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INTRODUCTION
Cyclooxygenases (COXs) catalyse the first two steps in the biosynthesis of
prostaglandins, which are well-known lipid mediators in vertebrates. They
regulate many physiologically important processes, such as body temperature
and sleep-wake mechanisms, smooth muscle contraction/relaxation, Na+
excretion and fertility, as well as various pathological events, such as
inflammation, pain, fever and cancer.
There are several reports on the occurrence of prostaglandins in different
arthropods. Their physiological roles have been mostly associated with
reproduction, ion transport, immune system and defence reactions. However, to
date, no COX-like enzymes have been identified in completely sequenced insect
genomes of Drosophila sp. Aedes aegypti, Anopheles gambiae, Apis mellifera,
Tribolium castaneum or others. But COX-like sequences have been found in
some aquatic arthropods.
Prostaglandins have not been reliably detected and COXs have not been
cloned or characterized in flowering plants. However, in red algae, several
different prostaglandins have been identified. Food poisoning cases resulting in
death due to the ingestion of the edible red alga Gracilaria vermiculophylla
have been reported. They were thought to be caused by the large amounts of
prostaglandins and the further increase in the concentration of prostaglandins in
a COX reaction. A better understanding of the prostaglandin biosynthesis in red
algae might help to avoid such situations in the future.
Initially, COXs were associated only with mammals, but were later also
associated with other vertebrates, bony fish and birds. There has been
speculation that some lower marine organisms may use an alternative
lipoxygenase (LOX)-based route of prostaglandin synthesis. The research in our
laboratory revealed that at least some marine invertebrates use a prostaglandin
synthesis pathway similar to that of mammals: COXs from two soft corals were
cloned and characterized. The aim of this study was to determine what kind of
prostaglandin synthesis pathway is represented in other prostaglandincontaining lower marine organisms, more specifically in marine arthropods and
red algae.
In this study, the first non-animal COXs from the red algae G.
vermiculophylla and Coccotylus truncatus were cloned and characterized. The
prostaglandin synthesis pathway in two amphipod crustaceans, Gammarus sp.
and Caprella sp., was described even more comprehensively: the structure and
function of the first arthropod COXs, as well as membrane-associated
prostaglandin E synthases-2 (mPGES-2s), are described.
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1. REVIEW OF THE LITERATURE
1.1. Oxylipins as signalling molecules
Oxylipins constitute a large family of oxidized fatty acids and their derivatives.
They are common in mammals and other organisms: flowering plants, mosses,
algae, bacteria and fungi. In plants, oxylipins act as signalling molecules
regulating developmental processes and mediating responses to biotic- and
abiotic stresses. Unlike plants, in which 18 carbon fatty acids are dominant and
also most often used for oxylipin synthesis, mammals predominantly use 20
carbon fatty acids (Andreou et al., 2009; Brodhun and Feussner, 2011).
Eicosanoids, which are derived from 20 carbon polyunsaturated fatty acids,
usually from arachidonic acid (AA), and include prostaglandins, prostacyclins,
thromboxanes, leukotrienes and other oxygenated derivatives, constitute the
best-studied group of mammalian oxylipins.

1.1.1. The role and occurrence of prostaglandins
Prostaglandins are common signalling molecules in vertebrates. They regulate
many physiologically important processes, such as body temperature and sleepwake mechanisms, smooth muscle contraction/relaxation, Na+ excretion and
fertility, as well as various pathological events, including inflammation, pain,
fever and cancer. In addition, the occurrence of prostaglandins has been
reported in several marine invertebrate species, e.g. crustaceans, cnidarians,
molluscs, annelids, platyhelminthes and chordates, where they are mostly
associated with reproduction, ion transport, immunity and defence reactions
(Rowley et al., 2005). Several reports on the physiological roles of
prostaglandins in marine and terrestrial invertebrates have been reviewed by
Rowley et al., 2005; Stanley 2000; Stanley et al., 2009; Stanley and Kim 2011.
Prostaglandins have also been found in red and brown algae, and in traces in
some fungi, but they have not been detected in flowering plants, mosses or
prokaryotes (reviewed by Andreou et al., 2009; Brodhun and Feussner, 2011).
Interestingly, the prostaglandins formed in invertebrates and lower animals
appear to fall into two categories, namely the classical prostaglandins (PGD2,
PGE2 and PGF2α), found in both invertebrates and vertebrates, and the novel
prostaglandins, found only in invertebrates (Rowley et al., 2005). Marine
invertebrates provide a rich source of classical and structurally unique
oxylipins, including prostaglandins (reviewed by Gerwick et al., 1993).
Therefore, the study of the pathways of oxylipin metabolism in marine
invertebrates might reveal different or unique biosynthetic pathways (Gerwick,
et al., 1993).
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1.1.1.1. Prostaglandins in corals
The major fatty acid in the Caribbean coral Plexaura homomalla was found to
be AA (Light, 1973). Furthermore, this coral is known to be the richest natural
source of prostaglandins and their derivatives (especially PGA2 and PGE2
esters), containing up to 3-5% of its dry weight (Light and Samuelsson, 1972,
Schneider et al., 1977). Interestingly, depending on the collection location, P.
homomalla may contain prostaglandins in 15R- or 15S configuration (Schneider
et al., 1977).
The Arctic soft coral Gersemia fruticosa is especially rich in AA (more than
60% of total fatty acids) and it contains the natural prostaglandins PGD2, PGE2
and PGF2α, and 15-keto PGF2α (Varvas et al., 1993; Varvas et al., 1999). The
content of prostaglandins in the Arctic coral is several orders of magnitude
lower than that of P. homomalla (0.008% of dry weight), but G. fruticosa has a
significant ability to convert exogenous AA into optically active prostaglandins
in vitro (Varvas et al., 1993; Varvas et al., 1999). It would seem that the high
amounts of prostaglandins produced by the coral offers a chemical defence and
acts as a deterrent to predatory fish (Gerhart, 1984).
Corals are also rich sources of unique eicosanoids. In the tropical Pacific soft
coral Clavularia viridis, different novel prostaglandin-like compounds, such as
clavulones, chloro-, bromo- and iodo-vulones, have been identified. The
Hawaiian octocoral Telesto riisei contains unique prostaglandins: punaglandins.
Additionally, methyl 11-acetoxy-PGF2α and 11α,18-diacetoxy-PGF2α have been
identified in the Red Sea soft coral Lobophyton depressum (reviewed by
Gerwick, et al., 1993). Several of these products have received a lot of attention
due to their potential anti-tumour activity (Gerwick et al., 1993; Rowley et al.,
2005). The exact function of these compounds in corals is unclear, but it is
proposed that they provide defence against predatory fish and microbial attack
(Rowley et al., 2005).

1.1.1.2. Prostaglandins in molluscs
In the Mediterranean ophistobranch mollusc Tethis fimbria, high levels of
prostaglandin 1,15-lactones of both the E and F series have been discovered.
The exact role of these compounds has not been determined, but it has been
proposed that the novel prostaglandins play a role in reproduction, defensive
behaviour and smooth muscle contraction (Marzo et al., 1991).

1.1.1.3. Prostaglandins in arthropods
In insects
Although the classical prostaglandins (PGE2, PGF2α and PGD2) and C20
polyunsaturated fatty acids have not been identified in insects, it is believed that
11

eicosanoids influence a range of actions in insect physiology, such as
reproduction, ion transport, protein trafficking, immune system and defence
reactions (reviewed by Stanley, 2000; Stanley and Miller, 2006; Stanley and
Kim, 2011).
In 2011 Shrestha and colleagues cloned the first insect prostaglandin
receptor in the beet army-worm Spodoptera exigua, which they named Se-hcPGGPCR1, and they proved its role in insect reproduction. The receptor is a G
protein-coupled receptor (GPCR) similar to mammalian prostaglandin receptors
and it interacts with PGE2 (Shrestha et al., 2011).
In crustaceans
Differently from terrestrial insects, crustaceans living in aquatic environments
contain high proportions of C20 polyunsaturated fatty acids, which are
precursors in the biosynthesis of prostaglandins and other eicosanoids (Hanson
et al., 1985; Stanley 2000).
Several studies on the effects of prostaglandins in crustacean reproduction
have been published, and they demonstrate the presence of a prostaglandin
biosynthetic system in the ovaries of different crustaceans. Classical
prostaglandins have been detected in the ovaries of the shrimp Penaeus
monodon (Wimuttisuk, et al., 2013), in the kuruma prawn Marsupenaeus
japonicus (Tahara and Yano, 2004) and in the crab Oziotelphusa senex senex
(Reddy et al., 2004), as well as in the previtellogenic ovary of the prawn
Macrobrachium rosenbergii (Sagi et al., 1995). It has been demonstrated that
prostaglandins (primarily PGE2 and PGF2α) play a vital role in reproductive
development in female crustaceans, especially in the discharging of hatching
factors, vitellogenesis and ovarian development (reviewed by Nagaraju 2011).
Additionally, PGE2, thromboxane B2 (TXB2) and 6-keto-PGF1α have been
reported in the blood cells of the shore crab Carcinus maenas, although the
physiological role of these eicosanoids is unknown (Hampson et al., 1992).
PGE2 has also been identified in the secretory products of the parasitic copepod
crustacean Lepeophtheirus salmonis, in which it is thought to aid in parasite
evasion by suppressing host immune responses (Fast et al., 2004).

1.1.1.4. Prostaglandins in fungi
Although some fungi (ascomycetes and basidiomycetes) contain high levels of
C18 polyunsaturated fatty acids, only traces of C20 polyunsaturated fatty acids
have been found in these organisms. It has been proposed that, in the case of
pathogenic fungi, the host-derived AA may be used for prostaglandin synthesis
(Andreou et al., 2009). So far it has been demonstrated that the fungal
pathogens Cryptococcus neoformans and Candida albicans produce low
amounts of PGE2 from exogenously supplied AA (Erb-Downward and
Huffnagle, 2007; Erb-Downward and Noverr, 2007). The enzymes responsible
for prostaglandin biosynthesis have not been identified in fungi; therefore it is
12

proposed that the existence of a prostaglandin biosynthesis pathway in fungi is
very unlikely and these compounds are formed by non-specific lipid
peroxidation reaction (Brodhun and Feussner, 2011).

