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Membrane curvature is no longer thought of as a passive property of the membrane; rather, it is considered as an ac-
tive, regulated state that serves various purposes in the cell such as between cells and organelle definition. While transport is
usually mediated by tiny membrane bubbles known as vesicles or membrane tubules, such communication requires complex
interplay between the lipid bilayers and cytosolic proteins such as members of the Bin/Amphiphysin/Rvs (BAR) superfam-
ily of proteins. With rapid developments in novel experimental techniques, membrane remodeling has become a rapidly
emerging new field in recent years. Molecular dynamics (MD) simulations are important tools for obtaining atomistic
information regarding the structural and dynamic aspects of biological systems and for understanding the physics-related
aspects. The availability of more sophisticated experimental data poses challenges to the theoretical community for devel-
oping novel theoretical and computational techniques that can be used to better interpret the experimental results to obtain
further functional insights. In this review, we summarize the general mechanisms underlying membrane remodeling con-
trolled or mediated by proteins. While studies combining experiments and molecular dynamics simulations recall existing
mechanistic models, concurrently, they extend the role of different BAR domain proteins during membrane remodeling pro-
cesses. We review these recent findings, focusing on how multiscale molecular dynamics simulations aid in understanding
the physical basis of BAR domain proteins, as a representative of membrane-remodeling proteins.
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1. Membrane curvature in cells
The formation of intracellular membrane compartments

allows the cell to enable various coordinations for the numer-
ous biochemical reactions required in eukaryotic life. While
this event takes place when phospholipids become abundant
enough to form the barriers surrounding the cell or to form its
intracellular organelles, communication between the “inside”
and “outside” of the cell requires interplay between the lipid
bilayers and cytosolic proteins. This communication, is usu-
ally achieved via a multitude of tiny membrane bubbles known
as vesicles, which act as carriers. Flux of these vesicles, that
is, trafficking, not only contributes to influx of nutrients and
secretion of wastes but is also strongly associated with well-
known diseases such as cancer, Alzheimer’s disease (AD), and
other neurodegenerative diseases.[1–3] Studying the detailed
process of how proteins initiate the formation of membrane
curvature, sculpt a vesicle of defined size, and pinch off the
new bud is therefore not simply a matter of scientific curios-
ity but is also directed toward new breakthroughs in modern
physiology.

Given that the first visual proof for curvature-generating
proteins was published in 1964[4] and was followed by re-

ports of distinct membrane-bending proteins such as the
Bin/Amphiphysin/Rvs (BAR) domain proteins or the epsin
N-terminal homology (ENTH) domain proteins,[5,6] study of
the mechanism underlying membrane curvature induction by
proteins has progressed rather slowly. This is attributable to
the difficulty experienced in direct visualisation and inves-
tigation of the dynamics of curvature generation. While a
breakthrough in technology always gives rise to breakthroughs
in science; the emergence of high-resolution structures of
membrane-remodeling proteins[7–9] not only helps in clos-
ing the knowledge gap but also transforms the subject into a
rapidly developing field because of interesting computational
studies that provide experimentally unobtainable atomistic in-
formation on cellular mechanisms. As a result, crystal struc-
tures and molecular dynamics (MD) simulations (and the com-
bination of the two) have so far strongly influenced our under-
standing of membrane bending by peripheral proteins.

This review will start by introducing several known mech-
anisms underlying membrane curvature induction (Fig. 1).
Then, we will focus on BAR domain proteins, as represen-
tatives peripheral membrane-remodeling proteins, which usu-
ally employ two or more commonly found mechanisms and
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thus have drawn much attention in recent years. More specif-
ically, we will review how multiscale computational studies
were applied to determine the molecular details of membrane

bending by different BAR proteins. Finally, we will discuss
the perspectives of MD investigation of membrane remodel-
ing by BAR proteins.

(a) Lipid

(b) Scaffolding

(d) Membrane

protein

Cell membrane

Cytosol

Fig. 1. Cartoon summary of the known mechanisms of membrane curvature induction. (a) Lipid composition corresponds to the scenario in
which different sizes of the lipid headgroups or tails cause membrane curvature. Larger headgroups (green) or smaller tails (coloured in yellow)
lead to a positive curvature; larger tails (cyan) in turn lead to negative curvatures. (b) Scaffolding involves peripheral proteins (pink) imposing
their shape onto the membrane. (c) Helix insertion corresponds to peripheral proteins inserting amphipathic helices (blue) into the middle of
the lipid bilayer and causes stress. (d) Membrane proteins are usually transmembrane proteins (green), such as ion channels or receptors that
have an intrinsic conical shape. (e) Often, peripheral proteins (blue) collaborate using oligomerization to induce functional curvatures. BAR
proteins are frequently reported to tubulate membranes both in vitro and in vivo and are believed to be responsible for forming the neck of a
budding vesicle as shown in the cartoon. (f) Finally, other macroscopic cellular events such as actin polymerization (red) also contribute to
macroscopic membrane curvatures, as shown.

2. Membrane curvature-induction mechanisms
There are several known mechanisms of membrane cur-

vature induction (Fig. 1). Different head-to-tail size ratios of
lipids is one of the factors affecting membrane curvature.[10]

Scaffolding and helix insertion are two common mechanisms
associated with the effect of peripheral membrane proteins.[11]

Oligomerization of proteins capable of bending membranes
is observed to affect macroscopic membrane curvatures.[12,13]

Presence of transmembrane proteins prefers bilayer curva-
tures moulding around their conical shapes.[14–18] Branching
of actin filaments may be involved in generation of high local
curvatures because of alteration of membrane tension.[19] We
will now discuss each of these mechanisms.

