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ABSTRACT: BAR domains are found in proteins that bind and remodel membranes and participate in
cytoskeletal and nuclear processes. Here, we report the crystal structure of the BAR domain from the
human Bin1 protein at 2.0 Å resolution. Both the quaternary and tertiary architectures of the homodimeric
Bin1BAR domain are built upon “knobs-into-holes” packing of side chains, like those found in conventional
left-handed coiled-coils, and this packing governs the curvature of a putative membrane-engaging concave
face. Our calculations indicate that the Bin1BAR domain contains two potential sites for protein-protein
interactions on the convex face of the dimer. Comparative analysis of structural features reveals that at
least three architectural subtypes of the BAR domain are encoded in the human genome, represented by
the Arfaptin, Bin1/Amphiphysin, and IRSp53 BAR domains. We discuss how these principal groups may
differ in their potential to form regulatory heterotypic interactions.

The BAR domain was first identified by its common
occurrence in vertebrate Bin1 and Amphiphysins and in the
Saccharomyces cereVisaeRvs proteins (1). The family has

now expanded to include many other BAR-containing
proteins, such as endophilins, sorting nexins, nadrins, cen-
taurins, and oligophrenins, which are mostly involved in
membrane binding or remodeling events (2). The structures
of the BAR domains ofDrosophila Amphiphysin, human
Arfaptin2, and murine Endophilin have been published
recently, in addition to the more distantly related IRSp53/
MIM domain (IMD1) of human IRSp53 (2-5).

Architecturally, the BAR domain is a kinked, trihelical
coiled-coil that forms a banana-shaped homodimer with a
positively charged concave face. This face is proposed to
engage curved membranes through electrostatic attraction,
and so may induce curvature in otherwise planar membranes.
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In Vitro, the BAR domain causes liposomes to elongate
dramatically, a process which has been described as “tubu-
lation”. Mutation of the positively charged residues in the
concave face inhibits this tubulation activity (2). In ViVo,
overexpression of the BAR domain of human Amphiphysin
II in tissue culture cells causes invagination of the plasma
membrane to form internal tubules that resemble the T-
tubules of skeletal muscle involved in excitation-contraction
coupling (6). As well as the BAR domain, the N-terminal
region also plays an important role in membrane bending
(7). This auxiliary region is likely to undergo a random coil
to helical transition on engagement with the membrane (2).

Amphiphysins are BAR-containing proteins proposed to
function chiefly in endocytosis and other membrane remod-
eling processes (7, 8). They are composed of an N-terminal
BAR domain with an additional N-terminal helix, followed
by a variable central region which shows significant variation
in different alternatively spliced protein isoforms, and a
C-terminal SH3 domain. Mammalian Amphiphysin I proteins
are expressed in the brain and nervous system, and they
contain domains that bind components of the endocytic
machinery, such as clathrin, adaptor protein complex 2 (AP2)
Via the central CLAP domain, and dynamin and synaptojanin
Via the C-terminal SH3 domain (9). Mammalian Bin1/
Amphiphysin II proteins include nearly a dozen splice
isoforms that have more complex patterns of expression than
Amphiphysin I. The Amphiphysin II isoforms expressed in
the brain and nervous system most closely resemble Am-
phiphysin I in structure, localization, and function in en-
docytosis. In contrast, the Bin1 isoforms expressed in other
cells throughout the body lack brain-specific segments, do
not function in endocytosis, and display distinct patterns of
cellular localization (1, 10-14). Recent evidence suggests
that Bin1/Amphiphysin II may function in intracellular
vesicle trafficking (10, 15). One tissue-specific isoform of
Bin1 is expressed at very high levels in skeletal muscle where
it contributes to formation of the specialized membranes of
the T-tubule system (6, 14). Notably, the Drosophila
Amphiphysin gene (which resembles mammalian Bin1/
Amphiphysin II most closely) is dispensable for endocytosis
but essential for proper organization of the T-tubule system
in muscle (16-18). In the mouse, a homozygous knockout
of the Bin1/Amphiphysin II gene, leads to severe cardiac
muscle disorganization (19), in support of a role in maintain-
ing the T-tubule system. In this regard, it is interesting to
note that the upstream element of the human Amphiphysin
II gene contains a consensus binding site for MyoD, the
master regulator of muscle cell differentiation (13). Col-
lectively, these observations implicate the BAR domain in
recognizing and remodeling membranes, and suggest a key
role of Bin1-type proteins in maintaining muscle T-tubule
membrane structure.

