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Lipid mediators is the collective term for prostanoids, leukotrienes, lysophospholipids, platelet-
activating factor, endocannabinoids and other bioactive lipids, that are involved in various
physiological functions including inflammation, immune regulation and cellular development. They
act autocrinically and paracrinically by binding to their ligand-specific G-protein coupled receptors
(GPCRs). Since 1990’s a number of lipid GPCRs have been cloned in humans, with a few more
identified in other vertebrates. However, the conservation of these receptors has been poorly
investigated in other eukaryotes. Herein we performed a phylogenetic analysis by collecting their
orthologs in 13 eukaryotes with complete genomes. The analysis shows that orthologs for
prostaglandin receptors are likely to be conserved in the 13 eukaryotes. In contrast, those for
lysophospholipid and cannabinoid receptors appear to be conserved in only vertebrates and
chordates. Receptors for leukotrienes and other bioactive lipids are limited to vertebrates. These
results indicate that the lipid mediators and their receptors have coevolved with the development of
highly modulated physiological functions such as immune regulation and the formation of the central
nervous system. Accordingly, examining the presence and role of lipid mediator GPCR orthologs in
invertebrate species can provide insight into the development of fundamental biological processes

across diverse taxa.
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1. Introduction

Lipid mediators is a collective term for prostanoids, leukotrienes (LTs),
lysophospholipids, platelet-activating factor (PAF), endocannabinoids (CB), and other
bioactive lipids. These mediators have a range of biological activities and are important
in multiple fundamental biological processes including reproduction, signaling processes,
immune function and disease etiology and pathogenesis to name a few. Lipid mediators
are synthesized from precursor membrane lipids (6.g., arachidonic acid) and have
relatively short half-lives, which limits their signaling functions to be autocrinic and
paracrinic. These mediators act on Class I G protein-coupled receptors (GPCRs) [18].
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Eicosanoids are a major class of lipid mediators that are the oxygenated products of
arachidonic acid [17, 5]. Following its release from membrane phospholipids,
arachidonic acid can be modified by 3 distinct enzymatic pathways including
cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 (P450) pathways.
Eicosanoids are further divided into subgroups based upon these pathways, with
prostaglandins (PGs) being synthesized via COX-dependent pathways in combination
with terminal synthases and LTs being synthesized via LOX-dependent pathways. The
different eicosanoids bind to distinct GPCRs that demonstrate receptor-specific binding
affinities. There are currently 5 known prostanoid receptors: EP FP, DP, IP and TP,
which preferentially respond to PGE2, PGF2a, PGD2 and PGI2 and thromboxane A2
(TXA2), respectively. The EP group is further divided into 4 subtypes termed EP1-4. The
physiological effects of each PG have been well-studied in mammals [5]. PGE2 and PGI2
induce several inflammatory responses including fever, pain, and vasodilatation.. PGF2a
and PGE2 have essential roles in reproduction including oocyte maturation and uterine
contraction in mammals [22]. TXA2 acts in platelet aggregation.

To date, four different LT receptors have been identified: cysteinyl leukotriene
receptor 1 and 2 (CysLT1/2) and leukotriene B4 (LTB4) receptor 1 and 2 (BLT1/2). The
primary ligands for CysLT1/2 are the glutathione peptide conjugated LTs (LTC4, LTD4
and LTE4) and the main ligand for the BLT1/2 is LTB4. However, recently, a COX-
catalyzed product 12-HHT (12S-hydroxy-5Z,8E,10E-heptadecatrienoic acid) was found
to be an endogenous ligand of BLT2 [13]. Leukotriene receptors are highly expressed in
neutrophils and eosinophils, and are involved in the chemotasis of these cells to the
inflamed site. Recently it has been elucidated that they are also expressed in immune
cells, regulating immune responses [24]. Lysophopholipids are structurally categorized
into lysophosphatidic acids (LPAs) and sphingosine 1-phosphates (S1Ps), both of which
generate a large number of species depending on the $7-7 and $n7-2 positions of the lipid
architecture and the positions and the number of double bonds in the acyl chains.
Recently 6 distinct receptors for LPAs, LPA1-6, and five for S1Ps, S1P1-5, have been
identified. Lysophopholipids are involved in the regulation of cellular responses
including cell proliferation, differentiation, migration, adhesion and morphogenesis.
Several pathological studies have revealed their essential roles in the formation of the
central nervous system, angiogenesis and the regulation of vascular contraction [2, 11,
19]. S1Ps are also involved in the regulation of lymphocyte migration [14]. Finally, two
CB receptors, CB1 and CB2, have been identified; CB1 is expressed mainly in the central
nervous system and CB2 in immune cells [18].

