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The Interaction of Phospholipase A2 with a Phospholipid Bilayer:
Coarse-Grained Molecular Dynamics Simulations

Chze Ling Wee,* Kia Balali-Mood,* David Gavaghan,' and Mark S. P. Sansom*
*Department of Biochemistry and fComputing Laboratory, University of Oxford, Oxford, United Kingdom

ABSTRACT A number of membrane-active enzymes act in a complex environment formed by the interface between a lipid
bilayer and bulk water. Although x-ray diffraction studies yield structures of isolated enzyme molecules, a detailed characterization
of their interactions with the interface requires a measure of how deeply such a membrane-associated protein penetrates into a lipid
bilayer. Here, we apply coarse-grained (CG) molecular dynamics (MD) simulations to probe the interaction of porcine pancreatic
phospholipase A2 (PLA2) with a lipid bilayer containing palmitoyl-oleoyl-phosphatidyl choline and palmitoyl-oleoyl-phosphatidyl
glycerol molecules. We also used a configuration from a CG-MD trajectory to initiate two atomistic (AT) MD simulations. The results
of the CG and AT simulations are evaluated by comparison with available experimental data. The membrane-binding surface of
PLA2 consists of a patch of hydrophobic residues surrounded by polar and basic residues. We show this proposed footprint
interacts preferentially with the anionic headgroups of the palmitoyl-oleoyl-phosphatidyl glycerol molecules. Thus, both electro-
static and hydrophobic interactions determine the location of PLA2 relative to the bilayer. From a general perspective, this study
demonstrates that CG-MD simulations may be used to reveal the orientation and location of a membrane-surface-bound protein

relative to a lipid bilayer, which may subsequently be refined by AT-MD simulations to probe more detailed interactions.

INTRODUCTION

The interface between a lipid bilayer and water presents a
complex environment (1) that is exploited by a number of
membrane surface-active enzymes. Although x-ray crystal-
lography yields structures of the isolated enzyme molecules, a
detailed model of their interactions with the interface must be
approached via spectroscopic (2) and/or computational (3,4)
methods. In particular, it often remains uncertain to what
extent a membrane-associated protein penetrates into the
hydrophobic core of a lipid bilayer.

The phospholipase A2 (PLA2) family provides a well-
studied example of membrane surface-active enzymes.
PLAZ2s hydrolyze phospholipids to produce a free fatty acid
and a lysophospholipid (5). These enzymes can be broadly
classified into two categories: secretory and cytosolic (SPLA2
and cPLA2) (6). sPLA2s are relatively small proteins (<200
residues) that are predominantly a-helical and may be further
subdivided into two categories: venom PLA2s and nonvenom
PLA2s. Whereas the primary function of venom PLAZ2s is to
promote cell membrane lysis (7), nonvenom PLA2s (e.g.,
pancreatic PLA2s) act to break down phospholipid com-
pounds in dietary fat. Thus, sSPLA2s interact with the extra-
cellular face of cell membranes (8). In contrast, cPLA2s are
larger proteins (~700 residues) that bind to the intracellular
leaflet of the cell membrane via a C2 domain (9,10).
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The pancreatic SPLA2 has been intensively investigated
from a structural (11), biochemical/biophysical (2,3,12-19),
and computational (18,20,21) perspective. It therefore pro-
vides a good test case for developing computational ap-
proaches to understand the interactions of membrane-bound
enzymes with the bilayer surface.