2.1. Lipid compositions

The effect of lipid composition on membrane curvature
originates from the intrinsic shape of different lipid head-
groups or acyl chains. Side-by-side packing of lipids will im-
pose curvature on the monolayer according to the shape of the
local lipids. Generally, lipids with a small headgroup and large
acyl chains, i.e., unsaturated tails, prefer negative curvatures,
while lipids with a large headgroup and saturated tails prefer
positive curvatures. Owing to the coupling of the lipid bilayer,
it was expected that a greater portion of lipids with positive
preferred curvature would be found in outer monolayers and
those with negative preferred curvature would be found in in-
ner monolayers during vesicle budding.[20] This was concur-

rently proven by the observation that highly curved regions se-
lectively include or exclude specific lipids on the basis of their
shape or stiffness and that a significant proportion of lipids
with unsaturated tails is found in highly curved membrane
tubes.[20–22] For examples, phosphatidylinositol phosphates
(PIs) and lysophosphatidylcholine (LPC) with a large head-
group to acyl tail size ratio show inverted conical shapes and
therefore favor intrinsic positive curvatures of the membrane.
In contrast, phosphatidylethanolamine (PE), phosphatic acid,
diacylglycerol (DAG) and cardiolipin have relatively small
headgroups and thus a conical shape, leading to negative mem-
brane curvatures of the monolayer. While the lipid does not
have either too large or too small head-to-tail ratio, it is called
a cylindrical lipid, for examples, phosphatidylcholine (PC)
and phosphatidylserine (PS); these lipids are simply packed
to form a flat monolayer.[22–24]

In addition to headgroup size, saturation of acyl chains
also contributes to the headgroup to acyl tail size ratio.
Kinks induced by double bonds obviously occupy more space
in unsaturated tails than in saturated tails. For example,
1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS), which was
created artificially, favors spontaneous curvature because of
its bulky headgroup and monounsaturated acyl chains.[25]

Polyunsaturated phospholipids (PLs) have been recently re-
ported to increase the ability of dynamin and endophilin to
deform and vesiculate synthetic membranes.[26]
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2.2. Scaffolding

Imposing the shape of the membrane-binding interface
onto the membrane is another effective way of membrane re-
modeling and is often called as scaffolding (Fig. 1(b)).

BAR domains are crescent-shaped dimers that bind to
membranes and will be the main focus of this review. As a
major representative of peripheral membrane-scaffolding pro-
teins, these domains were first noticed as the most conserved
feature in amphiphysins from yeast to humans and also in
endophilins and nadrins.[8] BAR domains can remodel the
membrane according to their intrinsic banana shapes, a pro-
cess that is mediated by electrostatic interactions between
positively charged residues (lysine or aginine) on the con-
cave binding surface and negatively charged lipids (PS and/or
PI phosphates).[27,28] BAR domains were previously found
to sense membrane curvatures as they bind more readily to
liposomes whose curvature is closer to the intrinsic curva-
ture of the BAR.[8,29] At a higher concentration, this sensor
was thought to become an inducer.[30] The energetics of am-
phiphysin on the membrane also show a close relationship
between the binding and bending energies during membrane
remodeling.[31]

An additional feature of the BAR domains is their tight
correlation with an N-terminal amphipathic helix (an N-BAR
domain). As will be discussed in detail in Section 3, this am-
phipathic helix also causes membrane bending; many studies
have been performed on cooperation between the BAR do-
main and the amphipathic helix.[8,32,33] Whether the scaffold-
ing mechanism is responsible for the membrane curvature or
just serves as a prerequisite for helix insertion is still under de-
bate. In any case, such combination has frequently been noted
in membrane remodeling proteins such as amphiphysin, en-
dophilin, BRAP, and nadrin and all these have been reported
to induce tubulation in vitro.[5,34–36]

Members of the dynamin family (which are also dimers)
were also reported to scaffold inositol lipids, leading to
tubulation of the membrane with formation of helical
oligomers.[29,37] The dynamin protein is seldom discussed
without mentioning BAR domains as they cooperate with each
other to a great extent in many membrane remodeling events
such as clathrin-mediated endocytosis.[5,38] In addition to sim-
ple attachment to the membrane, this family of proteins uses
GTP hydrolysis to effect membrane fission (scission) which
has been discussed in a few early studies.[29,37,39] It is im-
portant to acknowledge the role of different proteins that are
involved in the scaffolding of membranes; the details of the
fission process, however, are beyond the scope of this review.

2.3. Helix insertion

Another effective way of inducing local membrane cur-
vature is to insert a hydrophobic protein motif between the
lipid headgroups. The motif acts like a wedge; when it is
inserted near the lipid glycerol backbones, the adjacent hy-
drocarbon chains tilt and splay to fill the resultant vacant

spots underneath the wedge[11] (Fig. 1(c)). However, the lipid
response to wedge insertion as local membrane curvatures
will dissipate quickly on either side of the insertion, effec-
tiveness of the wedge usually comes with oligomerization of
proteins as localization of a number of insertions may cause
significantly higher membrane curvatures compared to single
insertion.[40,41]

Sometimes the hydrophobic motif appears on amphi-
pathic helices which are stretches of α-helix with one side
being polar (charged) and the other hydrophobic.[11,30] Am-
phipathic helices are present in many proteins that participate
in different stages of the membrane-remodeling process, such
as endophilin, amphiphysin, epsin, nadrin, Arf proteins and
the secretion-associated RAS-related 1 (SAR1) GTPase.[42] In
the case of many of these proteins, the amphipathic helices
are unfolded before they insert into membranes. As long as
the helices insert into the membranes and fold, they sit flat
on the surface with the hydrophobic residues dipping into the
hydrophobic phase of the membrane. Another key feature of
the amphipathic helices is the nature of their polar face, which
grants them various abilities such as sensing membrane curva-
tures.

Other proteins such as the C2 domains of synaptotagmin-
1 and Doc2b also insert hydrophobic loops that are much
more bulky than a four-turn helix in order to induce greater
curvatures.[41,43–45] The membrane-binding interface of PAC-
SINs, which is a subfamily of the amino-terminal Bin–
Amphiphysin–Rvs (F-BAR) domain, and EHDs, which com-
prise a class of eukaryotic ATPases involved in clathrin-
independent endocytosis, also uses hydrophobic loops for
insertion.[46,47] Similar to the amphipathic helices, the nature
of these hydrophobic loops varies across the proteins. The
membrane-bending activity of C2 domains may be regulated
by the Ca2+ concentration.[43,44]

2.4. Transmembrane proteins

Transmembrane proteins (commonly known as ion chan-
nels, transporters and receptors) that have an intrinsic con-
ical or inverted conical shape can bend associated mem-
branes due to asymmetry of extramembrane domains of the
proteins.[14–18] Protein crowding might also occur for re-
ceptors where the lipid bilayer bends from the side with a
larger domain.[48] Sometimes integral proteins even oligomer-
ize to cause local scaffolding of membranes.[49,50] Cluster-
ing of transmembrane receptors, such as transferrin or low-
density lipoprotein (LDL) receptors, was reported to aid in pit
stabilization during clathrin-mediated endocytosis.[51] Such a
crowding mechanism has been suggested to explain the bind-
ing of some proteins to the membrane surface at a relatively
high concentration but the contribution of crowding to curva-
tures is still unclear.[52,53]
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2.5. Oligomerization

