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ABSTRACT: Molecular dynamics simulations have been used to explore the interactions of two PI(3)P-binding
domains with their PI ligands and with a phospholipid bilayer. Three simulations each of the EEA1-FYVE
domain and the p40phox-PX domain have been compared: with the protein in an apo state, with a bound Ins
(1,3)P2 molecule, and bound to a PI(3)P molecule embedded in a lipid bilayer. Two main questions
were addressed in analysis of the simulations: (i) the location of these domains relative to the lipid bilayer
and (ii) their interactions with the lipids, both specific interactions via bound PI(3)P and nonspecific
interactions with bilayer phospholipids. Both domains underwent a decrease in dynamic flexibility on
binding to the ligand and to the membrane, this being more pronounced for the FYVE domain. Compared
to their starting locations [docked to a membrane-inserted PI(3)P molecule], each of the domains penetrated
more deeply into the lipid bilayer. For FYVE, nonspecific protein-lipid interactions were formed mainly
by the N-terminal hydrophobic region of the protein. For PX, both the R1-R2 and the β1-β2 regions
penetrated the bilayer. There appeared to be more marked dynamic fluctuations in hydrogen bonds
between basic side chains and PI(3)P for FYVE than for PX, but for both domains, such interactions were
maintained throughout the simulations. The simulations agree well with available biophysical data,
suggesting this computational method may be used to predict protein-bilayer interactions for other PI-
binding proteins.

Phosphosinositides (PIs)1 play key roles in the control ofmany
processes at cell membranes, e.g., as signal mediators at the cell
surface or as regulators ofmembrane trafficking (1, 2).Of the PIs,
PI(3)P is produced in early endosomes and is involved in
endosomal membrane trafficking. It binds with high affinity
and specificity to two distinct protein domains: the FYVE
domain and the Phox homology (PX) domain (3).

FYVE domains contain 60-70 amino acids and are double
zinc fingers, with each of the two Zn2+ ions coordinated by four
cysteines (Figure 1). The FYVE domain structure of the early
endosome autoantigen (EEA1) (4, 5) consists of two small
double-stranded β-sheets and a C-terminal R-helix. Strand β1
contains a conserved basic sequence motif, (R/K)(R/K)HHCR,
which is important for PI(3)P binding. The 1-phosphate (P1) of
PI(3)P interacts with the first arginine (R1370) of this motif,
whereas the 3-phosphate (P3) interacts with the small positively
charged pocket created by the HHCR residues as well as a

conserved arginine (R1400) in the RVC motif within strand β4
(4, 6). The exact mechanism of membrane binding by FYVE
domains has not yet reached consensus, and several possible
models have been proposed (4-7). The membrane binding
mechanism is thought to include an initial adsorption of the
domain on the membrane by nonspecific interactions (1, 7-9),
followed by specific ligand binding to PI(3)P, and subsequent
interfacial penetration (8) of an N-terminal hydrophobic loop
located near P1. There may also be protein dimerization (4, 10).

The Phox homology (PX) domain is an ∼130-amino acid
domain first identified in the p40phox and p47phox subunits of
NADPH oxidase (11) and since found in many other proteins,
e.g., the yeast t-SNARE Vam7p and the sorting nexin SNX3. In
general, PX domains consist of three β-strands forming an
antiparallel β-sheet, followed by three R-helices (Figure 1) (12).
PX domains contain two highly conserved motifs: a RR(F/Y)(S)
(D/E)F motif and a proline-rich motif (PPII). The first motif is
located in the β3-R1 region. Conserved basic residues (especially
of the first motif) are implicated in interactions with PIs. More-
over, the proline-rich motif located between helixR1 and helixR2
(a conserved SH3-bindingmotif) andhelixR2 itself correspond to
the regions of the PX domains that are thought to interact with
the membrane (12), via a membrane binding mechanism similar
to that of FYVE (1, 13, 14). The loop region between the PPII
motif and helix R2 (i.e., located away from the binding pocket) is
known as “membrane attachment loop” (15) and interacts with
the interior as well as the surface of the membrane as it contains
large, exposed hydrophobic residues. Moreover, it has been
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suggested (16) that the β1-β2 loopmay penetrate themembrane,
as in most PX domains this loop contains hydrophobic and basic
residues.