Atomistic molecular dynamics (AT-MD) simulations are a
widely used computational tool to study the conformational
dynamics of integral membrane proteins (22,23) and their
interactions with lipids or detergents (24,25). However, ap-
plication of AT-MD to membrane-associated enzymes may
be hampered by uncertainties as to the exact locations of such
proteins relative to the membrane surface (4,26,27). Although
AT-MD simulations can readily address a timescale in the
order of ~100 ns, this may not be sufficient to enable a sur-
face-active enzyme/bilayer system to relax to an equilibrium
configuration, especially if more than one species of lipid
molecule is present in the bilayer. The more approximate
nature of coarse-grained (CG) models (28—41) enables sub-
stantially longer simulation times to be accessed and so en-
ables one to optimally locate a surface-active enzyme, either
via simulated self-assembly or via relaxation of an initial
model. However, the application of CG-MD methods to
proteins is still relatively new and has resulted in some dis-
cussion (42). It is therefore important to compare the results of
CG-MD and AT-MD for well characterized membrane-in-
teracting proteins such as PLA2.

We have used CG-MD simulations from different starting
configurations to probe the position and orientation of por-
cine pancreatic SPLA2 with respect to an overall anionic
(3:2 palmitoyl-oleoyl-phosphatidyl choline/palmitoyl-oleoyl-
phosphatidyl glycerol (POPC/POPG)) phospholipid bilayer.
In total, six CG-MD simulations were performed, each of
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duration 200 ns, corresponding to a total simulation time of
1.2 us. All simulations yielded similar membrane-bound
configurations of PLA2, with the enzyme positioned at the
headgroup/water interface of the lipid bilayer. To enable
comparison with AT-MD simulations, a snapshot from a
CG-MD simulation was used as a starting point for two sub-
sequent 20-ns AT-MD simulations. This allowed us to in-
vestigate atomic-level interactions, such as hydrogen bonding
between the protein and lipid molecules.

METHODS
CG simulations

The crystal structure of the porcine pancreatic PLA2 (43) (Protein Data Bank
code 1P2P, resolution 2.6 A) was converted into a CG representation (44,45).
In the CG model, each amino acid is represented by one backbone particle,
whose Cartesian coordinates correspond to that of the Ca atom, and between
one and three side-chain particle(s) depending on the residue size. 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 (45). Transfer free energies of individual amino acids from
water to cyclohexane have also been shown to correlate well with experi-
mental data (34). The CG lipid model has also been shown to be able to
reproduce structural properties of membranes derived from experiments (46).
The secondary and tertiary structures of PLA2 were modeled as an elastic
network (47) by imposing a harmonic restraint (force constant of 10 kJ mol '
A~?) among all backbone particles that were within 7 A of each other.

Two different CG-MD simulation protocols were used (see Table 1 and
Fig. 1, A and B). Both employed an anionic (3:2 POPC/POPG) bilayer, the
lipid composition of which was chosen to match experimental conditions (2).
In self-assembly simulations (PLA2-SA), the bilayer was self-assembled in
the presence of the protein, starting from a box of randomly positioned lipid
molecules and CG water particles. In contrast, in the preformed bilayer
simulations (PLA2-PF), the initial configuration consists of a PLA2 molecule
with its center of mass (c.0.m.) placed ~30 A from the surface of the lipid
bilayer. Self-assembly simulations were performed to test whether the final
configuration of the PLA2-PF simulations corresponded to a global or a local
energy minimum.

For the PLA2-SA simulations, the CG enzyme molecule was placed in the
center of a simulation box of initial dimensions (122 A)>. A total of 256 lipids
(154 POPC and 102 POPG) were added in random positions within the box.
The system was solvated (with 4695 CG water particles), and Na™ counter-
ions were added to keep the system electrically neutral. The system was then
energy-minimized for 400 steps using a steepest-descent algorithm, followed
by a production MD simulation of 200 ns. Three repeat simulations were
performed, with different initial velocities.