In addition to the potential for membrane binding, many
BAR domain proteins have been shown to interact, either
directly or indirectly, with small G-proteins (20). For
instance, Arfaptin binds to Rac, Arf1, Arf3, and Arf6 (3).
The proteins known as the APPL group, which also contain
an N-terminal BAR domain, interact with the small G-protein
Rab5 (21). The more distantly related IRSp53, a protein
involved in lamellopodium formation, interacts with Rac
(22). These observations suggest that BAR domains may
serve as a general platform for binding small G-proteins (20).

The structure of the Arfaptin-Rac complex (3) shows that
the small G-protein binding site and the putative membrane-
binding face of the BAR domain occur in the same region
of the protein. Thus, the membrane-binding activity of the
BAR domain could be modulated by regulatory interactions
with small G-protein or other partner proteins (20).

Here we describe the 2.0 Å resolution structure of the BAR
domain of the human Bin1 protein (Bin1BAR), an isoform
of Amphiphysin II. We have compared the Bin1BAR
structure to other BAR domain structures and analyzed their
curvature and potential for binding small G-proteins. The
implications of these observations for the function of BAR
domains in different proteins are discussed.

EXPERIMENTAL PROCEDURES

Expression and Purification of Bin1BAR.The BAR
domain of human Bin1/Amphiphysin II (Bin1BAR, residues
1-251) was cloned into the bacterial expression pET14b
vector. The histidine tagged recombinant protein was ex-
pressed inEscherichia coliBL21(DE3) and purified in the
soluble form. Cell cultures were grown at 37°C to OD 600
of 1.0 and induced with 1 mM IPTG for 4 h. The cells were
harvested by centrifugation and resuspended in Tris lysis
buffer (40 mM Tris-Cl pH 8.0, 100 mM NaCl, 10 mM
imidazole) containing protease inhibitors. The cells were then
lysed on ice using a Misonix ultrasonicator, and the cell
lysate was clarified by centrifugation. The supernatant was
subsequently loaded onto an immobilized nickel column
equilibrated in lysis buffer, and His-Bin1BAR was eluted
with a gradient of elution buffer (40 mM Tris-Cl pH 8.0,
100 mM NaCl, 10-400 mM imidazole).

The His tag was then removed with thrombin (0.5 unit/
mg of protein, 4 h, room temperature (RT)), and the untagged
Bin1BAR was further purified by gel filtration, using a
Superdex-75 column equilibrated with gel filtration buffer
(25 mM Tris-Cl pH 7.5, 150 mM NaCl). Approximately 50
mg of pure, soluble protein was obtained from 1 L of culture.

Analysis of Bin1BAR and Small G Protein Interaction by
Size-Exclusion Chromatography and Pull-Down Analyses.
The Bin1BAR was expressed and purified as described
above. Small G-protein Rac was expressed and purified from
E. coli BL21(DE3) as described earlier (23). Three purified
small G-proteins, Rab6B, Rab9B, and Rab17, were kind gifts
from Dr. M. Dyson at the Sanger Centre, Cambridge. Either
25 µL of single protein or 50µL of preincubated mixture of
Bin1BAR:small G-protein at a 2:1 molar ratio was applied
onto a Superdex 200 P.C. 3.2/30 analytical column pre-
equilibrated with gel filtration buffer at 4°C on an Ettan
LC system (GE healthcare). The traces of each single
Bin1BAR and small G-protein and their mixture were
superposed to verify any change in the peak position which
will reflect the complex formation. Peaks were analyzed by
SDS-PAGE. In pull-down experiments, His-tagged Bin1BAR
was absorbed onto Ni-NTA superflow beads (Novagen)
which were pre-equilibrated with Bin1Bar protein buffer.
Bin1BAR bound to the beads was washed 4 times with
purification buffer. For the interaction, 50µL of Bin1BAR
bound to the beads was added to 400µL of each small
G-protein at 100µg/mL and incubated at 4°C for 2 h with
gentle rotation. The beads were spun down and washed 4
times with buffer. Bin1BAR and any interacting proteins
were analyzed on 12% Bis-Tris NuPAGE denaturing gels.
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Crystallization.Human Bin1BAR was crystallized by the
hanging drop vapor diffusion method. The protein was
concentrated to approximately 25 mg/mL in gel filtration
buffer and mixed with an equal volume of the reservoir
solution containing 20% monomethylether-PEG550, 100 mM
Tris-Cl pH 8.0, 100 mM NaCl. Crystals appeared after
approximately 2 weeks at 20°C and reached final dimensions
of 0.7 × 0.2 × 0.2 mm3. Crystals were immersed in
crystallization buffer containing 20% v/v glycerol as a
cryoprotectant, before freezing in a nitrogen stream at 100
K for data collection. Crystals derivatized with xenon were
placed in a pressure cell under 15 bar for approximately 20
s before flash-freezing.

