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Abstract Human phospholipase Ass (PLA) constitute
a superfamily of enzymes that hydrolyze the sn-2 acyl-
chain of glycerophospholipids, producing lysophos-
pholipids and free fatty acids. Each PLA, enzyme type
contributes to specific biological functions based on its
expression, subcellular localization, and substrate
specificity. Among the PLA; superfamily, the cytosolic
cPLA; enzymes, calcium-independent iPLA, enzymes,
and secreted sPLA, enzymes are implicated in many
diseases, but a central issue is the preference for
double-bond positions in polyunsaturated fatty acids
(PUFAs) occupying the sn-2 position of membrane
phospholipids. We demonstrate that each PLA; has a
unique preference between the specific omega-3 fatty
acids eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) and the omega-6 arachidonic acid (AA),
which are the precursors of most proinflammatory and
anti-inflammatory or resolving eicosanoids and related
oxylipins. Surprisingly, we discovered that human
cPLA, selectively prefers AA, whereas iPLA; prefers
EPA, and sPLA; prefers DHA as substrate. We deter-
mined the optimal binding of each phospholipid sub-
strate in the active site of each PLA, to explain these
specificities. To investigate this, we utilized recently
developed lipidomics-based LC-MS/MS and GC/MS
assays to determine the sn-2 acyl chain specificity in
mixtures of phospholipids. We performed ps timescale
molecular dynamics (MD) simulations to reveal unique
active site properties, especially how the precise hy-
drophobic cavity accommodation of the sn-2 acyl chain
contributes to the stability of substrate binding and the
specificity of each PLA; for AA, EPA, or DHA. Bl This
study provides the first comprehensive picture of the
unique substrate selectivity of each PLA; for omega-3
and omega-6 fatty acids.

Supplementary key words phospholipase A2 « arachidonic acid .
glycerophospholipid « fatty acid « omega-3 + omega-6 « substrate
specificity « EPA « DHA « AA

Glycerophospholipids are a major component of cell
membranes and are the defining component of the
phospholipid bilayer. They contain a glycerol backbone
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with esterified fatty acids on the sn-1 and sn-2 positions
and a phosphodiester headgroup on the sn-3 position.
Phospholipase As (PLAy) is an enzyme that hydrolyzes
the sn-2 acyl chain of glycerophospholipids and pro-
duces lysophospholipids and free fatty acids as prod-
ucts. PLAo constitutes a superfamily of enzymes
composed of six different types of enzymes, and some
types consist of various groups and subgroups based on
structural features (1). PLAys contribute numerous
biological functions by hydrolyzing membrane glycer-
ophospholipids producing lysophospholipids and free
fatty acids, which are converted into bioactive media-
tors that have important downstream effects especially
in inflammatory processes (2). The function of each
PLA, type or group predominantly depends on its
expression, subcellular localization, and substrate spec-
ificity. Therefore, to understand the complex functions
of PLAss in lipid metabolism, it is essential to elucidate
the complete specificity of each enzyme at the molec-
ular level.

Furthermore, elucidating the mechanism of each
PLAy’s substrate specificity provides the basis for
developing specific inhibitors and enables one to pre-
dict unknown substrate specificity, functions, and role
in disease. Among the human PLAy superfamily, the
cytosolic cPLAs, calcium-independent iPLAs, and
secreted sPLAs are the three essential types of PLAs. In
this study, we sought to elucidate the substrate speci-
ficity and detailed binding mode of the Group IVA
(GIVA) cPLAy, Group VIA (GVIA) iPLAy, and Group V
(GV) sPLA, as each is responsible for the production of
bioactive mediators derived from fatty acids (1, 3-5).

A very large number of specific glycerophospholipid
molecular species exist because of the combinatorial
possibilities of two acyl chains and a headgroup, and
each molecular species exhibits distinct chemical and
structural features. Fatty acyl chains are quite variable
based on the length of the carbon chain and the posi-
tion and number of double bonds. Furthermore, we
have found that each PLA, has a unique acyl chain
specificity for the cleaved fatty acid at the sn-2 position,
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and the specificity contributes significantly to its
function. In contrast to the variety of acyl chains in
mammalian phospholipids, the headgroup species are
more limited, but PLAys also have a unique preference
for the specific headgroup (6). For example, GV sPLA,
shows more than twice the activity toward phosphati-
dylglycerol comparing to the other headgroups in
mixtures of various headgroups (7). While it has been
shown that each PLAy has a different acyl chain spec-
ificity and different affinity to various headgroups
(8-10), it has not been clear if there is an interaction
between the head group specificity and the acyl chain
specificity of each PLA.

Among the products of PLAss, lysophospholipids
act as lipid second messengers involved in signal
transduction, and especially it is well known that
lysophosphatidylcholine and lysophosphatidic acid
directly bind to G-protein-coupled receptors and
activate downstream signaling pathways (11, 12). Also,
the free fatty acid products are involved in various
cellular responses. Of special note is the fact that
PLAss release free arachidonic acid (20:4, AA), which
is the key omega-6 fatty acid, which is enzymatically
converted into numerous eicosanoids regulating ho-
meostatic and inflammatory processes (13, 14). Simi-
larly, omega-3 fatty acids, especially eicosapentaenoic
acid (20:5 EPA) and docosahexaenoic acid (22:6, DHA),
are enzymatically converted into related oxygenated
polyunsaturated fatty acids (PUFAs), which are
bioactive oxylipins responsible for resolution and
anti-inflammatory effects (15). Therefore, PLAs is a
crucial player in inflammation and its resolution as
well as other diseases including cardiovascular con-
sequences depending whether AA, EPA, or DHA is
released (16). Moreover, the human brain enriches
DHA in membrane phospholipids, and DHA is sug-
gested to be involved in brain development and
various neurological disorders (17, 18). Therefore,
understanding the specificity of each PLAy type
toward AA, EPA, and DHA is important for under-
standing disease implications as well as PLA,
function.