TABLE 1 Summary of simulations
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For the PLA2-PF simulations, we started with an equilibrated POPC bilayer
with 256 lipids in the center of a simulation box of initial dimensions 93 X
88 X 170 A? with the bilayer normal along the z axis; 102 randomly selected
lipids were then converted to POPG. In the CG model, the choline and
glycerol moieties are represented as one CG particle; thus, we changed the
particle type (charged to nonpolar, i.e., QO to Nda), and the charge (+1.0 to
0.0) assigned to this CG particle (see Marrink et al. (32) and Bond and col-
leagues (44,45) for details of the CG model and parameter set). The system
was solvated (with 6417 CG water particles), and Na® counterions were
added. The system was then energy-minimized for 200 steps using a steepest-
descent algorithm, and an MD simulation of 10 ns was performed to allow the
lipids of this mixed bilayer to equilibrate. PLA2 was then introduced into the
system, and its c.0.m. was initially positioned ~30 A from the bilayer surface.
The initial orientation of the enzyme was such that the three hydrophobic
residues (W3, L19, and M20) that have been proposed to act as hydrophobic
anchors (2) were oriented toward the bilayer surface (Fig. 1 B). A further 200
steps of energy minimization was performed, followed by an MD simulation
of 5 ns, during which positional restraints (force constant of 10 kJ mol ™ A2
were applied to the enzyme and the lipids to allow the solvent to further
equilibrate. Three repeat (with different initial velocities) production MD
simulations of 200 ns were then performed with all positional restraints re-
moved.

CG-MD simulations were performed using GROMACS 3.2.1 (48)
(www.gromacs.org). The ionizable side chains of the enzyme were in their
default charge states for pH 7 (His residues were kept uncharged). Temper-
ature coupling used a Berendsen thermostat (49) with a weak coupling con-
stant of 1.0 ps. The reference temperatures were 323 K for PLA2-SA and
310 K for PLA2-PF. Electrostatic/Coulombic interactions utilized a relative
dielectric constant of 20, which was smoothly shifted to zero between 0 and
12 A. Van der Waal’s interactions were smoothly shifted to zero between 9
and 12 A. In PLA2-SA, anisotropic pressure coupling with a Berendsen
barostat (49) with a coupling constant of 1.0 ps, a compressibility value of
1x107° barfl, and a reference pressure of 1 bar was used. In PLA2-PF,
semiisotropic pressure coupling in x and y (the z axis of the simulation box
corresponds to the bilayer normal) with a coupling constant of 1.0 ps, a com-
pressibility value of 5.0 X 107 bar™!, and a reference pressure of 1 bar was
used. An integration timestep of 0.04 ps was used in the CG-MD simulations.

Atomistic simulations

Two AT-MD simulations (see Table 1 and Fig. 1 C) were performed using a
configuration saved from the end of a CG-MD simulation as a starting system.
The aim of these was to explore the extent to which the CG-MD simulation
had generated an equilibrated system configuration that could be used as a
starting point for more detailed atomistic simulations, either from the x-ray
structure of the protein or from a model based on the protein structure at the
end of the CG simulation. Thus, a snapshot at 200 ns of the PLA2-SA CG-MD
simulation was stripped of all solvent and ions and was used to define the
positions of the lipid molecules and protein in the AT simulations. Two AT
simulations were performed (see Table 1): one (PLA2-x-ray) in which the

System Setup Components Duration Final RMSD* (A)

PLA2-SA CG, self-assembly PLA2 + 154 POPC + 102 3 X 200 ns 2.4
POPG + 4695 water particles

PLA2-PF CG, preformed bilayer PLA2 + 154 POPC + 102 3 X 200 ns 2.3
POPG + 6417 water particles

PLA2-X-ray AT, x-ray structure of PLA2 PLA2 + 154 POPC + 102 20 ns 22
POPG + 16423 water molecules

PLA2-MOD AT, CG-template modeled structure of PLA2 PLA2 + 154 POPC + 102 20 ns 2.7