To improve our understanding of the mechanisms of the
interactions of FYVE and PX domains with cell membranes,
we can model their interactions with PI-containing lipid bilayers.
Computer simulations of protein-bilayer interactions (17) pro-
vide a powerful tool for probing such dynamic interactions in
atomistic detail, which has been shown, e.g., for a PH domain
interactingwith PIP2 (18). In related approaches, e.g., continuum
electrostatics calculations have been used to probe themembrane
interactions of FYVE domains (9), and datum-driven docking
has been used to explore interactions of FYVE and PX domains
with detergent micelles (19). In this study, we use atomistic MD
simulations to compare two PI(3)P-binding domains in terms of
their interactions with a lipid bilayer. Thus, we compare simula-
tions of the EEA1-FYVE domain and the p40phox-PX domain
and, in particular, focus on their interactions with PI(3)P-
containing lipid bilayers. We address two key questions: (i) the
location of these domains on the membrane and (ii) their
interactions with the lipids, both specific interactions via bound
PIs and nonspecific interactions with bilayer phospholipids.

EXPERIMENTAL PROCEDURES

Simulation Protocol. The GROMACS 3.0 simulation pack-
age (www.gromacs.org) (20, 21) was used for all simulations,with
a united atom GROMOS96 force field (22) and the SPC water
model (23). Periodic boundary conditions were applied to the
systems. Long-range electrostatics were calculated using the
PME (particle mesh Ewald) method (24, 25) with a real-space
cutoff of 10 Å. For the van der Waals interactions, a cutoff of
10 Åwas used. Simulations inwater were performed at 300Kand
in DPPC bilayers at 323 K, using a Berendsen thermostat (26)
with a coupling constant (τT) of 0.1 ps. A constant pressure of 1
bar was maintained using a Berendsen barostat with an isotropic
(for water simulations) or semi-isotropic (for bilayer simulations)
coupling constant (τP) of 1.0 ps and a compressibility of 4.5 �
10-5 bar-1. The integration time step was 2 fs for simulations in
water and 1 fs for bilayer simulations. The LINCS method (27)

was used to constrain bond lengths. Coordinates were saved
every 5 ps for analysis. Analysis of all simulations was performed
using theGROMACSpackage. VMD (28), PyMol (www.pymol.
org), and RasTop [http://sourceforge.net/projects/rastop/ (29)]
were used for visualization.
FYVE Structure. The X-ray structure of the FYVE domain

from the early endosome autoantigen (EEA1; PDB entry 1JOC,
2.2 Å resolution) (4) was used as the starting structure for the
simulations. In this structure, the FYVE domain forms a homo-
dimer via interactions made by an extended coiled coil (from
residues 1289-1347). In the simulations, just the monomeric,
core domain (residues 1346-1411 of EEA1) was used. TheX-ray
structure has a molecule of Ins(1,3)P2 [the headgroup of the lipid
PI(3)P] bound to each monomer.

TheFYVEdomain contains aZn finger, with twoZn ions each
coordinated by four cysteines. The Hγ atom of each of these
cysteine side chains was converted to a dummy atom. Terms were
added for S-Zn bonds and Cβ-S-Zn bond angles for each Zn
ion and their four ligating cysteine residues. The charge on each
Zn ion was converted from +2 to +0.7, and the resultant
negative charge was spread over each cysteine S atom (-0.175
each). Trial simulations indicated that this treatment maintained
the stereochemistry of the Zn finger.

All ionizable residues were assigned their standard charge state
at neutral pH, yielding a net charge of +4e. The net system
charge was neutralized by addition of counterions. The protein
structure was energy-minimized using 100 steps of steepest
descents prior to simulation setup.
PX Structure. The X-ray structure of the PX domain from

the p40phox subunit of NAPDH (PDB entry 1H6H, 1.7 Å
resolution) (30) was used as the starting structure for the
simulations. In this entry, the PX domain was bound to a
phosphatidylinositol 3-phosphate [PI(3)P] molecule. All ioniz-
able residues were assigned their standard charge state at neutral
pH, yielding a net charge of -2e. The net system charge was
neutralized by addition of counterions. The protein structure was
energy-minimized using 100 steps of steepest descents prior to the
simulation setup.
PI(3)P. GROMACS topologies for Ins(1,3)P2 and PI(3)P

