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Glycerophospholipids are major structural lipids in cellular membrane systems and play key roles as
suppliers of the first and second messengers in the signal transduction and molecular recognition
processes. The distribution of lipid components differs among organelles and cells. The distribution
is controlled by two pathways in lipid metabolism: de novo and remodeling pathways.
Glycerophospholipids including arachidonic and stearic acids are mostly produced in the remodeling
pathway, whereas lipid chains are reconstructed from those synthesized in the de novo pathway.
Recently lysophospholipid acyltransferases have been isolated as key enzymes in the remodeling
pathway, and the substrate specificity has been investigated in terms of the chemical substructures of
glycerophospholipids, such as the type of head groups and the length of aliphatic chains. These
experimental studies have been reported for specific organisms, and only two representative
sequence motifs are known for acyltransferases: a general pattern and the pattern for membrane-
bound O-acyltransferase (MBOAT). Here we attempt to correlate the sequence patterns and the
substrate specificity of lysophospholipid acyltransferases in 89 eukaryotic genomes in order to
understand the roles of this enzyme family and underlying glycerophospholipid structural variations.
Using phylogenetic and domain analyses, the lysophospholipid acyltransferase family was divided
into 18 subtypes. Furthermore, we examined the occurrence of identified subtypes in eukaryotic
genomes, and found the expansion of these subtypes in vertebrates. These findings may provide
clues to understanding structural variations and distributions of glycerophospholipids in different
organisms.
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1. Introduction

Glycerophospholipids are major structural lipids in cellular membrane systems and play
key roles as suppliers of the first and second messengers in the signal transduction and
molecular recognition processes [1]. They have several molecular variations stemming
from the combination of three substructure components: a polar-head group and two
aliphatic chains at sn-1 and sn-2 positions. Based on the polar-head group,
glycerophospholipids are classified into several classes, such as phosphatidic acid (PA),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
cardiolipin (CL), phosphatidylinositol (PI) and phosphatidylserine (PS). Combined with
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the variation of two aliphatic chains, over 1,000 glycerophospholipids species have been
reported so far [1].

The distribution of lipid species differs among organelles and cells.
Glycerophospholipid biosynthesis is controlled by two lipid metabolism pathways: the de
novo pathway [2] and the remodeling pathway [3]. Two acyltransferases, glycerol-
phosphate acyltransferase (GPAT) and acylglycerol-phosphate acyltransferase (AGPAT),
are responsible for acylation in the de novo pathway. Because these enzymes have no
substrate specificities to aliphatic chains [4-7], the biased distributions of lipid species
are not generated in the de novo pathway. The remodeling pathway uses phospholiase A,
(PLA,) and lysophospholipid acyltransferases (LPLATSs). PLA, hydrolyses the ester
bond at sn-2 position of a glycerophospholipid. The produced free fatty acid and
lysoacylglycerophospholipids are then used as precursors for various second messengers.
LPLAT converts the remaining lysoacylgycerophospholipid into  another
glycerophospholipid, in which the aliphatic chain at sn-2 position may differ from that of
the original one. For example, glycerophospholipids including arachidonic and stearic
acids are mostly produced in the remodeling pathway [8]. Many members of the PLA,
gene family have been cloned, and their substrate specificities for aliphatic chains have
been well characterized, as well as the corresponding sequence motifs [9-12]. On the
other hand, only several members from the mammalian LPLAT family have been
isolated [13-16, 17-20], although their substrate specificity has been investigated in terms
of the chemical substructures of glycerophospholipids, such as the type of head groups
and the length of aliphatic chains [20]. However, these experimental studies have been
performed only for certain organisms, and only two representative sequence motifs are
currently registered in the Pfam motif database [21]: a general acyltransferase pattern
(Acyltransferase) and the pattern for membrane-bound O-acyltransferase (MBOAT).

Here we attempt to correlate the sequence patterns and the substrate specificity of
LPLATS in 89 eukaryotic genomes in order to understand the roles of this enzyme family
and underlying glycerophospholipid structural variations. Using phylogenetic and
domain analyses, the LPLAT family was divided into 18 subtypes. Furthermore, we
examined the occurrence of identified subtypes in the eukaryotic genomes and found that
these subtypes are expanded in vertebrates. These findings may provide clues to
understanding structural variations and distributions of glycerophospholipids in different
organisms.

