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Abstract

Membranes are flexible barriers that surround the cell and its compartments. To execute vital
functions such as locomotion or receptor turnover, cells need to control the shapes of their
membranes. In part, this control is achieved through membrane-bending proteins, such as the bin/
amphiphysin/rvs domain (BAR) proteins. Many open questions remain about the mechanisms by
which membrane-bending proteins function. Addressing this shortfall, recent structures of BAR
protein:membrane complexes support existing mechanistic models, but also produced novel
insights into how BAR-domain proteins sense, stabilize and generate curvature. Here we review
these recent findings, focusing on how BAR proteins interact with the membrane, and how the
resulting scaffold structures might aid the recruitment of other proteins to the sites where
membranes are bent.
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Membrane curvature: a vital property of cells

Separation of ‘inside’ from “outside’ was a pivotal event in the creation of life; it happened
when organic amphiphiles, known as phospholipids, became abundant enough to form
selfsealing, curved and semipermeable barriers that established chemically defined
compartments. The same breakthrough, however, created many challenges because the
newly formed flexible envelopes, known as biological membranes, needed to allow the
steady influx of nutrients and the secretion of wastes. Moreover, cells needed to sense
changes in the environment and communicate signals across membranes. To meet these
constraints, cells had to be able to deliberately change the shape of their membranes and
with high spatial and temporal accuracy, because many cellular processes such as cell
migration, cell division or endocytosis crucially depend on membrane remodeling reactions.
Although tremendous progress has been made in the understanding of membrane transport
and signaling, understanding how cells change the shape of their membranes is still at an
early stage. To date, studies of how cells change shape have largely focused on a geometric
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measure known as membrane curvature, which describes the degree to which a membrane
bilayer is bent (Figure 1). The sign (and thus direction) of curvature is an arbitrary measure:
when viewed from the cytosol, plasma membrane invaginations predominantly contain
segments with positive curvature, whereas protrusions consist of membranes with negative
curvature (Figure 1A). Membrane curvature is not a passive property of the membrane but
rather has emerged as a highly regulated state, likely because it actively influences diverse
processes including membrane fusion and fission, the activity of membrane proteins, and the
recruitment of proteins to the membrane-cytosol interface.

The number of publications containing ‘membrane curvature’ in their title has doubled over
the past 8 years compared to the two decades before 2005 (180 vs. 394, PubMed), marking
membrane remodeling as a rapidly emerging new field. Why has this accelerating progress
been made only so recently? In part, the answer is that the direct visualization and
investigation of the dynamics of curvature generation is difficult. Put into perspective, the
publication of electron micrographs by Roth and Porters in 1964 of tissues undergoing
endocytosis presented the first visual proof for curvature-generating proteins [1]. Yet almost
20 years went by until dynamin, the protein that fissions the membrane, was identified, and
another 8 years passed until this protein was cloned [2-4]. Extending this initial discovery,
membrane-bending proteins such as the Bin/amphiphysin/Rvs161 domain (BAR) proteins or
the epsin N-terminal homology (ENTH) domain proteins [5, 6] have been described since
the mid 1990s, but their structure and mechanisms of action remained elusive. This
knowledge gap began to close with the emergence of high-resolution structures [7-11],
which in the case of BAR-domains immediately suggested possible mechanisms of action
because of the characteristic banana-shaped structure of the molecules (discussed later).
Moreover, the increasing number of protein structures capable of bending membranes
allowed testing and improvement of the theoretical framework of curvature induction that
had existed since the 1970s [12, 13].

