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Factors Influencing Local Membrane Curvature Induction by N-BAR
Domains as Revealed by Molecular Dynamics Simulations

Philip D. Blood,*! Richard D. Swenson,* and Gregory A. Voth*t¥

*Center for Biophysical Modeling and Simulation, tDepartment of Bioengineering, and *Department of Chemistry, University of Utah,
Salt Lake City, Utah

ABSTRACT N-BARdomains are protein modules that bind to and induce curvature in membranes via a charged concave surface
and N-terminal amphipathic helices. Recently, molecular dynamics simulations have demonstrated that the N-BAR domain can
induce a strong local curvature that matches the curvature of the BAR domain surface facing the bilayer. Here we present further
molecular dynamics simulations that examine in greater detail the roles of the concave surface and amphipathic helices in driving
local membrane curvature. We find that the strong curvature induction observed in our previous simulations requires the stable
presentation of the charged concave surface to the membrane and is not driven by the membrane-embedded amphipathic helices.
Nevertheless, without these amphipathic helices embedded in the membrane, the N-BAR domain does not maintain a close
association with the bilayer, and fails to drive membrane curvature. Increasing the membrane negative charge through the addition
of PIP, facilitates closer association with the membrane in the absence of embedded helices. At sufficiently high concentrations,

amphipathic helices embedded in the membrane drive membrane curvature independently of the BAR domain.

INTRODUCTION

Cells rely on protein machinery to remodel membranes during
vesicle budding events required for endocytosis, exocytosis,
and intracellular transport. Proteins are also required to create
the complex membrane shapes that define organelles, such as
the Golgi apparatus, endoplasmic reticulum, and T-tubule
networks. This cellular machinery often utilizes acommon set
of conserved structural modules to change membrane cur-
vature and thereby create the necessary membrane shapes
(1,2). One common motif is a scaffolding framework that
presents a target curvature to the membrane. For example,
clathrin coats polymerize on the membrane surface with an
intrinsic curvature, as do the COPII proteins (3). The COPII
protein Sec23/24p has a concave surface lined with positively
charged residues. Thus, this protein combines a curvature
scaffold with residues that can attract the negatively charged
lipid species in the membrane and induce the membrane to
adopt the curvature of the surface (4). Since clathrin and
Sec23/24p apparently lack the rigidity to force the membrane
to adopt their intrinsic shape (2,5), they work together with the
proteins epsin and Sarlp, respectively, to create the required
membrane curvature (6,7).

Epsin and Sarlp contain another common curvature-
inducing motif: an amphipathic helix that inserts parallel to
the surface of the bilayer at the junction between the hydro-
philic lipid headgroups and hydrophobic tails. These amphi-
pathic helices can generate membrane curvature by creating
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asymmetry between the two leaflets of the bilayer (2,6-9). At
sufficiently high concentrations, helix insertion may cause
membranes to tubulate by creating a global disparity between
the surface areas of the two leaflets. This mechanism, known
as the bilayer couple mechanism, is not generally relevant to
cellular systems since the surface area of the cellular mem-
brane is much greater than the area of the inserting proteins
(2); however, it may be relevant to liposome tubulation ex-
periments with a sufficiently high protein/lipid ratio. Never-
theless, the insertion of helices also creates local asymmetry,
which may generate local membrane curvature via a local
spontaneous curvature mechanism. The degree of local cur-
vature created depends on the dimensions of the inserting
helices, their depth of penetration into the bilayer, and their
local concentration (2).

The BAR (Bin, Amphiphysin, Rvs) domain is a crescent-
shaped dimer with positively charged residues lining its
concave surface and positively charged, flexible loops at ei-
ther end of the dimer. The N-BAR domain, which contains an
N-terminal amphipathic helix in addition to the positively
charged concave surface of the BAR domain, is found in
various proteins, including amphiphysin and endophilin, and
uses all of these structural motifs to generate membrane cur-
vature (10-17). Experiments have provided evidence that the
rigid concave shape of the BAR domain, the positively
charged residues on the concave surface, and the presence or
absence of N-terminal amphipathic helices are important
factors in the ability of these domains to generate membrane
curvature (1,11,12,18). How all of these structural features
work together to drive membrane curvature in vivo is a topic
of much current interest (1,2,18,19).

By permitting the direct observation of atomistic-level
interactions, molecular dynamics (MD) simulations provide
an opportunity to resolve specific steps in the process of
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membrane curvature induction by N-BAR domains and ob-
tain insight into the mechanisms involved at the atomistic
level. In particular, although experiments allow observations
of the global effects of these proteins on lipid bilayers, MD
simulations are very useful for understanding how individual
proteins and specific structural features interact with lipids to
create local membrane perturbations that lead to the observed
global membrane behavior.

Our recent MD simulations (20) have demonstrated that
Drosophila amphiphysin (dAmph) N-BAR domains (13) can
mold the membrane surface to the concave surface presented
by the BAR domain. In those MD simulations it was not clear
how much of the observed curvature induction was due to the
electrostatic attraction between the negatively charged
membrane and the positively charged residues on the N-BAR
domain concave surface, and how much was due to the
asymmetry created by the amphipathic helices embedded in
the membrane. In this work we present additional simulations
that provide insight into the role of these important N-BAR
structural features in driving the observed membrane curva-
ture. We observe that N-BAR domains that lack key posi-
tively charged residues on the concave surface, or fail to
maintain a stable orientation on the membrane surface do not
drive strong local curvature even with their N-terminal he-
lices embedded in the bilayer. On the other hand, we find that
N-BAR domains that do not have their amphipathic helices
embedded in the bilayer fail to maintain close association with
the bilayer and therefore do not induce curvature, although
increasing the charge in the bilayer through the addition of
PIP; near key positively charged residues enables the N-BAR
domain to bind stably without its helices embedded in the
membrane. We also observe that, at sufficiently high con-
centrations, amphipathic helices generate membrane curva-
ture independently of the BAR domain. These findings
indicate that the charged concave surface is capable of driving
local membrane curvature with little, if any, contribution from
the amphipathic helices beyond maintaining the BAR domain
anchored to the bilayer. Nevertheless, if amphipathic helices
are able to accumulate at a higher concentration than probed
by these N-BAR simulations they may also contribute sub-
stantially to local membrane curvature. Thus, these simula-
tions provide insight into the probable roles of these structural
modules for a given configuration and concentration on the
membrane surface.