Completion of the process of vesicle budding under phys-
iological conditions usually requires a combination of the
aforementioned mechanisms. Such a cellular process involves
proteins with scaffolding abilities, helix-insertion abilities, or
both. Moreover, local curvatures induced by single domains,
either by scaffolding by a concave surface or by insertion of
a single helix, dissipate rapidly in space; proteins in cells,
oligomerize to induce much more pronounced membrane cur-
vatures (Fig. 1(e)). Further complex cooperation between pro-
teins leads to a large network of interactions that combines
sensing, induction, stabilization and even scission of mem-
brane curvatures.[12,13,30]

BAR domain proteins are frequently reported to
oligomerize in order to induce macroscopic membrane curva-
tures such as tubulation and vesiculation.[54,55] A series of both
experimental and computational studies have been conducted
for in-depth analysis of BAR oligomers and their contribution
to membrane curvatures.[56–58]

Members of the dynamin family are reported to polymer-
ize into spirals in order to remodel membranes. The fact that
they require pre-existing curvatures to assemble efficiently and
are GTP-dependent again identifies their main role of inducing
scission events instead of early membrane sculpting.[59–62]

Some coat proteins are formed from oligomerization of
single domains such as clathrin, COPI, and COPII, mainly
for stabilizing existing membrane curvatures during vesicle
budding.[63,64] Instead of binding directly, they rely on adap-
tor proteins in order to link to membranes; therefore, this pro-
cess is sometimes classified as indirect scaffolding. The ability
to bend the membranes depends on the rigidity of the assem-
bled polyhedral coat and the transmission of the shape to the
membrane.[48]

Budding of a clathrin-coated vesicle is a good example
of the combination of membrane remodeling mechanisms. In-
verted conical lipids (PS and PIP2) asymmetrically distribute
between the two membrane monolayers and the intrinsic lo-
cal curvature is stabilized or even reinforced by proteins with
scaffolding or insertion modules; all this is mediated by an
oligomeric protein scaffold enclosed by the clathrin coat.[13]

As oligomerization represents the collective modes of one or
more types of proteins, it is extremely complicated and in-
troduces big challenges on both experimental and theoretical
fronts.

Shaping of cellular organelles, which also requires global
membrane curvatures employs protein oligomerization of
caveolin, flotillins, or the reticulons. Similar to clathrin coats,
these proteins sometimes utilize bridging proteins to either
scaffold or insert motifs into membranes in order to facilitate
the formation and stabilization of curvatures at caveolae and
the endoplasmic reticulum (ER).[65–67]

2.6. Cytoskeleton

Macroscopic membrane curvatures are present in large in-
tracellular organelles, such as the Golgi or the ER. Scaffold-
ing by actin, intermediate filament (Fig. 1(f)), and the micro-
tubule cytoskeleton provides such curvatures and also medi-
ates curvatures of plasma membrane in filopodia, lamellipo-
dia, psudopodia, phagocytic cups, and axonal growth cones.
The cytoskeleton is therefore also responsible for specific ar-
rangement of the plasma membrane during cell division or
phagocytosis.[68,69] This ability of the cytoskeleton is mainly
attributable to membrane tension and involves adjustment of
connections to the membrane in which a decrease in ten-
sion might help the generation of local curvatures.[19] While
many endocytosis invagination events were reported to oc-
cur together with bursts of actin polymerization, the force-
generating role of the cytoskeleton, which has been detected in
motility and phagocytosis, is yet to be determined for fission
processes. Active membrane pulling and pushing by kinesins,
dynein and myosin have been proven to be at least partly re-
sponsible for tubulated organelle morphology (e.g., ER, Golgi
and endosome) and generation of transport intermediates.[70]

Surprisingly, the cytoskeleton does not only sculpt membranes
on its own but also cooperates with other membrane-bending
protein families. Many BAR-domain proteins have been re-
ported to have links by way of signaling proteins to the actin-
and microtubule-polymerization machinery, for example, β -
centaurins and nadrins.[8] Future studies are required on the
interplay between the cytoskeleton and membrane-remodeling
proteins.

3. Members of the BAR superfamily
Among all the membrane-bending proteins, the super-

family of BAR proteins has become the main focus of at-
tention over recent years. Numerous reports confirmed
that these proteins participate in shaping membranes from
yeast to mammals.[71] BAR family proteins commonly uti-
lize the helical insertion or scaffolding mechanism to de-
form the membrane together with oligomerization.[28,72] Re-
cently BAR proteins have even been reported to switch from
wedging (helical insertion) to scaffolding depending on the
protein concentration.[73] BAR domains are remarkably con-
served at the structural level, featuring a three helix coiled
coil core that forms curved dimers and results in the char-
acteristic ‘banana shape’ (Fig. 2). Dimerization of BAR
domains in turn is extremely critical to its membrane re-
modeling ability as the function of BAR domains relies on
the interaction between the domain surface and negatively
charged lipid headgroups such as those in phosphoinositides
or phosphatidylserine, while improper positioning of posi-
tively charged residues on the concave surface of the dimer
causes functional impairment.[34,54,74] Therefore, disruption
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of the dimerization interface gives rise to dysfunctional BAR
proteins and is a way of regulating membrane-remodeling
activity.[75]

BAR proteins are categorized based on the general type

of their BAR domain: classical BAR domain, extended FCH
domain (F-BAR), BAR domains with additional membrane-
binding domains (BAR-PH and PX-BAR), or IMD/inverse
BAR domain (I-BAR) (Fig. 2).[72]

Fig. 2. Members of BAR superfamily adopt folds with different degrees of curvature. BAR modules (one monomer in orange and the other
in ice-blue) from different subfamilies viewed from the side (left). PDB codes are given in brackets. BAR modules viewed from the bottom
(right) are coloured according to the properties of their residues: red for negative, blue for positive, green for polar and white for non-polar. (a)
Amphiphysin, (b) endophilin, (c) FCHo, (d) ACAP1, (e) SNX9, (f) MIN.

