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Membrane Binding by the Endophilin N-BAR Domain

Haosheng Cui, Gary S. Ayton, and Gregory A. Voth*
Center of Biophysical Modeling and Simulation, University of Utah, Salt Lake City, Utah

ABSTRACT The structure of the endophilin N-terminal amphipathic helix Bin/Amphiphysin/Rvs-homology (N-BAR) domain is
unique because of an additional insert helix under the arch of the N-BAR dimer. The structure of this additional helix has not been
fully resolved in crystallographic studies, and thus presents a challenge to molecular-level analysis. Large-scale molecular-
dynamics simulations were therefore employed to investigate the interaction of a single endophilin N-BAR with a lipid bilayer.
Various possible configurations of the additional insert helix under the top of the arch of the endophilin N-BAR were modeled
to examine their effect on membrane bending. A residue-residue and residue-lipid headgroup distance analysis, similar to
that performed with electron paramagnetic resonance spectroscopy, revealed that the insert helix remains perpendicular to
the long axis of the N-BAR over the duration of the simulations. It was also found that the degree of membrane bending is directly
related to the orientation of the additional insert helix, and that the perpendicular configuration generates the largest curvature
consistent with mutation experiments. In addition, the angle formed between the two N-BAR monomers at the top of the arch
is sensitive to the orientation of the insert helices. A membrane sensing-binding-bending mechanism is proposed to describe
the process of an endophilin N-BAR interaction with a membrane.
doi: 10.1016/j.bpj.2009.08.043
INTRODUCTION

Bin/Amphiphysin/Rvs-homology (BAR) domains accumulate

in neurons and are believed to play a key role in presynaptic

endocytosis to recycle vesicles after neurotransmitter release

(1–4). These crescent-shaped homodimers have positively

charged residues on the concave surface (the ‘‘arch’’) and func-

tion in sensing and remodeling vesicle curvatures (2,5).

In vitro, it has been observed that high concentrations of

BAR domain dimers can tubulate vesicles with structured rings

on the outer tubule (4,6). There is evidence from in vivo studies

that they bind to membranes to form a variety of tubulated

structures at the neck of clathrin-coated vesicles (5).

A BAR domain with an additional N-terminal amphi-

pathic helix is denoted as an N-BAR domain (2,7,8). The

N-terminal amphipathic helix has an a-helical structure

that can be embedded in between the headgroups and

tailgroups of the outer leaflet of a lipid bilayer when the

N-BAR domain interacts with a membrane. This embedding

results from the hydrophobic residues on one side of the

helix and hydrophilic residues on the other (9–11). The

amphipathic helices are unstructured in the solvent and

only fold when they embed in the membrane, which makes

it difficult to completely characterize their structure by crys-

tallographic techniques (2).

The endophilin N-BAR domain is an important member

of the BAR domain superfamily, which can be found in

many stages of the endocytotic pathway from the initial

curvature generation of vesicle budding to the late steps of

vesicle uncoating (12,13). Recent studies have proposed

several mechanisms whereby endophilin N-BAR domains

can bend and remodel membranes (9,14). Moreover, via
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the SH3 domain, the endophilin protein module has the

ability to recruit dynamin or synaptojanin, which acts as a

membrane scissor or uncoater (12,15). Experimental work

(9) has also suggested the possibility of a fast clathrin-inde-

pendent endocytosis mediated only by endophilin N-BAR

domains.

The structure of the endophilin N-BAR domain is charac-

terized by two additional ‘‘insert’’ amphipathic helices (one

on each monomer) located under the top of the ‘‘arch’’ of the

N-BAR domain dimer. Like N-terminal amphipathic helices,

they are also highly disordered in solution, but are believed

to fold upon insertion into the upper membrane leaflet. Here-

after, they will be denoted as ‘‘insert helices’’ (14). The addi-

tional insert helices may not only allow endophilin N-BAR

domains to induce larger curvatures compared to amphiphy-

sin N-BAR domains and other BAR domain superfamily

members (14), they also suggest the possibility of a different

binding mechanism compared to amphiphysin (3). Several

mutant experiments (9,14) have suggested that the N-BAR

dimer rigidity is essential for membrane remodeling, so the

additional insert helices may play an important role in main-

taining the dimer association. It has also been observed that

mutated endophilin BAR domains without the insert helices

give rise to a significant decrease in membrane curvature

(14). Thus it is still an open question as to how the insert

amphipathic helices, in cooperation with scaffolding of the

N-BAR domain protein (5), are involved in the overall

membrane bending process.