METHODS
General simulation details

The original coordinates for the dAmph BAR domain were obtained from
Peter et al. (13) (Protein Data Bank (PDB) ID code 1URU). Each MD system
reported here consists of an N-BAR domain and lipid bilayer solvated in
water and NaCl at a concentration of 0.15 M. The CHARMM?22 (21) and
CHARMM27 (22) force field parameters were used to describe the lipid and
protein interactions. Except as noted below, the lipid bilayer consists of 70%
dioleoylphospatidylcholine (DOPC) and 30% dioleoylphosphatidylserine

1867

(DOPS). Each solvated N-BAR/lipid system has dimensions of ~47 X 10 X
16 nm and consists of ~740,000 atoms. All dynamics runs were performed
in the same manner as previous simulations. The simulations were run in the
constant NPT ensemble with fully anisotropic pressure coupling (zero sur-
face tension) and periodic boundary conditions (23). A Langevin thermostat
with a damping coefficient of 0.5 ps~' was used to maintain the system
temperature at 310 K. The system pressure was maintained at 1 atm by using
a Langevin piston barostat (24) with a piston period of 2 ps and a damping
time of 2 ps. Short-range nonbonded interactions were cut off smoothly
between 10 and 12 A. The particle mesh Ewald algorithm (25) was used to
compute long-range electrostatic interactions at every time step. All covalent
hydrogen bonds were constrained by the SHAKE algorithm (or SETTLE for
water) (23,26), permitting an integration time step of 2 fs. System con-
struction was done using the CHARMM (27) and VMD (28) software
packages. Images of the MD system were generated using VMD. System
minimization, equilibration, and dynamics were carried out using the NAMD
(29) software package.

PIP, parameterization

To generate the PIP, parameters (D. Lupyan, unpublished data), ab initio
quantum chemistry calculations were done using the Gaussian03 package (30)
for geometry optimization and for determination of the distribution of partial
charges on inositol 1,4,5-trisphosphate (IP5) (D. Lupyan, Mount Sinai School
of Medicine, personal communication, 2007). These calculations were run
using the Hartree-Fock level of theory with a 6-31G* basis set. Electronic
properties were calculated in vacuum as well as with the polarized continuum
model representing water as an implicit solvent using Pauling’s atomic radii
and 1.2 as the scaling factor for the definition of the solvent-accessible
surfaces. The electrostatic potential partial atomic charge distribution of IP;
was derived using the restrained electrostatic potential method (31). The
charges were designed to ensure that the addition or removal of a phosphate
group on any of the inositol ring phosphorylation sites (C3, C4, C5) will
result in a difference of —2 net charge. Using this methodology, one can
conduct simulations with different isomeric forms of phosphoinositides
without reoptimizing their geometries and recalculating their partial charges.
The complete PIP, lipid was formed by joining the PIP, headgroup to the
glycerol backbone viaa CHARMM patch in the same manner as for DOPS or
DOPC. The joining carbon (and its associated hydrogens) on the glycerol
backbone retained the partial charges of the original PIP, headgroup carbon
at that position to conserve the exact charge (—5) of PIP,.

N-BAR simulations

The simulations NBR1 and NBR2, and the original plain lipid bilayer
(without the N-BAR domain) were extended from the 27-ns simulations
reported previously (20), and some data from those simulations are presented
for comparison and completeness. System construction, minimization, and
equilibration for the N-BAR simulations reported here were performed es-
sentially as described previously for NBR1 and NBR2 (20). Briefly, conju-
gate gradient minimization was performed on the BAR/lipid system for 36
ps, after which the system was heated to 310 K over 10 ps with restraints on
the a-carbons of the N-BAR domain. The system was then subjected
to velocity rescaling for 40 ps while the restraints on the a-carbons of the
N-BAR domain were gradually reduced from a force constant of £ = 100
kcal/mol/A” to k = 0 before starting runs with Langevin dynamics and
Langevin piston pressure control. The new simulations reported here, except
for NBRH1, were also run for an additional 6 ns with velocity rescaling to
310 K every 100 steps before starting the dynamics runs. This consisted of
3 ns under constant volume with the protein and lipid atoms restrained with a
force constant of k =2 kcal/mol/Az, and 3 ns with no restraints and Langevin
piston pressure control.

The minimized configuration for simulation NBR3 was used as the
starting point for the simulation of the mutated N-BAR domain in simulation
NBR-—. Structure and coordinate files for the mutated system were generated
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using the Mutate and Autoionize plug-ins in VMD. After the mutation of
these 10 positively charged residues to neutral residues, 10 sodium ions were
placed within the system to maintain electrostatic neutrality. These ions were
placed at least 20 A away from any protein or lipid atom. Conjugate gradient
minimization was then performed for 1000 steps with all atoms except the
solvent fixed, and then continued for an additional 1000 steps with every-
thing except the solvent and mutated residues fixed. The subsequent equil-
ibration was done as described above except that the final velocity rescaling
with protein and lipid fixed was extended to just over 4 ns. After equilibra-
tion, the center of mass of the a-carbons of the mutated BAR domain was
restrained along the y coordinate axis for the first 10 ns of dynamics with a
force constant of k = 2 kcal/mol/f‘x2 using SMD with the velocity set to 0.

The initial membrane and solvent configuration for the simulations with
the unembedded helices (NBRHI1-NBRH3) were taken from the original
plain lipid bilayer simulations after 27 ns. The initial BAR domain config-
uration was taken from the simulation of the solvated BAR domain alone as
reported previously (the same as for the original NBR1 and NBR2 simula-
tions); however, the configuration for the N-terminal region in the random
coil (as opposed to the « helix) configuration was taken after 9 ns from the
simulation of the random coil N-BAR interacting with the smaller 25 nm
bilayer, also as reported previously (20). These components were merged
into a single system using CHARMM, and overlapping solvent atoms were
removed. As done previously, several solvation shells were retained around
the region of the protein close to the membrane when it was transferred to the
lipid bilayer system. In NBRH3, SMD was performed on the center of mass
of the a-carbons of the dissociated end of the BAR domain (residues 133—
192). This loop was pulled back into contact with the membrane using a force
constant of k = 1 kcal/mol/A? and a velocity of 5 A/ns.

The initial configuration for NBRHP1, the system containing phospha-
tidylinositol 4,5-bisphospate (PIP,), was taken from the end of a system
containing an N-BAR domain with unbound helices interacting with the
standard 47-nm DOPS/DOPC bilayer. One phosphoserine and five phos-
phocholine headgroups were mutated to create six PIP, lipids. The mutated
lipids were selected based on their projected proximity to either a BAR
binding loop or one of four positively charged regions of the BAR arch
created by Lys %, Arg®, Lys'*?, Lys'**, and Arg'*°. After the mutations were
completed, overlapping waters were removed. All atoms except those within
10 A were restrained (k = 100 kcal/mol/A?), and the system underwent 20 ps
of conjugate gradient minimization and a brief heating (temperature re-
assignment every 50 steps for 10 ps). The restraints were gradually reduced
over a period of 30 ps before conducting Langevin dynamics with identical
parameters to those previously described.

It should be noted that in the BAR domain crystal structure (PDB ID:
1URU) there is a hydrogen bonding opportunity between the two monomers
at His®'® when distinct nitrogens on this His residue are protonated on each
monomer (i.e., in terms of the CHARMM topology, on one monomer His*'®
is HSE and on the other monomer it is HSD). This procedure was followed
for the simulations of the solvated BAR domain alone. However, when the
BAR domain was propagated to the lipid systems, this asymmetry was ac-
cidentally not preserved, resulting in the loss of this hydrogen bond. The
effect of this missing hydrogen bonding opportunity was minimal in these
simulations because the BAR domain dimer remains robust and stable;
however, this hydrogen bond should be included in future simulations for
consistency.

