honn 2011; Moga 2013). In conferring their biological
function, e.g. evoking an inflammatory response after injury, PGs have opposite
effects. For example, depending on the timing and course of inflammation, they
can either induce vasoconstriction (PGF»,, TXA, TXB,) or vasodilation (PGE;,
PGE,, PGL), inhibition of platelet aggregation (PGD,, TXA;, PGE, PGIL)
(Murakami 2011; Ricciotti and FitzGerald 2011) or aggregation of platelets
(PGE) (Howie et al. 1973; Kobzar et al. 1997). In addition, elevated levels of
PGE; sensitize spinal neurons (inducing the sense of pain) (Grace et al. 2014), act
on the hypothalamus to cause fever (Coceani and Akarsu 1998), and are involved
in the complex process of labor (e.g. cervical ripening and contractions) (Kelly et
al. 2009).

Animal CYPs catalyze the biotransformation-oxygenation of drugs and
xenobiotic toxicants, as well as endogenous PUFAs (Capdevila et al. 2000;
Nelson et al. 2013). For example, CYP1B, CYP2A, CYP2B, CYP2C, CYP2E,
CYP2J, CYP4A and CYP11 monooxygenases are present in the human heart, and
all require Oy, CYP reductase and NADPH for catalysis (Seubert et al. 2007).
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Using AA as a substrate, they produce various hydroxy fatty acids, e.g. 16-
and 20-HETE, and four regioisomers of epoxyeicosatrienoic acid (EETs). For
example, the epoxygenation of AA leads to 5,6-, 8,9-, 11,12-, and 14,15-EETs in
humans (Appendix 1, ¢) (Rouzer and Marnett 2011). EETs are further converted
to corresponding dihydroxyeicosatrienoic acids (DHETSs) by epoxide hydrolase,
e.g. 14, 15-DHET is formed from 14, 15-EET (Zeldin et al. 1993). In vertebrates,
the representatives of CYP family converting fatty acid peroxides are CYP5A1
(thromboxane synthase) and CYP8A1 (prostacyclin synthase) (Brash 2009).

The bioactivity of EETs depends on the specific regioisomer and the cellular
context. EETs regulate ion transport and blood pressure (vasodilators) (Larsen et
al. 2006; Capdevila 2007), sodium excretion (Capdevila and Falck 2002;
Capdevila et al. 2014) and angiogenesis (Wang 2005). EETs are involved in
cardio-protection after injury (Seubert et al. 2007). Endothelial-derived EETs
promote tissue growth, e.g. liver regeneration and compensatory growth of the
kidney and lung in vitro (Panigrahy et al. 2013). 5,6- and 8,9-EETs promote
endothelial cell migration and angiogenesis (Pozzi et al. 2005), while 11,12-EET
is anti-inflammatory (Node et al. 1999) and anti-migratory for vascular smooth
muscle cells (Sun et al. 2002; Spector and Norris 2007). 20-HETE produced by
o-hydroxylases is a vasoconstrictor inhibiting Ca*'- sensitive K channels
(Seubert et al. 2007), and promotes endothelial cell proliferation (Guo et al.
2007).

Coral eicosanoids

Corals are invertebrate animals (Kingdom Animalia; phylum Cnidaria; class
Anthozoa) (Hyman 1940) that are divided into two major subclasses: reef-
building Hexacorallia and soft corals Octocorallia (Zhang 2011), both comprised
of azooxanthellate or zooxanthellate, the latter living in symbiosis with
unicellular algae, Symbiodinium sp. species.

Coral oxylipin studies started with the detection of large quantities of PG and PG-
esters (2-3% of dry weight) in the soft coral Plexaura homomalla (Weinheimer
and Spraggins 1969). Thereafter, a plethora of eicosanoids have been discovered,
which vary depending on the species and location (Corey et al. 1973; Brash et al.
1987; Corey et al. 1987; Corey et al. 1988; Varvas et al. 1993; Varvas et al. 1999).
In soft corals, AA is an abundant fatty acid (10-25%), being the primary precursor
of eicosanoids (Imbs et al. 2006; Imbs and Yakovleva 2011). To a lesser degree
(3-10%) AA also contributes to the fatty acid content of stony corals (Latyshev
et al. 1991; Figueiredo et al. 2012; Voolstra et al. 2012). Free AA is metabolized
by COX (Varvas et al. 1994a; Koljak et al. 2001; Valmsen et al. 2001) or LOX
(Brash et al. 1996; Mortimer et al. 2006) into PGs or H(p)ETEs, respectively (Fig.
4). In addition to 11R-LOX (Mortimer et al. 2006; Eek et al. 2012; Jarving et al.
2012), a unique allene oxide synthase- 8R-lipoxygenase (AOS-LOX) fusion
protein pathway was discovered in corals (Koljak et al. 1997). In this naturally
occurring protein, a LOX (with 8 R-stereospecificity) is fused to an AOS and thus
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mediates two sequential catalytic steps: AA oxidation into 8R-
hydroperoxyeicosatetraenoic acid (S8R-HpETE) and the conversion of
hydroperoxide to labile allene epoxide (Fig. 4) (Koljak et al. 1997; Boutaud and
Brash 1999).

Arachidonic acid
8 COOH

11 i 15

|poxygenases
Cyclooxygenase 11(R) HPETE
COCH

11(R)-HETE
O NF B(R) -HPETE
GOH PGG,
/ = COOH \ COQH
8 KETE
| OH 15(5) HETE AOS
=
; COOH COOH
{j\ (R) -HETE
0 — allene oxide
PGD HO PGE; l
HQ HQ OH
P A
} N Y 8(R), 15(S)-diHETE ==
HO o HO OH ®).158) a-ketol
15-keto-PGF2¢ PGF2a

Figure 4. Endogenous eicosanoids identified in the soft coral G. fruticosa (Varvas et al.
1993, Varvas et al. 1999). AOS-LOX pathway is depicted in red.

In essence, the coral AOS-LOX pathway is similar to the plant JA pathway
(Fig. 5), except for the separately expressed LOX and AOS proteins in plants
(Wasternack 2007), and the non-enzymatic decomposition of AO into a mixture
of a-ketol and cyclopentenone in corals (Fig. 5) (Koljak et al. 1997). Initially, the
cyclopentenone was thought to be the precursor of coral PGs, but the cloning and
characterization of functional coral COXs indicated the existence of parallel
oxygenation routes (Koljak et al. 2001; Valmsen et al. 2001).
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Figure 5. Formation of oxylipins containing the cyclopentenone moiety by corals and
plants, (adapted from (Koljak et al. 1997)). PUFA- polyunsaturated fatty acid substrate;
HP- fatty acid hydroperoxide. AOS-LOX pathway is depicted in red.

Interestingly, while P. homomalla contains a considerable amount of PGs,
during biosynthesis with exogenous AA no PGs are formed (Corey et al. 1973;
Corey et al. 1988). On the contrary, besides the PGs detected as free acids in coral
extracts of G. fruticosa, the coral homogenate biosynthesizes optically active PGs
in vitro (Varvas et al. 1993; Varvas et al. 1999). However, Clavularia viridis
converts AA via 8R-HpETE to clavulones (preclavulone A) (Corey et al. 1987),
bromovulones and iodovulones (Fig. 6) (Honda et al. 1987; Watanabe et al.
2001). Altogether, this data is indicative of species-specific eicosanoid
biosynthesis. Although AOS-LOXs are not involved in the biosynthesis of coral
PGs, they still might be involved in the synthesis of clavulone-like derivatives.

Current literature on coral eicosanoids contains data on the identification of
naturally occurring compounds (Corey et al. 1973; Corey et al. 1985; Varvas et
al. 1993; Varvas et al. 1994b), the elucidation of metabolic pathways involved in
their biosynthesis (Brash et al. 1987; Corey et al. 1987; Koljak et al. 1997; Varvas
et al. 1999; Koljak et al. 2001), and the effects of lipid extracts or isolated
compounds on other systems (Hashimoto et al. 2003). But to date, only the role
of prostaglandins in the chemical defense of the coral P. homomalla has been
proposed (Pawlik et al. 1987; Gerhart 1991; O'Neal and Pawlik 2002; Whalen et



al. 2010). In spite of the wide occurrence of different oxylipins (hydroxy fatty
acids, prostaglandins and their derivatives, chlorovulones, punaglandis etc.) in
invertebrates (Brash et al. 1987; Rowley et al. 2005), their exact functions in those
organisms are unclear.
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Figure 6. Atypical eicosanoids isolated from C. viridis.

1.2. Key enzymes of the Lipoxygenase pathway

1.2.1. Lipoxygenases (EC 1.13.11.-)

LOXs are non-heme iron containing dioxygenases that catalyze the stereo-
specific peroxidation of PUFAs containing at least one 1-cis, 4-cis-pentadiene
system to form biologically active mediators (Fig. 1) (Brash 1999). LOXs are
classified in terms of their positional specificity. Plant LOXs are comprised of
linoleate 9- and 13-LOXs (Feussner and Wasternack 2002) while animal LOXs
are arachidonate 5-, 8-, 11-, 12- and 15-LOXs (Brash 1999; Brash et al. 1999).
For example, plant 9- and 13-LOXs catalyze the oxidation of ALA at the carbon
C9 or C13 and the formation of 95- and 13S-hydroperoxy fatty acids, respectively
(Fig. 2), and animal 5- and 15-LOXs catalyze the oxidation of carbon C5 or C15
of AA and the formation of 5S- and 15S-hydroperoxy fatty acids, respectively
(Brash et al. 1999). Although not containing substrate PUFAs, LOXs are also
isolated from gram-negative bacteria (Hansen et al. 2013). In addition, not only
AA, EPA and DHA but also LA and ALA are oxygenated by animal LOXs, e.g.
15-LOX converts LA to 13-hydroperoxy- octadecadienoic acid in human
epidermis (Ziboh et al. 2000).
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Mechanism of catalysis

Fatty acid oxygenation by LOXs contains four steps: 1) stereoselective
hydrogen abstraction from the bis-allylic methylene group, either from the carbon
7 (C7), C10 or C13 of AA, 2) radical rearrangement, resulting in delocalized
carbocation, 3) regioselective oxygen addition to the antarafacial plane (an
antarafacial relationship between the initial hydrogen-abstraction and sequential
oxygenation), and 4) reduction of a peroxy radical to form the fatty acid
hydroperoxide, resulting in either R- or S-stereoconfiguration of the peroxyl
group formed (Fig. 7) (Brash 1999; Schneider et al. 2007). Altogether, twelve
possibilities for AA oxygenation exist (the hydroperoxide in R- or S-
stereoconfiguration is formed at C5, C8, C9, C11, C12 or C15) (Schneider et al.
2007).

Fe3+ H \H
Substrate — — — — COOH
Fe?* H
Intermediate =N NN COOH
0,
Fe3* H
Product S T COOH
OOH

Figure 7. Lipoxygenase-catalyzed reaction. Hydrogen abstraction and antarafacial
insertion of oxygen into AA by S8R-LOX.

Structure

Overall, plant LOXs are larger (94-104 kDa) than their animal counterparts
(75-80 kDa) (Brash 1999; Kuhn et al. 2005). To date, the crystal structures of
soybean LOX-1 and -3 (Minor et al. 1996; Skrzypczak-Jankun et al. 1997), rabbit
reticulocyte 15-LOX-1 (Gillmor et al. 1997), human 12-LOX (Xu et al. 2012),
coral 8R-LOX of AOS-LOX fusion protein (Neau et al. 2009) and 11R-LOX (Eek
et al. 2012) have been defined. All LOX monomers are comprised of the N-
terminal B-barrel and C-terminal catalytic domain.

The regulatory B-barrel is known as the PLAT (Polycystin-1, LOX, Alpha-
Toxin), LH2 (LOX homology) or C2-like domain (similar to the calcium-
dependent membrane-binding domain of phospholipases and kinases), and is
involved in binding Ca** and interactions with membranes (Hammarberg et al.
2000; Kulkarni et al. 2002; Walther et al. 2004; Oldham et al. 2005b; Gilbert et
al. 2008). At the same time, it is not essential for the catalysis per se (Walther et
al. 2011). Still, the interactions between the B-barrel and the catalytic domain
ensure the stability and full activity of the whole protein (Ivanov et al. 2011).

19



Based on sequence alignments, the catalytic center is conserved throughout
the LOX gene family. Accordingly, structures of their active sites, where LOXs
incorporate a non-hem iron, are almost superimposable (Hammarberg et al. 2000;
Walther et al. 2004; Kuhn et al. 2005; Oldham et al. 2005b). Atypically, Mg*" can
be incorporated within LOXs as a co-factor (Oliw et al. 2004). The R- or S-
stereospecificity of LOXs is defined by the sequence determinant located near the
substrate entry site, Ala in S- or Gly in R-LOXs (Coffa et al. 2005).

Mostly LOXs are dependent on free fatty acid substrates, but some of them
require their substrate directly from membranes (Takahashi et al. 1993;
Maccarrone et al. 1994; Upston et al. 1997). Upon membrane binding by the
PLAT-domain, intramolecular conformational changes occur, activating and
enhancing the activity of LOX (Ivanov et al. 2010; Ivanov et al. 2011; Jarving et
al. 2012; Di Venere et al. 2014). LOX insertion into membranes is additionally
facilitated by surface amino acids of the catalytic domain (Walther et al. 2004;
Jarving et al. 2012).

1.2.2. CYP74s of Cytochrome P450

Plant atypical heme-dependent fatty acid hydroperoxide-metabolizing enzymes
belong to the CYP74 subfamily (EC 4.2.1.92) of the large and variant cytochrome
P450 monooxygenase superfamily (P450/CYP). A study conducted on plant
P450 revealed the presence of the CYP74 subfamily in all six plant genomes
currently available (Nelson et al. 2008). The CYP74 subfamily is comprised of
AOS (CYP74A) (Song and Brash 1991b; Laudert et al. 1996; Howe et al. 2000),
13- HPL (CYP74B), 9 and 13-HPL (CYP74C) (Vick and Zimmerman 1987; Tijet
etal. 2001; Grechkin and Hamberg 2004) and DES (CYP74D) (Itoh 2000), which
however are not equally present in all plant species. A. thaliana encodes one AOS
and HPL per genome, while tomatoes have six CYP74s: AOS1, AOS2; HPL,
CYP74C3, CYP74C4 and DES (Nelson et al. 2008). In plants, either 95- or 135-
hydroperoxy fatty acids are the substrate for specific 9- or 13-AOSs. The
subcellular location is an important switch defining the “selection” between the
alternative pathways. 9-LOX is cytosolic, while 13-LOX and 13-AOS are located
in plastids (Fig. 3) (Feussner and Wasternack 2002; Farmaki et al. 2006).

Mechanism of catalysis

CYP74s are specialized for the metabolism of fatty acid hydroperoxides (Tijet
and Brash 2002). AOS dehydrates the hydroperoxy fatty acids into unstable AOs,
which in water hydrolyze into o- and y-ketols or are cyclized by a sequential
allene oxide cyclase step (Feussner and Wasternack 2002). In contrast to other
monooxygenase P450s, they use their hydroperoxide substrates as a source of
oxygen donor and for reducing equivalents (Fig. 8) (Howe and Schilmiller 2002;
Brash 2009). Two other P450s that also share those catalytic features, but do not
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belong to the CYP74 family, are prostacyclin synthase and thromboxane synthase
(Brash 2009).

FATTY ACID
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Figure 8. Proposed radical and ionic pathways to CYP74 products catalyzed by AOS,
HPL and DES (Brash 2009).

Plant HPLs cleave the C-C bond adjacent to the hydroperoxy group of fatty
acid hydroperoxide substrates. Consequently, oxo-acids and volatile aldehydes
are formed (Fig. 2) (Bate et al. 1998; Tijet et al. 2001; Brash 2009). The 3Z-
aldehydes formed can isomerize to their 2E-isomers and be reduced by alcohol
dehydrogenase to corresponding alcohols (Bate and Rothstein 1998;
Noordermeer et al. 2001b).

Structure

According to the crystal structures of plant CYP74s, 13-AOSs from A.
thaliana and guayule Parthenium argentatum (Chang et al. 2008; Lee et al. 2008),
they share a common fold with other P450s. However, all CYP74 sequences are
devoid of conserved motifs (e.g. I-helix) of P450s and contain a unique nine
amino acid insert at the heme-binding region responsible for the specific reactions
catalyzed (Nelson et al. 2008). AOS and HPL proteins are both located in
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membranes (Froehlich et al. 2001) and their interaction with membranes is
mediated via the large hydrophobic surface area (Lee et al. 2008). Accordingly,
the presence of membranes regulates the activity of HPL in vitro (Noordermeer
et al. 2001a).

The structure-reaction coupling within the CYP74 family was further enhanced
by a study with the AOS of tomatoes, where a single amino acid mutation (either
Phe295Ile or Ser297Ala) converted the AOS activity to HPL (Toporkova et al.
2008). The same conversion was indicated by the A. thaliana AOS Phel37Leu
mutant, whereas HPL activity was further enhanced by an additional mutation,
Ser155Ala (Lee et al. 2008).

In order to study the direct effect of specific genes and their products, targeted
gene knock-out studies were conducted. In animals, knock-out mice deficient in
5-LOX are less sensitive to asthma (Chen et al. 1994), and 12-LOX knock-out
mice die after birth due to dehydration via skin (Epp et al. 2007), while the
disruption of 12/15-LOX protects against atherosclerosis (Cyrus et al. 1999).

In plants, LOX-3, -4 mutants (devoid of JA) are male sterile (Caldelari et al.
2010). As previously noted, 4. thaliana has only one AOS and one HPL gene per
genome (Nelson et al. 2008). Similarly to plants lacking LOX, knock-out plants
devoid of AOS are not able to synthesize JA; consequently, they have invalid
wound response and are male sterile (Park et al. 2002). At the same time, normal
growth and development are not affected by the lack of active HPL (Duan 2005).
Both being located in thylakoid membranes in potatoes, AOS and HPL compete
for the same substrate (Farmaki et al. 2006). Accordingly, silencing the activity
of HPL in Nicotiana attenuata reduces the release of volatiles and amplified JA
production and accumulation, and vice versa (Halitschke et al. 2004).

