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A Molecular Dynamics Investigation of Lipid Bilayer Perturbation by PIP2
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ABSTRACT Phosphoinositides like phosphatidylinositol 4,5-bisphosphate (PIP2) are negatively charged lipids that play
a pivotal role in membrane trafficking, signal transduction, and protein anchoring. We have designed a force field for the PIP2

headgroup using quantum mechanical methods and characterized its properties inside a lipid bilayer using molecular dynamics
simulations. Macroscopic properties such as area/headgroup, density profiles, and lipid order parameters calculated from these
simulations agree well with the experimental values. However, microscopically, the PIP2 introduces a local perturbation of the
lipid bilayer. The average PIP2 headgroup orientation of 45� relative to the bilayer normal induces a unique, distance-dependent
organization of the lipids that surround PIP2. The headgroups of these lipids preferentially orient closer to the bilayer normal. This
perturbation creates a PIP2 lipid microdomain with the neighboring lipids. We propose that the PIP2 lipid microdomain enables
the PIP2 to function as a membrane-bound anchoring molecule.
INTRODUCTION
Phosphatidylinositol is a lipid molecule found in the cyto-

solic leaflet of the cell plasma membrane and in the

membranes of several intracellular organelles. Its phosphor-

ylated derivatives are known as phosphoinositides (PIPs) (1).

PIPs have two hydrocarbon tails, arachidonate and stearate,

which are connected through a glycerol group to the inositol

headgroup. Three phosphorylation sites on the 3, 4, and 5

positions of the inositol ring give rise to seven distinct

combinations of mono-, bis-, and tris-phosphorylated prod-

ucts. Inside the cell, phosphoinositide turnover is tightly

controlled by metabolic regulatory enzymes such as special-

ized kinases, phosphatases, and phospholipases. Defects in

phosphoinositide metabolism are associated with disorders

such as cancer, cardiovascular disease, and autoimmune

dysfunction (2,3).

Depending on the cell type, PIPs constitute ~1–2% of the

total phospholipids in the plasma membrane. Despite their

low membrane content, PIPs are known to spatially sequester

into PIP-enriched rafts, and thus, the local concentration of

PIPs varies dramatically (4,5). Inside the cell, the products

of phosphoinositide metabolism are key membrane signaling

molecules that play an important role in numerous intracel-

lular signaling pathways. For example, the most abundant

PIP is PI(4,5)P2 (commonly abbreviated as PIP2 (Fig. 1 A)),

which has long been considered to act as a ubiquitous second

messenger and as a precursor to other second messengers,

such as diacylglycerol (DAG), D-myo-inositol 1,4,5-tri-

sphosphate (IP3), and phosphatidylinositol 3,4,5-trisphos-

phate (PIP3) (3,6,7). More recently, it was also suggested

that PIP2 may have some intrinsic catalytic activity (8).

Another widely recognized functional role of PIP2 and other

PIPs is as substrates for a variety of PIP-effector proteins. All
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PIP-adhesion proteins have a specialized domain through

which they bind PIPs with various degrees of selectivity.

Though a number of structures of different PIP-interacting

domains have been solved (free and in complex), the basis

of protein-PIP stereoselectivity remains elusive (9).

At this time, a combination of biochemical, diffraction,

and spectroscopic techniques are widely used to study PIP2

synthesis, aggregation/sequestration, cell localization, and

interactions with proteins. These techniques provide a wealth

of information about the macroscopic properties of PIP2

(10). Computational techniques, on the other hand, can be

used to explore the microscopic behavior of PIPs. In this

work, we present atomic-resolution results from molecular

dynamics (MD) simulations of PIP2 in a lipid bilayer.

Because the data extracted from such studies closely agrees

with the available experimental data, MD simulation is

a good tool for studying various aspects of lipid behavior

that are not easily measurable through experimental work

(11–15).

Several studies have used MD simulations to explore the

interactions of PIP2 with specific residues of peptides and

proteins (16–20), and one study explores the dynamic differ-

ences between PIP2 and phosphatidylinositol 3,4,5-trisphos-

phate inside the bilayer (21). Another study suggests that the

lipids that surround PIP2 also play a significant role in

protein interactions; it is thought that these lipids facilitate

penetration of PIP2-interacting proteins into the bilayer by

forming additional hydrogen bonds with the protein (18).