Structure Determination.Bin1BAR crystals displayed
anisotropic diffraction and usually diffracted to a maximum
of 3.0 Å resolution. However, a good quality crystal was
found that had been derivatized with xenon, and data were
collected to 2.0 Å resolution from this specimen at the ESRF
in Grenoble, France, on beamline ID14-4. The improvement
of data quality may be due to dehydratation of the crystal
due to exposure to a high pressure of xenon prior to freezing.
Data were also collected from a selenomethionine derivative.
The fluorescence spectra indicated a mixed oxidation state
for the Se, and the derivative was not satisfactory for
experimental phase determination; however, the positions of
the Se atoms were useful for corroborating the modeling
using anomalous Fourier syntheses. The data were processed
with Denzo and Scalepack (24). Crystals belong the space
groupP21 with cell dimensionsa ) 69.92 Å,b ) 59.09 Å,
c ) 75.01 Å, andâ ) 117.53°. Two molecules were
predicted to occupy the asymmetric unit of the crystal
according to Matthews calculations, with a solvent content
of ∼50%. The structure was solved by molecular replacement
using the xenon derivative data set as a native data set. The
structure of the Amphiphysin BAR domain protomer from
Drosophila melanogaster(PDB entry 1URU) was used as a
search model (2). The dyad axis protocol as implemented in
the program MolRep (25) was used to obtain the correct
solution. Refinement was initially performed with CNS (26)
while REFMAC5 (27) was used in the later stages. Iterative
cycles of model building with QUANTA (Molecular Struc-
ture Inc.) or Coot (28) and restrained refinement were
performed. The final model contains two monomers in the
asymmetric unit (chain A, residues 52-249; chain B,
residues 50-250); the physiological dimers are generated
through crystallographic symmetry. Due to poor definition
of the electron density, residues were not modeled for the
first 51 residues of chain A and 49 residues of chain B,
residues 173-179 in the loop between helices 2 and 3 of
chain A, the two C-terminal residues of chain A, and the
C-terminal residue of chain B. Density was found for two
partially occupied xenon atoms lying at the interface between
two symmetry related molecules in the physiological dimer.
Statistics from data processing and model refinement are
shown in Table 1. Coordinates and structure factors
have been deposited within the Protein Data Bank (http://
www.rcsb.org) with accession code 2FIC.

Computational Analyses.The optimal docking area (ODA)
computations used the procedure of Fernandez-Recio et al.
(29). The knobs-into-holes interactions of the helices were
analyzed with the program SOCKET (http://www.biols.
susx.ac.uk/Biochem/Woolfson/html/coiledcoils/socket/) (30)

using an 8 Å cutoff. Structure superpositions were performed
using programs COOT (28) or ALIGN (31). Figure 3 was
prepared using program GRASP (32). Figures were otherwise
prepared using program PyMOL (33).

Modeling. The sequence of human Amphiphysin II includ-
ing the inserted region was analyzed by the program FUGUE
(34), which searches for likely homologues based on a
sequence-structure comparison. This query yielded a single
structure (human squalene synthase, 1EZF) with a stretch
of sequence that aligned to the inserted region in Amph-
iphysin II described above (35) (Figure 7). This stretch of
sequence (amino acids 232-278) constituted anR-helical
region that connected twoR-helices of the protein together,
as is predicted to be the case for the inserted region of
Amphiphysin II. In addition, the secondary structure predic-
tion for the insert and the structure of this region of human
squalene synthase matched reasonably well. The structure
of this connecting segment was then manually superposed
to the Bin1BAR structure, and this was used as the template
from which the model of Bin1BAR plus the insertion was
made.

The model was prepared in MODELLER (36). Missing
side chains of incomplete pdb models were rebuilt using the
program SCWRL (37). Validation of the structure was
carried out as for the Bin1BAR structure using PROCHECK
(38), Verify 3D (39), and Molprobity (40). All amino acids
fell within allowed regions of the Ramachandran plot.