In our previous in vitro study with pure human
PLAss, we employed lipidomics-based LC-MS/MS
to quantify the lysophospholipids produced from
conventional glycerophospholipids, and we observed
the activity of PLAgs toward AA and DHA on the sn-2
position (7), but comparative phospholipids containing
EPA were not available. In the present study, we
took advantage of the lipidomics-based LC-MS/
MS assay and a newly developed GC-MS assay,
which allowed us to investigate the sn-2 acyl chain
specificity in mixtures of phospholipids. We found
each enzyme showed a unique preference for AA,
EPA, or DHA on the sn-2 position and molecular dy-
namics (MD) simulations enabled elucidation of un-
derlying binding conformations and resulting
substrate selectivity.
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MATERIALS AND METHODS

Expression and purification of GIVA cPLA; and
GVIA iPLA,

The human GIVA cPLAy and GVIA iPLA, were expressed
and purified by the following previously established method
using Sf9 insect cells and baculovirus (19). The serum-free
cultured Sf9 cells were infected with baculovirus encoding a
C-terminal 6xHis tag conjugated human GIVA cPLAy or N-
terminal 6xHis tag conjugated human GVIA iPLAy with MOI
of 0.1 and 2.0 respectively. The expression was induced for
72 h at 28°C with shaking. The cells were harvested and lysed
in the lysis buffer (25 mM Tris—-HCI pH 8.0, 100 mM NaCl,
10 mM B-mercaptoethanol, and protease inhibitors; in the case
of iPLAy, 2 mM ATP was added). The supernatant was incu-
bated with Ni-NTA agarose for 1 h at 4°C. The slurry was
loaded on an open column and washed with the wash buffer
(25 mM Tris-HCl pH 8.0, 250 mM NaCl, and 10 mM imidazole).
Finally, the enzyme was eluted with elution buffer (25 mM
Tris-HCI pH 7.5, 50 mM NaCl, 250 mM imidazole, 30% glyc-
erol; in the case of iPLAs, 2 mM ATP was included in the
buffer).

Expression, purification, and refolding of GV
sPLA,

The human GV sPLAs was expressed using the E. coli
expression system and refolded by following and modifying
the dilution method reported previously (20). The plasmid
encoding C-terminal 6xHis tag conjugated human GV sPLA,
was transfected into BL21 (DE-3) Gold E. coli and precultured
in the LB medium for 16 h at 37°C. Twenty milliliter of the
precultured cells was inoculated into 1 L of LB medium and
cultured until the ODg reached 0.7-1.0 at 37°C. Then, 0.1 mM
IPTG was added and expression was induced for 4 h at 27°C.
The cell pellet was harvested and frozen at —-80°C. The pellet
was melted and resuspended with lysis buffer (25 mM Tris-
HCI pH 8.0, 100 mM NaCl, 10 mM p-mercaptoethanol, 5 mM
EDTA, 0.5 mg/ml lysozyme) and incubated on ice for 1 h. The
solution was sonicated six times with a 30s on 30s off-cycle
and centrifuged (11,000 g for 20 min). The pellet was washed
with 40 ml of buffer A (256 mM Tris-HCl pH 8.0, 10 mM
p-mercaptoethanol, 5 mM EDTA) and centrifuged (11,000 g for
20 min). The supernatant was discarded, and the pellet was
washed with 40 ml of 2 M urea in buffer A. The solution was
centrifuged (11,000 g for 20 min), and the pellet was incubated
with 40 ml of 6 M guanidine hydrochloride (GuHCI) con-
tained buffer A for 16 h at 4°C. The solution was centrifuged
(14,000 g for 30 min) and 10 mM MgCl, was added to chelate
EDTA in the supernatant. Then, the solution was incubated
with Ni-NTA agarose for 1 h at 4°C. The slurry was loaded
onto an open column and washed with 50 ml of wash buffer
(25 mM Tris-HCI pH 8.0, 500 mM NaCl, 10 mM p-mercaptoe-
thanol, 5 mM imidazole, 1 M GuHCI). The denatured GV
sPLAy protein was eluted with elution buffer (25 mM Tris-
HCl pH 80, 500 mM NaCl, 10 mM p-mercaptoethanol,
250 mM imidazole, 6 M GuHCI). The eluted solution was
dialyzed against dialyzing buffer (50 mM Tris-HCI pH 825,
100 mM NaCl, 6 M GuHCI), and the 0.2 mg/ml protein solu-
tion was diluted dropwise with refolding buffer (50 mM Tris-
HCI pH 85, 82 mM oxidized glutathione, 9.3 mM reduced
glutathione, 12 mM CaCls 12% glycerol) at a 1: 7 dilution ratio.
The diluted solution was incubated for 7 days at 4°C. Finally,
the solution was dialyzed against enzyme buffer (50 mM Tris-
HCI pH 80, 50 mM NaCl, 10 mM CaCly, 20% glycerol) to
remove GuHCI completely resulting in the GV sPLA..
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Lipidomics-based LC-MS/MS assay

The lipidomics-based LC-MS/MS assay was performed as
previously described (7). In brief, we prepared a mixed
micelle substrate containing 100 pM phospholipid, 400 pM
C12E8 surfactant, and 25 pM 17:0 lysophosphatidylcholine
(LPC) as an internal standard. For cPLAy, 3 pM of porcine
brain PIP2 was mixed with 97 uM phospholipid to enhance
the activity. The reaction was started by adding 5 pl of enzyme
solution to 95 pl of substrate solution in a 96-well plate, and
the plate was incubated for 30 min at 40°C with shaking. The
reaction was quenched by adding 120 pl of methanol/aceto-
nitrile (80/20, v/v), and the sample was directly injected into
the HPLC-MS/MS system. Mass spectrometry of lysophos-
pholipids was performed on a 4000 QTRAP® (AB Sciex,
Framingham, MA). The product produced was quantified
using a standard curve for each product, and the activity was
calculated based on protein concentration.

