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ABSTRACT: Human secreted phospholipase A2s have been
shown to promote inflammation in mammals by catalyzing the
first step of the arachidonic acid pathway by breaking down
phospholipids, producing fatty acids, including arachidonic
acid. They bind to the membrane water interface to access
their phospholipid substrates from the membrane. Their
binding modes on membrane surfaces are regulated by diverse
factors, including membrane charge, fluidity, and hetero-
geneity. The influence of these factors on the binding modes
of the enzymes is not well understood. Here we have studied

Contact

Penetration

several human synovial phospholipase A2 (hs-PLA2)/mixed bilayer systems through a combined coarse-grain and all-atom
molecular dynamics simulation. It was found that hydrophobic residues Leu2, Val3, Alal8, Leul9, Phe23, Gly30, and Phe63 that
form the edge of the entrance of the hydrophobic binding pocket in hs-PLA2 tend to penetrate into the hydrophobic area of lipid
bilayers, and more than half of the total amino acid residues make contact with the lipid headgroups. Each enzyme molecule
forms 19—38 hydrogen bonds with the bilayer to which it binds, most of which are with the phosphate groups. Analysis of the
root-mean-square deviation (rmsd) shows that residues Val30—Thr40, Tyr66—GIn80, and Lys107—Arg118 have relatively large
rmsds during all-atom molecular dynamics simulations, in accordance with the observation of an enlarged entrance region of the
hydrophobic binding pocket. The amino acid sequences forming the entrance of the binding pocket prefer to interact with lipid
molecules that are more fluid or negatively charged, and the opening of the binding pocket would be larger when the lipid

components are more fluid.

hospholipase A2s (PLA2s) make up a family of enzymes
that catalyze the hydrolysis of the sn-2 ester bond of
glycerophospholipids. They are involved in a range of cellular
processes, including the release of lipid mediators, membrane
remodeling, inflammation, and transmembrane signaling. These
enzymes can be roughly classified into two categories: the 14
kDa secretory PLA2 (sPLA2)"* and the 80 kDa cytosolic PLA2
(cPLA2)."? sPLA2s are mainly o-helical and exist on the
extracellular face of cell membranes. Human secretory
phospholipase A2 is commonly regarded as a regulatory factor
in many physiological processes,” and altered levels of human
secretory phospholipase A2 are observed in many pathological
situations, including cancer,” respiratory allergy,6 and apopto-
sis.” One of its hydrolysis products, arachidonic acid, is the
precursor for producing eicosanoids, including leukotrienes,
thromboxanes, and prostaglandins, which are categorized as
mediators of inflammation.
Human synovial PLA2 (hs-PLA2) was isolated from the
synovial fluid of patients with rheumatoid arthritis. It has been
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thoroughly investigated through structural, biophysical, and
biochemical methods.*® Scott et al.'® determined the crystal
structure of the calcium-bound form of a human nonpancreatic
secretory phospholipase A2 that is found in high concentrations
in the synovial fluid of patients with rheumatoid arthritis at
physiological pH and identified a cluster of hydrophobic
residues (Leu2, Val3, Leul9, Phe23, Val30, and Phe63) that are
located at the edge of the entrance to the hydrophobic binding
pocket where hydrolyzing reactions occur. They proposed that
the catalytic cycle of group I/II/V PLA2s involves activation of
a conserved water molecule in the active site by the H48/D99
pair, followed by nucleophilic attack on the sn-2 position of the
phospholipid to form a tetrahedral reaction intermediate. Diez
et al.'' investigated the reaction capability of human

phospholipase A2 with different phospholipid substrates and
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Table 1. Details of the Simulated Systems

components duration
system coarse-grained full atomic coarse-grained full atomic
PLA2/DOPC PLA2, 128 DOPC, 3000 CG water PLA2, 128 DOPC, 6974 water, ions 2.5 ps 120 ns
8.0 us 160 ns
PLA2/DOPE PLA2, 128 DOPE, 3000 CG water PLA2, 128 DOPE, 6310 water, ions 2.5 us 120 ns
8.0 us 160 ns
PLA2/SAPE/DOPC PLA2, 51 SAPE, 77 DOPC, 3000 CG water PLA2, 51 SAPE, 77 DOPC, 8005 water, ions 3.2 us 120 ns
8.0 us 160 ns
PLA2/SAPE/DOPE PLA2, 51 SAPE, 77 DOEC, 3000 CG water PLA2, 51 SAPE, 77 DOPE, 6591 water, ions 3.2 us 120 ns
8.0 us 160 ns
PLA2/SAPG/DOPC PLA2, 51 SAPG, 77 DOPC, 3000 CG water PLA2, 51 SAPG, 77 DOPC, 6755 water, ions 32 us 120 ns
8.0 us 160 ns
PLA2/SAPG/DOPE PLA2, 51 SAPG, 77 DOPE, 3000 CG water PLA2, 51 SAPG, 77 DOPE, 7944 water, ions 3.2 us 120 ns
8.0 us 160 ns
PLA2/SAPM/DOPC PLA2, 51 SAPM, 77 DOPC, 3000 CG water PLA2, 51 SAPM, 77 DOPC, 7970 water, ions 3.2 us 120 ns
8.0 us 160 ns
PLA2/SAPM/DOPE PLA2, 51 SAPM, 77 DOPE, 3000 CG water PLA2, 51 SAPM, 77 DOPE, 7171 water, ions 3.2 us 120 ns
8.0 us 160 ns

reached the conclusion that the human synovial fluid PLA2
shows a clear preference for sn-glycero-3-phosphoethanolamine
over sn-glycero-3-phosphocholine. Jain et al. proved that
phospholipase A2 hydrolyzes phospholipid vesicles in the
scooting mode'”" and hopping mode'* for anionic and
zwitterionic membranes, respectively, and it hydrolyzes only the
substrate molecules in the outer monolayer of the vesicles to
which it is bound. Previous experimental studies proved that
phospholipase A2 first needed to bind to the outer surface of
the plasma membrane before hydrolyzing lipid molecules,'* and
its binding constants and reaction activities were found to be
different when the membrane composition varied.""'>'¢ It is of
importance, therefore, to examine the molecular mechanism of
binding of phospholipase A2 to biomembranes with different
compositions. Besides, the phospholipase A2—membrane
complex is a good model for membrane-associated proteins
binding to biomembranes when they are biologically functional.
Thus, obtaining a detailed model of the interactions between
the secretory phospholipase A2 and the lipid—water interface
would be of great interest.