Despite this tremendous progress, however, the molecular mechanisms by which membrane-
bending domains sense, generate and stabilize membrane curvature and how these events
enable the coordinated progression of curvature-dependent cellular processes remains
unclear. One impediment to work in this area is the chemical and physical complexity of the
bilayer, which profoundly influences its susceptibility to membrane remodeling and the
recruitment of specific membrane remodelers. Adding to this challenge, the field lacks
standardized methods to study membrane remodeling and the tools to computationally
describe the complex lipid mixtures that are naturally found in cellular membranes. As a
consequence, current studies are largely focused on answering questions such as how
membrane-remodeling proteins organize on the membrane surface, how their scaffold
structure is controlled, and what aspects of the surface lattices are likely to contribute to the
management of membrane curvature. Although these questions are among the simplest
questions one can ask, the emerging structural biology of membrane-associated scaffolds is
an exciting new chapter in a rapidly growing field that is focused on understanding how
cells adapt the shape of bilayers to meet their individual needs.

Architecture and classification of BAR-domain proteins

Among the plethora of membrane bending proteins, the superfamily of BAR proteins has
become a main focus of attention over recent years. Numerous reports reaffirm the notion
that these proteins belong to an essential arsenal that cells deploy to shape membranes from
yeast to mammals (see [14] for a review). Lacking characteristic signature sequence motifs
in their primary structure, membership in the BAR-domain superfamily is not readily
recognizable. However, at the structural level BAR domains are remarkably conserved,
featuring a three helix coiled coil core that, in most cases, forms curved homo- or
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heterodimers, which results in the characteristic *banana-shape’ (Figure 2) [14]. The factors
that determine the formation of homodimers and exclude the existence of heterodimers are
largely unknown. A notable exception is sorting nexin 33, for which the ability to
homodimerize has been attributed to specific amino acids [15]. Regardless, disruption of the
dimerization interface renders BAR proteins non-functional and is one way to regulate their
membrane remodeling activity [15, 16]. This functional impairment occurs because proper
interaction of the BAR-domains with negatively charged lipid headgroups such as in
phosphoinositides or phosphatidylserine requires the appropriate positioning of positively
charged residues in the context of the banana-shaped dimer [17-19].

Extending past the BAR-domain, most BAR-proteins have at least one additional domain,
such as a src-homology 3 (SH3) domain, which enables BAR proteins to interact with
proline-rich domain (PRD) containing proteins. Thus, BAR-domain proteins are scaffolding
proteins that organize a variety of other proteins in a curvature-dependent manner. BAR
proteins are categorized based on the general type of their BAR domain: a classical BAR
domain, extended FCH domain (F-BAR), or IMD/Inverse BAR domain (I-BAR) (Figure 2).

Classical BAR domains, as found in arfaptin, were the first to be discovered and have the
highest degree of intrinsic curvature (Figure 2). This branch of BAR-domains is further
subdivided based on additional membrane binding domains such as an amphipathic N-
terminal helix (N-BAR, e.g. amphiphysins and endophilins), the pleckstrin homology
domain (PH-BAR, e.g. in APPL1), or the phox domain (PX-BAR, e.g. sorting nexin 9)[20].
Moreover, a recent structure of Arfaptin-2 complexed to the GTPase Alr 1 suggests that
BAR proteins can integrate domains into the scaffold that are not part of the BAR protein
itself [21]. Regardless of the complement of additional membrane binding domains, all
classical BAR-domains support and promote positive membrane curvature.

F-BAR domain proteins, such as Cdc42-interacting protein 4 (CIP4), formin binding protein
17 (FBP17), or FCHO (Fes-CIP4 homology domain) represent the largest and most diverse
family and is further subdivided into six distinct subfamilies [22]. Notably, the intrinsic
curvature of the F-BAR domain ranges from high (syndapins) to almost planar (FCHO)
[23], which allows these proteins to support a large spread of membrane curvatures. Just as
classical BAR-domains, F-BAR domains are associated with positive membrane curvature.

Lastly, I-BAR domains are another variation of the BAR domain theme. These domains
have a negative curvature, and represent a tool for the cell to generate extrusions [24]. A
special variation of I-BAR proteins is the recently discovered PinkBAR domain [25], which
in contrast to the other BAR-subfamilies, has no intrinsic curvature. This lack of intrinsic
curvature allows PinkBAR domains to create scaffolds on flat membrane surfaces.