POPG + 16,354 water molecules

*Further details of the setup of the simulations are provided in the text. The RMSDs were calculated over the final 50 ns (CG) or 5 ns (AT) of each
simulation, relative to the starting (i.e., # = 0 ns) structure for that simulation, and refer to either the backbone particle (CG simulations) or the Ca atoms (AT

simulations).
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FIGURE 1 (A and B) Snapshots from the CG-MD simulations: (A) PLA2-
SA and (B) PLA2-PF. PLA2 is shown in green, with the backbone particles
of the three hydrophobic anchor residues (W3, L19, M20) shown as red
spheres. The backbone particle of the active site residue (H48) is shown as a
blue sphere. Lipid phosphate particles are shown in orange. Waters,
counterions, and all other lipid particles are omitted for clarity. (C) Snapshot
(at 20 ns) from an AT-MD simulation (PLA2-x-ray). The protein is colored
in light blue. The three hydrophobic anchor residues—W3 (green), L19
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protein coordinates corresponded to the x-ray structure of PLA2 super-
imposed on the CG structure by least-squares fitting of all atoms/particles and
one (PLA2-MOD) in which the CG structure was used as a template for a
“‘remodeled’’ PLA2 generated using Modeller (50). In each case, the CG
POPC/POPG bilayer was used to generate an equivalent atomistic bilayer by
superimposing atomistic lipid structures on the corresponding CG models
(see Carpenter et al. (51) for details of this procedure). The atomistic lipid
molecules were taken from two libraries derived from equilibrated atomistic
simulations of pure lipid bilayers, one with 1600 AT POPC molecules and one
with 1100 AT POPG molecules. Each system was then solvated with SPC
(52) water molecules and electrically neutralized by addition of 102 Na™
counterions. Each system was then energy-minimized for 1000 steps, using a
steepest-descent algorithm, followed by an equilibration simulation of 500 ps
with positional restraints (force constant 10 kJ mol~' A~2) applied to waters,
enzyme, and lipids. The restraints were removed after 200 ps for waters, after
300 ps for enzyme, and after 350 ps for lipids.

AT-MD simulations were performed using GROMACS 3.2.1 with the
modified GROMOS (53) force field (54). Long-range electrostatic interac-
tions were calculated using the particle mesh Ewald method (55,56), and van
der Waals interactions utilized a cutoff of 10 A. Bond lengths and angles were
constrained using the LINCS algorithm (57). Semiisotropic pressure coupling
with a Parrinello-Rahman barostat (58) with a coupling constant of 5.0 ps, a
compressibility of 4.5 X 107> bar~', and a reference pressure of 1 bar was
used. Each system was temperature-coupled with a Nosé-Hoover thermostat
to areference temperature of 300 K with a coupling constant of 1.0 ps (59). An
integration timestep of 2 fs was used.

RESULTS
Progress of the CG-MD simulations

In all three PLA2-PF simulations, the enzyme initially dif-
fuses in the aqueous environment before anchoring into the
bilayer at the headgroup/water interface (Fig. 1 B). The time
before the onset of anchoring was ~125, 50, and 50 ns in
simulations 1, 2, and 3 of PLA2-PF, respectively. In PLA2-
SA (Fig. 1 A), abilayer self-assembled around PLA2, and the
enzyme eventually adopted an interfacial location by ~30,
20, and 50 ns in simulations 1, 2, and 3, respectively. In all six
simulations, the same surface of the protein binds to the
membrane. This surface (Fig. 2) consists of a cluster of hy-
drophobic residues (L2, W3, L19, and M20) surrounded by
basic (R6, K10, K116, K121, and K122) and polar residues.
W3, L19, and M20 are thought to act as hydrophobic anchors
that stabilize the enzyme in a bilayer environment (2). Fur-
thermore, R6, K10, and K116 have been proposed to form
hydrogen bonds with the lipid carbonyl oxygens, and K121
and K122 are thought to form electrostatic interactions with
the lipid phosphate moieties (2). Inevitably, detailed interac-
tions such as hydrogen bonding are not represented in the CG
model (although attempts were made to capture the affinity
between hydrogen bonding-capable groups via parameteri-
zation of the CG force field (32)). However, the CG model
provides a basis for initiating detailed AT-MD simulations
where such interactions can be probed (hydrogen bonding
between the protein and the bilayer is discussed below). After

(red), and M20 (blue)—are depicted in space-filling format. POPC and POPG
lipids are shown as black and red bonds, respectively, with the phosphate
groups shown as brown and gray spheres, respectively.

