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Members of the Bin/amphiphysin/Rvs (BAR) domain protein super-
family are involved in membrane remodeling in various cellular
pathways ranging from endocytic vesicle and T-tubule formation to
cell migration and neuromorphogenesis. Membrane curvature induc-
tion and stabilization are encoded within the BAR or Fer-CIP4
homology-BAR (F-BAR) domains, a-helical coiled coils that dimerize
into membrane-binding modules. BAR/F-BAR domain proteins often
contain an SH3 domain, which recruits binding partners such as the
oligomeric membrane-fissioning GTPase dynamin. How precisely
BAR/F-BAR domain-mediated membrane deformation is regulated
at the cellular level is unknown. Here we present the crystal structures
of full-length syndapin 1 and its F-BAR domain. Our data show that
syndapin 1 F-BAR-mediated membrane deformation is subject to
autoinhibition by its SH3 domain. Release from the clamped confor-
mationis driven by association of syndapin 1 SH3 with the proline-rich
domain of dynamin 1, thereby unlocking its potent membrane-
bending activity. We hypothesize that this mechanism might be com-
monly used to regulate BAR/F-BAR domain-induced membrane defor-
mation and to potentially couple this process to dynamin-mediated
fission. Our data thus suggest a structure-based model for SH3-medi-
ated regulation of BAR/F-BAR domain function.
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ukaryotic cells are characterized by a diverse array of mem-

branous structures including vesicles, tubules, and pleiomorphic
vacuoles that enable cellular processes such as organelle biogenesis,
cell division, cell migration, secretion, and endocytosis. In most
cases, dynamic membrane remodeling is accomplished by the
reversible assembly of membrane-deforming proteins (1, 2), most
notably by members of the Bin/amphiphysin/Rvs (BAR) domain
superfamily (3). BAR domains are characterized by a-helical coiled
coils that dimerize into modules with a positively charged surface
that interacts with phospholipid membranes (4, 5). Self-assembly of
BAR domain proteins, often in combination with the presence of
amphipathic helices (6, 7), may then induce or stabilize membrane
curvature de novo. Frequently, BAR domain proteins, such as
syndapin, sorting nexin 9 (8), endophilin, and amphiphysin (9), also
contain an SH3 domain that serves as an interaction platform for
proline-rich motif-containing proteins including the large mem-
brane-fissioning GTPase dynamin (10), suggesting that membrane
bending is intimately linked with GTP-hydrolysis-dependent vesicle
or tubule fission (9, 11, 12). How precisely membrane deformation
by BAR domain proteins is regulated at the cellular level and how
this may be coupled to fission are largely unknown.

Syndapins [also termed pacsins (13)] are synaptically enriched
proteins of the Fer-CIP4 homology-BAR (F-BAR) subfamily of
BAR domain proteins that via their SH3 domain bind to dynamin
(14) and to actin regulatory proteins such as N-WASP (15) and
cordon bleu (COBL) (16). The F-BAR and SH3 domains of syn-
dapins are connected via a flexible linker containing NPF motifs
that interact with EH domain proteins, most notably EHD1 (3, 13,
15). Knockdown of syndapin 1 causes impaired axon development

www.pnas.org/cgi/doi/10.1073/pnas.1003478107

and branching and leads to defects in bulk endocytosis of synaptic
vesicle (SV) membranes under intense stimulation in primary
neurons (17). Similar effects are observed upon perturbation of
syndapin function in lamprey reticulospinal axons (18). The role of
syndapin in SV recycling appears to be under tight regulatory
control by stimulation-induced dephosphorylation of dynamin 1 in
nerve terminals (14). Similar regulatory mechanisms must operate
to control the membrane-deforming activities of other BAR
domain proteins (19-21) and the consumption of membrane buds
and tubules by dynamin-mediated fission (9, 12, 17).

Here we show by combined structural, biochemical, and cell bio-
logical analysis that syndapin 1 F-BAR-mediated membrane bend-
ing is subject to autoinhibition by its SH3 domain. Release from this
clamped conformation is driven by association of syndapin 1 SH3
with dynamin 1 or of a proline-rich dynamin 1-derived peptide,
thereby unlocking its potent membrane-deforming activity. These
data thus suggest a model for SH3-mediated regulation of BAR/F-
BAR domain function.