were generated using PRODRG (31) (http://davapc1.bioch.dun-
dee.ac.uk/programs/prodrg/). An Ins(1,3)P2 model was energy-
minimized and evaluated via a 10 ns simulation in water. A PI(3)
P was constructed by joining Ins(1,3)P2 to a dipalmitoylglycerol
moiety. The PI(3)P model structure was energy-minimized and
evaluated via a 1 ns simulation in water.
Simulation Systems. Three simulations were performed for

each domain, as summarized in Table 1. Thus, six simulations
were performed, for a total time of 0.1 μs. Procedures for the
system setup are described in detail in ref (18). In the bilayer
simulations, the initial orientation of the protein was such that
the crystallographic Ins(1,3)P2 molecule was superimposed on
the headgroup of a PI(3)P molecule preinserted in a DPPC
bilayer (see Figure 2). The resultant system was solvated and
energy-minimized, followed by a short (0.2 ns) simulation run
with position restraints on the non-H atoms of the protein (with a
force constant of 1000 kJ mol-1 nm-1) prior to the unrestrained
production mode simulation.

RESULTS

Conformational Stability and Flexibility. The influence of
PI(3)P binding on the conformational stability of both domains

FIGURE 1: X-ray structures of the EAA1-FYVE (PDB entry 1JOC)
and p40phox-PX (PDB entry 1H6H) domains. (A) Cartoons of the
protein domain folds with the PI-binding sites indicated. The two Zn
ions are shown in the FYVE structure as yellow spheres. (B) Nature
of the protein-Ins(1,3)P2 (for FYVE) and protein-PI(3)P (for PX)
interactions in the X-ray structures, with key basic side chains
labeled.
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was explored by calculating the conformational drift of the
domains (as measured by the CR rmsd) from their respective
X-ray structures, both for simulations of the isolated domains in
water bound to the PI(3)P headgroup [i.e., Ins(1,3)P2] and for
simulations of the domains bound to a single PI(3)Pmolecule in a
DPPC bilayer (Table 1). For the FYVE domain, the CR rmsd
value is significantly lower in the PI(3)P-bilayer simulation
(2.5 Å) than in the Ins(1,3)P2-water simulation (5.2 Å), whereas

for the PX domain, these two values (2.7 and 2.8 Å, respectively)
were almost the same. More detailed examination of root-mean-
square fluctuations (rmsfs) as a function of residue number
(Figure 3) showed that for the FYVE domain, the regions
interacting with both the PI(3)P ligand and the DPPC lipids
exhibited enhanced flexibility in the water simulation.

From this analysis, it is evident that the FYVEdomain exhibits
significant internal mobility when in water, with the most flexible
region being the N-terminal hydrophobic loop. This region (see
below) interacts with the lipids in the bilayer simulation, reducing
its flexibility. The presence of bound PI(3)P and to a lesser extent
interactions with the bilayer also reduce significantly the flex-
ibility of regions involved in PI binding. In contrast, the PX
domain exhibited a similar degree of flexibility in both water and
when bound to a bilayer, differing in this respect both from the
FYVE domain and from the PH domain (18).
Bilayer Simulations. Visual inspection of the structures at

the beginning and at the end of the FYVE-Bil and PX-Bil
simulations (Figure 2) revealed that both domains remained
bound to PI(3)P throughout the 30 ns duration simulations and
interacted progressively as a function of time with the other

Table 1: Summary of Simulations

simulation system atoms time (ns) CR rmsda (Å)

FYVE-Apo FYVE and 4410 waters 13896 10 5.2

FYVE-IP2 FYVE, Ins(1,3)P2, and 4402 waters 13893 10 2.5

FYVE-Bil FYVE, PI(3)P, 240 DPPC, and 14068 waters 54934 30 2.5

PX-Apo PX and 8316 waters 26424 10 4.4 (2.8)

PX-IP2 PX, Ins(1,3)P2, and 8304 waters 26403 10 4.4 (2.8)

PX-Bil PX, PI(3)P, 245 DPPC, and 18704 waters 69908 30 5.9 (2.7)

aThe value given is the root-mean-square deviation (rmsd) for the CR atoms of all residues, averaged over the final 2.5 ns of the 10 ns duration simulations,
and over the final 5 ns of the 30 ns duration simulations. In each case, the reference frame is the X-ray structure. For the PX simulations, the value in parentheses
is the CR rmsd evaluated after exclusion of the first 20 residues at the N-terminus.