Although the atomic-resolution crystal structures of sPLA2s
that have been determined to date can provide the three-
dimensional atom coordinates of the enzymes, these
coordinates were determined without considering the influence
of cellular membranes and, therefore, provide little or no
information about the configuration of the protein when they
are functionally active, whereas computational methods are
feasible for investigating the atomic binding mode of sPLA2 at
the lipid—water interface. Atomistic molecular dynamics (MD)
simulation is a widely used computational method for studying
the structures of membrane proteins,'” ' and this method has
been used to investigate the conformational dynamics of
sPLA2s and their interaction with lipid membranes. Zhou and
Schulten once studied the desolvation of lipid molecules in a
complex of the human synovial phospholipase A2 and a
dilaurylphosphatidylethanolamine (DLPE) monolayer surface
by means of molecular dynamics simulations, and the results
showed that the desolvation of lipid molecules occurred in a
tightly bound membrane—protein complex and the desolvated
lipid molecules interacted mainly with hydrophobic protein
residues.””
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The shortcoming of the computational work involved in
atomistic MD simulations of membrane proteins is the limit on
the simulation time, usually within hundreds of nanoseconds.
This time scale may not be sufficient to allow the equilibrium
configuration to which a surface-active enzyme/bilayer system
would relax. In a different way, the reduced accuracy of the
coarse-grained (CG) model allows one to probe the structural
dynamics of large systems on time scales of up to milli-
seconds,”® >® which allows one to optimally locate a surface-
active enzyme on a lipid bilayer. Wee et al. used the CG model
to depict the depth of penetration of porcine pancreatic SPLA2
into a mixed POPG/POPC bilayer and evaluated the
simulation results by comparing them with available exper-
imental data.”” The CG model, however, loses atomistic details
of interesting configurations; thus, combining the efficiency of
the CG model with the accuracy of the all-atom model would
be a great idea for studying membrane protein/bilayer systems.
This strategy has been employed in this work.

In this work, we first used the CG—MD simulations to obtain
fully equilibrated configurations of human synovial phospho-
lipase A2 binding to different mixed lipid bilayers. Two of the
five glycerophospholipid molecules were chosen to form binary
mixed bilayers: dioleoylphosphatidylcholine (DOPC), dioleoyl-
phosphatidylethanolamine (DOPE), 1-stearoyl-2-arachidonoyl-
sn-glycero-3-phosphatidylethanolamine (SAPE), 1-stearoyl-2-
arachidonoyl-sn-glycero-3-phosphatidylglycerol (SAPG), and
1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphatidylmethylene
glycol (SAPM). In total, eight systems were simulated with the
CG model (PLA2/DOPC, PLA2/DOPE, PLA2/SAPE/DOPC,
PLA2/SAPE/DOPE, PLA2/SAPG/DOPC, PLA2/SAPG/
DOPE, PLA2/SAPM/DOPC, and PLA2/SAPM/DOPE),
each with a duration of 2.5-3.2 us. Membrane-bound
configurations of PLA2 were found to be similar among all
simulated systems, with the enzyme positioned at the lipid—
water interface and certain amino acid residues penetrating into
the lipid bilayer. For longer times of CG simulation of up to 8
s (Figures S1 and S2 of the Supporting Information), hs-PLA2
was found to dissociate from the bilayer surface heading for
bulk water in the PLA2/DOPC system, while it remains bound
to the bilayer surfaces in seven other systems. This is consistent
with previous experimental research by Jain et al. that showed
that phospholipase A2 hydrolyzes phospholipid vesicles in the
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scooting mode'*™** and hopping mode'* for anionic and

zwitterionic membranes, respectively. The g)henomenon is also
consistent with the experimental reports®® that the ability of
PLA2 to combine with phosphatidylcholine bilayers is weaker
than that of anionic lipid bilayers. To obtain atomic details of
the binding of the enzyme to bilayers, configurations from the
CG—MD simulations were used as starting points for
subsequent 120—160 ns all-atom MD simulations. This allowed
us to investigate the accurate structural dynamics of the protein

and lipid molecules.

B METHODS

CG Simulations. The crystal structure of human synovial
PLA2 [Protein Data Bank (PDB) entry 1POE, 2.1 A
resolution]'® was converted into a CG representation in
which each amino acid is represented by one backbone bead
whose Cartesian coordinates are just those of the Ca atom and
several side particles whose Cartesian coordinates are
determined using the literature.”* ™' The CG model was
validated by comparing the potential of mean force for each
amino acid as a function of its distance from the center of a
dioleoylphosphatidylcholine (DOPC) bilayer with atomistic
MD simulation results.*®* The CG model has been shown to be
able to reproduce data derived from experiments and atomistic
simulations for a number of membrane proteins and synthetic
a-helical peptides.*®*> The CG lipid model has also been
shown to be able to reproduce structural properties of
membranes derived from experiments.”® The secondary and
tertiary structures of PLA2 were restrained by an elastic
network model (force constant of 10 kJ mol™' A*) among all
backbone particles that were within 7 A of each other.*®

