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ABSTRACT: The mechanism of interaction of pleckstrin homology (PH) domains with phosphatidylinositol
4,5-bisphosphate (PIP2)-containing lipid bilayers remains uncertain. While crystallographic studies have
emphasized PH-inositol 1,4,5-trisphosphate (IP3) interactions, biophysical studies indicate a degree of
less specific protein-bilayer interactions. We have used molecular dynamics simulations to characterize
the interactions of the PH domain from phospholipase C-δ1 with IP3 and with PIP2, the latter in lipid
bilayers and in detergent micelles. Simulations of the PH domain in water reveal a reduction in protein
flexibility when IP3 is bound. Simulations of the PH domain bound to PIP2 in lipid bilayers indicate a
tightening of ligand-protein interactions relative to the PH-IP3 complex, alongside formation of H-bonds
between PH side chains and lipid (PC) headgroups, and a degree of penetration of hydrophobic side
chains into the core of the bilayer. Comparison with simulations of the PH-bound domain to a PC bilayer
in the absence of PIP2 suggests that the presence of PIP2 increases the extent of PH-membrane interactions.
Thus, comparative molecular dynamics simulations reveal how a PI-binding domain undergoes changes
in conformational dynamics on binding to a PIP2-containing membrane and how interactions additional
to those with the PI headgroup are formed.

Many cellular processes, including cytoskeletal organiza-
tion, signaling, and membrane trafficking, involve lipid–pro-
tein interactions (1). During these processes, cytoplasmic
proteins interact with cellular membranes. Such proteins are
known as peripheral proteins, and most of them contain one
or more modular domains for binding specific ligands in cell
membranes [see http://proteomics.bioengr.uic.edu/metador/
MeTaDoR.html (2) for a useful summary]. A key membrane-
interacting domain is the pleckstrin homology (PH)1 domain
(3).

The PH domain contains 100-120 amino acids and is
perhaps the most common membrane-targetting domain (4).
Many PH domain-containing proteins are implicated in
cellular signaling mechanisms which require association with
the cell membranes by binding to specific lipid molecules
(5). However, despite the widespread occurrence of this
domain, it is not clear that it has a single function, as only
10% of PH domains bind phosphoinositides tightly (3).
Structures for the PH domain are known from 13 different
proteins (4), including spectrin (6), dynamin (7), and
phospholipase C-δ1 (PLCδ1) (8). Although they have a
relatively low degree of sequence homology, all the PH

domains share a similar fold, containing two orthogonal
antiparallel �-sheets (of three and four strands, respectively)
followed by a C-terminal R-helix (Figure 1) (1).

Phosphoinositides (PIs) are polyanionic headgroup lipids
involved in phosphorylation events as signal mediators, in
membrane trafficking, and in nuclear events, etc. (5, 9, 10).
They also interact with a number of integral membrane
proteins such as ion channels (11). Differential patterns of
phosphorylation at positions 3, 4, and 5 on the inositol ring
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FIGURE 1: X-ray structure of the PLCδ1 PH domain. (A) The fold
shown in ribbon format with the two orthogonal antiparallel �-sheets
colored purple and the C terminal R-helix colored red. The three
loops which form the membrane interaction surface are labeled.
(B) Bound IP3 molecule, showing the key basic side chains (see
the text for details) which interact with the phosphates.
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can generate seven distinct PIs. Understanding the details
of the PI-protein interactions is important for potential
therapeutic applications as misreading of the PI signals has
been implicated in a number of disorders (12–15).

The most abundant PI is phosphatidylinositol 4,5-bispho-
sphate [PI(4,5)P2], to which the PH domain of phospholipase
Cδ1 (PLCδ1) binds with high affinity (16, 17). PLCδ1
belongs to a family of 13 inositol phospholipid-specific
phospholipase C (PLC) isozymes that are divided into six
classes (18, 19). The PLCδ subfamily is activated by high
calcium levels and by binding to PI(4,5)P2 through its PH
domain (20, 21). PLCδ1 consists of an N-terminal PH
domain (8), followed by an EF-hand domain, a catalytic
domain, and a C-terminal C2 domain (22).

The structure of the PH domain from rat phospholipase
C-δ1 bound to Ins(1,4,5)P3 [the headgroup of the lipid
PI(4,5)P2] has been determined by X-ray crystallography to
1.9 Å resolution [Protein Data Bank (PDB) entry 1MAI] (8).
In this structure, the Ins(1,4,5)P3 ligand forms hydrogen
bonds to nine different residues of the protein, namely, K30,
K32, W36, R40, E54, S55, R56, K57, and T107, with R38
in the proximity (8). These are located primarily on the
�1-�2 and �3-�4 loops of the PH domain. In addition to
these interactions, positively charged residues of the �1-�2
and �3-�4 strands and loops have been suggested to form
contacts with the phospholipid headgroups of the membrane
(23).