BAR-dependent membrane remodeling has largely been associated with the cellular process
of endocytosis. However, there is rapidly emerging evidence that BAR proteins play a more
general role in membrane scaffolding, organelle creation, organismal patterning [26], and
disease (Box 1). Regardless of their physiological role, high-resolution crystal structures of
BAR-domains have solidly established that, with the exception of PinkBar-domains, all
BAR-domain-dimers are intrinsically curved. That the physical shape of BAR-domain
dimers corresponds with the type of curvature they promote is consistent with the idea that
the intrinsic shape of the dimer contributes to the bending of membranes and the recognition
and support of curved membrane states. As will be described in more detail later, however,
some BAR-domains exploit additional features, such as amphipathic wedges, to accomplish
their tasks in membrane remodeling.
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Box 1
BAR proteins in health and disease: case studies
Binl and the T-tubule system in myocytes

The T-tubule system in skeletal and cardiac muscle is a specialized structure that relays
current formed at the plasma membrane. Binl (or amphisphysin 2) is highly expressed in
muscle cells and constitutes the major component of T-tubules [27]. Genetic studies in
Drosophila showed that the Drosgphila Binl homologue is dispensable for endocytosis
but crucial for the formation of T-tubules [28]. Interestingly, myocytes from patients with
a failing heart lose T-tubules [29], which is correlated with significantly reduced
expression of Binl and Ca2*-influx. This reduction in Ca?*-influx is because Bin1 is also
the main scaffolding protein for calcium channels in the T-tubules [30, 31]. Similarly,
skeletal myopathies have also been linked to dysfunctional Binl protein or reduced
expression levels of Binl. For instance, alternative splicing of Bin1 mRNA has been
identified as the cause of several types of myotonic dystrophy, which is a common
muscular dystrophy in adults [32]. In addition, some forms of centronuclear myopathies,
a rare group of diseases that manifest in abnormal localization of nuclear material within
myocytes and muscle weakness, have also been attributed to mutation in Binl [33]. The
histology of both myopathies identifies disrupted T-tubules as the major cause for the
loss of muscle strength. These diseases confirm the importance of a BAR domain as a
membrane scaffold that maintains organelles.

BAR proteinsin cell migration and cancer

Filopodia and lamellopodia are specialized structures of the plasma membrane that are
necessary for cell motility and the maturation of neurons [34]. Although actin
polymerization was originally thought to create these structures, it is becoming
increasingly clear that I-BAR proteins play a major role in scaffolding the plasma
membrane during these processes [35-37]. However, the precise mechanism by which I-
BAR proteins control the formation of filopodia remains to be fully elucidated. I-BAR
proteins might drive the formation of protrusions by bending membranes or activating
actin polymerization by sensing curvature. The latter mechanism was reported for F-BAR
proteins [38], which recently have also been shown to play roles in cancer cell invasion
and the formation of invadopodia [39, 40]. Interestingly, besides their role in enhancing
actin polymerization, several I-BAR proteins have been shown to bind to actin directly,
and to steer cell migration by inhibiting endocytosis of chemotaxis receptors [41]