1.2.3. Coral allene oxide synthase-lipoxygenase fusion proteins

One coral specific branch of the arachidonate metabolism is catalyzed by the
unique fusion protein comprised of N-terminal AOS and C-terminal 8R-LOX
domains. Coral and plant AOS catalyze identical reactions (Fig. 5). Based on the
structural determinants, the coral AOS is related to bovine catalase, although their
amino acid sequence identity is only ~11% (Koljak et al. 1997; Oldham et al.
2005a). Also, the 8R-LOX domain of coral AOS-LOX fusion protein is more
similar in size, sequence and substrate specificity to mammalian than to plant
LOXs (Boutaud and Brash 1999; Neau et al. 2009). The structure of the separately
expressed AOS and LOX domains (Oldham et al. 2005b,a; Neau et al. 2009), as
well as the structure of the whole coral AOS-LOX fusion protein have been
resolved (Fig. 9) (Gilbert et al. 2008). The crystal structure reveals a close
interaction between AOS and LOX domains, which might directly influence the
catalytic activities of the fusion protein. The covalent link between AOS and LOX
domains assures the correct location of both proteins within a cell, as well as the
timing of the products formed (spatial and temporal regulation). When expressed
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separately, Ca’" induces membrane association of the 8R-LOX domain in vitro,
but AOS is not bound to membranes unless covalently linked to 8R-LOX and
expressed as a fusion protein (Gilbert et al. 2008).

Figure 9. The structure of P. homomalla AOS-8R-LOX fusion protein. N-terminal AOS
domain on the left side (multi-colored) and C-terminal LOX on the right side (golden).
Red circle, B-barrel domain of LOX with bound Ca** (Gilbert et al. 2008).

As in other LOXs, the interaction of the LOX domain with Ca*" is mediated
by its N-terminal C2-like B-barrel (PLAT) domain (Oldham et al. 2005b).
Another calcium-related feature is that LOX binds to membranes only in the
presence of Ca®". The amino acids involved in membrane binding are Trp4l,
Phe42 and Trp77; the numbering of the LOX domain, designated as A2, starts
from A374 of the fusion protein. The catalytic non-heme iron of LOX domain is
coordinated by His385, His390, His571, Asn575, and Ile694. The substrate
binding channel of LOX is lined with Leu386 and Leu628, assuring the right
substrate position in the active site, while Gly428 determines the R-
stereoconfiguration of the 8-HpETE formed (Oldham et al. 2005b).

The U- shape substrate binding channel of the AOS domain is well suited for
fatty acid hydroperoxide substrates. The formation of AO is mediated by the
His67 and Asn137 of the AOS domain (Oldham et al. 2005a). Although, there is
enough space for H>O to access catalytic heme, AOS does not confer the catalase
reaction. It was proposed that instead of a heterolytic bond cleavage, as in catalase
reaction, homolytic cleavage takes place by coral AOS, similar to the reaction
catalyzed by plant CYPs (Oldham et al. 2005a).
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Although many details are known about the structure and catalytic properties
of the AOS-LOX fusion protein and the up-regulation of AOS-LOX transcript in
response to white band disease (Soderhill et al. 2013), elevated UV radiation
(Aranda et al. 2011) and temperature have been detected recently (Polato et al.
2013), there are no data available about the produced eicosanoids or their function
in corals.

1.3. Biological functions of lipid mediators

In all species studied to date, lipid mediators mediate important adaptation
responses to cellular stress. Organisms continuously sense and respond to
environmental conditions to maintain their homeostasis under changing
conditions and survive, at whatever cost, to produce offspring and maintain the
species. Still, the cellular resources are often, if not always, limited. For example,
the amount of energy available for growth or reproduction under normal
conditions does not change while under stress. Rather, the same resources are re-
evaluated and “spent” on alternating the metabolism to adequately respond,
tolerate/sustain and overcome the stress (Fig. 10). This results in decline in other
possible routes, e.g. decreased metabolism and growth (Spriggs et al. 2010). For
example, the detection systems plants use to perceive herbivore attack are
intermingled with the hormone pathways that reprogram the plant; this also
applies to the detection of other stressors, followed by sequential reprogramming
(Mittler et al. 2012).

Severity of stress = Magnitude of stress response

Severity of stress Mild stress Moderate stress Severe stress
Stress response l l l
Reversible Reversible/Pathological Pathological
Regaining l
homeostasis
Survival Cell death

Figure 10. Simplified illustration of relationships between applied stress and the stress
response generated with possible outcomes.

In physical terms, stress is defined as mechanical force (tension, compression

or shear) per unit area applied to an object, resulting in mechanical deformation
(Park and Lakes 2007). Due to the complexity of a biological system, it is difficult
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to define stress in biological terms. In general, stress is defined as a condition that
disturbs the normal function of the biological system or a condition that decreases
a fitness (Bijlsma and Loeschcke 2005). The most practical definition of
biological stress is: an adverse force or condition which inhibits the normal
functioning and well-being of a biological system (Jones et al. 1989). At the same
time, a condition which may be stressful for one organism may be the optimum
for another organism. Thus, the definition of stress is true only for an organism
experimentally tested within a certain, specified setting. Overall, external
stressors may be biotic (pathogens, herbivores and carnivores) or physical
(temperature, salinity, water, nutrient deprivation in soil, chemicals and
pollutants, oxidative stress, mechanical stress and radiation).

1.3.1. Response to wounding

The initial wound response in animals and plants aims for a rapid and efficient
isolation of the wound to minimize both the loss of vital fluids and environmental
challenges (Maffei et al. 2007; Proksch et al. 2008; Rodriguez et al. 2008; Palmer
etal. 2011; Ariel and Timor 2013).

Plant wound response

The wound response in plants includes the instant release of Ca®’, ROS, leaf
volatiles and traumatin (Leon et al. 2001; Maffei et al. 2007), accompanied by
the rapid synthesis and accumulation of the stress hormone JA via a lipoxygenase
pathway, involving LOX, AOS and AOC steps (Reymond et al. 2000; Kombrink
2012; Wasternack and Hause 2013b). After the wounding, the AOS route leads
to the formation of JA (Song et al. 1993; Laudert et al. 1996), while volatile C6
aldehydes and non-volatile oxylipins are instantly generated by HPL (Table 1)
(Vick and Zimmerman 1987; Bate et al. 1998; Howe et al. 2000; Halitschke et al.
2004). To induce the synthesis of JA, only one of four 4. thaliana 13(S)-LOXs is
up-regulated an hour upon wounding (Bell et al. 1995; Schommer et al. 2008;
Glauser et al. 2009). Matching the same time window, the sequential step
catalyzed by AOS is also up-regulated at the transcriptional (Laudert et al. 1996;
Bate et al. 1998) and translational level (Gfeller et al. 2011), and is further
enhanced by positive feedback regulation by JA and OPDA. A similar principle
is used in jasmonate, auxin, gibberellin and ethylene perception and signaling
(Wasternack and Hause 2013a).
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Animal wound response

The initial wound response in animals, including corals, aims for rapid and
efficient provisional plugging of the wound to minimize both the loss of vital
fluids and environmental challenges (e.g. bacterial contamination) (Proksch et al.
2008; Rodriguez et al. 2008; Palmer et al. 2011; Ariel and Timor 2013). In
vertebrate animals, the immediate release of cell-derived damage signals,
including Ca®", ATP and ROS, defines the wound area and severity of damage
within the first minutes after injury (Cordeiro and Jacinto 2013). On a cellular
level, the wound repair in vertebrates has four phases: 1) hemostasis/coagulation,
2) inflammation, 3) proliferation and 4) remodeling (Singer and Clark 1999;
Maderna and Godson 2009; Schultz et al. 2011). The same wound repair phases
are observed in cnidarians (Olano and Bigger 2000; Palmer et al. 2008; Reitzel et
al. 2008). Coral wound response includes the recruitment of granular
amoebocytes (Mydlarz et al. 2008; Palmer et al. 2008), which are important in
pathogen clearance.

Acting cooperatively, eicosanoids mediate the initial stages of wound
response (e.g. vasoconstriction and clot formation in higher animals) and the
onset of the secondary inflammatory phase. For example, TXA, induces platelet
aggregation (Ricciotti and FitzGerald 2011), while leukotriene C4 (LTC,) and
leukotriene D4 (LTD4) are involved in increasing blood vessel permeability, and
LTB4 recruits neutrophils to the site of injury (Serhan et al. 2008b; Haeggstrom
and Funk 2011). Additionally, HETEs are involved in the onset and end of the
inflammatory phase of wound repair, promoting cell migration and modulating
the central signal pathways involved in cell cycle control (Moreno 2009). The
aforementioned eicosanoids are pro-inflammatory and chemotactic to innate
immune system cells (Serhan et al. 2008b; Moreno 2009), while the formation of
lipoxins indicates the resolution of the inflammatory phase (Serhan et al. 2007;
Maderna and Godson 2009).

Although oxylipin pathways have been thoroughly studied in plants and
higher animals, their role in corals remains unknown.

1.3.2. Thermal stress response

Temperature impacts all levels of life. Sessile terrestrial organisms are well
adapted to temperature changes in large amplitudes, whereas sessile marine
organisms, such as corals, have evolved in more stable environments. Due to
global climate warming corals have reached their upper tolerance threshold
values (27-28°C), the exceeding of which results in bleaching events, the loss of
symbiotic algae (Symbiodinium sp.) (Jokiel and Coles 1990). The average
temperature change depends on the location and depth. The annual sea surface
temperature (SST) of tropical waters varies between 25.5-30°C (Hoegh-Guldberg
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1999). In comparison, acute heat exposures up to 5—8 degrees have been observed
in shallow waters within a few hours (Jokiel 2004; Matz et al. 2012).

The molecular events involved in coral thermal stress response have been
well-studied in reef-building corals (Table 2 and the references therein) and the
sea anemone Nematostella vectensis (Goldstone 2008), revealing a conserved
response to elevated temperature via heat shock proteins and antioxidant enzyme
systems (Lesser and Farrell 2004; DeSalvo et al. 2008; Fitt et al. 2009).

To be able to respond quickly and adequately, and to induce a heat shock
response (HSR) on time, the cell’s sensory system must effectively integrate
various stress signals (lipid mediators, ROS and unfolded proteins, as well as
changes in the RNA and DNA topology). One hallmark of thermal stress is the
unfolding of proteins and the exposure of their hydrophobic interiors. Stress-
induced accumulation of unfolded proteins is detected by Hsps. Under normal
conditions Hsps are bound with heat shock factors (HSFs). When Hsps interact
with unfolded proteins, HSF transcription factors are released, which in turn
initiate the transcription of Hsp genes through binding to heat shock elements,
altogether being the essence of the unfolded protein response (UPR) that directs
the survival and apoptotic signaling pathways.

Highly conserved heat shock proteins (Hsps) are present in bacteria, plants
and animals, including marine invertebrates (Lindquist 1986). In addition to heat,
Hsps are also up-regulated in response to oxidative stress, chemicals and heavy
metals (Seerensen et al. 2003). Although they are recognized as molecular
chaperones, it is now clear that most HSPs are not chaperones, and vice versa,
most chaperones are not HSPs (plant versus human chaperone network (Finka et
al. 2011)). Hsps are grouped based on their molecular weight into small, 60, 70
and 90 kDa Hsps. 70 kDa Heat Shock Proteins (Hsp70) have important functions
in protein biogenesis and stress tolerance (Lindquist 1986). Hsp70 up-regulation
is widely used as a stress marker for estimating coral well-being (reviewed in (van
Oppen and Gates 20006)). Although similarly affected by climate change and
temperature, the heat stress response in soft corals remains poorly studied.
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Alteration in lipids in response to heat

When cells are exposed to elevated temperatures, AA is released (Calderwood
et al. 1989). As membranes are the dynamic source of AA, the eicosanoid
repertoire generated is highly dependent on membrane composition and cellular
context. Cell membranes are not static but dynamic and, as such, they can act as
sensors for cell stress and activators of HSR (Nagy et al. 2007). Thus, when
estimating stress response, the membrane-associated heat-sensitive proteins and
their role in membrane quality control and downstream signaling should also be
considered (Horvath et al. 2008). The fluidity of the membrane is dependent on
the relative proportion of unsaturated fatty acids in the membrane (Steponkus
1984). For example, higher proportions of saturated fatty acids are detected in
chilling-sensitive plants; therefore, they have a higher transition temperature. In
contrast, chilling-resistant species contain a higher proportion of unsaturated fatty
acids and have a lower transition temperature (Webb et al. 1994). While
acclimation to low temperatures is associated with increases in membrane
fluidity, the increase in heat stress resistance depends on increases in membrane
rigidity (Iba 2002; Upchurch 2008). Accordingly, the content of membrane
PUFAs is regulated in response to elevated temperatures in corals (Imbs and
Yakovleva 2011).

Overall, cellular fatty acid signaling is a complicated network of interactions,
in which effective combinations vary depending on location and timing, all
together forming a finely tuned “concert”, assuring the correct signal pattern
generated in response to a stressful event. Unfortunately, different metabolic-
signaling routes have mostly been investigated in isolation. In order to gain
insight into these complex relationships, studies combining different “-omics”
(transcriptomics, proteomics and metabolomics) are needed.
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2. AIMS OF THE STUDY

The main overall aim of this study was to investigate whether the AOS-LOX
fusion protein pathway, responsible for AO biosynthesis is common among
octocorals, and whether it contributes biologically to coral homeostasis in vivo.

Consequently, the specific aims were to:

e Find a suitable model for elucidating the biological role of the AOS-LOX
pathway and, as a result to identify the endogenous metabolites of AA and
the in vitro activity of AOS-LOX in various octocorals

o Clone, express and characterize the enzymes involved in AO synthesis

e Evaluate changes in the gene expression and metabolite synthesis of coral
response to mechanical injury

e Test the sensitivity of the coral AOS-LOX pathway to thermal stress
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3. MATERIALS AND METHODS

All procedures were performed according to the manufacturer’s instructions or
according to the standard protocols described in detail in corresponding
publications:

Publication I

RNA extraction

PCR cloning (Reverse Transcription-PCR and 5’-3” RACE)
Protein expression

RP-HPLC coupled with ion trap MSMS or Radio flow detector
Normal-phase high-performance liquid chromatography
Chiral-HPLC

Publication 1]

Coral cultivation and propagation in a laboratory reef aquarium

RNA extraction

PCR cloning (Reverse Transcription-PCR and 5’-3” RACE)

Artificial wounding experiments

Quantitative real-time PCR (qPCR)

Protein expression

In vitro incubations of the radio-labeled substrate with recombinant
protein or coral tissue preparations

RP-HPLC coupled with ESI Q-TOF MSMS or Radio flow detector

Publication 111

Coral cultivation and propagation in the laboratory reef aquarium

RNA extraction

RT-PCR

Thermal stress experiments

gPCR

In vitro incubations of the radio-labeled substrate with coral tissue
preparations

Extraction of endogenous eicosanoids

RP-HPLC coupled with ESI Q-TOF MSMS or Radio flow detector

cDNA sequences obtained and uploaded to the GeneBank with accession
numbers:

AOS/8R-LOX of G. fruticosa (EU082210.1)

AOS-LOXa and AOS-LOXD of C. imbricata (KF000373.1 and KF000374.1,
respectively)

Hsp70s of C. imbricata (KJ452159 and KJ452160)
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4. RESULTS
Publication I

e AOS-LOX fusion protein was cloned from the Arctic octocoral G.
fruticosa (Fig. 11), sharing the amino acid identity of 84% and 87% with
AOS-LOX fusion proteins of P. homomalla and C. viridis, respectively.

e The fusion protein was expressed as an active fusion enzyme, as well as
AOS and LOX domains separately in the bacterial expression system.
The fusion protein converted [1-'*C] AA into labile AO via 8R-HpETE
intermediate, detected by the formation of stable end products: a-ketol
(8-hydroxy, 9-keto-5Z, 11Z, 14Z-trienoic acid) and cyclopentenone (9-
oxo-prosta-(5Z, 10, 14Z)-trienoic acid). The product patterns formed by
AOS-LOXs of G. fruticosa and P. homomalla were identical.

A M AOS ; 8R-LOX :

! U pLAT catalytic |

Figure 11. The structure of the AOS-LOX fusion protein of G. fruticosa, A) coding
sequence, M- methionine, *- stop; B) the structure model of the AOS-LOX fusion protein:
N- terminal AOS domain (amino acids 1-373, blue) with hem (light green); C- terminal
LOX domain, PLAT-domain (374-489, yellow) and catalytic domain (490-1066, red),
non-hem iron (dark-green) with coordinating amino acids (black). The model was created
with CPH 3.0., using P. homomalla AOS-LOX (Protein Data Bank code: 3DY5) as a
template.

Publication I

e In the Indo-Pacific octocoral C. imbricata (Fig. 12), AA is an abundant
fatty acid. Exogenously added [1-'*C] AA is metabolized by the crude
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a)

coral homogenate mainly into 8-HETE and by the diluted homogenate
into unidentified polar compounds (UPC), a-ketol and cyclopentenone.

Figure 12. Soft coral C. imbricata, a) polyps and b) sclerites. Photos by Lohelaid, H. (a)
and Ekins, M. (b).

Besides the metabolites of the AOS-8R-LOX route, several HETEs (LOX
products), but no PGs (COX products) were detected (Fig. 13).

Two AOS-LOX isoforms, designated as 40S-LOXa and AOS-LOXb,
were cloned from C. imbricata. The isoforms shared 88% amino acid
identities, whereas identities with G. fruticosa AOS-LOX were 82% and
81%, respectively).

Both fusion proteins were expressed in a bacterial expression system.
AOS-LOXa converted [1-'"*C] AA into previously known AOS-LOX
metabolites: a-ketol and cyclopentenone (70% and 14% of total
radioactivity, respectively), while AOS-LOXb products were volatile
short-chain UPC (90% of total radioactivity). Trapping the intermediate
product 8-H(p)ETE as 8-HETE by a mild reducing agent indicated that
the initial oxidation of [1-'*C] AA by LOX domains of both fusion
proteins was identical (Fig. 13).

From the two isoforms cloned from C. imbricata, only AOS-LOXa
transcript was up-regulated in response to incision wounding,
accompanied by enhanced Ilevels of AOS-LOXa metabolites.
Concurrently, AOS-LOXb expression remained stable, and its product
level decreased in response to stress (Fig. 13).

Publication 111

The transcript and metabolite levels of AOS-LOXs were recorded in
response to modest (28°C) and severe (32°C) thermal stress within 24h.
In response to thermal stress, only AOS-LOXa transcript was up-
regulated, whereas higher up-regulation folds were detected in response
to modest temperature elevation.

Two heat shock proteins, Hsp70 and Grp78/Bip used as positive stress
indicators, were up-regulated in response to elevated water temperature.
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In both cases, higher transcript levels were detected in response to severe
temperature change.

¢ Similarly to wounding, in response to elevated temperature the level of
a-ketol formed from [1-'*C] AA by AOS-LOXa increased while UPC
synthesized by AOS-LOXb decreased (Fig. 13). The conversion of AA
to a-ketol was higher in response to severe temperature elevation.

e To gain further insight into the endogenous metabolites formed, the level
of eicosanoids was determined in ethyl acetate (EtOAc) extracts of
freshly homogenized coral. Under normal conditions, cyclopentenone
and a-ketol were abundant with UPC as a minor metabolite detected.

e An increase in endogenous a-ketol levels was also detected in response
to thermal stress, corresponding to the rise in a-ketol formation from the
exogenous AA. However, in both cases, the detected levels of a-ketol
were higher in response to the severe heat stress.

e In summary, a model indicating the possible place for AOS-LOX in the
coral thermal stress was proposed (Fig 14).