Lipidomics-based GC-MS assay

Phospholipids with various sn-2 acyl-chains were equally
mixed to 100 pM, and the substrate was prepared by the same
method as employed with the LC-MS/MS assay. For the GC-
MS assay, 250 ng of deuterated fatty acids were used as
internal standards (16:0-d3 for 16:0, 18:1-d2 for 181 and 18:2,
20:4-d8 for 20:4, 20:5, and 22:6). Twenty-five microliter of the
purified enzyme was incubated with 475 pl of the substrate
for 30 min at 40°C. The reaction was quenched by adding
25 ml of Dole’s regent (isopropyl alcohol/heptane/HsSO4/
H,0: 300/75/0.42/14.6). Silica gel, 1.5 ml of HyO, and 1.5 ml of
heptane were added to the solution, and the solution was
mixed well. The upper layer of the solution was passed
through the silica gel column and dried down. The dried
sample was derivatized with 50 pl of 0.5% pentafluorobenzyl
bromide and 50 pl of 0.5% diisopropylethylamine in acetoni-
trile for 20 min. After derivatization, the sample was dried
down and dissolved with 50 pl of iso-octane. The free fatty
acid in the sample was analyzed using GC-MS (Agilent 6890N
Gas Chromatograph and Agilent 5975 Mass Selective Detec-
tor). The amount of the products was calculated with a stan-
dard curve for each product, and the activity was calculated
based on the protein concentration.

Molecular dynamics (MD) simulations

Enzyme-substrate complexes.  Initial complexes of each enzyme
with their studied phospholipids were generated using our
previously published model based on the crystal structure of
GIVA cPLA, (21), our previously published homology model
of iPLAj based on patatin (7, 22), and a homology model of
GV sPLAj based on the crystal structure of GIIA sPLA, (7).
Phospholipids were docked in the active site of each enzyme
using the Glide software implemented in the Schrodinger
suite using a previously published docking protocol (7, 19,
23, 24).

Enzyme-membrane systems. The Membrane Builder imple-
mented in CHARMM-GUI was employed to generate
enzyme-membrane models for the MD simulations (25, 26).
The membrane patch consisted of POPC, SAPC, POPE, POPA,
POPG, POPS, SAPI(4,5)P2, and cholesterol. The average ratios
of the phospholipids were chosen to be 0.48 for PC, 027 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 chosen to be 0.40. These
ratios are the average ratio of the nuclear, mitochondrial, and
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plasma membranes, which are the major cellular membranes
and where cPLAy, iPLAy, and sPLA, are localized and acting
(6). The membrane composition was selected based on the
localization of each enzyme on cellular membranes according
to previously published studies (27-29). Each system was sol-
vated with TIP3P water molecules and neutralized with
150 mM sodium chloride (NaCl) using the Visual Molecular
Dynamics (VMD) package (30).

Equilibration and production runs. MD simulations were car-
ried out using NAMD 212 (31). The following minimization
and equilibration protocol was performed: a minimization of
80,000 steps was initially performed by applying harmonic
constraints on the enzyme-ligand-membrane that were grad-
ually 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.

During the equilibration, each system was slowly heated
and held to 310 K using temperature reassignment with a
reassignment frequency of 500 timesteps (1,000 fs) and a
reassignment increment of 1 K. The above minimization and
equilibration protocol were sufficient to induce the appro-
priate disorder of a fluid-like bilayer, avoid unnatural atom-
istic positions, and failure of the simulations by atoms moving
at exceedingly high velocities. Each system was finally sub-
jected to a 1 ps production run. For each production run, the
temperature was maintained at 310 K using the Langevin
thermostat with Langevin coupling coefficient of 1/ps (32).

The NPT ensemble was employed and the pressure was
kept constant at 1.01325 kPa using the Langevin piston method
with the “useGroupPressure,” “useFlexibleCell,” and “use-
ConstantArea” parameters turned on (33). A time step of 2 fs
was used in combination with the SHAKE algorithm to hold
the bonds of hydrogen atoms similarly constrained (34).
Nonbonded interactions and full electrostatics were calcu-
lated every 1 and 2 time steps, respectively. Switching func-
tions were used to smoothly take electrostatic and van der
Waals interactions to zero with a switching distance of 10 A
and a cutoff of 12 A. Long-range electrostatic forces in the
periodic system were evaluated using the Particle Mesh Ewald
(PME) Sum method with grid spacing 1/A (35). The CHARMM
General Force Field (CGenFF) and the CHARMMS36 all-atom
additive force field and parameters were used for the simu-
lations (36, 37).

Statistical analysis. All error bars show the standard devia-
tion (SD). A one-way ANOVA followed by the Tukey-Kramer
multiple comparison test was carried out when more than
three groups were compared using BellCurve for Excel
Version 3.20. A P-value of less than 0.05 was considered to be
significant.

RESULTS

Effect of the headgroup on the sn-2 acyl-chain
specificity

First, we employed the LC-MS/MS assay to confirm
the PLAy sn-2 acyl-chain specificity toward sn-1 16:0
(palmitic acid, PA), sn-2 X PC (PC 16:0/X) since PC is the
most abundant headgroup in mammalian membranes.
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X was PA, 181 (oleic acid, OA), 182 (linoleic acid, LA),
20:4 (arachidonic acid, AA), and 22:6 (docosahexaenoic
acid, DHA). The substrate specificity of all three en-
zymes was consistent with our earlier study (7). In short,
cPLAs showed high specificity toward sn-2 20:4 and no
activity toward sn-2 22:6 (Fig. 1A). iPLAy showed the
highest activity toward sn-2 18:2, less activity toward 16:0,
181, and 20:4, and the lowest activity toward 22:6
(Fig. 1B). sPLAo showed the highest activity toward 18:2
and did not show good activity toward 20:4 (Fig. 1C).
Notably, only sPLAs showed relatively high activity to-
ward PC 16:0/22:6 among the three PLAs.