There is currently some debate about whether regions other
than the IP3-binding site contribute to the interactions of the
PH domain with membranes. As discussed in, for example,
ref 1, for many PI-binding proteins, specific lipid binding
results in nonspecific membrane penetration of the protein.
However, these authors suggest that this is not the case for
PH domains, and it has been noted that the PLCδ1 PH
domain binds more weakly to PIP2 in membrane vesicles
than to isolated IP3 (8, 17). This argues against a nonspecific
interaction. In contrast, several recent studies (24–26) suggest
nonspecific PH-membrane interactions may be important.
In particular, it has been shown that PLCδ1 PH can insert
into lipid monolayers in the absence of PIP2 and that such
interactions are enhanced by the presence of anionic lipids
in the monolayer (26).

Given that the interactions of membrane proteins with their
environment are intrinsically dynamic, molecular dynamics
(MD) simulations (27) have played a key role in developing
our understanding of integral membrane proteins (28) and
their function (29). More recently, MD simulations have been
used to investigate the nature of the interactions of a number
of peripheral proteins with phospholipid bilayers (30–35).

In this paper, we compare MD simulations of the PLCδ1
PH domain in three different environments, i.e., in water, in
a DPC micelle, and in a DPPC bilayer. This enables us to
study both specific PH-PIP2 and nonspecific PH-lipid (and
PH-detergent) interactions. We address two key questions,
namely, the influence of ligand and environment on the
conformational dynamics of a PH domain and the possible
role of interactions with the lipids of a bilayer membrane.
Our simulations provide evidence indicating that the PH
domain will interact with a bilayer interface in the absence
of PIP2 but that the presence of PIP2 increases the extent of
PH-membrane interactions.

METHODS

Simulations. The GROMACS 3.0 simulation package
(www.gromacs.org) (36, 37) was used for all simulations,
with a united atom GROMOS96 force field (38) and the SPC
water model (39). Periodic boundary conditions were applied
to the systems. Long-range electrostatics were calculated
using the PME (particle mesh Ewald) method (40, 41) with
a real-space cutoff of 10 Å. For the van der Waals
interactions, a cutoff of 10 Å was used. The Apo, IP3, and
Mic simulations were performed at 300 K and the Bil and
Apo/Bil simulations at 323 K, using a Berendsen thermostat
(42) with a coupling constant τT of 0.1 ps. A constant
pressure of 1 bar was maintained using a Berendsen barostat
with an isotropic coupling constant τP of 1.0 ps and a
compressibility of 4.5 × 10-5 bar-1. The integration time
step for the Apo simulations and the IP3 simulations was 2
fs and for the Mic, Bil, and Apo/Bil simulations 1 fs. The
LINCS method (43) was used to constrain bond lengths.
Coordinates were saved every 5 ps for analysis. Analysis of
all simulations was performed using the GROMACS pack-
age. Docking used Autodock version 3.05 (44). VMD (45),
PyMol (www.pymol.org), and RasTop [http://sourceforge.
net/projects/rastop/ (46)] were used for visualization.

PLCδ1 PH Domain Structure. The X-ray structure of the
pleckstrin homology (PH) domain from rat phospholipase
C-δ1 (PDB entry 1MAI; resolution of 1.9 Å) was used as
the starting structure for all the simulations. In this, the
PLCδ1 PH domain is bound to Ins(1,4,5)P3. It was assumed
that all ionizable residues were in their standard charge state
at neutral pH, yielding a net charge of +2e. The protein
structure was energy-minimized using 100 steps of steepest
descent in vacuo prior to simulation setup.

Ins(1,4,5)P3 and PI(4,5)P2 Structures. Ins(1,4,5)P3 was
modified from the X-ray structure in 1MAI using InsightII
(http://www.accelrys.com/products/insight/index.html) to add
the missing hydrogens to the inositol molecule. Its topology
for GROMACS was obtained using PRODRG (47), yielding
to total charge of -5e (cf. ref 48). The Ins(1,4,5)P3 model
structure was then energy-minimized and tested via a 2 ns
simulation in water (subsequently extended to 10 ns). The
PI(4,5)P2 structure was constructed by fitting the Ins(1,4,5)P3

headgroup to a dipalmitoylglycerol moiety. As before, the
topology for PI(4,5)P2 was generated using PRODRG. The
PI(4,5)P2 model structure was energy-minimized and tested
via a 1 ns simulation of the lipid in water.

Simulation Systems. Five simulations of the PLCδ1 PH
domain were performed: Apo, IP3, Mic, Bil, and Apo/Bil
(Table 1). In the Apo simulation, the PH domain was
solvated with 4432 SPC water molecules and two Cl- ions
were added at random locations within the simulation box
(with dimensions of 56 Å × 58 Å × 46 Å) to neutralize the
protein charge. The system was then energy-minimized and
the simulation run for 10 ns. In the IP3 simulation, the PH
domain was bound to Ins(1,4,5)P3. The complex was solvated
with 5595 waters, and three Na ions were added. The system
(box with dimensions of 60 Å × 62 Å × 50 Å) was energy-
minimized and the simulation run for 10 ns.

