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Each phospholipase A2 type exhibits distinct selectivity toward sn-1 ester, 
alkyl ether, and vinyl ether phospholipids 

Daiki Hayashi, Varnavas D. Mouchlis, Edward A. Dennis * 

Department of Pharmacology and Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093, USA   
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A B S T R A C T   

Glycerophospholipids are major components of cell membranes and have enormous variation in the composition 
of fatty acyl chains esterified on the sn-1 and sn-2 position as well as the polar head groups on the sn-3 position of 
the glycerol backbone. Phospholipase A2 (PLA2) enzymes constitute a superfamily of enzymes which play a 
critical role in metabolism and signal transduction by hydrolyzing the sn-2 acyl chains of glycerophospholipids. 
In human cell membranes, in addition to the conventional diester phospholipids, a significant amount is the sn-1 
ether-linked phospholipids which play a critical role in numerous biological activities. However, precisely how 
PLA2s distinguish the sn-1 acyl chain linkage is not understood. In the present study, we expanded the technique 
of lipidomics to determine the unique in vitro specificity of three major human PLA2s, including Group IVA 
cytosolic cPLA2, Group VIA calcium-independent iPLA2, and Group V secreted sPLA2 toward the linkage at the 
sn-1 position. Interestingly, cPLA2 prefers sn-1 vinyl ether phospholipids known as plasmalogens over conven
tional ester phospholipids and the sn-1 alkyl ether phospholipids. iPLA2 showed similar activity toward vinyl 
ether and ester phospholipids at the sn-1 position. Surprisingly, sPLA2 preferred ester phospholipids over alkyl 
and vinyl ether phospholipids. By taking advantage of molecular dynamics simulations, we found that Trp30 in 
the sPLA2 active site dominates its specificity for diester phospholipids.   

1. Introduction 

Glycerophospholipids are the defining component of cell mem
branes, and are composed of two acyl chains esterified to the glycerol 
backbone at the sn-1 and sn-2 positions as well as the polar headgroup on 
the sn-3 position. Phospholipase A2 (PLA2) comprises a superfamily of 
enzymes hydrolyzing the acyl-chain of glycerophospholipids at the sn-2 
position producing lysophospholipids and free fatty acids [1]. Each PLA2 
expresses numerous biological functions, especially in the inflammatory 
processes, by hydrolyzing membrane glycerophospholipids and pro
ducing free fatty acids such as arachidonic acid (20:4, AA) which is an 
initial substrate of the AA cascade producing bioactive eicosanoids and 
oxylipins [2]. In addition, importantly PLA2s contribute to membrane 
remodeling, signal transduction, and “biological surfactants” by pro
ducing lysophospholipids which are reacylated with polyunsaturated 
fatty acids (PUFAs) to produce remodeled phospholipids; lysophospho
lipids can also be further metabolically converted to ligands for several 
G-protein coupled receptors (GPCRs); and lysophospholipids as “natu
ral” surfactants/detergents can destabilize membranes exhibiting 

bacterialcidal effects. These biological functions differ depending on the 
specific subcellular localization and substrate specificity of each PLA2. 
Therefore, the substrate specificity and selectivity of each PLA2 is closely 
correlated with its biological function. 

An enormous variety of glycerophospholipids exist based on the 
combination of acyl chains and head groups and they comprise cell 
membranes presenting specific morphological and chemical character
istics to the membranes. The enzymatic action of a PLA2 is initiated by 
its interaction with the lipid-water interface, which is followed by the 
enzyme extracting a single phospholipid substrate from the membrane 
to accommodate the specific substrate phospholipid adequately and 
properly in its active site [3]. Each step contributes to the specific ac
tivity of the PLA2, and both the headgroup and the two different acyl 
chains critically contribute to these steps. For example, Group IVA 
cytosolic cPLA2 (GIVA cPLA2) shows high activity toward PIP2 con
taining membranes by interacting specifically with the headgroup at an 
allosteric site, and Group V secreted sPLA2 (GV sPLA2) preferentially 
hydrolyzes substrate phospholipids containing phosphatidylglycerol 
headgroups [4,5]. Also, our previous studies have revealed that the sn-2 
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acyl chain greatly effects substrate specificity [5,6]. In addition, phos
pholipids contain a variety of linkages at the sn-1 position, and this 
should have some effect on the substrate specificity and selectivity of 
each PLA2. However, the effect of the sn-1 acyl chain on the substrate 
specificity of each type of PLA2 has not been well understood and this is 
the focus of this report. 