1.1.1.5. Prostaglandins in algae
Eukaryotic algae (red, green and brown algae, and diatoms) produce several
polyunsaturated fatty acids, including AA (Guschina and Harwood, 2006), and
they are also rich sources of different kinds of oxylipins (reviewed by Andreou
et al., 2009). However, so far prostaglandins have only been identified in brown
and red algae.
Prostaglandins in brown algae
Brown algae contain both C18 and C20 polyunsaturated fatty acids. Copperinduced stress in the Laminaria digitata led to a biosynthesis of a number of
complex oxylipins, including prostaglandins: PGE1, PGD1, 15-keto-PGF2α,
PGE2, 15-keto-PGE2, PGA2, PGB2 and PGJ2. These compounds are thought to
trigger protective mechanisms in brown algae (Ritter et al., 2008; Andreou et
al., 2009).
Prostaglandins in red algae
Marine red algae are rich sources of C20 polyunsaturated fatty acids. The
principal polyunsaturated fatty acid in most red algae is eicosapentaenoic acid
(20:5n-3), whereas in several species of the genus Gracilaria a very high
content of AA has been reported, varying from 46-62% of total fatty acids,
depending on the season (Khotimchenko, 2005).
The occurrence of prostaglandins has been reported in different Gracilaria
species: G. lichenoides (Gregson et al., 1979), G. austramaritima (Imbs et al.,
2012), G. chilensis (Rempt et al., 2012) and G. vermiculophylla (Sajiki et al.,
1998; Nylund et al., 2011), also known as G. verrucosa and G. asiatica
(Skriptsova and Choi, 2009).
The main prostaglandins identified in red algae are PGE2, PGA2, PGF2α and
15-keto PGE2 (Gregson et al., 1979; Sajiki et al., 1998; Dang et al., 2010; Imbs
et al., 2012). The content of PGE2, which is the main prostaglandin found in red
algae, is highest in the G. vermiculophylla, where it is up to 286 μg/g of dry
weight, while in other Gracilaria species it is not above 20 μg/g (Imbs et al.,
2012). The levels of prostaglandins in algae depend strongly on harvesting
locations and cultivation conditions, as well as the season (Imbs et al., 2001;
Imbs et al., 2012).
It has been proven that prostaglandins are important for the innate immunity
and chemical defence system of the red algae (Nylund et al., 2011; Rempt et al.,
2012). Additionally, prostaglandins, together with other oxylipins in red algae,
are thought to be involved in ion transport and osmotic regulation (Gerwick et
al., 1999).
13

In 1994 Noguchi et al. reported a food poisoning case resulting in one death,
due to the ingestion of the edible red alga Gracilaria verrucosa (=G.
vermiculophylla). This was thought to be caused by increased amounts of
prostaglandins (especially PGE2) and the further COX reaction that additionally
increased the concentration of prostaglandins. This type of poisoning is very
unusual and a better understanding of the prostaglandin biosynthesis pathways
in red algae might prevent these situations in the future.
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1.2. Enzymes responsible for the prostaglandin biosynthesis
In mammals, the biosynthesis of prostaglandins occurs through multiple
enzymatically regulated reactions (Figure 1). The process begins with the
release of AA from membrane phospholipids by the hydrolytic action of
phospholipase A2. The released AA is further metabolised into unstable
endoperoxide intermediate PGH2 by the actions of PG endoperoxide synthase,
also called COX. All vertebrates have two COX isozymes, COX-1 and COX-2,
which are differently regulated. The PGH2 intermediate is further converted to
different prostanoids by specific PGH2 isomerases and reductases (Smith et al.,
2011).

Figure 1. The prostaglandin synthesis pathway.

1.2.1. Phospholipases A2
Phospholipases A2 (PLA2s) are comprised of distinct sets of enzymes with
different localizations (Kudo and Murakami, 2002). They catalyse the
hydrolysis of the sn-2 position of glycerol-phospholipids to yield fatty acids and
lysophospholipids. Among them, the cytosolic PLA2 (cPLA2), secretory PLA2
(sPLA2) and Ca2+-independent PLA2 (iPLA2) families have been associated with
eicosanoid production (Kudo and Murakami, 2002; Murakami et al., 2011). In
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the cPLA2 family, the cytosolic Ca2+-dependent cPLA2α (85 kDa) plays a major
role in the initiation of AA metabolism from cell membrane phospholipids
(Ghosh et al., 2006). The enzymes in the iPLA2 family work as phospholipases
or lipases, with iPLA2-β (88-90 kDa) being one of the best-studied members
(Cedars et al., 2009). The sPLA2 family (14-19 kDa) is involved in a number of
biological processes, including eicosanoid generation, inflammation and host
defence against bacterial infection (Murakami et al., 2011).

1.2.2. Cyclooxygenases
Cyclooxygenases (COXs), also known as prostaglandin H synthases or
prostaglandin endoperoxide synthases (EC 1.14.99.1), catalyse two sequential
enzymatic reactions: the bis-oxygenation of AA, leading to the production of
PGG2 (cyclooxygenase reaction), and the reduction of 15-hydroperoxide of
PGG2, leading to the formation of PGH2 (hydroperoxidase reaction) (Figure 1;
Smith et al., 2000).
All vertebrates investigated have two COX genes: one encoding the
constitutive COX-1 and the other encoding the inducible COX-2. These two
enzymes share 60-65% amino-acid identity. The orthologs of both COX-1 and
COX-2 are very similar, sharing 70-95% and 70-90% amino acid sequence
identity, respectively (Chandrasekharan and Simmons, 2004).
COX-1 is constitutively expressed and required for homeostatic functions,
and is therefore called “the housekeeping” enzyme. COX-2 performs the
dominant role in prostaglandin synthesis during pathological processes, such as
inflammation, pain, fever and tumorigenesis, and is typically expressed at very
low concentrations (Rouzer and Marnett, 2009).

1.2.2.1. Structure of the mammalian COXs
For convenience sake, the numbering of the amino acid residues in the
description of the COX sequences and the protein structures is based on the
sequence numbering in the ovine COX-1.
COXs are glycosylated, membrane-bound proteins found in the luminal
surface of the endoplasmic reticulum (ER) and in the inner and outer
membranes of the nuclear envelope. While COX-1 is more enriched in the ER
than in the perinuclear envelope, COX-2 can be found mostly in the perinuclear
envelope (Morita et al., 1995). Recent results suggest that COX-2 is also present
in the Golgi apparatus (Smith et al., 2011).
Mature COX-1 and COX-2 have molecular masses of 67-72 kDa (Garavito
and DeWitt, 1999). Although the enzymes are sequence homodimers,
comprised of tightly associated monomers, they function as pre-existent
conformational heterodimers, which consist of an allosteric (Eallo) and a
catalytic monomer (Ecat) (Yuan et al., 2009; Dong et al., 2013). The
16

communication between the subunits (cross-talk) occurs through the dimer
interface (Sidhu et al., 2010).
Each monomer of COX consists of an N- and a C-terminus, and three
structural domains (Figure 2): an N-terminal epidermal growth factor (EGF)like domain, a membrane-binding domain (MBD) and a globular C-terminal
catalytic domain containing cyclooxygenase- and peroxidase-active sites (Picot
et al, 1994; Garavito and Dewitt, 1999).

Figure 2. A crystal structure of the ovine COX-1 dimer (PDB entry 1CQE). The heme
(red) and the binding site of flurbiprofen (yellow) are shown. The EGF, MBD and
catalytic domains are coloured green, orange and blue, respectively. The N-linked
sugars are shown in ball-and-stick rendering (Picot et al., 1994; Garavito et al., 1999,
Garavito et al., 2002).

N-terminus
COX-1 and COX-2 isoforms have N-terminal cleavable signal peptides for their
translocation into the lumen of the ER (Kulmacz et al., 2003). The signal
peptide for the COX-1 is 22-26 amino acids long, and the signal peptide for the
COX-2 is 17 amino acids in length and less hydrophobic. In vitro translation
experiments suggest that the COX-1 translation rate is higher than that of COX2, and this might be caused by the differences in the signal peptides (Simmons
et al., 2004).
Right after the signal peptide of COX-1, there are eight amino acids which
are not found in COX-2 (Simmons et al., 2004). This segment is believed to
play a regulatory role in the cross-talk between the monomers comprising a
COX dimer (Smith et al., 2011).
There are variants of COX-1 in which the intron-1 has been retained. In this
case, the signal peptide is not cleaved, and it alters the biological properties of
the enzyme (Simmons et al., 2004; Chandrasekharan et al., 2002).
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EGF-like domain
The dimers of COX-1 and COX-2 are associated through hydrophobic
interactions, hydrogen bonding and salt bridges between the dimerization
regions in each monomer (Simmons et al., 2004). The EGF-like domain begins
at the N-terminus of a mature COX enzyme, consists of approximately 50
amino acids and forms a part of the COX dimer interface (Simmons et al., 2004;
Smith et al., 2000; Smith et al., 2011). It contains three intra-domain disulfide
bonds that are absolutely conserved in both COX isoforms. There is one
additional disulfide bond which links Cys37 and Cys159, and connects the EGF
domain with the catalytic domain (Kulmacz et al., 2003). The EGF domain is
thought to serve as a structural building block that initiates or maintains proteinprotein interactions, and it also plays a role in protein-membrane interaction by
fixing the MBD in position (Picot and Garavito, 1994).
Membrane-binding domain
Initially, the MBD of the COX enzymes was thought to be composed of four
consecutive amphipathic α-helices: A, B, C and D. Three of the four helices (A,
B and C) are located practically in the same plane, but the last helix (D) angles
“upward” into the catalytic domain (Picot et al., 1994). Recent studies indicate
that helix D is primarily a structural component of the cyclooxygenase (cox)
active site (MirAfzali et al., 2006). The hydrophobic and aromatic amino acid
residues in helices A, B and C form a hydrophobic surface that will interact
with only one face of the lipid bilayer, connecting the cox channel to the
phospholipid source of the fatty acid substrate (Picot and Garavito, 1994;
Kulmacz et al., 2003). COX-1 and COX-2 are therefore monotopic membrane
proteins with the ability to associate directly with the liposomes (Smith et al.,
2000; MirAfzali et al., 2006). The highest sequence difference between COX
isozymes occurs in the MBD, where there is 38% amino acid identity (Smith et
al., 2011). The differences in these sequences indicate that the two COX
isoforms associate differently with the membranes, which may affect their
catalytic properties and biological activities (MirAfzali et al., 2006).
Catalytic domain
The catalytic domain is the largest part of the COX-1 and COX-2 proteins. It
encompasses about 460 residues and consists of two functionally distinct
regions, the cyclooxygenase (cox) and peroxidase active site (pox) areas (Picot
et al., 1994; Smith et al., 2011). The catalytic domain has a globular structure
and it is comprised of large and small intertwined lobes, which are mainly
composed of conserved alpha-helical structures (Figure 3). The larger lobe has a
V-shaped structure formed by the helices H5 and H6, with the helix H2 located
just between them. The three core helices are surrounded by four helices (H3,
H10, H18 and H19) to complete the large loop. The smaller lobe consists of six
helices (H1, H8, H12, H14, H15 and H16), which form a bundle with their axes
roughly parallel. The lobes are connected by six polypeptide chains, including
helix H17 (Picot et al., 1994).
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Figure 3. An alpha-helical structure of the ovine COX-1 monomer (PDB entry 1PRH).
A: front view, and B: side view (Picot et al., 1994).