In this work, we investigate the interaction of PIP2 with

neighboring lipids and its organization within the lipid

bilayer. We first design force field parameters for the phos-

phoinositide headgroup to enable further investigation with

MD simulation. To understand how PIP2 carries out such

a wide variety of biological functions, we simulate PIP2

inside the lipid bilayer and characterize its molecular,

structural, and dynamic properties. We also show and
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FIGURE 1 (A) Heavy atom represen-

tation of a PIP2 lipid molecule. The

inositol headgroup is red; phosphates

are yellow, the glycerol connecting the

headgroup to the acyl chains is cyan,

and the arachidonate and stearate acyl

chains are green and blue, respectively.

(B) Schematic of the PIP2 headgroup

with the nomenclature of the atom

names. To change the phosphorylation

state of the phosphoinositides, the force

fields have been designed such that

a hydroxyl group (blue) can be replaced

by a phosphate group (magenta). (C)

Partial charges correspond to atom

names in B.
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describe how PIP2 induces the formation of a PIP2 lipid

microdomain by reorganizing the neighboring lipids in a

unique way. We speculate that the formation of such

microdomains is an important property of PIP2, allowing it

to act as a membrane-anchoring molecule.
COMPUTATIONAL METHODS

Lipid system setup

The coordinates of the preequilibrated 1,2-dipalmitoyl-sn-glycero-3-phos-

phocholine (DPPC) membrane patch at 323.15 K were obtained from the

website of Dr. Jeffrey B. Klauda, with an initial box size of 48.0 � 48.0 �
66.118 Å (22). The membrane system contained 72 DPPC lipid molecules

(36 in each leaflet), to which 150 mM of KCl and ~3400 TIP-3 water mole-

cules were added. To prepare the simulations containing a phosphoinositide,

a single DPPC molecule in the pure DPPC membrane patch was replaced by

a phosphatidylinositol molecule, and two phosphate groups were added to

positions 4 and 5 on the inositol headgroup. Furthermore, additional coun-

terions were added to neutralize the system. The average size of all the

systems was ~20,000 atoms.

Molecular dynamics simulations

Each lipid-water molecular system was minimized for 2000 minimization

steps using the conjugate gradient method. The system was then heated

for 200 ps, during which the temperature slowly increased from 0 to

330 K by rescaling the velocities every 1000 steps until the target tempera-

ture was reached. All MD simulations and minimizations were run with

NAMD2.6 (23) using the CHARMM27 (24) force field that included our

parameters for PIP2. Orthorhombic periodic boundary conditions (PBC)

were used to reduce boundary surface effects. The particle mesh Ewald

(PME) method was used to represent long-range electrostatics with

maximum grid-point spacing set to 1 Å (25). The cutoff radius for Lennard

Jones interactions was 12 Å, with a smooth switching function starting at 10

Å and a nonbonded ‘‘pairlist’’ distance of 14 Å. The RATTLE algorithm

was used to constrain all bonds involving hydrogen atoms, allowing the

2-fs time steps (26). Since the initial membrane coordinates were adopted

from the preequilibrated lipid bilayer patch, each system underwent only a

10-ns equilibration run and a 50-ns production run under semi-isothermal-

isobaric (NP(x ¼ y)T) conditions (see Fig. S2 in the Supporting Material
for the system’s equilibration profile). The temperature was kept constant

at 330 K by using Langevin dynamics, and a Nosé-Hoover Langevin piston

was used for pressure control at 1 bar (27,28). The simulations were run at

temperatures above the DPPC gel-liquid transition phase (29,30).
2D radial distribution function