Helix-only simulations

The initial structure for the membrane in the helix-only simulations was
taken from the beginning of the original plain lipid bilayer simulation after
the initial equilibration. Lipids, water, and ions were removed from the long
edge of the box until 1000 lipids remained (350 DOPC and 150 DOPS per
leaflet, ~269,000 atoms). The horizontal area of the box was reduced from
47 X 10 nm to 47 X 6.7 nm incrementally with 1 ps conjugate gradient
minimization per increment to eliminate overlapping atoms in the periodic
images. Before the helices were added, system velocities were reassigned
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every 50 steps for 6 ps with a temperature increment of 6° until the system
reached 310 K. The velocities were then rescaled every 50 steps for 20 ps,
after which the ensemble was switched from constant NVT to constant NPT
and an additional 8 ps of rescaling was performed. The system was then run
for an additional 9.7 ns under constant NPT with Langevin dynamics to
further equilibrate the membrane before adding the helices.

The initial coordinates for the helices were taken from the N-terminal
helix that had remained closest to an a-helix at the end of simulation NBR1
(48 ns). A total of 10 helices were placed in the headgroup region of the
bilayer in an antiparallel manner ~22.5 A apart and oriented perpendicular to
the long axis of the bilayer. Counter ions were added to maintain system
neutrality. The system was then subjected to multiple cycles of conjugate
gradient minimization and manual translation of lipid headgroups to remove
bad contacts. The lipids and protein were then fixed and the solvent was
equilibrated for 5 ns.

Two initial configurations were created, designated H1 and H2. After the
solvent equilibration was completed, the hydrogens were released, followed
by the lipid headgroups and protein side chains, then the upper lipid tails, and
finally the lower lipid tails and protein backbone of H1 (in this case ‘‘re-
leased”” means changing the force constant from k = 100 kcal/mol/A” to k =
0 kcal/mol/A? on the given atoms) such that all atoms were unrestrained by
the end of an additional 215 ps equilibration. In contrast, the helices of H2
were moved a few angstroms deeper into the headgroup region of the bilayer
after the solvent equilibration (to bring them closer to the level of the
phosphates). H2 was then reminimized with the backbone of the helices
restrained. The system was again fully restrained and the atoms were then
gradually released in the same order as described above (the force constant k
was reduced from 100 to 10 to 1 to 0 kcal/mol/A?) during 80 ps of equili-
bration. Dynamics were then run as previously described.

RESULTS

In our prior MD simulations (20), dAmph N-BAR domains
with embedded N-terminal helices induced curvature in
solvated 45 nm X 10 nm membranes composed of 30%
DOPS and 70% DOPC within a simulation time span of 27
ns. To further understand how N-BAR domains drive local
curvature, extensive additional simulations were performed
in this work with modifications that provide insight into the
role of each N-BAR domain structural element in generating
membrane curvature. The key characteristics of these simu-
lations and the main results are summarized in Table 1. The
details of the simulations can be found in the Methods sec-
tion.

Role of the positively charged concave surface

New simulations were performed to investigate the role of the
positively charged concave surface of the BAR domain in
driving membrane curvature. The first simulation, designated
NBR3, is similar in its initial configuration to the ‘‘strong
membrane bending’’ simulations NBR1 and NBR2 reported
previously (20). Although these three simulations are similar
in their initial configurations, it is expected that fluctuations
in these atomistic-level interactions will result in each system
exploring a different region of phase space (23). In previous
work (20,32), this ability to explore fluctuations in molecular
systems permitted the determination of two distinct binding
orientations of BAR domains on the membrane, which re-
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TABLE 1 Summary of simulation conditions and results
Membrane N-terminal Binding of Membrane
Simulation composition N-BAR helices charged loops* curvature
NBR1' NBR2 70% DOPC 30% DOPS WT Embedded (150 li[)ids/he:lixfF Strong High
NBR3 70% DOPC 30% DOPS WT Embedded (150 lipids/helix) Weak/dissociates None
NBR- 70% DOPC 30% DOPS Mutant® Embedded (150 lipids/helix) Moderate Low'
NBRH1 NBRH2 NBRH3 70% DOPC 30% DOPS WT Not embedded Weak/dissociates None
NBRHP1 70% DOPC 30% DOPS ~1% PIP, WT Not embedded Strong Low?!
H1 H2 70% DOPC 30% DOPS None Embedded (30 lipids/helix)** N/A High

*Comprising N-BAR residues 161-171, inclusive.
fSimulations NBR1 and NBR2 reported in Blood and Voth (20).

*Approximate local concentration based on helix-occupied region within a single membrane leaflet. Concentration based on entire leaflet is 360 lipids/helix.
SFive positively charged residues mutated to neutral residues on each BAR monomer as follows: K58Q, R65Q, K132Q, K133Q, and R140Q.

INot distinguishable from curvature created from membrane undulations.

I'Localized to membrane region beneath BAR domain. Local concentration ~10%.

**Concentration based on entire membrane leaflet is 50 lipids/helix.

sulted in differing degrees of induced membrane curvature.
Similar membrane binding behavior to that predicted by
these MD simulations was recently shown experimentally for
the related F-BAR domain module (32). Thus, differences in
the equilibrium behavior of these systems are a feature of
these atomistic-scale investigations that provide insight into
the mechanisms behind the average long timescale behavior
of these molecules.

The induced curvature and corresponding orientation for
the previous simulations NBR1 and NBR2 as well as for the
current simulation NBR3 are shown in Fig. 1, A and B. In
contrast to simulations NBR1 and NBR2, the N-BAR do-
main in simulation NBR3 does not induce membrane cur-
vature (Fig. 1 A). Further analysis of specific molecular
interactions in this system revealed differences in the be-
havior of the N-BAR domain, which influenced its ability to
drive membrane curvature within the time span of these
simulations. Fig. 1 B shows the orientation of the charged
concave surface of the BAR domain with respect to the
membrane surface. The orientation of the BAR domain in
NBR3 fluctuates significantly throughout the simulation. In
contrast, the prior simulations (20), NBR1 and NBR2, have
long periods where the orientation of the BAR domain is

0.2

stable. Interestingly, in NBR1 and NBR2, periods of stable
orientation precede periods of N-BAR domain-induced cur-
vature generation. This makes sense if the curvature is being
driven by an electrostatic attraction, since a period of stable
orientation will give the membrane time to respond and move
in the direction of the attractive force, whereas, above a
certain frequency, the membrane will not be able to keep up
with the changing direction of the force and therefore will be
unable to bind to the concave surface of the BAR domain.
Fig. 1, C-E, depict the rate of change of the orientation of the
BAR domain in simulations NBR1-3 as a function of simu-
lation time. The BAR domain in NBR1 has a long period of
remarkably stable orientation during which it drives a large
local membrane curvature. In NBR2, the BAR fluctuates
rapidly at the beginning of the simulation, but then settles into
a more stable orientation. It then drives local membrane
curvature, but it does so later in the simulation than NBR1. In
both NBR1 and NBR2 there is a period of at least 10 ns of
stable orientation before the BAR domain is able to generate
strong local curvature. Throughout simulation NBR3, the
concave BAR domain surface is moving almost constantly,
and hence is unable to drive membrane curvature. Fig. 2
shows the binding of the positively charged loops (in this
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FIGURE 1 Membrane curvature and BAR domain orien-
tation on the membrane surface. (A) Membrane curvature
development for NBR1 (solid), NBR2 (long dash), NBR3
(short dash), and NBR — (dor). Simulations NBR1 and NBR2
were reported previously (20) and are presented here for
comparison. Curvature is calculated as reported previously,
except that only the thin bilayer section directly underneath
the BAR domain is included, as opposed to the entire width
along the short membrane axis (y axis). Each point is an
average over 1 ns, with samples taken every 50 ps. (B)
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FIGURE 2 Binding of flexible BAR domain
loops to lipid headgroups. The binding of Arg
and Lys residues to oxygen atoms on lipid
headgroups is shown for simulations NBR1
(A) and NBR3 (B). The solid and dashed lines
represent the left and right loops, respectively,
as depicted in the simulation snapshots (e.g., C).
For this study, these loops comprise residues
161-171, inclusive. Residues are considered
bound if the nitrogen and oxygen atoms remain