Eight different CG—MD simulation systems were created
(see Table 1). Six of them employed a mixed (2/3 SAPX/
DOPX) bilayer, the lipid composition of which was set
according to previous experimental®® and computational’’
conditions. The initial configurations of CG—MD simulations
were similar: one hs-PLA2 molecule placed in the center of the
simulation box with dimensions of 9.6 nm X 9.6 nm X 9.6 nm,
128 phospholipid molecules randomly positioned around the
hs-PLA2, and the simulation box solvated with 3000 CG water
and counterions (Na* or Cl7) to keep the system neutral. The
system was then energy-minimized for 6000 steps with a
steepest-descent algorithm, followed by a production MD
simulation. Three simulations were performed for each system,
with different velocities and initial coordinates of phospholipids.
During the CG—MD simulations, we first used an anisotropic
algorithm®>3° for pressure coupling to change the box vectors
in the x, y, and z directions, which help the phospholipids
quickly assemble around the hs-PLA2 enzyme; after the lipid
bilayer was successfully formed and the hs-PLA2 stayed on the
surface of the lipid bilayer, we used a semi-isotropic
algorithm®*>® for pressure coupling with a simulation time of
2.5—-3.2 us to ensure that the final configuration of the CG—
MD simulations corresponded to a local, or we hoped global,
energy minimum. We extended the simulation time of all the
eight systems to 8 yis in replicate CG simulations to observe the
situation over a longer time.

All the simulations were conducted in the NPT ensemble, at
a constant pressure of 1 bar and an absolute temperature of 310
K. The time step was 20 fs for all CG—MD simulations, and the
pair list for computing nonbonded pair forces was updated
every 10 steps with a list cutoff of 1.2 nm. The Coulombic and
van der Waals interactions were computed using the shift
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algorithm, in which both the energy and force vanish at the
cutoff distance (r.,) of 1.2 nm. The electrostatic potential is
shifted from an rg of 0.0 nm to r,. The Lennard-Jones (L])
potential is shifted from an rg; of 0.9 nm to r,,. The weak
coupling scheme of Berendsen and co-workers>**® was used for
both temperature and pressure control, with the temperature
coupling time constant of 1 ps. For pressure coupling, we used
the coupling time constant of 5.0 ps and a compressibility of 4.5
X 107° bar". The trajectory was collected every 20 ps, and all
the simulations were performed with Gromacs version
4.4.5>~* in parallel under a Linux cluster.

All-Atom Simulations. Configurations at the end of the
2.5-3.2 and 8 us CG—MD simulations were used as starting
points for subsequent 120 and 160 ns all-atom MD simulations,
respectively. Snapshots at the end of the CG—MD simulations
were stripped of waters and counterions and transformed into
all-atom structures based on the Charmm36 force field,*~*
using the protocol proposed by Rzepiela et al.** Each mixture
was then solvated with tip3p*® water molecules and electrically
neutralized by adding counterions. Each system was then
energy-minimized for 10000 steps, using a steepest-descent
algorithm, followed by an equilibration simulation of 1 ns with
the NVT ensemble; then began the production all-atom MD
simulation with the NPT ensemble.

All the simulations were performed at an absolute temper-
ature of 310 K. For simulations under the NPT ensemble, a
constant pressure of 1 bar was coupled. The time step was 2 fs
for all simulations, and the pair list for computing nonbonded
pair forces was updated every 10 steps with a list cutoff of 1.2
nm. The Coulombic and van der Waals interactions were
computed using the cutoft algorithm, and the cutoft radii for
both Coulomb and van der Waals interactions were 1.2 nm.
The long-range electrostatic interaction was corrected using the
particle mesh Ewald method*®*” with a maximal spacing for the
FFT grid of 0.16 nm and an interpolation order of 4. Bond
lengths and angles were constrained using the LINCS
algorithm.*® The Nose-Hoover coupling scheme was used for
temperature control,*” with a temperature coupling time
constant of 1.0 ps. A Parrinello-Rhaman barastat was used for
semi-isotropic pressure coupling,®® with a coupling time
constant of 2.0 ps and a compressibility of 4.6 X 10~ bar™".
The trajectory was collected every 2 ps, and all the simulations
were also performed with Gromacs version 4.4.5%”~* in parallel
under a Linux cluster.

B RESULTS

The main academic question considered in this work is the
mode of interaction of human synovial phospholipase A2 with
different mixed lipid bilayers. To address the question, we
analyzed the contact probability of all the amino acid residues
in hs-PLA2 with the hydrophilic headgroups and hydrophobic
acyl tails of lipid bilayers. On the basis of the statistical contact
probability, we described the different aspects of hs-PLA2—
bilayer interactions, including the penetration of hs-PLA2,
contact of hs-PLA2 with the headgroups of lipid bilayers,
hydrogen bonds between hs-PLA2 and lipid bilayers, secondary
structure changes of hs-PLA2, and the influence of lipid
molecules on the area of the entrance region of the
hydrophobic binding pocket in hs-PLA2. Results from the
120 and 160 ns all-atom MD simulations are consistent.
Without being explicitly stated, the results shown in this paper
are those in the 120 ns simulation.

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489
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Table 2. Amino Acid Residues That Penetrate into the Hydrophobic Area of Lipid Bilayers in Different Simulated Systems and
Distances between the Centers of Mass of These Amino Acid Residues and the Centers of Mass of Lipid Bilayers (angstroms)

PLA2/DOPC Leu2 Val3
23.08 23.48
Lys62 Phe63
20.97 20.87
PLA2/DOPE Val3 Alal8
21.46 19.97
Phe63 Tyrll
19.27 21.26
PLA2/SAPE/DOPC Leu2 Leul9
22.00 17.06
GIn110 Tyrll
17.69 17.26
PLA2/SAPE/DOPE Leu2 Leul9
22.09 2341
Tyrl11 His47
22.28 30.21
PLA2/SAPG/DOPC Leu2 Val3
20.25 18.72
Val30 Phe63
16.64 18.43
PLA2/SAPG/DOPE Val3 Leul9
20.41 19.89
Phe63 His47
17.10 30.16
PLA2/SAPM/DOPC Leu2 Val3
19.70 17.04
Phe23 Val30
20.12 19.51
PLA2/SAPM/DOPE Leu2 Val3
22.04 21.62
Lys62 Phe63
20.07 1791