For cellular membranes, sn-1 alkyl ether and sn-1 vinyl ether-linked 
phospholipids can account for as much as 20% of the phospholipid, and 
in addition to the conventional diester glycerophospholipids which have 
been considered as the primary substrate for PLA2s, the sn-1 ether and 
vinyl ether containing phospholipids can also serve as a substrate for 
PLA2s. One critical bioactive sn-1 alkyl ether phospholipid is 1-O-hex
adecyl-2-acetyl-sn-glycero-3-phosphocholine, which is well known as 
platelet-activating factor (PAF), and this phospholipid plays a pivotal 
role in inflammation, platelet activation, and many leucocyte functions 
[7]. Since lyso-PAF (1-O-alkyl-sn-glycero-3-phosphocholine) is con
verted to PAF by acylation, PLA2 activity toward the sn-1 alkyl ether 
phospholipids containing AA and other fatty acids at the sn-2 position as 
well as toward PAF is important for the synthesis and deactivation of 
PAF [8]. Indeed, it has been reported that cPLA2 contributes to PAF 
production [9]. In addition, group VIIA PLA2 (GVIIA PLA2), also known 
as PAF acetylhydrolase (PAF-AH) as well as being known as lipoprotein- 
associated PLA2 (LpPLA2), is well recognized as an enzyme responsible 
for hydrolyzing PAF, and we have demonstrated its substrate specificity 
and characteristics by taking advantage of lipidomics based techniques 
and computational approaches [10] (V. Mouchlis et al., manuscript in 
preparation). 

The sn-1 vinyl ether phospholipids which are also known as plas
malogens, are the most common sn-1 ether-containing phospholipids. 
Plasmalogens exist ubiquitously but are especially enriched in the brain 
and heart [11]. It has been suggested that subcellular plasmalogens are 
abundant in the lipid raft microdomains, where signaling molecules 
accumulate and contribute to raft formation, although the separation 
and segmentation of lipid rafts within and from cell membranes are still 
controversial [12,13]. Further, it has been reported that plasmalogens 
are involving in membrane trafficking, cell differentiation, and phago
cytosis in macrophages and are implicating in various diseases [14–19]. 
It is known that plasmalogens often contain polyunsaturated fatty acids 
(PUFAs) in their sn-2 acyl chains which are targets for lipid peroxidation. 
Recently, it has been reported that peroxidation of plasmalogens plays a 
critical role in cancer ferroptosis [20]. Therefore, regulating ether 
phospholipids by PLA2 should be critical for many biological responses. 

Recently, we have developed lipidomics-based HPLC MS/MS assays 
using mixed micelles and multiple reaction monitoring (MRM) for 
various lysophospholipids and demonstrated unique substrate speci
ficity for each of the major groups of human PLA2s including GIVA 
cPLA2, Group VIA calcium-independent iPLA2 (GVIA iPLA2), and GV 
sPLA2 focusing on the sn-2 acyl chain [5,6]. To date, several studies have 
reported the in vitro activity of cPLA2 toward ether phospholipids 
[21,22]. However, despite the importance of ether phospholipids in 
various biological processes, precise in vitro specificity and selectivity of 
PLA2s toward ester and ether phospholipids are still elusive. Herein, we 
have now applied these lipidomic techniques to sn-1 ether phospholipids 
and report the effect of the ether linkages on the sn-1 position to the 
activity and substrate specificity of the three major types of PLA2. 
Moreover, by also employing molecular dynamics (MD) simulations, we 
have now explored the molecular basis of the unique specificity of GV 
sPLA2 toward ester phospholipids. 

2. Methods 

2.1. Materials 

All phospholipids, including the lysophospholipid standards 
employed in this study, were purchased from Avanti Polar Lipids, Inc. 
The purity of all lipids was greater than 99%. All other materials were of 

appropriate and suitable quality for this study. 

2.2. Expression and purification of recombinant human PLA2 enzymes 

The human recombinant PLA2s were expressed and purified as 
described elsewhere [5]. The baculovirus encoding C-terminal 6 × His 
tag conjugated human GIVA cPLA2, and N-terminal 6 × His tag conju
gated human GVIA iPLA2 were used to infect serum free-cultured Sf9 
cells with a MOI of 0.1 and 2.0, respectively. The expression was induced 
for 72 h at 28 ◦C with shaking. The recombinant protein was purified 
with Ni-NTA agarose (QIAGEN, Venlo, Netherlands). Elution buffer (25 
mM Tris-HCl pH 7.5, 50 mM NaCl, 250 mM imidazole, 30% glycerol, 
and only for iPLA2, 2 mM ATP was included) was used for elution of 
recombinant protein. The human GV sPLA2 was expressed using the 
E. coli expression system and refolded by following and modifying the 
dilution method reported previously [23]. The C-terminal 6 × His tag 
conjugated human GV sPLA2 was induced for expression with 0.1 mM 
IPTG for 4 h at 25 ◦C by using BL21 (DE-3) Gold E. coli. The inclusion 
bodies were collected and denatured in buffer containing 6 M guanidine 
hydrochloride (GuHCl). Then, the denatured protein was purified with 
Ni-NTA agarose under the denatured condition. The denatured protein 
was eluted with elution buffer (25 mM Tris-HCl pH 8.0, 500 mM NaCl, 
10 mM β-mercaptoethanol, 250 mM imidazole, 6 M GuHCl), and the 
eluted solution was dialyzed against dialyzing buffer (50 mM Tris-HCl 
pH 8.5, 100 mM NaCl, 6 M GuHCl). The protein solution was diluted 
with refolding buffer (50 mM Tris-HCl pH 8.5, 8.2 mM oxidized gluta
thione, 9.3 mM reduced glutathione, 12 mM CaCl2 12% glycerol) at 1: 7 
dilution rates added dropwise and incubated for 7 days at 4 ◦C. Finally, 
the solution was dialyzed against enzyme buffer (50 mM Tris-HCl pH 
8.0, 50 mM NaCl, 10 mM CaCl2, 20% glycerol) to remove GuHCl 
completely and used as a GV sPLA2 enzyme solution. 