within 4.2 A for at least 1 ns (50-ps sampling interval). The binding of these loops assists in stabilizing the interaction of the BAR domain with the lipid bilayer
(compare with Fig. 1, C and E). (C) Close-up snapshot showing the charged binding loops (red arrows) on either end of the BAR domain dissociating from the
bilayer surface after 13 ns in simulation NBR3. The DOPC headgroups are purple and the DOPS headgroups are green. The lipid tails are white. Water and
NaCl are also present in the simulations, but are left out of the image for clarity. In this and other close-up snapshots, only about half of the 45-nm membrane is

shown.

work, residues 161-171) at either end of the BAR domain to
negatively charged residues in the bilayer. These loops are
flexible and sometimes change conformation leading to more
or less favorable orientations for binding the membrane (see
Fig. S3, Data S1, in the Supplementary Material). Further
inspection of the NBR3 simulation reveals that the unstable
orientation of the BAR domain on the bilayer surface is due
to the failure of these charged loops to bind strongly to the
bilayer (Fig. 2, B and C). This is in contrast to NBR1, which
binds strongly via these end loops throughout the simulation
(Fig. 2 A).

The failure of NBR3 to drive membrane curvature even
with its N-terminal helices embedded in the bilayer indicates
that the positively charged concave surface is critical for in-
ducing the strong membrane curvature observed in NBR1
and NBR2. Therefore a second simulation, designated
NBR—, was performed that was initially identical to NBR3
except that 10 of the positively charged Arg and Lys residues
on the concave surface were mutated to the polar residue Gln.
The mutations (five on each monomer) were as follows:
K58Q, R65Q, K132Q, K133Q, and R140Q. These residues
were selected because they interacted most strongly with the
negatively charged lipid headgroups in simulations NBR1
and NBR2. Of these, Lys®, Lys'*?, and Arg'*” are conserved
among amphiphysins (13). Although the other residues are
not highly conserved, all of these residues are found on the
concave surface, directly exposed to the membrane. To
eliminate any BAR domain orientation effects (like those
observed in NBR3), the center of mass of the BAR domain in
NBR- was gently restrained in the y coordinate direction for
the first 10 ns. Throughout the simulation, the mutated BAR
domain maintains a stable orientation with respect to the
membrane surface, similarly to NBR1 (Fig. 1 F). Some
curvature develops in the region of the BAR domain (Fig.
1 A), which appears to be a membrane undulation mode,
since this degree of curvature can be observed in membranes
in the absence of N-BAR domains (see Fig. S2, Data S1, in
the Supplementary Material) and there is no binding of re-
maining charged residues to the lipid headgroups (see Fig.
S4, Data S1). Further information on the potential role of
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membrane undulations in these simulations can be found in
the Supplementary Material (Data S1). Despite this favorable
membrane mode and the stable orientation of the concave
surface, the N-BAR domain without key positively charged
residues does not induce membrane curvature.

N-BAR domains with unbound N-terminal helices

Since the positively charged concave surface was critical
to driving membrane curvature, it was tested whether the
N-BAR domain could drive local membrane curvature
without its N-terminal helices embedded in the membrane.
To do this, simulations similar to NBR1 were performed,
except that the N-terminal region of the N-BAR domain was
not embedded in the bilayer. When not embedded in the bi-
layer, this N-terminal region exists as an unstructured random
coil (13). Since the timescale for helix folding and membrane
insertion is beyond the timescale that is accessible to these
MD simulations, N-terminal regions that are not initially
inserted into the bilayer as helices remain outside the bilayer
as random coils throughout the simulations.

In the first simulation (denoted here as NBRHI1) the
N-BAR domain was placed in a region of negative curvature,
next to a large positive undulation mode. As the simulation
progressed, the membrane reorganized and the large un-
dulation mode dissipated. Apparently as a result of this re-
organization, the N-BAR domain lost tight contact with
the membrane in that region, and eventually one end of the
N-BAR domain dissociated from the bilayer. In a second
simulation (NBRH?2) with a longer initial equilibration time
(but essentially the same starting configuration), the same end
of the N-BAR domain eventually dissociated from the
membrane. During the final simulation (NBRH3), the dis-
sociated end of the N-BAR domain from NBRH2 was guided
back into contact with the bilayer using steered MD (SMD)
(33). In the absence of the large membrane reorganization
that occurred in the first two simulations, the N-BAR domain
remained associated with the bilayer; however, the charged
end loops only managed to bind loosely to the bilayer after
24 ns (see Fig. S3, Data S1, in the Supplementary Material).
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In the absence of this tight binding by the charged end loops,
the N-BAR domains with unbound N-terminal helices did
not induce curvature in the lipid bilayer.

PIP, was added to the lipid bilayer near key charged res-
idues of the N-BAR domain to test whether an increased
membrane charge would facilitate tighter binding by the end
loops and perhaps subsequent membrane bending in the
absence of embedded N-terminal helices. It should be noted
that, thus far, the fraction of negatively charged lipids in these
simulations (30% phosphatidylserine) is lower than that
contained in the Folch fraction I lipids (~10% phosphati-
dylinositol, ~50% phosphatidylserine, and other lipids) (34)
that are often used in tubulation assays, so increasing the
charge in the bilayer in this way is still quite conservative
compared with experiments. To this end, several PS and PC
headgroups were replaced with PIP, headgroups in the vi-
cinity of the positively charged residues of the BAR domain
end loops and concave surface. A simulation was then run
with an N-BAR domain interacting with the DOPC/DOPS/
PIP, bilayer, without its N-terminal helices embedded in the
bilayer. In this simulation, designated NBRHPI1, the end
loops were able to maintain contact with the bilayer for a
much longer period than other simulations with unbound
helices—over 65 ns (Fig. 3 A). During the simulation the
N-BAR appears to induce some curvature in the bilayer (Fig.
3 B), although the bending is not strong enough to be clearly
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distinguished from membrane undulation modes (see the
Supplementary Material, Data S1). Nevertheless, this lack of
strong bending is not due to a lack of binding of the concave
surface as in simulations NBR3 and NBR~-. As shown in Fig.
3, C-E, the residues of the concave surface are very strongly
bound throughout the simulation. The reason for the lack of
strong bending is that the PIP, headgroups, which extend
further away from the bilayer surface than the PS headgroups,
are tightly coordinated by the positively charged residues on
the concave surface of the BAR domain even when the bi-
layer is relatively flat (Fig. 3 D). In contrast, in simulation
NBRI there is a significant gap between the PS headgroups
and the residues of the concave surface when the bilayer is
flat, causing the BAR domain to pull the bilayer closer to the
concave surface to reach an electrostatic equilibrium. Thus,
in the other N-BAR simulations, prolonged strong binding to
the concave surface coincides with strong curvature induc-
tion (see Fig. S4, Data S1, in the Supplementary Material),
whereas in simulation NBRHP1 strong binding results in
much weaker curvature induction.