1

1

Leul9 Phe23 Val30
21.81 21.56 21.66
GIn110 Tyrlll His47
19.94 18.50 31.52
Leul9 Phe23 Lys62
19.74 21.30 19.87
His47

31.2

Gly22 Phe23 Val30
19.98 18.21 21.89
His47

32.32

Phe23 Val30 Phe63
24.84 21.23 19.48
Alal8 Leul9 Phe23
18.61 18.03 16.87
Tyrlll Ser113 His47
1431 19.18 27.77
Phe23 Val30 Lys62
20.11 19.36 19.37
Alal8 Leul9 Gly22
1991 17.78 22.61
Phe63 Tyrlll His47
16.62 18.94 28.69
Leul9 Phe23 Val30
21.12 21.59 20.68
Tyrlll His47

19.21 29.47

Penetration of the Protein. To assess the penetration of
hs-PLA2 into mixed lipid bilayers, we calculated the minimal
distance (D,,;,) between every amino acid residue of hs-PLA2
and the acyl tails (all except the first carbon atoms in the sn-1
and sn-2 tails) of lipid bilayers at every recorded simulation step
and counted the number of D,;, values that were <3.5 A as the
contact number of each amino acid residue. If the contact
number of an amino acid residue is larger than 75% of the total
recorded simulation step in the analyzed trajectory, we define
the amino acid residue as one that has penetrated into the
hydrophobic area of lipid bilayers. Table 2 lists the amino acid
residues penetrating into the hydrophobic area of lipid bilayers
in all the simulated systems and the average distances between
the center of mass of each amino acid residue and the center of
mass of the lipid bilayer in the z direction. In Table 2, we show
that hydrophobic residues Leu2, Val3, Alal8, Leul9, Phe23,
Gly30, and Phe63 that form the edge of the entrance of the
hydrophobic binding pocket in hs-PLA2 tend to make contact
with the acyl tails of lipid bilayers, which is in accordance with
previous experimental results.” GIn110 and Tyr111, which are
placed near the hydrophobic binding pocket of hs-PLA2, are
also prone to penetration into the hydrophobic area of lipid
bilayers and help anchor hs-PLA2 at the surface of lipid
bilayers, as shown in Figure 1. For a selected lipid component,
these amino acid residues penetrate deeper into the hydro-
phobic area when the lipid component is mixed with DOPC
molecules to form a lipid bilayer, and the penetration depth
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VAL30
GLNI110

LEU19

Figure 1. Amino acid residues penetrating into the lipid bilayer in the
hs-PLA2/DOPC system.

would be smaller if the lipid component were mixed with
DOPE molecules. For example, in the hs-PLA2/SAPE/DOPC
system, the average distance between the penetrating amino
acid residues and the bilayer center in the z direction is 19.16 A,
while the value in the hs-PLA2/SAPE/DOPE system is 22.22
A; the situation is similar in the bilayers that include SAPG and

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489
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SAPM molecules. This is easy to understand as DOPC has a
larger area per lipid molecule than DOPE, which makes it easier
for hydrophobic amino acid residues in hs-PLA2 to penetrate
into lipid bilayers.

To further demonstrate the relative location of amino acid
residues that penetrate into the hydrophobic area of lipid
bilayers, we calculated the number density distributions of the
penetrating amino acid residues, the phosphorus atoms, and the
glycerol backbone of lipid bilayers along the membrane normal.
The results for the eight systems are shown in Figure 2. As can

PLA2/DOPC PLA2/DOPE
—~ 0.02 3
€
€ 001
=
% 0.00
c e e e e o o o S
8 5-4-32-10123455432101234%5
= PLA2/SAPE/DOPC PLA2/SAPE/DOPE
S 0.02 : 0.02 . ]
‘D »n
1S \
> 0.01 h
= i
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5-4-32-1012345-543-2-1012345
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—~ 002 0.02 . ,
L A I A
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8 5-432-1012345-5432101234%5
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o 0.02 ; 0.02 ‘
0 " N
=
= 0.01
0.00 .
54321012345 543-2-1012345

Z(nm)

Figure 2. Normalized number density profiles of several components
along the membrane normal in eight simulated systems: green for
amino acid residues penetrating into lipid bilayers in hs-PLA2, red for
amino acid residues making contact with hydrophilic headgroups in
lipid bilayers in hs-PLA2, black for phosphorus atoms in lipid
molecules, and black dashed for the glycerol backbone in lipid
molecules. The number densities of amino acid residues are multiplied
by a factor of 10 for the sake of clarity.

be seen in the figure, in all eight systems these amino acid
residues stay between the glycerol backbone and phosphorus
atoms of lipid bilayers. The peak value of the number density
distribution of penetrating amino acid residues is located closer
to the center of bilayers composed of anionic lipid molecules.
For example, in the PLA2/SAPE/DOPC system, the peak value
of the number density distribution of penetrating amino acid
residues is located at 18.50 A and is located at 16.91 A in the
PLA2/SAPG/DOPC system. We also find that these amino
acid residues would penetrate deeper into the hydrophobic area
if the lipid bilayer had DOPC molecules as a component in
comparison with the situation when the lipid bilayer includes
DOPE. For example, in the PLA2/SAPE/DOPC system, the
peak value of the number density distribution of penetrating
amino acid residues is located at 18.50 A and is located at 22.38
A in the PLA2/SAPE/DOPE system, and the situation is
similar in the other six systems.
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We also computed the variation of the bilayer thickness with
respect to the distance from the hs-PLA2 center. The results
and algorithm are shown in Figure S3 of the Supporting
Information. As can be seen, when phospholipids are within 1
nm fo the hs-PLA2 center, they stay in the hydrophobic pocket
of hs-PLA2 and tend to have a higher position in the z
direction; thus, the bilayer thicknesses are larger. When
phospholipids are within 1—3 nm of the PLA2 center, they
interact with amino acid residues in hs-PLA2 and the positions
of phospholipids are strongly influenced; thus, the bilayer
thicknesses are quite irregular. When phospholipids are more
than 3 nm from the hs-PLA2 center, they are less affected by
amino acid residues in hs-PLA2; thus, the bilayer thicknesses
are more stable than those in the situation in which
phospholipids stay close to the hs-PLA2 center. According to
our analysis in Table S1 of the Supporting Information, bilayers
containing anionic phospholipids are more likely to make
contact with amino acid residues in hs-PLA2 in the aqueous
interface; thus, the thickness of bilayers containing anionic
phospholipids has an upward trend at distances from the hs-
PLA2 center of >1 nm.