Biophysical Journal 95(4) 1649-1657



1652

FIGURE 2 CG representation of the membrane-binding surface of PLA2.
Hydrophobic, basic, acidic, and polar residues are colored green, blue, red,
and white, respectively. Only the CG backbone particles are shown (i.e.,
side-chain particles are omitted). The broken line highlights a patch of
hydrophobic residues (W3, L19, and M20), whose side chains are thought to
anchor PLA?2 in a bilayer. Basic residues R6, K10, K116, K121, and K122
are thought to form electrostatic interactions with the lipid carbonyl and
phosphate moieties.

adopting an interfacial location, PLA2 remains at the interface
for the remainder of each simulation, consistent with a stable
configuration. We focus our subsequent analyses on the res-
idues highlighted in Fig. 2 because they have been proposed
experimentally to be important in positioning PLA?2 relative
to the membrane (2).

Depth of penetration

To assess the depth of penetration of PLA?2 into the lipid bi-
layer, we measured the distances between the c.o.m. of the
side chains of W3, L9, M20 (the hydrophobic anchor resi-
dues), and H48 (at the catalytic site) and the c.o.m. of the
bilayer along the bilayer normal (z axis) for both sets of
simulations once the equilibrium orientation of PLA2 had
been achieved (Table 2). In both systems, the side chains of
the hydrophobic anchors are positioned at an average distance
of ~20-24 A from the bilayer center, which corresponds to a
location close to the headgroup/tail interface. The side chain

TABLE 2 Location of key side chains relative to the
bilayer center

System w3 L19 M20 H48
PLA2-SA 19539 205*x21 238=*x30 299=*22
PLA2-PF 204 £ 2.1 22423 236*x30 298 28
PLA2-x-ray 19906 216*05 233*07 31.1*04
PLA2-MOD 202 £0.6 213 *06 235*0.8 312 *0.6

Average = SD (A) of the distance between the center of mass of the side-
chain particles of the hydrophobic anchors and active site residue of PLA2
and the center of mass of the bilayer. In the CG-MD simulations, averages
are taken across all three repeats, from 50 to 200 ns for each simulation of
PLA2-SA and from 130 to 200 ns, 60 to 200 ns, and 50 to 200 ns for
simulations 1, 2, and 3 of PLA2-PF. In the AT-MD simulations, averages
were taken over the entire 20 ns.
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of the catalytic site residue (H48) is located at an average
distance of ~30 A from the center, corresponding to a loca-
tion just above the bilayer surface. There are no significant
differences between the corresponding average distances for
the PLA2-SA and PLA2-PF simulations, suggesting that the
two simulation protocols result in a similar equilibrium ori-
entation of PLA2.

The AT-MD simulations supported the protein location
suggested by the CG-MD simulations in terms of the positions
of the side chains of the hydrophobic anchor (W3, L19, and
M20; Table 2). In the AT-MD simulations, we observed no
significant drifts in the positions of the side chains of the
hydrophobic anchors along the bilayer normal (<5%) (data
not shown) from their initial positions as based on the CG-MD
simulations, indicating the stability of the initial configura-
tion, at least over 20 ns. Similarly, there was no significant
drift from the initial position of the side chain of H48 in the
AT-MD simulations (Table 2).

We can examine the location of PLA?2 relative to the lipid
bilayer in more detail via the combined time-averaged distri-
bution (projected onto the bilayer normal) of the proposed
hydrophobic anchors of PLA2 with respect to those of the
components of the bilayer (Fig. 3). It can be seen that W3,L19,
and M20 interact with both the lipid headgroup and tail regions
and thus allow for the anchoring of the enzyme to the mixed
bilayer. Tryptophan residues are known to favor an interfacial
location in a bilayer environment (25,60-65). The distribu-
tions of the AT-MD simulations can be seen to be in good
agreement with those from the CG-MD simulations (Fig. 3).