Behavior of the embedded N-terminal helices

The behavior of the N-terminal helices during the N-BAR
simulations (NBR1-3 and NBR-) was examined to see
whether there were any differences in helix behavior that
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FIGURE 3 Membrane interaction of the N-BAR with unbound N-terminal regions. (A) Binding of the charged end loops of the N-BAR domain to the
DOPC/DOPS/PIP, membrane in simulation NBRHP1. (B) Local curvature of the bilayer in the region of the N-BAR domain. (C) The binding of Arg and Lys
residues on the BAR concave surface to oxygen atoms on the lipid headgroups. (D) Simulation snapshot at the beginning of the simulation showing the N-BAR
domain with unbound N-terminal coil regions (dark cyan) and the lipid bilayer containing PC (purple), PS (green), and PIP, (light cyan) headgroups. The basic
residues on the protein (dark blue) interact strongly with the PIP, headgroups even when the bilayer is relatively flat. (£) Simulation snapshot at 55 ns during
development of local membrane curvature. About half of the 45-nm membrane is shown.
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might account for differences in induced curvature in these
simulations. The helices were initially modeled as a-helices,
although it is predicted that they will not form perfect a-helices
in the membrane (18). In fact, the a-helical structure of one of
the helices of the original simulation NBR1 was disrupted
during the minimization and equilibration process, and it
formed a partial helix and partial coil. All of the other em-
bedded helices in the N-BAR simulations remained close to
the original a-helical structure. In all of these simulations the
helices were embedded parallel to the surface of the bilayer
near the level of the phosphates of the lipid headgroups (Fig.
4 A). This positioning of the helices was recently confirmed
experimentally for endophilin (11). Embedding the two
N-terminal helices of the N-BAR domain in the lipid bilayer
results in a local concentration of ~150 lipids/helix (con-
sidering only lipids in the leaflet of insertion). During these
simulations the center of mass of the helices generally re-
mained within 1-2 A of the level of the lipid phosphates,
although occasionally they fluctuated as far as 3—4 A above
or below this level (see Table S1, Data S1, in the Supple-
mentary Material). The orientation of the helices with respect
to the BAR domain has not been established, but it has been
suggested that an orientation perpendicular to the long axis of
the BAR domain may result in induction of membrane cur-
vature along the same axis as the BAR domain (18). Thus, the
helices were originally placed in this configuration, perpen-
dicular to the long (x) axis of the membrane (Fig. 4 B). During
the N-BAR simulations, the long axes of the embedded
helices generally remained between 70° and 90° of the long
axis of the membrane (see Fig. S5, Data S1, in the Supple-
mentary Material). In these simulations, there do not appear
to be any significant differences in behavior of the N-terminal
helices that might account for differences in induced curva-
ture. This indicates that the presence and stable orientation of
the positively charged residues on the concave surface are the
primary factors influencing curvature induction in these
simulations.

Blood et al.

Curvature induction by amphipathic helices

The protein epsin tubulates liposomes efficiently with just the
amphipathic helix of its ENTH domain (6), and certain
synthetically derived amphipathic helices are known to create
tubules from liposomes at high protein concentrations (lipid/
protein molar ratio of 10) (9). To test whether membrane
bending by amphipathic helices can be observed in these MD
simulations, systems were constructed containing 10 dAmph
amphipathic helices embedded near the level of the lipid
phosphates in a stretch of bilayer equal in length to those used
in the N-BAR domain studies (see Fig. 5 A). This corre-
sponds to a much higher local concentration of embedded
helices (30 lipids/helix) than in the N-BAR simulations. As in
simulation NBR1, some of these helices took on a partial
helix, partial coil conformation during the simulations. In two
separate simulations, designated H1 and H2, significant
membrane bending occurred after 28 ns. The curvature
continues to develop after 28 ns, and the result for H2 after 36
ns is shown in Fig. 5 B. Over the course of the 50 ns H2
simulation, the average position of the helices in the bilayer
decreased from 1.8 to 0.32 A above the level of the phos-
phates (excluding a single helix that formed a large coil that
protruded from the surface of the bilayer). This position
agrees quite well with the experimentally determined mem-
brane position for the N-terminal helix of endophilin (11). No
curvature developed in two identical control bilayers with no
amphipathic helices embedded. Further studies will be re-
quired to determine whether a global bilayer couple mecha-
nism or a local spontaneous curvature mechanism (2) is
responsible for the observed curvature.

DISCUSSION

In our previously reported MD simulations (20), strong
membrane curvature induction was observed by dAmph
N-BAR domains having their N-terminal helices embedded

FIGURE 4 Orientation of the N-terminal helix. (A) Cross section along the long axis of the membrane showing the N-terminal helix embedded at the
junction between the lipid headgroups (purple and green) and lipid tails (white). (B) Top view of the N-BAR domain showing both of the embedded N-terminal

helices (red arrows). About half of the 45-nm membrane is shown.
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FIGURE 5 Membrane curvature driven by amphipathic helices. (A) Top view of the membrane containing 10 embedded amphipathic helices (orange) after
36 ns. (B) Snapshot from the 10-helix simulation after 36 ns, showing the amphipathic helices inducing curvature in the membrane.

in a membrane consisting of 30% DOPS and 70% DOPC.
The simulations reported here provide insight into the roles of
the positively charged concave surface and N-terminal heli-
ces of the N-BAR domain in driving the membrane curvature
observed previously. It is found that the positively charged
residues on the concave surface must be present and maintain
a stable orientation with respect to the membrane to drive
strong curvature. It is also found that the ability of the BAR
domain to maintain a stable orientation on the bilayer surface
depends on the binding of the charged end loops, which
provide a stable platform for subsequent membrane defor-
mation. These simulations suggest that the charged concave
surface of the BAR domain is not acting only as a stabilizer of
membrane curvature generated primarily by embedded hel-
ices, rather it is actually driving local membrane curvature in
the absence of significant membrane curvature generation by
embedded helices.