2.3. Lipidomics-based LC-MS/MS assay 

The lipidomics-based LC-MS/MS assay was performed in accord with 
our previous method [5]. We prepared a substrate mixture containing 
100 μM phospholipid, 400 μM C12E8 surfactant, and 2.5 μM 17:0 
lysophosphatidylcholine (LPC) as an internal standard. For cPLA2, 3 μM 
of porcine brain PIP2 (Avanti polar lipids, Inc., Alabaster, AL, USA) was 
mixed with 97 μM phospholipid to enhance the activity. When we 
employed mixtures of several different phospholipid substrates, we used 
a total of 100 μM phospholipid for iPLA2 and sPLA2, or 97 μM phos
pholipid plus 3 μM PIP2 (as a specific activator) for cPLA2. The reaction 
was started by adding 5 μl of enzyme solution to 95 μl of substrate so
lution in a 96-well plate, and the plate was incubated for 30 min at 40 ◦C 
with gently shaking. The reaction was quenched by adding 120 μl of 
methanol/acetonitrile (80/20, v/v), and the sample was directly injec
ted into the HPLC-MS/MS system. Mass spectrometry of lysophospho
lipids was performed with a 4000 QTRAP® (AB Sciex LLC, Framingham 
MA, USA). The amount of the products was calculated with a standard 
curve for each product, and the activity was normalized against the 
protein concentration of the enzyme solution. 

2.4. Molecular dynamics (MD) simulations 

The MD simulations were performed by following our previously 
published methods [5]. 

2.4.1. Enzyme-substrate complexes 
Initial complexes of GV sPLA2 were generated using our model based 

on a homology model of GV sPLA2 based on the crystal structure of GIIA 
sPLA2 [5]. Phospholipids were docked in the active site of each enzyme 
using the Glide software implemented in the Schrödinger suite using a 
previously published docking protocol [5,24–26]. 
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2.4.2. Enzyme-membrane systems 
The Membrane Builder implemented in CHARMM-GUI was 

employed to generate enzyme-membrane models for the MD simulations 
[27,28]. The membrane patch consisted of 1-palmitoyl-2-arachidonoyl- 
sn-glycero-3-phosphocholine (POPC), 1-stearoyl-2-arachidonoyl-sn- 
glycero-3-phosphocholine (SAPC), 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphatidic acid (POPA), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati
dylethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati
dylglycerol (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylse 
rine (POPS), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphatidylinosi
tol-4,5-bisphosphate (SAPI(4,5)P2), and cholesterol. The average ra
tios of the phospholipids were 0.48 for PC, 0.27 for PE, 0.10 for PI(4,5) 
P2, 0.06 for PS, and 0.09 for PA and PG. The average cholesterol/lipid 
ratio was 0.40. The composition of the glycerophospholipids (GPL) 
portion represents the average ratio of the major cellular membranes 
where the three PLA2s studied are known to be localized and acting. 
Each system was solvated with TIP3P water molecules and neutralized 
with 150 mM sodium chloride (NaCl) using the Visual Molecular Dy
namics (VMD) package [29]. 

2.4.3. Equilibration and production runs 
Molecular dynamics simulations were carried out using NAMD 2.12 

[30]. The minimization and equilibration protocol were performed as 
follows: a minimization of 80,000 steps was initially performed by 
applying harmonic constraints on the enzyme-ligand-membrane that 
were gradually turned off using a constraint scaling factor, followed by a 
second 120,000 steps minimization without constraints. An initial 
equilibration of 10,000 steps was performed by also applying harmonic 
constraints on the enzyme-ligand-membrane that were gradually turned 
off using the same constraint scaling factor, followed by a second 10,000 
steps equilibration without constraints. 

Each system was slowly heated and held to 310 K using temperature 
reassignment with a reassignment frequency of 500 timesteps (1000 fs) 
and a reassignment increment of 1 K during the equilibration. The 
minimization and equilibration protocol were sufficient to induce the 
appropriate disorder of a fluid-like bilayer, avoid unnatural atomistic 
positions, and failure of the simulations by atoms moving at exceedingly 
high velocities. Each system was finally subjected to a 1 μs production 
run. For each production run, the temperature was maintained at 310 K 
using the Langevin thermostat with Langevin coupling coefficient of 1/ 
ps [31]. 