2. Materials and Methods

2.1. Experimentally characterized lysophospholipid acyltransferase sequences

We collected all possible LPLATSs (lysophospholipid acyltransferases) from completely
sequenced eukaryotes to analyze species variations of glycerophospholipids (Fig. 1). To
provide initial query sequences, we retrieved experimentally characterized LPLAT
encoding protein sequences from the UniProtKB database [22] using several keywords
related to lysophospholipid acyltransferase followed by manual inspection for substrate
specificities. We obtained 24 sequences, including 7 sequences from H. sapiens
(Q6P1A2, A9EDR2, A9EDQS, Q6UWP7, Q7LS5N7, Q96N66 and Q8NF37), 6
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sequences from M. musculus (Q91VO01, Q3TFD2, Q8BH98, Q3UN02, Q8BYI6 and
Q8R312), 3 sequences from D. rerio (QONY VS8, Q502J0 and Q1LWGH4), 2 sequences
from R. norvegicus (QIHAQO and Q5FVNO), and a sequence from each of B. taurus
(Q3SZL3), G. gallus (Q5F3XO0), D. melanogaster (QOKHUY), S. cerevisiae (Q06510), S.
pombe (042916) and D. discoideum (Q54DX7).

2.2. PSI-BLAST Search for lysophospholipid acyltransferase candidates

We performed PSI-BLAST search [23] on eukaryotes in the KEGG GENES database
[24] using each of the above 24 sequences as a seed. The following two conditions were
used for each PSI-BLAST search:
i) The E-value threshold was set to < 107 for creating the sequence set to generate a
position-specific scoring matrix (PSSM).
ii) The PSI-BLAST hit should include the seed sequence, and the maximum number
of iteration cycles was set to 30.
iii) All of the results were integrated to produce a list of non-redundant sequences.

2.3. Clustering analysis

We divided PSI-BLAST hits into several clusters to identify non-LPLAT sequences
(false positives) in the following way:
i) A Smith-Waterman score matrix was constructed using all-against-all SSEARCH
[17] for the sequences in the list.
ii) The complete linkage method was applied to the score matrix by using the R
package [26] with the threshold Smith-Waterman score > 20.
LPLATS are known to have either of two Pfam motifs, PF01553 (Acyltransferase) or
PF03062 (MBOAT). We considered the clusters that did not contain either of these
motifs as false positives and did not use them for further analysis.

2.4. Phylogenetic analysis of each cluster

To determine the orthologous relationships among sequences, we applied the tree-
reconciliation phylogenetic approach [27] to each of the remaining clusters.

1) We used E. coli acyltransferase (eco:b2836) as the outgroup of lysophospholipid
acyltransferase family to construct rooted gene trees.

ii) For each cluster, a multiple sequence alignment was created using MAFFT [28]
with default parameters except for max-iteration, which was set to 30.

iii) If more than 10% of the sequences in an alignment region corresponded to gaps,
the region was eliminated.

iv) Neighbor-joining phylogenies were constructed using the NEIGHBOR program in
the PHYLIP 3.6 package [29]. One hundred bootstrap replicates were generated to
assess the variation in the data using the PHYLIP 3.6 SEQBOOT program.

v) A species tree for the 89 eukaryotes was constructed based on KEGG taxonomy
data [30] and a previously defined metazoan species tree [31]. The list of 89
eukaryotic species and taxonomic classification used in this study can be obtained
from http://mbi3.kuicr.kyoto-u.ac.jp/supp/mtanaka/taxonomy_ibsb2009.txt
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To detect duplication and speciation events on the gene trees, we used a phylogeny-based
algorithm [27]. This algorithm fits a given gene tree to its corresponding species tree and
then infers the minimum set of duplications necessary to explain the topology of the gene
tree. We call the derived tree with the duplication events a reconciled tree. We manually
investigated the reconciled tree to infer the orthologous and paralogous relationships for
sequence pairs in a given cluster.