Results

Structural Basis for the Latent Membrane Deformation Activity of
Syndapin 1. Syndapin 1 is composed of an N-terminal F-BAR linked
to a C-terminal dynamin-binding SH3 domain via a long flexible
tether containing NPF motifs (Fig. 14). To analyze its potential
membrane-tubulating activity, full-length mouse syndapin 1 fused to
eGFP was expressed in Cos7 cells and imaged by live-cell spinning-
disk confocal microscopy. Surprisingly, syndapin 1-eGFP displayed
a largely cytoplasmic distribution with some enrichment at periph-
eral plasmalemmal ruffles, but no syndapin 1-coated membrane
tubules or vesicles were observed (Fig. 1 B, H, and J). By contrast,
expression of syndapin 1 F-BAR-eGFP, a truncation mutant lacking
the C-terminal linker-SH3 domain, produced numerous membrane
tubules from internal, mostly perinuclear membranes (Fig. 1 C and
J) of an average diameter of about 73 + 10 nm (Fig. 1/) in electron
microscopic images. These tubules were accessible to internalized
transferrin-Alexa 568 (Fig. S1), suggesting that they were of endo-
somal origin. A small subfraction of tubules appeared to be plasma
membrane-derived. Thus, syndapin 1 harbors a potent membrane-
tubulating activity within its F-BAR domain that is suppressed in the
full-length protein.
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Fig. 1. Syndapin 1 F-BAR but not full-length syndapin 1 forms membrane
tubules in living cells. (A) Schematic representation of the domain organ-
ization of syndapin 1 and of the various truncations and mutants used in this
study. (B-G) Live-cell spinning-disk confocal imaging of Cos7 cells expressing
full-length (FL) eGFP-syndapin 1 wild-type or mutants. (B) Expression of full-
length eGFP-syndapin 1 did not cause membrane tubulation. ((-G) Mem-
brane tubules induced by expression of eGFP-syndapin 1 F-BAR wild-type (C)
or (1122F/M123F) (D). Mutational inactivation of the amphipathic wedge
loop 1122T/M123Q (E) or the basic belt (K127E/K130E) (F) and (K145E/K146E/
K148E) (G) eliminated the tubulating activity. Representative images from at
least three independent experiments are shown. (Scale bars, 10 pm.) (H and
/) Representative electron micrographs of Cos7 cells expressing full-length
eGFP-syndapin 1 (H) or eGFP-syndapin 1 F-BAR (/). Note the presence of
numerous F-BAR-induced membrane tubules in /. (Scale bar, 0.5 um.) (J)
Quantification of the number of eGFP-positive tubules in Cos7 cells
expressing syndapin 1 variants. Given are the mean number of tubules (+SE)
per cell (n = 3 for each syndapin 1 variant) averaged for at least 20 cells.