The NPT ensemble was employed and the pressure was kept constant 
at 1.01325 kPa using the Langevin piston method with the “use
GroupPressure,” “useFlexibleCell,” and “useConstantArea” parameters 
turned on [32]. A time step of 2 fs was used in combination with the 
SHAKE algorithm to hold the bonds of hydrogen atoms similarly con
strained [33]. Nonbonded interactions and full electrostatics were 
calculated every 1 and 2 time steps, respectively. Switching functions 
were used to smoothly take electrostatic and van der Waals interactions 
to zero with a switching distance of 10 Å and a cutoff of 12 Å. Long-range 
electrostatic forces in the periodic system were evaluated using the 
Particle Mesh Ewald (PME) Sum method with grid spacing 1/Å [34]. The 
CHARMM General Force Field (CGenFF) and the CHARMM36 all-atom 
additive force field and parameters were used for the simulations 
[35,36]. 

2.5. Statistical analysis 

All error bars show the standard deviation (SD). A Student's t-test was 
carried out when two groups were compared. A one-way ANOVA fol
lowed by the Tukey-Kramer multiple comparison test was carried out 
when more than three groups were compared using the GraphPad Prism 
version 5.0. A p-value of less than 0.05 was considered to be significant. 

3. Results 

3.1. LC-MS/MS assay for ether phospholipids 

In contrast to conventional diester phospholipids, sn-1 alkyl ether 
phospholipids and plasmalogens contain alkyl ether and vinyl ether- 
linked carbon chains on the sn-1 position, respectively (Fig. 1A). In 
this study, sn-1 alkyl ether-linked 16:0 and sn-1 vinyl ether-linked 18:1 
phosphatidylcholine (PC) were used to explore the selectivity of PLA2s 
toward the sn-1 acyl chain linkage. By modifying the MRM setting, we 
obtained defined peaks for all lyso products, including 17:0 LPC used as 
an internal standard (Fig. 1B), which resulted in linear standard curves 
(Fig. 1C). 

3.2. Specificity of PLA2s toward sn-1 alkyl ether phospholipids 

First, we tested the activity of PLA2s toward sn-1 alkyl ether PCs and 
compared the activity with diester PCs which have the same sn-2 acyl 
chains using the LC-MS/MS assay. The sn-2 acyl chains were 2:0, 18:1, 
and 20:4. It is well known that cPLA2 is highly specific toward sn-2 20:4 
[5] and consistent with that, cPLA2 showed a high specificity toward sn- 
2 20:4 in both diester and alkyl ether phospholipids (Fig. 2A). Also, 
cPLA2 did not show detectable activity toward sn-1 alkyl 16:0, sn-2 2:0 
PC which is known as PAF, whereas it showed a small activity toward 
the diester PC 16:0/2:0 (Fig. 2A). The substrate specificity of iPLA2 is 
more permissive than that of cPLA2 [5] and showed comparable activity 
toward sn-2 18:1 and 20:4 in the sn-1 alkyl ether and ester phospholipids 
(Fig. 2B). However, iPLA2 has minimum activity toward sn-2 2:0 in both 
cases, similar to cPLA2 (Fig. 2B). In contrast, sPLA2 showed better ac
tivity toward sn-2 2:0 PCs than that of cPLA2 and iPLA2 and high activity 
toward sn-2 18:1 (Fig. 2C). Notably, the sn-2 acyl chain specificity of all 
PLA2s was not affected by the linkage of the sn-1 chain. More impor
tantly, all PLA2s showed higher activity toward all diester PCs than that 
toward alkyl ether PCs (Fig. 2A, B, C). 

To eliminate the effect of the shape and characteristics of substrate 
mixed micelles which might affect the activity of PLA2s, the activity of 
all three enzymes in equimolar mixtures of diester and sn-1 alkyl ether 
phospholipids was measured. Mixtures of sn-2 20:4 phospholipids was 
used for testing cPLA2, and mixtures of sn-2 18:1 phospholipids was used 
for testing iPLA2 and sPLA2. Even in the mixtures, all PLA2s preferred 
diester phospholipids (Fig. 2D, E, F). Especially, sPLA2 showed a strong 
preference toward diester phospholipids, and the activity was more than 
4 times higher than that toward sn-1 alkyl ether phospholipids (Fig. 2F), 
whereas cPLA2 and iPLA2 showed 1.6 and 1.7 times higher activity to
ward diesters than that toward alkyl ethers, respectively (Fig. 2D, E). 