24 sequences
- experimentally identified
lysphospholipidacyltransferase PSI-BLAST
- KEGG GENES 89
eukaryotic genomes
A\ - building PSSM from hits
PSSM with e-value < 102
- max 30 iteration
- conservation of query
sequence.

v

24 PSI-BLAST Hits

l

1,581 unique candidates

Clustering analysis
- Smith-waterman score
l - complete linkage

- cutoff value < 20

22 clusters

Selecting acyltransferase:

15 clusters - pf:Acyliransferase or pf:MBOAT

- 765 sequences

|

‘ Phylogenetic analysis ‘

Figure 1. The protocol for detecting lysophospholipid acyltransferase candidates.

3. Results

3.1. [Identification of lysophospholipid acyltransferase sequences

We obtained 1,581 LPLAT candidates among 89 eukaryotes through PSI-BLAST. The
successive clustering analysis divided them into 22 clusters. After examining the
occurrence of two Pfam motifs (pf:Acyltransferase and pf:MBOAT) for each of 22
clusters, 7 clusters were considered as false positives and excluded from further analyses.
Of the remaining 15 clusters, 9 clusters (429 sequences from 75 species) contained
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sequences with the Acyltransferase motif and the other 6 clusters (336 sequences from 75
species) contained sequences with the MBOAT motif. In total, we obtained 765 LPLAT
sequences in 89 eukaryotic genomes in the 15 clusters.

3.2. Phylogenetic analysis for LPLAT sequences

The taxonomic distribution of the LPLATS in the 15 clusters is shown in Table 1. Note
that genes belonging to a cluster are sometimes highly duplicated in a specific taxonomy.
For example, Deuterostomia has 3.94 sequences per species in cluster A, which is the
largest cluster within the Acyltransferase family, and other taxonomies (from
Protostomia to Plants) have 2.06 to 3.33 sequences per species in the cluster. Another
example is cluster J, which is the largest cluster within the MBOAT family.
Deuterostomia has 2.56 sequences per species, but other taxonomies have 1.00 to 1.88
sequences per species in this cluster. These results suggest that the Metazoa-specific and
Deuterostomia-specific gene expansions have occurred within the Acyltransferase family
and MBOAT family, respectively.

Table 1. Taxonomic distribution of the LPLAT gene families

Cluster # of sequences # of subtypes Deuterostomia(18)  Protostomia(19)  Cnidarians(1)  Placozoans(1) Plants(6) Fungi(26) Protists(18)
Acyltransferase

-A 144 3 3.94 (71/18) 2.06 (37/18) 3.00 3/1)  3.00 3/1) 3.33 (10/3) 115 (15/13) 1.67 (5/3)
-B 92 3 2.00 (34/17) 1.63 (31/19) 1.00 /1) 2.00 @2/1) 333 (20/6) - 0.75  (3/4)
-C 67 4 276 (4717) 100 (16/16) 200  (2/1) 200 (/1) - - -

-D 53 1 (RIS} (18/16) 1.00 (19/19) 1.00 (1/1) 100 (1/1) 1.83 (11/6) 1.00 (2/2) 1.00 (1/1)
-E 23 1 - - = - = 105 (22/21) 1.00  (1/1)
-F 22 1 1.00 7 1.00  (12/12) = B = 100 (3/3) =

-G 15 1 1.08 (14/13) 1.00 (/1) - - - - -

-H 7 1 - - - - - 100 (7/7) -

-1 6 1 4.00 (@/1) 1.00 (3/3) - - - 1.00  (2/2) -
MBOAT

-J 98 2 2.56 (41/16) 1.88 (30/16) 1.00 (/1) - 1.00  (1/1) 1.60 (24/15) 1.00 (1/1)
K 80 5 277 (61/22) 100 (19/19) 100 (/1) 1.00  (1/1) 5 5 350 (712)
-L 69 1 1.00 (3/3) 1.16 (22/19) 2.00 /1) - 1.60 (8/5) 1.08 (27/25) 233 (7/3)
-M 43 1 131 (21/16) 118 (20/17) = 200 (/1) o o s

-N 31 1 1.00 (8/8) - - - - 1.10  (23/21) -

-0 15 1 1.21 (17/14) 1.00 (1/1) - - - - -

Bold numbers show taxonomies with > 2 sequences per species in the cluster.
Two numbers in the parenthesis show the number of sequences and species, respectively.