RESULTS

OVerall Structure.The structure of Bin1BAR was deter-
mined by molecular replacement using the structure of the
Drosophila Amphiphysin BAR protomer (2) as a search

Table 1: Summary of Crystallographic Data and Refinement

radiation source ESRF ID14.4
wavelength (Å) 0.9393
resolution (Å) 30.00-2.00
(last shell) 2.07-2.00
Rmerge 0.079 (0.257)
unique reflections 36 811
completeness 98.3 (84.8)
multiplicity 4.2
I/σ(I) 37.2
cell dimensions a ) 69.922 Å

b ) 59.086 Å
c ) 59.086 Å
â ) 117.534°

space group P21

Refinement
R (working set) 0.2303
Rfree (test set) 0.2798
rms deviations

bond lengths (Å) 0.018
bond angles (deg) 1.642

Ramachandran statistics
% of residues in allowed

regions
99.7

% of residues in generously
allowed regions

0.3

% of residues in not allowed
regions

0

Model
amino acids chainA ) 52-249;

chainB ) 50-250
water molecules 200
xenon atoms 2
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model. Two molecules are present in the asymmetric unit
of the Bin1BAR crystal, and the physiological dimer is
obtained by applying crystallographic symmetry.

Bin1BAR forms a completelyR-helical, symmetric ho-
modimer with an elongated, curved shape (Figure 1). Both
the tertiary and the quaternary structures of Bin1BAR are
congruent with the structure of other BAR domains known
to date (Figure 2), in particular with the structure of
DrosophilaAmphiphysin BAR domain (Figure 2B) and the
murine Endophilin BAR domain (Figure 2C) (2, 5). The
structural similarity is striking given the comparatively small
sequence identities of the proteins (Table 2 and figure in
Supporting Information). The key characteristic of the BAR
domain fold is “knobs-into-holes” interactions of nonpolar
side chains, similar to those proposed by Crick for conven-
tional left-handed coiled-coils. These coiled-coil interactions
occur not only within the protomers but also at the dimer
interface between protomers. The helical associations define
the radius of curvature of the putative membrane engaging
face.

The architecture of the Bin1BAR dimer can be deconvo-
luted into three main segments that differ in the number of
bundled helices (Figure 2A). The simplest is composed of
two R-helices at the extreme ends of the dimer (yellow
helices in Figure 2A), and these pack together as a
conventional antiparallel, left-handed coiled-coil. The next
level of complexity as we move into the center of the dimer
is a left-handed bundle of three helices (orange-red helices
in Figure 2A), two of which are parallel and one of which
is in an antiparallel configuration. As for the bundle of two
helices at the extreme ends of the dimer, this three-helix
bundle is formed with residues from the same protomer.

Finally, the central segment of the dimer comprises a “six-
helix bundle” (blue helices in Figure 2A). Each protomer
contributes three helices to the bundle, which associate in
an antiparallel fashion and form self-complementary interac-
tions. Knobs-into-holes interactions, such as those found in
conventional coiled-coils, occur at each of the helix-helix
interfaces.

The same arrangement of helices is shared with the
Drosophila Amphiphysin and murine Endophilin BAR
domains (Figure 2B,C) (2, 5). The helical arrangement of
human Arfaptin2 is, however, different from that of the
proteins described above (Figure 2D) (3). In this case, the
central core containing the six-helix bundle structure is much
shorter, so that most of the dimer interface of Arfaptin2
corresponds to a region that resembles a “five-helix bundle”
(violet in Figure 2D). This results in a slight difference in
quaternary structure between Bin1BAR and Arfaptin2, with
consequences for their radii of curvature, as discussed below.

The more distantly related IMD domain of IRSp53 has a
similar arrangement of helices to the Amphiphysin class, but
it contains an extra helix at the C terminus (green in Figure
2E) (4) that packs against the 3-helix bundle (orange-red in
Figure 2E). Furthermore, the helices leave the central body
of the dimer and follow a straight path.

In contrast to the straight helices of IMD, the correspond-
ing helices of Bin1 and endophilin are kinked, and this is
most apparent near the structural transition from 6 to 3 helical
bundles. For Arfaptin, helix two that is part of each of the
6-5-3-2 helical bundles is smoothly bent without a
noticeable kink. Nonetheless, the effect on accumulative
curvature of these different proteins is the same for the kinked
or smoothly deformed helices.

FIGURE 1: Overall structure of the BAR domain of Bin1. (A) Protomer of Bin1BAR. The numbering refers to the helices, starting from the
N terminus. (B) The Bin1 homodimer, generated from crystallographic symmetry. The protein forms a banana-shaped homodimer. (C)
View of the concave face of the dimer. (D) View of the convex face of the dimer.
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In theDrosophilaand human Bin1BAR domains, the kink
is contributed by a pair of conserved prolines that are
conserved among close homologues (corresponding to posi-
tions 144 and 207 in the numbering convention for the human
BAR; see figure in Supporting Information for a structure-
based sequence alignment). A single proline is found on the
corresponding helix in endophilin (helix 2), except that it is
a helical turn away. This proline occurs at position 142 in
endophilin and is strongly conserved among homologues.
In the case of Arfaptin, the smooth bending occurs through-
out the length of the helix and is more difficult to attribute
to a defined sequence pattern.