As mentioned before, the COX monomers are conformational heterodimers
that consist of catalytic (Ecat) and allosteric monomers (Eallo) (Yuan et al., 2009).
The cox-active site in Ecat has a catalytic function which is modulated by the
nature of the ligand occupying the cox site of the partner, allosteric monomer
(Eallo). Peroxidase activity also seems to appear only in the catalytic monomer of
the enzyme (Dong et al., 2011; Smith et al., 2011).
The allosteric regulators that bind to the cox-active site of Eallo can be
different fatty acids, even those that are not substrates for COX enzymes or
different COX inhibitors, which are discussed in more detail below (Yuan et al.,
2009; Dong et al., 2011; Smith et al., 2011).
The pre-existent conformational heterodimeric structure of COXs provides
evidence that, initially, the active sites in the Ecat and Eallo monomers have
slightly different structures. Additionally, ligand binding in the cox active site in
these monomers induces even more subtle and reversible structural changes
(Dong et al., 2013).
Cox-active site
The cox active site is a narrow hydrophobic dead-end channel, with a size of
8x25 Å. It extends from the MBD through helices A, B and C to the centre of
the COX monomer (Picot et al., 1994). Both substrate and non-substrate fatty
acids and different competitive COX inhibitors bind within the cox site. Each
fatty acid and each inhibitor binds into one of the two preferred cox channels, in
the Ecat or Eallo subunit (Smith et al., 2011; Dong et al., 2011). According to the
amino acid sequence, this is the most highly conserved region of COXs; there is
only one conservative amino acid residue substitution in the upper part of the
channel, which is different in the two isoforms: Ile523 is a Val in COX-2
(Kulmacz et al., 2003; Simmons et al., 2004). The smaller Val generates a “side
pocket” which allows bigger compounds to bind and inhibit this enzyme and is
the key factor in the development of COX-2 selective inhibitors (Vane et al.,
1998).

19

Tyr385 is located in the upper part of the channel, at the end of helix H8, and
is surrounded by a ring of six residues in proximity to the heme iron (10 Å).
Ser530 lies just below Tyr385. Tyr355, Arg120 and Glu524 are located towards
the mouth of the cox channel, near the MBD. The last two residues are the only
charged residues in the otherwise hydrophobic channel and may form a saltbridge (Picot et al., 1994).
In the catalytic monomer of COX, Arg120, Tyr355 and Tyr385 are all
important for substrate binding and catalysis and are well conserved in the cox
active site (Thuresson et al., 2001, Garavito and Dewitt, 1999). However, in the
allosteric monomer, some of these residues have different functions. In Eallo
Arg120 is important for time-dependent inhibition by flurbiprofen and
naproxen. Tyr385 in an allosteric monomer partners with Ser530 in allosteric
regulation by non-substrate fatty acids (Dong et al., 2013). Ser530 in a catalytic
monomer plays an important role in the efficiency of the enzyme; it is proposed
that it participates in the formation of a Tyr385 radical and/or helps to locate the
radical into the appropriate position (Schneider et al., 2002; Dong et al., 2013).
Ser530 in the Ecat can be acetylated by aspirin and it therefore plays an
important role in the inhibition of COXs (Dong et al., 2013).
Pox active site
The pox active site is located in a shallow cleft between the large and small
lobes of the catalytic domain (Figure 3B). It is defined by helices H2, H5, H8
and H11/12. The helices H8 and H11/12 form one side of the cleft, while the
helix H2 forms the opposite side. The floor of the cleft is formed by the helix
H5 and the cleft is closed by two loop structures composed of the residues 210222 and 394-408 (Picot et al., 1994; Gupta et al., 2004). The heme-binding site
in the cleft is located diametrically opposite the MBD (Picot et al., 1994). Heme
plays an important role in peroxidase activity, in the catalytic monomer of COX
(Ecat), and the maximal COX activity occurs with a stoichiometry of only one
heme per dimer (Kulmacz and Lands, 1984; Dong et al., 2011). The
coordination of the heme occurs via an iron-histidine bond involving His388,
which lies adjacent to helix H8. His207 and Gln203, which lie against the heme
face, approximately 5 Å of the heme iron, are also important in peroxidase
reaction (Picot et al., 1994; Gupta et al., 2004). There is remarkably low
conservation in the side-chain structures between the two COX isoforms near
the pox site, especially in the helix H11/12 and the structure of the pox site is
considerably more stable in COX-1 than in COX-2 (Kulmacz et al., 2003).
C-terminus
The C-terminal region of COX-2 contains an 18-19 amino acid insert
(depending on the species) which is missing in COX-1 (Kulmacz et al., 2003).
These residues, with at least nine or ten residues upstream, are part of the
instability motif that is associated with protein degradation and/or trafficking
(Smith et al., 2011). Asn594, which is post-translationally glycosylated and
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located inside this region, is also involved in COX-2 degradation (Mbonye et
al., 2006; Smith et al., 2011).
Both COX isoforms contain C-terminal modified versions of KDEL-like
sequences (STEL in most isoforms) that target COXs to the ER and the
associated nuclear envelope. This sequence is thought to be a “weak” ERretention signal and might provide for COX enzymes to traffic to the Golgi
apparatus (Raykhel et al., 2007; Smith et al., 2000; Smith et al., 2011).
Glycosylation
Glycosylation is important for the correct folding of the COX enzymes. COXs
are glycosylated on asparagine (Asn) residues in all mammals. COX-1 is
glycosylated at three positions, while COX-2 may be glycosylated at up to four.
In COX-1, potential sites for N-linked glycosylation are conserved at positions
68, 104, 144 and 410. The consensus site at 104 is absent in COX-2, but the
enzyme has two additional N-glycosylation sites at positions 579 and 591. The
actual N-glycosylation occurs at 68, 144 and 410 (and at 579 in COX-2) (Otto
et al., 1993; Kulmacz et al., 2003).

1.2.2.2. Mechanism of the COX reaction
The cyclooxygenase and peroxidase reactions take place in the catalytic
monomer of the COX. First, the heme group of the COX is oxidized to an oxyferryl porphyrin radical cation. The heme radical then oxidises Tyr385, which
leads to the tyrosyl radical formation, which abstracts the 13 pro-S hydrogen of
the AA-initiating cyclooxygenase reaction, which leads to the formation of an
arachidonyl radical, which further reacts with O2 and undergoes a complex
intramolecular rearrangement to produce PGG2. After that, the 15-hydroperoxyl
group of PGG2 is reduced to the corresponding alcohol of PGH2 (peroxidase
reaction) (Rouzer and Marnett, 2009; Dong et al., 2013).

1.2.2.3. COX substrate specificity
The most common substrates for COX enzymes are C18 and C20 polyunsaturated
fatty acids, which contain at least three methylene-interrupted cis-double bonds
(Smith and Marnett, 1991). AA (20:4 ω6) is the best substrate for both COX
isoforms (Laneuville et al., 1995; Vecchio et al., 2010). Among C20 fatty acids,
dihomo-γ-linolenic acid (DGLA, 20:3 ω6) is also a good substrate for the COX
enzymes, but eicosapentaenoic acid (EPA 20:5 ω3) is a poor substrate. The
products are comprised of different prostaglandins: PGG1 from DGLA, PGG2
from AA and PGG3 from EPA. 18-carbon fatty acids are oxidized to the
monohydroxy products. All of these fatty acids are better substrates for COX-2
than for COX-1 (Laneuville et al., 1995).
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The COX enzymes function as conformational heterodimers, and fatty acids
that have not heretofore been associated with eicosanoid metabolism, including
palmitic (16:0), stearic (18:0) and oleic (18:1 ω9) acids, bind to the allosteric
monomer and stimulate the oxygenation of AA in the catalytic monomer of
COX-1 and/or COX-2. The efficiency of oxygenation is determined by the
nature of the fatty acid bound to the allosteric monomer; therefore the exact
efficiency in which the COX enzymes oxidise different fatty acids in vivo
depends on the components available in the fatty acid pool (Yuan et al., 2009).
COX-2 is able to oxygenate various AA derivatives, such as the
endocannabinoids - 2-arachidonoyl glycerol (2-AG), arachidonoyl ethanolamide
(AEA) and N-arachidonoyl glycine (NAGly) - into corresponding
endoperoxides and hydroxy acids (Vecchio and Malkowski, 2011). The best
substrate among them is 2-AG, which is oxygenated as effectively as AA
(Kozak et al., 2000). The ability of COX-2 to metabolize endocannabinoid
substrates suggests that this isoform may be involved in the endogenous
endocannabinoid signalling system (Vecchio and Malkowski, 2011).
There are three important structural differences that explain the different
substrate preferences between the two COX isoforms. First, there are Val523,
Arg513 and Val434 in COX-2, as opposed to Ile523, His513 and Ile434 in
COX-1. The smaller side chains in COX-2 result in an ∼25% increase in the
volume of the cox channel (Rouzer et al., 2011; Vecchio et al., 2012). Second,
the mobility of the Leu531 side chain in COX-2, which is located at the opening
of the cox channel and above the residue Arg120, increases the volume at the
mouth of the cox channel and permits the binding of endocannabinoid
substrates (Vecchio et al., 2010). The third difference is the requirement of an
ionic interaction between the carboxylate group of AA and the side chain of
Arg120 for high affinity binding of substrate to COX-1 (but not in the case of
COX-2). This suggests that hydrophobic interactions that appear between the ωend of substrates and cox active site residues are essential in COX-2 catalysed
oxygenation (Vecchio et al., 2012).

1.2.2.4. The inhibition of COXs
First, the COX inhibitors were separated into two categories: time dependent
(which involve slow tight-binding inhibition) and time-independent (which
display rapid, reversible inhibition) (Selinsky et al., 2001). The discovery of the
pre-existent conformational heterodimeric nature of COX enzymes added
previously unappreciated complexities to inhibitor and fatty acid interactions
with COXs (Zou et al., 2012). It is now clear that some inhibitors function
through Eallo, some through Ecat and some through both COX monomers (Smith
et al., 2011). Additionally, non-substrate fatty acids also influence the inhibition
process (Zou et al., 2012).
Aspirin and related nonsteroidal anti-inflammatory drugs (NSAIDs), which
inhibit COX enzymes and thereby shut off the synthesis of all prostanoids, are
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the most commonly used drugs worldwide (Grosser et al., 2006). Traditional
NSAIDs inhibit both COX-1 and COX-2. COX-2 specific inhibitors, often
referred to as coxibs, have greater selectivity toward COX-2 (Smith et al.,
2011), and were designed to minimize gastrointestinal complications of
traditional NSAIDs in their long-term use (Grosser et al., 2006). COX-2selective NSAIDs, however, have been shown to cause increased risk of
cardiovascular complications compared to non-selective NSAIDs (Grosser et
al., 2010). COX-2 catalyses the synthesis of vascular PGI2, which is an essential
biologic vasodilator and also an inhibitor of platelet aggregation. The
cardiovascular toxicity of COX-2 inhibitors is thought to be caused by an
imbalance of prothrombotic thromboxane A2 (TXA2), produced by COX-1, and
decreased production of antithrombotic PGI2 (Mukherjee and Topol, 2003). The
research for an effective and safe analgesic and anti-inflammatory drugs
continues. Developing a new drug that targets the terminal enzymes responsible
for prostanoid biosynthesis or individual prostanoid receptors might be the
solution to the problem.