Molecular mechanisms of membrane bending

In the past, crystal structures and molecular dynamics simulations have strongly influenced
how the field thinks about membrane bending by BAR domains [20]. Among the most
intuitive implications arising from the structures was the hypothesis that the intrinsic
curvature of BAR-domain dimers aids membrane remodeling by simply imposing its shape
on the membrane substrate (Figure 1B, upper panel). This mode of action has become
known as the ‘scaffolding’ mechanism [13, 42] and is well supported by molecular
dynamics simulations [43, 44]. Contrasting with scaffolding is a second mechanism that
poses that the insertion of amphipathic wedges into the bilayer can sense membrane
curvature and promote its formation through the concerted displacement of lipids in the
leaflet proximal to the site of insertion [45] (Figure 1B, lower panel). Just as for scaffolding,
there is solid experimental and computational evidence to support the membrane insertion of
amphipathic wedges during membrane remodeling processes [19, 45]. However, the relative
contribution of each mechanism remains an area of active investigation in cases such as
endophilin and amphiphysin, which contain at least one amphipathic wedge in addition to
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their BAR-domain. For instance, studies that investigated whether an N-BAR amphipathic
wedge can generate curvature by itself have yielded seemingly conflicting data, which in
part might be rooted in the use of different lipid substrates for these studies [19, 46-48].
Supporting the idea that substrate choice might be a possible cause for experimental bias,
there is growing evidence that the composition of the bilayer and pre-existing curvature are
major factors determining membrane susceptibility for BAR-domain recruitment and
remodeling [49, 50]. Further complicating the picture, the N-terminal helix in N-BAR
proteins as well as amphipathic wedges in other membrane remodeling proteins have
recently been described to also play a role in membrane fission. Notably, this study reported
that membrane bending and fission are reciprocally related and that the length and
composition of the amphipathic wedges are major factors determining their potential to
effect fission [51]. These recent discoveries vividly illustrate the complexity of membrane
remodeling processes and emphasize that much remains to be learned from studying these
systems.

Visualizing membrane-bound scaffolds: the new frontier

Complementing high-resolution structural and spectroscopic studies, electron microscopic
reconstructions of membrane-bound F-BAR and N-BAR proteins have emerged over the
past four years [17, 52]. These reconstructions confirmed the scaffolding and wedging
mechanisms, and for the first time revealed design details of a few select lattices that BAR-
domains are capable of forming on the surface of membranes. Although the helical arrays
used for these studies were more extensive, and likely more ordered, than those found inside
cells, their structures nevertheless appear relevant. In support of this notion, T-tubules in
muscle cells are N-BAR protein-coated membrane tubules (Box 1) that are several pum in
size, illustrating that BAR-scaffolds can grow to large sizes even under physiological
conditions [28]. Moreover, mutational analysis of sites predicted to be important for scaffold
formation impaired the formation of invaginations both /in vitroand in cells [8, 17]. It
therefore seems likely that the electron microscopic reconstructions reflect major aspects of
lattices formed in biological structures such as the endocytotic neck.

Comparison of the available N-BAR and F-BAR scaffold structures reveals that their
general design principles are remarkably different and that membrane-bound BAR-domains
display previously unknown, yet functionally highly significant properties (Figure 3). For
instance, extensive lateral interactions between the cores of CIP4 F-BAR domain dimers
result in oligomerization and tight packing of the molecules on curved membrane surfaces.
These interactions were shown to be necessary for curvature generation both 7 vitroand in
vivo [17], but were not observed in high-resolution crystal structures [8], which emphasizes
the importance of electron microscopic imaging in the exploration of BAR-dependent
membrane remodeling. Supporting this idea further, there is evidence that the scaffolds of
other F-BAR subfamilies might follow different design rules [17, 53]; therefore, achieving a
mechanistic understanding of these proteins will ultimately require direct visualization of
their membrane bound states.

Adding to the variety of potential lattices, the study by Frost ef a/. demonstrated that the F-
BAR domain dimer of FBP17 harbors an alternate lipid-binding interface that allows the
dimer to form two-dimensional arrays on the surface of flat membranes [17]. Mutagenesis
studies confirmed that this novel and previously unknown lipid-binding mode is essential for
curvature induction /n vivo, raising the intriguing possibility that the two-dimensional arrays
are a curvature-neutral storage form of FBP17. Such a storage form would have two
advantages over dispersed FBP17 dimers: a cooperative transition of several dimers from a
“flat’ to ‘curved” membrane binding mode would facilitate the generation of macroscopic
curvature, and it would overcome the resistance of the bilayer towards deformation by
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forming the observed extensive interactions within the curved lattice [54]. How this
hypothetical process would be triggered and regulated remains to be shown. More
excitingly, however, the existence of a novel membrane-binding mode in one F-BAR
subfamily raises the possibility that alternate binding modes also exist in other BAR-domain
proteins, opening a potentially new chapter in the mechanistic and cell biological
understanding of BAR-dependent membrane remodeling.