The two-dimensional radial distribution function (g2D(r)) available in

GROMACS was used to characterize the lateral radial distribution of lipids

in the bilayer plane (31). In this method, the counting and distances are

calculated in the x-y plane, disregarding the z axis.
Lipid pulling

To show that adhesion forces that resist the extraction of a lipid molecule

from a bilayer are greater for PIP2 than for a typical lipidlike DPPC, we

performed an atomic force microscopy (AFM)-type pulling through MD

simulations. Steered molecular dynamics (SMD) has been employed to

simulate the extraction of a PIP2 and DPPC lipid molecules from DPPC bila-

yers. Previous works have shown that SMD results agree well with the

experimental AFM data (32–34). In SMD simulations, a macromolecular

system is subjected to user-defined external forces chosen to induce a reac-

tion on a nanosecond timescale. In our simulations, the external force we

applied was to the phosphorus atom of a lipid. The phosphorus atom (P in

DPPC, or P1 in PIP2) was harmonically restrained with a force constant k

to a point moving away along the normal to the surface of the lipid bilayer

with a constant velocity (v), which caused the lipid to be pulled out from the

membrane into the aqueous environment. The absolute value of the external

force acting on the lipid is given by Fðx; tÞ ¼ kðvt � xÞ, where x is the

displacement of the restrained atom, v ¼ 0.0005 Å/ps, and k ¼ 0.25 kcal/

mol$Å2.
Analysis, visualization, and graphing tools

Quantum mechanical (QM) visualization and analysis was performed using

Molden. Molecular visualization and system setup was done with VMD and

its library of plug-ins. PIP2 conformation modeling was performed with

Maestro (Schrödinger, Portland, OR). Simulation post-processing and

analysis was performed with VMD scripting, GROMACS, and Simulaid

(31,35–37). Plots were generated using XMGrace (http://plasma-gate.

weizmann.ac.il/Grace).
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FIGURE 2 A parameterization of the torsional potentials

for dihedral angles C-O-P-O (A) and C-C-O-P (B). EQM
dihed is

a QM torsional potential calculated with PES; EMM
fit is the

fitted molecular mechanical potential energy; and EMM
adopt is

the torsional potential for dihedral angle in A adopted

from the Charmm27 parameter set.
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RESULTS

Parameterization of phosphatidylinositol
headgroup

The atomic charges and the geometrical conformation of the

phosphatidylinositol headgroup were obtained using QM

methods. Geometry optimization and distribution of partial

charges on the surface of the phosphatidyl-inositol head-

group (IP) were calculated using Gaussian03 (38) at

Hartree-Fock level of theory with a 6-31Gþ* basis set.

The partial atomic charge distribution of IP was derived

using the RESP package (39), which fits the charges to repro-

duce the electrostatic potential on the surface of the molecule

obtained from the wavefunction (Fig. 1, B and C). Electronic

properties were calculated with the polarized continuum

model, representing water as an implicit solvent with a

dielectric constant of 80 using Pauling’s atomic radii and

1.2 as the scaling factor for the definition of the solvent-

accessible surfaces (40–42). The parameterization strategy

for IP, described here, is consistent with the methodology

employed in the CHARMM27 lipid force field.

Some studies reveal that under physiological conditions,

PIP2 is protonated on one of the two phosphates (43,44),

whereas other studies suggest that the net charge of PIP2

is �3e, due to a presumed binding of either Hþ or Kþ ions

to the phosphates (45,46). Since all of our MD simulations

contain explicit ions (KCl), we parameterized PIP2 in an

unprotonated state with a net charge of �5e.

Since there are seven distinct forms of phosphoinositi-

des—PI(3)P, PI(3,4)P2, PI(3,4,5)P3, PI(3,5)P2, PI(4)P,

PIP2, PI(5)P—whose net charge ranges from �3e to �7e,

we designed our force field such that the phosphate charges

are transferable, thus avoiding the need to reparametrize each

PIP. The net charge of the phosphoinositide is adjusted in

increments of �2e, which corresponds to the substitution

of a hydroxyl group (R-OH) by a phosphate group (R-O-

PO2�
3 ). Force-field parameters for the glycerol, arachidonate,

and stearate groups were adopted from the standard

CHARMM27 parameter set (24,47,48).

The interactions of the phosphatidylinositol headgroup

with the glycerol part of the lipid are largely governed by
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the dihedral potential connecting these two chemical groups.

The torsional parameters adopted from the CHARMM27

force field set did not correctly describe the potential

between these two chemical groups. This can be seen in

Fig. 2 A, where the the torsional parameters (EMM
fit ) from

the CHARMM27 parameter set suggest incorrect minima

value. To characterize these interactions, we reparameter-

ized two key torsional angles—C-O-P-O and C-C-O-P

(C1-O1-P1-O13 and {C2;C6}-C1-O1-P1 in Fig. 1 B)—

using a highly accurate torsional energy scan from the

QM calculations. The optimized structure of the PI head-

group was subjected to a potential energy surface (PES)

scan along the internal coordinates of these torsional angles.