3.3. Specificity of PLA2s toward sn-1 vinyl ether phospholipids 
(plasmalogens) 

Next, we tested the preference of all three PLA2s for plasmalogens by 
comparing the activity toward diester phospholipids. In this experiment, 
PCs which possess 18 carbon chains (C18) on the sn-1 position and 18:1, 
20:4, and 22:6 on the sn-2 position were used. Surprisingly, in contrast 
to alkyl ether phospholipids, each of the PLA2s tested showed a different 
preference for plasmalogens. cPLA2 still showed high specificity toward 
20:4 in both diester phospholipids and plasmalogens. However, cPLA2 
preferred plasmalogens over diester phospholipids (Fig. 3A). iPLA2 
showed similar activity in both diester phospholipids and plasmalogens 
with a similar sn-2 acyl chain specificity in both cases (Fig. 3B). sPLA2 
showed a high preference for diester phospholipids over plasmalogens 
(Fig. 3C). Notably, the vinyl ether linkage in plasmalogens did not 
significantly affect the sn-2 acyl chain specificity of all three PLA2s, 
similar to alkyl ether phospholipids (Fig. 3A, B, C). 

Furthermore, even in the mixture of a diester phospholipid and 
plasmalogen, all three enzymes showed unique preferences. That is, 
cPLA2 showed double activity toward plasmalogens comparing to 
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diester phospholipids (Fig. 3D), while iPLA2 does not have any strong 
preference between plasmalogen and diester phospholipid (Fig. 3E). Of 
special note is the fact that sPLA2 showed a strong preference for diester 
phospholipids, namely, 7.5 times higher sPLA2 activity toward diester 
phospholipids than plasmalogens was detected (Fig. 3F). 

3.4. Specificity of PLA2s in complex mixtures of all substrates 

Finally, to confirm a preference for the linkage of the sn-1 acyl chain, 
we tested complex mixtures of the sn-1 alkyl ether, plasmalogen, and 
ester phospholipids. We mixed sn-1 16:0 alkyl ether and ester and 
separately sn-1 C18 vinyl ether and ester phospholipids equally and used 
them as a substrates in the LC-MS/MS assay. The sn-2 acyl chain of 20:4 
was selected for cPLA2, and 18:1 was selected for iPLA2 and sPLA2. 
Consistent with previous results, cPLA2 showed the highest activity to
ward plasmalogens over diester and alkyl ether phospholipids and some 
preference toward diester phospholipids over alkyl ether phospholipids 
(Fig. 4A). iPLA2 also showed a small preference toward diester phos
pholipids comparing to alkyl ether phospholipids, but there was no 
significant difference in the activity toward plasmalogen and diester 
phospholipids (Fig. 4B). sPLA2 exhibited a significantly higher prefer
ence for diester phospholipids comparing to alkyl ethers and plasmal
ogens by approximately 3.2 and 5.6-fold, respectively (Fig. 4C). From 
these results, it became clear that the three major types of human PLA2s 
each exhibit a unique in vitro preference for the linkage of the sn-1 acyl 

chain in addition to the sn-2 acyl chain. In other words, these results 
suggest that PLA2s recognize the sn-1 acyl chain linkage in addition to 
the sn-2 acyl chain and this directly affects substrate specificity. 

3.5. Binding mode of ether and ester phospholipids in the sPLA2 active site 

To explore the molecular basis by which PLA2 senses the sn-1 acyl 
chain linkage, we performed 1 μsec MD simulations which analyzed the 
binding of the sn-1 alkyl ether or ester 16:0, sn-2 18:1 PC in the sPLA2 
active site since sPLA2 showed more dramatic selectivity toward the sn-1 
linkage than the other PLA2s. We started with the optimal binding mode 
of the optimal substrate in the sPLA2 active site. After a 1 μsec simula
tion, although the binding pose of the sn-2 acyl chain was slightly 
different, both the ether and the ester substrates placed their sn-2 
carbonyl groups, which are attacked upon the hydrolysis reaction, near 
the catalytic histidine (His47) (Fig. 5A, and B). The sn-2 acyl chain of the 
ester PC penetrated the hydrophobic subsite constituted by Leu5, Ile9, 
Tyr21, Val95, and Leu98 by stretching the chain and appeared stable in 
the hydrophobic pocket compared to the binding pose of the ether PC 
(Fig. 5A and B). Indeed, the binding free energy of the ester PC calcu
lated by the MM-GBSA method was lower than that of the ether PC 
(ester: − 67.01 and ether: − 64.12). For the head group binding, Arg62 
mainly contributes to the binding by its hydrogen bonds with high oc
cupancy (ester: 51.85% and ether: 56.96%) in both cases (Fig. 5A and B, 
and Movie 1 and 2). In addition to Arg62, Gly31 takes part in the binding 