FIGURE 2: FYVE-bilayer and PX-bilayer interactions. (A) Snap-
shots are shown at the start (i.e., at 0 ns) and end (30 ns) of each
bilayer simulation. Both proteins are in the cyan ribbon format; the
lipid (DPPC) molecules are colored yellow with headgroups colored
purple, and the PI(3)P is colored red/orange. (B) Detailed view of the
interactions between the protein and those lipid molecules within a
3.5 Å cutoff distance of the protein, as seen in the 30 ns snapshots of
each simulation. The protein atoms are colored blue (basic residues),
red (acidic), yellow (polar), or gray (hydrophobic). The PI(3)P
molecule is colored green. DPPC molecules forming contacts are
shown in bonds format in purple. The small brown spheres represent
the phosphorus atoms of lipid headgroups.

FIGURE 3: Root-mean-square fluctuations (rmsfs) of the CR atoms
as a function of residue number for the (A) FYVE and (B) PX
simulations. In each case, rmsf profiles are shown for the apo (black),
IP2 (blue), and Bil (red) simulations (see Table 1 for details). The
locations of the secondary structure elements within each domain are
indicated by the horizontal bars above the graphs.
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(DPPC) lipid molecules of the bilayer. Comparison of the snap-
shots suggested that the headgroup of the PI(3)P molecule in the
PXdomain simulation insertedmore deeply into the bilayer. This
was confirmed by measuring the distance between the center of
mass of the PI(3)P headgroup and the center of mass of the
DPPC bilayer along the z-axis. This distance decreased from∼27
Å at 0 ns in each bilayer simulations to ∼15 Å in the PX
simulation, but to only ∼25 Å in the FYVE domain simulation
over the course of 30 ns. Moreover, from these snapshots, it is
evident that in both cases the protein also inserted further into the
bilayer. This was confirmed by the decrease in the distance
between the center of mass of the domains and of the bilayer
along the bilayer normal. During both 30 ns bilayer simula-
tions, this distance decreased from∼43 Å for the PX domain and
∼33 Å for the FYVE domain to ∼28 Å for both domains.
Protein-Lipid Interactions. In both cases, visualization of

insertion of the domains into the bilayer suggests the formation
of (nonspecific) protein-lipid contacts. Analysis of the total
number of protein-lipid H-bonds (Figure 4A) reveals this
to increase from ∼2 at 0 ns to ∼8 at 30 ns for FYVE, and from
∼0 to ∼13 for PX.

To also identify potential hydrophobic interactions, we ana-
lyzed protein residues that were close (6 Å cutoff) to the lipids (all
atoms) over the final 5 ns of both bilayer simulations (Figure 4B).
For the EEA1-FYVE domain, there was one main region

interacting with the lipids. This corresponded to residues
W1349-H1372, i.e., residues of the hydrophobic N-terminal
loop with additional residues A1383 and E1384 (Figure 4B). This
is in good agreement with experimental studies (3, 4, 7, 8) that
suggested penetration of this loop into the membrane. More
detailed analysis showed that four residues (N1357, K1363,
T1368, and R1370) of this loop formed ∼75% of the H-bonds
of the FYVE domain with the bilayer.

For the p40phox-PX domain, similar analysis showed that the
main contacts with the bilayer were the β1-β2 loop, the R1-R2
loop, and helix R2. Less extensive contacts were formed by the
β3-R1 loop, helix R1, and the 10 C-terminal residues of the
domain (Figure 4B). Just 10 residues (K32, R33, G34, and F35 in
the β1-β2 loop, R60 and S67 in the R1 helix, Y94, V95, and G96
in the R1-R2 loop, and Q142 at the C-terminus) formed ∼65%
of the hydrogen bonds of the PXdomainwith the lipids. Just four
residues of the β1-β2 loop and two residues of the R1-R2 loop
interacted with both the polar and the nonpolar atoms of the
lipids. These results agree with experiments which had identified
the R1-R2 loop [the membrane attachment loop (15)] and helix
R2 as the main bilayer contacts (12, 14, 32-34). It has also been
suggested (16) that the β1-β2 loop penetrates the membrane.
Again, this is in agreement with the analysis given above, which
also suggests an additional region, the C-terminus, interacts
significantly with the headgroups of the lipids.