Some structural information regarding the insert helix of

the endophilin N-BAR domain has been revealed by crystal-

lography (endophilin A1, Protein Data Bank (PDB) ID:

1X03; endophilin-III, PDB ID: 2Z0V), since they are un-

structured in the solvent (9,14). Recent work using electron

paramagnetic resonance (EPR) spectroscopy (9) showed that
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the amphipathic insert helices of N-BAR domains are

parallel to the membrane surface; however, their orientation

relative to the long axis of the N-BAR dimer was not

resolved. Thus, to fully understand liposome remodeling

and tubulation driven by endophilin N-BAR domains, a

detailed molecular-level examination of the structure of the

insert amphipathic helices is still required.

Molecular-dynamics (MD) simulations of membrane re-

modeling by amphiphysin N-BAR domains have provided

considerable insights into N-BAR domain-mediated mem-

brane sculpting (10,11,16). These simulations have shown

that both the positively charged concave surface and the

embedded amphipathic N-terminal helices are important

for local membrane bending (10), and that the interaction

between the N-BAR and the lipids needs to be sufficiently

strong and correlated with the intrinsic membrane undulation

frequencies (11). Possible oligomer arrangements for amphi-

physin N-BARs at the coarse-grained MD level have been

shown to induce a range of membrane curvatures (16,17).

However, to our knowledge, no MD simulations of endophi-

lin N-BARs have been performed to date.

Within the context of endophilin-induced membrane re-

modeling, MD simulations can provide important quantita-

tive information on a very local level (e.g., averaged key

residue-residue and residue-lipid headgroup distances that

mirror such distances extracted from EPR measurements

(18)), as well as at longer length scales (e.g., average mem-

brane curvature as well as endophilin dimer structure). The

combination of these simulation results may also provide

considerable insight into the role and structure of the insert

helices. The fact that the orientation of the insert helices is

still not fully resolved experimentally motivated us to

perform an MD simulation study involving the construction

of different possible insert helix configurations, and to then

examine the resulting membrane bending behavior. When
combined with future experimental estimates, these simula-

tion results will help to identify the most likely candidates

for the orientation and structure of the insert helices.

In this work, we examined endophilin N-BAR-membrane

interactions using a large-scale MD simulation similar in

spirit to that used previously for amphiphysin (10,11). The

next section describes some important simulation details,

followed by the results, discussion, and a summary of our

findings.

MATERIALS AND METHODS

The endophilin N-BAR domain coordinates (wild-type (WT) and mutant)

were obtained from Masuda et al. (14) (PDB ID:1X03 and 1X04). The coor-

dinates for an initially bent membrane (composed of 70%:30% dioleoyl-

phosphatidylcholine (DOPC)/dioleoylphosphatidylserine (DOPS)) were

obtained from the MD simulation of Blood and Voth (10) after 27 ns. For

each system examined, the amphiphysin N-BAR domain in that configura-

tion was then substituted by a single endophilin N-BAR domain at the same

location, and the system was then resolvated, reionized, and reequilibrated.