Analysis of the CurVature and Membrane Binding Poten-
tial in BAR Domains.Positively charged amino acids in the
second helix and loop regions give the concave face of BAR
domain dimers an overall positive electrostatic potential
(Figure 3). This face has been proposed to associate with
negatively charged phospholipid membranes, and to act as
a means of sensing, and in some cases inducing, membrane
curvature (2).

Positively charged residues in the concave face of Bin1BAR
were mutated to negatively charged residues (2). These
mutations reduced or, when combined, abrogated the tubu-

FIGURE 2: Ribbon representation of the different BAR domains of known structure. (A) The helical arrangement in Bin1BAR consists of
a central 6-helix bundle (blue), flanked by a 3-helix bundle (orange-red) and, finally, a 2-helix coiled-coil at the periphery (yellow). (B)
Drosophila Amphiphysin BAR and (C) Endophilin BAR share the same helical arrangement. (D) Arfaptin BAR contains a region that
corresponds to a 5-helix bundle (violet). (E) IRSp53 IMD contains an extra helix (green) that associates with the 3-helix bundle (orange-
red).

FIGURE 3: Electrostatic potential surface analysis of Bin1BAR using
the program GRASP (32). Bin1BAR shows the canonical bipartite
charge distribution present in other BAR domains: positive charge
in the concave face (far left), negative charge in the convex face
(far right). The dashed circles indicate the positively charged
residues that were mutated in Amphiphysin II and rendered the
BAR domain unable to bind to liposomes (2).

Structure of Human Bin1/Amphiphysin II BAR Domain Biochemistry, Vol. 45, No. 43, 200612921



lation activity and can be mapped to the structure of the
Bin1BAR presented here (dashed circles in Figure 3). As
predicted, they lie on the face speculated to engage with
membranes, supporting the proposed mode of membrane
binding and bending for BAR domains.

In contrast to the concave face, the convex face displays
a negatively charged surface (Figure 3). This bipartite polarity
could aid in the alignment of BAR domains on membranes
and perhaps favor the packing of neighboring domains to
form the smooth, cylindrical tubule-like structures observed
in ViVo and in Vitro without any “dimple” distortion of the
engaged surface. It is interesting to note that all BAR
domains seem to display this charge distribution pattern,
including those for which membrane association is not a
demonstrated aspect of their function, such as the IMD
domain of IRSp53 (2-5).

The Bin1BAR dimer would fit a sphere of 220 Å diameter,
with its molecular 2-fold axis normal to the spherical surface.
The curvature of the dimer results from the way that the
monomers intersect and also from the kinks in helices 2 and
3 caused by two prolines (residues 144 and 207). The same
radius of curvature is observed inDrosophilaAmphiphysin
and Endophilin BAR domain structures (without taking into
consideration the insertion in the concave face that occurs
in endophilin BAR domain, which has been suggested to
match a membrane of 300 Å diameter) (2, 5). The larger
radius of curvature for endophilin is extrapolated from the
predicted location of the highly mobile insertion; however,
this portion may not affect the surface curvature from the
typical value of 220 Å if it is inserted into the membrane or
distributed over the surface (see Note Added in Proof). This
is shown in a superposition of Bin1BAR with the two other
structures (Figure 4A,B). Just as described for the Bin1BAR
domain, the curvature in these proteins is caused both by
the way the protomers intersect and by the kinks in the
helices as the domains make the transition between helical
bundles. Thus, the BAR domains from the three Bin1,
Drosophila Amphiphysin, and Endophilin proteins have
similar surface curvature, with similar electrostatic distribu-
tions, and may all recognize a complementary target surface
in similar ways.

However, not all BAR domain structures share the same
curvature. The curvature of the Arfaptin2 BAR domain
differs markedly from that of the Amphiphysin type de-
scribed above (3). This is shown in a structural overlay where
one protomer from each dimer (Bin1BAR and Arfaptin) has
been used as the common reference frame (Figure 4C i-iii).
In comparison to the Amphiphysin class of BAR domain,
which would fit a circle of diameter 220 Å, the Arfaptin2
BAR domain structure would fit a tighter circle of only 150
Å in diameter. Since the Bin1BAR and Arfaptin2 protomers
are structurally similar (Figure 4C iv), the difference in radius
of curvature between the dimers arises from the relative
orientation of the interacting protomers. If we imagine the

dimer to be like a pair of scissors, then the Bin1BAR domain
might be described as more “open” than Arfaptin2 BAR.
This arises from the slightly different orientation of the
helices in the five-helix bundle of ArfaptinVersus the
comparatively straighter six-helix bundle of Bin1 (Figure 2).