Previous studies of the EAA1-FYVE domain (5, 19) have
implicated V1367, T1368, and R1370 in interactions with bilayer
lipids. If we exclude the interactions of these residues (see
Figure 4C) from our analysis of H-bonding interactions within
the protein-bilayer complex, more than 50% of H-bonding
interactions are lost. Similarly, for the p40phox-PX domain, it has
been reported that F35, Y94, and V95 are involved in membrane
interactions (14). These residues (see Figure 4C) form four of the
13 persistent H-bonds between lipids and the protein in our
simulations. Furthermore, it has been reported (14) that the
L82A mutation does not alter the penetration of the bilayer by
the PX domain. This also is in agreement with the MD simula-
tions, as this residue was not found to interact with the lipids.
Protein-PI(3)P Interactions. It was also important to

characterize in detail the interactions of the FYVE and PX
domains with PI(3)P while in a membrane (i.e., lipid bilayer)
environment. Analysis of the residues of the EEA1-FYVE
domain forming the closest contacts to the phosphates, P1 and
P3, of PI(3)P at positions 1 and 3 of the inositol ring (cutoff of 6
Å) revealed that the closest residues were R1371, H1372, H1373,
R1375, I1380, K1397, and R1400. Further analysis (Figure 5A)
of these contacts showed that P1 formedweaker interactionswith
R1371, H1372, H1373, and R1375. The most pronounced
interaction of P1 was with R1371 until ∼28 ns, when this
interaction weakened and was replaced by those with which the
other three residues interacted. P3 interacted withH1372, H1373,
R1375, and R1400 during the 30 ns simulation, but all these
interactions fluctuated. This confirms what was found experi-
mentally (4), i.e., that P3 interacts with the small charged pocket
formed by the residues listed above. Finally, the residues forming
the closest contacts to the PI(3)P tails were D1352, N1353,
Q1356, F1365, S1366, V1367, R1370, and R1371.

A comparable analysis for the PX domain revealed the closest
residues to P1 and P3 to be F39, R58, Y59, R60, H63, K92, K98,
and R105. Specifically, P1 initially interacted with R60 and H63
(Figure 5B). At ∼2 ns, the R60-P1 interaction weakened, and
while the interaction of K92 with P1 strengthened, at 5 ns the

FIGURE 4: (A) Insertion of FYVE domains and PX into the bilayer.
Number of hydrogen bonds between the FYVE domain and lipids
(black line) or between the PXdomain and lipids (green line), both as
a function of time. (B) Regions of the FYVE and PX domains
interactingwith lipids. Residues of theFYVEandPXdomainswhich
interact with lipid molecules are colored red. The N-terminal hydro-
phobic loopof theFYVEdomainand theβ1-β2 andR1-R2 loopsof
the PX domain which form nonspecific contacts with the bilayer are
indicated. For each snapshot, the structure of the protein at the end
(30 ns) of the bilayer simulations is shown. (C) Residues (red) of the
FYVE and PX domains forming∼70% of the H-bonds with bilayer
lipids over the course of each simulation.
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latter interactions weakened as well. At∼10 ns, a switch occurred
such that the H63-P1 interaction weakened and was replaced by
the K92-P1 interaction. After ∼10 ns, P1 formed a tight
interaction with K92 and weaker interactions with R60 and
H63. P3 interacted withR58 andR60 throughout the simulation.
Initially, P3 formed tight interactions with R105 and a weaker
interaction with K98. At ∼10 ns, the R105-/P3 interaction
weakened, being replaced by the K98-P3 interaction. Until the
end of the simulation, the interaction of P3 with R105 fluctuated
but with K98 remained stable and tight. R105 was in the
proximity of 4- and 5-hydroxyl groups of the inositol headgroup,
in agreement with experimental data (30). Finally, there were
three residues that formed the closest contacts to the PI(3)P tails:
R60, K92, and Y94. Y94, located in the membrane attachment
loop, interacted in the crystal structure (30) with the carbons of
the glycerol moiety of PI(3)P.