The Mic simulation was of the PH domain bound to a
single PI(4,5)P2 molecule pre-embedded in a DPC micelle.
The DPC micelle was generated by a self-assembly simula-
tion, as described previously (49). PI(4,5)P2 was added to a
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DPC micelle via replacement of one of the DPC molecules
to yield a mixed micelle containing one PI(4,5)P2 and 54
DPC molecules. This was energy-minimized before the
protein was added by superimposition of the IP3 molecule
(subsequently discarded) on the headgroup of the PIP2. The
protein/micelle system was solvated with 13630 water
molecules, and three Na+ ions were added. The whole system
(box with dimensions of 77 Å × 80 Å × 75 Å) was energy-
minimized and the system run for 30 ns.

The Bil simulation was of the PH domain bound to
PI(4,5)P2 in a DPPC bilayer. A pre-equilibrated DPPC bilayer
was generated as described previously (50). PI(4,5)P2 was
added to a DPPC bilayer via replacement of one of the lipids
to yield a single PIP2 in a bilayer of 248 DPPC lipids. This
was energy-minimized, and then the protein was added (again
via superimposition of IP3 on the PIP2 headgroup). The
protein/bilayer system was solvated with 16480 water
molecules, and three Na+ ions were added, yielding a
simulation box with dimensions of 105 Å × 90 Å × 100 Å.
The resultant system was energy-minimized, and then a
simulation was run for 0.2 ns with isotropic position restraints
on the non-H atoms of the PH domain and of PI(4,5)P2

followed by a further 0.2 ns with restraints on the z-
coordinates only, to allow water and DPPC molecules to
relax around the protein-PIP2 complex. Finally, all restraints
were removed, and the production simulation was run for
20 ns.

For the Apo/Bil simulation, the PIP2 molecule was
removed from the Bil system after the protein-restrained
equilibration, and the three Na+ ions were removed and two
Cl- ions added to yield a neutral system. The resultant system
was then energy-minimized and a further equilibration run
for 0.2 ns with isotropic position restraints on the non-H
atoms of the PH domain. Finally, all restraints were removed,
and the unrestrained simulation was run for 15 ns.

A preformed DPC micelle was generated as described
previously (51) using 55 DPC molecules. This corresponds
to the aggregation number of DPC micelles suggested by
ref 52. The DPPC bilayer was generated as described
previously (50).

Coarse-Grained Simulations. Coarse-grained (CG) simula-
tions were performed using the Marrink CG force field (53),
in which one particle represents approximately four non-H
atoms, modified as described in refs 54–56 to include
proteins. A DPPC bilayer and a DPC micelle were generated
by self-assembly CG simulations, starting from either 256
DPPC lipid molecules or 29 DPC detergent molecules
randomly positioned in a simulation box. Subsequently, the
PH domain was positioned in the simulation box a suitable
distance (∼20 Å) from the preformed DPPC bilayer or DPC
micelle, and water particles were added. Note that PIP2 was

not included in the CG simulations. Multiple simulations ∼2
µs in duration were performed for each system.

RESULTS

Simulations in Different EnVironments. To explore the
relationship among environment, conformational dynamics,
and PIP2 binding, five simulations of the PLCδ1 PH domain
were performed, as summarized in Table 1. Thus, the IP3
and Apo simulations compare the PH domain in water (i.e.,
in the absence of a membrane), with and without bound
Ins(1,4,5)P3, respectively. We have also performed two
simulations in which the PH domain is bound to a PI(4,5)P2

molecule which is embedded in either a simple phospholipid
bilayer or a detergent micelle. The latter simulation was
included as micelles have been used in a number of studies
of PI-interacting domains, e.g., enzymatic assays of PLCδ1
(57) and NMR studies of protein-PI interactions of FYVE
domains (58), and have been used to generate models of
domain-membrane interactions (59). Finally, we performed
a simulation in which the PH domain not bound to PI(4,5)P2

is embedded in a phospholipid bilayer. The behavior of the
PH domain in the two bilayer simulations will be then
compared, and hence, we can examine the influence of the
binding to PI(4,5)P2 on the interactions of the PH domain
with membrane lipids.

The details of the setup of the simulations are described
in Methods. From the overall root-mean-square deviations
(rmsds) of the CR atoms from the initial (X-ray) coordinates,
it is evident that the protein is globally stable in all five
simulations. However, it is also clear that the presence or
absence of bound IP3, PI(4,5)P2, or a lipid bilayer influences
the degree of conformational drift of the PH domain.
Furthermore, there are small but significant differences in
conformational drift for the liganded protein in different
environments. These differences are explored in more detail
below.

PLCδ1 PH Domain in Water. The conformation drift of
the isolated PH domain in water with and without bound
Ins(1,4,5)P3 was assessed from the comparison CR rmsds
of the IP3 and Apo simulations, respectively (Figure 2A).
There is a clear difference between the two simulations. In
the IP3 simulation, the domain is conformationally quite
stable: after an initial rise (typical for protein simulations),
the overall CR rmsd remains constant at ∼1.8 Å. In contrast,
in the Apo simulation, the overall CR rmsd shows a more
complex behavior. For the first ∼3 ns, it is approximately
constant at ∼1.8 Å, i.e., similar to the IP3 simulation. There
is then a jump in the rmsd to a higher value (∼3 Å).
Visualization of the simulation suggests that this transition
corresponds to changes in the conformation of the �3-�4
and �5-�6 loops, which moved away from the core fold.