Classical BAR domains, as found in arfaptin, were the
first BAR domains to be discovered.[76] This type of BAR
domains also includes BAR domains with an amphipathic N-
terminal helix which are often named as N-BAR domains (e.g.,
amphiphysins and endophilins) (Figs. 2(a) and 2(b)).[8,77] N-
BAR domains have drawn a significant amount of attention
in recent years and have been studied by both experimental
and computational approaches, not only because they were the
first to be crystallographically resolved but also due to the fact
that the additional amphipathic N-terminal helix is a univer-
sal feature among proteins participating in endocytosis (e.g.,
epsin).[42]

F-BAR domain proteins, such as Cdc42-interacting pro-
tein 4 (CIP4), forming binding protein 17 (FBP17), and Fes-
CIP4 homology domain (FCHO) (Fig. 2(c)), represent the

largest and most diverse family, which is further subdivided
into six distinct subfamilies.[78] We note that the intrinsic
curvature of the F-BAR domain ranges from high to almost
planar;[79] therefore it allows for a large spatial and tempo-
ral spread of membrane remodeling activities. Similarly to
classical BAR domains, all known F-BAR domains promote
positive membrane curvature. Similar to the case of N-BAR
domain proteins, membrane bending by F-BAR oligomers has
been computationally studied and will be reviewed in the fol-
lowing section.

Some BAR domains are found to have additional mem-
brane binding domains such as the pleckstrin homology do-
main (BAR-PH, e.g., in APPL1 and ACAP1) (Fig. 2(d))
and the phox domain (PX-BAR, e.g., sorting nexin 9)
(Fig. 2(e)).[72,80] Sometimes the adjacent domain (e.g., PH)
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might possess the key feature of BAR domains, that is, pro-
motion of membrane curvature; this is an example of the re-
sults obtained using a sophisticated combination of experi-
ments and MD simulations in recent years.[80]

I-BAR domains are currently the only subfamily of BAR
domains having a negative curvature (Fig. 2(f)) and represent a
tool for the cell to generate extrusions.[81,82] The PinkBAR do-
main, discovered recently,[83] is a variation of I-BAR domains,
which have no intrinsic curvature but have enhanced ability to
bind flat membrane surfaces. However I-BAR domains have
not yet been studied using MD simulations and further stud-
ies are required as the PinkBAR domain is strongly associated
with the function of intestinal and renal epithelial cells.[83]

4. Computational studies
MD simulation is an important tool that provides knowl-

edge at the atomic level of the structural and dynamic aspects
of biological systems for understanding the physical basis of
these complex molecular assemblies. The first MD simula-
tion of a protein was published more than 30 years ago,[84]

and credited to the availability of relatively accurate x-ray
structures of macromolecule in 1975. With the rapid devel-
opments in novel experimental techniques, limits to the res-
olution, size, and complexity of the biological systems that
can be investigated through MD simulations have been con-
stantly extended.[85] The availability of more sophisticated ex-
perimental data poses challenges to the theoretical community
for developing novel theoretical and computational techniques
that can be used to better interpret the experimental results for
further functional insights. The simulation methodology uti-
lized in a number of widely used programs originally devel-
oped in the 1980s (CHARMM[86] and AMBER[87]) is con-
stantly being improved further. Optimization of the internal
parameters for the all-atom empirical energy function in the
programs used experimental gas-phase geometries, vibrational
spectra, and torsional energy surfaces supplemented with ab
initio results.[88] Developments in theoretical models continue
apace with applications of MD simulations and, at the same
time, benefit from improvements in the speed of computers.
Until now, highly efficient parallel MD simulation codes (such
as NAMD[89] and Gromacs[90]) have pushed the limit of sim-
ulations to millions (sometimes even billions) of atoms (to in-
clude explicit solvent and/or membrane environment) for dy-
namics of microseconds of time. While we are able to study
the spatial and temporal scale of some biological phenomena,
simulating membrane curvatures induced by peripheral pro-
teins (such as BAR proteins) is one of the best examples of
ultimate applications of molecular dynamics simulations, that
is, examining real-time dynamics in addition to sampling the
configuration space.

Several members of the BAR superfamily have been ex-
tensively studied using computational approaches. We will in-
clude the study of N-BAR domains of two proteins, namely,

amphiphysin (Section 4.1) and endophilin (Section 4.2); the
only molecular dynamics simulation study of the EFC/F-BAR
domain (Section 4.3); and the most recent studies of BAR do-
main with an adjacent PH domain from ACAP1 protein (Sec-
tion 4.4). We note that, while considerable numerous atomistic
information available aids our understanding of the membrane
remodeling mechanisms, it also introduces more room for ex-
ploration, with unexpected complexity leading to a require-
ment for further enhancement in methodology.

4.1. Amphiphysin N-BAR

As a member of the BAR superfamily, N-BAR dimerizes
to form a concave surface with positively charged residues
(Fig. 2(a)) which was thought to bind electrostatically to the
negatively charged moieties on the lipid head groups. This
binding event was not observed in computational simulations
until Blood et al.[91] utilized atomistic MD simulations to
show such binding altered the membrane so as to adopt the
curvature presented by the concave surface of the N-BAR
domain.[91] At the same time, orientation of the N-BAR do-
main was also revealed to be one of the factors affecting its
intrinsic curvature toward the membrane surface during the
binding process. This study shed light on the role of the N-
terminal helix in the N-BAR domain, which was also further
studied by atomistic MD simulations. Researchers proposed
that the N-terminal helix in the N-BAR domain appears to
limit the range of the angles at which the N-BAR domain
interacts with the membrane and therefore tends to keep the
concave surface facing the membrane.[92] This hypothesis was
proved by not embedding the amphipathic helices into the bi-
layer; instead, the helices remained outside the bilayer as ran-
dom coils throughout the simulations, and it was found N-
BAR failed to maintain close association with the bilayer and
therefore did not induce any curvature.