To determine the effect of the head group on the sn-
2 acyl-chain specificity of the three PLAy enzymes, we
tested the activity of them toward sn-l 16:0 sn-2: X
phosphatidylglycerol (PG 16:0/X), which is anionic and
the best headgroup for both iPLAy and sPLAy (7). The
sn-2 acyl chain specificity of cPLAy was not affected by
the substitution of PG for PC (Fig. 1D). In contrast,
although iPLA, showed the highest activity toward sn-2
18:2, 16:0 was also a good substrate in the case of PG
(Fig. 1E). sPLAs showed high activity toward both sn-2:
18:1 and 18:2 in the case of PG, and 16:0 was the worst
substrate in the PG in contrast to PC (Fig. 1F). Notably,
the overall activity of iPLAy and sPLAs was signifi-
cantly higher in the case of PG. These results indicated
that PG somewhat affects the sn-2 acyl-chain specificity
of iPLAs and sPLAs.

Acyl-chain specificity toward PE

In order to examine the specificity toward EPA in the
sn-2 acyl-chain of all three PLAgs, we tested PE 16:0/20:5
as well as other sn-1 16:0 sn-2: X phosphatidylethanol-
amine (PE 16:0/X), which is the second most abundant
species in humans. Overall, the sn-2 acyl-chain speci-
ficity of all three enzymes was similar to the specificity
toward PCs, that is, cPLAs showed the highest activity
toward sn-2 AA and iPLA, and sPLAy showed signifi-
cant high activity toward sn-2 182 (Fig. 2A-C). Inter-
estingly, especially focusing on the AA, EPA, and DHA,
cPLAy showed high activity toward sn-2 EPA, but the
activity was not as high as the activity toward sn-2 AA
(Fig. 2A). iPLAy showed the highest activity toward sn-2
EPA, and the activity was much higher than that toward
sn-2 AA (Fig. 2B). With both cPLAs and iPLAy, the ac-
tivity toward DHA was the lowest of the three sn-2 acyl
chains (Fig. 2A, B). In contrast, sPLAs showed a clear
preference for sn-2 DHA in the three acyl chains and
did not show activity toward EPA similar to AA
(Fig. 2C).

Acyl-chain specificity toward mixtures of
phospholipids

Phospholipid membranes allosterically —activate
PLAys and the enzyme extracts the specific substrate
phospholipid from the lipid membrane (22). Therefore,
we investigated whether these enzymes show a
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Fig.1. The activity of human PLAss toward PC and PG. The activity of (A, D) GIVA cPLA,, (B, E) GVIA iPLAy, and (C, F) GV sPLA,
is shown toward sn-1 16:0 sn-2 X PC and PG, where X is 16:0 (PA), 18:1 (OA), 18:22 (LA), 20:4 (AA), or 22:6 (DHA). The activity was
determined and quantified using authentic lyso-PC and lyso-PG primary and internal standards. The values are mean + SD. N = 3.
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sn-2 acyl chain

Fig. 2. The activity of human PLAys toward PE. The activity of (A) GIVA cPLA,, (B) GVIA iPLAy, and (C) GV sPLA, is shown
toward sn-116:0 sn-2 X PE, where X is 16:0 (PA), 181 (OA), 182 (LA), 20:4 (AA), 20:5 (EPA), or 22:6 (DHA). The activity was determined
and quantified using authentic lyso-PE primary and internal standards. The values are mean + SD. N= 3. P < 0.05 (one-way ANOVA

followed by Tukey-Kramer post hoc test).

different sn-2 acyl-chain specificity in mixtures of
phospholipids containing different sn-2 acyl-chains.
However, since the LC-MS/MS assay follows the lyso-
phospholipid products, we utilized a GC-MS to directly
measure the free fatty acid products. We used deuter-
ated fatty acids as internal standards generating stan-
dard curves (Fig. S1). All three enzymes showed linearity
with protein and time with their best substrate, PC 16:0/
20:4 for cPLA,, PG 16:0/18:2 for iPLAs and sPLAj
(Fig. S2). We also determined the activity of the three
enzymes toward PC 16:0/20:4 by both the LC-MS/MS
and GC-MS assay, and the two assays gave comparable
activity (Fig. S3). Additionally, we determined the sn-2
acyl-chain specificity of iPLAy using single PG phos-
pholipid substrates with the GC-MS assay to confirm
that the two assay methods gave similar results with the
same substrate. (Fig. S4).

With the GC-MS assay established, we determined
the sn-2 acyl-chain specificity of the three enzymes us-
ing a mixture of PCs, PGs, and PEs and found it overall
consistent with the specificity from the single phos-
pholipid substrates, but some minor differences were
observed. Notably, in the mixture, cPLAs showed little
or no detectable activity toward other than AA and
EPA (Fig. 3A, D, G). The activity of iPLAs toward 181
and 18:2 became slightly better than that toward 20:4
and 20:5, respectively, in contrast to the result with the
LC-MS/MS assay (Fig. 3B, E, H). In the case of sPLA,,
the activity toward DHA was relatively lower than that
of the LC-MS/MS assay with all headgroups (Fig. 3G, F,
I). Due to the remarkably higher activity of sPLAy to-
ward 181 and 18:2 in the sn-2 position, the difference
among AA, EPA, DHA in that position was not statisti-
cally significant when compared with the other sn-2
acyl chains (Fig. 3I). However, the difference of these
three sn-2 acyl chains was statistically significant when
we compared only the three of them with one another
by one-way ANOVA. Importantly, all three enzymes
showed their unique preference for AA, EPA, or DHA
even in mixtures of phospholipids (Fig. 3G, H, I).
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Binding mode of phospholipids in cPLA;

To explain the lipidomics preferences toward AA,
EPA, and DHA, we analyzed the binding between each
PLA, and PE 16:0/20:5 or 16:0/22:6 using ps scale MD
simulations as previously reported for PE 16:0,/20:4 (7).