All atoms except those involved in the torsion angle studied

were kept fixed during the scan. The determination of the

conformational minimum was scanned in 10� intervals

with respect to each torsional motion (see Fig. 2, A and

B). The Hartree-Fock level of theory with 6-31Gþ* basis

set was used in PES.

The QM torsional potential energy (EQM
dihed) was fitted to the

molecular mechanical torsional potential energy (EMM
fit ),

expressed as

EMM
dihed ¼

X
knð1 þ cosðn� q� gnÞÞ: (1)

The QM torsional potential energy along q was calculated

using

EQM
dihedðqÞ ¼ EQMðqÞ � EMM

null ðqÞ; (2)

where EMM
null is the functional form of the CHARMM27 force

field, with kn ¼ 0 for the dihedral potential. In Fig. 2, we

show the EQM
dihed-fitted C-O-P-O and C-C-O-P torsional

potentials ðEMM
fit Þ with the single Fourier series terms k ¼

4.64 kcal/mol; g ¼ 12.30 and k ¼ 4.30 kcal/mol; g ¼
�20.00, respectively.
Simulations of PIP2 in a lipid bilayer

To characterize the properties of PIP2 in the lipid bilayer, we

ran a 50-ns MD simulation of a single PIP2 molecule in

a patch of DPPC membrane. As a control, we also simulated



FIGURE 3 (A) Density profiles for the DPPC system

(solid lines) and PIP2-containing system (dashed lines)

along the axis orthogonal to the bilayer (z axis). The overall

density profile of the system is shown in black. The compo-

nent densities are color-coded as follows: blue, water;

green, lipids; gray, lipid headgroups (DPPC); and red,

PIP2 (magnified fivefold for clarity). (B) The lipid order

parameters (�SCD) of DPPC and PIP2 lipids, shown in

blue and red, respectively.

TABLE 1 Calculated properties of bilayer systems

Property DPPC DPPC þ PI(4,5)P2

Charge 0 �5

Area/lipid (Å2)* 65.24 5 0.11 64.87 5 0.09

Bilayer thickness (Å)y 37.40 5 0.30 37.65 5 0.27

Headgroup protrusion (Å)z 1.16 5 1.70 5.99 5 1.26; 5.10 5 1.21

Headgroup orientation (�)x 77.29 5 21.53 41.84 5 10.51

*Area/lipid is calculated by dividing the xy area of the lipid patch by the

number of lipid molecules (36).
yBilayer thickness is measured from the average distance of DPPC phos-

phorus atoms in the adjacent leaflets.
zFor PIP2, headgroup protrusion measures the angle between the 2-hydroxyl

group and the normal to the bilayer plane; for DPPC, it measures the pseu-

doangle between the P-N bond and the normal to the bilayer plane.
xHeadgroup protrusion is the Z-component of the distance between P-N

atoms (for DPPC) and the average of P1-P4; P1-P5 atoms (for PIP2).

PIP2 Perturbation of Lipid Bilayer 243
a membrane patch of DPPC lipid bilayer (see Methods for

simulation details). To validate the quality of our simula-

tions, and to characterize perturbations and the effect of

the PIP2 on the lipid bilayer properties, we describe in detail

key macroscopic properties of the lipid systems.

Density profiles

The density profiles of the system were calculated along the

normal to the bilayer plane (Fig. 3 A). The total density is

partitioned into water, lipids, and lipid headgroups. As

expected, the density of water in the center (Z ¼ 0) of a lipid

hydrophobic core is zero. The symmetric density of lipids

suggests that individual lipid molecules form a bilayer with

low density in the hydrophobic region and high density

around the headgroups. The headgroup densities can also

be used to estimate the thickness of the bilayer as

37–38 Å, a value consistent with the experimentally

measured value for a DPPC membrane (15). The asymmetric

density of PIP2 indicates that it resides only on one leaflet

(Z > 0) of the lipid bilayer. Comparing the density profiles

of the two systems, we observe a slight perturbation by the

replacement of a single DPPC with PIP2 lipid. This change

accounts for only 2% of the difference in the system density.