One of the aspects that need to be verified for computa-
tional studies of membrane sculpting will be whether the sim-
ulations could reproduce the membrane curvatures observed in
experiments. However, in vivo, membrane curvatures are ac-
tually induced by collective motions of membrane remodeling
proteins.[35] While all-atom MD simulations are too compu-
tationally costly to simulate lattices of proteins on the mem-
brane, Arkhipov et al.[93] presented coarse-grained (CG) MD
simulations of protein lattices on the membrane, producing
membrane curvatures comparable to the experimental results.
While altering the arrangement of proteins inside the protein
lattices could result in a maximum of four-fold effect on the
induced membrane curvature, it addressed one of the uncer-
tainties of the CG models, that is, the atomistic information
on interactions between proteins inside the lattice was cru-
cial but unclear. Yin et al.[56] presented even larger simula-
tions of up to 43 proteins on membranes by using their shape-
based coarse-grained (SBCG) models and achieved closing of
curved membranes with two ends. A number of speculations
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have been made on the basis of arrangements of proteins in-
side the protein lattices producing the membrane curvatures
closest to that measured in experiments, but atomic-level evi-
dence was insufficient. CG MD simulations also advanced the
understanding of the role of the N-terminal helices in induc-
ing membrane curvatures. Directly removing the amphipathic
helices of 8 N-BAR domains in CG MD simulations still gen-
erated considerable membrane curvature.[57] In addition to the
observation that simulations with helices alone fail to recap-
ture any remodeled membrane, Arkhipov et al.[57] concluded
that scaffolding is the key mechanism by which N-BAR do-
mains bend lipid bilayers. However, the fact that the all-atom
MD simulations conducted by Blood et al.[92] show membrane
curvatures induced solely by amphipathic helices keeps room
for debate on the actual role of the N-terminal helix in the N-
BAR domain.

A few groups of researchers have studied the membrane-
remodeling mechanism of N-BAR domains through simula-
tions of proteins and lipids in water. Ayton et al.[94] con-
structed and refined[95] a mesoscopic model which consid-
ers the effective curvature field replacing individual proteins
to reproduce the membrane remodeling process (Fig. 3(d)).
The model was able to reproduce both tubulation and vesic-
ulation processes with membrane radii comparable to the ex-
periment results. Similar to what revealed by CG MD sim-
ulations, parametrization of the model also shed light on the
importance of protein density and details of oligomerization.
The model was refined to be universal and has been extended
to other BAR domains such as F-BAR which will be covered
below.

4.2. Endophilin N-BAR

The structure of the endophilin N-BAR domain is char-
acterized by two additional amphipathic helices (one on each
monomer) located under the top of the concave surface of
the N-BAR domain dimer (Fig. 2(b)). Like N-terminal am-
phipathic helices, the two additional helices were also highly
disordered in solution and were believed to fold upon inser-
tion into the upper membrane leaflet. These additional he-
lices might not only allow endophilin N-BAR domains to
induce greater curvatures compared to amphiphysin N-BAR
domains and other BAR domain superfamily members,[96]

but also suggest the possibility of a different binding mech-
anism compared to that of N-terminal amphipathic helices
of amphiphysin.[34] The endophilin N-BAR domain has been
computationally studied using all-atom MD and CG MD
simulations[33,55,97,98] concerning the role of the additional in-
serted helices in the protein-membrane interaction process and
their effect on the collective behavior of the proteins, respec-
tively.

Following a similar line of reasoning in the case of the
amphiphysin N-BAR domain, although electrostatic interac-
tion between the concave surface of the protein and negatively

charged lipids is believed to dominate in membrane curva-
ture induction, the atomistic details of the amphipathic he-
lices, i.e., how they are inserted into the lipid bilayers and
how they affect the arrangement of the proteins inside the pro-
tein lattice, may indeed be crucial for determining why the
resultant membrane curvature induced by members of the N-
BAR sub-family differs for different members. Cui et al.[97]

reported membrane curvatures induced by endophilin N-BAR
domains with different orientations of the additional helices
using all-atom MD simulations (Fig. 3). From the results, a
cancellation effect due to the nonparallel arrangement of the
additional helices relative to the other two conventional N-
terminal amphipathic helices has been revealed. We also note
that, on comparing the results of parallel arrangement of the
helices and protein in which the additional helices were re-
moved, the induced membrane curvatures were found to be
very close. This study indicates that the additional helices
might not have contributed much to the curvature induction but
might have contributed to some other functional aspects. Later
reports[55,98] suggested that the N-terminal amphipathic helix
pairing in the endophilin N-BAR oligomer structure helps to
stabilize the lattice. CG MD simulations have shown that the
N-BAR system stays much more organized after the simula-
tion compared to the BAR system with deleted N-terminal
amphipathic helices.[55,98] The direct contribution of the ad-
ditional helices to membrane curvature induction may easily
be underestimated and deserves future investigation.

(a) (b)

(c)
(d)

Fig. 3. (a) All-atom MD simulations by Cui et al.[97] demonstrating
symmetrical binding of the N-BAR domain of endophilin protein. Re-
produced with permission from Ref. [97]. Copyright by 2009 Biophys-
ical Society. (b) All-atom MD simulations by Pang et al.[80] capturing
asymmetrical binding of BAR-PH domain protein on PIP2-containing
membrane. (c) CG MD simulations done by Yu et al.[58] show the dy-
namic process of closing of the membrane by an array of F-BAR pro-
teins. Reproduced with permission from Ref. [58]. Copyright 2013 Yu,
Schulten. (d) Mesoscopic model developed by Ayton et al.[95] in turn
succeeded in showing tubulation and vesiculation. Reproduced with
permission from Ref. [95]. Copyright by 2009 Biophysical Society.
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4.3. F-BAR

Among the members of the BAR superfamily, members
of the F-BAR sub-family (Fig. 2(c)) are usually good examples
of membrane deformation by scaffolding.[9,54,58,99–101] Never-
theless, comprehensive computational study on lattices of F-
BAR domains did not exist until Yu et al.[58] published their
work (Fig. 3(c)). They presented the first all-atom MD simu-
lations of F-BAR domains acting on a lipid bilayer in a fully
solvated system and also employed an SBCG model to exam-
ine the effect of F-BAR domain lattice arrangement on mem-
brane sculpting. The atomistic results revealed that F-BAR
domains sculpt membranes according to the scaffolding mech-
anism. The F-BAR domain does not have unfolded helices like
what can be found in N-BAR domains; it acts in three simple
and clear steps, namely, binding to the membrane, bending the
membrane, and equilibration. Therefore, positively charged
residues along the concave surface of the F-BAR domain play
a key role in attracting negatively charged membrane lipids,
which was also confirmed by mutating the positively charged
residue into neutral amino acids. A side loop that can maintain
the F-BAR domain in an upright orientation during membrane
sculpting can also be captured by all-atom simulations. Mem-
brane tubulation by F-BAR lattices was then simulated using
CG approaches, and a range of tube radii comparable to those
in experimental results was achieved by constructing different
domain arrangements within the lattice.[58]