The active site of cPLAs is a deep and narrow
hydrophobic funnel enriched with aromatic amino
acids (21). The binding mode of PE 16:0/20:4 revealed
that the entire phospholipid was accommodated in the
active site of cPLAy, and the AA on the sn-2 position
was held by aromatic amino acids (Movie Sl). We could
see Ser228 and Aspb49 composing the catalytic dyad,
Asp200 contributing the binding of the phosphate
group, and Glyl97 and Glyl98 forming the oxyanion
hole, which stabilizes the negatively charged transition
state of the reaction, are essential (38, 39). The simula-
tion showed that the phosphate and headgroup were
accommodated in the polar pocket, especially, Ala578,
Asnbbb, and Arg200 formed hydrogen bonds with high
occupancy (Movie S2A and Table SI). Further, the
carbonyl group of the sn-2 acyl chain frequently
interacted with Glyl97 and 198, which forms an oxy-
anion hole (Movie S2A and Table S1). Notably, the fact
that Arg200 formed a highly stable interaction with the
phosphate group of every substrate throughout the
simulation was consistent with the previous report (40).

The binding mode of PE 16:0/20:5 was similar to the
PE 16:0/20:4 (Movie S3 and Fig. 4A). The headgroup
and phosphate were also accommodated in the polar
pocket in a similar manner as with PE 16:0/20:4, but
Alab78 did not participate in the binding (Movie S2B
and Table SI). Also, Glyl97 and 198 interacted with the
carbonyl group of the sn-2 EPA with relatively high
occupancy (Movie S2B and Table SI). However, the
overall occupancy of hydrogen bonds was lower than
that of PE 16:0/20:4. In contrast to AA and EPA, PE
16:0/22:6 in the active site was not settled, and DHA on
the sn-2 position moved significantly during the simu-
lation (Movie S4). Further, the sn-2 DHA was a distance
from the catalytic dyad in the optimal binding mode

Phospholipase Ay substrate specificity and molecular basis 5
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(Fig. 4B). Indeed, the mean of the distance from the
catalytic serine to the carbonyl group of the sn-2 acyl
chain of AA, EPA, and DHA during the simulation was
303 + 0.1 A, 309 + 0.1 A, and 613 + 1.2 A, respectively.
The hydrogen bond analysis revealed that although
Arg200 frequently interacted with the phosphate
group, the occupancy of the binding of Glyl97 and 198
to the sn-2 carbonyl group was significantly low due to
its distance from the active site (Movie S2C and
Table Sl).

We repeated the 1 ps simulations for EPA and DHA,
and these simulations were quite consistent with the
first simulations and in vitro activity (Movies S5 and S6).
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In brief, even in the second simulation, the sn-2 EPA
chain settled in the active site during the simulation, but
not sn-2 DHA. Importantly, the mean of distances be-
tween the catalytic serine and the sn-2 carbonyl during
the simulation was consistent with the first simulation
(EPA: 291 + 0.1 A and DHA: 6.06 + 0.8 A).

We analyzed the root-mean-square deviation (RMSD)
of ligands, which represents the conformational fluc-
tuations of the ligands to monitor the movement of
substrates in the active site during the simulations.
Thus, a low RMSD indicates less movement of the
ligand. The RMSD clearly indicated that PE 16:0/22:6
was more flexible than PE 16:0/20:4 and PE 16:0/20:5 in
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the active site of cPLAy during the MD simulations
(Fig. S5), indicating that this flexibility of the sn-2 acyl
chain results in the lower selectivity toward DHA. From
the above, the pocket accommodating the tail of the sn-
2 acyl chain seems to be contributing to the stability of
substrates. The optimal binding mode revealed that the
tails of AA and EPA were accommodated in the narrow
aromatic and aliphatic cavity (Fig. S6A, B). However, the
tail of DHA did not fit and settle in the cavity, and
during the simulation, the tail drifted around the hy-
drophobic regions (Movies S4 and S6 and Fig. S6C).

Finally, we calculated binding free energy by the
MM-GBSA method using the final frame of the 1 ps
simulation as an optimal binding mode of each ligand.
The calculation revealed that the binding stability of
the ligands was AA > EPA > DHA based on the binding
free energy (Table S2), which were consistent with the
in vitro selectivity. These results clearly showed that the
fitness of the sn-2 acyl chain in the hydrophobic bind-
ing site affects the binding of the headgroup to the
hydrophilic pocket and the binding stability creating
the strict substrate specificity of GIVA cPLAs.

Binding mode of phospholipids in iPLA,

The active site of iPLAy has a wide and flexible cavity
providing its permissive specificity in contrast to cPLAs
(7). Also, it is well known that iPLAs contains the
Ser519/Asp652 catalytic dyad, and Gly487 and Gly486
form the oxyanion hole. In the iPLAy active site, the AA
tail of PE 16:0/20:4 moved around, but the AA chain
had settled at the end of the simulation (Movie S7).
Moreover, the headgroup seemed to be stable in the
hydrophilic pocket by forming hydrogen bonds,
despite the movement of the acyl chains (Movie S7).
The simulation of PE 16:0/20:4 showed that Asp484,
Lys729, Lys489, and Asn658 mainly formed hydrogen
bonds with the phosphate and head group ethanol-
amine and seemed to be critical (Movie SS8A and Table
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S3). Also, Gly487 and Gly486, which form the oxyanion
hole, interacted with a carbonyl group of AA, although
Gly486 only forms weak hydrogen bonds (Movie SS8A
and Table S3).