Normal colony ~ Mechanical stress Thermal stress

4

5-,11-, 15-LOX ? €ox

8-HpETE

AOS[LOXal] - AOSLOXb
x'/ \‘\

8-9 allene oxide 7 Hemiacetal

| Non-enzymatic

t a- ketol !

cyclopentenone UPC}

Figure 13. AA metabolism in normal and stressed C. imbricata (Il and I1I). Stress induces
the gene expression (thick black arrow) and metabolite levels of AOS-LOXa (a-ketol,1).
However, the gene expression of AOS-LOXb level remains stable and the product level
decreases (UPC). Products formed from [1-"*C]AA by the G. fruticosa AOS-LOX and
C. imbricata AOS-LOXa fusion proteins are identical (I and II). Photos are intended to
indicate the difference between normal and stressed coral colonies (by Lohelaid, H.).
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5. DISCUSSION

Most of the stress studies have been conducted on stony corals, the model of soft
corals used here is a complementary system for in vivo analysis of the lipid
mediator biochemistry and physiology of organisms. The work of this thesis
identifies the presence of an active AOS-LOX fusion protein pathway in different
octocoral (soft coral) species and its functional significance in their homeostasis
and stress response. The findings further identify novel products synthesized by
the fusion proteins.

In short, the results of this thesis are as follows. (I) Two AOS-LOXs with
identical product profiles to that of the AOS-LOX fusion protein of P. homomalla
were cloned from soft corals G. fruticosa and C. imbricata. The data suggest that
AOS-LOX is a general eicosanoid metabolic pathway widely distributed in soft
corals. (II) The fast-growing soft coral C. imbricata was found to be a suitable
model to study the eicosanoid metabolism in vivo. (IlI) As a proof of the concept,
the coral AOS-LOX fusion protein was found to be involved in the early stress
response to various stressors. In corals, as in other organisms, eicosanoids act as
potential early stress mediators. (IV) 4OS-LOXa or its metabolites could be used
as biomarkers to detect the stress response in corals. (V) The second AOS-LOX
isozyme of C. imbricata, AOS-LOXD, converts exogenous AA to unidentified
compounds: UPCs. In essence, UPCs are coral analogs of the products formed by
plant HPLs, suggesting a novel HPL-like activity in corals.

The soft corals studied are found in a wide range of different living habitats,
including Caribbean, Arctic and Indo-Pacific waters. The data for eicosanoid
content now reveal that different AA metabolic routes are used in combination,
even within corals belonging to the same phylogenetic taxa. While COX, LOX
and AOS-LOX pathways (transcripts, as well as metabolites) were present in
Arctic G. fruticosa and Caribbean P. homomalla (Varvas et al. 1993; Koljak et
al. 1997; Varvas et al. 1999; Koljak et al. 2001; Valmsen et al. 2001), only the
transcripts and metabolites of LOX and AOS-LOX were detected in the Indo-
Pacific C. imbricata (Fig. 13). This finding is in accordance with a previous
octocoral study reported for Pseudoplexaura porosa which contains only
abundant levels of 8R-HETE, less 15-HETE (90% and 10% of total HETE
content, respectively) and no PGs (Bundy et al. 1986). This supports the fact that
eicosanoid profiles are species-specific and can vary even within the same
species. For example, depending on the location, 15R- and /5S5- PGs are formed
in P. homomalla (Valmsen et al. 2004). Another principal finding of this study
was that several AOS-LOX fusion proteins are expressed and produced different
metabolites in parallel within a single organism. In plants, LOX, AOS and HPL
are all expressed separately. LOX generates the hydroperoxy fatty acid precursors
for sequential AOS and HPL catalytic steps. Thus, both routes compete for the
same substrate, resulting in different oxylipin profiles necessary for the induction
of the appropriate stress response (Kallenbach et al. 2011). From the evolutionary
standpoint, the act of fusion of two enzymes is related to catalyzing consecutive
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steps within a certain pathway (Marcotte et al. 1999). The functional coupling of
both alternative plant pathways in coral further indicates the importance of the
coupling of both 8R-HpETE conversion to AO or volatiles and their control over
time and space. Although the distinct roles of these metabolites in coral remain
unknown, the alternative-competitive pathways could be needed for the temporal
regulation assuring the correct metabolite profile generated in response to stress.
As both fusion proteins of C. imbricata use AA as a substrate, it would be of
interest to examine their locations within intact cells.

Although plethora of eicosanoids have been detected in soft corals (Corey et
al. 1973; Corey et al. 1985; Brash et al. 1987; Corey et al. 1988; Brash 1989; Song
and Brash 1991a), the biological significance of those compounds in coral has
remained unknown. According to different lines of evidence provided here,
including the up-regulation of transcripts and metabolites in response to various
abiotic stressors, the involvement of an AOS-LOX pathway in the general stress
response of coral has been confirmed. As we detected, AOS-LOXa is up-
regulated at early stages of the stress response (within the first 24 hours). Thus,
the gene expression profile generated by C. imbricata AOS-LOXa matches the
immediate wave pattern (Wenemoser et al. 2012). Similar expression patterns
were observed for plant LOX in potatoes (Farmaki et al. 2006) and AOS in 4.
thaliana, flax and tomatoes (Harms et al. 1998; Laudert and Weiler 1998; Howe
et al. 2000) in response to wounding.

The AOS-LOX role in stress response

Depending on different aspects, such as growth conditions, nutrition, health
etc., challenging environmental conditions generate multiple signals that induce
several cellular pathways in parallel (Kultz 2005; Finka et al. 2011). All of those
signals converge at cellular checkpoints. Sequentially, a specific - highly context
dependent - response is generated, which ensures the adequate response to
overcome stress under defined conditions. Furthermore, ensuring that the “new”
balance falls into the correct homeostasis (survival) window, two parallel higher
order control systems are present. A cellular stress response adjusts the system to
sustain, tolerate and eventually overcome stressful conditions. A cellular
homeostasis response is a set of measures that helps to restore normal
homeostasis, similar to the state prior to stress occurrence. Here we focus on the
early cellular stress response.

According to our data, literature and annotated databases, we have proposed a
mechanism of stress in corals (Fig. 14). To sum up, AOS-LOXa metabolites are
part of a general stress response acting at early stages of stress. Hsp70 is indicative
of heat and oxidative stress, accumulation of unfolded proteins and ROS in the
cytoplasm. Hsp70 mediates the induction of HSR and UPR via HSF responsive
genes, whereas the up-regulation of Grp78 indicates ER stress and mediates the
UPR via PERK, ATF6 and IRE1 (Fig. 14).
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In response to heat or injury, various signals from different pathways merge
and regulate the downstream cascades leading either to cell survival or apoptosis.
In both cases, the first cellular signals generated are Ca®’, ATP and ROS (Leon
et al. 2001; Maffei et al. 2007; Mittler et al. 2012; Wenemoser et al. 2012). Their
gradients initiate downstream cascades (either the heat shock response or the
wound response) in plants and animals (Sung et al. 2003; Maffei et al. 2007; Finka
et al. 2011; Moreno and Orellana 2011; Mittler et al. 2012; Balogh et al. 2013).
The eicosanoid cascades are additionally regulated by stress-induced protein
kinases: JNK, PKC, ERK1/2 and p38MAPK (Fig. 14) (Berenbaum et al. 2003;
Balboa and Balsinde 2006; Radmark and Samuelsson 2009; Haeggstrom and
Funk 2011). In the case of thermal stress, survival or apoptosis is determined by
the overall balance between ERK and SAPK/INK/p38MAPK-activated cascades
(Park et al. 2005).

Oxidative stress is closely connected with thermal stress (DeSalvo et al. 2008;

Voolstra et al. 2009a). The thermal stress-induced accumulation of unfolded
proteins and oxidative stress is detected by Hsp70s (Fig. 14) (van Oppen and
Gates 20006). In different coral species, elevated levels of ROS have been detected
in response to heat stress (Lesser 2006; Mydlarz and Jacobs 2006). For instance,
the direct sensing of hydrogen peroxide by HSFs leads to the induction of heat
shock response (Fig. 14) (Zhong et al. 1998).
Under normal conditions, the ER-specific glucose-regulated protein 78 (Grp78 or
BiP) is constitutively expressed. Its levels are induced against protein
denaturation, glucose deprivation and perturbed calcium levels (Resendez et al.
1988), as well as being increased by elevated temperature, indicative of ER stress
(Lee 2005; Luan et al. 2009). In corals, the up-regulation of Grp78 has also been
detected in response to UV radiation (Aranda et al. 2011). Similar to other
Hsp70s, the induction of Grp78 is regulated at the transcriptional level by
transcription factor complexes (including ATF6) attached to the conserved stress
response element (ERSE) (Fig. 14) (Parker et al. 2001). Grp78 with other Ca?'-
buffering chaperones affects the Ca®* level within the ER and the release into the
cytosol (Lievremont et al. 1997; Coe and Michalak 2009) (Fig. 14). Moreover,
Grp78 is the key regulator of ER transmembrane proteins (Irel, Atf6 and PERK
and their homologs) (Fig. 14), which are the main initiators of the UPR
throughout Metazoa (Schroder and Kaufman 2005; Hollien 2013). As the UPR
directs survival and apoptotic signaling pathways, it is an important checkpoint
measuring the severity of stress, which eventually determines the cell’s fate,
either survival or apoptosis.

Although the up-regulation of HSPs in response to elevated temperature is a
general feature in the living organisms, the direct mechanism of action of the
AOS-LOX pathway in coral stress response remains elusive.
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The cyclopentenone formed by AOS-LOXa possesses a high resemblance to
stress mediators in plants (Stintzi et al. 2001) and other compounds with
cyclopentenone moiety (Amici et al. 1992). Due to their electrophilic properties
(a0, f- unsaturated carbonyl groups), cyclopentenones have the potential to
promote the transcription of Hsp70s through the release of HSF1 (Fig 14) (Amici
et al. 1992; Elia 1996; Jacobs and Marnett 2007; Higdon et al. 2012; West et al.
2012). Still, despite the electrophilic moiety of cyclopentenone, the AO as a
potential mediator should not be overlooked, especially when only the level of a-
ketol increases during the coral stress response and the level of cyclopentenone
remains stable. This contradicts of the assumed non- enzymatic degradation of
AO, by which the ratio of a-ketol and cyclopentenone as degradation products
should remain the same, even in the case of elevated formation of AO. There are
other enzymes that either prevent the formation of cyclopentenone or direct the
formation of a-ketol. Nevertheless, elevated levels of AOS-LOXa transcript and
a-ketol univocally indicate the presence of the elevated level of stress in C.
imbricata.

The production of eicosanoids is up-regulated in response to various stressors,
but transcript levels, as well as protein levels, are not the sole determinants of
enzyme activity. For example, 5-LOX activity can be modulated by many factors,
including the availability of substrate, serine phosphorylation and translocation
(from the cytosol to the nuclear envelope) (Radmark and Samuelsson 2008).
Upstream regulation of AA release occurs predominantly via phospholipase A
(PLA:) (Serhan et al. 1996; Balsinde et al. 2002; Schaloske and Dennis 2006) and
to a lesser extent by phospholipase C (PLC) (Harden and Sondek 2006).
Phospholipases are activated via different receptors (e.g. G-protein coupled
receptors) in response to a range of stimuli (Harden and Sondek 2006), including
Ca*" (Evans et al. 2001), lipid peroxides (Ermak and Davies 2002) and heat
(Jurivich et al. 1996). Consistently high activities of PLA; are detected across
Cnidaria (Nevalainen et al. 2004; Romero et al. 2010), indicating a conserved
pathway. Indicative of the crosstalk between Ca?" and eicosanoid formation in
corals, the LOX domain of the AOS-LOX fusion protein binds membrane in a
Ca?*-dependent manner (Gilbert et al. 2008), and the enzymatic activity of AOS-
LOX in vitro is enhanced by Ca*" (Boutaud and Brash 1999).

Besides Ca*" and H,0, gradients formed at the wounding site, eicosanoids
could also serve as chemotactic agents in corals. The migration-invasion of coral
immune cells (phagocytic granular amoebocytes, phagocytic cells and melanin-
containing granular cells) from the surrounding tissues to the site of injury is a
well-established phenomenon (Olano and Bigger 2000; Vargas-Angel et al. 2007;
Mydlarz et al. 2008; Palmer et al. 2008; Palmer et al. 2011). However, currently
it is not established which coral cells contribute to the synthesis and release of
eicosanoids in vivo. Thus, the next challenge is to determine the exact location of
the eicosanoid synthesis and to estimate the changes in protein profiles in
response to stress.
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Implications and outlook

Due to the continuously evolving climate warming, corals in several habitats
are endangered (Hoegh-Guldberg and Bruno 2010). Accordingly, field studies are
strictly regulated by protective laws. Collecting coral specimens for the
laboratory is just as complicated. Another hurdle is the labile nature of oxylipins,
which must be taken into account in every step of collection, transportation,
sampling and analysis. In this light, the in vivo results of the current thesis are
even more notable. For the first time, oxylipins were detected and elevated from
fresh coral homogenate preparations. This minimized artifacts which otherwise
compromise biochemical analysis of lipid mediators from corals after harvest. In
addition, the workflow was optimized for speed and quality of extraction.

Coral eicosanoid pathways emerge as conserved regulators of cell stress
responses, with potential as biomarkers to detect stress in both soft and stony
corals. Although a part of the fauna of the endangered Great Barrier Reef, C.
imbricata itself is not on the list of protected species. We suggest the use of C.
imbricata as an indicator species to detect the severity of stress.

Besides the other cnidarian genomes: Nematostella (Putnam et al. 2007) and
Hydra (Zacharias et al. 2004; Chapman et al. 2010), the only coral genome
available belongs to Acropora digitifera (Shinzato et al. 2011). Serving as a
convenient object of research, most of the stony coral stress-studies are conducted
on A. millepora (Table 2, and the related references). Based on the data available,
AOS-LOX is also present in stony (reef-building) corals (Lee et al. 2008), while
COXs are not (unpublished data). Although the up-regulation of AOS-LOX
transcripts in response to white band disease (Soderhéll et al. 2013), elevated UV
radiation (Aranda et al. 2011) and temperature (Polato et al. 2013) have been
detected by transcriptome studies, the eicosanoid profiles generated by stony
corals are still not known. The detection of oxylipins and functional
characterization of the AOS-LOX pathway in stony corals will be the subject of
future studies.
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CONCLUSIONS

This is the first study of the biological role of eicosanoids in coral homeostasis.
Our data suggests that:

e The AOS-LOX fusion protein pathway of AA metabolism is common in
octocorals.

e Despite the high sequence identity, the AOS-LOXa and -b isoforms of C.
imbricata convert AA to different products and undergo differential
regulation during the stress response in corals.

e (. imbricata is a suitable model organism for estimating stress response
in soft corals via the AOS-LOX pathway.

o In C. imbricata, AOS-LOXa is involved in the mediating early response
to wound and temperature stress in vivo.

Therefore, AOS-LOX emerges as part of the general early stress response in
Cnidaria.
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Abstract

The conversion of fatty acid hydroperoxides to allene epoxides is catalysed by a cytochrome P450 in plants. In contrast, in the coral Plexaura
homomalla, a catalase-related hemoprotein fused to the lipoxygenase (LOX) was found to function as an allene oxide synthase. This work reports
the homology-based RT-PCR cloning and functional expression of a Gersemia fruticosa analogue of the allene oxide synthase-lipoxygenase
(AOS-LOX) fusion protein. The G. fruticosa mRNA codes for a protein with 84% sequence identity to the P. homomalla AOS-LOX. Our data
indicate that the AOS-LOX fusion protein pathway is used by another coral and P. homomalla represents no exception.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Allene oxide synthase; AOS-LOX; Lipoxygenase-peroxidase fusion protein; Coral; Gersemia fruticosa; HETE; Lipoxygenase; LC-MS

Allene epoxides (allene oxides) are short-lived products
(half-lives 15-30 s) formed from certain lipoxygenase-derived
fatty acid hydroperoxides by specific hydroperoxide dehydra-
tases, the so-called allene oxide synthases (AOS). These
enzymes are well characterised in plants where allene oxide
plays a crucial role, being a precursor of the growth regulator
jasmonic acid. The plant AOS belongs to the cytochrome P450
family of hemoproteins designated as CYP74 [1-3]. The allene
oxide synthesis has also been observed in certain marine
invertebrates like starfish [4] and coral [5,6]. However, all
attempts to detect plant AOS-related sequences in coral have
remained unsuccessful. Surprisingly, it was shown that the
allene oxide synthesis in the Caribbean coral Plexaura
homomalla is principally different from the pathway in plants

Abbreviations: AOS, allene oxide synthase; AOS-LOX, allene oxide
synthase-lipoxygenase; HETE, hydroeicosatetraenoic acid; LC-MS, liquid
chromatography- mass-spectroscopy; LOX, lipoxygenase; PCR, polymerase
chain reaction; RACE-, rapid amplification of cDNA ends; RP, reversed phase;
RT, reverse transcriptase

B Gersemia fruticosa AOS-LOX GenBank accession number, EU082210.
* Corresponding author. Tel.: +372 620 4376; fax: +372 620 2828.
E-mail address: samel@chemnet.ce (N. Samel).

0304-4165/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbagen.2007.10.010

[7]. Specifically, the conversion of fatty acid hydroperoxides to
allene oxides in the coral is catalysed by a catalase-related
hemoprotein fused to the lipoxygenase (LOX) that forms the
8R-hydroperoxyeicosatetraenoic acid (8R-HPETE) substrate
[7-9]. The crystal structures of separate AOS and LOX
domains of the AOS-LOX fusion protein from P. homomalla
have by now been reported [10,11].