196 M. Tanaka et al.

hsa|129642
ptrl459013
mec|693653
cfal475658
bta| 785489
mol313997
mmul67216
mdo| 100032120
99al421925
xtr| 100124655
xIa|779383
dre|570695
dre| 100148631
bfo|BRAFLDRAFT_254328

bfo|BRAFLDRAFT_177093

hsa|154141
mcc| 706078
pri462465
r 55¢/100152017
L] ecb| 100066632
bral541284
cfal488238
nol498741
mmu|218121
0aa| 100078001
mdo|100024841
] b ssc/100157258

hsal619373

ptrl464094
ecb| 100062682
$5¢/100153109
mol306515
mmu|234155
| —

btal510471
qgal428757
1et[TTHERM_01044730
tet|TTHERM_00599760
pm|GSPATT00027489001
ptm|GSPATT00018678001
ptmIGSPATT00004935001
ptm|GSPATT00003261001
tet|TTHERM_00437640

hsa|79143
mcc|693478
rno|308309
mmul77582
cfal484311
bta|504236
ecb|100052743
0aa|100088576
mdo|100028484
xla|495497
4[] €in|100179231
bfo|BRAFLDRAFT_255780
bfo|BRAFLDRAFT_199715
{

tad [TRIADDRAFT_21100
| v1g108675

dan|Dana_GF21527

dya|Dyak_CE13879
dsilDsim_GD23410
dse|Dsec_GM18630
dme|Dmel_CG9526
der|Dere_GG10412
dpo|Dpse_CA21856
! dpe|Dper_GL25669
dwilDwil_GK18722
dvi|Dvir_GJ11517
dgrlDgri_GH10461
dmo|Dmoj_GI17715
agalAgaP_AGA
—|— aag|Aael_AAELO05653
ame|413305
cel[F14F3.3
cbr|CBG04485
bmy|Bm1_22530

<in|100184496

-_— eco|b2836_OUTGP

Chordata

hsa:129642
-PE

mmu:67216
-PE + PC

Chordata

hsa: 154141
-PS

mmu:218121
- PE+PS

Chordata

Protists

hsa:79143
- PI

Figure 2. Phylogenetic tree representing the evolutionary relationships among sequences in cluster K. The

branches representing duplication events are marked as grey squares.
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In contrast, several clusters show a tandem distribution for a number of genes
among different species. Deuterostomia, Protostomia and Fungi each have 1.00 sequence
per species in clusters F and G, while other taxonomies have no sequences in these
clusters. Similar distributions can be observed in clusters N and M. They also show
sparse distributions along the wide range of taxonomies, suggesting that gene loss events
have occurred frequently in these clusters.

To clarify the evolutionary process within the 15 clusters, we further examined and
classified orthologous and paralogous relationships of sequence pairs by manually
investigating the reconciled trees that derived from the gene trees. The gene trees for the
15 clusters were supported by bootstrap values > 45%. The number of subtypes in each
cluster by this classification is shown in Table 1. Figure 2 shows the phylogenetic
relationships of cluster K. With this result, we estimated that cluster K was divided into
two subtypes (a and B), and one of the subtypes was further divided into three Chordata
subtypes and a Protist subtype. Therefore, this reconciled tree indicates that several gene
duplication events have occurred in the Chordata lineage, and each subtype may have
evolved to have the substrate specificity of LPLATS.

3.3. Applications of orthologous relationships to inferring the function of
LPLATs

The branching of gene trees emerges from two events. One is the speciation event. If a
branching point between genes in a given gene tree derived from a speciation event, we
consider this as an orthologous relationship. The function is usually conserved between
orthologous genes. The other type of event is the ancestral gene duplication event that
leads to a paralogous relationship between the duplicated genes. Paralogous genes can
evolve different functions. To infer the function of a given gene from the other
functionally characterized genes using phylogeny-based approach, we should correctly
distinguish between orthologous and paralogous relationships for each branching point in
a given tree.