The binding mode of PE 16:0/20:5 was similar to the
one of PE 16:0/20:4 (Movie S9 and Fig. 5A). However,
the sn-2 EPA showed less movement and seemed to be
more stable than AA. The simulation revealed that
although there are some minor differences, similar
residues interacted with the phosphate and headgroup,
and most of the residues formed hydrogen bonds with
higher occupancy compared with the case of AA
(Movie S8B and Table S3), indicating that PE16:0/20:5
fits the active site better than PE 16:0/20:4. The binding
of PE 16:0/22:6 was different from the other two. At
first, PE 16:0/22:6 made a similar pose to that of the
other two substrates; however, finally, the substrate
dissociated from the catalytic residues and flipped in
the active site (Movie S10 and Fig. 5B). The mean dis-
tance from the catalytic serine to the carbonyl group of
the sn-2 DHA (542 + 28 A) was too great for it to hy-
drolyze the acyl chain. The distance of AA was slightly
longer than that of EPA (323 + 0.4 Aand 312 + 01 A,
respectively). The RMSD of each ligand indicated that
the dramatic conformational change of DHA after
600 ns was observed in contrast to the movement of AA
and EPA in the active site (Fig. S7). Importantly, it is
consistent with the in vitro specificity of iPLAy that
EPA showed the lowest binding free energy among the
three substrates (Table S2).

In the second simulation, PE 16:0/20:5 showed a
similar binding mode and hydrogen bond pairs with
the first simulation (Movie Sl1l), and PE 16:0/22:6
showed fewer hydrogen bonds and dissociated from
the active site similar to the first simulation (Movie SI12).
The mean distances from the catalytic serine to the sn-2
carbonyl of EPA and DHA in the second simulation
were 3.06 + 0.1 A and 7.08 + 25 A, respectively. These
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results clearly indicated that the binding of EPA in the
iPLA, active site is more stable than AA and DHA and
reasonable for hydrolysis, which is consistent with the
in vitro specificity of GVIA iPLA..

Our previous study analyzed the optimal binding
mode of PC 16:0/14:0 and PC 16:0/18:1, which are good
substrates for iPLAy in the iPLAjy active site. The
binding mode revealed that iPLAs utilizes two different
hydrophobic pockets surrounded by either aliphatic or
aromatic amino acids to accommodate the sn-2 acyl
chain (Fig. S8A, B) (7). Next, we focused on the hydro-
phobic pockets and explored how EPA adjusts to the
hydrophobic pocket. In PE 16:0/20:4, the tail of AA
deeply penetrated and interacted with similar residues
in the pocket that accommodates 18:1 (Fig. S8C). In
contrast, the tail of EPA was not accommodated in the
pocket accommodating 14:0, 18:1, and 20:4, but was sur-
rounded by the shallow hydrophobic cavity (Fig. S8D).
The additional double bond at the omega end of EPA
bent the chain to fit the cavity. Indeed, the RMSD of
AA and EPA on the sn-2 acyl chain indicated that EPA
was more rigid than AA (Fig. S9). Similarly, the tail of
DHA was accommodated in the shallow hydrophobic
cavity during the first 500 ns of simulation, but the
cavity did not retain the tail because of its longer chain
length, resulting in dissociation from the active site
(Fig. S8C). From these results, it is clear that the for-
mation of these hydrophobic pockets stabilizing the sn-
2 acyl chain is critical for the sn-2 acyl chain specificity
of iPLA,.

Binding mode of phospholipids in sPLA,

As MD simulations of sPLAs with PE 16:0/20:4 show,
in contrast to the other PLLAgs, the active site of sPLAs is
a shallow cavity that accommodates only the sn-2 acyl
chain, phosphate, and head group (Movie S13). For the
head group and phosphate binding, Gly31, Arg62, and
Glub55 contribute to it by forming hydrogen bonds
(Movie SI4A and Table S4). sPLAy has a His47/Asp48
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catalytic dyad and requires Ca** for the catalytic ac-
tivity. It is believed that the activity of sPLAy is strongly
affected by the chain length of the sn2 acyl chain
because of the capacity of the cavity. However, in our
in vitro assay, sPLAs showed relatively high activity
toward sn-2 DHA among AA, EPA, and DHA, although
DHA has the longest chain.

In the case of PE 16:0/20:5, the substrate gradually
moved away from the active site, and in the optimal
binding mode, the sn-2 carbonyl group was a distance
from the catalytic histidine, although the sn-2 acyl chain
stayed in the active site (Movie SI15 and Fig. 6A).
Although Gly31 and Arg62 formed hydrogen bonds
with the phosphate, the occupancy was low due to the
dissociation of the head group from the active site
(Movie S14B and Table S4). Notably, in the second
simulation of PE 16:0,/20:5, the substrate was completely
dissociated from the active site by 500 ns (Movie SI6).
These results confirm that the active site of sPLAs does
not retain PE 16:0/20:5 in a stable manner.

However, surprisingly, PE 16:0/22:6 stays in the active
site, and the sn-2 acyl chain stays close to the catalytic
histidine during the simulation (Movie S17 and Fig. 6B).
The phosphate and headgroup of PE 16:0/22:6
frequently formed hydrogen bonds with Gly31, Arg62,
and Glu55 despite the longer sn-2 acyl chain (Movie
S14C and Table S4). The mean and standard deviation
of the distance from the catalytic histidine to the
carbonyl group of DHA (3.62 + 0.3 A) were significantly
shorter than that of AA (697 + 14 A) and EPA (6.81 +
24 A). Overall, PE 16:0/22:6 sustained a lower RMSD
value than the other two (Fig. S10). Indeed, in contrast to
the other sn-2 chains, DHA was fixed in the active site
by folding the acyl chain back in to fit in the cavity
(Movie S17 and Fig. 6B). Importantly, in the second
simulation for PE 16:0/22:6, the head group interacted
with the same residues as during the first run and
showed less movement (Movie S18). Also, the distance
between the sn-2 carbonyl group and the catalytic
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histidine was still significantly shorter (4.01 + 0.3 A)
than with the other two fatty acids.