1.2.2.5. The structure of COX genes
Mammalian COX enzymes are encoded by distinct genes that map to different
chromosomes. The human COX-1 gene maps to chromosome 9 (9q32-q33.3).
The gene is ~22 kb in length with 11 exons and, according to the
polyadenylation site used in the 3´-untranslated region (UTR), is transcribed as
2.8- or 5.2-kb mRNA variants. The gene for COX-1 represents a housekeeping
gene and lacks a TATA box (Kraemer et al., 1992). There are two selective
promoter factor 1 (Sp1) cis-regulatory elements in the human COX-1 promoter,
which regulate transcription of the enzyme (Smith et al., 2000).
The COX-2 gene is very compact, maps to chromosome 1 (1q25.2-q25.3), is
about 8 kb in length with 10 exons, and is transcribed as 2.8- and 4.6-kb mRNA
variants. The promoter region of the COX-2 gene is characteristic of the
immediate early gene and consists of a TATA box, as well as various
transcription elements, such as a nuclear factor for interleukin-6 (NF-IL-6),
activating protein-2 (AP-2), selective promoter factor 1 (Sp1), a nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB), a cAMP response
element (CRE) and an E-box. The 3'-UTR of the COX-2 mRNA is significantly
longer (~1.5 kb) than that of the COX-1 and contains 22 copies of the AUUUA
motif, which has been associated with RNA instability (Appleby et al., 1994;
Murakami and Kudo, 2004).

1.2.2.6. COX in invertebrates
COX is an old gene represented in all vertebrates but it seems to have been lost
in plants and some lower animals in the course of evolution. To date, non23

vertebrate COXs have been cloned and characterized from the soft corals G.
fruticosa and P. homomalla (Koljak et al., 2001; Valmsen et al., 2001; Valmsen
et al., 2004). Both corals have two COX isoforms which share about 80-93% of
deduced amino acid sequence identity. Although there is relatively high
homology (~50% amino acid identity) in the primary structure between coral
and mammalian enzymes, there are significant structural differences in the
region of the pox active site, in the MBD and in the location of the consensus
glycosylation sequences (Koljak et al., 2001; Valmsen et al., 2001). Moreover
one COX isoform from the coral P. homomalla has the unique ability to
synthesize 15R-prostaglandins, which is caused by an amino acid interchange
Val349Ile and four other residue substitutions in helices H5 and H6 (Valmsen et
al., 2007).
COX has also been cloned and identified in the shrimp P. monodon,
although the enzyme activity has not been examined (Wimuttisuk et al., 2013).
There is bioinformatic evidence available of a possible COX pathway in
different invertebrates. Using genome database analysis, COX genes have been
reported in the primitive chordates Ciona savignyi and Ciona intestinalis
(Järving et al., 2004), and in the crustaceans Daphnia pulex, Homarus
americanus and Petrolisthes cinctipes (Heckmann et al., 2008).
All full length crustacean COXs share 45-50% amino acid identity with
human COXs and contain catalytically important residues in their cox-active
sites: Arg120, Tyr385, Ser530 (D. pulex has Ala in that position) and Val349.
The proximal heme ligand His388 and the residues Gln203 and His207 are also
conserved in the pox active centres of these enzymes. However, there are
differences in the glycosylation pattern, as well as in the N-terminal and Cterminal domains. All of the known COX sequences from crustaceans lack the
C-terminal KDEL-type ER retention/retrieval signal.
However, homologues of mammalian COX genes have not been identified in
completely sequenced insect genomes of Drosophila sp., Aedes aegypti,
Anopheles gambiae, Apis mellifera, Bombyx mori, Tribolium castaneum,
Danaus plexippus, Nasonia vitripennis or others.

1.2.3. Prostaglandin synthases
After PGH2 is formed by the action of COXs, it is converted into various
prostanoids by specific PGH2 isomerases and reductases (Figure 1). Two types
of prostaglandin D synthases (PGDS) are responsible for PGD2 synthesis; they
are called lipocalyn-type PGDS and hematopoietic PGDS (Urade and Eguchi,
2002). In addition, two types of prostaglandin F synthases (PGFS) are
responsible for the synthesis of PGF2α. These are PGFS, which belongs to the
aldo-keto-reductase (AKR) family (Watanabe 2002), and tPGFS, which belongs
to the tioredoxine (Trx)-like enzyme family (Moriuchi et al., 2008). By the
action of AKR-type PGFS, PGF2α can also be synthesized from PGE2 and
9α,11β-PGF2 is synthesized from PGD2 (Watanabe 2002). tPGFS also catalyses
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the reduction of prostamide H2 to prostamide F2α (Moriuchi et al., 2008). In
addition, there are three types of PGE synthases, which are described more
precisely below.

1.2.3.1. Prostaglandin E synthases
In mammals, prostaglandin E synthase (PGES, EC 5.3.99.3), which isomerizes
COX-derived PGH2 specifically to PGE2, occurs in three structurally and
biologically distinct forms: cytosolic PGES (cPGES) and two membrane-bound
PGES enzymes, designated as mPGES-1 and mPGES-2 (Kudo and Murakami,
2005).
cPGES
In 2000, a cytosolic form of PGES (23 kDa protein) was purified from
lipopolysaccharide (LPS) treated rat brain. The enzyme requires glutathione
(GSH) for its activity, is ubiquitously and constitutively expressed in different
cells, and is therefore responsible for the production of the PGE2 needed for the
homeostatic functions. However, in rat brain, LPS treatment increases its
amount several-fold. cPGES was initially called p23, a co-chaperone of heat
shock protein 90 (Hsp90) (Tanioka et al., 2000; Kudo and Murakami, 2005),
because the activation of cPGES requires its binding to Hsp90 and
phosphorylation by casein kinase 2 (Murakami and Kudo, 2004). It has been
shown that cPGES converts COX-1, but not COX-2-derived PGH2 to PGE2
(Murakami et al., 2002). Although cPGES is GSH-dependent, the amino acid
sequence identity between cPGES and cytosolic glutathione S-transferases
(GSTs) is only about 20%. In the N-terminus, cPGES has a conserved Tyr9
residue, which is also represented in many other cytosolic GSTs, in which it
acts as a GSH acceptor. Mutation of Tyr9 abrogates the catalytic activity of
cPGES (Garavito et al., 2002; Murakami and Kudo, 2004). Therefore, this
residue is also thought to be involved with GSH binding in cPGESs (Salinas
and Wong, 1999; Murakami and Kudo, 2004). cPGES is remarkably conserved,
and the amino acid sequence identity across different vertebrate species is about
95%. The gene encoding for cPGES is localized to chromosome 12q13.13 and
consists of 8 exons (Murakami et al., 2002).
cPGES is functionally coupled with COX-1, and thus their physiological
functions in vivo overlap. COX-1-derived PGE2 plays a role in gastrointestinal
protection, reproduction and several neuronal functions which influence the
central nervous system. cPGES knock-out mice are perinatal-lethal, with poor
lung development, delayed skin maturation and growth retardation (Nakatani et
al., 2007; Hara et al., 2010).
mPGES-1
mPGES-1, the first PGES identified, is a GSH-dependent protein which belongs
to the MAPEG (membrane-associated proteins involved in eicosanoid and GSH
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metabolism) family (Jakobsson et al., 1999). mPGES-1 (16 kDa protein) shows
remarkable similarity to other MAPEG superfamily proteins, such as
microsomal glutathione S-transferase-1 (MGST-1), MGST-2, MGST-3, 5lipoxygenase-activating protein (FLAP) and leukotriene C4 synthase (LTC4S)
(Murakami and Kudo, 2004; Hara et al., 2010). The mutation of Arg110 in
mPGES-1, which is strongly conserved in all MAPEG proteins, alters its
catalytic activity (Murakami et al., 2000). mPGES-1 converts COX-2-derived
PGH2 to PGE2 and equivalently to COX-2, is induced by proinflammatory
stimuli (delayed response) and is down-regulated by anti-inflammatory
glucocorticoids. The crystallographic structure of mPGES-1 (3.5 Å), determined
in 2008 (Jegerschöld et al., 2008) and more accurately (1.2 Å) in 2013 (Sjögren
et al., 2013), confirmed the trimeric structure of the protein and similarity to
MGST-1, the 5-lipoxygenase-activating protein and LTC4S. The gene for
human mPGES-1 maps to chromosome 9q34.3 and consists of three exons
(Forsberg et al., 2000).
mPGES-1 is expressed in various cell systems in which COX-2-derived
PGE2 is needed, such as inflammation, fever, pain, reproduction, tissue repair,
bone metabolism and cancer. In addition, mPGES-1 is constitutively expressed
in the kidney, and is therefore physiologically important in the urogenital tract
(Thorén et al., 2003; Kudo and Muarakami, 2005). mPGES-1-deficient mice
show reduced inflammatory reactions, decreased pain, febrile response and
suppression of tumorigenesis (Hara et al., 2010).
mPGES-1 inhibitors
The long-term use of selective COX-2 inhibitors is associated with the
increased risk of cardiovascular complications. The inhibitors that target the
specific prostaglandin synthases/isomerases and reductases are thought to
decrease these undesirable effects.
mPGES-1 acts as a target for the treatment of various inflammatory diseases
and also for the treatment of cancer. Several inhibitors have been identified and
developed to target mPGES-1. These compounds are distributed into three
categories (Chang and Meuillet, 2011):




Endogenous lipid, fatty acids and PGH2 analogues
Known anti-inflammatory drugs and/or inhibitors
biosynthesis
Natural compounds

of

leukotrienes

Several aspects complicate the development of appropriate mPGES-1
selective inhibitors, and selectivity is one of the biggest problem.
mPGES-1 belongs to the MAPEG family of proteins and, therefore,
inhibitors that target the mPGES-1 will probably affect several other members
of this family. Secondly, amino acid sequence differences between mPGES-1
proteins in humans, mice and rats complicate research. Finally, the enzyme has
a very hydrophobic active site which probably exists in open and closed
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conformations, which complicates modelling and drug-design. All those aspects
make the development and discovery of selective inhibitors for mPGES-1 very
difficult (Chang and Meuillet, 2011). Although a lot of research has been
conducted to develop mPGES-1 inhibitors, no clinical trials have yet been
completed (Smith et al., 2011; Korotkova and Jakobsson, 2014). So far, only
one novel mPGES-1 inhibitor, GRC 27864, has successfully completed preclinical and phase one enabling studies.
mPGES-2
The second membrane-associated form of PGES was initially purified from a
microsomal fraction of bovine heart (Watanabe et al., 1999), and later cDNAsencoding human and monkey homologues were identified (Tanikawa et al.,
2002). The enzyme is a 41 kDa protein which is structurally different from
mPGES-1 (Hara et al., 2010). mPGES-2 is initially synthesized as a Golgimembrane-associated protein, and the further proteolytic removal of the Nterminal hydrophobic domain (87 amino acid residues) leads to the formation of
a mature cytosolic enzyme. The full-length and N-terminal-truncated mPGES-2
have identical catalytic properties (Tanikawa et al., 2002). The N-terminal
hydrophobic domain is followed by a glutaredoxin/thioredoxin homology
region, in which the consensus of the thioredoxin homology sequence of
Cys110-x-x-Cys113 is presented (Tanikawa et al., 2002; Hara et al., 2010).
Unlike cPGES and mPGES-1, the enzyme does not require GSH for its catalytic
activity, although the activity is increased two- to four-fold in the presence of
SH-reducing reagents. The recombinant mPGES-2 is activated by dihydrolipoic
acid, dithiothreitol, GSH and β-mercaptoethanol, in order of decreasing
effectiveness (Tanikawa et al., 2002; Watanabe et al., 2003).
mPGES-2 is mainly expressed in the brain, heart, skeletal muscle, kidney
and liver (Tanikawa et al., 2002). It has been shown that mPGES-2 can be
coupled with both COX-1 and COX-2. In most tissues, the protein is
constitutively expressed, and its concentration is not increased during
inflammation or tissue damage. However, a significant increase in mPGES-2
expression level has been detected in human colorectal cancer (Murakami et al.,
2003, Kudo and Murakami, 2005, Hara et al., 2010).
The crystal structure of recombinant monkey mPGES-2 (Figure 4) was
reported in 2005, in complex with indomethacin. It was revealed that mPGES-2
forms a homodimer and is attached to the lipid bilayer by anchoring the Nterminal section (Yamada et al., 2005).
The dimer of mPGES-2 is comprised of two hydrophobic pockets which are
connected to form a V-shaped structure. According to the structure, the SH
group of Cys110 is probably the catalytic site of the protein. The substrate,
PGH2, fits well into the V-shaped pockets and its endoperoxide moiety can
easily interact with the SH group of Cys110. In spite of the low amino acid
sequence identity, the crystal structure of mPGES-2 is quite similar to that of
GSH-dependent hematopoietic PGD synthase (H-PGDS) and several classes of
GSTs (Yamada et al., 2005, Smith et al., 2011).
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Interestingly, mPGES-2 knock-out mice showed no differences in their
phenotype and in PGE2 levels in several tissues (including liver, kidney, heart
and brain). The PGE2 concentration did not change even in LPS-stimulated
macrophages. Therefore, it is proposed that mPGES-2 is not involved in PGE2
synthesis under the physiological and pathological conditions examined so far
(Hara et al., 2010).
However, it has been demonstrated that the mPGES-2 knock-out mice
treated with streptozotocin to induce type-1 diabetes exhibited severe lethality
and liver toxicity a few days after the treatment. The authors proposed that
mPGES-2 deficiency robustly increased streptozotocin-induced liver toxicity
via the increase in glucose transporter 2 (GLUT2) dependent uptake of
streptozotocin (Sun et al., 2014).