Area/lipid

The area of lipid systems can be measured by 2H-NMR

spectroscopy (49,50). These measurements can be directly

compared with the area/lipid calculated from simulations

of a lipid bilayer (Table 1). The macroscopic area/lipid is

lightly larger in the simulations without PIP2 (65.24 5

0.11 Å2) than in the PIP2-containing simulation (64.87 5

0.08 Å2), and both of these values are consistent with

previous simulations of DPPC membranes (15,51). This

small contraction of ~0.5% is statistically significant, and it

may represent a real PIP2-induced effect. However, the range

of the experimental area/lipid headgroup for DPPC bilayers

varies from 56 to 72 Å2 (15,29,50–52). The main difficulty in

measuring this property experimentally is that the the

measurements are sensitive to multiple physicochemical

conditions, such as temperature, ionic concentration, hydra-
tion level, and external lateral tension on the bilayer. All this

suggests that it may be technically difficult to experimentally

discern an effect of PIP2 on the total area of the membrane

patch.

Lipid order parameter

The lipid order parameters (�SCD) quantify the relative order

of the hydrocarbon tails. This is calculated from the MD

trajectory using Eq. 3 and can be directly compared with

the experimentally determined values obtained through

quadrupole splitting measurements (15).

S
ðiÞ
CD ¼

1

2

�
3cos2qi � 1

�
: (3)

SCD is calculated for each acyl group i, where qi is the angle

between the Ci-Hi molecular axis and the normal of the

bilayer. The order parameters of the DPPC’s sn-1 and sn-2

acyl chains have been calculated for each system (Fig. 3 B).

Both chains show a ‘‘plateau’’ at ~0.20 in carbons 2–6,

a feature highly consistent with experimental measurements

(49,52). In Fig. 3 B, we also show the calculated �SCD of the

PIP2 naturally occurring acyl chains arachidonate and stea-

rate. Note that the acyl chains closer to the glycerol group

are chemically identical, but that the stearate in PIP2 exhibits
Biophysical Journal 98(2) 240–247
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a higher degree of order in the ‘‘plateau’’ region than the sn-1
in DPPC. Differences between these two chemically iden-

tical regions must be affected by the packing of lipids. An

enhanced ordering of the acyl chains is associated with

a reduction in the area/lipid (53).

Lipid organization

To analyze the effect of PIP2 on lipid organization, we calcu-

lated the g2D(r) of lipids around DPPC and PIP2 molecules in

the x-y plane. In Fig. 4 A, we investigate the pair distribution

of central phosphorus atoms in a single leaflet. In agreement

with other studies, we observe that around any single DPPC

molecule, the other DPPC lipids are organized with a degree

of periodicity—two lipid shells whose minima occur at

r z 7.6 Å and 10.1 Å, respectively (51,53). In contrast,

the distribution of DPPC lipids around a PIP2 shows only

one pronounced shell at r z 7.8 Å and whose peak is at

r z 6.1 Å (0.51 Å closer than in the case of DPPC lipids).

The second lipid shell maximum shifted to r z 11.4 Å

due to the fact that the semi-head-tail organization of the

DPPC molecules within the membrane plane had been per-

turbed by PIP2 and the high local concentration of ions.

Overall, these results suggest that PIP2 induces a rearrange-

ment that increases the organization of the DPPC lipids that

surround it.

We further investigated the rearrangement of the lipids

surrounding the PIP2 by calculating the tilt of a PC headgroup

with respect to the normal of the bilayer. The results of this

analysis are shown in Fig. 4 B. The average P-N pseudoangle

in the DPPC system is 77.29 5 21.53�, which indicates that

the DPPC headgroups lie nearly parallel to the bilayer. In

contrast, in the PIP2-containing patch, the DPPC lipids that

are in direct contact with PIP2 adopt a headgroup conforma-

tion nearly normal to the bilayer. This DPPC headgroup

conformation is not observed in the pure DPPC membrane,
Biophysical Journal 98(2) 240–247
which suggests that it is induced by PIP2 (see schematic in

Fig. 4 C). The DPPC headgroups within 7.5–9.5 Å of the

PIP2 molecule adopt similar conformations to the headgroups

in the pure DPPC membrane, except that they exhibit a wider

angle tilt distribution, 74.13 5 29.60�. This distribution

difference is attributed to the absence of the organization of

the lipids around PIP2 in the range 7.5–9.5 Å, as can be

observed in pure DPPC membranes (see Fig. 4, A and C).