Most GPCR-based studies to date have been mostly limited to humans and rodents.
Accordingly, the conservation of these receptor genes and their functions are poorly
understood in other eukaryotes. To address this point, we performed a phylogenetic
analysis to investigate the variation of lipid GPCRs in 13 eukaryotic organisms in an
attempt to correlate the emergence of lipid signaling functions to the development of
physiological activities in which they are involved.



2. Materials and Methods

2.1. Obtaining experimentally characterized lipid mediator GPCRS

46 amino acid sequences (26 in H. sapiens, 10 in M. musculus, seven in R. norvegicus,
two in X ./agvis and one in D. rério) of experimentally annotated lipid mediator GPCRs
were obtained from the UniProt database [25]. The UniProt IDs and annotations of the
query sequences are listed in Table 1.

2.2. BLAST search for lipid mediator GPCR candidates

Using the query sequences we performed a BLAST search [1] for 16 eukaryotic
organisms with complete genomes, H. sapiens (hsa), M. musculus (mmu), R. norvegicus
(rno), X. /aevis (xla), D. rerio (dre), C. intestinalis (cin), B. floridae (bfo), S. purpuratus
(spu), 0. melanogaster (dme), C. elegans (cel), B. malayi (bmy), N. vectensis (nve), T.
adhaerens (tad), A. thaliana (ath), S. cerevisiaé (sce) and M. brevicollis (mbr). Amino
acid sequences of the 16 organisms were downloaded from the KEGG GENES database
[9]. Since a large part of the search results consisted of olfactory receptor sequences, each
of the 46 search results was given an E-value optimally small enough to remove all
known olfactory receptors, based on an assumption that candidate lipid GPCRs have
higher degrees of similarity with the queries than olfactory receptors.

2.3. ldentifying ortholog candidates using phylogenetic trees

For each of the organisms the refined search results were merged with the 46 lipid query
sequences. The merged sequences were used to perform a multiple sequence alignment
with the program E-INS-I in MAFFT version 5.8 [10] and to construct a rooted
phylogenetic tree using the neighbor-joining (NJ) method [16] using the program
QuickTree [7] with bootstrap values. Nine human olfactory receptor sequences were used
as an outgroup in order to identify the root of the tree. In order to identify ortholog
candidates, query sequences were grouped into seven classes, prostanoid receptors (PG),
leukotriene receptors (LT), fatty acid receptors (FA), lysophospholipid receptors (LPA &
S1P), cannabinoid receptors (CB), platelet-activating factor receptors (PAF), bile acid
receptors (BA) and non-lipid GPCRs. In this process subsets that belong to the same class,
such as receptors for PGE2 and PGF2a in the prostanoid receptor class (PG), were not
distinguished from each other. Since the BLAST search results contained many non-lipid
GPCRs whose similarities are higher than olfactory receptors, we also considered 16
known human non-lipid receptors, which were also in the BLAST hits, so that the
annotated part of the search results were increased. On the constructed trees ortholog
candidates of the query sequences were manually extracted by the procedures (i) and (ii).

(1) For each class of queries, define ortholog cluster(s) via the following two
steps;



Step 1. For each query, if the nearest query node(s) belongs to the same class, all

the internal candidates are considered as orthologs.

Step 2. Repeat Step 1 until no such nearest queries are found.

(i1) To expand each ortholog cluster defined in (i), candidates in the sibling cluster
are tested for validity by BLAST search against the human genome; if queries
in the defined ortholog cluster are listed as the top hits, the candidates are
considered as orthologs.