In our CG-MD simulations, PLA2 was able to diffuse lat-
erally in the plane of the bilayer, with the lipids dynamically
repacking around the enzyme. We estimate a diffusion coef-
ficient of 6 (+3) X 1077 cm?/s (+ standard error) for both
PLA2-SA and PLA2-PF simulations (averaged across the
equilibrated period of all three repeats for each protocol). We
estimate a lower diffusion coefficient of 4 (=0.3) X 10~8 cm?/s
(= SE) in the AT-MD simulations. This reflects the higher
diffusion rate observed in CG-MD simulations. One approach
to this is to normalize the timescale in CG-MD simulations
(32). We have not done this because preliminary investiga-
tions (44) have suggested that different normalization factors
would be needed for different systems components (e.g.,
lipid, protein, or water), as might be expected given the nature
of the CG model.

Comparison with experiment

At first glance, our results suggest that PLA2 is positioned a
little further away from the bilayer center than previously
reported on the basis of depth-dependent quenching of tryp-
tophan fluorescence by dibrominated lipids (2). However,
these differences may be accounted for by the complexities of
interpretation of such experiments. As has been seen in nu-
merous lipid bilayer simulations (reviewed by, e.g., Feller
(66)), there is substantial thermal motion exhibited by the
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FIGURE 3 Distribution of PLA2 (black) and its hydro-
phobic anchors (W3, L19, and M20; blue) with respect to
the components of the bilayer system (lipid headgroups and
tails; red and green, respectively). The upper panels show

distributions for simulation 2 of (A) PLA2-SA (averaged
over 50-200 ns) and (B) PLA2-PF (averaged over 60—200

ns). The distributions of the protein and hydrophobic
anchors were scaled by 3X and 10X, respectively, for
clarity. The lower panels show the corresponding distribu-
tions for the AT-MD simulations of (C) PLA2-x-ray and
(D) PLA2-MOD.
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hydrophobic tails of a phospholipid in a bilayer environment.
In particular, we analyzed the z-distributions of the sites (acyl
tail sites 6, 7,9, 10, 11, and 12) used for dibromo labels in the
fluorescence quenching studies (2) in a 10-ns AT-MD simu-
lation of a POPC bilayer (128 lipids; data not shown). As
anticipated, this revealed a significant intra- and interlipid
spread (both ~15 A), which increases for sites located further
down the lipid acyl chain. Furthermore, there is recent evi-
dence that a lipid bilayer may locally deform/adapt at the
protein/lipid interface (3,38,67,68). Thus, allowing for the
effect of motional spread of the lipids on the Br atom positions,
there may be a degree of error associated with the distances
obtained from the fluorescence experiments that is sufficient
to encompass the distances obtained from our CG-MD sim-
ulations. In addition, the insignificant drifts observed in the
detailed AT-MD simulations from the initial configurations
provide further support for the predictions made by the CG-
MD simulations.

Protein/lipid interactions

Our subsequent analyses focused on a more detailed charac-
terization of the nature of the PLA2/bilayer interactions. In
Fig. 4 A, we show the number of contacts between PLA2 and
the POPC and POPG lipids, mapped onto the surface of the
protein. It can be seen that the proposed membrane-binding
footprint of the enzyme interacts preferentially with the ani-
onic POPG lipids over the zwitterionic POPC lipids, espe-
cially if one considers that overall the bilayer has three POPC
lipids for every two POPGs. Residues R6, K10, K116, K121,
and K122 form frequent contacts with all lipids, but prefer-
entially with the anionic POPGs. A very similar pattern of
protein-lipid interactions is seen in the AT-MD simulations
(Fig. 4 B), confirming that no significant shifts in lipid/protein
interactions occurred in the course of these (relatively short)
simulations for both PLA2-x-ray or PLA2-MOD.