Fig. 1. LC-MS/MS analysis of sn-1 ester, alkyl ether, and vinyl ether. (A) Structures for diester sn-1 16:0, sn-2 20:4 PC (PC 16:0/20:4), sn-1 alkyl ether 16:0, sn-2 20:4 
PC (PC alkyl ether 16:0/20:4), and sn-1 vinyl ether, 18:1 sn-2 20:4 (PC vinyl ether 18:1/20:4). (B) Chromatogram of lyso-PC (LPC) products. 17:0 LPC was used as an 
internal standard (IS). (C) Standard curves for 16:0 LPC, 18:0 LPC, 16:0 alkyl ether LPC, and 18:1 vinyl ether LPC used for quantification of PLA2 activity. 
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of the head group of the ether PC (Fig. 5B and Movie 2). Interestingly, it 
turned out that Trp30 formed a hydrogen bond with the sn-1 carbonyl 
oxygen in the case of the ester PC (Fig. 5A), while due to lack of the 
oxygen, the interaction with Trp30 was not part of the binding of the 
ether PC (Fig. 5B). In the simulation of the ester PC, Trp30 seemed to 
help the precise binding of the substrate in the active site by interacting 
with the sn-1 carbonyl group at the early steps of the simulation (Movie 
1). However, ether PC does not possess the oxygen, and alternative in
teractions between Trp30 and the ether oxygen appear to trap the sub
strate away from the catalytic histidine at the early steps of the 
simulation (Movie 2). Indeed, the distance between the catalytic histi
dine to the sn-2 carbonyl group of the ester PC reached its optimal dis
tance by 300 ns, but the ether PC took 700 ns to reach the optimal 
distance (Fig. 5C). In other words, thanks to the interaction between the 
sn-1 carbonyl group and Trp30, ester phospholipids are more rapidly 
precisely accommodated comparing to ether phospholipids. This ap
pears to contribute to the high preference of sPLA2 toward ester 
phospholipids. 

4. Discussion 

We have previously explored the substrate specificity of PLA2s and 
their molecular basis, especially focusing on the variety of head groups 
and sn-2 acyl chains [5]. Several decades ago, the activity of cPLA2 to
ward plasmalogens and alkyl ether phospholipids was reported [21,22], 
and a plasmalogen-selective PLA2 was characterized [37]. However, the 
precise in vitro selectivity of major human groups of PLA2 toward the 
precise linkage of the sn-1 acyl chain has been elusive. The present study 
reveals the unique in vitro preference of three important human PLA2s 

for the ether as well as the vinyl ether linkage of the sn-1 acyl chain by 
expanding on our previously developed lipidomics-based LC-MS/MS 
assay. Moreover, by taking advantage of MD simulations, we can now 
rationalize the molecular basis of GV sPLA2s unique recognition of the 
sn-1 acyl chain linkage. 

4.1. cPLA2 activity toward plasmalogens 

Interestingly, the current studies revealed that the in vitro activity of 
GIVA cPLA2 toward plasmalogens is higher than that toward conven
tional ester phospholipids. GIVA cPLA2 is highly specific for sn-2 AA and 
plays a critical role in the production of pro-inflammatory eicosanoids 
by providing free AA [2,5]. Typically, polyunsaturated fatty acids, 
especially AA, occupy the sn-2 acyl chain of plasmalogens [38]. There
fore, plasmalogens can be a major source of AA hydrolyzed by GIVA 
cPLA2. Also, it has been reported that cPLA2 deficient mice exhibit 
impaired brain DHA metabolism, implicating cPLA2 in the metabolism 
of DHA in the brain [39]. It is well recognized that the in vitro activity of 
cPLA2 toward sn-2 DHA is remarkably low, and our previous study 
agreed with and documented this conclusion [5]. Therefore, how cPLA2 
could contribute to the metabolism of DHA in the brain was enigmatic. 
The current study revealed that the activity of cPLA2 toward plasmal
ogen DHA was approximately 4.5-fold higher than that of the diester 
(Fig. 3A). Interestingly, this ratio was much higher than the ratio be
tween plasmalogen AA and diester AA (approximately 1.7-fold). In 
addition, it is well known that the brain is enriched with both plas
malogens and DHA [11,40]. 

In the current study, we utilized PC plasmalogens to maintain a 
constant head group for the three different sn-1 linkages. However, it is 

Fig. 2. Enzyme activity of PLA2s toward sn-1 alkyl ether phospholipids and diester phospholipids. The activity of (A) GIVA cPLA2, (B) GVIA iPLA2, and (C) GV sPLA2 
is shown toward sn-1 alkyl ether or ester 16:0 sn-2 X PC, where X is 2:0, 18:1, or 20:4. (D) The activity of GIVA cPLA2 toward sn-1 alkyl ether or ester 16:0 sn-2 20:4 
PC in equal proportions with 100 μM total phospholipid. The activity of (E) GVIA iPLA2 and (F) GV sPLA2 toward sn-1 alkyl ether or ester 16:0 sn-2 18:1 PC in equal 
proportions with 100 μM total phospholipid. The amount of lyso products were determined and quantified using authentic LPC primary and internal standards. Error 
bars show standard deviation (SD). N.D.: not detected. Asterisks indicate statistical significance. **P < 0.01. 
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well known that phosphatidylethanolamine (PE) is the dominant head 
group for plasmalogens in the human brain. Our previous study indi
cated that the head group did not significantly affect the specificity of 
cPLA2 in a mixture of phospholipids [5]. Therefore, a similar effect for 
the sn-1 linkage for cPLA2 activity would be expected in PE plasmal
ogens. Accordingly, cPLA2 is more likely to hydrolyze DHA esterified 

plasmalogens, rather than diester phospholipids containing DHA, 
thereby contributing to DHA metabolism in the brain. 