Fig. 1 shows the overall flow chart of the methods described in the sections 2.1-2.3.
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Figure 1. Flow chart of the overall method.

3. Results

3.1. BLAST search results

The total of 3134 hits was obtained from the BLAST search results with selective E-
values. The E-values and the number of BLAST hits for each query are listed in the
following table below.
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Table 1. The number of BLAST hits for 46 query sequences with selective E-values

# of
Uniprot ID KEGG ID* Uniprot annotation E-val® BLAST Pubmed ID
hits
Prostanoid receptors
P34995 hsa:5731 Prostaglandin E2 receptor EP1 subtype - 38 8253813
P35375 mmu:19216 Prostaglandin E2 receptor EP1 subtype - 41 7690750
P43116 hsa:5732 Prostaglandin E2 receptor EP2 subtype - 65 8078484
Q62053 mmu:19217 Prostaglandin E2 receptor EP2 subtype - 42 7556658
P35408] hsa:5734 Prostaglandin E2 receptor EP4 subtype 10" 829 8163486
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Table 1 cont’d

Prostanoid receptors

[P43114]  rmo:84023
[Q9R261 rno:498475
PA3118]  mo:25652

P43119 hsa:5739
[P43252 mmu:19222
[P43253 M0:292661

P21731 hsa:6915

P30987 mmu:21390

P34978 rno:24816

Leukotriene receptors

Q15722 hsa:1241
QINPC1] hsa:56413
Q9Y271|  hsa:10800
Q99JA4]  mmu:58861

INS75 hsa:57105
Fatty acid receptors

014842 hsa:2864
Q76JU9 mmu:233081
015552 hsa:2867
Q8VCK6| mmu:233079
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Lysophospholipid receptors
2292633| hsa:1902

ZEQPU17| xla:373591
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Q99500] hsa:1903
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9JKMS rno:60399
Cannabinoid receptors

P21554 hsa:1268

P47746 mmu:12801

P34972 hsa:1269
P47936 mmu:12802

PAF receptors
P25103] hsa:5724
62035 mmu:19204
P46002| no:58949

Bile acid receptor

Q8TDU6

hsa:151306

Prostaglandin E2 receptor EP4 subtype
Prostaglandin D2 receptor
Prostaglandin F2-alpha receptor
Prostacyclin receptor

Prostacyclin receptor

Prostacyclin receptor

Thromboxane A2 receptor
Thromboxane A2 receptor
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Leukotriene B4 receptor 1
Leukotriene B4 receptor 2
Cysteinyl leukotriene receptor 1
Cysteinyl leukotriene receptor 1
Cysteinyl leukotriene receptor 2

Free fatty acid receptor 1
Free fatty acid receptor 1
Free fatty acid receptor 2
Free fatty acid receptor 2
Free fatty acid receptor 3
Oxoeicosanoid receptor 1

Lysophosphatidic acid receptor 1
Lysophosphatidic acid receptor 1
Lysophosphatidic acid receptor 1
Lysophosphatidic acid receptor 2
Lysophosphatidic acid receptor 3
Lysophosphatidic acid receptor 4
Lysophosphatidic acid receptor 6
Sphingosine 1-phosphate receptor 1
Sphingosine 1-phosphate receptor 1
Sphingosine 1-phosphate receptor 2
Sphingosine 1-phosphate receptor 3
Sphingosine 1-phosphate receptor 4
Sphingosine 1-phosphate receptor 5

Cannabinoid receptor 1
Cannabinoid receptor 1
Cannabinoid receptor 2
Cannabinoid receptor 2

Platelet-activating factor receptor
Platelet-activating factor receptor

Platelet-activating factor receptor

G-protein coupled bile acid receptor 1
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“hsa: H. sapiens, mmu: M. musculus, mo: R. norvegicus, xla: X. laevis, dre: D. rerio, cin: C. intestinalis,
bfo: B. floridae, spu: S. purpuratus, dme: D. melanogaster, cel: C. elegans, bmy: B. malayi, nve: N. vectensis,
tad: 7. adhaerens.