Three systems (NBR-45, NBR-Perp, and NBR-Mut) containing different

endophilin N-BAR domain structures were prepared from PDB 1X03

(Fig. 1, a and b) and PDB 1X04 (Fig. 1c) (14). NBR-Perp (Fig. 1a) has the

insert helix perpendicular to the long axis of the N-BAR dimer, whereas

NBR-45 (Fig. 1c) has the insert helix at 45� to the long axis. The mutant en-

dophilin N-BAR domain, NBR-Mut (Fig. 1b), was constructed with the insert

helices replaced by a helical stretch previously obtained from experiment

(14). The design of the three systems follows from observations from previous

studies (10) in which the N-terminal helices were placed perpendicular to the

BAR. In all systems, both the insert helices and the N-terminal helices are

embedded parallel to the membrane surface such that the hydrophobic resi-

dues of the amphipathic helices are associated with tailgroups of the lipids,

whereas the hydrophilic parts of amphipathic helices are closer to the lipid

headgroups and surrounding solvent. Because all of the amphipathic helices

had to be embedded in the outer bilayer leaflet from the outset without overly

stressing the endophilin dimer, a prebent membrane obtained from a previous

amphiphysin N-BAR result (10) for endophilin was employed.

All three systems (NBR-45, NBR-Perp, and NBR-Mut) were identically

prepared. The membranes were solvated, top and bottom, by a minimum
FIGURE 1 MD simulation snapshots of the (a) NBR-

Perp, (b) NBR-Mut, and (c) NBR-45 systems (see text

for details). The snapshot on the far left highlights the loca-

tion of the arch helix in the different systems. The center

panel shows the induced membrane curvature for the three

systems, with the curvature for NBR-Perp being the largest

and that for NBR-45 the smallest. The actual average

curvatures calculated over the last 55 ns of a 75 ns simula-

tion are also reported. The SD of the curvature was calcu-

lated by dividing this time interval into five blocks each of

11 ns, and it was found that the error was within 0.01 nm�1.

The angle q (shown in panel a) is defined from the first

parts of helix-3 (residues 180–195) of the dimer, and gives

a measure of the ‘‘arch’’ of the endophilin dimer on

average. NBR-45 exhibits a significant drop in the value

of q, whereas NBR-Perp and NBR-Mut maintain their

initial structure over the course of the simulation. Employ-

ing the method described above for error estimation, the

error of this calculation is within 53�.
Biophysical Journal 97(10) 2746–2753
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15 Å layer of TIP3P explicit waters, and 0.15 M NaCl was included to main-

tain charge neutrality (19). The dimensions of the systems reached 446 �
86 � 163 Å3 (i.e., ~702,530 atoms).

The CHARMM22 (20) force field was employed for the protein parame-

ters, and the CHARMM27 (21) force field determined the lipid and lipid

protein parameters. Long-range electrostatic interactions were computed

using the particle mesh Ewald algorithm (22) with standard periodic

boundary conditions. SHAKE/SETTLE algorithms (23,24) were used to

constrain all atom-hydrogen bonds, thus allowing for a time step of 2 fs.

A conjugate-gradient minimization of 80,000 time steps was initially applied

and the backbone atoms of the N-BAR domains and the phosphate atoms of

the lipids were restrained with harmonic potentials with spring constants of

100 kcal/(mol Å2). The systems were then heated to 310 K with the same

restraints. Initial constant-pressure, constant-temperature (NPT) equilibra-

tions gradually reduced the restraint potentials on the Ca atoms (e.g., 200 ps

with spring constants of 10 kcal/(mol Å2), and then 200 ps of 1 kcal/

(mol Å2)). To fully maximize the interaction of the amphipathic helices

with the lipids while also maintaining their helical structure, additional equil-

ibrations (6 ns) having harmonic potential restraints with spring constants of

0.5 kcal/(mol Å2) on the Ca atoms of the amphipathic helices were per-

formed. This was followed by fully unconstrained, fully anisotropic pressure

coupling NPT MD simulations at 1 atm and 310 K. Damping coefficients of

Langevin thermostats in the NPT algorithm were set to 0.5 ps�1 and the Lan-

gevin-piston barostats were set with a 2 ps piston period and a 2 ps damping

time (25). All MD simulations were performed using the NAMD simulation

package (26), and analysis and visualizations were conducted with the VMD

package (27).