4.4. BAR and PH domains

While the membrane-sculpting ability of the BAR do-
mains has been fully recaptured both in vitro[82,101,102] and in
cells[72,103] and is well supported by MD simulations,[56,58]

BAR domains from the protein ACAP1 (Fig. 2(d)) have re-
cently been found to require an adjacent pleckstrin homology
(PH) domain to either bind or bend the membrane.[80]

In fact, the PH domain found in GRP1 protein has been
previously discussed by Lumb et al.[104] with respect to its
membrane penetrating ability. All-atom MD simulations have
been employed to study the characteristics of several binding
pockets of the domain and steered MD (SMD) simulations
were used to pull the domain away from the membrane in or-
der to study the energy contribution from the different com-
ponents of the system to the membrane binding stability. The
results have shown that the three putative membrane-binding
loops of the PH domain are all able to penetrate the lipid bi-
layer to a variable degree. Among the three loops in the PH
domain, one of them (loop β6/β7: residues 340–353) retained
interactions with the bilayer for a longer period relative to the
other two loops during the SMD simulations, suggesting that
this loop contributes to a more pronounced interaction.

Lai et al.[105] used all-atom MD simulations to study the
molecular mechanism underlying membrane binding of the
GRP1 PH domain. Their results revealed the full picture of
the whole binding process of a PH domain with PIP3 lipids

in the membrane. Atomic-scale insights highlighted the PS
lipids in the membrane, which attract and orient the PH do-
main in a long range through electrostatic interactions. This
interaction reduced the dimensionality of the search process
and was believed to increase the residence time of the PH do-
main on the membrane surface after binding. Longer residence
time might confer the PH domain an improved probability of
binding to the rare PIP3 lipids that finally stabilize the bind-
ing process. However, in contrast to the conclusion drawn by
Lumb et al.,[104] Lai et al.[105] observed the largest number of
contacts between the phosphate head of the lipid and the loop
β1/β2 (residues 275–283).

Recently, Pang et al.[80] reported that an interesting PH
domain found in ACAP1 protein adjacent to the BAR domain
induced membrane curvatures. While BAR domains are well
known for inducing membrane curvature either through scaf-
folding (represented by F-BAR domains) or helix insertion
(represented by N-BAR domains), the BAR-PH domain of
ACAP1 seems to rely upon the PH domains for its membrane-
binding ability. The BAR-PH dimers were observed to bind
the PIP2-containing membrane asymmetrically, i.e., only one
of the two identical monomers binds its PH domain to the
membrane while the other binds to the adjacent protein. The
asymmetrical geometry was not only observed in experiments
but was also successfully recaptured in all-atom MD simula-
tions (Fig. 3(d)). After equilibrium, the BAR domains did not
bind to the membrane directly but stayed at a certain distance
from the membrane instead. As tubulation was observed with
the ACAP1 protein in vitro, this study[80] shed light on a new
function of the PH domain, which probably took over the con-
ventional role of membrane sculpting of the BAR domains.
The BAR domains, in this case, might be involved in interac-
tions between the proteins, thereby affecting the arrangement
of the domains inside the protein lattice, which is also crucial
for the membrane sculpting.

5. Future directions and perspectives
All-atom MD simulation is one of the well-established

methods for studying the biomolecular world. To understand
membrane curvature induction by peripheral proteins, atom-
istic information is of prime importance. First, calculation of
the amount of membrane curvature induced by the proteins
has been presented by a multitude of studies on different BAR
proteins.[56,58,91–93] These results are of particular importance
as membrane curvature is one of the experimental parameters
for which one can obtain reliable agreement. Another valuable
atomistic information is the stability of certain configurations
of the system. For instance, the orientation of amphipathic he-
lices or arrangements of proteins inside a protein lattice have
been tested intensively using both all-atom MD simulations
and CG MD simulations (to be discussed below). By analyz-
ing some characteristic properties of the system, for example
the membrane curvature, we can summarize the effect of the
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given configuration. Last, with all-atom MD simulations, one
can quantitatively evaluate the contributions from different in-
teractions between components of the system.[104]

A considerable disadvantage of all-atom MD simulation
is its limitation at the spatial and temporal scales. While
physiological events sometimes take even seconds, it is very
difficult for all-atom MD simulation to repeat a completed
membrane remodeling process. CG MD simulations therefore
appear to fill this vacancy. SBCG MD simulations that ex-
tended from atomistic models successfully recaptured closing
of a planar membrane sheet into a membrane tube by both N-
BAR and F-BAR domain lattices.[56,58] CG MD simulation is
proven to be reliable in exploring relatively large scale cellular
events and provides membrane tube radii comparable to those
obtained experimentally. Only when such large-scale CG MD
simulations were used, the effect of arrangement of proteins
inside a protein lattice toward the induced membrane curva-
tures could be addressed. Introducing a number of different
arrangements and comparing the resulting curvature with the
experimental results has become a common practice to find
the most probable configuration.[55,56,58,93] Here, we note that
parametrization of the CG model with a strong physical basis
is of prime importance and must be handled with care. The
SBCG model uses a self-organizing neural network, which
adapts to the shape of the molecule to be represented, to place
the CG beads.[106] The beads inherit the mass and charge of
the groups of atoms they represent. Parametrization of in-
teractions between beads bases on information from all-atom
simulations or available experimental data. Usually, neigh-
boring beads are connected by harmonic springs and beads
from separate molecules interact through 6–12 Lennard–Jones
and non-bonded Coulomb potentials.[106,107] The most recent
CG MD simulations, which utilized coarse-graining strategies
other than SBCG and that performed by Simunovic et al.,[108]

were able to show linear aggregation of N-BAR proteins be-
fore membrane remodeling took place. In this study, CG
beads are defined based on essential dynamics analyzed from
all-atom simulations.[109,110] Sophisticated parametrization of
inter-bead interactions in lipids calculates forces from atomic-
resolution simulations followed by averaging in a variational
manner and supplementing with analytical functions to cover
poorly sampled regions of the configurational space.[111–114]

For protein beads, a heterogeneous elastic network is assumed
and the spring constants are calculated by fitting to thermal
averages such as fluctuations of CG pair distances computed
from all-atom MD simulations.[115] While understanding the
membrane remodeling process is likely to require information
beyond the atomistic details of local curvature induction, CG
MD simulations have been shown to be useful in recapturing
the interplay between a large numbers of proteins.