Table 1: Summary of Simulations

simulation system no. of atoms duration (ns) CR rmsda (Å) core CR rmsdb (Å)

Apo PLCδ1 PH + 4432 waters 14570 10 2.6 1.3
IP3 PLCδ1 PH + Ins(1,4,5)P3 + 5595 waters 18087 10 1.8 1.2
Mic PLCδ1 PH + PI(4,5)P2 + 54 DPCs + 13630 waters 43474 30 2.1 1.5
Bil PLCδ1 PH + PI(4,5)P2 + 248 DPPCs + 16480 waters 63185 20 1.7 1.4
Apo/Bil 248 DPPCs +16478 waters 63108 15 1.4 1.1
a The value given is for all residues, averaged over the final 2.5 ns of the two 10 ns simulations, and over the final 5 ns of the 15, 20, and 30 ns

simulations. b The value given is for the residues of the core fold (i.e., excluding surface loops).
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Indeed, there is little difference between the two simulations
in rmsds for the residues of the core fold (i.e., excluding
loops) of the protein (Table 1). Thus, overall, it seems that
the PH domain exhibits greater conformational drift in the
absence of bound ligand; i.e., the presence of a bound ligand
stabilizes the conformation of the protein. This has been
observed for a number of other proteins (60).

The relatively low CR rmsd in the IP3 simulation may be
related to the relatively high resolution of the protein structure
(1.9 Å). Similar values have been observed in simulations
based on a number of other high-resolution protein structures
(E. Psachoulia, M. S. P. Sansom, and P. Biggin, unpublished
data; also see ref 61). This strengthens our confidence in
the significance of the greater degree of conformational drift
seen in the Apo simulation.

To investigate further the origin of the higher rmsd in the
Apo simulation, the CR atom rmsf profiles (as a function of
residue number) were calculated for both simulations (Figure
2B). The overall forms of the two profiles are as anticipated,
with lower rmsfs for core secondary structure elements and
higher rmsfs for surface loops. There is, however, a clear
difference between the Apo and IP3 simulations, namely
markedly higher rmsfs for the �3-�4 and �5-�6 loops in
the Apo simulation than in the presence of IP3. This is
significant because the residues in the �3-�4 loop region
(e.g., K57) play a role in IP3 binding and the presence of
IP3 reduces the flexibility of the �5-�6 loop.

The interactions of basic side chains with the phosphates
of IP3 have been suggested to be the key to ligand binding
by PH domains (3). These interactions were analyzed by
monitoring basic side chain-phosphate distances in the IP3
simulation (Figure 3). As anticipated, the P4 and P5
phosphates form tighter interactions than P1. Thus, P5 forms
three salt bridges throughout the simulation, and P4 fluctuates
between two and three salt bridges, the K32-P4 salt bridge
being broken during the simulation. In contrast, P1 forms
fewer than one weak salt bridge on average (to R38). Visual
comparison of the IP3 simulation with the X-ray structure

indicates some degree of flexibility in the orientation of IP3
at the binding site (Figure 4). This is perhaps not surprising
given the likely flexibility of the long side chains (lysine
and arginine) forming the main interactions to the (also
themselves flexible) phosphates of the ligand.

As noted above, one of the loops contributing to the IP3
binding site (�3-�4) was quite flexible in the Apo simula-
tion. We examined the possible functional consequences of
this via docking of IP3 to simulation snapshots, namely to

FIGURE 2: Apo and IP3 simulations. (A) The CR rmsds relative to
the starting structure are shown as a function of time for the Apo
(black line) and IP3 (gray line) simulations. (B) CR rmsf profiles
(i.e., rmsf vs residue number) for the Apo (black line) and IP3 (gray
line) simulations. FIGURE 3: Side chain-phosphate distances for the IP3 simulation.

Distances between the phosphorus atom and the NZ (for lysines)
or CZ (for arginines) atoms of interacting basic residues for the
IP3 simulations. The following distances are shown: P1-R38
(black); P4-K30 (black), P4-K32 (red), and P4-K57 (blue); and
P5-K30 (black), P5-R40 (red), and P5-K57 (blue).

FIGURE 4: Comparison of ligand binding interactions. The
ligand-basic side chain interactions are shown for 1MAI (the X-ray
structure), IP3 (the IP3 simulation at 10 ns), MIC (the Mic
simulation at 30 ns), and BIL (the Bil simulation at 20 ns).
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four representative structures generated by clustering (on CR
rmsds) of the Apo trajectory. For three of the four structures,
IP3 was successfully docked to a site made up of residues
from both the �1-�2 and �3-�4 loops; for one structure,
only the �1-�2 residues interacted with the docked IP3. This
suggests that despite the enhanced flexibility in the Apo
simulation, the ligand-binding site remained functionally
intact.