RESULTS

Key residue distance measurements

When the endophilin dimer is in contact with the membrane,

its average structure relative to the original crystal structure

can be examined by calculating the average residue-residue

and residue-phosphate atom distances, and employing the

Ca atoms of the residues along with the location of the first

peak in the corresponding radial distribution function (RDF).

These distances could, in principle, also be measured with

EPR spectroscopy (9). In Fig. 2, a simulation snapshot of

the endophilin dimer is shown, with key residues depicted

in darker colors for clarity. The green arc gives an indication

of the average location of the phosphate atoms in the

membrane, and the blue and red arrows respectively denote

the closest and farthest residues from the phosphate atoms in
Biophysical Journal 97(10) 2746–2753
the bilayer. It should be noted that these lines are drawn to

guide the eye only, as the actual measurement requires aver-

aging over instantaneous fluctuations. The black arrows refer

to key residue-residue distances for identical residues found

in each monomer (e.g., residues Lys-227, Pro-62, Ala-63,

Ala-96, Ser-216). The final dotted line gives the distance

between residues Ser-200 and Leu-166 for further compar-

ison. The final distances are given in Tables 1 and 2. On

average, the structure of the dimer relative to the original

crystal structure is maintained. The variation in distances

between the membrane and the protein demonstrates the

importance of the N-terminal amphipathic helices in restrain-

ing the membrane such that it maintains a close proximity to

the protein. Of interest, the residues closest to the N-terminal

helices are closest to the membrane; residues underneath the

BAR domain arch are generally farther away. The insert

helices thus may play a role in modulating the distance

between the protein and membrane in generating a smooth

(rather than kinked) membrane curvature as shown in Fig. 1.

The average insertion depth of an insert helix can also be

examined. In Fig. 3, the average depth of one of the insert

helices is shown, starting from residue 63 and ending at

the N-terminal residue 79. The shaded yellow region gives

the approximate location of the headgroup region of the

bilayer in the vicinity of the insert helices. The majority of

the gray hydrophobic residues on average reside in the lipid

tail region of the membrane, whereas the green hydrophilic

residues generally reside in the upper region of the phosphate

headgroups. Of interest, the insert helix ‘‘rises’’ out of

the membrane in going from residue 63 to 79, until the

N-terminal region partially resides out of the bilayer and is

exposed to the surrounding solvent. The origin of this effect

appears to be related to the fact that the residues are more

hydrophilic in the end-terminal region.

The stability of the NBR-Perp system can be examined by

measuring key residue-residue distances in opposing insert

helices, as shown in the upper snapshot in Fig. 4. The

component of the projected distance orthogonal to the long

axis of the N-BAR dimer is reported in this analysis. If,

over the course of the simulation, the system had exhibited
FIGURE 2 Residue-residue and residue-phosphate atom

distances from the MD simulation. The image at the top is a

simulation snapshot of the endophilin dimer. The arc

(green online) gives the approximate average location of

the phosphate atoms in the lipid headgroups. The arrows

(black online) designate the residue-residue distances for

like residues in each monomer (residues Lys-227, Pro-62,

Ala-63, Ala-96, Ser-216). The dotted line designates the

distance between residues Ser-200 and Leu-166. The final

distances are given in Table 1. Distances from residues to

the average location of the closest phosphate atom in the

lipid headgroups (denoted by the vertical lines) are given

in Table 2. The residues closest to the phosphate head-

groups are Thr-52, Lys-159, and Leu-166 (with distances

designated by the vertical arrows), and Gly-83, Ala-96,

and Asp-148 (with distances denoted by the arrows) are

the farthest away.
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a tendency to adopt configurations in which the insert helices

were not antiparallel and approximately perpendicular to the

long axis of the endophilin N-BAR dimer, the projected

orthogonal residue-residue distances would have picked

that up. For example, if the embedded helices were at

some angle <90� to the long axis of the N-BAR dimer, the

average component of the projected distance between the

residues orthogonal to the long axis of the N-BAR dimer

would be less than that expected if the helices adopted an

arrangement that was more perpendicular to the long axis

of the dimer. However, as can been seen from Table 3, the

resulting distances for the NBR-Perp are consistent with an

antiparallel and perpendicular configuration on average.