Sometimes CG MD simulation is still too computation-
ally costly to be used for examining a huge membrane cur-
vature induction event. A mesoscopic model has been devel-
oped and further refined to meet this purpose.[94,95,116,117] The

mesoscopic model only included membranes and an effective
curvature field representing the effects of proteins. The meso-
scopic simulations were able to reach microseconds and suc-
cessfully show tubulation of liposomes (Fig. 3(d)).[94,95,118]

Even though parametrization of the mesoscopic models has
been shown to highlight some important elements of the sys-
tem, such as arrangement of proteins, the model can hardly
provide information that aids in understanding the underly-
ing molecular mechanisms. Instead, the mesoscopic simula-
tions provide a systematic analysis of the quasi-equilibrium
remodeled structures under varying conditions. For instance,
the most recent work employing mesoscopic simulations[118]

has shown transformation of lipid vesicles into a network of
interconnected tubules. Nevertheless, insights into the remod-
eling dynamics at molecular resolution could only be provided
by combination with CGMDs.

We note that among the members of the BAR super-
family that have well-resolved crystallography structures, PX-
BAR and I-BAR domain proteins have not yet been studied
using MD simulations despite their close relation with mem-
brane remodeling processes,[3,81–83,119–121] The PX-BAR do-
main protein, which has an adjacent PX domain that is similar
to the PH domain in the BAR-PH domain protein (Fig. 2(e)),
is expected to impose similar asymmetrical binding on cell
membranes. On the other hand, I-BAR, which is currently the
only member known to prefer negative membrane curvatures
(Fig. 2(f)), is therefore also worth exploring. This knowledge
gap is expected to be filled by concurrently developing multi-
scale MD simulations in the foreseeable future.

Although members of the BAR superfamily has been
proven to be closely associated with membrane curvatures dur-
ing many cellular processes, whether they really sculpt or in-
sert helices into membranes and solely provide all the bending
energy is still under debate. Recently, Dannhauser et al.[122]

showed that clathrin, which lacks BAR domains and is thought
to coat the membrane pit, is in fact powerful enough to scaffold
the lipid bilayers through oligomerization, while Stachowiak
et al.[52] showed that protein–protein crowding, with only a
tether connecting between proteins and the membrane, can
also induce membrane curvature.

Rapidly emerging evidence of the involvement of BAR
domain proteins and other membrane-remodeling proteins in
various cellular processes, ranging from organelle biogenesis
to inter-cell communication, has brought membrane remod-
eling to the forefront of life science research. Dramatic im-
provements have been seen in research on curvature and its
generation in the past few years with respect to the struc-
ture determination of membrane-bound scaffolds and compu-
tational model development, which allow systematic study of
membrane remodeling mechanisms. Combination of direct
visualisation of membrane-bound BAR scaffolds and state-
of-art molecular dynamics simulations has revealed a number
of unexpected aspects of BAR biology, including asymmetri-
cal binding by an adjacent PH domain[80] and ability to ac-
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cess both curved and flat bilayers.[54,101] The original view
that the intrinsic curvature decides the spatial and temporal
characteristics of BAR superfamily members might be over-
simplified. The fact that action and recruitment of BAR pro-
teins are subject to much more complex and poorly understood
collective protein modes or regulatory mechanisms thus re-
quire study with more intensive combination of experimen-
tal and computational outputs. With the continuous advances
in methodology, future efforts will be directed toward resolv-
ing the structure and sequence of events of membrane-bound
multi-protein scaffolds and understanding the mechanics be-
hind the scaffolds. Given that the human proteome contains
more than 60 members of the BAR superfamily, decoding
the membrane curvature generation will certainly mark an un-
precedented breakthrough in modern physiology.
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[70] Leduc C, Campàs O, Joanny J F, Prost J and Bassereau P 2010 Biochim-

ica et Biophysica Acta 1798 1418
[71] Ren G, Vajjhala P, Lee J S, Winsor B and Munn A L 2006 Microbiol.

Mol. Biol. Rev. 70 37
[72] Qualmann B, Koch D and Kessels M M 2011 EMBO J. 30 3501
[73] Isas J M, Ambroso M R, Hegde P B, Langen J and Langen R 2015

Structure 23 873
[74] Gallop J L, Jao C C, Kent H M, Butler P J G, Evans P R, Langen R and

McMahon H T 2006 EMBO J. 25 2898
[75] B D, M T and S L 2011 Biochem. J. 433 75
[76] Tarricone C, Xiao B, Justin N, Walker P A, Rittinger K, Gamblin S J

and Smerdon S J 2001 Nature 411 215
[77] Weissenhorn W 2005 J. Mol. Biol. 351 653
[78] Heath R J W and Insall R H 2008 J. Cell Sci. 121 1951