PLCδ1 PH Domain in Membranelike EnVironments.
(1) The Simulations. We also analyzed the interactions of

a PH domain with PIP2 in a membranelike environment,
rather than with an isolated IP3 molecule in water. Toward
this end, we generated two membranelike systems (Figure
5): one with a single PIP2 molecule embedded in a detergent
micelle (Mic simulation) and the other with a PIP2 molecule
in a phospholipid bilayer [Bil simulation (Table 1)]. We note
that the latter system is similar to that used by Tuzi et al.
(25) in solid-state NMR studies of the PLCδ1 PH domain
bound to PIP2 in a PC bilayer. In both cases, the initial
configuration of the simulation system was generated by
fitting the IP3 molecule in the X-ray structure of the PH-IP3

complex onto the corresponding headgroup of a PIP2 in a
micelle or bilayer, thus retaining the (fitted) protein coordi-
nates and the pre-equilibrated micelle or bilayer plus PIP2

coordinates as the starting model for the subsequent simula-
tion (see Methods for further details). We also performed a
control simulation (Apo/Bil) of the PH domain bound to a
PC bilayer in the absence of PIP2.

Visualization of the structures at the start and end of the
simulations (Figure 5) suggests that in both cases the PIP2

remains tightly bound between the �1-�2 and �3-�4 loops,
while additional regions of the protein surface interact with
the micelle or bilayer surface. In particular, there seems to
be a “deeper” insertion of the PH domain into the
bilayer-water interfacial region than into the micelle. Both

classes of interaction, specific and nonspecific, are examined
in more detail below.

(2) Conformational Drift and Flexibility. As before,
conformational drift was assessed via measurement of CR
rmsd values relative to the initial (X-ray) structure for each
simulation (Figure 6A). In both cases, the rmsd underwent
an initial rise. For the Mic simulation, there were subse-
quently relatively small fluctuations about the 2 Å value for
the remainder of the 30 ns simulation. For the Bil simulation,
there was an increase at ∼3 ns to ∼1.7 Å and it remained at
this same value during the 20 ns simulation. The final rmsd
value of the Bil simulation was thus significantly lower than
for the Mic simulation, but approximately the same when
the surface loops were excluded from this analysis (Table
1). Thus, in the bilayer simulation, the loops seem to change
conformation less than in the micelle simulation, despite a
greater degree of penetration (see below) into the bilayer.

Examination of the CR rmsf profile simulations (Figure
6B) and comparison with that for the IP3 simulation reveal
some interesting features. For the Mic and Bil simulations,
the overall pattern of rmsfs was similar to that seen in the
IP3 simulations, with low rmsfs for residues in the �-strands
and R-helices and higher values for residues in the loops.
The only major difference between the IP3 simulation and
the Mic/Bil simulations is that the rmsf in the �5-�6 region
(which includes helix R2) is somewhat higher for the latter.
As we will see, this is a region which interacts with the
detergent and lipid molecules and which is observed to
undergo membrane-induced changes in conformation in
solid-state NMR studies (25). Moreover, the rmsf profile for
the Apo/Bil simulation is similar to the profiles for the Mic
and Bil simulations. The rmsf values in the �5-�6 region
are the same as in the Bil simulation, but significantly, in
the �1-�2 and �3-�4 regions involved in PI(4,5)P2 binding,
the rmsf values are somewhat higher than in the Bil
simulation. This suggests that the presence of bound PI(4,5)P2

FIGURE 5: PH domain-micelle and PH domain-bilayer interactions.
Snapshots are shown at the start of the Mic and Bil simulations
(i.e., at 0 ns) and at the end of each simulation. The protein is in
cyan ribbon format. The DPC molecules are in yellow van der
Waals format. The DPPC molecules are colored yellow with
headgroups colored purple. PI(4,5)P2 is colored red and orange.

FIGURE 6: Mic and Bil simulations. (A) The CR RMSDs relative
to the starting structure are shown as a function of time for the
Mic (black line), Bil (dark gray line), and Apo/Bil (light gray line)
simulations. (B) CR rmsf profiles (i.e., rmsf vs residue number)
are shown for the Mic (black line), Bil (solid gray line), and Apo/
Bil (dashed gray line) simulations.
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reduces the flexibility of these loops, although the differences
are less pronounced than those between the Apo and IP3
simulations (see above). However, it is interesting to note
that when a micelle or a bilayer is present, the flexibility of
the �5-�6 loop is higher than in the IP3 simulation. This
was unexpected and is presumed to reflect the additional
interactions with the detergent or lipid molecules. The
flexibility of this loop in the micelle simulation [rmsf ∼ 2
Å, which is still less than in the Apo simulation (rmsf ∼ 2.3
Å)] is somewhat higher than that in the Bil and Apo/Bil
simulations (both rmsfs ∼ 1.5 Å). This may reflect differ-
ences in headgroup mobility between the detergent and lipid
molecules. We note that previous simulations of an integral
membrane protein had suggested somewhat enhanced flex-
ibility in the micelle relative to the bilayer environment (51).

(3) Protein-EnVironment Interactions. As mentioned
above, visualization of the Mic and Bil simulations (Figure
5) suggests in both cases the protein forms additional
protein-lipid contacts during the course of the simulation,
with some degree of insertion of protein residues into the
micelle or bilayer. This is particularly evident for the Bil
simulation in which the PH domain penetrates into the
headgroup-water interface of the bilayer. Similarly, in both
of these simulations, a decrease in the total number of
protein-water H-bonds (from ∼280 and ∼250 at the start
of the simulations to ∼260 and ∼230 at the end of the Mic
and Bil simulations, respectively) was observed. By way of
comparison, in, e.g., the Apo simulation, the total number
of H-bonds to water was constant at 286 ( 11 throughout
the simulation.