Sharply contrasting with the design of CIP4/FBP17 scaffolds, electron microscopic
reconstructions by Mim et al. revealed that lattices of the N-BAR protein endophilin lack
direct lateral interactions between the BAR-domain cores and expose large areas of
membrane surface (Figure 3) that might allow other proteins to access the membrane [52].
Lattice coherence is achieved through antiparallel interactions between the N-terminal
amphipathic wedge helices that are known as HO. These interactions are independently
supported by experimental data [46] and have been extensively used in modeling of N-BAR
lattices [55]. Moreover, the experimental scaffold structures of endophilin revealed that its
second amphipathic wedge slopes towards the bilayer interior. This was unexpected based
on crystallographic (pdb 1D 2Z0V) and spectroscopic data [56], and suggests that curvature
induction by endophilin is accompanied by defined conformational changes. Also
unexpected was the finding that HO:HO interactions are very degenerate, non-specific, and of
low affinity. An important functional implication of this discovery is that, in principle,
endophilin might be able to form mixed lattices with another N-BAR protein such as
amphiphysin, allowing the close spatial clustering of several functionalities, while also
excluding other types of BAR-domain proteins such as F-BAR proteins, whose lattice
packing arrangement is fundamentally different [17]. Whether such co-polymers exist and
how their assembly is regulated will need to be addressed by future studies. A different
study by Mizuno et al. also visualized helical arrays of endophilin N-BAR domains bound to
very narrow lipid tubules consisting of pure palmitoyl-oleoyl-phosphatidylglycerol [57].
Although at a coarse scale these reconstructions share some similarity, the study by Mizuno
et al. did not provide detailed insights into the packing interactions between N-BAR dimers
or the disposition of the HO-helices. Interestingly, though, some of the observed structures
were too narrow to contain a complete bilayer at the core, suggesting that endophilin N-
BAR domains assembled on the surface of lipid micelles. Such structures were not observed
in the study by Mim et al. [52], who focused their analysis on lattices assembled on tubes
with diameters close to those reported to be relevant for endocytotic membrane fission by
the GTPase dynamin. Nevertheless, the reconstructions by Mim et al. revealed significant
bilayer stress that was caused by the high local concentration of amphipathic helices in the
bilayer leaflet proximal to the BAR-domain. This direct observation of bilayer stress ties in
with the finding that amphipathic wedges can drive membrane fission [51], and emphasizes
how direct visualization of membrane-associated scaffolds by electron microscopy
complements other approaches to understand membrane bending and remodeling.

Just as different as the general design of their surface-associated lattices, BAR-domains
seem to employ various strategies to accommodate a distribution of curvature states. For
instance, the strong lateral interactions between CIP4 and FBP17 F-BAR domain cores
allow the entire lattice to tilt in the plane of the membrane. Such reorientation of the lattice
was identified as the main mechanism that allows CIP4/FBP17 lattices to accommodate a
broad and smooth distribution of curvature states [17]. By contrast, the absence of direct
lateral interactions between endophilin BAR-domain cores precludes a significant role for
lattice reorientation in curvature accommodation by this protein. Instead, endophilin
accommodates different curvature states primarily by the removal or addition of entire
endophilin dimers from the helical array. It will be interesting to see to what extent these
two extremes contribute to curvature accommodation in the various BAR-domain
subfamilies. However, even at this early stage, it is becoming increasingly clear that direct
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visualization of membrane-bound scaffolds by EM will be important for uncovering the
mechanistic details of BAR-dependent membrane remodeling.