The formation of an a-ketol, the main degradation product of
allene oxide, has also been observed in incubations of exogenous
arachidonic acid with an acetone powder preparation of another
coral, Gersemia fruticosa [12]. This cold-water soft coral is
unique because of its very high prostaglandin (typical mamma-
lian prostaglandins (PG) E,, D,, F»,, and corresponding 15-keto-
PG) synthesizing activity in vitro [ 13]. The other products formed
from arachidonic acid were 8R-hydroxyeicosatetraenoic acid
(8R-HETE), 11R- hydroxyeicosatetraenoic acid (11R-HETE),
15S-hydroxyeicosatetraenoic acid (15S-HETE), and 8,15-dihy-
droxyeicosatetraenoic acid [13]. The metabolic routes to
prostaglandins and 11R-HETE in G. fruticosa were unambigu-
ously confirmed by the cloning and characterization of coral
cyclooxygenases and corresponding genes [14,15], and a novel
arachidonate 11R-lipoxygenase [16]. However, the metabolic
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Fig. 1. The strategy of cloning of AOS-LOX from G. fruticosa. In the first round of PCR the degenerate primers were based on the conserved regions on plant and
animal lipoxygenases WLLAK (WMLAK) (F1), and the downstream primers HAAVNF (R1) and near the C-terminus NS(V/I)SI (R2) [16]. For the half-nested second
round of PCR HAAVNF (R1) or YRDD (R3) were used as downstream primers. The full-length ORF of the coral AOS-LOX cDNA was obtained by PCR. The Ndel
sites were added at the 5’ end of the upstream (P1) 5'-GGAATCCCATATGGTTTGGAAAAATTATGGCTTTG-3’ and downstream (P3) 5'-GGCATTCCATATGT-
TAGATAGCAGTTCCATTGGG-3' primers (DNA Tehnology A/S (Aarhus, Denmark)) to facilitate subcloning. PCR was run using 1 pl of the first strand cDNA and
the Expand Long Template PCR System with buffer 3 (Roche Diagnostics GmbH). The PCR product was purified and cloned into the pET11a vector (Stratagene)
Ndel site for expression in BL21(DE3) cells. LOX domain— The Ndel site was added at the 5’ end of an upstream primer (P2), 5'-TTCCATATGCATCACCATCA-
CAACGCTCGCTACAATAT-3’, and a downstream primer (P3) to facilitate subcloning. PCR was run using AOS-LOX in a pET11a vector as a template, Pfit DNA
polymerase and the buffer (Promega), 200 pM each dNTP, and 0.4 pM each primer. The PCR product was purified and cloned into the Ndel site of pET11a vector for
expression in BL21(DE3) cells. A0S-domain—The BamHI site was added at the 5’ end of the upstream primer (P4), 5'-AGTGGATCCACGATGGTTTG-
GAAAAATTATGGC-3’, and the downstream primer (P5), 5'-CTCGGATCCTTAATGGTGATGGTGTCGAGCGTTCTGTCCGGC-3/, to facilitate subcloning. PCR
was run using AOS-LOX in a pET11a vector as a template, DNA was amplified with the Pfu DNA polymerase, 200 pM each dNTP, and 0.4 pM each primer. The PCR
product was purified and cloned into the BamHI site of pET11a vector for expression in BL21(DE3) cells. For sequencing the plasmid DNA (initial clones in pGEM-T

Easy vector (Promega)) was isolated using the QIAGEN plasmid purification system and full-length-sequenced using an ABI Prism 310 Genetic Analyser.

origin of other products, including 8R-HETE, has remained
unclear. Whether the arctic coral uses a separate 8R-LOX or the
8R-LOX activity is part of an AOS-LOX fusion protein, will
require further study. Both types of 8R-LOX have been shown to
co-exist in P. homomalla [6,7].

In this study, we report the cloning and characterisation of a
fusion protein responsible for 8R-hydroperoxyeicosatetraenoic
acid (HPETE) and allene oxide synthesis in the coral G. fruticosa.
Our data clearly indicate that the AOS-LOX fusion protein path-
way in allene oxide synthesis is used by a different coral and
P. homomalla represents no exception.

Using a RT-PCR strategy based on the highly conserved LOX
sequences we cloned and sequenced a cDNA encoding for an
AOS-LOX fusion protein. The cDNA reactions were run as
described previously using the total coral RNA [14] and an oligo
(dT) sequence linked to an adaptor sequence at the 5’-end. The
initial PCR clone was obtained by using the strategy described
previously [16]. The full-length cDNA clones were obtained
using a RACE-PCR methodology. The extension of the
sequence in the 5’ direction gave a longer product than usual
for lipoxygenases, similar in length to the P. homomalla AOS-
LOX fusion protein [7] (Fig. 1).

The full-length sequence of the G. fiuticosa AOS-LOX
mRNA is 3685 bp long, with 5 UTR 321 bp and 3’ UTR
166 bp. The open reading frame region (3198 bp) consists of
AOS- (1119 bp) and LOX- (2079 bp) related sequences. The
border between the AOS and LOX domains (residue 374) was
determined by an alignment of the G. fiuticosa sequence with
the P. homomalla AOS-LOX fusion protein sequence (Fig. 2).
The predicted length of the fusion protein is 1066 amino acids

with an estimated molecular mass of 122 kDa. The calculated
molecular masses of LOX and AOS domains are 79 and 43 kDa,
respectively.

The N-terminal AOS domain has five homologous regions
with a catalase located in the correct sequential order along the
polypeptide chain (Fig. 2). The threonine residue T66 shown to
be responsible for the AOS activity in the P. homomalla AOS-
LOX protein [17] is in the same position in the G. fruticosa
AOS domain. The other AOS active site residues (H67, N137,
R349, Y353) proposed by X-ray crystal study [10] are also
present in the G. fiuticosa AOS-LOX sequence (Fig. 2). The
sequence identity compared to the P. homomalla AOS domain
of the AOS-LOX protein is 84%. Except for the L190Q
substitution between the AOS domains of the P. homomalla and
G. fruticosa AOS-LOX, all the other residues (K60, L106,
K107, F153, V156, L176, F241) proposed to be involved in the
substrate binding are identical (Fig. 2) [10].

The C-terminal LOX domain shares the highest homology,
84%, with the LOX domain of the P. homomalla AOS-LOX
protein. The sequence identity with the recently described G.
fruticosa 11R-LOX [16] is about 70%. The deduced amino acid
sequence alignment of lipoxygenases reveals a good conservation
of amino acid residues shown to be important for the coordination
ofthe non-heme iron (H757, H762, H943,N947, and 11066 via its
C-terminus). Two tryptophanes, W413 and W449, along with a
phenylalanine F414 associated to the membrane binding in the
case of the P. homomalla AOS-LOX [11] are present in the LOX
domain of the G. fiuticosa AOS-LOX (Fig. 2).

Amino acids D391, D411, N416, D417 and E419, indicated
to be involved in the calcium binding in the P. homomalla AOS-

Fig. 2. The alignment of G. fiuticosa and P. homomalla AOS-LOX sequences using the Clustal program. The numbers represent the position of amino acid residues in
the respective protein sequences. A light gray background designates identical residues; boxes marked with A, B, C, D, E—five sequence motifs of the catalase; boxed
gray background — residues aligning with essential residues of the catalase active site; [J—residues proposed to be involved in the substrate binding of P. homomalla
AOS [10]; an arrow—a border between AOS and LOX domains; underlined regions—f3 strands of the LOX domain of the P. homomalla AOS-LOX; *—calcium
binding residues in the LOX domain of P. homomalla AOS-LOX; M—membrane binding residues in the LOX domain of P. homomalla AOS-LOX [11]; a black
background—residues implicated in the iron binding of lipoxygenases; R/S- a putative R/S determinant of lipoxygenases. The sequences used have the following
GenBank accession numbers: G. fiuticosa AOS-LOX, EU082210 and P. homomalla AOS-LOX, AF003692.
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LOX [11] and human 5-LOX [18] are also conserved in the
G. fruticosa 11R-LOX [16] and the LOX domain of the
G. fruticosa AOS-LOX.

In the primary structure of the LOX domain of the G. fruticosa
AOS-LOX, the residue to be found in the active site position
equivalent to that reported as a determinant of R or S stereo-
specificity in lipoxygenases (glycine in R- and alanine in S-spe-
cific lipoxygenases) [19] is Gly800 (Fig. 2).

The amino acid sequence data were compared with entries in
the GenBank™/EBI Data Bank using the BLAST search. The
sequence homology was determined by the Clustal method using
the Lasergene program (DNASTAR, Inc.). P. homomalla and
G. fruticosa AOS-LOX sequences together with a related se-
quence from Clavularia viridis were used for the phylogenetic
analysis. The G. fiuticosa AOS-LOX sequence identity compared
to its P. homomalla orthologue is 84%. It is even somewhat higher
than the sequence identity between cyclooxygenase orthologues
from the same corals that does not exceed 80%. The sequence
homology compared to the putative AOS-LOX protein from
C. viridis is 87% (GenBank accession number: AB188528). The
higher sequence identity between the G. fiuticosa and C. viridis
AOS-LOX is in accordance with the coral origin tree in Com-
parative Toxicogenomics Database (http://ctd.mdibl.org) accord-
ing to which G. fruticosa and C. viridis belong to the same
Alcyonacea suborder while P. homomalla is a representative of
Gorgonacea suborder.

To identify the products of the G. fruticosa AOS-LOX the
enzyme was expressed in E. coli cells at 16 °C (Fig. 3, lane 2).
The catalytic activity was recovered in the 13,000xg superna-
tant of sonicated cells. The supernatant was preincubated with
CaCl, (the final concentration 10 mM) on ice for 5 min. The
incubation with 50 pM arachidonic acid (AA) (Cayman
Chemical Co.) was performed in 50 mM Tris—HCI buffer, pH
8.0, for 10 min at room temperature. To reduce the hydroperoxy
products SnCl, was added. After acidification with HCI to pH 3,
the products were extracted with ethyl acetate. The AOS-LOX
fusion protein converted [1-'*C] AA into three products
detected by RP-HPLC (Fig. 4, panel I, upper trace). In aqueous

M1 2 3 4M kDa
AOS-LOX —D‘_ po— —— 116
Iox — SRR,
Aos—n.g - — 45
- «+—— 35

=
~ e+ 25

Fig. 3. The expression of the G. fiuticosa fusion protein and the separate AOS
and LOX domains in the E. coli strain BL21(DE3). SDS-PAGE (Coomassie Blue
stained) of bacterial extracts expressing the fusion protein, the N-terminal AOS
domain and the C-terminal LOX domain. The following IPTG induction cells
were grown for 16—18h at 16 °C. M, molecular weight markers (Fermentas); 1, a
negative control of expression (bacterial culture was transformed with a pET11a
vector); 2, expression of AOS-LOX fusion protein; 3, expression of AOS domain
separately; 4, expression of lipoxygenase domain separately.

media allene oxide is non-enzymatically converted into an o-
ketol (8-hydroxy, 9-keto-5Z,11Z,14Z-eicosatrienoic acid, as a
major product (peak 1) and a minor cyclopentenone (peak 2).
The formation of the a-ketol and cyclopentenone (retention
times 10.4 and 11.3 min, respectively) is indicative of the allene
oxide synthase activity of the G. fruticosa recombinant AOS-
LOX. Peak 3 with the retention time of 17.2 s corresponds to 8-
HETE, the known reduced product of the 8-lipoxygenase.

The UV spectra for the same peaks 1-3 in the chromatogram
obtained by a UV-detection (Fig. 4, panel I, lower trace) were
recorded. Product 1 has no absorbance maxima above 210 nm.
Product 2 shows 4. at 218 nm, characteristic of a cyclic enone
compound. Product 3 has A, at 236 nm characteristic of
conjugated diene chromophores of HETEs (Fig. 4, panel II) [6].

LC-MS analysis was performed using an ion-trap mass
spectrometer operating in a negative-ion mode. All AOS-LOX
products gave strong signals corresponding to the deprotonated
precursor ions [M—H] . The MS plot showed peaks at 10.4, 11.3,
and 17.2 min (Fig. 4, panel III, trace A). The single ion
monitoring at m/z values corresponding to the [M—H] ™ anions of
the products predicted by UV spectra identified peak 1 as a-ketol
(m/z 335.2), peak 2 as cyclopentenone (m/z 317.4), and peak 3 as
8-HETE (m/z 319.3) (Fig. 4, panel III, traces B-D).

To distinguish the allene oxide synthase and lipoxygenase
activities of the fusion protein the LOX and AOS domains were
expressed separately in E. coli BL21(DE3) cells (Fig. 3, lanes 3, 4).
The expression of the C-terminal LOX domain at 16 °C gave a
highly active enzyme with an activity recovered in the 200,000xg
supernatant of sonicated cells. The supernatant was incubated with
arachidonic acid under the same conditions as described above.
The identity of the product as 8-HETE was first confirmed by an
RP-HPLC/MS analysis (data not shown). To determine the stereo-
chemistry of the lipoxygenase product, the sample was methylated
and purified by SP-HPLC. The methyl ester derivative was sub-
jected to the chiral-phase HPLC along with authentic methylated
standards of +8-HETE (+8-HETE-Me) and 8R-HETE (8R-HETE-
Me). The product peak co-eluted with the peak of 8R-HETE-Me
standard (Fig. 5C) indicating that the product was 8R-HETE.

The N-terminal AOS domain (amino acids 1-375) of the
G. fruticosa fusion protein was expressed well at 16 °C (Fig. 3).
In parallel, as a positive control the AOS domain of P. homomalla
AOS-LOX fusion protein (amino acids 1-373) was expressed at
identical conditions. The G. fruticosa AOS domain and AOS
domain of P. homomalla AOS-LOX migrated in SDS-PAGE
likewise. Both proteins migrated more slowly than predicted by the
calculated molecular weight. The expressed P. homomalla AOS
domain was fully active in incubations with 8R-HPETE as a
substrate. In the incubations performed at identical conditions with
the G. fruticosa AOS domain no AOS activity was recorded by
neither radioactivity nor UV spectroscopy (data not shown). To be
sure that the loss of activity is not due to the lack of heme, 1 uM of
exogenous hemin was included in the incubations of G. fruticosa
AOS. Yet, no AOS activity was detected (data not shown). Why
the separately expressed AOS part of the G. fruticosa fusion
protein was inactive remains to be elucidated in further studies.

In summary, the AOS-LOX fusion protein responsible for
the allene oxide synthesis in G. fruticosa was cloned and
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Fig. 4. Identification of the products formed from arachidonic acid (AA) in incubations with the G. fruticosa AOS-LOX fusion protein. Panel I: Reversed-phase high-
performance liquid chromatography (RP-HPLC) analysis of the products formed in incubation of [1-"*Clarachidonic acid with the G. fruticosa AOS-LOX. The frozen cell
pellet (equal to 5 ml of the culture) was resuspended in 500 ul of 50 mM Tris—HCI, pH 8.0, containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and sonicated briefly
(3x5 s) with a Cell Parmer TORBEO Ultrasonic cell disruptor. The cell suspension was centrifuged at 13,000xg for 20 min at 4 °C. The activity was recovered in the
supernatant. In a standard assay the protein suspension was preincubated with CaCl, (the final concentration 10 mM) for 5 min on ice and suspended in 50 mM Tris—HCI (pH
8.0). The reaction was initiated by addition of 50 pM [1-'*C] AA and incubations were performed for 10 min at room temperature. The reaction was terminated with SnCl,
(10 mM), acidified to pH 3 and the products were extracted with ethyl acetate. The extract was dried over Na,SO,, evaporated to dryness, dissolved in methanol:water (80:20)
and analyzed by a RP-HPLC. There was no activity in bacteria expressing vector alone. The RP-HPLC analysis of the products was performed on a Zorbax Eclipse XDB-C18
column (3.5 pmsilica, 2.1 x 150 mm, Agilent) with the solvent system of methanol:water:acetic acid (75:25:0.01 v/v/v) at a flow rate of 0.25 ml/min with an online detection of
radioactivity using a Packard 500TR Series Flow Scintillation Analyzer (upper trace) and UV detection at 206 nm (lower trace). Panel II: the UV-spectra of major peaks. The
numbers at the spectra correspond to the peak numbers on the chromatograms: 1, a-ketol, 2, cyclopentenone, and 3, 8-HETE. Panel I1I: the mass spectra of the products of the
G. fiuticosa AOS-LOX fusion protein with AA. The samples in MetOH: H,O (8:2) were run as described above. The mass-spectrum was obtained by using a 6320 Ion Trap
liquid chromatography- mass spectrometer (Agilent) operated in a negative mode. The data acquisition was performed by +0.1 m/z units centered on each selected ion. Upper
trace a reversed-phase LC-MS summation of all ion current transitions (total ion flow); trace 1, a single ion chromatogram for a-ketol [M—H] " at m/z ratio of 335.2;
trace 2, a single ion chromatogram for cyclopentenone [M—H]  at m/z ratio of 317.4; trace 3, a single ion chromatogram for 8-HETE [M—H] " at m/z ratio of 319.3.

characterized. The expression of the separate LOX domain
established the 8R-LOX activity of the C-terminal domain. The
G. fruticosa AOS-LOX has a high sequence homology with the
AOS-LOX fusion protein from P. homomalla. Our results
illustrate that the AOS-LOX fusion protein pathway of the allene
oxide synthesis is not limited to P. hcomomalla but is used by other
corals.

Unfortunately, the detection of AOS-LOX related sequences
and allene oxide synthesis in vitro in all three coral species did not

answer the main issues of the biological role and metabolic fate of
allene oxides in marine life. These coral species highly differ in the
composition of endogenous eicosanoids as well as arachidonic
acid metabolism in vitro. The Caribbean gorgonian P. homomalla
is the richest known natural source of prostaglandins isolated
mainly as 15-acetate methyl ester derivatives of prostaglandin A,.
At the same time, all attempts to detect prostaglandin synthesis
from arachidonic acid by coral preparations in vitro have failed.
The Hawaiian C. viridis does not contain prostaglandins but is
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Fig. 5. Chiral-phase HPLC analyses of the product from the reaction of the arachidonic acid LOX domain of the G. fiuticosa AOS-LOX. All samples were methylated with
etheric diazomethane before analyses. (A) A +8-HETE standard (Cayman Chemical Co.); (B) a product of the G. fiuticosa LOX domain; C, a G. fruticosa LOX product
coinjected with an 8R-HETE standard. The incubation of arachidonic acid with the G. fruticosa LOX domain was performed as described in the legend to Fig. 4 with one
modification—0.5 mM SnCl, was present. The reaction was initiated by addition of 50 uM non-labeled arachidonic acid. The incubation was performed for 10 min at
room temperature. The reaction mixture was acidified to pH 3 and the product was extracted with ethyl acetate. 1 ml of cell culture converted 150 nmol of arachidonic acid
to 8R-HETE. The LOX product was purified by SP-HPLC on a Phenomenex Zorbax-Sil column (7 um silica, 25 x 0.46 cm), with a solvent system of n-hexane:isopropyl
alcohol (100:1.7, v/v) at a flow rate of 2 ml/min with the UV detection at 234 nm). The methylated reaction product was co-cromatographed with an authentic standard on a
Chiralcel OD-H column (25 x 0.46 cm) using a solvent system of hexane:isopropanol (100:2, v/v) at a flow rate of 1 ml/min and with UV detection at 234 nm.

famous due to its high content of another group of cytotoxic cyclic
eicosanoids, clavulones. However, the formation of prostaglandins
or clavulones has never been observed in vitro incubations with
arachidonic acid. The arctic soft coral G. fruticosa represents a
third variant. The coral extracts contain typical mammalian
prostaglandins that are all easily synthesized in vitro [20].