Figure 4. A crystal structure of Macaca fascicularis mPGES-2 in complex with
indomethacin. Residues 1-99, which are part of the N-terminal section and disorder
section, are not shown. The structure (PDB:1Z9H) was constructed with Chimera 1.10.

In 2013 Takusagawa reported that macaque mPGES-2 exists in two forms,
as heme-free and heme-bound enzymes, that the heme-free enzyme catalyses
the formation of PGE2 from PGH2, and that the heme-bound mPGES-2 is a
GSH-dependent protein which catalyses PGH2 degradation to 12(S)-hydroxy5,8,10(Z,E,E)-heptadecatrienoic acid (12-HHT) and malondialdehyde (MDA).
As the heme-free recombinant mPGES-2 converts to the heme-bound form if
free heme is available, it was proposed that macaque mPGES-2 is a PGE2
synthase in vitro but not in vivo (Takusagawa 2013).
The human mPGES-2 gene is located in 9q34.11, in proximity to the genes
encoding for mPGES-1, COX-1 and lipocalin-type PGDS (Tanikawa et al.,
2002). The gene of mPGES-2 is about 7.7 kb in length and consists of 7 exons.
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1.2.3.2. PGES in invertebrates
Surprisingly, PGES-like sequences are quite common in arthropod genomes.
While more than 30 predicted mPGES-2-like sequences have been identified in
insects and other arthropod genomes so far, there is little information about the
catalytic activity of corresponding proteins.
All three PGES sequences have been described only in the peaneid shrimp P.
monodon (Wimuttisuk et al., 2013). Prostaglandin synthase activity was also
observed in the shrimp ovary homogenates using in vitro assay, although no
individual enzyme activity has been described (Wimuttisuk et al., 2013). Based
on bioinformatic evidence, putative genes associated with eicosanoid
biosynthesis have also been described in the water flea D. pulex (Heckmann et
al., 2008). Those findings support the hypothesis that the prostaglandin
synthesis pathway in aquatic crustaceans is similar to that of mammals.
The situation is more complicated among terrestrial insects, where mostly
mPGES-2-type PGES is represented. Campbell et al. (2009) used L. salmonis
putative mPGES-2 as a gene knock-down target gene. They cloned and
sequenced a putative mPGES-2 from the sea louse. The authors were uncertain
whether this enzyme is involved in PGE2 synthesis or performs some other
function. The temporal and tissue distribution of L. salmonis PGES-2 indicated
that it is a ubiquitous and constitutively expressed gene, more like a detoxifying
GST than a gene involved in PGE2 synthesis (Campbell et al., 2009).
Drosophila melanogaster has a mPGES-2 homologue protein called a
suppressor of ref(2)P sterility (Su(P)) (Bichon et al., 2001). The enzyme has an
N-terminal hydrophobic domain, which is membrane-associated, and a Cterminal soluble domain, with a GST-like structure characteristic to mPGES-2
proteins. Bichon et al. (2001) proved that in association with the ref(2)P (a
protein that plays a critical role in mediating the autophagy of defective
mitochondria (Pimenta de Castro et al., 2012)) the enzyme plays a role in male
fly fertility, but the exact function of the enzyme remains unclear (Bichon et al.,
2001).

1.2.3.3. Sigma-class glutathione transferase exhibiting prostaglandin
E synthase activity
A sigma class GST exhibiting in vitro both PGE2 synthase- and GSH transferase
activity was recently described in the silkworm B. mori, and named bmGST1
(Yamamoto et al., 2013). Although COX has not been identified in completely
sequenced insect genomes, it is possible that enzymes involved in the
prostaglandin synthesis pathway differ from their mammalian counterparts in
those organisms. At the same time, there is a possibility that in vivo, sigma-class
GSTs have only GSH transferase activity. This hypothesis is also supported by
the fact that polyunsaturated fatty acids, precursors in the biosynthesis of
prostaglandins, are not found in terrestrial insects. The development of selective
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and non-selective inhibitors of bmGST1 should help establish the physiological
role of bmGST1 in the silkworm life cycle (Yamamoto et al., 2013).

1.2.4. COX-related proteins
Zamocky et al. (2008) aligned mammalian heme containing peroxidases,
including COXs, and similar peroxidase domain-containing sequences from all
kingdoms of life. This enzyme superfamily contained proteins with a variety of
functions that could be grouped in seven subfamilies and they named this group
of enzymes the peroxidase-cyclooxygenase superfamily. According to
phylogenetic analysis and the ability to oxygenate fatty acids, α-dioxygenases
(α-DOX) are functionally related to COX (Zamocky et al., 2008; Goulah et al.,
2013). Linoleate diol synthases (LDS), which are fusion enzymes with Nterminal dioxygenase and C-terminal cytochrome P450 activity, were found in
fungi. The dioxygenase domain in LDS shares structural similarities with both
α-DOX and COX (Hoffmann et al., 2011).
α-dioxygenases
In 1998 a new protein, called pathogen-induced oxygenase (PIOX), was
identified in tobacco leaves (Sanz et al., 1998); this enzyme was also named αdioxygenase (α-DOX). α-DOXs are heme-containing enzymes which oxygenate
14-20 carbon fatty acids, containing up to three double bonds, into the
corresponding 2R-hydroperoxides. They are mostly found in plants and fungi,
where they are up-regulated during the host defence response against pathogen
attack (Hamberg et al., 2005; Zhu et al., 2013). Despite the low sequence
identity (~15%) with COXs, these enzymes share striking similarities in tertiary
structure and catalytic features.
α-DOX is a monomeric protein which lacks the EGF domain but has a
catalytic domain and a base domain analogous to MBD. The base domain is not
structurally similar to MBD; it consists of eight α-helices, of which three are
amphipathic. However, compared to COXs, it is located in a similar position
with respect to the catalytic domain and serves as an entry for the substrate into
the active site channel (Goulah et al., 2013; Zhu et al., 2013). Within the
catalytic domains of Arabidopsis thaliana and Oriza sativa α-DOX and COX-2,
21 of the 22 α-helices are conserved. Helices H2 and H8, which contain the
distal and proximal histidine residues and form the binding cleft for heme, as
well as helices H6 and H17, which form part of the active site channel, are all
conserved (Goulah et al., 2013; Zhu et al., 2013).
The reaction catalysed by α-DOX is unique, in that oxygenation takes place
at the α-carbon, not at the bis-allylic position, as in COX proteins (Zhu et al.,
2013). In contrast to COX, α-DOX binds the fatty acid with the carboxylate
group bond deep within the active site channel, near Tyr386 (which is
analogous to Tyr385 in COXs). The removal of the pro-R hydrogen from the αcarbon is mediated by the Tyr386 radical. The latter is produced via the
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oxidation of the heme with hydrogen peroxide (H2O2). α-DOXs also contain an
additional Ca2+-binding loop, which is important for Tyr386 radical formation.
Because of the restricted access to the distal face of the heme caused by the two
extended inserts on the surface of the enzyme, α-DOXs have limited peroxidase
activity (Goulah et al., 2013; Zhu et al., 2013).
Linoleate diol synthases
7,8- and 5,8-LDS, which share 22-24% amino acid identity with COXs, are
heme-containing fatty acid dioxygenases found in fungi. The enzymes are
fusion proteins of N-terminal domains with 8R-DOX activities and C-terminal
cytochrome P450 domains with diol synthase activities. Therefore, the Nterminal ends of 5,8- and 7,8-LDS are structurally related to DOX and COX.
7,8- and 5,8-LDS oxidise 18:2n-6 sequentially to (8R)-hydroperoxylinoleic acid
(8R-HPODE) and to (5S,8R)- or (7S,8S)-dihydroxyoctadecadienoic acids
(DiHODE). Just like COXs and α-DOXs, the enzymes form a tyrosyl radical for
hydrogen abstraction during catalysis and have conserved distal His residue,
important for heme coordination (Garscha and Oliw, 2007; Hoffmann et al.,
2011).
Other COX-related proteins
Although the myeloperoxidases (MPO) share only 20% identity with COXs and
catalyse different reactions, the overall topology of their catalytic domains is
strikingly similar. The MPO has conserved helices H2, H5, H6, H8 and H12,
involved with the heme binding. The structure homology extends over the entire
catalytic domain, but myeloperoxidases lack the MBD and EGF domain (Picot
et al., 1994).
Peroxinectins (Pxt) are heme-containing proteins with peroxidase domains
and an integrin-binding motif (KGD: Lys-Gly-Asp). They are found among
various arthropods and nematodes, in which they regulate physiologically
important processes, such as fertility and immunity (Vizzini et al., 2013).
Furthermore, the Pxt from D. melanogaster is thought to serve as a putative
COX (Tootle and Spradling, 2008). Still, the further characterization of these
enzymes from insect species may explain their exact function.
The phylogenetic analysis made by Zamocky et al. (2008) revealed that,
although COX, MPO and Pxt enzymes had a common ancestor, and they have
retained some common structural elements, they segregated very early in
evolution to perform different functions.
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2. AIMS OF THE STUDY
The general goal of the current study was to unravel the pathway and to
characterize the enzymes involved in the prostaglandin biosynthesis in lower
marine organisms, more specifically in red algae and amphipod crustaceans.
The specific aims of the current study were:


To establish the metabolic pathway of prostaglandin biosynthesis in red
algae. To clone, express and characterize the enzymes involved.