Likewise, the NBR-45 system exhibits a structure wherein

the insert helices maintain a nonperpendicular arrangement.

It should be noted that these distance measurements, like

those presented in Fig. 2, could also be measured with

EPR spectroscopy.

Varying insert helix orientations

As described above, three different insert helix configura-

tions were tested (NBR-Perp, NBR-Mut, and NBR-45; see

Fig. 1). Returning to the results in Fig. 1, we can examine

the resulting membrane curvature after 75 ns of simulation

for the three different systems. The largest membrane curva-

ture is that for the NBR-Perp system (Fig. 1a), followed by

the NBR-Mut system (Fig. 1b) and then the NBR-45 system

(Fig. 1c). In Fig. 1a, the embedded insert helices can be

clearly seen in the snapshot of the membrane. The combina-

tion of the insert helices, along with the other two N-terminal

amphipathic helices, resembles three parallel cylinders that

each embed in the upper leaflet. This concerted effect acts

to increase the local mass density underneath the arch of

the dimer such that the membrane readily bends. The

NBR-Mut system does not have this additional helix and

must rely on electrostatic interactions alone underneath the

arch to maintain the curvature. The NBR-45 system, with

the smallest curvature, has the insert helix in a nonparallel

orientation relative to the other two N-terminal amphipathic

TABLE 1 Dimer residue distances

Residue PDB (Å) MD (Å)

227 7 9

62 10 10

63 10 9

96 36 36

216 34 35

166–200 21 21

PDB distances were found from the original PDB structure, the MD simula-

tion results employed the Ca atoms of corresponding residues, and the

average distances were measured from the first peak of the RDF over 75 ns

of simulation. The errors of the distance results in this table fall within 5

0.2 Å; the error was estimated by calculating the standard deviation (SD)

of the averaged distances for each residue over 15 ns trajectory blocks over

the entire simulation trajectory.
helices. Given that this system is the same as the NBR-Perp

system except for the orientation of this helix, it is surprising

that just varying the orientation of the insert helix can result

in such a suppressed membrane curvature. Presumably, the

parallel configuration of insert helices generates membrane

curvature in a concerted fashion. It is reasonable to assume

that the directionality of the induced membrane curvature,

due to amphipathic helix insertion, would be roughly perpen-

dicular to the helix orientation. In the NBR-Perp system,

the resulting generated curvature is amplified, whereas for

the NBR-45 system, there is a cancellation effect due to the

nonparallel arrangement of the helices.

All three N-BARs remained upright on the membrane

during the course of the MD simulations. In the case of the

NBR-Perp and NBR-45 systems, this may due to the addi-

tional support supplied by the insert helix. It may also be

due to the fact that the simulations were started from a preb-

ent membrane. This can be contrasted with the results of

amphiphysin N-BAR simulations (e.g., the NBR1 system

from Blood and Voth (10)) in which the BAR dimer can

fall over on the membrane. It would therefore be interesting

to investigate a mutated endophilin with one side of the

helices cleaved or significantly truncated to explore whether

the amphipathic helices are critical for restraining the

N-BAR perpendicular to the membrane.

All three systems retained the curvatures from the initial

configurations (within the effects of thermal fluctuations).