In addition, we defined the average bilayer thickness as the
distance between the average z coordinate of phosphorus atoms
in the upper and lower bilayer leaflet. On the basis of the same
Charmm force field,"”' ™ we calculated the average bilayer
thickness for (1) lipid bilayers when hs-PLA2 binds to them
and (2) pure lipid bilayers in excess water (the simulation time
for pure lipid bilayers is 120 ns). The results are listed in Table
3; from these results, we find that the presence of hs-PLA2
slightly decreases the bilayer thickness, compared to those of
pure lipid bilayers.

Table 3. Thicknesses of Lipid Bilayers in the Presence and
Absence of hs-PLA2

DOPC DOPE SAPE/DOPC  SAPE/DOPE
thickness of 3.99 + 0.05 4.49 + 0.0S 425 + 0.07 4.35 + 0.0S
bilayer with
PLA2 (nm)
thickness of 4.16 + 0.06 4.50 £ 0.05 4.38 + 0.06 4.56 + 0.06
pure bilayer
(nm)
SAPG/DOPC SAPG/DOPE SAPM/DOPC SAPM/DOPE
thickness of 3.97 £ 0.0S 421 + 0.09 4.10 £ 0.06 4.30 + 0.07
bilayer with
PLA2 (nm)
thickness of 422 + 0.06 4.48 + 0.08 4.34 + 0.07 4.52 + 0.04
pure bilayer

(nm)

Protein—Lipid Interaction. To have a more detailed
description of human synovial PLA2—lipid bilayer interactions,
we calculated the contact probability of all 124 amino acid
residues with the headgroups of the bilayer surface using the
same method that is described above. Some of the results are
displayed in Figures 3 and 4, and the overall data can be found
in Tables S1 and S2 of the Supporting Information. In Figure 3,
we show the probability of the amino acids forming the hs-
PLA2 binding pocket entrance in contacting the headgroups of
the whole lipid bilayer. Here we refer to the headgroup of a
lipid as the molecule without the alkyl groups of the two acyl
tails. From Figure 3, we can see that the amino acid sequences
of the entrance of the hydrophobic binding pocket are more
likely to make contact with bilayers containing SAPE, SAPG, or
SAPM molecules than pure DOPC and DOPE bilayers. It is in

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489
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Figure 3. (a) Amino acid sequences of the entrance of the binding pocket in human synovial phospholipase A2. Green blocks stand for amino acids
that penetrate into lipid bilayers; red (>90%) and orange (75—90%) blocks stand for amino acids making contact with the headgroups of lipid
bilayers with different probabilities. (b) Entrance of the binding pocket in human synovial phospholipase A2: red for Asnl—Arg7, Lys10, Leull,
Gly14—Arg33, and GluSS—Phe68 and green for amino acid residues in the entrance of the binding pocket that penetrate into lipid bilayers (Leu2,
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Figure 4. Amino acid sequences of the entrance of the hydrophobic binding pocket (Asn1—Arg7, Lys10, Leull, Glyl4—Arg33, and GluSS—Phe68)
and random coil (Lys102—Gly119) of human synovial phospholipase A2. Green blocks stand for amino acids with neutral side chains that make
contact with the headgroups of lipid bilayers; blue and red blocks stand for amino acids with basic and acidic side chains, respectively, making contact

with the headgroups of lipid bilayers.

accordance with previous conclusions that hs-PLA2s destabilize
and desolvate lipid molecules when binding to the surface of
3152 and hs-PLA2 tends to interact with the

anionic membrane surface because of positively charged basic

biomembranes,
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amino acid residues on the interfacial recognition site of hs-
PLA2.>® We also find that amino acid residues close to residues
Leul9, Phe23, Val30, and Phe63, namely, Alal8, Ser20, Gly22,
Gly29, Gly31, Gly32, Arg33, Gly60, Thr61, Lys62, Leu64, and

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489
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Figure 5. (a) Amino acid sequences of the entrance of the binding pocket (Asnl—Arg7, Lys10, Leull, Glyl4—Arg33, and GluS5—Phe68) and
random coil (Lys102—Gly119) of human synovial phospholipase A2. Green blocks stand for amino acids that penetrate into lipid bilayers and form
the entrance of the binding pocket of hs-PLA2; red (>90%) and orange (75—90%) blocks stand for amino acids making contact with the headgroups
of SAPE, SAPG, or SAPM molecules with different probabilities. Blue (>90%) and sky blue (75—90%) blocks stand for amino acids making contact
with the headgroups of DOPC or DOPE molecules with different probabilities. (b) Depiction of the entrance of the binding pocket of human
synovial phospholipase A2 (red for Asnl—Arg7, Lys10, Leull, and Glyl4—Arg33 and blue for GluSS—Phe68) and the random coil of human

synovial phospholipase A2 (pink for Lys102—Gly119).

Ser6S, tend to make contact with the headgroups of lipid
bilayers. This is easy to understand because these residues
penetrate into the hydrophobic area of lipid bilayers; amino
acid residues nearby would be more likely to make contact with
lipid headgroups.