To search for and characterize the enzymes responsible for the
biosynthesis and further metabolism of prostaglandin endoperoxides in
amphipod crustaceans. To clone, express and characterize amphipod
COXs. To identify the enzymes involved in the synthesis of PGE2.
More specifically, to clone and characterize mPGES-2, as the most
widespread PGES in arthropods.
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3. METHODS
The methods used in this work, are described in detail in the original
publications I-III added to the thesis. The methods are:
gDNA isolation
RNA isolation
Reverse transcriptase polymerase chain reaction (RT-PCR) cloning
Protein expression and purification
Western blotting
Protein characterization
Bioinformatic analysis
Database linking:
The algal COX sequences described in this work have been submitted to the
GenBank database under the accession no JN565603 (Gracilaria
vermiculophylla PGHS) and no JN565604 (Coccotylus truncatus PGHS).
The amphipod COX sequences studied in this work have been deposited in
the GenBank database under accession no GQ180795 (Caprella sp. COX) and
no GQ180796 (Gammarus sp. COX).
The mRNA sequences of amphipod mPGES-2 have been submitted to the
GenBank database under the accession no KC832830 (Caprella sp.) and no
KC832831 (Gammarus sp.) and the protein sequences under accession no
AGO64144 (Caprella sp.) and no AGO64145 (Gammarus sp.).
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4. RESULTS
4.1. Structural and catalytic characterization of COXs in red algae
(I)
COXs from red algae were cloned by the RT-PCR strategy. The His-tagged
proteins were expressed in E. coli BL21(DE3)RP cells and purified with nickel
nitrilotriacetic acid column and gel filtration chromatography. The
cyclooxygenase activity of the purified enzymes was determined by a fibre
optic oxygen monitor and the peroxidase activity was evaluated
spectrophotometrically. The products formed from [14C]AA were identified by
reversed-phase high-pressure liquid chromatography (RP-HPLC). The heme
content of the purified recombinant COX was determined by a pyridinehemochromogen assay. The oligomeric state of the algal COX was examined
with blue native polyacrylamide gel electrophoresis and gel filtration
chromatography. The main results of the study are as follows:









COXs from the red algae G. vermiculophylla and C. truncatus share only
about 20% of amino acid identity with their mammalian counterparts.
The algal COXs lack structural elements identified in all known mammalian
COXs, such as the N-terminal signal peptide, the EGF-like domain, the
helix B of the MBD and the KDEL(STEL)-type ER retention/retrieval
signal.
The predicted tertiary structure for the G. vermiculophylla COX monomer
(65 kDa) suggests a conservation of overall structural architecture with
mammalian COXs. However, the algal COX has several differences in the
catalytically important amino acid residues.
Tyr385 (catalytically essential) and Val349 (important for oxygenation
stereo control at C-15) are conserved in G. vermiculophylla. However
Arg120, Tyr355 and Ser530, important for substrate binding and
coordination, are substituted by Leu120, Ser355 and Thr530, respectively.
These substitutions are presumably responsible for the ability of the enzyme
to oxidize amide and ester derivatives of fatty acids. Additionally, the
Ser530Thr substitution explains the insensitivity of the algal COX to
aspirin, and the Arg120Leu substitution is likely responsible for the
inactivity of the reversible inhibitors flurbiprofen and indomethacin.
The cox active site geometry in the G. vermiculophylla enzyme is more
similar to that of mammalian COX-2 than COX-1. The algal enzyme has a
“side pocket” in the cox active site, which is formed by the sterically
smaller amino acid residues Leu434, Asp513 and Ala523, compared to
Ile434, His513 and Ile523 in COX-1. In that position, mammalian COX-2
also has the sterically smaller amino acids Val434, Arg513 and Val523.
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The heme ligand His388 and residues Gln203 and His207, important for
peroxidase activity, are conserved in both algal COXs and the peroxidase
activity of the G. vermiculophylla enzyme is comparable to the ovine COX.
Despite the presence of N-glycosylation sites, G. vermiculophylla COX
does not need N-glycosylation for proper folding. The enzyme expressed in
the prokaryotic expression system was fully functional and catalysed the
conversion of AA to prostaglandin endoperoxides.
G. vermiculophylla COX was detected as oligomeric (evidently tetrameric)
ferric heme protein.
The preferred substrate for G. vermiculophylla COX is AA, and the average
specific activity of purified algal COX is 120–130 units/mg of protein,
which is 3-5 times higher than previously reported values for human COXs.
DGLA was oxygenated with lower efficiency and EPA was a poor
substrate. The algal COX oxidizes fatty acid amide and the ester derivatives
AEA and 2-AG to the corresponding prostaglandin products, at rates of
28% and 14%, respectively, compared to AA.
The COXs in red algae are encoded by intron-free genes; in the G.
vermiculophylla, the gene is about 2.2 kb long and in the C. truncatus about
1.9 kb.
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4.2. Prostaglandin synthesis in crustacean arthropods (II, III)
4.2.1. Genetic and biochemical characterization of crustacean COXs
(II)
COX-related cDNA was cloned from the amphipod crustaceans Gammarus sp.
and Caprella sp. by the RT-PCR strategy. To determine whether amphipod
COX proteins are glycosylated, expression in COS-7 cells was performed in the
presence or absence of the N-glycosylation inhibitor tunicamycin. The
recombinant amphipod enzymes were expressed in COS-7 cells and baculoviral
Sf9 cells. The activity of the enzymes was measured using microsomal fractions
of the COS-7 and Sf9 cells, containing recombinant amphipod COXs, and the
products were identified by RP-HPLC. To determine the subcellular localization
of amphipod COX proteins, an indirect immunofluorescence microscopy
analysis was used.










COXs from the crustacean amphipods Gammarus sp. and Caprella sp. are
68 kDa enzymes, which share about 40-46% amino acid sequence identity
with the human COX-1 and COX-2.
The major differences between amphipod and mammalian COXs are in
their N- and C-terminal regions. The N-terminal signal sequence in
amphipod enzymes is not cleaved, and the C-terminus is shorter than that of
mammalian isoforms and lacks the KDEL(STEL)-type ER
retention/retrieval signal.
Amphipod COX proteins contain key residues shown to be important for
cyclooxygenase and peroxidase activities. In a cox active site, Arg120,
Tyr355, Ser530 (important for substrate binding and coordination) and
Val349 (oxygenation stereo control at C-15) are all conserved. In a pox
active site, His388 (a heme proximal ligand), Gln203 and His207
(important for peroxidase activity) are conserved in both amphipod
enzymes.
The cellular localization of amphipod COX proteins is similar to that of the
mammalian counterparts: they locate on the ER and nuclear envelope.
Amphipod COX proteins are glycosylated, although they share only two of
three consensus sites with mammalian counterparts. Gammarid and
caprellid COXs have the third potential N-glycosylation site at Asn213, and
the gammarid COX has an additional consensus site at Asn439.
The recombinant COX proteins, expressed in both baculoviral Sf9 cells and
in COS-7 cells, were fully functional and catalysed the same reactions as
mammalian counterparts: the enzymes converted AA into prostaglandin
endoperoxide, which degraded to a mixture of the stable end products
PGF2α, PGE2 and PGD2 in an aqueous medium.
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The non-selective inhibitor of mammalian COX indomethacin and the
selective COX-2 inhibitor nimesulide were not able to inhibit amphipod
COXs.
The COX gene from Gammarus sp. is ~9.6 kb long and has thirteen exons;
the COX gene from Caprella sp. is ~6.4 kb long and has eleven exons.
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4.2.2. Membrane-associated prostaglandin E synthase-2 from
crustacean arthropods (III)
The cDNA sequences encoding mPGES-2 were cloned from the amphipod
crustaceans Gammarus sp. and Caprella sp. using the RT-PCR strategy. The
His-tagged proteins were expressed in E. coli BL21(DE3)RP cells and purified
with nickel nitrilotriacetic acid column and continuous diafiltration. The activity
of the purified enzymes was measured using a coupled enzyme assay in which
the substrate for mPGES-2, PGH2, was synthesized from [14C]AA, using highly
active COX from the red alga G. vermiculophylla. The reaction products were
identified by RP-HPLC. The heme content of the purified amphipod protein
was measured spectrophotometrically. Titration of the purified mPGES-2 with
heme solution was monitored using a spectrophotometer.