The hydrophobic cavity, composed of Tyr2l, Tyr24,
and Tyrl05, accommodates the sn2 acyl chain by
interacting with double bonds in DHA, and this region
appeared to allow DHA to fold back and fit in the
cavity (Fig. SIIC). In the binding of AA and EPA,
the orientation of these residues appeared to not
be optimal for accommodating the acyl chains
(Fig. S11A, B).

Despite the nature of its binding mode, PE 16:0,/22:6 is
suitable for enzymatic hydrolysis and the binding free
energy was slightly higher than for the other two sub-
strates (Table S2). In other words, PE 16:0/20:4 and PE
16:0/20:5 have an advantage in the binding stability of
their optimal binding mode, but the binding poses are
not optimal for enzymatic hydrolysis. These results
indicate that sPLAy accommodates DHA properly by
folding its acyl chain back in the active site to hydrolyze
it, but the binding stability is lower due to its longer acyl
chain. This observation may explain why the activity
toward DHA was not as high as that toward 18:2, which
is the best substrate. Indeed, the binding free energy of
the optimal binding mode of PC 16:0/18:2 in the sPLAs
active site from the 1 psec simulation we previously
observed (7) was much lower than that of omega-3 and
omega-b fatty acids in the sn-2 position (-80.2 kcal/mol),
although the headgroup is different.

DISCUSSION

In this study, we found a detailed and unique sub-
strate specificity for each of the three important hu-
man PLAss employing lipidomics-based LC-MS/MS
and GC-MS assays. Furthermore, we found that the
binding mode of each PLAy during MD simulations
revealed unique active site properties, especially the
cavity accommodating the sn-2 acyl chain tails; this re-
sults in unique sn-2 acyl chain specificity for each PLAs
toward AA, EPA, and DHA.
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For this current study, we used glycerophospholipids
which contain a 16:0 in the s»n-1 position since this is one
of the major species in human membranes. We previ-
ously compared the substrate specificity of c, i, and
sPLAy toward PC 16:0/X and 18:0/X, and found that
there was little difference in the sn-2 acyl chain speci-
ficity (7). Therefore, the effect of the major saturated
sn-1 acyl chains on the sn-2 acyl chain specificity should
be minimal, although the effect of the less abundant
unsaturated sn-1 acyl-chains and the linkage of the sn-1
acyl chain (alkyl ether and vinyl ether) on the sn-2 acyl
chain specificity may be more significant and is the
subject of current studies.

The main limitation of MD simulations is that the
starting position of the enzymes and substrates could
affect the results. Docking of the membrane and the
single substrate phospholipid with each PLAy is based
on hydrogen-deuterium exchange mass spectrometry
(HDX/MS) (41). Based on the resulting models, we have
shown the extraction of a single phospholipid substrate
into the active site of GIVA cPLAy, and GVIA iPLAy
(22). The starting position was based on these results.
Furthermore, we repeated all MD simulations at least
twice to confirm that the results were reproducible, and
we found that the results were always consistent with
the first simulations and in vitro specificity of all PLAsgs.
Also, a rigorous minimization and equilibration proto-
col was performed to ensure that the entire system
(enzyme, membrane, and solvent) was well equilibrated,
as shown by the RMSD versus time plots (Fig. S12)
confirming that the models and MD simulation results
are reliable.

We analyzed the optimal binding mode of PE 16:0/
20:4, 16:0/20:5, and 16:0/22:6 in the cPLAy, iPLA,, and
sPLAy active site. However, the difference in the pref-
erence for AA, EPA, and DHA in the sn-2 position
seemed to not be simply derived from its chain length
and number of double bonds, but the positions of the
double bonds are also important. It has been reported
that the double bond at the A5 position on the sn-2 acyl
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chain is critical for the activity of cPLAs (42). Indeed,
both AA and EPA have that double bond at the A5
position, but DHA does not contain one and has the
double bond at the A4 position instead. The RMSD
analysis of aromatic amino acids in the cPLAs active
site indicated that Phel99, Phe291, Phe295, and Phe681
show significant movement in the case of DHA
(Fig. S13). Especially among them, Phel99 is the closest
to the A5 double bond (within 5 A), which suggests that
the Phel99 plays an important role for selectivity to-
ward the A5 double bond. However, recently, it has
been reported that cPLAy contributes to mobilization
of adrenic acid (22:4 »-6), which possesses a A7 double
bond instead of a A5 double bond (43). This might
suggest the hypothesis that double bonds on the odd
position are critical for the activity of cPLAs though
this conclusion would require further in vitro study. In
addition, it was reported that GIVC cPLAy (also known
as cPLAyy) has less specificity toward the sn-2 AA;
however, Phe291 and Phe68l are substituted (21). These
facts are consistent with our results from MD simula-
tions suggesting that these aromatic regions are critical
for the specificity of cPLAy based on the double bond
number and position.

Interestingly, iPLAy showed high activity toward
EPA, and the activity was even higher than that toward
AA. Also, in the LC-MS/MS assay, EPA was the best sn-2
acyl chain over 182, which was believed to be the
best sn-2 acyl chain. MD simulations revealed that
the shallow hydrophobic cavity for accommodating
the sn-2 EPA tail contributes to the stability of binding,
and an additional double bond of EPA contributed to
the fitness of EPA to the cavity. Indeed, root mean
square fluctuation (RMSF) analysis of the iPLAs active
site revealed that residues such as 541-549, 555-560,
634-638, and 771-775, which form a shallow hydro-
phobic cavity, are more stable than with AA (Fig. S14).
However, similarly, overall RMSF values of DHA were
small despite that the optimal binding mode was
different from that of AA and EPA. Indeed, the bind-
ing mode of PE 16:0/22:6 in the first 500 ns of the
simulation seemed to be stable, which means the bind-
ing mode was at a local minimum (Movie SI10 and Fig.
S7). However, the optimal binding mode as a global
minimum at the end of the simulation was not suitable
for hydrolysis (Fig. 5B). This global minimum binding
mode can be a reason for the gap between activity and
stability of binding after the first 500 ns.