Control of membrane binding

The ability of BAR domains to engage bilayers and recruit specific interaction partners
creates a need to control when and where a given BAR-domain protein can gain access to its
targets. A crucial parameter for controlling membrane access is membrane curvature.
Numerous studies have shown that BAR proteins have a preference for membranes with
specific curvatures /n vitro, and that the curvature preferences correlate with the intrinsic
curvature of the BAR-domain [19, 45, 50]. Adding to this intuitive mechanism, sizeable
evidence has emerged in support of a second, less intuitive mechanism that utilizes the
ability of amphipathic sequences, such as the N-terminal helix in N-BAR proteins, to detect
and bind to areas where curvature stress causes packing defects in the lipid headgroup
region of the bilayer [45, 58, 59]. The number of defects correlates with the degree of
curvature; therefore, the ability of some BAR-domain proteins to recognize these defects is
an efficient way to control differential binding to membranes of different curvatures.
Notably, it is the dual role of amphipathic wedges in curvature sensing and generation that
fuels much of the current discussion about the mechanistic contributions of wedges in
membrane remodeling.

Independent of membrane curvature and adding to the repertoire of mechanisms that
regulate BAR-membrane interactions, intramolecular inhibition (often referred to as
autoinhibition) can also restrict membrane binding by BAR proteins. For instance, PICK1
(protein interacting with protein kinase C alpha) and syndapin 1 (also known as PACSIN)
are proteins for which their PDZ (PSD95-DLG1-Z01 homology) or SH3 domains,
respectively, obstruct membrane binding [60-62]. In the case of PICK1, membrane
recruitment and release of the autoinhibited ‘closed conformation* requires a membrane-
bound ligand. [63]. By contrast, syndapin 1 autoinhibition can be released by soluble
ligands.

Finally, phosphorylation of specific residues of BAR proteins has been demonstrated to
block membrane binding and bending. For instance, phosphorylation of the F-BAR domain
of syndapin 1 was shown to impair oligomerization /n7 vivo and in vitro [64]. Similarly,
reversible hyperphoshorylation of the F-BAR protein cdc15 causes it to adopt an
autoinhibited “closed” conformation that can no longer engage the membrane [65]. No
doubt, these initial studies are only the beginning in a journey that will reveal how
frequently the different mechanisms of membrane recruitment are found throughout various
BAR-protein families. Regardless, the existence of diverse mechanisms to regulate
membrane access and partner recruitment, as described in the next section, suggest that
regulatory networks are likely to emerge in the foreseeable future, adding yet another layer
of complexity to BAR-dependent membrane remodeling.