DISCUSSION

It is of interest that the PX and FYVE domains behaved
differently in the PI(3)P and in the bilayer simulations. The
FYVE domain appeared to interact more weakly with the ligand
(i.e., with more transient phosphate-side chain interactions)

than did the PX domain. In the FYVE domain bilayer simula-
tion, P3 interacted with both R1400 and the charged pocket
created by the HHCR motif. There has been some discussion of
the role of R1400 in P3 binding. Thus, in the X-ray structure (4),
R1400 is not oriented appropriately for a direct H-bond to P3. In
the NMR datum-driven docking calculations for the micelle
complex (19), R1400 is suggested to H-bond to P3. It is therefore
of interest that the MD simulations also point to the existence of
such an interaction. In contrast to the FYVE domain, for the PX
domain P3 interactedmore strongly with the protein than did P1.
Again, the residues of the PX domain interacting with P1 and P3
were in agreement with experimental studies.

In terms of nonspecific interactionswith lipids, only one region
of the FYVE domain interacted with the lipids, namely the N-
terminal hydrophobic loop. The degree of insertion of the FYVE
domain into the bilayer was smaller than that of the PX domain,
and with the FYVE domain, the headgroup of PI(3)P did not
become buried deeper within the bilayer. It should be noted that
in control simulations (data not shown) of PI(3)P in a DPPC
bilayer in the absence of protein, the headgroup of the phos-
phoinositide did not insert into the bilayer (over 10 ns).
This suggests that insertion of the headgroup of PI(3)P into
the bilayer in the presence of the PX domain was due to the
presence of the protein. The smaller degree of insertion, and
hence greater exposure of the headgroup to water in the presence
of FYVE, may explain the more transient nature of the phos-
phate-basic side chain interactions for this domain relative to the
PX domain.

In summary, the results of these simulations for the interac-
tions of the domains with lipids and the phosphoinositides are in
broad agreement with the available experimental data (3, 35, 36).
However, they clearly reveal additional regions which interact
with bilayer lipids that are not seen either in experiments (mainly
performed in amicellar environment) or in simulationswith PI(3)
P-containing detergent micelles (data not shown). Hence, the
MD simulations have revealed additional regions of interactions
and the equilibrium position of the PI(3)P-bound domains when
in a zwitterionic lipid bilayer.

In the simulation protocol adopted in this study, the protein is
positioned at the surface of the bilayer at the start of the
simulation, thus assuming an approximate orientation of the
protein relative to the bilayer. Both coarse-grained (18) and
atomistic (Lumb, Stansfeld, and M. S. P. Sansom, unpublished
data) simulations of PHdomains initially positioned distant from
(and randomly oriented relative to) a bilayer suggest that the
initial protein-bilayer contact can also be simulated. However, a
multiscale simulation approach (37, 38) may be required to
enable the complete process of bilayer encounter followed by
phosphoinositide binding to be simulated. A multiscale method
has recently been used to explore interactions of the lipid bilayer
with BAR domains (39). In this context, development of such
multiscale simulations may also enable exploration of possible
bilayer curvature effects of the EEA1-FYVE domain dimer (a
monomeric construct used in this study).

Despite these limitations, the computational approach used in
this study is quite general. The good agreement with experiment
suggests it may be applicable when biophysical data are not
available to predict membrane interaction mechanisms of
PI-recognizing and related domains. Themethod can be extended
to accommodate interactions with, e.g., anionic lipids within
the bilayer (3) and to multidomain proteins. In this way,
simulation approaches to PI-binding domains and to other

FIGURE 5: Residue-phosphate distances for the FYVE and PX
domain bilayer simulations. (A) Distances between the phosphorus
atomand the CZ (for arginines) orND1/NE1 (for histidine) atoms of
interacting basic residues for the FYVE domain bilayer simulation.
Distances are shown for P1 with R1371 (black), H1372 (red), H1373
(green), and R1375 (blue) and for P3 with H1372 (black), H1373
(red), R1375 (green), and R1400 (blue). (B) Distances between the
phosphorus atom and the NZ (for lysines), CZ (for arginines), or
ND1/NE1 (for histidine) atoms of interacting basic residues for the
PX domain bilayer simulation. Distances are shown for P1 with R60
(black), H63 (red), andK92 (green) and for P3 withR58 (black), R60
(red), H63 (green), K98 (blue), and R105 (yellow).
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membrane-binding domains [e.g., C2 (40)] may be combined to
reconstruct the nature of dynamic complexes at the cell mem-
brane surface.
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