The initial presumption that allene oxides in coral may serve as
intermediates in the prostaglandin synthesis has been rebutted by
the cloning and expression of functional coral cyclooxygenases in
G. fruticosa [14] and P. homomalla [2]. Another speculation that
the synthesis of clavulones in C. viridis may occur through allene
oxide intermediates, although not proved experimentally, remains
quite likely. But irrespective of the route to clavulones, what is
the metabolic fate of allene oxides in other corals? The presence of
a-ketol, the main compound formed from allene oxide by non-
enzymatic hydrolysis in vitro incubations, has never been detected
in fresh G. fiuticosa extracts. Moreover, there is no evidence of
the presence of any endogenous allene oxide-originated products.
There is a hypothesis that unstable allene oxides do not serve as
intermediates of biologically active compounds but these short-
lived compounds themselves may act as signalling molecules
through the corresponding receptors [21]. However, the high
content of active AOS-LOX fusion protein as well as the
corresponding gene transcript contravenes this hypothesis. Thus,
the biological role and mode of action of allene oxides in coral
remain to be elucidated.
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Abstract

In octocorals, a catalase-like allene oxide synthase (AOS) and an 8R-lipoxygenase (LOX) gene are fused together encoding
for a single AOS-LOX fusion protein. Although the AOS-LOX pathway is central to the arachidonate metabolism in corals, its
biological function in coral homeostasis is unclear. Using an acute incision wound model in the soft coral Capnella imbricata,
we here test whether LOX pathway, similar to its role in plants, can contribute to the coral damage response and
regeneration. Analysis of metabolites formed from exogenous arachidonate before and after fixed time intervals following
wounding indicated a significant increase in AOS-LOX activity in response to mechanical injury. Two AOS-LOX isoforms,
AOS-LOXa and AOS-LOXb, were cloned and expressed in bacterial expression system as active fusion proteins. Transcription
levels of corresponding genes were measured in normal and stressed coral by gPCR. After wounding, AOS-LOXa was
markedly up-regulated in both, the tissue adjacent to the incision and distal parts of a coral colony (with the maximum
reached at 1 h and 6 h post wounding, respectively), while AOS-LOXb was stable. According to mRNA expression analysis,
combined with detection of eicosanoid product formation for the first time, the AOS-LOX was identified as an early stress
response gene which is induced by mechanical injury in coral.
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Introduction acids (HpETEs), leukotrienes, thromboxanes and prostaglandins)
. result from the conversion of arachidonic acid (AA) by lipoxygen-
Octocorals and hexacorals are affected by natural and human- ase (LOX) and cyclooxygenase (COX) [17,18]. Due to their labile

induced stress factors [1]. Biological and chemical alterations,
including changes in temperature, sedimentation, water conditions
and biotic alterations all represent challenges to octocorals
survival. Mechanical injury is also a major challenge to coral
integrity and viability [2]. It is likely that each type of stress leads to synthase (AOS) pathway results in 12-oxo-phytodicnoic acid and

an gdaplatlon Or TEpalr response, aming (o re-establish homeo- 50nic acid (JA), which regulate the expression of defense genes
stasis and survival [3]. [21-24].

nature, these messengers act locally, in an auto- or paracrine
manner, as part of inflammatory responses by immune cell
activation during infection or anaphylaxis [19,20]. In plants, the
conversion of a-linolenic acid by the LOX and allene oxide

For example, altered temperature (such as heat shock) leads to

‘ ) ! Soft corals expresses multiple eicosanoid biosynthesis pathways,
changes in coral heat stress responsive genes and elevated calcium

including COX, LOX and allene oxide synthase- lipoxygenase
levels [4]. It also results in‘elevated levels of heat shock proteins, (AOS-LOX) enzymes [25-32]. The unique AOS-LOX fusion
reactive oxygen species, Ca”* signaling and protein synthesis [5,6]. |
The identification of indicator pathways is relevant for the
monitoring and prediction of environmental stress conditions in
coral [7]. While coral response to stress has been well studied in
reef-building corals (hexacorals) [4-7], the stress-response of soft
corals (octocorals) remains largely elusive [8].

In both vertebrates and invertebrates, similar phases of wound
healing (1- inflammation, 2- proliferation, and 3- matrix rebuilding
and remodeling) have been described [9,10]. However, the coral
wound response and wound-related stress have received little
attention [11], most research has concentrated on the response at

the tissue level [12-16]. of naturally occurring compounds [27,34-36], the elucidation of

l“' vertebrates  and p'lants, f”‘quﬁ)ms are important stress metabolic pathways involved in their synthesis [26,28,29,37,38]
mediators. In mammals, eicosanoids (hydroperoxyeicosatetraenoic

protein catalyzes the formation of unstable allene oxide from AA
via 8R-HpETE, a pathway common among octocorals [32].
Bioinformatics also indicate, that catalase like AOS-LOX is present
in all cnidarian lineages (Hydra, Acropora, Nematostella) [33]. As
related species often share similar metabolic routes, the data on
biological role of eicosanoids in soft coral may be attributed to
other Crnidarian lincages.

Whereas the spectrum of metabolites is largely known, the
functional significance of AOS and LOX pathways in coral
homeostasis and regeneration remains elusive. The current
literature of coral eicosanoids contains data on the identification

and the effects of lipid extracts or isolated compounds on other
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systems [39]. To date, only the role of prostaglandins in the
chemical defense of the coral Plexaura homomalla has been revealed
[40-43]. There is no data available about the function of
cicosanoids produced via the AOS-LOX pathway in corals.

In the current study, using the model of Capnella imbricata, which
is casily propagated and farmed in a laboratory marine aquarium,
we address gene expression and eicosanoid synthesis through the
AOS-LOX pathway in response to acute incision wounding of
coral.

Materials and Methods

Coral Samples

Colonies of soft coral C. imbricata (Cnidaria, Anthozoa, Oclocorallia,
Aleyonacea, Nephtheidae) were purchased from a commercial source
(Estonia), identified at Queensland Museum (specimen No: QM
G317136), cultivated and propagated in a closed-circuit marine
aquarium in the Department of Chemistry at Tallinn University of
Technology at an ambient seawater temperature of 23+0.5°C,
salinity 31 ppt, periodic day-night cycle (12 h-12 h) and 20% of
biweekly water exchange.

Activity Assay

In a standard assay, the coral tissue (0.33 g mL™') was
homogenized (Tissue Tearor, set 5) in 50 mM Tris-HCI pH 8.0
buffer, containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF)
on ice. Immediately, an aliquot of homogenate (6.6 mg) was
incubated with 50 uM [1-"*C] AA (GE Healthcare) in 1 mL (final
volume) 50 mM Tris-HCI, 100 mM NaCl and 1 mM CaCl,
pH 8.0 at room temperature, with constant stirring for 5 min.
Incubation in the presence of a mild reducing agent (0.5 mM
SnCly) was conducted in parallel. Reactions were terminated with
SnCl, (10 mM) and, after acidification with HCI to pH 4.0 the
products were extracted with ethyl acetate. The extract was dried
over NaySOy,, evaporated to dryness and re-dissolved in methanol:
water (4:1) for instant product analysis by reverse phase-high
performance liquid chromatography (RP-HPLC).

RP-HPLC

Samples were analyzed by RP-HPLC, using a Zorbax Eclipse
XDB-Cg column (5 pm, 4.6 x150 mm), thermostat 35°C, run on
an Agilent 1200 Series HPLC system, connected to a diode array
detector (UV detection at 206 nm, 236 nm and 270 nm), followed
by a 500TR Series Flow Scintillation Analyzer (Packard Biosci-
ence) or Agilent 6540 UHD Accurate Quadrupole time of flight -
MS/MS with Agilent Jet Stream ESI source. The HPLC was
carried out with a solvent system of acetonitrile (ACN)/water/
formic acid (98.9%/1.0%/0.1% v/v/v)(A) and water/formic acid
(99.9/0.1% v/v)(B), 0-8 min isocratic (35% A:65% B), 9-17 min
gradient to 100% A, 18-30 min 100% A at a flow rate of 1 mL
min~!. Mass spectra were acquired over a mass range of m/z
100-400 in a negative ion detection mode. Extracted ion current
(EIC) was used for sensitive and specific detection of stable end
products. The data acquisition was performed by 0.1 m/z units
centered on each selected ion.

Extraction of Total RNA and Synthesis of cDNA

For homology based RT-PCR. Total RNA was extracted
from coral tissue using the phenol-chloroform extraction method
[44]. First strand cDNA was synthesized from 20 pg of total RNA,
using an  oligo(dT)-adapter ~ primer [ATGAATTCGG-
TACCCGGGATCC(T)y7] for priming and M-MLV reverse
transcriptase (Promega) according to the manufacturer’s protocol.
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For real-time quantitative PCR (qPCR). 1002 mg of
coral tissue was homogenized (IKA T18 basic ULTRA TUR-
RAX) in a QIAzol Lysis Reagent. RNA was isolated using an
RNeasy Lipid Tissue Mini Kit (Qiagen) according to the
manufacturer’s instructions. Isolated RNA was quantified with
NanoDrop-3000 (Thermo Scientific), and the integrity was
constantly confirmed by electrophoresis on 1% formaldehyde
agarose gels. 1 g of total RNA was treated with DNase I and used
as a template in cDNA synthesis (QuantiTect Reverse Transcrip-
tion Kit, Qjagen) with oligo(dT)primer in a total reaction volume
of 20 ul. Negative controls without reverse transcriptase were
included to test for genomic DNA contamination and the
efficiency of cDNA synthesis.

Homology Based RT-PCR

The upstream degenerative primers were based on the
conserved regions of coral AOS-LOX sequences HEFF and
HPW (located on the AOS domain), and the downstream
degenerative primers were based on QIQ and AGT (located on
the AOS and LOX part of the AOS-LOX sequence, respectively).
The first round PCR was run using 1 pL of first strand cDNA and
the Expand Long Template PCR System with buffer 3 (Roche
Diagnostics), 0.2 mM of each dNTP, and 0.3 uM primers
(Table 1A). The PCR program was 1 cycle at 94°C for 2 min;
10 cycles at 93°C for 30 s, 52°C for 45 s, 68°C for 3 min; 20 cycles
at 93°C for 30 s, 55°C for 45 s; 68°C for 3 min and 20 s for each
cycle, and 68°C for 10 min. The half-nested second round PCR
was run using 1 pL of 10 times diluted first round PCR reaction
according to the same protocol. HEFF/QIQ; HEFF/AGT and
HPW/AGT resulted in expected amplicon sizes (accordingly
586 bp, 981 bp and 300 bp). The PCR products were cloned
(PGEM-T Easy Vector Systems, Promega) and sequenced (Agowa,
Germany). Two different sequences homologous to coral A0S-
LOXs were confirmed by the public BLAST platform at NCBI.
Sequence alignments were created using the MegAlign program
(DNAStar, Lasergene) with ClustalW. The 5'- and 3'-ends were
extended using 5'-3' RACE-PCR methodology (Promega),
according to the manufacturer’s instructions and sequence specific
primers (Table 1B). The open reading frames coding full length
AOS-LOXs were PCR amplified with specific primers (Table 1B)
and Phusion High Fidelity DNA polymerase (Thermo Scientific).
The PCR products were cloned, sequenced and submitted to a
database  (GenBank numbers:  KF000373  and
KF000374).

accession

Bacterial Expression and Activity

The ORF of 40S-LOXa and AOS-LOXb fusion proteins were
PCR amplified with specific primers (Table 1B), cloned into Nl
or BamHI restriction site (respectively) of pET1la expression
vector (Stratagene) and expressed in Escherichia coli BL21(DE3)RP
cells (Novagen) at 10°C as previously described [32]. Bacterial
extracts expressing the fusion protein were separated on 10%
SDS-PAGE (Coomassie Blue stained). The fusion proteins
(corresponding to the 1 mL sonicated cell culture) were incubated
with 50 uM [1-'*C] AA in 1 mL, and analyzed as described
above.

Design of Wounding Experiments

Repeated wounding (one colony). A coral colony was
injured at the stem by a cut (0.5x5 mm), and 7-8 ¢cm branches of
the same colony were cut away at different times: zero (I branch),
1 h (IT branch), 3 h (Il branch) and 6 h (IV branch) (Fig. 1). A
tissue sample (adjacent to the cutting edge) was taken, weighted,
homogenized, and RNA was extracted. The remaining branch
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Table 1. List of primers: (a) degenerative primers used for
isolation of the target genes, (b) primers used for 5’-3' RACE
and (c) gPCR primers used for gene expression analysis.

(a) Degenerative primers

HEFF-up CCTAAGTTYCCNGARCAYGARTTY
HPW-up TGGGATAARGARACNCAYCCNTGG
QIQ-down  CTAGCYTCRTGDATYTGDATYTG

WDK-down CCATGGRTGNGTYTCYTTRTCCCA
AGT-down  GTAATAGTNGCRTCNGTNCCNGC

(b) Specific primers

5' RACE

FPV-down  TTGCATGACGTAATCTTACAGG
FWHT-down AGTCTTCCAAGCTCGAAGTGTGC
FWNT-down AGTCTTCAAAGCTTGAGGTGTTCC
GSD-down  AGAACGATCTAGCATCAGACCC
KYPD-down CAGCACCTGCATCATCTGGATAC
LKLL-down CCCTGCATCATCCAGTAGTTTAAG

3' RACE

DYHL-up AAAGTTAACCTGCAAGACTATCATC

EESG-up ATATCAAAGAGGAAGAAGAGAGTGG

ESLG-up TCAACCAGCCGGAATCATTAGG

FAVS-up ACAACTGAATCATTTGCTGTGTCG

FSRY-up AAATATTTGGACATTCAGTCGTTATG

KTHG-up AATATCAAGGCTAAAACACACGG

LGDT-up CTGGATACTTGGTGATACGCC

QNAL-up  TTCCAACAGGACAGAACGCAC

RSRH-up AACGTCTGGATTCGTAGTCGTCATC

YKWI-up TGTGGCAGTGTACAAATGGATCC

AWED-up  AGCGCTACAGCTTGGGAGG

ERIP-up TTCTTCCTGAGCGTATTCCC

AOS-LOXa ORF

ALA-up ATCGGATCCATGACTTGGAAAAATTTTGGA
ALA-down  GTTCGGATCCCCGGGACATTAGATAGCAGTTCC
AOs-LOXb ORF

ALB-up ATTGCTAGCATGGTTTGGAAAAATTTTGGTTACG
ALB-down  CAGCTAGCCTAGATTGCAGTTCCG

(c) Specific qPCR primers

Gene Primer Sequence Amplicon
size
AOS-LOXa  FSRY-up AATATTTGGACATTCAGTCGTTATG 100 bp
LKKG-down CGATAGTTTACTGGGCCTTTCTTC
AOS-LOXb  KLLD-up CGTCATGCAAATCTTAAACTACTGG 180 bp
VSSS-down AGACTCTCCTGCACTTGATGATAC
B-actin HETC-up  TGTGGCATCCATGAGACCTG 95 bp

TVLS-down AGACAGCACTGTGTTGGCATAC

Up - forward primer, down - reverse primer; all sequences are presented in the
5’ to 3’ direction.
doi:10.1371/journal.pone.0089215.t001

was additionally incubated until the next time point (1 h), resulting
in a secondary incubation time of (0+1 h) (Fig. 1). The same
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scheme was repeated with branches II and III, and they were
additionally incubated (for 2 and 3 h, respectively), marked as 1+
2 h and 3+3 h (Fig. 1).

For the detection of a systemic response, transcript levels were
estimated for the distal tips of the removed branches at given times
(1 h, 3 h and 6 h), and they were compared to that of the time of
wounding (control).

Single wounding (separate colonies). To obtain genetically
identical coral, an adult coral colony was cut into six equal
fragments and grown for 4 months to reduce the influence of
fragmentation. A branch was removed from the stems of three
coral colonies in parallel, serving the wounding event and used for
the detection of the normal transcript level for each colony
(control). The second sample adjacent to the wounding site was
taken from the first to the third coral colony at 1 h, 3 h and 6 h
post wounding.

gPCR and Gene Expression Analysis

f-actin was one of the three most stable genes identified in the
cnidarian case study [45]. Corresponding sequence from C.
imbricata was cloned, sequenced and used as the reference gene.
Sequence specific quantitative real-time PCR primers (Table 1C)
were designed on the f-actin, AOS-LOXa and AOS-LOXb genes by
using PrimerSelect software (DNASTAR, Lasergene). Test-PCRs
confirmed the specific amplification of the desired amplicons (95—
180 bp). All sequenced qPCR products matched the expected
product identities. First strand cDNA aliquots (I puL) of each
sample served as templates for a quantitative PCR reaction (total
volume 10 pL) containing sequence-specific primers (500 nM) and
a master mix (QuantiTect SYBR Green PCR Kit, Qiagen).
Thermal cycling was performed on a LightCycler 480 Real-Time
PCR system (Roche), under the following conditions: 95°C for
5 min, followed by 40 cycles of 95°C for 10 s, 55°C for 20 s and
72°C for 20 s. To confirm the amplification of a single PCR
product, a melting curve analysis (from 52°C to 95°C) was carried
out after the end of the amplification cycle. All qPCR reactions
were performed in triplicate, and negative controls consisting of
un-transcribed RNA (no RT control) were performed for each
RNA extraction. The normal expression levels were estimated in
the “stem” and “branch” tissue of three different coral colonies
(n=3). The initial and single wound response data are the means
of values obtained for the two independent biological replicates
(n=2) and the secondary and systemic response data arc the
means of three replicates (n = 3).

Statistical analysis. The expression ratio between the
sample and control was determined using the comparative C,
method [46] by program REST - Relative Expression Software
Tool-Multiple Condition Solver (REST-MCS) [47] (LightCycler
Relative Quantification Software, Qiagen) with 2000 iterations.
The results are presented as the mean * standard error (SE).