Recruitment of BAR-protein-interacting proteins

As the structures of BAR-domain scaffolds begin to emerge, new and puzzling observations
take center stage. For instance, the experimentally determined lattice structures allow
estimation of the actual concentrations of SH3- or other interactor domains that are tethered
to the membrane surface through the BAR-Ilattice. The results of a *back of the envelope’
calculation yields a surprising result: assuming a 100nm annulus above the membrane
surface, the concentrations of interactor domains are ~3-5 mM irrespective of type of BAR-
protein (F-BAR vs N-BAR) and the actual membrane curvature (e.g. ~28,000 SH3-domains/
pm? in case of a CIP4 F-BAR tube with diameter of 56nm, or ~21,000 SH3-domains/pm? in
case of an endophilin N-BAR tube with diameter of 28nm) [17, 52]. This estimate is in good
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agreement with a report by Arasada and Pollard who found the density of SH3-domains to
be ~16,500/um? above the F-BAR-scaffold that is present in the neck region of fission yeast
endocytotic invaginations [66]. An immediate implication of these numbers is that
membrane-bound BAR protein scaffolds seem to act as kinetic traps. More specifically,
BAR-scaffolds will non-specifically engage any potential binding partner whose binding
affinity is in the low micromolar to nanomolar range, which is typically observed for
protein:protein interactions [67—69]. This observation raises several questions. For instance,
how is this result compatible with the spatial and temporal accuracy of processes such as
endocytosis, which involves over 30 different proteins, including several BAR-domain
proteins, that act at different stages along the time axis [70]? Similarly, how can the apparent
non-specificity of interactions with potential interaction partners explain why, for instance,
the most notable defect in endophilin knockout mice is the failure to recruit only one of the
PRD-containing ligands, synaptojanin [71]? In the latter case, a potential answer might lie in
the properties of synaptojanin itself, because its lipid-binding domains and curvature-
dependent enzymatic phosphatase activity [38, 72, 73] allow for a coincidence detection
mechanism that assures proper recruitment to sites where synaptojanin function is needed. In
other cases, ‘binary’ switches such as phosphorylation could bias retention of interaction
partners above the BAR-lattice [74]. Going beyond these known and familiar mechanistic
solutions, the reconstructions of endophilin lattices suggest two additional mechanisms that
might govern specificity in the kinetically controlled recruitment of interaction partners.
First, lattices formed by endophilin and the F-BAR domain of CIP4 expose different
amounts of membrane surface. Therefore, simple steric exclusion or permissivity might bias
recruitment of components to the membrane surface. Second, reconstructions of endophilin
lattices on the surface of membranes with different curvatures revealed that the SH3
domains of endophilin can dimerize above some, but not all scaffolds [52]. This suggests
that specific spatial presentation patterns above the scaffolds might guide recruitment and
stable retention of binding partners in a curvature-dependent manner. For example, close
spatial apposition of the SH3 domains in the context of an SH3 domain dimer could guide
the preferential recruitment of partners such as dynamin that have spatially close proline-
rich sequences. That said, experimentally determined scaffold structures challenge
longstanding ideas about the recruitment of biological machinery to membrane interfaces
and simultaneously suggest how these macromolecular arrays might achieve specificity by
several putative mechanisms. Although some of the emerging ideas need to be validated
experimentally, there is no doubt that recent progress in the field is opening up many new
directions for further inquiry.

Concluding remarks

Curvature and its generation is a rapidly expanding field in membrane biochemistry and
biophysics. The past few years have seen dramatic improvements in the structure
determination of membrane-bound scaffolds, information technology, and the development
of suitable models that allow the systematic study of membrane remodeling in living
organisms. The original, simplistic view that differences in intrinsic curvatures define the
spatial and temporal patterns of BAR-domain protein deployment [75] has given way to the
realization that the recruitment and action of BAR-domains are subject to complex and
poorly understood regulatory mechanisms [70]. Moreover, direct visualization of
membrane-bound BAR-scaffolds has revealed novel and unexpected aspects of BAR
biology such as the ability of some F-BAR domains to engage both flat and curved bilayers
[17, 53]. In addition, rapidly emerging evidence of the involvement of BAR-domain proteins
and other membrane remodeling proteins in a large number of cellular processes, ranging
from organelle biogenesis to malignant cell invasion, brings membrane remodeling to the
forefront of research in the life sciences. With methodology improving continuously, future
efforts will likely focus on visualizing the structure of membrane-bound multiprotein
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scaffolds and cracking the code of regulatory mechanisms that enable the recruitment of
process-specific components to generic membrane remodeling scaffolds. Understanding
these processes at the molecular level will provide unprecedented insight into one of the
most dazzling yet elusive biological problems: membrane dynamics.
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Figure 1. Curvature and membrane structures