To further characterize the degree of insertion of the
PLCδ1 PH domain into the micelle and the bilayer,
the distance of the center of mass of the PH domain from
the center of mass of the micelle detergents or bilayer lipids
was calculated as a function of simulation time (Figure 7A).
For the Mic simulation, this distance decreased from ∼32
Å at the start of the simulation over the first ∼10 ns and
then remained at ∼29 Å for the remainder of the simulation.

We checked that this apparent increase in the depth of
penetration of the micelle did not simply reflect a change in
the micelle geometry. Thus, the radius of gyration of the
micelle was ∼17 Å over the first 20 ns of the simulation
and was ∼20 Å over the final 10 ns. The radius of gyration
of the PH domain was constant at 14 Å throughout the
simulation. Thus, summing the two radii of gyration and
comparing them with the distance between the centers of
mass of the detergent and protein, we can see that some
degree of insertion of the protein into the micelle occurs
during the simulation. In the Bil and Apo/Bil simulations,
the distance of the center of the PLCδ1 PH domain from
the center of the DPPC bilayer along the z-axis (i.e., the
bilayer normal) was initially ∼31 Å. Note that each bilayer
leaflet is ∼25 Å thick. In the Bil simulation, this distance
decreased rapidly to ∼27 ( 1 Å at ∼5 ns and more slowly
to 25 ( 1 Å (averaged over the last 5 ns) at the end of the
simulation. Thus, the PH domain inserted to a small degree
into the DPPC bilayer early in the simulation and remained
there. In contrast, in the Apo/Bil simulation, there was no
sustained decrease in the distance but rather it fluctuated
between 26 and 31 Å, suggesting a weaker interaction of
the PH domain with the bilayer lipids when the PH domain
was not bound to PI(4,5)P2. In summary, in all cases, this
analysis suggests significant nonspecific interaction between
the micelle or bilayer and the PH domain.

(4) Interactions with PIP2. We characterized in detail the
interactions of the PLCδ1 PH domain with PIP2 when the
protein was in a membrane environment. From analysis of
the residues forming the closest contacts to PIP2 during the
Mic and Bil simulations [cutoff of 6 Å (data not shown)], it
was found that for the Mic simulation the residues closest
to the PIP2 were K30, W36, R38, R40, Q53, S55, R56, and
K57. For the Bil simulation, the residues close to PIP2 were
largely the same as in the Mic simulation, namely, K30, K32,
W36, R38, R40, Y42, S55, R56, K57, and V58.

From this preliminary analysis, it was evident that, as in
the IP3 simulation, contacts between basic side chains and
phosphate groups played a key role in interactions of the
PH domain with PIP2 (Figure 8). Focusing on these interac-
tions, we see that, for the Mic simulation, the P1 phosphate
forms a weak interaction with R38. In contrast, both P4 and
P5 form tighter interactions. Thus, P4 initially interacts with
the side chains of K32 and K30. At ∼2 ns, a switch occurs
such that the K32-P4 interaction is broken and the K30-P4
interaction is weakened, while K57 forms a tight interaction
which replaces K32. For P5, there is an interaction with K30
throughout the simulation while the R40 and K57 interactions
fluctuate. Overall, the simulations suggest a dynamic and/or
flexible interaction for PH interacting with PIP2 in a micellar
environment.

A comparable, but somewhat tighter, pattern of interactions
is seen in the Bil simulation. Thus, P4 interacts with K30,
K32, and K57 throughout the simulation, alongside intermit-
tent weaker interactions with R56. Similarly, for P5, the
interactions with K30, R40, and K57 are present throughout
the simulation, while that with R56 fluctuates. Interestingly,
for P1, there is an interaction with R56 (which bridges the
P1 phosphate and the lipid acyl and glycerol groups) and
(more distantly) with R38 (which also bridges the acyl groups
of PIP2). Thus, on balance, the interactions of PH domain
basic side chains and PIP2 phosphates seem to be tighter

FIGURE 7: Insertion of the PH domain into the micelle or bilayer.
(A) Distance between the center of mass of the PH domain and
the center of mass of the DPC micelle (Mic, black line) or of the
DPPC bilayer (Bil, dark gray line; and Apo/Bil, pale gray line).
(B) Number of hydrogen bonds between the PH domain and the
detergents or lipids for the Mic (black line), Bil (dark gray line),
and Apo/Bil (light gray line) simulations.
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(i.e., closer and longer-lasting) for the bilayer environment.
This may be related to the smaller degree of conformational
drift of the protein structure in the Bil than in the Mic
simulation (see above). Indeed, the interaction in the Bil
simulation is also tighter than in the IP3 simulation.