The endophilin N-BAR domain with perpendicular insert

helices induced the largest curvature (the arc generated

underneath the arch is closer to an arc of a circle). Con-

versely, the NBR-Mut snapshot exhibits a flat membrane

region at the center of the BAR dimer, whereas the NBR-

45 snapshot exhibits low curvature region around the end

of the BAR. Fig. 5 shows an analytical curvature calculation

indicating that, as expected, the NBR-Perp system generated

the largest membrane curvature, followed by the NBR-Mut

system and then the NBR-45 system. This result directly

shows that, at least for one-dimensional curvature generation

(e.g., tubulated vesicles), the existence of insert helices will

increase the membrane bending only when they are in an

TABLE 2 Residue-closest phosphate atom distances

NBR-Perp NBR-45

Residue Dist. (Å) Dist. (Å)

52 7 9

83 13 9

96 14 12

148 11 12

159 8 6

166 6 8

NBR-Perp and NBR-45 correspond to the perpendicular and diagonal helix

configurations. The errors of the distance results in this table fall within 5

0.2 Å; the error was estimated by calculating the SD of the averaged

distances for each residue over 15 ns trajectory blocks over the entire simu-

lation trajectory.
Biophysical Journal 97(10) 2746–2753
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FIGURE 3 (Left panel) Average helix depth in the lipid

bilayer found by averaging the coordinates of the Ca atoms

on the helix (residues 63–79) in the MD simulation. The

shaded bar (yellow online) gives the range of the location

of nearby phosphate headgroups in the bilayer. Gray

(gray online) sites are hydrophobic, dark gray (green on-

line) are hydrophilic, and the darkest (blue online) are

charged. The terminal end of the helix (residues 73–79)

exhibits a distinct rising out of the membrane. The period-

icity is ~3.6 amino acids per turn. (Right panel) An ‘‘end-

on’’ view showing how the turns of the helix are arranged.
orientation that is perpendicular to the BAR domain arch

long axis. For orientations of the insert helix that are not

perpendicular to the long axis of the BAR, the insert helix

may impede membrane remodeling. The membrane under-

neath the arch of the NBR-Mut system is nearly flat due to

the mutated helical stretch, whereas the NBR-Perp and

NBR-45 systems with the insert helices generated more

smoothly curved membranes. This could indicate a possible

role of the endophilin insert helices in smoothing out the

induced membrane curvature.

Structural changes of the BAR dimer itself can be assessed

by examining the angle q between the residues of helix 3

(residues 180–195) for each of the monomers, which in

turn gives an indication of the angle between the two mono-

mers (28) (see Fig. 1). In Fig. 6, it is shown that q for the

NBR-Mut and NBR-Perp systems remained constant during

the course of the simulation, whereas NBR-45 exhibited

a decrease. This result suggests another reason for the low

curvature generated by the NBR-45 system: the actual angle

of the dimer has decreased. In addition to the more familiar

idea of BAR domains bending the membrane, it could also

be possible that the membrane, under certain circumstances,
Biophysical Journal 97(10) 2746–2753
can in turn deform BAR domain proteins. This may lead to

a dissociation of the dimer at longer timescales. The results

support the idea that dimer rigidity is related to, and essential

for, membrane remodeling (14).

SUMMARY AND CONCLUSIONS

In recent experimental work (14), the curvatures of

membrane tubules induced by interactions with WT endo-

philin (PDB ID:1X03) and an endophilin mutant (PDB ID:

1X04) were compared. In those experiments it was observed

that the mutant endophilin without the insert helices formed

tubules with significantly smaller curvatures than the WT.

The MD simulation results reported here suggest that the

NBR-Perp system generates the largest curvature compared

to the two other types of endophilin N-BARs, including

NBR-Mut (see Fig. 1). Thus, it is predicted that the perpen-

dicular conformation of the insert helices is the most likely

conformation for membrane-bound WT endophilin N-BARs

(in contrast to the first few residues of the helix in the crystal

structure (PDB ID: 1X03 and 2Z0V), which indicate

a possible 45� orientation). The membrane curvatures
FIGURE 4 Projected distance orthogonal to the long

axis of the N-BAR dimer (denoted by the black arrows)

between identical residues of the two insert helices (shown

in high resolution, superimposed over the entire endophilin

dimer). The dotted black lines designate the residue

numbers. These are calculated from the MD simulation

results from the location of the first peak of corresponding

RDF between the Ca atoms of like residues (shown in

Table 3.). In the NBR-Perp case, the projected distances

increase with increasing residue number, indicating an anti-

parallel arrangement of the helices that is perpendicular to

the long axis of the N-BAR. In the NBR-45 system, the

projected distance is less, indicating that the insert helices

are not orthogonal to the long axis of the N-BAR.
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generated in these single endophilin N-BAR domain MD

simulations thus favor insert helices with a perpendicular

orientation relative to the long axis of the BAR domain.