Since PIP2 often acts as a membrane-bound anchoring lipid

for proteins (9), we hypothesize that the described rearrange-

ment and organization of the lipids that surround the PIP2

generate the environment that provides the PIP2 with better

packing within the membrane and a resistance to vertical

displacement by anchoring proteins.

PIP2 headgroup orientation

The orientation and position of the PIP2 headgroup largely

depend on its interaction with the solvent. Understanding

these interactions and their effect on the headgroup conforma-

tion may lead us to understand how the PIP2 charged groups

are presented to the proteins they interact with. In previous

studies, headgroup orientation was modeled by fitting the

data obtained from combinations of the nuclear Overhauser

effect (NOE) and dipolar coupling NMR spectroscopy exper-

iments (54–58). These models predict a completely erect PIP2

headgroup, where the plane of the inositol ring is orthogonal

to the membrane plane. This conformation was believed to be

‘‘locked in’’ by the intramolecular hydrogen bonds between

either the 2- or the 6-hydroxyl group, or both, and the oxygens

on the P1 phosphate group. We monitored the hydrogen-bond

formation between these two groups throughout our simula-

tion. We found that only the 6-hydroxyl group interacts

with the phosphate. This hydrogen bond between the

6-hydroxyl and either the pro-R or pro-S oxygens of the phos-

phate was present ~87% of the simulation time (Fig. S2 A).
FIGURE 4 (A) Planar g2D(r) of the phosphorus atoms in

the DPPC bilayer (blue) and within 14 Å of PIP2 (red).

Please see Computational methods for calculation descrip-

tion. (B) Distribution of the DPPC headgroup tilt grouped

according to distance from the PIP2 lipid. (C) A schematic

of the DPPC headgroups in a pure DPPC membrane and in

a membrane with PIP2 lipid.



FIGURE 5 AFM-type lipid expulsion from the bilayer into the water

environment. Solid lines show force and dashed lines show work required,

for PIP2 (red), DPPC (blue), and DPPC lipids near the PIP2 (cyan).
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Our simulation reveals that the 2-hydroxyl forms a hydrogen

bond with a phosphate group of the neighboring lipid ~61% of

the simulation time (Fig. S2, B and C).

The PIP2 headgroup orientation was previously described

as a series of four torsional angles between the atoms of the

glycerol, the phosphate, and the inositol ring (C12-C11-O13-

P1-O1-C1-C6 atoms in Fig. 1 B). From neutron diffraction

scattering data, these torsional angles were believed to adopt

a trans, trans, trans, gauche� conformation, whereas in our

simulations, we monitored these angles and observed that

they are in the trans, trans, gaucheþ, trans conformation

(see Fig. S1, A–C (54). The conformational change in these

torsional angles over the course of the simulation is illus-

trated in Fig. S1 D. In this work, we further characterize

the conformation of the PIP2 headgroup as a combination

of the orientation of a key 2-hydroxyl group and the exten-

sion of the phosphates. Note that on the inositol ring, the

axial 2-hydroxyl group is what makes all seven phosphoino-

sitides stereochemically unique—all other hydroxyl groups

are equatorial. The headgroup orientation is expressed as

the angle between the normal of the lipid plane and the

2-hydroxyl group, (QZ-C2-O2). We calculated QZ-C2-O2 to

be 41.84 5 10.51�. The headgroup extension can further

be described by the protrusion of the P4 and P5 atoms. We

define the protrusion of phosphates as the Z-component of

the distance between phosphate P4 and P5 atoms and the

central P1 atom. The protrusions of the P4 and P5 atoms

are 5.99 5 1.26 Å and 5.10 5 1.21 Å, respectively. These

values are similar with those reported by Li et al. (21). If we

apply the Li et al. definition to measure the DPPC headgroup

protrusion (the Z-component of the P-N distance), we get

1.16 5 1.70 Å.