4.2. In vitro vs in vivo activity of phospholipase A2s 

The in vitro preference of PLA2s is not always translatable directly to 

Fig. 3. Enzyme activity of PLA2s toward sn-1 vinyl ether phospholipids and diester phospholipids. The activity of (A) GIVA cPLA2, (B) GVIA iPLA2, and (C) GV sPLA2 
is shown toward sn-1 vinyl ether or ester C18 sn-2 X PC, where X is 18:1, 20:4, or 22:6. (D) The activity of GIVA cPLA2 toward sn-1 vinyl ether or ester C18 sn-2 20:4 
PC in equal proportions with 100 μM total phospholipid. The activity of (E) GVIA iPLA2 and (F) GV sPLA2 toward sn-1 vinyl ether or ester C18 sn-2 18:1 PC in equal 
proportions with 100 μM total phospholipid. The amount of lyso products were determined and quantified using authentic LPC primary and internal standards. Error 
bars show SD. Asterisks indicate statistical significance. **P < 0.01. 

Fig. 4. Enzyme activity of PLA2s in complex mixtures of phospholipids. (A) The activity of GIVA cPLA2 toward sn-1 alkyl ether or ester 16:0, sn-2 20:4 (16:0/20:4) 
and sn-1 vinyl ether or ester C18, sn-2 20:4 (18:0 or 18:1/20:4) PC in equal proportions with 100 μM total phospholipid. The activity of (B) GVIA iPLA2 and (C) GV 
sPLA2 toward sn-1 alkyl ether or ester 16:0, sn-2 18:1 (16:0/18:1) and sn-1 vinyl ether or ester C18, sn-2 18:1 (18:0 or 18:1/18:1) PC in equal proportions with 100 
μM total phospholipid. The amount of lyso products were determined and quantified using authentic LPC primary and internal standards. Error bars show SD. 
Asterisks indicate statistical significance. **P < 0.01 (comparison between the substrate which has the same number of carbons on the sn-1 position), ††P < 0.01 
(comparison between the ester phospholipids). 
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the in vivo situation. Indeed, a study using a murine macrophage cell line 
reports that the AA mobilization, which is due to cPLA2, is independent 
of the plasmalogen content [41]. It has also been reported that cPLA2 
contributes to lyso-PAF production, although cPLA2 showed the lowest 
activity toward sn-1 alkyl ether phospholipids [9]. Also, our data in
dicates that iPLA2 slightly, but significantly, prefers the sn-1 palmitoyl 
ester phospholipid over the sn-1 stearoyl ester (Fig. 4B). However, GVIA 
iPLA2 reportedly utilizes the sn-1 palmitoylated substrate upon zymosan 
stimulation of mouse macrophages [42], and iPLA2-overexpressed 
HEK293 cells [43]. These facts indicate that the preference of each PLA2 
in vivo can be limited by the availability of the specific phospholipid 
pool, specific stimulus, and subcellular localization of both substrates 
and enzyme, although the in vitro preference can show a different un
derlying preference or selectivity for them to hydrolyze a certain sub
strate. Indeed, it has been reported that iPLA2 utilizes plasmalogens for 
AA release in a murine macrophage cell line. However, in plasmalogen- 
deficient murine macrophage cells, iPLA2 utilizes ester phospholipids 
without any effect on the amount of released AA, which is consistent 
with in vitro specificity of iPLA2 [44]. 

In the current study, we took advantage of detergent/phospholipid 
mixed micelles as substrate because the vesicle-based assay does not 
work well for detailed kinetic comparisons (for example, due to lag 
phases, linearity of the enzyme activity toward varying GPLs is often not 
seen and phospholipid vesicles of pure phospholipids vary in curvature, 
and can't be formed for certain phospholipids). Since the mixed micelles 
are mainly composed of nonionic surfactant/detergent molecules, the 
surface where PLA2s interact is an artificial environment, although 
natural biological membranes are very heterogeneous collections of 
molecules including proteins and carbohydrates and combinations 
thereof. However, as described above, the in vivo specificity of PLA2s are 
limited by many factors including enzyme as well as optimal substrate 

abundance and localization at the site of enzyme action. 
Our in vitro assay reveals the inate catalytic ability of each enzyme 

toward a certain substrate. Therefore, it is expected that a difference 
would be observed between the in vitro specificity of each PLA2 toward 
each specific phospholipid substrate in mixed micelles and specifically 
formulated phospholipid vesicles, as well as when using natural isolated 
biological membranes as substrates. Differences would be expected to be 
especially notable when comparing in vitro specificity results under very 
controlled and exacting conditions as reported herein with physiological 
observations in cells and tissues. 