Results

In C. imbricata, AA is an abundant polyunsaturated fatty acid,
exceeding 20% of total fatty acids (unpublished data). The
presence of endogenous eicosanoids of the AOS-LOX pathway,
8-HETE ([M]=319.2), a-ketol ([M"]=335.2) and cyclopente-
none ([M "] =317.2) in C. imbricata was confirmed by RP-HPLC/
MSMS analysis (Fig. 2A, EIC). The identification of the
compounds was based on identical retention times and mass-
spectra with G. fiuticosa AOS-LOX products as standards [32].
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Figure 1. Experimental design of wounding stress. The location and time of sampling shown on a coral colony.

doi:10.1371/journal.pone.0089215.9001

Arachidonic Acid Metabolism in Response to Wounding

The metabolites of AA formed by C. imbricata were detected at
the time of wounding and in response to incision (Fig. 1). The
formation of 8-HETE, o-ketol, and cyclopentenone during the
incubation of the coral tissue homogenate with radiolabeled AA
confirmed the catalytic activity of AOS-LOX (Fig. 2A, peaks 2 and
3). In the presence of the reducing agent SnCly, the AOS reaction
was avoided and the reduced intermediate 8-HETE was detected
as the main product (data not shown). Besides the known products
of the AOS-LOX pathway, the formation of additional com-
pounds was detected (Fig. 2A, peak 1). As identification of these
metabolites was out of the scope of the current research, two peaks
visible on the radio chromatogram were not separated and the
radioactivity was summarized. In the selected time frame, the level
of a-ketol (Fig. 2A, peak 2) increased in response to wounding (in
total 27%, Fig. 2B); at the same time the amount of unidentified
polar compounds (UPC) (Fig. 2, peak 1) decreased equally
(Fig. 2B).

Sequence Analysis of AOS-LOX

The cloning and sequencing of C. imbricata AOS-LOX ¢cDNAs
resulted in two complete A0S-LOX sequences of encoding ORFs,
along with the 5'- and 3'-UTRs, designated as A0S-LOXa (NCBI
ID: KF000373) and A0S-LOXb (NCBI ID: KF000374). BLASTp
analysis revealed high sequence homology with other cnidarian
AOS-LOXs. The identity to other coral AOS-LOXs (G. fruticosa
GenBank number  EU082210.1;  Clavularia  virnidis

accession
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AB188528.1; Plexaura homomalla AF003692.1) was between 81—
87%. The sequence identity between C. imbricata AOS-LOXa and b
(88%) was lower than between the corresponding G. fruticosa
paralogs (98%, personal data).

Based on the sequence analysis of the coral AOS-LOX fusion
proteins, all catalytically important amino acids of LOX domains
arc conserved. In the primary structure of the LOX domain of
AOS-LOXa and AOS-LOXb, the active site residue equivalent to
that reported to be determinant of R or S stereospecificity of LOXs
(glycine in R- and alanine in S-specific LOXs) [48] is G800 and
G801, respectively. Thus the LOX domains of AOS-LOX fusion
proteins convert the substrate fatty acid (AA) into 8R-HpETE.

Except for a conservative L150F substitution in AOS-LOXb, all
catalytically important amino acids (H67, N147, L150; R345,
Y349) of the AOS domains of C. imbricata are conserved. On the
other hand, in the substrate binding pocket of the AOS domain of
AOS-LOXb, the substitution of phenyl alanine 150 (as in catalase)
instead of leucine (as in other coral AOS-LOX fusion proteins)
and additional amino acid substitutions (K60E; FI0Y, V156S;
LL176/177S), including one amino acid insertion (S161), were
detected.

To confirm their catalytic activity, the ORFs of the A0S-LOX
fusion proteins were expressed in bacterial expression system,
resulting in fusion proteins with expected size, 122.0 kDa for
AOS-LOXa and 122.3 kDa for AOS-LOXb (Fig. 3, lanes AlLa
and ALDb, respectively). The catalytic activity of AOS-LOXa was
recovered in the 13000xg supernatant of sonicated cells with
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Figure 2. RP-HPLC analysis of incubation products of C. imbricata tissue homogenate. A) Radio chromatogram of the products formed
from [17'*C] AA by coral homogenate, extracted ion current (EIC) corresponding to a-ketol ((M™]1=335.2, peak 2), cyclopentenone ([M~]1=317.2, peak
3) and HETE ([M"1=319.2, peak 3). B) The conversion of [17'C] AA into unidentified polar compounds (UPC) (peak 1) and a-ketol (peak 2) in

response to wounding. CPM - counts per minute.
doi:10.1371/journal.pone.0089215.9g002

[1-"*C] AA as the substrate. The formation of a-ketol (70% of total
radioactivity) and cyclopentenone (14%) by AOS-LOXa was
confirmed by RP-HPLC (Fig. 3, peaks 2 and 3, respectively).
Accordingly, the AOS-LOXa product profile is identical to that of
previously characterized fusion proteins [28,32]. The main
products formed from AA by AOS-LOXb (90% of total
radioactivity) (Fig. 3, peak 1) co-eluted with the UPC (Fig. 2,
peak 1). In the presence of mild reducing agent the LOX domains
of both fusion proteins converted AA exclusively into 8-HETE. As
incubation of AOS-LOXb with 8R- HpETE resulted in identical
product profile compared to incubations with AA (data not
shown), the novel activity can be attributed to the AOS domain of
AOS-LOXb. Based on chromatographic behavior and mass-
spectral data of AOS-LOXb products, we suggest the formation of
an oxo-octenoic acid ([M ] =155.1) from 8-HpETE.

Accordingly, both coral A0S-LOX genes encode for functional
fusion proteins. While AOS-LOXa is the main source of the
known compounds of AOS-LOX pathway, AOS-LOXb exhibits a
novel activity. The identification of the products of AOS-LOXb is
a matter of future research.

Expression Analysis of AOS-LOX

Coral C. imbricata is also known by the common name Kenya
tree coral because of its tree-like appearance. The normal

PLOS ONE | www.plosone.org

expression levels of AOS-LOXa and AOS-LOXb were estimated in
the “stem” and “branch” of the coral colony. Under normal
conditions, higher expression levels of both transcripts were
detected in stem tissue, while A0S-LOXb transcript was 2.8 times
more abundant than AOS-LOXa (P<0.05). Consequently, all
samples in one experimental set were taken from the same
location (either stem or branch).

Repeated wounding (one colony). To exclude genetic
variation between coral colonies, the expression levels of 40S-
LOXa and AOS-LOXb in response to incision wounding were
estimated within a single octocoral colony. Significant up-
regulation of AOS-LOXa was confirmed adjacent to the wounding
site. The maximum fold change 3.6 was recorded at one hour post
wounding, decreasing at 3h and 6h to 1.8- and 1.6-fold,
respectively (P<<0.05) (Fig. 4A).

To assess the secondary response, the transcript levels were
recorded in tissue adjacent to the wounding site at (0+1 h), (1 h+
2 h) and (3 h+3 h). The fold change of 40S-LOXa at (0+1 h) was
identical to the 1 h sample, indicating that a similar wound
response was generated near the wounding site. An additional
increase was detected in the (1 h+2 h) and (3 h+3 h) samples, with
up-regulation of 5.0- and 4.4-fold (P<<0.05), respectively (Fig. 4B).
The data indicate that the severity of stress had a direct effect on
AOS-LOXa transcription.
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Figure 3. RP-HPLC analysis of incubation products of C
imbricata AOS-LOX fusion proteins expressed in E. coli. Bacterial
extracts expressing the fusion proteins. M, protein molecular weight
marker (Fermentas); Neg, negative control, pET11a vector without
insert; ALa, AOS-LOXa; ALb, AOS-LOXb. The RP-HPLC analysis of the
conversion of [17'%C] AA by AOS-LOXa (peaks 2, 3) and AOS-LOXb
(peak 1). The peak numbers indicate identical compounds formed by
the coral homogenate (Fig. 2A, and corresponding EIC) and expressed
AOS-LOX proteins. EIC [M"]=155.1 corresponding to the main AOS-
LOXb product (peak 1). CPM - counts per minute.
doi:10.1371/journal.pone.0089215.g003

In a parallel experiment, the occurrence of a systemic response
was investigated. The transcript level was recorded in distal parts
of the coral colony at the tips of the branches. Although not
reaching as high level as detected around the wounding site, 40S-
LOXa was significantly up-regulated at 3 h and 6 h post wounding,
by 1.5- and 1.9-fold (P<<0.05), respectively. At the same time, the
AOS-LOXb expression remained constant (Fig. 4C). The up-
regulation of AOS-LOXa at distal parts of the colony indicated
enhanced alertness of the whole colony.

It should be noted that after repeated wounding the coral was
visibly stressed. After incision, all polyps of the colony instantly
closed and remained closed while the area close to the wound
contracted. Repeated wounding induced the color changes in the
remaining colony. However, all treated colonies were able to
recover and regenerate between four and ten days, depending on
the severity of the injury.

Single wounding (separate colonies).
and compare the response between repeated and single incision
wounding, the expression levels of 40S-LOXa and AOS-LOXb were
estimated in separate coral colonies having identical genetic
background. Adjacent to the wounding site, A0S-LOXa was
significantly up-regulated at 1 h and 3 h post wounding by 1.2-

In order to detect
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and 1.4-fold (P<0.05), reaching the normal level at 6 h (Fig. 4D),
while A0S-LOXb was significantly down-regulated only at 6 h with
a relative expression ratio of 0.6 (P<<0.05) (Fig. 4D). The moderate
up-regulation of 40S-LOXa in response to a single wound also
supports the contention that stress severity has an impact on A0S-
LOXa expression.

Discussion

Using an acute incision wounding model, we showed that in
response to wounding the soft coral C. imbricata undergoes rapid
up-regulation of the AOS-LOX pathway @ vivco. A major
implication of our results is that the eicosanoid pathways used
by coral during tissue injury and healing are similar to the oxylipin
pathways in plant wound responses, highlighting a conserved
pathway throughout the animal and plant kingdoms. The results
of the current study establish coral AOS-LOX route as rapid-onset
stress response pathway. Two AOS-LOX genes were found to be
differentially responsive to mechanical injury, with 40S-LOXa
transiently up-regulated (peaking at one hour post injury) while
AOS-LOXb expression remained stable. The differential expression
regulation and competition for the same upstream substrate (AA)
implicate their distinct biological function in the wound response.

The initial wound response in animals, including corals, aims
for rapid and efficient provisional plugging of the wound to
minimize both the loss of vital fluids and environmental challenges
(e.g. bacterial contamination) [10,49-51]. In vertebrate animals,
the immediate release of cell-derived damage signals, including
Ca”, ATP and reactive oxygen species (ROS), defines the wound
area and severity of damage within the first minutes post injury
[52]. Acute-onset signals initiate the secondary phases of wound
healing through the transcription of wound response genes,
including 1) immediate wave: genes expressed within 30 min to
1 h, the expression of which ceases within 6-12 h and in which
protein synthesis is not required prior to induction, 2) fast phase:
expression lasting from 30 min up to 12 h, and 3) sustained wave:
lasting from 3 to 12 h [53]. Thus the time course of A0S-LOXa
expression in C. imbricata is consistent with the immediate wave
pattern.

Because of their sessile nature, corals share many plant-like
physiological features. Likewise, the 40S-LOXa expression pattern
in C. imbricata shows homology to lipoxygenase pathway expression
in plant wound response. The wound response in plants includes
the instant release of Ca?*, ROS and leaf volatiles (e.g. short chain
aldehydes) and traumatin [54,55], accompanied by the rapid
synthesis and accumulation of the stress hormone JA via a
lipoxygenase pathway, involving LOX, AOS, AOC steps [56,57].
To induce the synthesis of JA only one of four Arabidopsis thaliana
13(5)-LOXs (mainly found in plant plastids) is up-regulated an
hour upon wounding [58-60]. Matching the same time window,
the sequential step catalyzed in plastids by AOS is also up-
regulated at the transcriptional [61,62] and translational level [24].
Thus, although the downstream mediators may diverge, the
immediate wave expression of LOX and AOS after wounding is a
shared, conserved pathway preparing the transit from provisional
danger signaling to the initiation of structurally consolidating tissue
repair. Whereas in plants the expression of LOX and AOS is
regulated separately, in coral the AOS-LOX fusion protein
enforces strict stoichiometric coupling of both catalytic steps.

The divergent product profile generated in the coral can be
explained using plant oxylipin pathways as a guide. In plants the
fatty acid hydroperoxide generated from a-linolenic acid by 13-
LOX is converted in parallel by AOS [61,63,64] and hydroper-
oxide lyase (HPL) [65,66]. After wounding the AOS route leads to
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the formation of JA [61,63], while volatile C aldchydes (c.g. Z-3-
hexenal or E-2-hexenal) and non-volatile oxylipins (e.g. traumatin)
are instantly generated by HPL [62,64,65,67]. Analogously to the
reactions of plant LOX and AOS enzymes, the coral AOS-LLOXa
fusion protein catalyzes the formation of labile allene epoxide,
although using AA instead of o-linolenic acid as a substrate.

Hypothetically, if the HPL-like reaction using 8-HpETE formed
from AA by the 8-LOX domain of the AOS-LOX fusion protein
takes place in the coral, two compounds with masses of 156 (C1—
C8) and 180 (C9-C20) can be formed. The radiolabeled AA
metabolite formed in vitro by C. imbricata AOS-LOXDb has a mass of
156, which corresponds to (C1-C8) and also matches the location
of [1-'*C] label, therefore suggesting that the HPL-like reaction
has indeed taken place in coral by AOS-LOXb. The existence of
parallel AOS-LOXa and AOX-LOXb pathways suggest that the
coral initial wound response could also include the instant
formation of aldehydes and oxo-acids.

As mentioned earlier, after wounding the concurrent conversion
of the same substrate (AA) by C. imbricata (Fig. 2B) resulted in the
gradual enhancement of a-ketol (Fig. 2A, peak 2) corresponding to
AOS-LOXa and a decrease in AOS-LOXb metabolites (Fig. 2A,
peak 1). The shift in metabolite spectrum after wounding is best
explained by an altered balance between AOS-LOXa and AOS-
LOXb, resulting in a dominance of AOS-LOXa products. A
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Abstract Marine ecosystems are sensitive to elevated
seawater temperature, with stony corals serving as model
organisms for temperature-imposed declines in population
viability and diversity. Several stress markers, including heat
shock proteins, have been used for the detection and pre-
diction of stress responses in stony corals. However, the
stress indicators in soft corals remain elusive. In higher
animals and plants, oxylipins synthesized by fatty acid di-
and monooxygenases contribute to stress-induced signaling;
however, the role of eicosanoid pathways in corals remains
unclear. The eicosanoid gene specific to corals encodes for a
natural fusion protein of allene oxide synthase and lipoxy-
genase (AOS-LOX). In this work, using the easily cultivated
soft coral Capnella imbricata as the stress response model,
we monitored the expression of the AOS-LOX and the
formation of arachidonic acid metabolites in response to an
acute rise in water temperature. Gene expression profiles of
two 70 kDa heat shock proteins (Hsps: Hsp70 and Grp78)
were used as a positive control for the stress response. In
comparison with normal seawater temperature (23 °C),
AOS-LOXa and Hsps were all up-regulated after modest
(28 °C) and severe (31 °C) temperature elevation. While the
up-regulation of AOS-LOXa and Grp78 was more sensitive
to moderate temperature changes, Hsp70s were more
responsive to severe heat shock. Concurrently, endogenous
and exogenous AOS-LOXa-derived eicosanoids were up-
regulated. Thus, together with the up-regulation of AOS-
LOX by other abiotic and biotic stress stimuli, these data
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implicate AOS-LOX as part of the general stress response
pathway in corals.

Keywords Coral thermal stress - Eicosanoids - AOS-
LOX - Allene oxide synthase - Lipoxygenase - Hsp70

Introduction

Global climate warming is a major threat affecting
endangered coral ecosystems worldwide (Hoegh-Guldberg
et al. 2007). Visible outcomes of the climate change and
elevated sea water temperature includes coral bleaching,
caused by the loss of symbiotic zooxanthellae (Jokiel and
Coles 1990). Bleaching is a direct function of altered water
temperature above the ambient level and occurs after short
term (several degrees for 1-2 d) as well as long-term
increments (1-2° for 1-2 weeks) (Jokiel and Coles 1990).
In both cases, thermal stress affects coral physiology, with
the altered composition of membrane lipids, energy reser-
voir and up-regulation of stress-responsive heat shock
proteins (Sggrensen et al. 2003), with the bleaching as a
late cellular event (Ainsworth et al. 2008). In order to
understand the cellular mechanisms underlying the step-
wise alteration of coral physiology to environmental chal-
lenge, it is important to understand the early cellular stress
response (Voolstra et al. 2009).

The molecular events involved in coral stress response
are well studied in reef-building corals (DeSalvo et al.
2008; Rodriguez-Lanetty et al. 2009; Voolstra et al. 2009;
Seneca et al. 2010; Kenkel et al. 2011; Polato et al. 2011;
Souter et al. 2011), revealing a conserved response to
elevated temperature via heat shock proteins and antioxi-
dant enzyme systems (Lesser and Farrell 2004; DeSalvo
et al. 2008; Fitt et al. 2009). 70 kDa heat shock proteins
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(Hsp70) are molecular chaperones with important functions
in protein biogenesis and stress tolerance (Lindquist 1986).
Consequently, Hsp70 up-regulation is widely used as a
stress marker for estimating coral well-being (reviewed in
van Oppen and Gates 2006). Although similarly affected
by climate change and temperature, the heat stress response
in soft corals remains poorly addressed.

Currently, coral stress studies focus on large-scale gene
regulation, while the presence of active proteins or
metabolites remains unknown. As an early consequence of
cellular stress responses, membrane composition becomes
restructured by lipid peroxidation, which results in protein
rearrangement, permeability changes, and activation of
phospholipases and downstream oxylipin pathways (Kultz
2005; Upchurch 2008). Oxylipins consist of oxygenated
polyunsaturated fatty acids (PUFAs) formed on demand by
mono- or dioxygenases (Gerwick et al. 1991), which
function as lipid mediators in response to cell stress and
inflammation (Wymann and Schneiter 2008). Oxylipins are
synthesized by cyclooxygenases (COX) and lipoxygenases
(LOX) in animals (Schneider et al. 2007) or LOX, allene
oxide synthase (AOS) and allene oxide cyclase (AOC) in
plants (Wasternack and Hause 2013), catalyzing the for-
mation of prostaglandins, hydroperoxy fatty acids, allene
oxides and 12-oxo-phytodienoic acids, respectively
(Schneider et al. 2007; Andreou et al. 2009; Wasternack
and Kombrink 2010). When oxylipins denote all oxygen-
ated PUFAs, eicosanoids are a subset of oxylipins, formed
from 20-carbon PUFAs only. In corals, eicosanoids are
derived from arachidonic acid (AA) by COX (Varvas et al.
1994; Koljak et al. 2001; Valmsen et al. 2004), LOX
(Mortimer et al. 2006) or AOS-LOX fusion proteins
(Koljak et al. 1997; Lohelaid et al. 2008). Despite their
widespread occurrence in marine invertebrates (Brash et al.
1987, 1991; Rowley et al. 2005), the physiological func-
tions of eicosanoids, including hydroxy fatty acids, pros-
taglandins and their derivatives, in those organisms often
remain unclear.