To investigate the molecular basis of the membrane-bending
activity of syndapin 1 F-BAR, we solved its structure by protein
x-ray crystallography using the multiwavelength anomalous dif-
fraction (MAD) method (Table S1). Three F-BAR monomers sit
in one crystal asymmetric unit: Two monomers dimerize into an
elongated “S” shape with local twofold symmetry (Fig. S24), while
the third forms a dimer with its crystal symmetry-related mate.
Each monomer consists of four long helices, al to a4, and a short
C-terminal helix o5 following an extended proline-rich coil (Fig.
S2A). The head-to-head dimerization of F-BAR domains results
in a six-helical bundle consisting of a1, a2, and the N-terminal part
of a4 from each monomer and a buried solvent-accessible area of
about 4,600 A2, indicating a stable dimer in solution. A coiled coil
consisting of a3 and the C-terminal part of a4 of each monomer
bends to the same side and thus gives the dimer a crescent shape. A
striking feature is the charge distribution on the dimer surface: On
the concave face, lysines (e.g., K127, K130, K145, K146, K148, K205,
and K208) form a continuous positively charged belt, whereas the
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convex and side surfaces are negatively charged (Fig. S2D). The
characteristics in scaffold organization and charge distribution are
shared with other BAR proteins (3). An interesting feature is that a
wedge loop consisting of "YHKQIMGGF'?, with hydrophobic
residues (1122-M123) at the tip (Fig. S2B), protrudes about 12 A
from the area joining a2 and o3. These two helices compose an
uninterrupted long helix in other BAR proteins. This wedge loop
distinguishes syndapin 1 from known N-BAR and F-BAR proteins.
Superposing monomers available in different crystal-packing envi-
ronments reveals rigidity in the wedge loop (Fig. S2C), namely the
overall shape and the relative orientation to the helical bundle. Two
wedges, with a tip-to-tip distance of about 83 A in the dimer, are
located on the borders of the positively charged concave face and are
adjacent to positively charged, conserved residues (e.g., K127 and
K130). This may suggest a concerted function of the wedge loop with
the charged surface in membrane bending. Two other groups
reported similar results regarding the structure of the F-BAR
domain from human and Drosophila syndapins, respectively (20, 22).
The importance of the wedge loop and the adjacent charged
surface for the membrane-tubulating activity of eGFP-F-BAR
was confirmed by expression of site-directed mutants (sche-
matically depicted in Fig. 14) in Cos7 cells. Replacing the
hydrophobic amino acids 1122 and M123 within the wedge loop
(Fig. S2B) by hydrophilic residues (I1122T/M123Q) completely
eliminated tubule formation in cells (Fig. 1 E and J), although
this mutation did not alter membrane phospholipid binding.
Conversely, mutation of 1122 and M123 to phenylalanine, a
bulkier hydrophobic residue, significantly increased the number
of tubules per cell (Fig. 1 D and J). Mutational inactivation of
either of two basic patches (K127E/K130E or K145E/K146E/
K148E) within the positively charged belt on F-BAR abrogated
membrane tubulation (Fig. 1 F, G, and J). These data corrobo-
rate the structural analysis and confirm the critical role of the
positively charged belt and the amphipathic wedge loop in
driving syndapin 1 F-BAR-mediated membrane bending.

Crystal Structure of Full-Length Syndapin 1 Reveals an F-BAR-SH3
Clamp. Our own cell-based experiments (Fig. 1) together with recent
data using purified syndapin incubated with liposomes (20) sug-
gested that the membrane-tubulating activity of the F-BAR domain
is autoinihibited by the SH3 domain. However, the molecular basis
for this behavior is not understood. To unravel the structural basis of
autoinhibition, we solved the structure of full-length syndapin 1 by
protein x-ray crystallography (Fig. 2). We obtained two distinct
crystal forms of full-length syndapin 1 (Ful-1, Ful-2) with different
unit cell dimensions (Table S1), as confirmed by SDS/PAGE and
mass spectrometry. These crystals diffracted x-rays to a maximal
resolution of 3.4 and 2.6 A, respectively (Table S1).

Both Ful-1 and Ful-2 crystals contain one dimer and one mono-
mer of the F-BAR domain in the asymmetric unit, similar to the
crystals of the isolated F-BAR domain. In addition, we found extra
electron density to fit SH3 domains (385-440). These SH3 domains
adopt a conventional p-barrel fold, with the prototyped C-terminal
B-strand retrograding to an extended coil (Fig. 24). The RT-src loop
and the N-src loop flank the putative PxxP-binding groove with
conserved residues such as P434, W420, and Y393 lying at the bot-
tom (Fig. 2B). In none of the full-length molecules was the linker
connecting the F-BAR and SH3 domains visible, suggesting a high
degree of flexibility in this region, in agreement with secondary-
structure predictions. Surprisingly, electron density was found for
only two SH3 domains in Ful-1 and a single SH3 domain in Ful-2,
indicating that physiological interactions can be interrupted by
crystal-packing forces. Due to the long invisible linker, it was not
possible to assign the SH3 domains to one of the F-BAR domains.