(5) Nonspecific Interactions with Lipids and Deter-
gents. To examine further the (nonspecific) interactions with
lipid or detergent molecules, we determined the overall
numbers of H-bonds between lipid or detergent molecules
and protein (Figure 7B). For all simulations, these increased
slowly over the first 5–10 ns, eventually reaching plateau
values such that Bil > Mic > Apo/Bil in terms of the number
of H-bonds to lipid (or detergent). Thus, in all simulations,
the PH domain forms significant H-bonding contacts with
the headgroups of the lipid or detergent molecules, but these
seem to be greatest in number for the PH domain bound to
PIP2 in a bilayer.

A general analysis of protein residues in close (cutoff of
6 Å) contact with lipid or detergent molecules revealed three
main regions to be involved: �1-�2, �3-�4, and �5-�6
loops [which includes the amphipathic R2 helix (Figure 9)]
form significant contacts. In addition, in the Bil simulation,
the �6-�7 loop formed contacts (Figure 9B). This is in broad
agreement with biochemical (24) and solid-state NMR (25)
studies. Thus, using a combination of chimeric proteins and
mutagenesis (24), it was shown that the �6-�7 loop, in
addition to the PIP2 binding site region, was a critical

component for membrane localization of the PLCδ1 PH
domain in intact cells. Significantly, this is the additional
loop which interacts with lipid in the Bil simulation. In the
NMR study (conducted using a phosphatidylcholine bilayer)
(25), the contacts suggested were in the �5-�6 loop and in
the amphipathic R2 helix. This again correlates well with
the simulation studies.

A more detailed analysis of the residues of the PH domain
interacting with the lipid headgroups in the Bil simulation
revealed that just 16 residues (in the �1-�2 loop residues
S33, S34, S35, R37, R38, and R40; in the �3-�4 loop
residues Q53, R56, K57, S61, and S64; in helix R2 residues
K86 and R89; and in the �6-�7 loop residues Q104, R105,
and N106) formed 75% of the hydrogen bonds of the domain
with the DPPC bilayer. It was also seen that approximately
six residues located at the �3-�4 loop interacted with the
nonpolar atoms of the DPPC lipids during the last 5 ns of
the simulation. Furthermore, residue W36 interacted with
both polar and the nonpolar regions of the lipids. Thus, both
polar and nonpolar nonspecific interactions are formed
between the PH domain and its lipid bilayer environment.

(6) Coarse-Grained Simulations of Nonspecific Interac-
tions. It is important to evaluate the extent to which the
simulations reported here (with a duration of ∼20 ns) provide
a meaningful sample of protein-bilayer interactions. This
is especially the case as it is known that substantially longer
simulation times are needed to fully sample protein dynamics
in atomistic membrane protein simulations (62). Furthermore,
insertion of a peptide into a bilayer requires simulation times
of ∼500 ns (63). However, simulations of a number of
membrane-interacting domains [e.g., H-Ras (64), cPLA2-
C2 (34), and GLA (65)] on a 10–30 ns time scale have
yielded meaningful information about protein-bilayer in-
teractions, and so we have some confidence in the value of
the studies presented here. Nevertheless, it is helpful to have

FIGURE 8: Side chain-phosphate distances for the Mic and Bil
simulations. Distances between the phosphorus atom and the NZ
(for lysines) or CZ (for arginines) atoms of interacting basic residues
for the IP3 simulations. For the Mic simulation, the following
distances are shown: P1-R38 (black); P4-K30 (black), P4-K32
(red), and P4-K57 (blue); and P5-K30 (black), P5-R40 (red),
and P5-K57 (blue). For the Bil simulation, the following distances
are shown: P1-R38 (black) and P1-R56 (red); P4-K30 (black),
P4-K32 (red), P4-K57 (blue), and P4-R56 (green); and P5-K30
(black), P5-R40 (red), P5-K57 (blue), and P5-R56 (green).

FIGURE 9: Regions of the PH domain interacting with lipids or
detergents. Residues of the PH domain which interact with detergent
(A for the Mic simulation) or lipid (B for the Bil simulation)
molecules are colored red. The loops, and the R2 helix (part of the
�5-�6 loop), which form nonspecific contacts with the micelle
(A) or bilayer (B) are indicated.
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another measure of PH domain-bilayer interactions. To
achieve this, we have exploited recent developments in
coarse-grained molecular dynamics (CG-MD) simulations of
membrane proteins (54–56, 66, 67) to explore nonspecific
PH-lipid interactions.

To this end, 2 µs duration CG-MD simulations of the PH
domain were performed in two different environments: a
detergent (DPC) micelle and a lipid (DPPC) bilayer. In
neither case was PIP2 present. In both cases, within ∼0.8 µs
the PH domain bound to the micelle or bilayer and remained
bound for the rest of the simulation. In all of the CG-MD
simulations, the main regions of the PH domain which
interacted with the detergent or the lipid molecules were the
same as in the atomistic simulations, i.e., the �1-�2, �3-�4,
�5-�6, and �6-�7 loops. The only difference between the
CG and AT simulations was that some residues of the �7
strand and the beginning of the C-terminal R-helix addition-
ally interacted with lipid molecules in the CG simulations.
We note that the C-terminal R-helix has been implicated in
membrane contacts in some experimental studies (24).