018707-10

http://dx.doi.org/10.1158/0008-5472.CAN-09-4149
http://dx.doi.org/10.1074/jbc.M110.157974
http://dx.doi.org/10.1074/jbc.M110.157974
http://dx.doi.org/10.1042/BJ20111226
http://dx.doi.org/10.1083/jcb.20.2.313
http://dx.doi.org/10.1083/jcb.20.2.313
http://dx.doi.org/10.1038/9004
http://dx.doi.org/10.1038/9004
http://dx.doi.org/10.1093/emboj/18.16.4383
http://dx.doi.org/10.1038/nature01020
http://dx.doi.org/10.1126/science.1092586
http://dx.doi.org/10.1016/j.cell.2007.03.040
http://dx.doi.org/10.1529/biophysj.105.078683
http://dx.doi.org/10.1242/jcs.114454
http://dx.doi.org/10.1038/35043117
http://dx.doi.org/10.1038/nrm3151
http://dx.doi.org/10.1073/pnas.71.4.1376
http://dx.doi.org/10.1073/pnas.71.4.1376
http://dx.doi.org/10.1016/S0014-5793(03)01104-9
http://dx.doi.org/10.1016/j.jmb.2004.12.031
http://dx.doi.org/10.1016/j.devcel.2013.12.012
http://dx.doi.org/10.1016/j.jmb.2014.03.002
http://dx.doi.org/10.1146/annurev.biophys.37.032807.125912
http://dx.doi.org/10.1016/S0006-3495(96)79454-7
http://dx.doi.org/10.1016/S0006-3495(96)79454-7
http://dx.doi.org/10.1126/science.291.5506.1051
http://dx.doi.org/10.1038/nature05185
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161504
http://www.ncbi.nlm.nih.gov/pubmed/16365634
http://dx.doi.org/10.1016/j.devcel.2012.10.009
http://dx.doi.org/10.1126/science.1255288
http://dx.doi.org/10.1007/s00018-011-0768-5
http://dx.doi.org/10.1016/j.tibs.2012.09.001
http://dx.doi.org/10.1038/374190a0
http://dx.doi.org/10.1038/nature04396
http://dx.doi.org/10.1016/j.cub.2004.02.060
http://dx.doi.org/10.1038/emboj.2009.261
http://dx.doi.org/10.1016/j.bpj.2011.01.036
http://dx.doi.org/10.1083/jcb.200107075
http://dx.doi.org/10.1101/gad.207801
http://dx.doi.org/10.1101/gad.207801
http://dx.doi.org/10.1016/j.bbrc.2004.05.221
http://dx.doi.org/10.1016/j.bbrc.2004.05.221
http://dx.doi.org/10.1038/35065645
http://dx.doi.org/10.1091/mbc.8.10.2003
http://dx.doi.org/10.1016/S0092-8674(00)81207-6
http://dx.doi.org/10.1529/biophysj.108.133173
http://dx.doi.org/10.1016/j.cell.2010.02.017
http://dx.doi.org/10.1016/j.febslet.2009.10.022
http://dx.doi.org/10.1126/science.1142614
http://dx.doi.org/10.1016/j.cell.2009.05.049
http://dx.doi.org/10.1016/j.cell.2009.05.049
http://dx.doi.org/10.1126/science.1183765
http://dx.doi.org/10.1038/nature06173
http://dx.doi.org/10.1016/j.jmb.2010.05.008
http://dx.doi.org/10.1016/j.jmb.2010.05.008
http://dx.doi.org/10.1126/science.1215909
http://dx.doi.org/10.1016/S0896-6273(00)00127-6
http://dx.doi.org/10.1016/j.neuroscience.2004.11.035
http://dx.doi.org/10.1016/j.cell.2004.08.017
http://dx.doi.org/10.1038/ncb2561
http://dx.doi.org/10.1038/ncb2561
http://dx.doi.org/10.1016/j.ceb.2014.03.006
http://dx.doi.org/10.1016/j.cell.2007.12.041
http://dx.doi.org/10.1016/j.cell.2012.01.048
http://dx.doi.org/10.1016/j.str.2009.03.016
http://dx.doi.org/10.1016/j.bpj.2009.08.051
http://dx.doi.org/10.1371/journal.pcbi.1002892
http://dx.doi.org/10.1038/nrm1313
http://dx.doi.org/10.1038/nrm1313
http://dx.doi.org/10.1038/nrm3266
http://dx.doi.org/10.1016/j.str.2012.08.028
http://dx.doi.org/10.1146/annurev-biophys-050511-102247
http://dx.doi.org/10.1242/jcs.069773
http://dx.doi.org/10.1038/ncb2390
http://dx.doi.org/10.1038/ncb2390
http://dx.doi.org/10.1146/annurev.cellbio.042308.113324
http://dx.doi.org/10.1146/annurev.cellbio.042308.113324
http://dx.doi.org/10.1016/j.cell.2011.11.022
http://dx.doi.org/10.1038/nrm3512
http://dx.doi.org/10.1038/35073095
http://dx.doi.org/10.1242/jcs.049759
http://dx.doi.org/10.1016/j.bbamem.2009.11.012
http://dx.doi.org/10.1016/j.bbamem.2009.11.012
http://dx.doi.org/10.1128/MMBR.70.1.37-120.2006
http://dx.doi.org/10.1128/MMBR.70.1.37-120.2006
http://dx.doi.org/10.1038/emboj.2011.266
http://dx.doi.org/10.1016/j.str.2015.02.014
http://dx.doi.org/10.1016/j.str.2015.02.014
http://dx.doi.org/10.1038/sj.emboj.7601174
http://dx.doi.org/10.1042/BJ20100709
http://dx.doi.org/10.1038/35075620
http://dx.doi.org/10.1016/j.jmb.2005.06.013
http://dx.doi.org/10.1242/jcs.023895


Chin. Phys. B Vol. 25, No. 1 (2016) 018707

[79] Roberts-Galbraith R H and Gould K L 2010 Cell Cycle 9 4091
[80] Pang X, Fan J, Zhang Y, Zhang K, Gao B, Ma J and Li J 2014 Dev. Cell

31 73
[81] Saarikangas J, Zhao H, Inen A P l, Ki P L, Mattila P K, Kinnunen P K

J, Butcher S J and Lappalainen P 2009 Curr. Biol. 19 95
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R, Straub J, Watanabe M, Wiórkiewicz-Kuczera J, Yin D and Karplus
M 1998 J. Phys. Chem. B 102 3586

[89] Phillips J C, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E,
Chipot C, Skeel R D, Kale L and Schulten K 2005 J. Comput. Chem.
26 1781

[90] van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark A E and
Berendsen H J C 2005 J. Comput. Chem. 26 1701

[91] Blood P D and Voth G A 2006 Proceedings of the National Academy
of Sciences 103 15068

[92] Blood P D, Swenson R D and Voth G A 2008 Biophys. J. 95 1866
[93] Arkhipov A, Yin Y and Schulten K 2008 Biophys. J. 95 2806
[94] Ayton G S, Blood P D and Voth G A 2007 Biophys. J. 92 3595
[95] Ayton G S, Lyman E, Krishna V, Mim C, Unger V M and Voth G A

2009 Biophys. J. 97 1616
[96] Masuda M, Takeda S, Sone M, Ohki T and Mori H 2006 EMBO J. 25

2889
[97] Cui H, Ayton G S and Voth G A 2009 Biophys. J. 97 2746
[98] Cui H, Mim C, Vázquez F X, Lyman E and Unger V M 2013 Biophys.

J. 104 404
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