To identify possible physiological interactions between the F-
BAR and SH3 domains, the packing of the SH3 domains against
the F-BAR domain in the crystal was analyzed. Previous low-
resolution data suggested that the SH3 domains of endophilin
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Fig. 2. Structure of full-length syndapin 1. (A) Secondary-structure representation of syndapin 1. Protein coloration: gold, chain A; purple, chain B; green,
chain D (the SH3 domain). The SH3 domain may be associated with either chain A or chain B of the F-BAR domain, but the lacking electron density for the
tether disallows a definite chain assignment. A second SH3 domain found in the asymmetric unit which interacts with the F-BAR domain in an irrelevant
manner is not shown in the model. N and C termini, the secondary-structure assignment, and the wedge loop protruding from the long helical region are
labeled only on chain A. (B) Close-up view of the interface of the SH3 and F-BAR domains. p-Strands of the SH3 domain are labeled. Residues involved in the
interaction are shown as a stick model. Polar contacts are presented as red dashed lines. (C) A proline-rich peptide (blue) is modeled by hand to the putative
PxxP-binding groove in the syndapin 1 SH3 domain, corresponding to the peptide position in the SH3-peptide complex structures PDB ID codes 1W70 and
2DRK. (D) The protein surface is colored according to the electrostatic potential: red (negative) through white (neutral) to blue (positive). The lower panel
shows an open-up view of the surface charge distribution between F-BAR and SH3. Residues mutated in functional studies are labeled.

(8) and syndapin (20) are placed at or near their respective BAR
domains, although the precise position could not be determined.
Such an interaction was also found in our crystals (Ful-1), where
the SH3 domain with its putative PxxP-binding groove contacts the
positively charged concave face at the tip of the F-BAR domain
(Fig. 24), with a small buried solvent-accessible area of 460 A2,
Interestingly, the charge distribution in the SH3 domain is also
uneven: negatively charged at the side of the peptide-binding
groove and positively charged at the opposite side. Thus, a clear
charge complement exists within and near the interface (Fig. 2D).
Residues at the interface are mainly located in o3 and o4 of the F-
BAR domain and the RT-src loop of the SH3 domain. They form
an extended hydrogen-bonding and/or salt-bridge network (Fig.
2B and Table S2), which is the major contributor to the inter-
action. In particular, K141, K145, and K148 from o3 of the F-BAR
domain intensively interact with Q396, E397, and E400 in the RT-
src loop of the SH3 domain. Indeed, '**KKMK'*® is a common
basic motif found in several F-BAR and BAR domain proteins. The
interface also contains a small hydrophobic patch formed by aro-
matic side chains in the peptide-binding groove of the SH3 domain
and by aliphatic side chains of the F-BAR domain. The F-BAR/SH3
interaction is mainly mediated by hydrogen bonds/salt bridges,
implying that the interaction is salt- and pH-sensitive (see below).
The small buried area indicates that the SH3 binds weakly to the F-
BAR domain, which is consistent with the observation that SH3
domains generally associate with their binding partners with rela-
tively low affinities (23). However, “complex” formation between the
F-BAR and SH3 domains would be significant in solution due to the
high local concentration of the two domains within the dimer.
Aninteraction between the SH3 and F-BAR domains of syndapin
1is confirmed by direct binding experiments using GST-linker-SH3
or GST-SH3 and Hise-F-BAR (Fig. 34). Replacement of K145,
K146, and K148 from a3 of the F-BAR with glutamates completely
abolished association with GST-SH3 (Fig. 3B). Conversely, muta-
tion of the charged/hydrophilic residues D394R/E400R or Q396R/
E397R within the RT loop of the SH3 domain also significantly
impaired association with the F-BAR domain (Fig. 3C), thereby
confirming the crystallographically determined interface. To test
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whether association between the SH3 and F-BAR domains affects
membrane tubulation in cells, we cotransfected both domains in
trans into Cos7 cells and analyzed these by live-cell spinning-disk
confocal microscopy (Fig. S3). Indeed, coexpression of wild-type
(WT) mCherry-tagged SH3 strongly impaired the ability of eGFP-
F-BAR to generate membrane tubules, whereas SH3s carrying
point mutations that interfere with F-BAR association were much
less potent (Fig. 3D). All SH3-mCherry chimeras were expressed at
identical levels (Fig. S3/). Hence, the F-BAR and SH3 domains of
syndapin 1 interact both in vitro and in living cells.