In the CG simulations of the interaction of the PH domain
with a DPPC bilayer (which were initiated with the PH
domain away from the bilayer at a center-center distance
of 60 Å), the final distance between the center of mass of
the PH domain and that of the bilayer was 30 Å. This
compares well with the value of ∼25 Å for the atomistic
simulations, especially when the difference in “resolution”
between the atomistic and CG simulations is taken into
account. Therefore, the degree of agreement between the CG
and atomistic simulation results provides persuasive evidence
of the latter in terms of the global location of the PH domain
relative to the bilayer or micelle.

DISCUSSION

On the basis of the simulation results presented above, it
is possible to suggest a tentative mechanism for the interac-
tion of the PH domain of PLCδ1 with PIP2 in a membrane,
which extends the view derived from the X-ray structure (7)
and which is supported by, for example, recent solid-state
NMR data (25, 68). In this model, specific interactions
between the PH domain and ligand reduce binding site
flexibility, while nonspecific interactions between the protein
and lipid enable a degree of bilayer penetration by the
domain.

The Apo state of the PH domain appears to be relatively
flexible in the region of the �3-�4 and �5-�6 loops. This
is relevant to PI binding as residues R56 and K57 are on the
�3-�4 loop (the other basic residues are on the �1-�2 loop).
We note that a change in binding site loop mobility upon
IP3 binding has been seen in NMR studies of the spectrin
PH domain (69).

When the PH domain binds to the IP3 headgroup of PIP2,
there appears to be a degree of restriction of the protein
mobility. Furthermore, the R56 side chain (which points
away from IP3 in the X-ray structure) forms a bridge from
the P1 phosphate to the acyl/glycerol region of the PIP2

molecule throughout the bilayer simulation. The R38 side
chain forms a fluctuating interaction with P1 and with the
acyl group of the PIP2. In addition to this tightened interaction
with PIP2, there also seem to be nonspecific H-bonding
interactions of surface residues of the PH domain with lipid

headgroups, and some limited degree of penetration of
hydrophobic groups into the core of the bilayer.

This picture of PH domain-membrane interactions is more
complex than what was suggested initially (1, 8) but is
consistent with recent NMR data (25, 68) and chimeric
experiments (24) which indicate interactions other than those
involving the IP3-binding site of the protein. Indeed, both
the NMR data and our simulations indicate conformational
changes in the �5-�6 region upon binding to membranes.
Such nonspecific interactions are of special interest given
the observation that only 10% of PH domains bind PIs with
high affinity (3). Here, our focus has been on the PLCδ1
PH domain as this enabled comparison of the experimental
and simulation data. Now that the validity of the simulation
approach has been demonstrated, it would be interesting to
extend it to comparisons with other PH domains.

Of course, these simulations suffer from some technical
limitations. The simulations are short relative to a biological
time scale and, from the perspective of protein conforma-
tional transitions,are likely tobe incompletelysampled(62,70).
Similarly, simulations of peptide-bilayer interactions suggest
time scales of several hundred nanoseconds may be needed
for full sampling (63). We have in part tried to address this
issue via CG simulations, which seem to confirm the global
positioning of the PH domain relative to the micelle or
bilayer in the atomistic simulations. This suggests that a more
general approach might be via multiscale simulations com-
bining CG simulations (to orient the protein) followed by
AT simulations (to probe detailed interactions).

A further limitation is the assumption of a fixed ionization
state (fully ionized, i.e., charge of -5e) for PIP2. As noted
in ref 48, the ionization state of PIP2 could be -3e, -4e, or
-5e. Therefore, future studies may use further simulations
to more fully explore the effect of varying the ionization
state.

A further limitation is the fact that the membranelike
environments explored are simplified in terms of their lipid
composition. Recent advances in simulations of anionic (71)
and mixed lipid (72) bilayers should allow extension of
simulations of interactions of the PH domain with more
complex models of cell membranes. Perhaps a more signifi-
cant extension would be from simulations of an isolated PH
domain to simulations of the intact PLCδ1 molecule (which
contains PH, EF-hand, catalytic, and C2 domains). However,
the results from the current simulations are of sufficient
interest to suggest that extension to other domains from
signaling proteins which interact with membranes may be
of value.

It is interesting to consider the relationship of this study
to other simulations of peripheral membrane proteins. A
recent simulation study of monotopic membrane enzymes
emphasized the role of basic residues in protein-bilayer
interactions (33). Simulations of the C2 domain of cytosolic
phospholipase A2 (34) indicate that the C2 domain is able
to locally distort the bilayer to optimize its own docking site.
This is in agreement with the studies of Cafiso and colleagues
which indicate that the Ca2+-binding loops of C2 domains
from cPLA2 (73) and from synaptotagmin I (74, 75) are
inserted into the bilayer interior. Thus, it is evident that MD
simulations are able to reveal atomic-resolution details of
the interactions of peripheral membrane proteins with lipid
bilayers. Given the complex multidomain structure of
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PLCδ1 (22, 76), it therefore would be both interesting and
feasible to extend simulations to the intact protein. This
would be a first step on the road toward a computational
structural biology of membrane-associated protein signaling.
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