However, this scenario may be altered in cases in which

endophilin N-BAR domains bind to real liposomes with two

curvature components. Indeed, it may be possible that the

orientation of the insert helices may modulate the membrane

binding over different curvatures (9). Furthermore, it is

known from experiment (2) that endophilin N-BAR domains

exist in a state of monomer-dimer equilibrium in vivo. On

top of that, the resulting orientation of the insert helices

(the structural details of the unfolded state in the monomer

TABLE 3 Projected distances between insert helix residues

NBR-Perp NBR-45

Residue Dist. (Å) Dist. (Å)

64 11 11

65 16 12

66 18 10

67 22 16

70 30 20

71 34 27

73 37 26

74 42 31

75 45 36

77 49 38

78 53 44

79 55 43

Errors of all of the distance results in this table fall within 50.4 Å; the error

was estimated by calculating the SD of the averaged distances for each

residue over 15 ns trajectory blocks over the entire simulation trajectory.

FIGURE 5 Membrane curvatures as a function of time in the MD simula-

tions for the three systems: NBR-45 (dotted line), NBR-Perp (solid line), and

NBR-Mut (dashed line). The NBR-Perp holds the largest curvature, and the

NBR-45 has a slightly larger overall curvature compared to NBR-Mut.

Overall, membranes bent by endophilin show lower local curvatures than

those in amphiphysin N-BAR systems (the latter having a curvature

~0.15 nm�1), even though endophilin N-BARs appear to result in tubulated

membrane structures with a higher overall degree of curvature than amphi-

physin (14). Curvature was calculated by fitting the coordinates of the outer

leaflet lipids phosphate atoms in positively curved areas to a circle.
are not yet well known) further complicates the overall

dynamical equilibrium of endophilin. The number of pos-

sible orientations observed under experimental conditions

is much greater than the number of distinct cases presented

here. Though no orientational changes were found during

the course of simulations, it is possible that the insert helices

of endophilin can undergo conformation changes to better

interact with the membrane on longer timescales. To shed

some light on the relative free-energy differences between

the different insert helix states, it would be very interesting

to calculate the relative free energies for different states of

endophilin (e.g., the free-energy profile along a coordinate

connecting the different insert helix conformations). This

will be investigated in future studies.

It is also useful to compare the ‘‘shape’’ of the bent

membrane underneath different N-BAR domains. In pre-

vious amphiphysin N-BAR domain simulations (10), a sig-

nificant local membrane curvature, together with a strong

electrostatic interaction between the BAR inner surface resi-

dues and lipid headgroups, was observed under the arch of

the BAR domain. In the NBR-Mut system, the lipid bilayer

is relatively flat under the arch of the dimer due to the

mutated helical stretch. In contrast, in the NBR-Perp system,

which includes the insert helices, the membrane has a

smoother and more rounded membrane curvature. It is inter-

esting to note that the local membrane curvature of the NBR-

Perp system at the center of the BAR dimer is smaller than

the previous amphiphysin N-BAR simulation result. How-

ever, in vitro, endophilin N-BAR domains generally tubulate

vesicles into a smaller diameter compared to amphiphysin

N-BAR domains (14). Amphiphysin N-BAR domains may

rely more on electrostatic interactions to maintain the curva-

ture under their arch, and this interaction may not be strong

enough to overcome the nonlocal membrane curvature

generated by other N-BAR domains in the vicinity. The

FIGURE 6 Angle q between the first parts of helix-3 (residues 180–195)