In the N-BAR simulations reported here, the local ratio of
lipids to membrane-embedded helices is ~150:1. These hel-
ices extend away from the BAR domain, in opposite direc-
tions, perpendicular to its long axis (see Fig. 4 B). In this
arrangement and at this concentration in the membrane, the
embedded N-terminal helices do not drive curvature strongly
in the absence of the positively charged residues of the BAR
domain concave surface; however, the embedded helices are
essential for keeping the N-BAR domain closely associated
with the bilayer. Without its N-terminal helices embedded in
the membrane, the N-BAR domain is prone to dissociate from
the bilayer surface. Increasing the negative charge of the
membrane by adding PIP, near key positively charged resi-
dues enables the N-BAR domain to remain associated with
the bilayer. The PIP, lipids bind quite strongly to the concave

surface of the BAR domain. Nevertheless, the bilayer bending
is not as strong as in previous simulations because the nega-
tively charged phosphates on the PIP, headgroups, which
were placed near the major positively charged residues of the
BAR domain, extend far enough from the membrane surface
that they are able to bind tightly to these residues without the
need for strong bilayer bending. It is possible that this smaller
degree of local bending would translate into tubules with a
larger diameter, although this requires further investigation.

Placing high concentrations of amphipathic helices in the
membrane (30 lipids/helix) enables them to cause membrane
curvature in the absence of the BAR domain. Even though
these embedded helices do not drive curvature strongly at the
lower concentration that occurs in the N-BAR simulations,
these helices are clearly capable of changing bilayer curva-
ture at a sufficiently high concentration. Hence, it is still
possible that, in addition to keeping the N-BAR closely as-
sociated with the bilayer, the two embedded helices in NBR1
make the bilayer easier to bend, and in this way work together
with the charged concave surface to yield stronger curvature.
This contribution of the embedded helices to membrane
bending may be particularly effective if they are embedded
directly below the BAR domain, as was proposed for endo-
philin (11). However, in these helix simulations we cannot
yet distinguish whether the observed membrane curvature
occurs due to a global area difference, or through a local
change in spontaneous curvature of the bilayer. It is also
possible that, at lower concentrations, the full effect of the
embedded helices occurs over longer timescales than ac-
cessed in these simulations.

Experiments have shown that both amphipathic helices
alone (6-9) and the BAR domain alone (13) lead to at least
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some membrane tubulation at sufficiently high concentra-
tions. In general, the balance between these two structural
motifs in driving curvature will depend on both the bilayer
composition and charge (13) and the local concentration and
depth of penetration of embedded helices in the bilayer (2).
Further investigation will be required to determine how the
variation of these parameters affects curvature induction by
N-BAR domains. For instance, certain amphipathic helices
may penetrate more deeply into the bilayer and thus drive
curvature more vigorously, as likely occurs for helices that
are modified by the addition of bulky hydrophobic residues
(6,12). The simulations presented here indicate that, at a
concentration of 150 lipids/helix, the embedded amphipathic
helices of a dAmph N-BAR domain are not sufficient to drive
significant membrane curvature. This suggests that for am-
phipathic helices to drive curvature on their own, as in the
case of the epsin ENTH domain (6), they must either be more
concentrated in the membrane or penetrate more deeply into
the bilayer, or both. The N-BAR configuration tested here
does not correspond to the tightest possible packing of these
molecules on the membrane surface; therefore, the N-terminal
helices may contribute more to curvature development in
more tightly packed configurations. Experiments with en-
dophilin have shown that it can still generate some tubules
even when the BAR dimer is disrupted (10,11). Indeed,
modifications that disrupt the BAR dimer may permit an
even higher concentration of amphipathic helices to accu-
mulate in the bilayer than would occur with the full dimer,
thus enabling curvature generation by the N-terminal heli-
ces in the absence of the positively charged concave surface
formed by the dimer. Therefore, under certain conditions
the N-BAR amphipathic helices may directly and vigor-
ously generate membrane curvature, whereas under other
conditions they may contribute to robust curvature devel-
opment primarily by anchoring the BAR domain to the bi-
layer. Thus, an important question is: how are N-BAR
domains typically arranged on the membrane and what is
the concentration and arrangement of their N-terminal hel-
ices in the bilayer?

The presence of striations on N-BAR induced tubules
suggests that N-BAR domains oligomerize on the mem-
brane surface during liposome tubulation (10,13-15). In
addition, cross-linking of N-BAR proteins yields higher-
order oligomers (10,14). F-BAR domains (35,36), a related
family of curvature-inducing modules, also create striations
on tubulated vesicles and recently were found to form
oligomers (37). Very recently, high-resolution electron
cryomicroscopy of F-BAR domains bound to lipid tubules
revealed additional specific interactions between F-BAR
domains that were undetected in the crystal structure and
confirmed that oligomerization of these domains on mem-
branes is essential for driving tubulation (32). The sensi-
tivity of induced membrane curvature to the stability of the
N-BAR domain on the membrane surface, reported in this
work, further supports the idea that oligomerization is es-
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sential for robust curvature generation. It is therefore likely
that oligomerization plays an important role in membrane
tubulation by N-BAR domains.

It is interesting to consider that the N-terminal helices of
N-BAR domains may be involved in N-BAR oligomeriza-
tion. This possibility has been considered before as a potential
alternative to helix insertion into the bilayer (18), but since it
now seems clear that the N-terminal helices embed in the
membrane (11), oligomerization by these helices, if it hap-
pens, must occur in the membrane. It is interesting that an
N-terminal fragment of the endophilin N-BAR domain can be
cross-linked into higher-order oligomers, but only in the
presence of liposomes (10). In addition, experimental and
theoretical studies suggest that amphipathic helices embed-
ded in the lipid bilayer will cause membrane thinning, which
will create a driving force to push the helices together in the
membrane (38,39). These findings point to a mechanism by
which N-BAR domains might oligomerize on the membrane
surface via their N-terminal helices to drive membrane tu-
bulation. Of interest, a study involving the interfacially ad-
sorbed amphipathic helix melittin showed that the membrane
perturbation by a melittin monomer was quite minimal, but
dimerization of melittin greatly increased the membrane
perturbation (40). Hence, in a configuration such as this, oli-
gomerizing N-terminal helices might enhance bilayer curva-
ture locally, through more significant disruptions of local
membrane structure, even at concentrations at which mono-
meric helices would not generate curvature (19). In this study,
although the embedded helices in the ‘‘helix only’’ simulation
were free to diffuse in the membrane, the timescale simulated
(~50 ns) was not sufficiently long to determine whether they
will dimerize.

While this work was under review, an experimental study
(41) of the N-terminal amphipathic helix from the N-BAR
domain of BRAP (breast cancer-associated protein)/Bin2 (42)
was published that provides evidence for dimerization of this
helix in an antiparallel arrangement, and also independently
proposes this as a possible mechanism for N-BAR domain
oligomerization on the membrane. The same study also finds
no evidence for tubulation of liposomes by the N-terminal
amphipathic helix of BRAP/Bin2. This issue awaits further
clarification, since other studies have found tubulation by
amphipathic helices alone (6-9). As mentioned above, dif-
ferences between amphipathic helices may affect their ability
to induce curvature in membranes, as shown in previous
studies (8,9). Our simulations suggest that a high concentra-
tion of helices embedded near the level of the phosphates and
aligned parallel to each other would be effective in inducing
tubulation. It remains to be seen whether this sort of ordered
alignment of embedded helices actually occurs in the bilayer,
and at what concentration they accumulate.