In contrast to Arfaptin2, the IMD domain of IRSp53 is
more open than Bin1BAR (4) and appears completely
straight. When the two proteins are superimposed using the
dimer interface as the reference frame, the two central regions
match remarkably well (Figure 4D i-iii). However, when
the single protomers are superimposed, the extreme ends of
the monomers bend in opposite directions, due to kinks
caused by proline residues at different positions (Figure 4D
iv). Moreover in IRSp53 this different structure appears to
be stabilized by the binding of a small C-terminal helix.
Therefore, when comparing IRSp53 and Bin1BAR structures,
it is the curvature of the protomers themselves, rather than
the way in which they intersect, that is different.

Potential for Protein-Protein Interactions.The structure
of the BAR domain of Arfaptin in complex with the small
G-protein Rac reveals that the interaction occludes the
concave surface of Arfaptin BAR (3). A functional relation-
ship between Amphiphysins and the signaling pathways
mediated by the small G-protein Rab5 has been suggested
(15, 41), and a link between other BAR proteins and small
G-proteins has also been proposed (20). This prompted us
to investigate whether Bin1BAR may bind Rab5 in a manner
analogous to the Arfaptin2-Rac interaction, using a com-
putational approach.

The surfaces of Bin1BAR and ArfaptinBAR were analyzed
with an algorithm that evaluates propensity for protein-
protein interactions based on the desolvation energy, known
as the optimal docking area (ODA) (29). The method
calculates the effective desolvation energy of burying a
surface patch from the solvent, based on atomic solvation
parameters (ASPs) optimized for protein-protein docking
(42). As a test of the method, the first set of calculations
were undertaken with the isolated Bin1BAR protomers, and
they successfully predicted the observed dimerization inter-
faces (Figure 5A). When calculations were undertaken for
the Arfaptin2 BAR dimer, the binding interface for Rac was
also predicted accurately (Figure 5C). Significantly, the
corresponding region is not predicted to be a protein-protein
interaction site in the Bin1BAR dimer (Figure 5B). This
analysis suggests that Bin1BAR lacks the capacity to bind
small G-proteins in the same way as seen in the Arfaptin-
Rac interaction. In addition,in Vitro binding studies per-
formed between human Bin1BAR and several human small
Rab proteins also failed to detect an interaction at micromolar
concentrations (details in Experimental Procedures).

Two regions with weak potential for protein-protein
interaction were nevertheless detected in Bin1BAR (arrows
in Figure 6A). These regions occur on the convex face of
the domain, at the point where the structural transition occurs
from the six-helix to the three-helix bundle; there are two
such sites that are related by molecular symmetry. The same
ODA calculations were performed onDrosophila Amph-
iphysin, Endophilin A1, and Arfaptin2, and analogous
regions with propensity for protein-protein interactions were
detected (Figure 6B-D, regions marked with arrows). Even
though the propensity is weak for the Bin1BAR and
DrosophilaAmphiphysin domains, the fact that the sites are

Table 2: Sequence Identities for Homologues

Bin1

human Drosophila Arfaptin

Bin1 Drosophila 36.7
Arfaptin 7.9 8.0
Endophilin 7.8 7.4 10.0
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conserved suggests that they might be a general feature of
the family. It is not likely that the residues lacking from the
N-terminus are affecting the ODA results, because the
residues with lowest ODA values are not close to the
N-terminus. We propose that these sites are interaction or
regulatory sites in a subset of BAR domain proteins. This
surface could form interdomain interactions in the full-length
proteins, given its proximity to the terminus of the BAR
domain structure. Since these sites are located at the convex
face of the dimer, they would not interfere with membrane
binding that is suggested to be the central function of Bin1,
Endophilin, and Amphiphysin. Corresponding interaction

sites are not present in the more distantly related IMD of
IRSp53, but there is an extra C-terminal extension that masks
the putative binding site (Figure 6E). Interestingly, in the
IMD of IRSp53, a site analogous to the Rac-binding site of
Arfaptin2 is predicted (Figure 6E). IRSp53 has been shown
to interact with the small G-protein Rac and the Rac
regulatory protein Wave, even though the specific sites of
the interaction have not been mapped (22). We speculate
that the IMD domain of IRSp53 interacts with G-proteins
in the same way as in the Arfaptin-Rac complex.