(A) Membrane structures, like invaginations, are composed of areas with different
curvatures. Note that the sign of the curvature depends on the vantage point; hereafter
curvature will be referred to as seen from the cytosol. On the top is a schematic view of a
plasma membrane invagination displaying various curvatures. The flat membrane has zero
(0) curvature (yellow). At the base of the invagination (brown) the curvature is negative (-).
The part of the membrane that reaches further into the cytosol possesses positive (+)
curvature. The bottom shows a membrane tubule, which is a ubiquitous structure in cells
(e.g. T-tubules in muscle cells). These structures are created and maintained by proteins
(blue crescents). The curvature is positive along the circumference of the tubule and zero
along the tubular axis. (C) Schematic view of the mechanisms by which BAR domains can
generate curvature. Upper panel: the crescent shaped BAR domain interacts with the bilayer
through electrostatic interactions, imposing its intrinsic shape onto the membrane. This
mechanism is known as the ‘scaffolding mechanism’. Lower panel: alternatively, BAR
domains can introduce an amphipathic structure, such as a helix, into one leaflet of the
membrane. This ‘wedge’ displaces lipids, which will cause the membrane to bend towards
the BAR-domain. This mechanism is referred to as the ‘wedging mechanism’.
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Figure 2. Structures of BAR domains from different subfamilies

All structures are depicted as dimers (cyan and orange) (scale bar 130A). The black line
underneath each structure was introduced to show the intrinsic curvature of each domain.
(A) Left, above: side view of the BAR domain of arfaptin 1 (pdb ID 1149). BAR domains
exhibit the highest positive curvature within the BAR superfamily. Classic BAR domains
are further subdivided based on additional membrane binding domains. For clarity, different
BAR domains are shown as top view. The N-BAR domain (endophilin, pdb courtesy of G.
Voth from [76], left, below) contains a N-terminal helix (yellow and green) and a second set
of amphipathic helices known as “insert helices’ (orange and cyan). APPL1 (right, above) is
an example of a PH-BAR domain that contains an additional pleckstrin-homology domain

(PH) (pdb ID 2Z00). Lastly, PX-BAR proteins (right, below), such as sorting nexin 9

(SNX9, pdb ID 2RAL), are comprised of a phox-homology domain (PX) and a BAR domain.

(B) Sideview of the F-BAR domain from FBP (pdb ID 2EFL) exemplifies a shallow,

positive curvature that is typical for this subfamily. (C) The Pinkbar is the only instance of a
BAR protein that promotes zero curvature; its BAR domain shows no intrinsic curvature

(pdb ID 30KS8). (D) I-BAR domain proteins are the only subfamily that can bend
membranes to generate structures with negative curvature (IRSp53, pdb ID 1Y20).
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Figure 3. Structures of membrane-bound BAR domains

All structures are of protein-coated membrane tubules that have been reconstructed from
electron microscopic images. The density of the protein is colored in silver, whereas the
membrane is blue. (A) Structure the CIP4 F-BAR domain scaffold (pdb 1D 2EFL) (EMDB
accession code 1471). Top: side view of the membrane tubule. One copy of the F-BAR
domain of the closely related FBP17 was fitted to highlight organization of the protein on
the membrane (scale bar 220A). F-BAR dimers form extensive lateral interactions that give
rise to a stiff protein coat, which imposes its shape on the membrane. The cartoon highlights
the high degree of overlap between adjacent F-BAR dimers. Middle: cross-section along the
membrane tubule axis. Bottom: cross-section perpendicular to the membrane tubule axis.
The orange bars demarcate the approximate boundaries of the membrane bilayer. (B)
Structure of the endophilin N-BAR scaffold (EMDB accession code 5365). Top: side view
of the membrane tubule. One dimer of the N-BAR domain (pdb ID 1ZWW) was fitted to
show the density occupied by the protein (scale bar 130A). Additionally, the amphipathic
helices present in endophilin are depicted as cylinders for better visibility. N-BAR scaffolds
are held together by interactions between the N-terminal HO helices (see cartoon). Middle:
cross-section along the membrane tubule axis, illustrating the positioning of the BAR-
domain and the slope of the insert helices. Bottom: cross-section perpendicular to the
membrane tubule axis. The leaflet closest to the N-BAR domain is continuous with the
density of the protein, indicating a loss of order of the lipid head groups.
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