Recently, we showed that in the symbiotic Indo-Pacific
soft coral Capnella imbricata, the increased generation of
eicosanoids by an AOS-LOX pathway represents a stress
response to mechanical wounding, mediated by two
enzymatically active AOS-LOX isoforms (AOS-LOXa and
AOS-LOXDb), which convert exogenous AA via §-hydro-
peroxyeicosatetraenoic acid (8-HpETE) into different end-
products (Lohelaid et al. 2014). Significantly, when AOS-
LOXa represents a previously known AA metabolic path-
way (“true AOS-LOX”), metabolites formed by AOS-
LOXb have not been recorded in corals. Accordingly, from
here on when the AOS-LOX pathway is mentioned, only
the true AOS-LOX, AOS-LOXa and related activities are
considered.

@ Springer

Representing a conserved coral pathway, the substrate
AA as well as the sequential metabolizing enzymes is
present in both, soft octocorals and reef-building hexaco-
rals (Lee et al. 2008; Imbs and Yakovleva 201 1; Figueiredo
et al. 2012; Voolstra et al. 2012). In hexacorals, the up-
regulation of AOS-LOX in response to white band disease
(Soderhdll et al. 2013), elevated UV radiation (Aranda
et al. 2011) and temperature (Polato et al. 2013) has been
detected by transcriptome studies. Thus, although their
species-specific downstream effectors remain unclear,
coral eicosanoid pathways emerge as conserved regulators
of cell stress responses, with potential as biomarkers to
detect stress responses in both soft and stony corals.

The aim of this study was to address whether AOS-LOX
expression and activity in the soft coral C. imbricata are
both induced by temperature elevation. Using Hsp70s as a
positive control for the stress response, we here demon-
strate that the AOS-LOX pathway is part of the cellular
stress response in corals.

Materials and methods
Coral samples

Colonies of the Indo-Pacific coral C. imbricata were pur-
chased from a commercial source (Estonia), identified by
M. Ekins at the Queensland Museum (specimen No: QM
G317136), cultivated and propagated in a closed-circuit
marine aquarium in the Department of Chemistry at Tallinn
University of Technology at an ambient seawater temper-
ature of 23 & 0.2 °C, 31 ppt salinity, under a periodic day—
night cycle (12-12 h) and 20 % biweekly water exchange.

Extraction of total RNA and synthesis of cDNA

Total RNA was extracted from 200 & 2 mg coral branch
tissue using an RNeasy Lipid Tissue Mini Kit (Qiagen)
according to the manufacturer’s instructions and as described
previously (Lohelaid et al. 2014). Isolated RNA was quanti-
fied with a NanoDrop-3000 spectrophotometer (Thermo
Scientific), and the integrity of isolated total RNA was con-
stantly confirmed by electrophoresis on 1 % formaldehyde
agarose gel. RNA extraction resulted in 0.4 pg of total RNA
per mg of tissue. About 1 pg of total RNA was treated with
DNase I, and the first-strand cDNA was synthesized with an
oligo(dT)-adapter primer (Lohelaid et al. 2014) in 20 pl
reaction volume using a QuantiTect Reverse Transcription Kit
(Qiagen) according to the manufacturer’s protocol. To con-
firm the purity of the RNA sample and the efficiency of cDNA
synthesis, control samples without reverse transcriptase were
prepared in parallel.
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Homology-based RT-PCR of partial Hsp70

Degenerative primers were generated based on conserved
regions of Hsp70, the first round on SCVG and PDEA and
the second round as half-nested PCR on YEND and PDEA
(the PCR primers are listed in Table 1). Except for shorter
elongation times (1 min 30 s in the first and 1 min in the
second round), PCR conditions were identical to the pro-
tocol described earlier (Lohelaid et al. 2014). PCR products
with the expected amplicon sizes, 1,100 and 700 bp,
respectively, were purified, cloned into pGEM-T Easy
Vector (Promega) and sequenced (Agowa, Germany).
Sequence analysis was performed using the BLAST (Basic
Local Alignment Search Tool), and alignments were made
by a MegAlign program (DNAStar, Lasergene) with Clu-
stalW. Two partial sequences encoding for coral Hsp70
were identified and submitted to a database (GenBank
accession numbers: KJ452159 and KJ452160, respectively).

Experimental design

To exclude genetic variation, three adult coral colonies
were fragmented, each into twelve identical sub-colonies.
In order to reduce the influence of fragmentation, the coral
nubbins were grown for an additional 4 months at 23 °C.
Water temperatures above 30 °C induce natural bleaching,
indicative of temperature stress (Glynn 1990; Brown 1997;
Seneca et al. 2010). For the heat shock treatment, coral
colonies were transferred to temperature-controlled tanks
held either at 28 or 31 °C. It was established that the
placement of corals from one tank to another was not
stressful and the transcription and metabolite levels for

genes studied remained stable (Ldohelaid et al. 2014). A
sample of the coral branch tissue (200 + 2 mg) was taken
from untreated (at time zero) and treated (at time 1, 3, 6, 12
and 24 h after the beginning of the experiment) colonies
(Fig. 1). The extraction of total RNA from coral tissue and
the synthesis of cDNA were carried out as described above.
The remaining colonies (2.5-3.0 g of tissue) were used to
estimate AOS-LOX activity and endogenous AA metabo-
lites at indicated time points.

Gene expression analysis

Sequence-specific PCR primers for AOS-LOXa and -b and
beta-actin of C. imbricata were used as described previ-
ously (Lohelaid et al. 2014). qPCR primers for Hsp70s
were designed using PrimerSelect software (DNASTAR,
Lasergene) (Table 1). qPCR products were cloned and
sequenced, and all matched the expected product identities.
Beta-actin and AOS-LOXb were identified as stable genes
during thermal stress by BestKeeper© Software (Pfaffl
et al. 2004) and were used as a reference. Data were col-
lected from three biologically independent replicates, and
each value was calculated from the average of three tech-
nical replicates. The expression ratio between the sample
and control using beta-actin and AOS-LOXb as the refer-
ence genes was determined using Relative Expression
Software (REST-MCS) (www.qiagen.com; REST Software
2009) with 2000 iterations (Pfaffl et al. 2002). The
threshold value indicative of the up-regulation of gene
expression was set at 1.4. The results are presented as the
mean =+ standard error (SE), n = 3; fold changes were
considered statistically significant at p < 0.05.

Table 1 List of primers Primer Sequence (5'-3') Gene Product size (bp)
(A) Degenerative primers
SCVG-up GGAACMACHTAYWSHTGYGTYGG Hsp70 1,100 -
PDEA-down CCRTAVGCHACRGCYTCRTCDGG Hsp70 700
YEND-up ACWGTDCCDGCWTAYTTCAAYG Hsp70 -
(B) Specific primers for gPCR
Hsp70-up TGAGGGGATCGACTTCTACACG Hsp70 124
Hsp70-down TGTATTGATCCTTTATCAAGTCCAGC Hsp70
Grp78-up GCGGCTGAAGAAATAAGTGC Grp78 132
Grp78-down GTCTCTGCGCATCATTGAAA Grp78
ALa-up* AATATTTGGACATTCAGTCGTTATG AOS-LOXa 100

. . ALa-down* CGATAGTTTACTGGGCCTTTCTTC AOS-LOXa

qA[’,g;ggi‘f;?:ig(‘l“;g?;i; ALb-up* CGTCATGCAAATCTTAAACTACTGG AOS-LOXb 180

expression analysis. Up, ALb-down* AGACTCTCCTGCACTTGATGATAC AOS-LOXb

forward; down, reverse primer. Act-up* TGTGGCATCCATGAGACCTG Beta-actin 95

* Primer sequences (Lohelaid Act-down* AGACAGCACTGTGTTGGCATAC Beta-actin

et al. 2014)
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Fig. 1 Acute temperature-
induced stress in C. imbricata:
experimental approach. Three

adult coral colonies were NORMAL Elevated STRESSED
fragmented, each into twelve 23°C temperature 28°C and 31°C
identical sub-colonies, and Zero - Sampling at
grown for 4 months at 23 °C. sampling 1,3,6,12,24 h
For heat shock treatment, coral
colonies were placed in
preheated (28 or 31 °C) tanks
and sampled after 1, 3, 6, 12 and
24 h. The samples were used for Capnella imbricata C. imbricata 1h at 31°C
gene expression and metabolite
analysis SAMPLE ANALYSIS
RNA Quantitative
—
Tissue |~ extraction RT-PCR mRNAlrvels
Sample | Biosynthesis — RP-HPLC _, Eicosanoid
EtOAc extract ESI-Q-TOF/MSMS "~ levels

Analysis of AOS-LOX-derived metabolites

The AOS-LOX activity in the tissue homogenates of heat-
stressed or nonstressed corals at indicated time points was
estimated by in vitro incubations as described previously
(Lohelaid et al. 2014). In parallel, to analyze endogenous
eicosanoids, the fresh coral homogenates were extracted
with ethyl acetate (EtOAc) and dried over Na,SOy4. The
concentrated extracts (0.1 mg ml~") were stored at —20 °C.
The samples were analyzed using a Zorbax Eclipse XDB-
Cjgcolumn (5 um, 4.6 x 150 mm), run on the Agilent 1200
Series HPLC system, connected to a diode array detector,
followed by 500TR Series Flow Scintillation Analyzer
(Packard Bioscience) or Agilent 6540 UHD Accurate
Quadrupole time-of-flight MS/MS with an Agilent Jet
Stream™ ESI source in negative mode. Elution was per-
formed with a solvent system of ACN/water/formic acid
(98.9 %/1.0 %/0.1 % v/v)(A) and water/formic acid (99.9/
0.1 % v/v)(B), 0-8 min isocratic (35 % A:65 % B),
9-17 min gradient to 100 % A, 18-30 min 100 % A at a
flow rate of 1 ml min~' (Lohelaid et al. 2014). The data
were analyzed by Agilent MassHunter Workstation Soft-
ware Qualitative Analysis, version B.05.00 Build 5.0.519.0
and MassHunter Mass Profiler Software, version B03.00SP1
Build 35.0. The results are presented as the mean =+ stan-
dard deviation (SD), n = 3. Values are statistically different
as determined by Student’s 7 test (p < 0.05).

Results
The soft coral C. imbricata was used to detect the coral

stress response to thermal stress via altered transcription
level and eicosanoid metabolite production of AOS-LOXa,
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using Hsp70s transcription as an established positive con-
trol for the stress response.

Hsp70 sequence analysis

Two partial sequences of Hsp70 family members were
identified in C. imbricata. Based on sequence analysis, they
were designated as heat shock protein 70 kDa (Hsp70)
(NCBI ID: KJ452160) and glucose-regulated protein
78 kDa (Grp78) (NCBI ID: KJ452159). The sequence
identity between the identified Hsp70 and Grp78 segments
was 65 %, and the deduced amino acid identity of Hsp70
and Grp78 with other Hsp70 and Grp78 family members
was 83 and 87 %, respectively (Fig. 2). The first Hsp70s
cloned from the soft coral confirm the high conservation
between Hsp70 protein families within different species.

Expression analysis

Beta-actin and AOS-LOXb were identified as the stable
genes during thermal stress and were used as a reference.
The change of expression levels of AOS-LOXa, Hsp70 and
Grp78 was established for moderate thermal stress after 1,
3,6, 12 and 24 h (Figs. 1, 3). The expression of both AOS-
LOXa and Grp78 mRNA was strongly up-regulated at
28 °C (Fig. 3). After rapid induction (3 h, by 8.0 £ 0.5-
fold), the expression of Grp78 remained at the same level.
The initial increase of AOS-LOXa at 3 h was lower but the
highest expression level was recorded at 12h (by
11.3 £ 0.5 fold). In comparison, although the initial
expression pattern of Hsp70 was similar to Grp78, the
detected fold changes were lower (Fig. 3). After up-regu-
lation at 3 h (by 3.3 & 0.3-fold), the expression of Hsp70
remained stable, only moderately decreasing at 24 h.
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Hsp70 H. sapiens
Hsp70 M. musculus
Hsp70 R. norvegicus
Hsp70 X. laevis

Hsp70 X. tropicalis
Hsp70 E. cavolinii
Hsp70 F. quadrangularis

Hsp70 H. magnipapillata
4|£ Hsp70 H. vulgaris

Hsp70 H. oligactis
C. imbricata Hsp70

Hsp70 S. hystrix

[ Hsp70 P. damicornis
Hsp70 S. pistillata
Grp78 H. sapiens
Grp78 M. musculus
Grp78 R. norvegicus
Grp78 O. mykiss

Grp78 S. salar

Grp78 A. californica

Grp78 N. vectensis
E Grp78 P. damicornis
C. imbricata Grp78

Fig. 2 Phylogenetic tree of partial amino acid sequences of C.
imbricata, showing the relationship between other known Grp78 and
Hsp70 sequences. The list of species and sequences is presented with
gene accession numbers (NCBI Sequence ID): Aplysia californica
(Z215041.1), C. imbricata (KJ452159; KJ452160), Eunicella cavolinii
(AACO05363), Funiculina quadrangularis (AAC05361), Homo sapi-
ens (NP_005336; M19645.1), Hydra magnipapillata (AAA29213), H.

22 AOS-LOXa

Relative expression
N

1h 3h 6h 12h 24h 1h  3h

Fig. 3 Expression levels of AOS-LOXa, Hsp70 and Grp78 in
response to acute thermal stress at 28 and 31 °C. Gene expression
levels at indicated time points are presented relative to the normal

To the contrary, severe heat stress at 31 °C caused a
strong up-regulation of Hsp70 (maximum at 6 h, by
9.7 £ 0.5-fold) and a somewhat delayed increase in Grp78
transcript (maximum at 12 h, by 21.4 £ 1.0-fold), whereas
AOS-LOXa regulation was less pronounced (Fig. 3).
Thereafter, transcription levels of all three genes showed
decline but remained above baseline until 24 h after heat
shock induction (Fig. 3). Thus, AOS-LOXa regulation is

Grp78 S. lycopersicum

oligactis (CAA70893), H. vulgaris (ABC25030), Mus musculus
(ABK96811; NM_022310.3), Nematostella vectensis (XP_001
625396), Oncorhynchus mykiss (AB196459.1), Pocillopora damicor-
nis (BAD89541; BAD89540), Rattus norvegicus (CAA54424), Salmo
salar (NM_001141642.1), Seriatopora hystrix (ADM13667), Sola-
num lycopersicum, Stylophora pistillata (AAF12746), Xenopus laevis
(AAH78115), X. tropicalis (AAI135234)

Hsp70 Grp78

6h 12h 24h 1h  3h 6h
N 28°C W 31°C

12h 24h

temperature 23 °C (=1). All data are the mean & SE, n = 3. Asterisks
indicate significantly higher or lower expression relative to controls
(p < 0.05)

most sensitive to moderate whereas Hsp70 and Grp78
respond preferentially to severe temperature elevation.

Estimation of AOS-LOX activity
To address the impact of AOS-LOX regulation on enzy-

matic activity and lipid mediator synthesis during thermal
stress incubations with the coral tissue homogenate in the
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presence of exogenous [1-'*C] AA were performed to
estimate the metabolites formed from the single substrate
in vitro. Next, coral EtOAc extracts were used to detect and
estimate the formation of the same metabolites within the
same time frame in vivo.

Analysis of the exogenous AA metabolites

Previous studies of [1-'*C] AA metabolism revealed the
formation of known AOS-LOX products in C. imbricata
(Lohelaid et al. 2014). The enzymatic activity of the coral
AOS-LOX pathway was estimated via the trapping of the
intermediate 8-HpETE by SnCl, to 8-HETE (data not
shown) or stable end-products o-ketol (8-hydroxy-9-keto-
5Z, 9E, 11Z, 14Z-tetraenoic acid) and cyclopentenone (9-
keto-prosta-5Z, 10, 14Z-trienoic acid) formed by AOS-
LOXa (Fig. 4a) and novel, yet unidentified, short chain
polar compounds (UPC) formed by AOS-LOXb.

The formation of AOS-LOXa products increased and
AOS-LOXb products decreased in response to elevated
temperatures, while cyclopentenone and AA levels remained
stable (data not shown, p > 0.05). A negative correlation
between a-ketol and UPC formation was observed at both
temperatures tested (Fig. 4b). In comparison with the normal
level at 23 °C, the highest enhanced activity of AOS-LOXa
was detected at 31 °C after 24 h, when a-ketol increased by
139 % and UPC decreased by 55 %. At the same time, at
28 °C, the formation of a-ketol increased by 107 %, while
UPC decreased by 54 % after 24 h (Fig. 4b). Compared to
28 °C, o-ketol formation at 31 °C was also significantly
enhanced at 3 and 24 h (p < 0.05). According to the product
profile generated from the exogenous AA (Fig. 4b), the
substrate was mostly converted by the abundant AOS-LOXa.
The detected increase in a-ketol level may have been due to
the enhanced activity of existing enzyme or by de novo-
synthesized AOS-LOXa fusion protein. Accordingly, the
highest AOS-LOXa activity was detected after 24 h in
response to severe temperature elevation.

Analysis of endogenous eicosanoids

Endogenous eicosanoids generated in vivo at different
temperatures were determined by RP-HPLC/MSMS ana-
lysis of EtOAc extracts of freshly homogenized coral. The
products of the AOS-LOXDb fusion protein were detected in
EtOAc extracts, but the level was too low for integration
and data analysis. Similarly to the results of biosynthesis
(Fig. 4b), the level of endogenous a-ketol increased in
response to both moderate and severe heat stress (Fig. 4c).
Initial changes were modest, moving in parallel up to 3 h
and starting to diverge after 6 h, whereas the maximum o-
ketol level was detected at 31 °C after 24 h. In contrast, the
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level of endogenous cyclopentenones remained stable
throughout the experiment (Fig. 4c).

Thus, despite the reduction of AOS-LOXa transcription
at 31 °C (Fig. 3), AOS-LOXa fusion protein metabolite
levels with exogenous substrate were higher in response to
severe thermal stress (Fig. 4b). Also, a higher level of
endogenous a-ketol was detected at 31 °C (Fig. 4c). The
upstream signals regulating AOS-LOX function in coral
are not known. As the formation of AOS-LOX products
may depend on the availability of substrate and enzyme, as
well as enzyme activation, the regulation likely includes
both transcriptional and enzyme activation mechanisms.

Discussion

The thermal stress response in C. imbricata described here
includes elevated eicosanoid levels and preferential up-
regulation of AOS-LOXa in response to moderately ele-
vated temperature, which parallels with the up-regulation
of the known stress proteins Hsp70 and Grp78.

The particularly sensitive up-regulation of AOS-LOXa in
response to moderately elevated water temperature is
consistent with the concept of a graded response, which
attenuates normal transcriptional processes during severe
heat stress, and, instead, the transcription of heat shock
protein genes is induced (Lindquist 1986). This could
reflect an adaptation to varying levels of available energy
and allow for a most adequate cell adaptation to overcome
thermal stress (Feder and Hofmann 1999).