4.3. sPLA2 preference for diester substrates 

Among the three human PLA2s, GV sPLA2 showed remarkable pref
erence toward diester phospholipids. sPLA2 is a 14 kDa small enzyme 
and has 7 disulfide bonds which make the structure rigid. Due to these 
characteristics, sPLA2 only accommodates the sn-2 acyl chain and head 
group in its active site, whereas cPLA2 and iPLA2 accommodate phos
pholipid substrates entirely [5]. In other words, the tail of the sn-1 acyl 
chain of phospholipids that are bound to sPLA2 remains in the lipid 
bilayer and the lipid-water interface. The MD simulation showed that 
Trp30 critically contributes to the binding pose of substrates by inter
acting with the carbonyl group of the sn-1 acyl chain and confers a 
unique preference for the ester phospholipids. However, in addition to 
this interaction, there is the possibility that the differing chemical 
properties of ester, ether, and vinyl ethers affects the substrate prefer
ence of sPLA2. 

Specifically, the carbonyl oxygen on the sn-1 acyl chain can 
contribute to the stabilization of the sn-1 acyl chain in the lipid-water 
interface, and this characteristic might help explain the remarkable 
preference of the GV sPLA2 toward diester phospholipids over ether and 

Fig. 5. Binding of ester and alkyl ether PC in the active site of sPLA2. The image of the final frame of the 1 μsec simulations for (A) sn-1 ester 16:0, sn-2 18:1 PC and 
(B) sn-1 alkyl ether 16:0, sn-2 18:1 PC is shown in the optimal binding mode. Movie 1 and Movie 2 show the result of the entire 1 μs simulation for sn-1 ester 16:0, sn-2 
18:1 PC and sn-1 alkyl ether 16:0, sn-2 18:1 PC, respectively. The purple spheres represent Ca2+, and the yellow dashed lines represent hydrogen bonds (distance 
cutoff: 3.2 Å, angle cutoff: 30◦). (C) The distance from His47 to the carbonyl group of each sn-2 acyl chain over the 1 μsec simulations is shown. 
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vinyl ether phospholipids. Upon the binding of GV sPLA2 to the lipid 
membrane, Trp30 is localized at the water-membrane interface. It was 
reported that substitution of the Trp30 of GV sPLA2 by Ala significantly 
suppressed interfacial binding to the zwitterionic phospholipid surface 
and its activity [45]. Therefore, it appears that Trp30 is contributing to 
interfacial binding as well as the sn-1 linkage selectivity and is critical 
for the function of GV sPLA2. For the MD simulations, we utilized the 
ester and alkyl ether PC for comparison of the binding assuming that the 
reason that the addition of the vinylic double bond does not lead to a 
significant additional activity effect is that sPLA2 fails to recognize the 
sn-1 double bond. 

In this study with substrate-docked GV sPLA2, we have shown the 
importance of the sn-1 acyl chain linkage in the binding pose of the 
substrates in the active site. However, it is also important to note that the 
sn-1 acyl chain linkage contributes to the extraction of substrate. PLA2 
extracts a single phospholipid from the cell membrane and stabilizes the 
orientation of the substrate so as to hydrolyze the substrate. Therefore, 
each step appears to contribute to the substrate specificity of PLA2s, 
although further experimental data and modeling studies are needed. 
Indeed, for example, Lys725 of iPLA2 is suggested to be critical for 
extracting the substrate into its active site [3]. In the current studies, we 
performed 1 μsec simulations to show the binding of substrates, and the 
time seemed to be long enough since the distance from the sn-2 carbonyl 
group to the catalytic histidine reached and settled at a reasonable 
distance expected for catalytic function by the end of the simulations. 
However, the time scale for enzymatic cleavage of the substrate is still 
elusive and beyond the scope of these computational methods. Of 
course, the question of whether accommodation of the substrate in its 
optimal binding mode is the rate-limiting step needs further 
clarification. 

5. Conclusion 

In the present study, we revealed the in vitro selectivity of the three 
major types of human PLA2 toward the linkage of the sn-1 acyl chain, 
and this selectivity can be related to their biological function. Moreover, 
we detailed the molecular basis of the selectivity of GV sPLA2, which 
shows a dramatic preference toward ester phospholipids over alkyl 
ethers and vinyl ethers according to MD simulations and suggest that 
similar types of effects could influence the detailed molecular basis of 
the selectivity of GIVA cPLA2 and GVIA iPLA2 toward the sn-1 linkage, 
though they are less extreme. However, this study raised the importance 
of analyzing ether and vinyl ether containing phospholipids as well as 
diester phospholipids as substrates for PLA2s in all biological studies if 
one wants to understand and explore the entire role of PLA2s in vivo. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbalip.2021.159067. 
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