® Hyphens represents no E-values set.
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3.2. Frequency of candidate lipid mediator GPCRS in 13 eukaryotic genomes

132 ortholog candidates were identified from the 13 constructed phylogenetic trees. No
BLAST search hits were obtained for A. thaliana, S. cerevisiae and M. brevicollis. Table
2 shows the number of orthologs for each class of lipid mediator GPCR. Ortholog
candidates for PG GPCRs were detected in all organisms except for nematodes. Those for
LPA receptors and CB receptors were extracted in vertebrates and chordates. Ortholog
candidates for other receptors including LT receptors and FA receptors were obtained
only in vertebrates.

Table 2. Conservation of lipid mediator GPCRs.
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Vertebrata H. sapiens (hsa) 8(5) 44 44 1009) 2(2) 1(1) 1(1)
M. musculus (mmu) 8(4) 4(1) 3(2) 10 2(2) 1(1) 0
R. norvegicus (rmo) 9(5) 4 3 1ay 2 1(1) 0
X. laevis (xla) 4 0 0 4(2) 2 1 0
D. rerio (dre) 13 12 10 14(1) 3 2 1
Chordata C. intestinalis (cin) 2 0 0 2 1 0 0
B. floridae (bfo) 11 0 0 0 1 0 0
Echinodermata S. purpuratus (spu) 3 0 0 0 0 0 0
Arthropoda D. melanogaster (dme) 1 0 0 0 0 0 0
Nematoda C. elegans (cel) 0 0 0 0 0 0 0
B. malayi (bmy) 0 0 0 0 0 0 0
Cnidaria N. vectensis (nve) 1 0 0 0 0 0 0
Placozoa | 7. adhaerenk (tad) 2 0 0 0 0 0 0

Numbers include both the newly detected ortholog candidates and query sequences. Queries, if any, are
indicated in parentheses.

3.3. Proposed phylogenetic tree of query sequences and detected candidates in 13
eukaryotic organisms.

We constructed a phylogenetic tree using the 46 query sequences and 132 newly detected
ortholog candidates (Fig. 2). It mostly agreed with the classification of lipid GPCR
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orthologs, which means that members of the same class had higher sequence similarities
with each other than to members of other groups. Lysophospholipid receptors were
separated into two groups: 1) LPA1-3 and S1P and 2) other LPA receptors. This distinct
separation pattern has been observed in previous studies with phylogenetic trees of
experimentally annotated human lipid GPCRs [18].
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Figure 2. Proposed phylogenetic tree of lipid mediator GPCRs in 13 eukaryotes. Queries are indicated with
solid circles. Sequences are represented by KEGG IDs using three letter organism codes used in the KEGG
database (see Table 2). PG: prostanoid receptors, LT: leukotriene receptors, FA: fatty acid receptors, LPA:
lysophosphatidic acid receptors, S1P: sphingosine 1-phosphate receptors, CB: cannabinoid receptors, PAF:

platelet-activating factor receptor, BA: bile acid receptors.



4. Discussions

Table 2 shows an asymmetric conservation pattern of lipid mediator GPCRs in 13
eukaryotic organisms. Prostanoid receptors were conserved in all eukaryotes except for in
nematodes. In contrast a limited conservation in other lipid mediator receptors was
observed. Lysophosphospholipid and CB receptors appear to be conserved in vertebrates
and chordates. Other receptors including LT, FA, PAF and BA receptors were only found
in vertebrates. Herein we discuss this tendency in a functional aspect focusing on the
asymmetric conservation of these mediator molecules in invertebrates.