Several in vivo and ex vivo studies have reported the
contribution of PLAgys to specific fatty acid release and
metabolism. It is known that DHA is highly abundant in
the brain (44-46). Several studies using iPLAs knock-
out mice suggested that iPLAs is involved in DHA
metabolism in the brain (47-49). However, among AA,
EPA, and DHA, although iPLA, showed some activity
toward DHA in mixtures of phospholipids, the activity
was significantly lower compared with other acyl
chains. Similarly, it was also reported that cPLAy knock-
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out mice showed impaired brain DHA as well as AA
metabolism (50), although cPLAy did not show signifi-
cant activity toward DHA in our studies on mixtures of
phospholipids. Substrate availability might contribute
to this gap between in vitro and in vivo; however,
further study is needed to explain this difference. In
previous studies, it was observed that purified rabbit
cPLAy releases EPA (51). However, the precise in vitro
activity of human cPLAy, iPLAy and sPLA, toward EPA
and the selectivity of these PLAss toward various
PUFAs especially omega-3 fatty acids were not known
(10). In the present study, we demonstrated that iPLAs
and cPLAy have high activity toward EPA and their
molecular basis of selectivity toward EPA can be
explained. Therefore, we raise the possibility that the
low activity toward DHA does not prevent DHA meta-
bolism in the brain since these enzymes release EPA,
and EPA can be subsequently actively metabolized into
DHA, although several important questions require
further clarification. For example, it is well known that
EPA is only a very minor component of human brain.
Therefore, exactly how the activity of the various
PLAss toward EPA outside of the brain affects the
metabolism of DHA in the brain needs further
clarification.

Furthermore, it has been recognized that GV sPLAy
engages in AA mobilization and eicosanoid production
(52, 53). However, the in vitro activity of GV sPLAs to-
ward AA was significantly lower than toward other
substrates. Though, it is also suggested that lipopoly-
saccharide (LPS)-induced AA release predominantly
depends on GIVA cPLAs it is noted that LPS stimula-
tion increases GV sPLAy expression in macrophages
(54). Since GV sPLAy is a secreted enzyme and acts both
intracellularly and extracellularly, the pool of phos-
pholipids available depends on the stimulation and
localization. This variety might obscure in vivo func-
tions of GV sPLA,. In this study, we demonstrated that
GV sPLAs prefers DHA though this has not been pre-
viously addressed in the context of GV sPLAs function
(65). Therefore, our results suggest that further inves-
tigation of the in vivo functions of GV sPLAj is
warranted.

The sn-2 acyl chain specificity of each of the three
PLAgs toward mixtures of phospholipids was slightly
different from the specificity toward the single phos-
pholipid substrates. For example, cPLAs showed more
strict specificity toward AA and EPA alone (Fig. 3).
Since phospholipids exist in membranes, PLAys are
required to extract the most desirable phospholipid
substrate from the membrane (22). We found that the
composition of phospholipids in mixtures affects the
specificity observed in the GC-MS assay, perhaps
reflecting the in vivo activity more accurately.

In contrast to cPLAy and iPLAy, sPLAy is a very small
enzyme, and six disulfide bonds make the structure
rigid. Therefore, it was generally thought that sPLA,
does not act on substrates with a longer acyl chain, such
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as ones containing more than 18 carbons due to the
small size of the active site. Indeed, our simulations
demonstrated that AA and EPA do not fit well in the
active site. Interestingly, sPLAy showed greater activity
toward DHA than AA and EPA, although DHA has an
even longer chain. This led to the surprising observa-
tion that DHA fits the shallow cavity by folding back
the acyl chain on itself. This observation suggests that
sPLAos can hydrolyze substrates that have more than
18 carbons on the sn-2 chain if they contain appropriate
double bonds.

We have previously described numerous active site
inhibitors for each PLAs type based on conventional
radiolabeled-based assays and hydrogen/deuterium
exchange mass spectrometry coupled with MD simula-
tions (41, 56). In the present study, we demonstrated that
unique active site geometries, especially the binding
pocket accommodating the sn-2 acyl chain, conferred
unique substrate specificity toward AA, EPA or DHA
where a double bond could be critical. Previously, we
defined the specific binding sites for optimal inhibitors
of i and cPLAys, and the current studies on substrate
specificity confirm that the most potent and specific in-
hibitors bound primarily in what we now have defined as
the sn-2 acyl chain binding sites. This suggests that future
inhibitor design should focus on these sites to create
more specific inhibitors. Furthermore, the lipidomics-
based assays described herein can now be used for
higher-throughput inhibitor screening analysis (57).

CONCLUSION

We previously demonstrated that the unique active
site conformation of ¢, i, and sPLAy generally controls
the unique substrate specificity of each enzyme (7).
However, we have now shown how the unique and
specific hydrophobic sn-2 fatty acid active site geome-
tries of each of these important human PLAgs confer a
unique substrate selectivity toward precise double
bond positions and chain length. This illustrates the
enormous power of a hydrophobic site cavity to show
the unexpected exquisite specificity and sensitivity
generally attributed to charged and polar sites in pro-
teins. This is a novel finding that constitutes a new
paradigm that should be of great interest to those
studying protein interactions with membranes
including peripheral protein and especially with the
hydrophobic chains of phospholipids in the membrane
(58).

In the present study, we focused on phospholipid-
containing PUFAs including omega-6 AA and omega-
3 EPA and DHA, and this revealed that each of the
three major PLAss shows a unique substrate specificity
toward these critically important fatty acids. This new
information should allow investigators to now deter-
mine the precise role of each PLAy in specific diseases
where production of AA has very different conse-
quences than production of EPA or DHA. This
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information should be useful in the design of more
potent and specific inhibitors to explore important
neurological and other diseases.
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