Additional work is required to understand how these local
membrane perturbations translate into global membrane re-
modeling events. The simulations reported here probe only
local curvature development, and although they can provide
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insight into the mechanisms of larger deformations, they
cannot directly address effects that require the interaction of
multiple N-BAR domains. In addition, although our simu-
lations are among the largest that can currently be performed
and require great amounts of computing resources, they are
still only just large enough to allow observation of membrane
remodeling by a single N-BAR domain. Therefore, it is
possible that the system size influences the behavior of the
system to some degree. The restricted space along the short
membrane axis may accelerate the observation of membrane
curvature. In contrast, the restricted space along the long
principal axis could have the opposite effect, making it more
difficult to bend the membrane, since for high curvatures both
a positive and negative curvature must develop to allow the
membrane to meet up with its periodic image (as in simula-
tions NBR1 and NBR2). Therefore, it will be critical to
continue to explore the interaction between the membrane
and multiple N-BAR domains for even larger membrane
systems at full all-atom resolution.

Another computer modeling strategy is to employ coarse-
grained (CG) molecular modeling, as was recently done by
Arkhipov et al. (43) for multiple N-BARs on a patch of lipid
bilayer. More specifically, these researchers placed on a
segment of CG membrane six CG N-BAR domains in a
staggered alignment. In turn, they observed bending of the
membrane into a radius of curvature similar to certain of the
N-BAR-induced tubulated liposome structures observed
experimentally. That such a CG model of multiple N-BAR
domains aligned in such a fashion can bend a membrane is
not surprising given the molecular-scale results already pre-
sented in both prior work (20) and this study. A greater
challenge for such coarse-grained modeling will be to not
only accurately model the diversity and subtlety of the mo-
lecular-scale results reported here, but to also reproduce the
full range of experimentally observed N-BAR-induced ve-
siculation and tubulation behavior of liposomes in vitro (13)
as a function of N-BAR concentration and other experimental
conditions.

With such larger goals in mind, the results of atomistic MD
simulations can instead be bridged in a multiscale fashion to
mesoscopic simulations (44,45) that can provide additional
insight into the mechanisms of the global (as opposed to
local) membrane remodeling events that are observed in
experiments. For example, our multiscale simulations (45)
using results from the previous atomistic-level N-BAR sim-
ulations (20) have provided insight into how the BAR-domain-
induced curvature density and degree of anisotropy can lead
to experimentally observed in vitro liposome vesiculation
and tubulation behavior (13). Thus, in addition to providing
atomistic-level insight into mechanisms of membrane de-
formation by N-BAR domains, this work also lays the
foundation for future atomistic, CG, and multiscale studies to
investigate in further detail how multiple interacting N-BAR
domains work together on larger-length scales to induce
global membrane remodeling.

1875

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

We thank Drs. Gary Ayton and Will Noid for discussions and assistance.
We also thank Dmitry Lupyan for providing parameters for the PIP, lipid.

Computational resources were provided by the National Science Founda-
tion through TeraGrid computing resources administered by the Pittsburgh
Supercomputing Center, the San Diego Supercomputer Center, the National
Center for Supercomputing Applications, the Texas Advanced Computing
Center, and Argonne National Laboratories. This work was supported by a
grant from the National Institutes of Health (RO1 GM063796).

REFERENCES

1. McMahon, H. T., and J. L. Gallop. 2005. Membrane curvature and
mechanisms of dynamic cell membrane remodelling. Nature. 438:
590-596.

2. Zimmerberg, J., and M. M. Kozlov. 2006. How proteins produce
cellular membrane curvature. Nat. Rev. Mol. Cell Biol. 7:9-19.

3. McMahon, H. T., and I. G. Mills. 2004. COP and clathrin-coated
vesicle budding: different pathways, common approaches. Curr. Opin.
Cell Biol. 16:379-391.

4. Bi, X., R. A. Corpina, and J. Goldberg. 2002. Structure of the Sec23/
24-Sarl pre-budding complex of the COPII vesicle coat. Nature.
419:271-277.

5. Nossal, R. 2001. Energetics of clathrin basket assembly. Traffic. 2:138—
147.

6. Ford, M. G., I. G. Mills, B. J. Peter, Y. Vallis, G. J. Praefcke, P. R.
Evans, and H. T. McMahon. 2002. Curvature of clathrin-coated pits
driven by epsin. Nature. 419:361-366.

7. Lee, M. C., L. Orci, S. Hamamoto, E. Futai, M. Ravazzola, and R.
Schekman. 2005. Sarlp N-terminal helix initiates membrane curvature
and completes the fission of a COPII vesicle. Cell. 122:605-617.

8. Furuya, T., T. Kiyota, S. Lee, T. Inoue, G. Sugihara, A. Logvinova, P.
Goldsmith, and H. M. Ellerby. 2003. Nanotubules formed by highly
hydrophobic amphiphilic a-helical peptides and natural phospholipids.
Biophys. J. 84:1950-1959.

9. Lee, S., T. Furuya, T. Kiyota, N. Takami, K. Murata, Y. Niidome,
D. E. Bredesen, H. M. Ellerby, and G. Sugihara. 2001. De novo-
designed peptide transforms Golgi-specific lipids into Golgi-like nano-
tubules. J. Biol. Chem. 276:41224-41228.

10. Farsad, K., N. Ringstad, K. Takei, S. R. Floyd, K. Rose, and P. De
Camilli. 2001. Generation of high curvature membranes mediated by
direct endophilin bilayer interactions. J. Cell Biol. 155:193-200.

11. Gallop, J. L., C. C. Jao, H. M. Kent, P. J. Butler, P. R. Evans, R.
Langen, and H. T. McMahon. 2006. Mechanism of endophilin N-BAR
domain-mediated membrane curvature. EMBO J. 25:2898-2910.

12. Masuda, M., S. Takeda, M. Sone, T. Ohki, H. Mori, Y. Kamioka, and
N. Mochizuki. 2006. Endophilin BAR domain drives membrane
curvature by two newly identified structure-based mechanisms.
EMBO J. 25:2889-2897.

13. Peter, B. J., H. M. Kent, I. G. Mills, Y. Vallis, P. J. G. Butler, P. R. Evans,
and H. T. McMahon. 2004. BAR domains as sensors of membrane
curvature: the amphiphysin BAR structure. Science. 303:495-499.

14. Richnau, N., A. Fransson, K. Farsad, and P. Aspenstrom. 2004. RICH-1
has a BIN/Amphiphysin/Rvsp domain responsible for binding to
membrane lipids and tubulation of liposomes. Biochem. Biophys.
Res. Commun. 320:1034-1042.

15. Takei, K., V. I. Slepnev, V. Haucke, and P. De Camilli. 1999. Func-
tional partnership between amphiphysin and dynamin in clathrin-
mediated endocytosis. Nat. Cell Biol. 1:33-39.

16. Weissenhorn, W. 2005. Crystal structure of the endophilin-Al BAR
domain. J. Mol. Biol. 351:653-661.

Biophysical Journal 95(4) 1866—1876



1876

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zhang, B., and A. C. Zelhof. 2002. Amphiphysins: raising the BAR for
synaptic vesicle recycling and membrane dynamics. Traffic. 3:452-460.