Other Bin1/Amphiphysin II Isoforms.Although there are
differences in the structure and function of the central nervous

FIGURE 4: Comparison of the curvature of Bin1BAR with other BAR domains of known structure. Curvatures were compared by superposing
the structure of Bin1BAR (navy blue) with all the other structures. The numbers i, ii, and iii correspond to the side, concave, and convex
views of the dimer, respectively. Number iv corresponds to the superpositions of the protomers alone, where appropriate. (A) Bin1BAR
dimer (blue) superposed withDrosophilaAmphiphysin BAR (red). (B) Bin1BAR dimer (blue) superposed with Endophilin BAR (gray).
(C) Bin1BAR dimer (blue) superposed with Arfaptin 2 BAR (pink). (D) Bin1BAR (blue) superposed with the IMD domain of IRSp53
(green).
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system isoforms (termed Amphiphysin II isoforms) and the
ubiquitous isoforms and muscle isoforms (termed Bin1
isoforms), all the Bin1/Amphiphysin II isoforms share the
same domain organization at the extreme ends of the protein,
i.e., the N-terminal BAR domain and the C-terminal SH3
domain. In some Amphiphysin II isoforms found in the brain
and central nervous system, the BAR domain includes an
insertion of 31 residues at amino acid position 173, resulting
from alternate splicing (between helices 2 and 3). This
insertion distinguishes Amphiphysin II splice variants from
the human Amphiphysin I andDrosophila Amphiphysin.
However, we expect that the insertion will not affect
curvatures and archectures, although it may affect function.
Endophilin B1 is expected to have an insertion similar to
that found in Amphiphysin II, judging from a reported
structure-based sequence alignment (5).

Secondary structure predictions (43) indicate that this
region forms a helix. Based on the sequence alone, we have
prepared a model with a helical insertion (Figure 7A).
Electrostatic analysis of the model suggests that isoforms
carrying this insertion have a markedly more electropositive
concave face, and the insertion may thus strengthen the
interaction of the domain with membranes (Figure 7B). All
the isoforms that carry this insertion are likely to be expressed
in the central nervous system and to function in endocytosis
or vesicle trafficking. In addition, ODA analysis predicts that
this region contains a strong potential for mediating protein-
protein interactions (Figure 7C). However, whether this

insertion is used for specialized interactions with membranes
or components of the endocytic or vesicle trafficking
machinery is at this point unknown. As noted above, the
protein encoded by the single Amphiphysin gene in the
Drosophilagenome (44) is believed to be more similar to
the ubiquitous human Bin1 isoforms that lack this insertion
than to mammalian Amphiphysin I or Amphiphysin II
isoforms expressed in the central nervous system.Drosophila
Amphiphysin therefore also lacks the 31 amino acid insertion
in the BAR domain, and is dispensable for endocytosis and
expressed predominantly in muscle, consistent with the
notion that its function resembles one of the ubiquitous Bin1
isoforms (16-18).

DISCUSSION

BAR and IMD domains constitute a family of elongated
coiled-coiled dimers with varying degrees of curvature.
Members of this family all share a bipartite distribution of
electrostatic surface potential that would support a membrane
binding role. However, it is also very likely that certain
subclasses of BAR domains may not have a membrane-
binding function, but instead play other roles involving
protein-protein interactions. Here, we have solved and
examined the crystal structure of the BAR domain of human
Bin1, and compared it to other reported BAR-domain
structures. Based on our analysis of the curvature, and
potential for protein-protein interactions, we propose a
structural classification of the BAR-domain family.

FIGURE 5: Optimal docking area(ODA) analysis of Bin1BAR and Arfaptin2 BAR. The difference between the proteins indicates that
Bin1BAR is unlikely to engage in interactions with G-proteins. The numbers i, ii, and iii correspond to the concave, side, and convex views
of the dimer, respectively. (A) ODA analysis for a Bin1BAR protomer. As can be seen from the dark blue patches, the dimerization
interface in the protomer is clearly predicted with this analysis. (B) ODA analysis for the Bin1BAR dimer. The concave face of the Bin1BAR
dimer has no predicted propensity for protein interaction. (C) ODA analysis for the Arfaptin2 BAR dimer. (D) Structure of Arfaptin2 BAR
(white) in complex with Rac (blue). A comparison of panels C and D clearly indicates that the binding site for Rac in Arfaptin is correctly
predicted by the ODA calculations.
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From our observations, the BAR/IMD family can be
divided into at least three architectural classes on the basis
of their structures and curvatures; these will have implications
for their distinctive biological roles and potential for protein-
protein interactions:

1. The Amphiphysin-Type Class of BAR Domains, En-
compassing Bin1BAR, Drosophila Amphiphysin, and Endo-
philin. The main features of the class include the ability to
tubulate membranes, the ability to match a circle of∼220
Å diameter, and two potential protein interaction sites on
the convex face of the dimer. A kink that contributes to the
curvature is correlated with a pair of conserved prolines
corresponding to positions 144 and 207 in the numbering

convention for the human BAR. A single proline is found
at position 142 on the corresponding helix in endophilin
(helix 2) and is strongly conserved among homologues. We
note that, because of its mobile protusions, the Endophilin
A1 BAR would be expected to be distinct within this group
in regard to function. (See Note Added in Proof.)