The mPGES-2 proteins from Gammarus sp. and Caprella sp. have a
molecular mass of about 50 kDa and they share 40-43% identity with the
human mPGES-2. The highest (48-51%) amino acid sequence homology of
amphipod mPGES-2s was found with PGES-2-like sequences of the prawn
P. monodon, sea lice Caligus rogercresseyi and water flea D. pulex.
Like mammalian mPGES-2, amphipod enzymes consist of N-terminal
membrane-associated regions and cytoplasmic glutathione S-transferase
(cGST)-like regions, which include thioredoxin-like domains, and Cterminal helical domains. The glutaredoxin/thioredoxin homology region
includes the catalytically important Cys-Pro-Phe-Cys motif. The predicted
GSH-binding motif is also conserved in amphipod proteins.
Amphipod mPGES-2 has the longest N-terminal part compared to other
known mPGES-2s, a long C-terminus and some insertions larger than two
amino acids in the sequence.
The predicted protein structure model of caprellid mPGES-2 shows
remarkable similarity to the Macaca fascicularis mPGES-2 crystal
structure. The superimposed structures share about 40% of identical
residues. The root-mean-square deviation (RMSD) between 233 α-carbon
atom pairs (79% of total) was 0.840 Å.
N-terminally truncated amphipod mPGES-2 enzymes can be functionally
expressed in the prokaryotic expression system.
The amphipod mPGES-2 proteins have drastically lower heme-binding
capacity than their mammalian counterparts, and therefore amphipod
mPGES-2 may exist in vivo as heme-free proteins capable of isomerizing
PGH2 to PGE2.
Both, the crude cell extract containing the recombinant mPGES-2 and the
purified recombinant mPGES-2 converted algal COX-derived PGH2
specifically to PGE2. The addition of heme to the assay mixture did not
initiate the degradation of PGH2 to 12-HHT and MDA.
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GSH increases both the stability and activity of amphipod mPGES-2, while
a sodium salt of the well-known SH-group inhibitor p-hydroxymercuribenzoate completely inhibits the mPGES-2 activity.
The mPGES-2 genes from caprellid and gammarid consist of seven exons
and span about 4.1 kb and 4.3 kb of DNA, respectively.
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DISCUSSION
The occurrence of prostaglandins and other oxylipins has been reported in
several marine organisms, including red algae. However, the mechanism of
prostaglandin biosynthesis in non-animal organisms has remained unknown for
years. In recent decades, genes with a certain homology to animal COX genes
have been identified in plants, fungi and bacteria. These genes encode for
proteins that, in spite of some structural similarity with animal COX, differ in
catalytic activities. For example, fatty acid dioxygenases, α-DOXs, show
striking similarities compared to animal COXs, with 21 out of 22 α-helices, and
catalytically important tyrosine is conserved, yet they catalyse the oxygenation
of fatty acids to the corresponding 2R-hydroperoxides (Goulah et al., 2013).
The initial goal of the present study was cloning and the structural and
biochemical characterization of the enzymes responsible for the prostaglandin
synthesis in red alga G. vermiculophylla. Using degenerative primers and the
RT-PCR cloning strategy, several COX-like sequences were identified.
However, it was found that most of them belonged to the arthropods, more
specifically to amphipod crustaceans, inhabiting the red algal community.
Although, prostaglandins have been shown to play certain regulatory roles in
insects and other arthropods, acting on reproduction, the immune system and
ion transport, knowledge of their biosynthetic pathways in arthropods is
lacking. Moreover, homologs of vertebrate COX genes have not been identified
in completely sequenced terrestrial insect genomes, and it was proposed that in
arthropods the enzymes involved in prostaglandin biosynthesis differ from their
mammalian counterparts. The peroxinectin (Pxt) from D. melanogaster is
thought to serve as a putative COX (Tootle and Spradling, 2008) and
peroxidases (POXs) from S. exigua are also believed to be associated with
prostaglandin biosynthesis (Park et al., 2014). The only bioinformatic evidence
of the possible COX pathway in arthropods is derived from crustaceans
(Heckmann et al., 2008). Here, our second goal developed: to add some clarity
regarding the biosynthetic pathways of prostaglandins in aquatic arthropods.
The first non-animal COX which we identified in the red alga G.
vermiculophylla displays atypical structural features. The algal COX has no Nterminal signal peptide and lacks structural elements identified in all known
animal COXs, such as the EGF-like domain and helix B in the MBD. The
recombinant protein was identified as a tetrameric protein. With the loss of the
EGF-domain, the three intra-domain disulfide bonds that are absolutely
conserved in both COX isoforms are also lost. Therefore, it can be speculated
that the subunits of red algal COX are differently associated compared to the
mammalian enzymes, and the cross-talk between the monomers (if it occurs)
has to be regulated in different ways. In addition, there are questions about the
substrate uptake and the subcellular localization of the enzyme.
The vertebrate COX proteins are very similar to each other. There is 60-65%
sequence identity between COX-1 and COX-2 from the same species and 8590% identity among individual isoforms from different vertebrate species
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(Smith et al., 2000). The algal COX shares only 20% amino acid sequence
identity with its mammalian counterparts, but the comparison of its predicted
tertiary structure with the x-ray crystal structure of ovine COX-1 suggests a
high conservation of overall structural architecture. However, on the basis of
modelling data, differences in the primary structure of algal COX cause
significant conformational changes in the MBD and in the entry to the substrate
binding channel. X-ray studies of algal COX, preferentially co-crystallized with
substrate analogues, may answer these questions.
Our studies clearly show that the prostaglandin biosynthesis pathway,
similar to that of mammals, is also used by red algae. It is noteworthy that the
COX pathway is not only represented in the red alga G. vermiculophylla from
the Sea of Japan, but a very similar COX sequence was identified in the red alga
C. truncatus inhabiting the almost fresh water of Kassari Bay in the Baltic Sea.
Compared to the red algal enzymes, the COXs from crustacean arthropods
are more similar to their mammalian counterparts. The major differences in
primary structure between amphipod and mammalian COXs lie in the N- and Ctermini of proteins. The N-terminal signal peptide is not cleaved in amphipod
COXs, and they lack the C-terminal KDEL(STEL) ER retention/retrieval signal,
yet the proteins are post-translationally processed and localize, similarly to
mammalian enzymes, in the ER and nuclear envelope. All of the known
crustacean COX sequences have remarkably short C-termini. Although it has
been shown that amino acid substitutions or deletions at the C-terminus of
COX-1 (but not COX-2, which has a longer C-terminus more tolerant to
structural changes) led to a significant loss of catalytic activity (Guo and
Kulmacz, 2000), the extremely short C-terminus of amphipod COXs seems not
to disturb their catalytic activity.
Glycosylation has been shown to be important for the correct folding and
activity of the COX proteins (Kulmacz et al., 2003). While N-linked
glycosylation sites are strongly conserved in vertebrate COXs, the glycosylation
pattern of COXs in lower marine organisms seems to be more heterogeneous
(Figure 5). Site-directed mutagenesis studies with mammalian COXs have
established that glycosylation at Asn410 is essential for mammalian COX
activity (Otto et al., 1993). This consensus site is not conserved in invertebrate
and algal enzymes. In coral (P. homomalla and G. fruticosa) COXs, there are
three to six N-glycosylation consensus sequences, and the crustacean amphipod
Gammarus sp. and Caprella sp. COXs have four and three N-glycosylation
sites, respectively. Only one of the conserved N-glycosylation sites in vertebrate
COX isozymes, at Asn144, is present in invertebrate COXs; in crustacean
enzymes, the positions at Asn68 are also conserved, but the locations of all the
other sites in invertebrate enzymes are different. In spite of essential differences
in their N-glycosylation patterns, the COXs from corals and amphipods have to
be glycosylated to be functional. The red algal C. truncatus and C.
vermiculophylla COXs have three and two potential N-glycosylation sites,
respectively, but none of them is conserved with animal COXs. However they
share one consensus site, Asn193, with coral enzymes. More interestingly, the
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algal COX is unique, because it does not need N-glycosylation, and it can be
expressed in prokaryotic systems as a fully functional enzyme. Furthermore, the
recombinant algal COX was not directed to the N-glycosylation machinery
when expressed in eukaryotic COS-7 cells. During the late phase of our
research, Kanamoto et al. also reported the identification of a COX gene from
the red alga G. vermiculophylla and expression of functional recombinant algal
COX in E. coli cells (Kanamoto et al., 2011). They showed that recombinant E.
coli cells produced PGF2α in a medium supplemented with AA, and secreted the
PGF2α product.

Figure 5. Consensus sequences for N-linked glycosylation of mammalian and lower
marine organism COXs. In mammalian COXs, consensus sites which are actually
glycosylated are shown in bold, and the other potential N-glycosylation sites are shown
in grey. The figure is constructed using multiple sequence alignment of deduced amino
acid sequences of human, amphipod, coral and algal COXs and it does not reflect the
actual protein lengths in amino acids.

Non-specific NSAIDs inhibit the cyclooxygenase activities of both COX-1
and COX-2, while COX-2 specific inhibitors called coxibs are more potent
towards COX-2. Aspirin causes covalent modification of mammalian COX
through irreversible acetylation of highly conserved Ser530. The other NSAIDs
inhibit enzymes by competing with AA at the cyclooxygenase active site
(Simmons et al., 2004). Our studies showed that Ser530Thr substitution in the
algal COX effectively rendered the enzyme insensitive to aspirin, while the
product profile of the algal COX did not change, unlike the respective mutants
of animal COX. Other non-specific NSAIDs and COX-2 selective nimesulide,
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even at high inhibitor concentrations, only very weakly affect the algal enzyme
activity. The Arg120Leu substitution is probably the reason for the insensitivity
of algal COX toward NSAIDs containing carboxylic acid moieties, such as
flurbiprofen and indomethacin. In amphipod COXs, Arg120 is conserved.
Surprisingly, our studies showed that indomethacin did not inhibit the activity
of the recombinant amphipod COX. There are several studies describing the
inhibition of biological processes in insects with mammalian COX inhibitors
indomethacin and aspirin. These discrepancies indicate how variable and
complicated the biological processes in insects are and many of these are still
waiting to be studied.
The phylogenetic analysis (Figure 6) revealed that while vertebrate COX
sequences are strictly divided into COX-1 and COX-2 groups, the COX
sequences of different classes of invertebrates form separate arms and show
considerable divergence, even though essential catalytic residues are conserved.
This confirms the hypothesis that vertebrate COXs share a common ancestor
with their invertebrate counterparts and that the COX-1 and COX-2 segregated
later in evolution, after the divergence of the Animal Kingdom into vertebrates
and invertebrates (Järving et al., 2004). The red algal COX probably diverged
even earlier, in the course of divergence of algal and animal lineages, evolved
differently and preserved more primordial features characteristic of ancestral
enzyme, while the animal COXs have acquired novel structural elements. αDOXs presumably diverged during the separation of algal and plant lineages
and have remained ancestral features.
While mammals, birds and amphibians have two COX isoforms, the
constitutively expressed COX-1 and inducible COX-2, some types of fish have
three COX genes (Ishikawa and Herschman, 2007). The situation in lower
marine organisms is even more complicated. Only one COX sequence has been
identified in both red algae and amphipod crustaceans investigated so far, as
well as in the genome of the cladoceran crustacean D. pulex (Heckmann et al.,
2008) and the malacostracan crustacean P. monodon (Wimuttisuk et al., 2013).
Although two COX genes have been identified in corals and sea squirts, they
emerged from gene duplication, independently of the vertebrate COX-1 and
COX-2 divergence (Järving et al., 2004). It is clear that some lower animals lost
the COX gene in the course of evolution. Crustaceans, in which many COX-like
sequences have been found, are believed to represent the ancestral arthropods
from which insects originated (Glenner et al., 2006). So far, direct homologs of
mammalian COX genes have not been identified in the completely sequenced
insect genomes Drosophila sp., A. aegypti, A. gambiae, B. mori, T. castaneum
and others. However, using bioinformatics analysis, we identified the COX-like
sequence in one insect, the human body louse P. humanus corporis. The body
louse COX shares about 30% identity with mammalian COXs and the
comparison of intron positions and phases, as well as exon sizes, of the P.
humanus COX gene suggests a common evolutionary origin with vertebrate
enzymes.
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Figure 6. The phylogenetic tree of the α-DOX and COXs. The tree was constructed
with MEGA 5.10 using amino acid sequences with the neighbour-joining method. The
scale bar represents an estimate of the number of amino acid substitutions per site.
Bootstrap values are indicated for each branch divergence.