To gain a clear view of the category of amino acid residues
making contact with the headgroups of lipid bilayers, we
classified the amino acid residues with contacting probabilities
of >45% into five species, and these results can be found in
Table S2 of the Supporting Information. The contact
probabilities of amino acid residues with neutral, basic, or
acidic side chains are displayed in Figure 4, which shows that
the majority of amino acid residues making contact with the
headgroups of lipid bilayers were neutral amino acids with
aliphatic, aliphatic hydroxyl, or sulfur-containing side chains,
and the second largest group of contacting amino acid residues
consists of positively charged basic amino acids. For bilayers
composed of zwitterionic lipid molecules, bilayers containing
DOPC are slightly more likely to make contact with amino acid
residues with basic side chains and less likely to make contact
with amino acid residues with acidic side chains. For bilayers
composed of anionic lipid molecules (SAPG and SAPM), the
probability of lipid headgroups making contact with basic side
chains increases. In the PLA2/SAPG/DOPC system, 18 amino
acid residues with basic side chains make contact with bilayer
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headgroups with a probability of >45%, and in the PLA2/
SAPG/DOPE system, 16 amino acid residues reach the same
standard.

To gain a clear understanding of the competition of different
lipid molecules making contact with hs-PLA2, we analyzed the
probability of amino acid residues making contact with different
species of lipid molecules in hs-PLA2/mixed bilayer systems.
The results are listed in Table S3 of the Supporting Information
and transformed into a more intuitive way of being expressed in
Figure 5. We can see from Figure S that, for bilayers including
anionic lipid molecules (SAPG and SAPM), amino acid
residues mostly make contact with these negatively charged
lipids; for bilayers composed of zwitterionic lipids, DOPC
molecules are more competitive than DOPE molecules in
interacting with hs-PLA2. In the hs-PLA2/SAPE/DOPC
system, amino acid residues have almost equal probability of
making contact with SAPE and DOPC molecules, while in the
hs-PLA2/SAPE/DOPE system, amino acid residues make
contact with SAPE molecules with a much higher probability
than DOPE. Amino acid residues making contact with lipid
bilayers mainly are located around the entrance of the binding
pocket in hs-PLA2, which is formed by hydrophobic amino acid
residues Leu2, Val3, Alal8, Leul9, Gly22, Phe23, Val30, Leu62,
and Phe63. Amino acid residues from Lys102 to Cys124 at the
C-terminus of hs-PLA2 are also found to make contact with

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489
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Table 4. Average Numbers

of Hydrogen Bonds per Time Step for Each Group in Simulated Systems

PLA2/DOPC PLA2/DOPE PLA2/SAPE/DOPC PLA2/SAPE/DOPE
total 19.333 24.107 19.302 28.35S
phosphate 19.039 17.454 15.779 17.390
glycerol backbone 0.001 0.002 0.040 0.017
carbonyl 0.293 3.039 2.008 2.944
amine 3.612 1.475 8.004

PLA2/SAPG/DOPC PLA2/SAPG/DOPE PLA2/SAPM/DOPC PLA2/SAPM/DOPE

total 37.073 32.258 35.832 35.205
phosphate 23.540 23.248 28.674 24.471
glycerol backbone 0.108 0.008 0.046 0.901
carbonyl 9.062 2.997 3.862 3.645
glycerol or mythelene glycol 4.363 4.480 3.250 5.624
amine 1.525 0.564
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Figure 6. Amino acid residues in hs-PLA2 forming hydrogen bonds with phosphate (red), carbonyl (green), amine (blue), or glycerol or methylene
glycol (orange) groups in various lipid bilayers with probabilities of >25%.

lipid headgroups. It can be found in Figure S that the entrance
of the hydrophobic binding pocket in hs-PLA2 mainly makes
contact with SAPE, SAPG, and SAPM molecules, whereas
DOPC and DOPE molecules tend to make contact with the
random coil from Lys102 to Cys124 at the C-terminus of hs-
PLA2. This phenomenon is very obvious in SAPG- and SAPM-
containing bilayers. According to the analysis described above,
lipid molecules with an arachidonoyl sn-2 chain are more
competitive in making contact with hs-PLA2, which is in
accordance with the fact that arachidonic acid is an important
hydrolysis product of hs-PLA2.>*%°

Hydrogen Bonds. We analyzed the average number of
hydrogen bonds formed between hs-PLA2 and the headgroups
of lipid bilayers per time step over the simulation time. The
results are listed in Table 4. The data suggest that a total of 19—
38 hydrogen bonds formed between PLA2 and the lipid
bilayers, most of which formed with the phosphate groups of
lipid bilayers. In bilayers composed of zwitterionic lipids, the
existence of DOPE molecules would increase the number of
hydrogen bonds between the protein and bilayers, while in
bilayers composed of anionic lipids, the presence of DOPC
molecules would aid in the formation of more hydrogen bonds.
To interpret the phenomenon, we calculated the probability of
all the amino acid residues in hs-PLA2 forming hydrogen bonds
with a phosphate, glycerol backbone, carbonyl, amine, glycerol,
or methylene glycol group in various lipid bilayers. The results

1484

are listed in Table S4 of the Supporting Information. Amino
acid residues forming hydrogen bonds with phosphate (red),
carbonyl (green), amine (blue), or glycerol or methylene glycol
(orange) groups in various lipid bilayers with probabilities
higher than 25% are shown in Figure 6. As can be seen in the
figure, compared with the choline groups in the hs-PLA2/
DOPC system, the amine headgroups in the hs-PLA2/DOPE
system form hydrogen bonds with GluSS, Phe63, Asp9l,
Lys108, and GIn110, which leads to the increment of hydrogen
bonds between hs-PLA2 and the carbonyl headgroups in
DOPE molecules. The same situation exists in hs-PLA2/SAPE/
DOPC and hs-PLA2/SAPE/DOPE systems. Thus, we
conjectured that for bilayers composed of zwitterionic lipids,
the amine groups in DOPE molecules form hydrogen bonds
with hs-PLA2, which leads to the concatenate effect of the
carbonyl groups forming hydrogen bonds with hs-PLA2 and
the total number of hydrogen bond increases. However, for
bilayers containing anionic phospholipids that have stronger
electrostatic interaction with hs-PLA2 than DOPE molecules,
amino acid residues mostly form hydrogen bonds with the
phosphate and carbonyl groups in anionic lipids. Addition of
DOPE molecules would increase the number of hydrogen
bonds of hs-PLA2 with the amine groups in DOPE molecules
and the glycerol or methylene glycol groups in SAPG/SAPM
molecules, which leads to the decrease in the number of
hydrogen bonds of hs-PLA2 with the phosphate or carbonyl

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489
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groups in anionic lipids, and the total number of hydrogen
bond decreases.