We also measured the time evolution of the combined
number of contacts between the hydrophobic anchors (i.e.,
R3,L19, M20), the basic residues (i.e., R6, K10, K116,K121,
K122), and the lipid headgroups and tails separately (Fig. 5).
In both simulations, the basic residues are seen to interact
preferentially with the headgroups over the tails, with an av-
erage (= SD) of 10.7 = 2.8 and 3.9 = 2.1 contacts with the
headgroups and tails, respectively, in PLA2-PF, and 7.5 + 3.5
and 2.5 = 1.9 contacts, respectively, in PLA2-SA. In both
PLA2-PF and PLA2-SA, we observe a slight preference for
the association of the hydrophobic anchors with the lipid tails,
with an average of 5.6 = 1.5 and 6.1 = 1.7 contacts with the
headgroups and tails, respectively, in PLA2-PF and 4.3 = 1.6
and 5.4 = 1.9 contacts, respectively, in PLA2-SA. Overall,
our results suggest that both hydrophobic and basic residues
play a role binding PLA2 to the bilayer surface but that the
latter predominate, explaining the observed preference for
PLA2 binding to anionic membranes (2).

Analysis of protein/lipid hydrogen bonding over time (Fig. 6)
in the AT-MD simulations suggests that a total of ~15-20
hydrogen bonds are formed between PLA?2 and the bilayer.
Comparison of the two simulations suggests some drift in the
number of H-bonds in PLA2-x-ray relative to that in PLA2-
MOD, but the difference is not marked. A more detailed ex-
amination of the atomistic simulations reveals five to eight
hydrogen bonds between R6, K10, and K116 and the lipid
carbonyl oxygens (as suggested by Tatulian et al. (2)) in both
PLA2-x-ray and PLA2-MOD. We also observed interaction
of the K121 and K122 side chains with the negatively charged
PG headgroups.

DISCUSSION AND CONCLUSION

In the current study, we have applied multiple, extended CG-MD
simulations, starting from different initial configurations and
followed by short (20-ns) AT-MD simulations to determine

Biophysical Journal 95(4) 1649-1657
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the equilibrium position of a complex monotopic protein at
the surface of a mixed 3:2 POPC/POPG bilayer. Our results
reveal a combination of hydrophobic and basic residues that
are involved in the binding of the enzyme at the headgroup/
water interface of the bilayer. This is in good agreement with
recent structural analysis and homology modeling (18). In
addition, we show that PLA?2 interacts preferentially with the
anionic POPG lipids because of the presence of basic residues
on its membrane-binding surface. This is seen in both the
CG-MD and AT-MD simulations.

This is encouraging in a more general sense in that we show
that CG-MD simulations can reveal details of bilayer/protein
selectivity (anionic lipids/basic side chains) underlying the
interactions of a complex protein with the membrane surface.
This is important because of the radical simplification of the
treatment of electrostatic interactions in the CG model (see
below). Thus, this study extends previous work on CG-MD
simulations of protein/lipid interactions for integral mem-
brane proteins (35,38,44,45) and for lipoprotein nanodisks
(33,69). It also extends ‘‘mean field’’ approaches (70) to the
prediction of the enzyme location in a bilayer that do not allow
for detailed protein/lipid interactions.