of the N-BAR dimer for the three systems: NBR-45 (dotted line), NBR-Perp

(solid line), NBR-Mut (dashed line). NBR-45 had a significant drop in q,

whereas NBR-Perp and NBR-Mut retained their initial structure.
Biophysical Journal 97(10) 2746–2753
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endophilin N-BAR domains, on the other hand, with the

additional insert helices, could better stabilize the local

membrane curvature. In addition, the density of the amphi-

pathic helices may play a critical role when more than a

single N-BAR domain is involved (11). With two additional

amphipathic helices under the top of the arch, endophilin

N-BAR domains have twice the helix density, which in

turn may lead to more significant tubulation behavior. More-

over, previous work has shown that fluctuations of the BAR

domain relative to its average structure can have a large

impact on membrane remodeling (11). With the additional

support from the insert helices, no significant structural fluc-

tuations of endophilin relative to the long axis of the BAR

were observed in the MD simulations presented here. This

could additionally facilitate endophilin N-BAR domains in

stabilizing a bent membrane. These observations are also

in agreement with experimental results from a previous study

on endophilin-recruiting dynamins (3). In that work, it was

determined that endophilin can stabilize tubules from dyna-

min disturbances, but amphiphysin cannot.

Therefore, we propose a possible membrane remodeling

mechanism of endophilin N-BAR domains: the ‘‘sensing-

binding-bending’’ mechanism. The sensing component

involves an initial membrane thermal undulation or other

local deformation (e.g., one caused by another protein

module, such as the epsin ENTH domain) coupling with

the N-BAR concave surface via electrostatic interactions

with the negatively charged lipid headgroups. The binding

component is then coupled with the resulting density varia-

tions in the inner and outer leaflets (possibly enhanced by

the BAR-lipid headgroup interactions) and facilitates the

formation and insertion of folded N-terminal amphipathic

helices into the lower-density regions of the membrane outer

leaflet. The bending component arises as the N-terminal

amphipathic helices embed and fully stabilize in the outer

leaflet of the membrane. In this mechanism, the electrostatic

interactions between the BAR domain and the lipid head-

groups favor membrane bending, but they do not primarily

drive the membrane remodeling process. (Note that the

orientation of the insert helices for endophilin N-BAR

domains may depend on the local curvature of the mem-

brane, e.g., one-dimensional versus two-dimensional as dis-

cussed above.) This locally generated curvature will then

induce an additional lipid density asymmetry in the prox-

imity of the N-BAR domain, and thus additional N-BAR

domains will be attracted to initiate another sensing-

binding-bending sequence. Additional oligomerization inter-

actions between the N-BAR domains will lead to more

extended remodeled membrane structures, such as long

tubules. However, the endophilin N-BAR sensing-binding-

bending mechanism suggests that such perfect tubulated

membrane structures will be more the exception than the

rule, and that more complex ‘‘reticulated’’ or ‘‘web-like’’

structures may instead be more prevalent for remodeled lipo-

somes from in vitro experiments. This suggestion is consis-
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tent with recent results from both mesoscopic simulations

and electron microscopy experiments (29).

We have explored the local interactions of endophilin

N-BAR domains with membranes, and discussed the

possible implications for larger-scale membrane remodeling

processes based on these findings. We found that the orien-

tation of the additional endophilin N-BAR insert helix plays

a key role in the degree of local membrane bending. More-

over, the perpendicular orientation of the insert helix relative

to the long axis of the N-BAR dimer is predicted to be the

preferred orientation when it is bound to the membrane.

The coordinated effort of multiple N-BAR amphipathic

helices may not only modulate the degree of local membrane

curvature, it may also affect how smoothly bent the

membrane is underneath the arch of the dimer. Detailed

residue-residue and residue-headgroup measurements from

the MD simulations further support the notion that the

perpendicular configuration of the additional insert helix is

its most likely preferred orientation. Future comparisons of

these simulation-derived parameters with experimental

results from, e.g., EPR spectroscopy (R. Langen, University

of Southern California, personal communication, 2009) will

provide additional insight into the membrane binding and

bending mechanism of endophilin N-BAR domains.
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