To infer functions of LPLATs of genes with unknown function or substrate
specificity, we used orthologous relationships of the 24 experimentally characterized
LPLATS that were in 7 clusters among the 15 clusters. The 7 clusters included 4 clusters
from Acyltransferase families (clusters A, C, D, E) and 3 clusters from MBOAT families
(clusters K, L, M), and 479 LPLAT sequences in total. Table 2 shows the phylogenetic
distributions of the LPLAT subtypes for which polar-head group specificity can be
inferred from the experimentally characterized LPLATS.

4. Discussion

In this work, we classified lysophospholipid acyltransferase sequences hierarchically and
also examined the relationship between subtypes and polar-head group specificity.
However, we could not identify LPLAT subtypes for PS, PG, PI and CL in plants and
fungi. This may be due to 24 biased query sequences that include only two fungi and no
plant sequences. Therefore, we need to find such LPLAT sequences. Because we did not
use several clusters in Table 1 for the substrate specificity analysis, these sequences may
be classified in the uninvestigated clusters. Further investigation of the sequences in the
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subtypes in Table 2 may reveal novel features for the substrate specificities, which can be
applied to the prediction of the function of LPLAT in those clusters.

It is difficult to elucidate the variation of glycerophospholipids only by the results

for LPLAT analysis in this study. For example, Substrate specificifies of LPLAT have
been reported in terms of the length of aliphatic chains [20]. However, we have not
investigated them in the current study, and to examine them in detail is one of our future
works.
To better understand variation of the synthesis mechanisms of glycerophospholipids, we
need to consider at least four other enzymes: elongases [32], desaturases [33], acyl-CoA
synthetases [34] and phospholipases [35]. Desaturases and elongases play important
roles in de novo fatty acid synthesis. Hashimoto et al reported that fatty acid variations
could be predicted from the combination of subfamilies for desaturases and elongases [36,
37]. An important step in transferring fatty acids to the glycerol backbone is acyl-CoA
synthesis. Variation in the acyl-CoA synthetase family has been reported based on the
substrate specificity of the chain length of fatty acids [9-11]. Phospholipases are also
classified into over 20 subfamilies whose acyl chain selectivities are already known. For
example, cPLA2 « has selectivity for arachidonic acid, and iPLA2 8 has no selectivity
for specific acyl chains (a general purpose lipase). We must comprehensively understand
the relationship between these enzymes and genetic variation among their encoding
genes to elucidate the variation of glycerophospholipids in cellular membranes.

Table 2. Phylogenetic distribution of LPLAT subtypes based on head-group specificity of the
substrate glycerophospholipids. Subtypes consist of a cluster ID and a subtype number. For example,
Cl represents the first subtype of the cluster C. PC: Phosphatidylcholine, PE:
Phosphatidylethanolamine, PS: Phosphatidylserine, PG: Phosphatidylglycerol, PL:
Phosphatidylinositol, CL: Cardiolipin

Head group Class Vertebrates Protochordata Echinodemata Protostomia Cnidarians Placozoans Plants Fungi Protists
PC

- Cl + + + + +
-C2 aF
-D + + + + + + + + +
-E aF i
- K1 + +
-L aF aF aF aF T =0 + qF
-M + + + + +
PE
- K1 + +
- K2 ah
- K3 +
- K4 aF
-L + + + + + + + +
PS
- K2 +
-M @ @ aF aF =F
PG A3 + + + + + + +
PI
- A3 + + + + + + +
- K5 17 15 e =F T R

CL A3 + + + + + + +
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In conclusion, we have classified 765 lysophospholipid acyltransfease candidates

into 15 clusters and defined 18 lysophospholipid acyltransferase subtypes for 7 of 15
clusters through phylogenetic analysis. Further analyses of these results may provide new
insights into mechanisms contributing to the variation of glycerophospholipids.
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