Gallop, J. L., and H. T. McMahon. 2005. BAR domains and membrane cur-
vature: bringing your curves to the BAR. Biochem. Soc. Symp. 72:223-231.

Farsad, K., and P. De Camilli. 2003. Mechanisms of membrane
deformation. Curr. Opin. Cell Biol. 15:372-381.

Blood, P. D., and G. A. Voth. 2006. Direct observation of Bin/
amphiphysin/Rvs (BAR) domain-induced membrane curvature by
means of molecular dynamics simulations. Proc. Natl. Acad. Sci.
USA. 103:15068-15072.

MacKerell, A. D., D. Bashford, M. Bellott, R. L. Dunbrack, J. D.
Evanseck, M. J. Field, S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph-
McCarthy, L. Kuchnir, K. Kuczera, F. T. K. Lau, C. Mattos, S.
Michnick, T. Ngo, D. T. Nguyen, B. Prodhom, W. E. Reiher, B. Roux,
M. Schlenkrich, J. C. Smith, R. Stote, J. Straub, M. Watanabe, J.
Wiorkiewicz-Kuczera, D. Yin, and M. Karplus. 1998. All-atom em-
pirical potential for molecular modeling and dynamics studies of
proteins. J. Phys. Chem. B. 102:3586-3616.

Feller, S. E., and A. D. MacKerell. 2000. An improved empirical
potential energy function for molecular simulations of phospholipids.
J. Phys. Chem. B. 104:7510-7515.

Allen, M. P., and D. J. Tildesley. 1989. Computer Simulation of
Liquids. Oxford University Press, Oxford.

Feller, S. E., Y. Zhang, R. W. Pastor, and B. R. Brooks. 1995. Constant
pressure molecular dynamics simulation: The Langevin piston method.
J. Chem. Phys. 103:4613-4621.

Darden, T., D. York, and L. Pedersen. 1993. Particle mesh Ewald: an
N log(N) method for Ewald sums in large systems. J. Chem. Phys. 98:
10089-10092.

Miyamoto, S., and P. A. Kollman. 1992. Settle: An analytical version
of the SHAKE and RATTLE algorithm for rigid water models.
J. Comput. Chem. 13:952-962.

Brooks, B. R., R. E. Bruccoleri, B. D. Olafson, D. J. States, S.
Swaminathan, and M. Karplus. 1983. CHARMM: a program for mac-
romolecular energy, minimization, and dynamics calculations. J. Comput.
Chem. 4:187-2117.

Humphrey, W., A. Dalke, and K. Schulten. 1996. VMD: visual
molecular dynamics. J. Mol. Graph. 14:33-38, 27-38.

Phillips, J. C., R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E.
Villa, C. Chipot, R. D. Skeel, L. Kale, and K. Schulten. 2005. Scalable
molecular dynamics with NAMD. J. Comput. Chem. 26:1781-1802.

Frisch, M. J., G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, J. Montgomery, J. A., T. Vreven, K. N. Kudin,
J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B.
Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li,
J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P.

Biophysical Journal 95(4) 1866—1876

31.

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Blood et al.

Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A. Pople.
2004. Gaussian 03, Revision C.02. Gaussian, Wallingford, CT.

Cieplak, P., W. D. Cornell, C. Bayly, and P. A. Kollman. 1995.
Application of the multimolecule and multiconformational RESP
methodology to biopolymers: charge derication for DNA, RNA, and
proteins. J. Comput. Chem. 16:1357-1376.

Frost, A., R. Perera, A. Roux, K. Spasov, O. Destaing, E. H. Egelman,
P. De Camilli, and V. M. Unger. 2008. Structural basis of membrane
invagination by F-BAR domains. Cell. 132:807-817.

Isralewitz, B., M. Gao, and K. Schulten. 2001. Steered molecular
dynamics and mechanical functions of proteins. Curr. Opin. Struct.
Biol. 11:224-230.

http://www.sigmaaldrich.com/catalog/search/ProductDetail/SIGMA/
B1502.

Henne, W. M., H. M. Kent, M. G. J. Ford, B. G. Hegde, O. Daumke,
P. J. G. Butler, R. Mittal, R. Langen, P. R. Evans, and H. T. McMahon.
2007. Structure and analysis of FCHo2 F-BAR domain: a dimerizing
and membrane recruitment module that effects membrane curvature.
Structure. 15:839-852.

. Ttoh, T., K. S. Erdmann, A. Roux, B. Habermann, H. Werner, and P.

De Camilli. 2005. Dynamin and the actin cytoskeleton cooperatively
regulate plasma membrane invagination by BAR and F-BAR proteins.
Dev. Cell. 9:791-804.

Shimada, A., H. Niwa, K. Tsujita, S. Suetsugu, K. Nitta, K. Hanawa-
Suetsugu, R. Akasaka, Y. Nishino, M. Toyama, L. R. Chen, Z. J. Liu,
B. C. Wang, M. Yamamoto, T. Terada, A. Miyazawa, A. Tanaka, S.
Sugano, M. Shirouzu, K. Nagayama, T. Takenawa, and S. Yokoyama.
2007. Curved EFC/F-BAR-domain dimers are joined end to end into a
filament for membrane invagination in endocytosis. Cell. 129:761-772.
Zemel, A., A. Ben-Shaul, and S. May. 2004. Membrane perturbation
induced by interfacially adsorbed peptides. Biophys. J. 86:3607-3619.
Ludtke, S., K. He, and H. Huang. 1995. Membrane thinning caused by
magainin 2. Biochemistry. 34:16764—16769.

Hristova, K., C. E. Dempsey, and S. H. White. 2001. Structure,
location, and lipid perturbations of melittin at the membrane interface.
Biophys. J. 80:801-811.

Fernandes, F. M., L. M. S. Loura, F. J. Chichon, J. L. Carrascosa, A.
Fedorov, and M. Prieto. 2008. Role of Helix-0 of the N-BAR domain
in membrane curvature generation. Biophys. J. 94:3065-3073.

Ge, K., and G. C. Prendergast. 2000. Bin2, a functionally nonredundant
member of the BAR adaptor gene family. Genomics. 67:210-220.
Arkhipov, A., Y. Yin, and K. Schulten. 2008. Four-scale description of
membrane sculpting by BAR domains. Biophys. J. doi:10.1529/
biophysj.108.132563.

Ayton, G. S., J. L. McWhirter, and G. A. Voth. 2006. A second
generation mesoscopic lipid bilayer model: connections to field-theory
descriptions of membranes and nonlocal hydrodynamics J. Chem.
Phys. 124:064906-064912.

Ayton, G., P. D. Blood, and G. A. Voth. 2007. Membrane remodeling
from N-BAR domain interactions: insights from multiscale simulation.
Biophys. J. 92:3595-3602.



	Factors Influencing Local Membrane Curvature Induction by N-BAR Domains as Revealed by Molecular Dynamics Simulations
	Introduction
	Methods
	General simulation details
	PIP2 parameterization
	N-BAR simulations
	Helix-only simulations

	Results
	Role of the positively charged concave surface
	N-BAR domains with unbound N-terminal helices
	Behavior of the embedded N-terminal helices
	Curvature induction by amphipathic helices

	Discussion
	Supplementary material
	REFERENCES