Changes in the Secondary Structure of the Protein.
To address the influence of lipid composition on the secondary
structure of hs-PLA2, we fit the whole protein structure to the
crystal structure of Protein Data Bank entry 1POE (rotation
and translation) and calculated the root-mean-square deviation
(rmsd) of every amino acid residue in hs-PLA2 over the atomic
MD simulations. Figure 7 shows the rmsd of every amino acid
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Figure 7. Root-mean-square deviations (rmsds) of every amino acid
residue in hs-PLA2 during the atomic MD simulations in eight
systems.

residue in hs-PLA2 in all the systems simulated. We can see
from the figure that in the eight systems simulated, residues
Val30—Thr40, Tyr66—GIn80, and Lys107—Argll8 have
relatively large rmsds compared to the Protein Data Bank
crystal structure during the simulation time. Taking the PLA2/
DOPC system as an example, we draw the crystal structure of
hs-PLA2 in the Protein Data Bank and the structure at the end
of the atomic simulation in Figure 8, coloring residues Val30—
The40, Tyr66—GIn80, and Lys107—Argl18 red, blue, and
yellow, respectively. Using Figures 7 and 8, we find that
residues 30—40 (red) have a large root-mean-square deviation,
which is in agreement with the observed enlargement of the
entrance region of the hydrophobic binding pocket. We also
find that the sequential residues Tyr66—GIn80 (blue) have an
obviously larger root-mean-square deviation than surrounding
residues. The antiparallel S-sheet is even broken into random
coil structure (Figure 8). Besides, coil residues Lys107—Arg118
(yellow) also change their structures after PLA2 binds to the
surface of the lipid bilayer: hydrophobic residues Gln110 and
Tyrl1l embed in the lipid bilayer, which stabilizes the coil on
the bilayer surface; Ser113—His116 tend to interact with the
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lipid headgroups and thus move upward instead of staying in
the hydrophobic area of the bilayer, which also leads to large
rmsds. These large changes result from the interaction of amino
acid residues with the hydrophilic headgroups of the DOPC
bilayer and are preconditions to the proper function of the
enzyme.

To further prove our results, the rmsds of every amino acid
residue in hs-PLA2 in the 120 and 160 ns all-atom MD
simulations are displayed in Figure S3 of the Supporting
Information, from which we find that the magnitudes of the
rmsds of every amino acid residue in both atomic MD
simulations are consistent.

Area of the Hydrophobic Binding Pocket. hs-PLA2
hydrolyzes lipids by capturing lipid molecules in its hydro-
phobic binding pocket, where His47 catalyzes the hydrolysis of
the sn-2 ester bond of lipid molecules. To understand the
influence of bilayer composition on the configuration of the
hydrophobic binding pocket of hs-PLA2, we calculated the area
and width of the entrance region of the hs-PLA2 hydrophobic
binding pocket in the eight studied systems. For all the systems
simulated, Leul9, Phe23, Val30, and Phe63 formed the edge of
the entrance of the hs-PLA2 hydrophobic binding pocket and
tended to penetrate into the hydrophobic area of lipid bilayers.
We projected the four amino acids onto the x—y plane and
calculated the area of the quadrangle to represent the area of
the entrance region of the hydrophobic binding pocket. Shown
in Figure S4 of the Supporting Information is an example to
illustrate the quadrangle formed by the four amino acid residues
in the case of the hs-PLA2/SAPE/DOPC system. To enter the
hydrophobic binding pocket, a lipid molecule needs to pass
through the region between Val30 and Phe63; thus, we define
the distance between the projected center of Val30 and Phe63
on the x—y plane as the width of the binding pocket. We
calculated the average area and width of the entrance region of
the hydrophobic binding pocket in each system during the last
40 ns of simulation time and listed the results in Table 5. From
Table 5, we find that the areas of the entrance region of the
hydrophobic binding pocket in hs-PLA2/bilayer systems are
much larger than the area in the crystal structure of the Protein
Data Bank, which indicates that lipid molecules can adjust the
structure of the functional segments of hs-PLA2 in the cellular
process. For mixed lipid bilayers, the area of the entrance region
of the hydrophobic binding pocket would be larger when
DOPC is included in the lipid bilayer. For example, in the hs-
PLA2/SAPE/DOPC system, the area is 1.75 nm? while this
value is 1.42 nm? in the PLA2/SAPE/DOPE system. To
explain the results, we turn to the boundaries of the binding
pocket defined by amino acid residues Leul9, Phe23, Val30,
and Phe63, together with other abutting residues. These amino
acid residues interact quite strongly with the lipid molecules of
a bilayer surface, and the total molecular area of the contacting
lipid molecules governs the area of the binding pocket in hs-
PLA2. In comparison with DOPE, DOPC molecules have a
higher fluidity and a larger molecular area at a given
temperature; thus, replacing DOPE with DOPC as contacting
lipids might increase the area of the binding pocket in hs-PLA2.
We can see from Figure S that, in the PLA2/SAPE/DOPC
system, amino acid residues Leu23, Cys28, Gly29, Val30,
Gly31, Arg33, Lys62, and Phe63 mostly make contact with
DOPC molecules while, in the PLA2/SAPE/DOPE system,
they tend to make contact with SAPE molecules; because
DOPC molecules have a larger molecular area than SAPE
molecules,® the area of the binding pocket is larger in the
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Figure 8. Structures of hs-PLA2 in the Protein Data Bank (left) and at the end of the simulation for the hs-PLA2/DOPC system (right): red for

Val30—Thr40, blue for Tyr66—GIn80, and orange for Lys107—Argl18.