As a conserved mechanism shared between soft and
stony coral thermal stress response, the up-regulation of
heat shock protein transcripts in C. imbricata is in accor-
dance with the studies conducted on the larvae of Acropora
millepora (Rodriguez-Lanetty et al. 2009). The sudden up-
regulation of Hsps is a short-term process, and after tem-
porary or permanent elevations in water temperature, the
levels of Hsps will stabilize or even decrease (Rodriguez-
Lanetty et al. 2009; Meyer et al. 2011). A similar time
course is also present in C. imbricata Hsps the levels of
which, after transient up-regulation, decrease after 12 h of
heat treatment. Consequently, taking into account the
expression ratios, all genes under surveillance are involved
in initial thermal stress response. The different up-regula-
tion levels of two heat shock genes and AOS-LOXa illus-
trate the different aspects of cellular stress in an extensive
way, discussed in detail below.

The detection of cyclopentenone as high or even higher
level than a-ketol in coral EtOAc extracts (Fig. 4c) was
unexpected, because in vitro preparation of the isolated C.
imbricata AOS-LOXa produces o-ketol as the main and
cyclopentenone as minor metabolite from [1-'“C] AA
(Lohelaid et al. 2014). This ratio of o-ketol and
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Fig. 4 Formation of
eicosanoids by C. imbricata.

a Arachidonic acid metabolites:
8-HpETE, 8-HETE, a-ketol (8-
hydroxy-9-keto-5Z, 9E, 11Z,
14Z-tetraenoic acid),
cyclopentenone (9-keto-prosta-
57, 10, 14Z-trienoic acid) and
UPC (unidentified polar
compounds). The electrophilic
center of the cyclopentenone is
indicated by #; b the
biosynthesis products formed
from [1-'*C] AA by
homogenate of C. imbricata
under normal conditions and in
response to elevated
temperature; ¢ endogenous
eicosanoid levels (a-ketol m/

z = 336.2, cyclopentenone m/
z = 318.2) detected in EtOAc
extracts, corresponding to b,
(mean + SD, n = 3). Asterisks
values are statistically different
as determined by Student’s  test
(p < 0.05). CPM counts per
minute, cps counts per second
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THERMAL STRESS
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C— Grp78-mediated
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Fig. 5 Proposed model of coral stress response to elevated temper-
ature. The intensity of stress response is coupled with the severity of
stress. Stress triggers the influx of calcium to cytosol, which enhances
the release of AA and the production of eicosanoids. ROS, RLS, AA
and eicosanoids up-regulate the expression of Hsps. Coordinated by
UPR, mildly elevated temperatures lead to transcriptional rearrange-
ment acclimatization to elevated temperature and survival. In severe
cases, the cellular overburden caused by misfolded proteins, ROS,
RLS and eicosanoids leads to apoptosis. The model is based on our
results, literature data and annotated databases of cnidarians. The
figure is not intended to show the exact localization of all

cyclopentenone formation is supported by previous in vitro
studies on Plexaura homomalla and Gersemia fruticosa AOS-
LOXs (Koljak et al. 1997; Lohelaid et al. 2008). Although the
formation of eicosanoids was studied in octocorals P. homo-
malla (Corey etal. 1973) and C. viridis (Corey etal. 1987), the
literature is lacking in comparable data of all metabolites
formed, due to the focus on cyclic prostaglandin-like products
only. Still, the divergence between in vitro and in vivo
cyclopentenone formation may be explained by a preference
for the formation of the cyclopentenone (Brash et al. 2013), or
the cyclopentenone has been synthesized by another enzyme,
such as AOC in plants (Wasternack and Hause 2013).

Integration of the AOS-LOX pathway in thermal stress
response

As elevated temperatures affect the whole coral, its
homeostasis is maintained by multiple molecular
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components. Abbreviations include: AA arachidonic acid, AOS-LOX
allene oxide synthase-lipoxygenase fusion protein, ATF6 activating
transcription factor 6, ER endoplasmic reticulum, ERSE endoplasmic
reticulum stress element, Grp78 glucose-regulated protein 78 kDa,
HSE heat shock element, HSF's heat shock factors, Hsp70 heat shock
protein 70 kDa, IP; inositol 1,4,5-triphosphate, IRE! inositol-requir-
ing enzyme 1, PERK protein kinase RNA-like endoplasmic reticulum
kinase, PIP, phosphatidylinositol 4,5-bisphosphate, PL phospholipid,
PLA, phospholipase A,, PLC phospholipase C, RLS reactive lipid
species, ROS reactive oxygen species, UPR unfolded protein response

mechanisms, including the activation of Hsp70 and Hsp90
stress protein pathways and, as shown here, the rapid
induction of eicosanoid pathways. As regards the AOS-
LOX pathway, the emerging role of eicosanoids is to
mediate the initial stress response, which eventually may
initiate the heat shock response (HSR). As integrating
concept for the thermal stress response in C. imbricata, the
up-regulation of Grp78 indicates ER stress, whereas Hsp70
reflects heat and oxidative stress and AOS-LOXa denotes
early stages of stress (Fig. 5).

To be able to respond quickly and adequately to the ele-
vated temperature, and if needed to induce the HSR on time,
the cell’s sensory system must effectively integrate various
stress signals (lipid mediators, ROS and unfolded proteins,
and changes in RNA and DNA topology). One hallmark of
the thermal stress is the unfolding of proteins and the
resulting exposure of their hydrophobic interiors. Stress-
induced accumulation of unfolded proteins is detected by
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Hsps. Under normal conditions, Hsp70s are bound with heat
shock factors (HSFs). When Hsps interact with unfolded
proteins, HSF transcription factors are released, which in
turn initiate the transcription of Hsp genes.

In corals, both Hsps and eicosanoid responses are pre-
ceded by additional signaling events, as cytosolic calcium
increase ([Caz*’]cyl) triggered by heat (Fang et al. 1997;
DeSalvo et al. 2008), which is further enhanced by
expression of calcium channels and pumps (DeSalvo et al.
2008; Meyer et al. 2011).

Under normal conditions, the ER-specific glucose-reg-
ulated protein 78 (Grp78 or BiP), which is constitutively
expressed and protects against protein denaturation, is up-
regulated by elevated temperature and other stressors,
indicative of ER stress (Resendez et al. 1988; Lee 2005;
Luan et al. 2009). In coral, the up-regulation of Grp78 has
also been detected in response to UV radiation (Aranda
et al. 2011). Although the majority of Ca** in ER lumen is
free (Meldolesi and Pozzan 1998), approximately 25 % of
ER Ca*" is stored by Grp78 (Lievremont et al. 1997).
Grp78 with other Ca®'-buffering chaperones affects the
Ca®>" level within the ER and the release into cytosol
(Lievremont et al. 1997; Coe and Michalak 2009) (Fig. 5).
Moreover, Grp78 is the key regulator of ER transmem-
brane proteins (Irel, Atf6 and PERK and their homologs)
(Fig. 5), which are the main initiators of the unfolded
protein response (UPR) throughout Metazoa (Schroder and
Kaufman 2005; Hollien 2013). Similar to other Hsp70s, the
induction of Grp78 is regulated at the transcriptional level
by transcription factor complexes (including ATF6)
attached on the conserved stress response element (ERSE)
(Fig. 5) (Parker et al. 2001). As the UPR directs survival
and apoptotic signaling pathways, it is an important
checkpoint measuring the severity of stress, which even-
tually determines the cell’s fate.

Oxidative stress is closely connected with thermal stress
(DeSalvo et al. 2008; Voolstra et al. 2009), both exten-
sively studied in coral bleaching processes (Lesser 1997).
ER stress signaling through chaperone networks and
increase in [Caz*']Cyt will activate several processes in
mitochondria, including the production of reactive oxygen
species (ROS) (Ermak and Davies 2002; Szabadkai and
Rizzuto 2007). With the insufficient detoxification of ROS,
oxidative stress occurs (Lesser 2006). Within a cell, ROS
are produced mainly by the Ca** overload in mitochondria
(Feissner et al. 2009), the activity of oxygenases (Radogna
et al. 2009) and the formation of disulfide bonds by protein
disulfide isomerase (Tu and Weissman 2004). In different
coral species, elevated levels of ROS have been detected in
response to heat stress (Mydlarz and Jacobs 2006). For
instance, the direct sensing of hydrogen peroxide by HSFs
leads to the induction of heat shock response (Zhong et al.
1998). The thermal-stress-induced LOX activity leads to

lipid peroxidation and the production of reactive lipid
species (RLS), oxidized PUFAs with electrophilic proper-
ties (Higdon et al. 2012). The cyclopentenone formed by
AOS-LOXa possesses a high resemblance to stress medi-
ators in plants (Stintzi et al. 2001) and other compounds
with cyclopentenone moiety. Due to their electrophilic
properties, cyclopentenones have the potential to disrupt
the interaction between Hsps and HSF1, thus promoting the
transcription of Hsp70s (Elia 1996; Jacobs and Marnett
2007; Higdon et al. 2012; West et al. 2012) (Fig. 5).

The production of eicosanoids is up-regulated in
response to various stressors, and free AA is one of the heat
shock response activators in heat stress (Balogh et al.
2013). Upstream regulation of AA release occurs pre-
dominantly via phospholipase A, (PLA,) (Serhan et al.
1996; Schaloske and Dennis 2006) and to a lesser extent by
phospholipase C (PLC) (Fig. 5) (Harden and Sondek
2006). Phospholipases are activated via different receptors
(e.g. G-protein-coupled receptors) in response to a range of
stimuli (Harden and Sondek 2006), including Ca®* (Evans
et al. 2001), lipid peroxides (Ermak and Davies 2002) and
heat (Jurivich et al. 1996). Consistently, high activities of
PLA, are detected across Cnidaria (Nevalainen et al. 2004;
Romero et al. 2010), indicating a conserved pathway.
Therefore, phospholipases and AA-metabolizing enzymes,
including AOS-LOX, might be co-regulated to give the
most adequate stress response.

Indicative of the cross talk between Ca>™ and eicosanoid
formation in coral, the LOX domain of the AOS-LOX fusion
protein binds membrane in a Ca®*-dependent manner
(Gilbert et al. 2008) and the enzymatic activity of AOS-LOX
in vitro is enhanced by Ca®* (Boutaud and Brash 1999).
Elevated levels of a-ketol detected during thermal stress
clearly illustrate the increased activity of AOS-LOX,
orchestrated by cellular co-factors. In the early stages of
cellular stress, the survival pathways are activated by stress
mediators (Ainsworth et al. 2008). The mediating role can be
attributed to the coral AOS-LOXa, as discussed above.

In conclusion, the coral AOS-LOXa is emerging as a
sensitive early stress response gene induced by many biotic
and abiotic stress factors, including elevated temperature.
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ABSTRACT

In mammals and plants, oxylipins are recognized as important stress mediators.
The allene oxide synthase-lipoxygenase (AOS-LOX) fusion protein, comprised
of allene oxide synthase (AOS) and 8R-lipoxygenase (LOX) domains, is the
central enzyme metabolizing arachidonic acid (AA) in certain corals.
Recombinant AOS-LOX of P. homomalla converts AA via 8R-HpETE to a labile
allene oxide, which spontaneously decomposes to the stable end-products a-ketol
and cyclopentenone. However, the distribution and role of AOS-LOX and its
metabolites in coral homeostasis in vivo remain unclear. In this thesis, the AOS-
LOX pathway in the soft corals G. fruticosa and C. imbricata was resolved by
biochemical and molecular strategies. As a central hypothesis, the up-regulation
of gene expression and metabolite synthesis of coral AOS-LOX during the coral
stress response to mechanical injury and thermal stress were established in C.
imbricata in vivo.

An AOS-LOX was cloned and characterized as a functional enzyme from the
Arctic coral G. fruticosa. Recombinant AOS-LOX converted exogenous AA to
a-ketol and cyclopentenone, identical with the products of P. homomalla AOS-
LOX. However, when the Indo-Pacific coral C. imbricata was tested for AA
conversion, additional novel products, designated UPC, were detected, consistent
with C8 oxo-acid based on HPLC/MSMS analysis. Two AOS-LOX isoforms
(AOS-LOXa and AOS-LOXb) which share 88% amino acid sequence were cloned
from C. imbricata, and expressed as active fusion enzymes in E. coli. While the
products of the recombinant AOS-LOXa were identified as a-ketol and
cyclopentenone (70% and 14%, respectively), the AOS-LOXDb products (90%)
were identical to the previously detected UPC/C8 oxo-acid. The formation of C8
oxo-acid thus indicates the presence of a novel, plant hydroperoxide lyase-like
activity in corals.

To assess the role of AOS-LOX in the coral stress response, mRNA of AOS-
LOX isoforms and corresponding metabolite levels in C. imbricata under normal
and incision wound conditions were determined by qPCR and HPLC,
respectively. Wounding caused an increase in a-ketol and decrease in UPC level,
with an increase in AOS-LOXa transcript levels in the tissue adjacent to the
wound, as well as in distal tissues. Conversely, 40S-LOXb expression remained
stable. Likewise, exclusive AOS-LOXa and downstream metabolite synthesis was
increased in response to elevated water temperature, another environmentally
relevant stressor. Two HSPs (Hsp70 and Grp78), used as positive indicators of
coral thermal stress were up-regulated concurrently with AOS-LOXa. In contrast
to HSPs, 4OS-LOXa was more responsive to moderate stress. Our results and data
from literature suggest AOS-LOXa-produced eicosanoids are parts of a general
stress response of corals, with Hsp70 as an indicator of heat and oxidative stress
and Grp78 of ER stress.

In conclusion, the increase in a-ketol synthesis, both in vitro and in vivo,
indicates that AOS-LOXa is a sensitive response element to moderate stress.
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KOKKUVOTE

Taimedes ja selgroogsetes organismides on oksiilipiinid stressi vahendavad
signaalmolekulid.  Korallides leiduv alleenoksiidi  siintaasist ja 8R-
lipoksiigenaasist koosnev liitvalk (AOS-LOX) on kesksel kohal nende
organismide arahhidoonhappe (AA) metabolismis. Pehme koralli Plexaura
homomalla AOS-LOX kataliiisib AAst 1dbi 8R-HpETE vaheiihendi, labiilse
alleenoksiidi (AO) siinteesi, mis vesikeskkonnas laguneb mitte-ensiimaatiliselt
stabiilseteks 10pp-produktideks, peamiselt o-ketooliks ja tsiiklopentenooniks.
Ténaseni on aga selgusetu funktsionaalse AOS-LOX raja olemasolu erinevates
korallides ning siinteesitud produktide bioloogiline roll koralli homdostaasis.
Kéesolevas t60s uuriti pehmetes korallides Gersemia fruticosa ja Capnella
imbricata leiduvaid AOS-LOXi radu. Otsiti sobivat mudelorganismi in vivo
stressikatsete jaoks ning testiti sobivaks osutunud korallis C. imbricata
mehaanilise vigastuse ja temperatuuri mdju 4OS-LOX-1 geenide ekspressioonile
ning vastavate metaboliitide siinteesile.

Esmalt tehti kindlaks funktsionaalse AOS-LOX-i olemasolu arktilises korallis
G. fruticosa. Selleks kloneeriti ja ekspresseeriti G. fruticosa AOS-LOX ning
kasutades kromatograafilisi meetodeid (HPLC) identifitseeriti liitvalgu poolt
cksogeensest AA-st siinteesitud vahe- ning 10pp-produktid. Detekteeritud
ithendid osutusid identseteks P. homomalla AOS-LOX liitvalgu produktidega.
Sarnaselt maérati tekkivate produktide muster eksogeense AA inkubatsioonil C.
imbricata koehomogenaadiga. Lisaks tuntud AOS-LOX-i raja produktidele
stinteesiti AA-st ka tundmatud polaarsed ilihendid (UPC - unidentified polar
compounds), mis identifitseeriti ithendi véljumisaja ja massi-spektri jargi kui 8-
oksoheksaeenhape. Seejérel kloneeriti korallist C. imbricata kaks AOS-LOX-i
isovormi, AOS-LOXa ja AOS-LOXb. Vastavate liitvalkude tuletatud aminohappe
jarjestused on identsed 88% ulatuses. Molemad isovormid ekspresseeriti
funktsionaalsena E. coli rakukultuuris. Rekombinantse AOS-LOXa peamiste
produktidena identifitseeriti a-ketool ja tsikklopentenoon (vastavalt 70% ja 14%).
Erinevalt oodatust detekteeriti AOS-LOXb produktidena ainult polaarseid
ithendeid (90%), mis langesid kokku koralli homogenaadi inkubatsioonil
detekteeritud UPC-ga. Ensiilimi poolt spetsiifiliselt kataliiiisitud 8-
oksoheksaeenhappe tekkimine tdendab uudse, seni taimedele omase
hiidroperoksiidliiaasse aktiivsuse olemasolu tuvastamist korallis.

Stressi moju uurimiseks médrati C. imbricata AOS-LOX-1 isovormide mRNA
tasemed ning vastavate valkude poolt siinteesitud metaboliitide sisaldus nii
koralli normaalolekus kui ka stressi tingimustes, kasutades vastavalt qPCR ja
HPLC meetodeid. Vigastamise jargselt suurenes eksogeense AA konversioon a-
ketooliks, samal ajal kui UPC sisaldus langes. Loikehaava ldhedal téheldati AOS-
LOXa ekspressioonitaseme markimisvddrset tousu juba iiks tund peale
vigastamist. Samas, AOS-LOXb ekspressiooni vigastamine ei modjutanud.
Vigastamisele sarnast stressivastust detekteeriti ka kdrgenenud veetemperatuuri
puhul, kus samuti indutseeriti ainult AOS-LOXa ekspressioon ja vastavate
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metaboliitide slintees. Seejuures, suurem tdus 40S-LOXa geeniekspressioonis
detekteeriti vastuseks norgemale stressile. Samas, kui geeniekspressioon oli
kdrgem ndrgema stressi korral, siis veidi suuremat a-ketooli taset detekteeriti
kdrgema temperatuuri elik tugevama stressi korral.

AOS-LOXide korval kasutati positiivse temperatuuristressi indikaatorina
koralli kuumashoki valke, Hsp70 ja Grp78. Tuginedes enda ja kirjanduse
andmetele pakuti vilja voimalik skeem AOS-LOX rollist koralli stressivastuses,
kus Hsp70 vahendab oksiidatiivset ja termaalset stressi, Grp78 ER stressi ning
AOS-LOXa produktided osalevad iildise stressivastuse vahendamise esmases
faasis.

Kokkuvétteks, AOS-LOX rada on laialt levinud nii pehmetes kui ka kdvades
korallides. T66s kirjeldatud muutused, nii 4OS-LOXa transkriptsiooni kui ka
oksiilipiinide tasemetes, viitavad AOS-LOX-i raja olulisusele korallide esmases
stressi vastuses.
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