Biophysical Journal 95(4) 1649-1657
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FIGURE 4 Number of contacts between PLA2 and lipids
in the (A) CG-MD and (B) AT-MD simulations. In A, a
distance cutoff of 8 A between the outermost side-chain
particle and any lipid particles was used to define a contact.
We count the total number of contacts from 130 to 200 ns,
60 to 200 ns, and 50 to 200 ns for simulations 1, 2, and 3 of
PLA2-PF. We show the total number of contacts separately
for POPC and POPG lipids in addition to the total number
of contacts with all lipids. A color scale from blue (~0-100
contacts) to white (~200-400 contacts) to red (>600
contacts) is used. In B, a distance cutoff of 3.5 A was
used to defined a contact between PLA2 and lipid. We
count the total number of contacts from O to 20 ns of PLA2-
x-ray and PLA2-MOD separately. Only the total number of
contacts with all lipids is shown. A color scale from blue
(~0-150 contacts) to white (~250-400 contacts) to red
(>650 contacts) is used.

PLA2-MOD

How do these studies compare with previous AT-MD
simulations of proteins interacting with the bilayer surface?
The main advance is that CG-MD allows us to proceed in a
more ‘‘assumption-free’’ fashion via self-assembly or pre-
formed bilayer association simulations, thus extending pre-
vious studies where manual or semimanual docking of protein
to a bilayer surface (generally guided by experimental data)
was necessary. For example, AT-MD simulations combined
with diffraction-derived restraints have been previously used
to explore the interfacial location of membrane-active pep-
tides, e.g., mellitin, on a di-oleoyl-phosphatidyl choline bi-
layer (71). Another AT-MD study used electron paramagnetic
resonance data as a starting point in their simulations of the
C2 domain of cytosolic PLA2 in a pure POPC bilayer (3). In
the current study, we have indicated how one might combine
an initial CG-MD simulation (to obtain an equilibrium loca-
tion of a protein relative to a bilayer) with a subsequent AT-MD
simulation (to provide more detailed information on interac-
tions) using the outcome of the CG-MD simulation as a
starting point.

What are the technical limitations of the approach we have
used? The major limitations reside in the simplifications in-
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herent in the CG force field. Arguably, the most severe limi-
tation resides in the ‘‘truncation’” of the electrostatic inter-
actions in the CG model. However, this does not prevent the
(anticipated) basic side chain/anionic headgroup interaction
between PLA2 and the POPG lipids. Although it has been
argued that CG simulations are too approximate to allow
exploration of basic residue/lipid interactions (42), both the
results of the current study (which provides good agreement
with experimental data), and the good agreement between CG
(68) and AT (67) simulations of the KvAP voltage sensor/
lipid interactions (36) suggest this may be too pessimistic an
assessment. Furthermore, a detailed comparison with exper-
imental data on lipid/protein interactions for a number of in-
tegral membrane proteins suggests good agreement with CG
simulations (35). Clearly, however, there are improvements to
be made. One is in the direction of refinement of the CG force
field (37). The other is in further development of multiscale

25

! I
A PLA2-X-ray
20— {

il
0 5 10 ‘ 15 20
time (ns)

Number of hydrogen bonds formed

1]
TR

FIGURE 6 Hydrogen bonding between PLA2 and lipids in the AT-MD
simulations of (A) PLA2-x-ray and (B) PLA2-MOD. Hydrogen bonds with
POPC, POPG, and all lipids shown in red, green, and black, respectively.

simulations that allow for mixing (72) or switching between
CG and AT representations.

Thus, to the best of our knowledge, this is the first such
study of the interactions of a membrane interfacial enzyme
with a lipid bilayer using CG-MD simulations. The dual SA/PF
CG-MD approach combined with AT-MD provides addi-
tional confidence of our results, which are consistent with
available experimental data. Thus, this approach can be used
as a methodology for predicting the location of interfacial
proteins with near atomic accuracy. Using the endpoint of the
CG-MD simulations as an initial configuration for more ex-
tended (i.e., >100 ns) AT-MD simulations should enable
future studies to explore possible conformational transitions
in PLA2 resulting from its initial encounter with a lipid bila-
yer. Furthermore, the computational efficiency of CG-MD
simulations means it is now feasible to perform free energy
calculations to define rigorously the optimum location of
PLA2 in a bilayer environment, as has recently been per-
formed for a toxin/bilayer system (73).
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