2. The Arfaptin Class.So far, this is based on the Arfaptin
protein alone. The protein is characterized by a smaller radius
of curvature that would fit a circle∼150 Å in diameter, and
its direct association with membranes is yet to be established.
However, it contains a protein interaction site in the center
of the concave face of the dimer, and two possible sym-
metrical interaction sites on the convex face analogous to

FIGURE 6: Optimal docking area(ODA) analysis of BAR domain structures and of the IMD domain structure of IRSp53. The numbers i,
ii, and iii correspond to the concave, side, and convex views of the dimer, respectively. (A) Bin1BAR, (B)DrosophilaAmphiphysin BAR,
(C) Endophilin BAR, (D) Arfaptin BAR, and (E) IMD domain of IRSp53. BAR domains from panels A to D possess a predicted site with
potential for protein-protein interactions on the convex face of the dimer (shown as arrows in iii). For some BAR domains, this potential
is strong, such as in endophilin BAR and Arfaptin BAR (C and D) while in the amphiphysins (A and B) it is only weak. This site does not
seem to be present in the IMD domain of IRSp53 (E). However, a site analogous to Arfaptin’s Rac interaction site in the concave face is
predicted.
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that found in the Amphiphysin class. Unlike the Amph-
iphysin-like class mentioned above, there are no apparent
kinks in the helices that contribute to the curvature; instead,
a long central helix that is smoothly bent occurs throughout
its length, and this is likely caused by a distributed sequence
effect in contrast to a more defined sequence pattern.

3. The IMD Domain Class.As with the Arfaptin class,
the direct association of this domain with membranes is yet
to be established, although the protein is clearly involved in
membrane remodeling events. It is characterized by a straight
shape with no curvature, and a potential for protein interac-
tions on the concave face of the dimer equivalent to

FIGURE 7: (A) The structure of the mammalian Amphiphysin II model (dark blue) superimposed to the Bin1 isoform structure (Bin1BAR)
(yellow). The modeled insertion region is highlighted with a dashed circle. The numbers i, ii, and iii correspond to the concave, side, and
convex views of the dimer, respectively. (B) Electrostatic analysis of the model. (C) ODA analysis of the model.
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Arfaptin2. The convex face of the dimer does not seem to
have any interaction site analogous to those in the Amphi-
physin and Arfaptin classes, although these sites could be
potentially masked by the additional C-terminal helix.

We have described here how different BAR domain classes
have different curvatures, and how this originates from
knobs-into-holes interactions that influence both quaternary
and tertiary organization. Many BAR domain containing
proteins induce tubulation of liposomesin Vitro, but these
tubules can vary in radii from 200 to 1000 Å, even for the
same protein. One puzzle is how the varying radii might arise
if the curvature of the BAR domain determines the induced
membrane curvature. We note that a macromolecular as-
semblage as extensive as a tubule is likely to be formed by
great numbers of BAR proteins, which could for instance
make protein-protein interactions to generate parallel,
coaxial filaments on the surface of the tubule and cause its
radius to expand. Another possibility is that other regions
of BAR proteins may also interact with membranes and so
effect the macroscopic curvature.

Functional diversity of BAR domains can be generated
through inserted regions. For example, Endophilin contains
an insertion on the concave face (5), while certain Amphi-
physin II isoforms have insertions at the extreme ends of
the dimer that are expected to change the properties of the
dimer, as indicated in the model presented here. Many BAR
domains contain an additional N-terminal helix that enhances
the membrane binding ability of the BAR domain (2). All
the differences will clearly have a major impact on the
properties of the proteins, and in many cases, a combination
of characteristics may be used to tailor the protein for a
particular cellular function.

Note Added in Proof. The crystal structure of human
endophilin BAR domain has been reported and reveals a pair
of helices inserted on the center of the concave face of the
dimer (45). The authors present functional data that show
that these helices become inserted into the membrane to
facilitate membrane curvature, and they also provide evidence
that rigidity of the crescent shape is required for causing
tubulation, but not vesicle formation.
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