Table 5. Areas and Widths of the Entrance Region of the Hydrophobic Binding Pocket in hs-PLA2 Obtained from All-Atom
MD Simulation Trajectories and from the Crystal Structure of PDB entry 1POE

crystal structure

area (nm?) 0.96

width (nm) 1.25
PLA2/SAPE/DOPC

area (nm?) 1.75 + 0.14

width (nm) 2.11 + 0.09
PLA2/SAPG/DOPE

area (nm?) 1.40 + 0.07

width (nm) 1.43 + 0.08

PLA2/DOPC PLA2/DOPE
1.51 + 0.10 1.32 + 0.07
2.18 + 0.04 1.64 + 0.08
PLA2/SAPE/DOPE PLA2/SAPG/DOPC
142 + 0.10 1.45 + 0.09
1.73 £ 0.08 1.91 + 0.06
PLA2/SAPM/DOPC PLA2/SAPM/DOPE
1.37 + 0.09 1.32 £ 0.10
1.69 + 0.11 147 £ 0.08

PLA2/SAPE/DOPC system than in the PLA2/SAPE/DOPE

system.
With respect to the influence of different negatively charged

lipids on the area of the hs-PLA2 binding pocket, we think the
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area of a single lipid molecule, which can also be represented by
fluidity, plays an important role. Because SAPG molecules are
more fluid and possess a larger area per molecule than SAPM

molecules,***” hs-PLA2 making contact with bilayers contain-

dx.doi.org/10.1021/bi3012687 | Biochemistry 2013, 52, 1477—1489



Biochemistry

ing SAPG tends to have a larger binding pocket area than when
it makes contact with bilayers containing SAPM. To further
prove our results, we list the areas and widths of the hs-PLA2
binding pocket in the 160 ns all-atom MD simulation in Table
SS of the Supporting Information. The data show that bilayers
containing DOPC lead to larger areas and widths in hs-PLA2
compared to those of bilayers containing DOPE. In addition,
from the analysis of rmsds of amino acid residues in Figure 7,
we find that the rmsds of the four amino acid residues (Leul9,
Phe23, Val30, and Phe63) are larger in bilayers containing
DOPC than in those containing DOPE, which is in accordance
with our conclusion.

B DISCUSSION

Although the membrane-bound human synovial PLA2 has been
studied by molecular dynamics simulations previously,”* some
important aspects of protein—membrane interactions, such as
the credible penetration depth, the reliable contact between
amino acid residues and lipid headgroups, and the conforma-
tional change in the protein on membrane surfaces, have not
been studied readily because of the large size, the complexity of
the system, and the limitation of simulation time. In this study,
we utilized the efficiency of the CG model extending the
simulation time to up to 3.2 ps and investigated the fully
equilibrated complexes of hs-PAL2 with different types of lipid
bilayers. Several conclusions can be drawn form our simulation
results. hs-PLA2 tends to stay on the surface of lipid bilayers;
hydrophobic residues Leu2, Val3, Alal8, Leul9, Phe23, Val30,
and Phe63 that form the entrance of the hydrophobic binding
pocket in hs-PLA2 tend to make contact with the acyl tails of
lipid bilayers and stay between the glycerol backbone and
phosphorus atoms of lipid bilayers. More than half of the total
amino acid residues of hs-PLA2 make contact with the
headgroups of lipid molecules (Table S1 of the Supporting
Information), most of which are neutral amino acids with
aliphatic, aliphatic hydroxyl, or sulfur-containing side chains,
and the second largest group of contacting amino acid residues
consists of positively charged basic amino acids. For the mixed
bilayers, hs-PLA2 prefers to interact with lipid molecules that
possess negative charge or more fluidity at the same
temperature (Table S3 of the Supporting Information).
Analysis of hydrogen bonds shows that a total of 19—38
hydrogen bonds form between hs-PLA2 and lipid bilayers, most
of which are with the phosphate groups of lipid bilayers. The
number of amino acid residues that form hydrogen bonds is
much smaller than the number of amino acid residues that
make contact with lipid bilayers (Tables S1 and S4 of the
Supporting Information), which indicates that other effects,
such as hydrophobic and electrostatic interactions, are
important modes of interaction between hs-PLA2 and lipid
bilayers. For bilayers including DOPC, because DOPC is more
fluid and has a larger molecular area than DOPE, contact with
DOPC molecules leads to larger rmsds and larger areas and
widths of the hydrophobic binding pocket in hs-PLA2 than in
cases of contact with DOPE molecules. This phenomenon can
be considered as an illustration to the influence of bilayer
fluidity on the structure of membrane-associated proteins.

In summary, we have conducted series of combined coarse-
grain and all-atom MD simulations on eight hs-PLA2/bilayer
systems; the coarse-grained simulation time is sufficient to find
the complexes of hs-PLA2 on model membranes with low free
energy, and the all-atom MD simulations are beneficial for the
investigation of the atomic details of hs-PLA2—bilayer
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interaction modes and the structural changes of hs-PLA2 on
model membranes. The conclusions drawn from our study
might be helpful in understanding the detailed model of
interactions between hs-PLA2 or other membrane-associated
proteins and the lipid—water interface. The simulation method
proposed in this work provides an alternative approach for
modeling the larger-scale structures that are involved in
membrane bilayers.

B ASSOCIATED CONTENT
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Longer CG simulations (Figures S1 and S2), variation of the
bilayer thickness with respect to the distance from the hs-PLA2
center (Figure S3), rmsds of every amino acid residue in hs-
PLA2 over the 120 and 160 ns all-atom MD simulations
(Figure S4), illustration of the area of the entrance region of the
hydrophobic binding pocket (Figure SS), probability distribu-
tion, categorization, competition, and hydrogen bond distribu-
tion of amino acid residues making contact with the headgroups
of lipid bilayers (Tables S1—S4, respectively), and areas and
widths of the hydrophobic binding pocket in hs-PLA2 in the
160 ns all-atom MD simulations (Table S5). This material is
available free of charge via the Internet at http://pubs.acs.org.
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