In lower marine organisms, the knowledge of PGH2 isomerases and
reductases, the next enzymes in the prostaglandin biosynthesis pathway, is also
lacking. mPGES-2-like sequences have been found in many arthropod genomes,
including in insect genomes, where COX-like sequences are missing. Therefore,
it was of interest to us to clone and characterize the first mPGES-2 proteins
from arthropods. The phylogenetic analysis revealed that arthropod mPGES-2
sequences form clearly distinct clusters compared to vertebrate enzymes (Figure
8, in Article III), indicating their early segregation and independent
development.
Takusagawa has reported that macaque mPGES-2 exists in two forms, as
heme-free and heme-bound enzymes, that the heme-free enzyme catalyses the
formation of PGE2 from PGH2, and that the heme-bound mPGES-2 is a GSHdependent protein which catalyses PGH2 degradation to 12-HHT and MDA. It
was proposed that mammalian mPGES-2 is a GSH-dependent heme protein and
that in vitro dithiothreitol dissociates the bound heme to produce active hemefree PGE2 synthase (Takusagawa, 2013).
To avoid heme dissociation, we purified amphipod mPGES-2 enzymes in the
absence of dithiothreitol and in the presence of GSH. Our results show that
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mPGES-2 enzymes in aquatic arthropods have significantly lower hemebinding affinity than mammalian mPGES-2. Therefore, they may exist in vivo
as heme-free proteins capable of catalysing the synthesis of PGE2.
Since PGH2 is extremely unstable in an aqueous solution, in vitro, the
catalytic activity of amphipod mPGES-2 was studied in a “one-pot process”, in
which PGH2 was both generated and metabolised without isolating the
intermediate. The substrate for mPGES-2, PGH2, was synthesized from
[14C]AA, using a highly active recombinant COX from the red alga G.
vermiculophylla. Both amphipod mPGES-2 proteins converted the algal COXderived PGH2 specifically to PGE2.
The mPGES-2 is the only enzyme, so far, that is known to change its
catalytic activity in the presence or absence of the cofactor (Yamada and
Takusagawa, 2007; Takusagawa 2013). In this way, the enzyme can carry out
different physiological roles.
Our data demonstrate that amphipods use the prostaglandin synthesis
pathway, where PGE2 is formed from AA via successive reactions of COXs and
mPGES-2. The exact role of mPGES-2-like enzymes in terrestrial insects and
other invertebrates lacking COXs and their substrate fatty acids has yet to be
determined.
In summary, the results of the current study clearly indicate that all
organisms, animal or non-animal, use similar routes, i.e. COX pathways of
prostaglandin synthesis. All COXs originate from a common ancestor and,
despite significant structural differences established through evolution, they
have maintained their catalytic specificity.
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CONCLUSIONS
In this work, the enzymes responsible for prostaglandin biosynthesis in the
marine organisms red algae and crustacean amphipods were studied. It was
proved that the prostaglandin synthesis pathway in red algae and crustaceans are
similar to that of mammals. It was also demonstrated that amphipods use the
prostaglandin synthesis pathway where PGE2 is formed from AA via successive
reactions of COX and mPGES-2. The main conclusions of the thesis are as
follows:


COXs from red algae (G. vermiculophylla and C. truncatus) were cloned
and characterized. The algal COXs share only about 20% amino acid
identity with their animal counterparts, yet catalyse the conversion of AA
into prostaglandin-endoperoxides, PGG2 and PGH2. The enzymes lack
several structural elements identified in all known animal COXs, such as
the EGF domain and helix B in MBD. The catalytically important Tyr385
and heme ligand His388 are conserved in the algal enzyme, but the amino
acids important for substrate binding and coordination (Arg120, Tyr355 and
Ser530) are not found at the appropriate positions. Algal COXs can be
functionally expressed in E. coli. The preferred substrate for the algal COXs
is AA but, similarly to animal COX-2, it is capable of metabolizing ester
and amide derivatives of AA to corresponding prostaglandins. Algal COX
is not inhibited by NSAIDs.



COXs from marine crustacean amphipods (Gammarus sp. and Caprella sp.)
were expressed and characterized. The amphipod proteins contain key
residues important for cyclooxygenase and peroxidase activities, and
catalyse the same reactions as their mammalian counterparts. The Nterminal signal sequence of the amphipod COX is not cleaved and the Cterminus is shorter than that of mammalian isoforms and lacks the
KDEL(STEL)-type ER retention/retrieval signal, yet the amphipod enzymes
are glycosylated and locate on the ER and nuclear envelope. The amphipod
COX is not inhibited by NSAIDs.



mPGES-2 from the same amphipods were examined. The amphipod
mPGES-2 proteins share 40-43% amino acid identity with human mPGES2, contain a conserved Cys110-x-x-Cys113 motif and have drastically lower
heme-binding affinity than mammalian enzymes. The recombinant purified
amphipod mPGES-2 enzymes specifically catalyse the isomerization of
PGH2 to PGE2. The PGES activity is increased in the presence of GSH and
inhibited with a sulfhydryl group inhibitor.
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ABSTRACT
Cyclooxygenases (COX) catalyse the first two steps in the biosynthesis of
prostaglandins, well-known lipid mediators in vertebrates, which regulate many
physiologically important processes and various pathological events. The
occurrence and physiological roles of prostaglandins have been reported in
several lower marine organisms. However, very little is known about the
enzymes responsible for their biosynthesis. The first invertebrate COXs have
been identified in the soft corals Plexaura homomalla and Gersemia fruticosa.
COX proteins have never previously been identified in arthropods or in algae.
Although COX-like sequences have been detected in different aquatic
crustaceans, the homologs of vertebrate COX genes have not been identified in
fully sequenced terrestrial insect genomes. Therefore, it is believed that in some
arthropods the enzymes involved in prostaglandin biosynthesis may
significantly differ from their mammalian counterparts.
The aim of the current study was to unravel the biosynthetic pathways of
prostaglandins in lower marine organisms. Using the RT-PCR strategy, we
cloned and characterized COXs in the algae Gracilaria vermiculophylla and
Coccotylus truncatus, as well as in the amphipod crustaceans Gammarus sp.
and Caprella sp. In addition, membrane-associated prostaglandin E synthase-2
(mPGES-2) enzymes in the same amphipods were cloned and described.
COXs from red algae share only about 20% of the amino acid sequence
homology with their animal counterparts and reveal atypical structural features.
They lack some structural elements identified in all known animal COXs, as
well as several amino acid residues shown to be important for substrate binding
and coordination. Differently from animal COXs, G. vermiculophylla COX
expresses in E. coli as a fully functional enzyme that is not inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs). Similarly to animal COX-2, algal
COX is capable of metabolising ester and amide derivatives of arachidonic acid
to the corresponding prostaglandin products.
In marine amphipod COXs, the structural elements and key residues
important for cyclooxygenase and peroxidase activities are conserved.
However, there are remarkable differences in the C- and N-termini of the
amphipod proteins. Both amphipod recombinant COXs expressed in COS-7
cells catalyse the conversion of the AA into prostaglandin endoperoxides, PGG2
and PGH2, and are not inhibited by NSAIDs.
The next enzymes in the prostaglandin biosynthesis pathway, the amphipod
mPGES-2 proteins, share about 40% amino acid sequence identity with their
mammalian counterparts. Interestingly, these enzymes have remarkably lower
heme binding affinity compared to mammalian mPGES-2s, and most probably
they exist in vivo as heme-free proteins capable of catalysing the synthesis of
PGE2. The sulfhydryl group inhibitor p-hydroxymercuri-benzoate totally
inactivates amphipod mPGES-2 proteins, indicating the catalytical importance
of the Cys110-x-x-Cys113 motif.
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In conclusion, the first non-animal COX from marine red algae was
characterized. We demonstrated that amphipods use the prostaglandin synthesis
pathway, where PGE2 is formed from arachidonic acid via successive reactions
of COX and mPGES-2. It was shown that the enzymes involved in
prostaglandin synthesis in lower marine organisms significantly differ from
their mammalian counterparts, yet maintain their catalytic specificity. The
current study of arachidonic acid metabolism in lower marine organisms
provides new insights into the evolutionary, structural and catalytic aspects of
enzymes responsible for prostaglandin biosynthesis.
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KOKKUVÕTE
Loomsetes organismides katalüüsivad tsüklooksügenaasid (COX) kahte esimest
etappi oluliste lipiidsete signaalmolekulide, prostaglandiinide sünteesis. Kuigi
prostaglandiinide leidumist ning nende füsioloogilist rolli on kirjeldatud mitmes
alamas mereorganismis, on vähe teada neid ühendeid sünteesivatest
ensüümidest ja biosünteesi radadest. Esimesed selgrootute COX-d
identifitseeriti korallidest Plexaura homomalla ja Gersemia fruticosa. Andmed
COX-dest lülijalgsetes ja vetikates on siiani puudulikud. Kuigi COX-i sarnaseid
järjestusi on leitud erinevatest meres elavatest vähilistest, pole täielikult
järjestatud maismaa putukate genoomidest identifitseeritud selgroogsete COX
geeni homoloogi. Seetõttu on arvatud, et mõnedes lülijalgsetes võivad
prostaglandiinide sünteesis osalevad ensüümid oluliselt erineda imetajate
vastavatest ensüümidest.
Antud töö eesmärgiks oli välja selgitada, milline prostaglandiinide
biosünteesi rada on kasutusel alamates mereorganismides. Kasutades RT-PCR
strateegiat,
kloneeriti
ja
iseloomustati
punavetikatest
Gracilaria
vermiculophylla ja Coccotylus truncatus ning kirpvähilistest Gammarus sp. ja
Caprella sp. COX-d. Samuti kloneeriti ja kirjeldati samade kirpvähiliste
membraanseoselised prostaglandiin E süntaas-2 (mPGES-2).
Punavetikate COX-d omavad vaid 20% aminohappelise järjestuse identsust
selgroogsete COX-dega ning on ebatüüpilise struktuurse ülesehitusega. Neil
puuduvad mõned struktuurselt olulised elemendid, mis on esindatud kõigis
selgroogsete COX-des ning mitmed substraadi sidumiseks ja koordineerimiseks
vajalikud aminohappejäägid. Erinevalt imetajate COX-dest, on prokarüootses
süsteemis ekspresseeritud G. vermiculophylla COX katalüütiliselt aktiivne ning
ei ole inhibeeritav mittesteroidsete põletikuvastaste ainete poolt. Sarnaselt
selgroogsete COX-2-le, võib punavetika COX kasutada substraadina ka
arahhidoonhappe ester- ja amiid-derivaate.
Uuritud kirpvähiliste COX-des on struktuurselt olulised elemendid ning
tsüklooksügenaasi ja peroksüdaasi aktiivsuseks vajalikud aminohappejäägid
konserveerunud. Märkimisväärseid erinevusi leidub aga valkude N- ja Cterminaalsetes otstes. Siiski on COS-7 rakkudes ekspresseeritud
rekombinantsed kirpvähiliste COX-d aktiivsed ning katalüüsivad
arahhidoonhappe konversiooni prostaglandiin-endoperoksiidideks, PGG2 ja
PGH2. Ka need ensüümid ei ole mittesteroidsete põletikuvastaste ainete poolt
inhibeeritavad.
Prostaglandiinide
sünteesiraja
järgmised
ensüümid,
kirpvähiliste
mPGES-2-d omavad 40% aminohappelise järjestuse identsust vastavate
imetajate ensüümidega. Huvitaval kombel omavad need ensüümid aga
viimastega võrreldes märkimisväärselt madalat heemi sidumise afiinust ning
eksisteerivad tõenäoliselt in vivo heemivabal kujul, olles võimelised
katalüüsima PGE2 sünteesi. Sulfüdrüülrühma inhibiitor p-hüdroksü-Hgbensoaat inaktiveerib kirpvähiliste mPGES-2 täielikult, mis omakorda viitab
ensüümis leiduva Cys110-x-x-Cys113 motiivi katalüütilisele tähtsusele.
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Antud töös tõestati esmakordselt, et imetajatele sarnane prostaglandiinide
sünteesi rada on esindatud ka mitteloomset päritolu organismides –
identifitseeriti ja iseloomustati punavetika COX. Leiti, et mere kirpvähilistes
toimub prostaglandiinide süntees arahhidoonhappest läbi COX-raja. Kuigi
vastavad ensüümid alamates mereorganismides erinevad oluliselt imetajate
ensüümidest, on nad siiski säilitanud oma katalüütilise spetsiifilisuse. Antud
uurimistöö arahhidoonhappe metabolismist alamates mereorganismides annab
täiendavat informatsiooni prostaglandiinide biosünteesirajas osalevate
ensüümide evolutsiooniliste, struktuursete ja katalüütiliste aspektide osas.
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