To describe the orientation and the extension of the PIP2

headgroup with respect to the lipid bilayer, we define three

values: QZ-C2-O2 and the protrusion of the P4 and P5 atoms.

In comparison with DPPC headgroups, the PIP2 headgroup

is larger and adopts a more erect conformation with respect

to the normal of the bilayer. All this suggests that in addition

to the change in the nature of the charge (positive and nega-

tive), the PIP2 extends 4–6 Å farther into an aqueous phase

compared to a typical phospholipid.
PIP2 role as a membrane-bound anchor

A number of cytosolic proteins use PIP2 lipids as anchoring

molecules for localization on the membrane (9). For PIP2 to

play a role as a membrane-bound anchoring molecule, it

must be more stable within the membrane bilayer than other

typical lipids. We believe that the described ability of PIP2 to

form a microdomain with its neighboring lipids contributes

to its stability within the bilayer. To address how tightly

PIP2 is bound in the membrane, we performed an AFM-

type simulation where the lipid is vertically displaced out

of the membrane environment while the force acting on it

is being monitored (32,33). Using SMD, we compared the
work required to pull each lipid type out of the membrane.

We observed that to pull a DPPC lipid that is in direct contact

with PIP2 requires ~50% more work than to pull a DPPC

lipid out of a pure DPPC bilayer (see Fig. 5). This suggests

that PIP2 forms a tight complex with the lipids with which it

is in contact. We also compared the work required to pull

a PIP2 lipid out of a bilayer with that required for pulling

a DPPC lipid. We observe that three times more work is

required for PIP2 pulling than for DPPC pulling, which

suggests that PIP2 would serve as a better anchoring lipid

than DPPC. In fact, the interactions of the PIP2 with its

neighboring lipids are so strong that when PIP2 is being

pulled out, it pulls the surrounding DPPC lipids along with

it part of the way. In Fig. 5, we can observe the breakage

of two DPPC lipids away from the PIP2 at d z 12 and

20 Å, respectively. Together with the previous results,

SMD pulling experiments further suggest that the role of

PIP2 as a membrane-bound anchoring molecule is due to

its increased vertical stability inside the bilayer. This vertical

stability is facilitated by the lipid molecules that surround

PIP2, with which it forms lipid microdomains.
DISCUSSION

In this work, we used the quantum mechanical level of

theory to design the phosphoinositide parameter set compat-

ible with the CHARMM27 force fields. We derived the dihe-

dral potential energy for key torsional angles, as well as the

partial charges for the inositol ring. Transferable partial

charges of the phosphate groups were designed such

that any phosphorylation state of a PI could be generated.

Previous all-atom parameterizations of PIP2 did not account
Biophysical Journal 98(2) 240–247
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for transferability of the phosphate groups, nor were the key

torsional potentials optimized (16,19). Also, the net charge

of the partial charges reported in these works was unclear,

as was the rationale for their design.

Generating the 4,5 configuration of the phosphates on the

inositol headgroup gave rise to a PIP2 lipid molecule. PIP2

was embedded and simulated inside a DPPC lipid bilayer,

and its dynamic behavior throughout the course of the

50-ns simulation was characterized. We systematically com-

pared simulations of the PIP2-containing bilayer with pure

DPPC bilayer and reported that the macroscopic properties

of these two systems did not significantly change, and that

the area/lipid and the density profile of the two systems

remained similar. However, the microscopic properties of

the two systems did show significant variation in that 1),

the analysis of the lipid order parameters (�SCD) suggests

that PIP2 acyl carbons are more ordered than the equivalent

carbons in the DPPC acyl chains; 2), the planar organization

of DPPC is altered upon introduction of PIP2; and 3), the

DPPC headgroups in contact with PIP2 adopted conforma-

tions that were not observed in the pure DPPC lipid

simulation. These results, together with the SMD pulling

experiments, suggest that PIP2 induces a rearrangement

and reorganization of the lipids around it. Together with

the neighboring lipids, PIP2 forms a stable microdomain,

which lasts throughout the simulation time. We believe

that the formation of the microdomains is an important prop-

erty of PIP2, which increases the force required to induce

a vertical displacement and thus allows it to act as a

membrane-bound anchoring molecule.
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