4.1. Conservation of prostanoid receptors in invertebrates

Prostanoid receptors are conserved widely in the eukaryotic genomes. This conservation
can be explained considering their roles in reproduction and fundamental immune
systems in invertebrates. Synthesis and biological effects of prostanoids have been
reported in C. /ntestinalis [8]. The detected candidates would be potential receptors for
the Ciona prostanoid molecules. Generally the roles of lipid mediators are largely
unknown in non-chordate invertebrates. However, there is a fair amount of research that
supports the signaling functions of PGs and other eicosanoids in invertebrates. In insects
detailed analyses have revealed that PGs and other eicosanoids play essential roles in egg
laying and in cellular immunity against microbial invasions [20]. These compounds have
also been shown to have a role in reproduction in non-insectan invertebrates [21].
However, most of the ortholog candidates detected in C. /nfestinalis, B. floridae, S.
purpuratus, D. melanogaster, N. vectensis and T. adhagrens form independent clusters on
the phylogenetic tree (Fig. 2). This may be due to the diversification of PGs in
invertebrates. In fact PGs that have been found in invertebrates include invertebrate
specific forms in addition to the classic vertebrate forms (PGE2, PGD2, etc.) [15]. It is
remarkable that PG receptors were not found in C. €/égans, a free living worm, and B.
malayi, a parasitic worm. It has been reported that 5. malayi releases PGs, which causes
the inhibition of platelet aggregation in the host blood cells [12]. The absence of PG
receptors in these organisms can be understood by their usage in the host cells, but not in
their innate physiology. Collectively, these results suggest a hypothesis regarding the
functional roles of PG receptors in invertebrates. However, in order to fully understand
the conservation and evolution of PG and other eicosanoid functions, the variation in
their biosynthetic pathways, in particular the genomic conservation of COX and LOX,
should also be investigated.

4.2. Leukotriene, Lysophospholipid and cannabinoid receptors in invertebrates

Leukotriene receptors appear to be conserved only in vertebrates. In mammals the well-
known function of LT receptors is the inflammation responses in leukocytes. Thus the LT
signaling may have evolved with the development of leukocytes. Interestingly, although
the origin of the leukocyte can be traced to chordates, no LT receptors were detected in
their genomes. Lysophispholipid receptor orthologs were detected in vertebrates and in C.
intestinalis, but not in other invertebrates. One of the two candidates detected in C.



intestinalis (hsa:494372 on Fig. 2) has been previously annotated as EDG-3-like protein
[6, 23]. Cannabinoid receptor orthologs were also detected in the chordates. One ortholog
(cin:445655) had previously been reported [4] with equal similarities to the mammalian
CBI1 and CB2. Interestingly, the one we detected in B. floridag was different from what
has previously identified by other group [3]. In mammals, lysophospholipids are known
to be involved in the formation of the central nervous system, angiogenesis and the
regulation of the vascular and the immune systems. This information may collectively
explain the coevolution of lysophospholipid and cannabinoid signaling functions with the
development of highly modulated nervous, immune and vascular systems in vertebrates
as the origin of these systems are thought to be traced back into Chordates.

4.3. Possible improvements on our method

Our method searches for sequences with higher similarities to the queries than to
olfactory receptor sequences in each genome. This is based on the assumption that if
orthologs of queries had been emerged in the common ancestor, their sequence
similarities could be conserved with a higher degree to the query sequences than to other
GPCRs in a genome. Although, this process successfully reduces the number of false
positives in the BLAST search hits, which makes the following phylogenetic analyses
much easier, it also limits the possibility of detecting candidate genes that may have been
evolved independently of the queries. In addition, in the obtained BLAST search hits
there were many sequences that remained unannotated especially in the invertebrates.
Annotation of these sequences by known non-lipid GPCRs such as amine receptors and
peptide receptors should help in characterizing these elements.

5.  Conclusions

We performed a phylogenetic analysis to search for mammalian homologues of lipid
mediator GPCRs. Our results show that orthologs for the PG receptors are conserved
widely in all tested eukaryotic organisms except in nematodes. Lysophospholipid
receptors and CB receptors are observed in vertebrates and chordates. Leukotriene
receptors, PAF receptors and BA receptors appear to be vertebrate-specific. The
eukaryotic conservation of PG receptors can be explained by their reproductive function,
which has been demonstrated by previous investigations in insects and other invertebrates.
The absence of other receptors in non-chordate invertebrates indicates that lipid signaling
via GPCRs may have evolved with the development of highly modulated vascular,
immune and nervous systems in vertebrates. These results can give new insight into our
understanding of lipid signaling in invertebrates.
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