To assess the specificity of SH3-BAR/F-BAR domain interactions,
we analyzed the behavior of the endocytic N-BAR-SH3 domain
proteins endophilin 1 and amphiphysin 1. Molecular modeling sug-
gests the existence of a basic patch on the N-BAR domains of
endophilin 1 and amphiphysin 1 (Fig. S4) that could serve as a docking
site for SH3 domains, in agreement with recent low-resolution small-
angle X-ray scattering data (8). To address this possibility, we per-
formed affinity-chromatography experiments using endophilin 1 SH3
or amphiphysin 1 SH3 fused to GST and purified recombinant BAR
domains. Both endophilin 1 SH3 (Fig. 3E) and amphiphysin 1 SH3
(Fig. 3F) bound to their corresponding BAR domains. Interactions
between BAR and SH3 domains were also specific to some degree.
When offered to different endocytic SH3 domains, syndapin 1 F-
BAR preferentially associated with its own SH3 domain, whereas
weaker interactions were observed between syndapin 1 F-BAR and
amphiphysin 1 SH3 and endophilin 1 SH3 (Fig. 3G).

Collectively, the experiments described above suggest that the
membrane-tubulating activity of syndapin 1 is under regulatory
control by its SH3 domain. The fact that the SH3 contacts the F-
BAR domain via its putative PxxP-binding groove further sug-
gests a role for proline-rich SH3 ligands such as dynamin 1 or
N-WASP in regulating F-BAR-mediated membrane tubulation.
We further explored this putative functional partnership
between syndapin 1 and dynamin 1 directly.

Association of Syndapin 1 with Dynamin 1 or a Dynamin 1-Derived SH3-

Binding Peptide Unlocks Its Latent Membrane-Tubulating Activity. Our
structural analysis indicates that proline-rich SH3 domain ligands
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Fig. 3. Complex formation between syndapin 1 F-BAR and SH3 regulates
syndapin 1-induced membrane tubulation. (A) GST-syndapin 1 SH3 (379-441)
or GST-syndapin 1 AF-BAR (340-441) bind to their F-BAR domain in vitro,
whereas GST does not. (B) Mutation of a basic patch on the F-BAR domain
(K145E/K146E/K148E) eliminates binding to SH3. (C) Mutations within the
SH3 domain (D394R/E400R) and (Q396R/E397R) selectively impair binding to
the F-BAR domain. By contrast, mutation of the proline-rich motif-binding
site on SH3 (P434L) does not affect F-BAR association. Binding assays were
done as described in Materials and Methods. Samples were analyzed by SDS/
PAGE and staining with Coomassie blue. Input, 15% (A and B) or 10% (C) of
the total amount of purified F-BAR used for the binding assay. (D)
Cotransfection of wild-type (WT) but not mutant SH3 inhibits eGFP-syndapin
1 F-BAR-induced membrane tubulation. Shown are the mean number of
tubules (+SE) per cell (n = 3 for each syndapin 1 variant) averaged for at least
20 cells. (E-G) In vitro binding assays. GST or GST-SH3 fusion proteins were
immobilized on glutathione beads and incubated with purified Hisg-tagged
endophilin 1 BAR (E), amphiphysin 1 BAR (F), or syndapin 1 F-BAR (G)
domains. Input, 5% (E and F) or 3.5% (G) of the total amount of purified
BAR domains used for the assay. Samples were analyzed by SDS/PAGE and
staining with Coomassie blue.

such as dynamin 1 may compete with the F-BAR domain for an
overlapping surface on the RT loop of SH3 (Fig. 2C). Indeed,
mutations such as P434L, E400R, or D394R/E400R impair SH3
association with the proline-rich domain (PRD) of dynamin 1 (Fig.
4A4). By contrast, SH3 Q396R/E397R maintains the ability to bind
to dynamin 1 PRD, although it fails to associate with F-BAR (Fig.
3C). Hence, dynamin 1 and F-BAR use an overlapping, yet par-
tially distinct interaction surface on the RT loop of the syndapin 1
SH3 domain for binding. This conclusion is further substantiated
by peptide competition in direct binding assays. F-BAR domain
binding to GST-SH3 is potently inhibited by a dynamin 1-derived
proline-rich peptide (PxxP) (14), whereas mutant (AxxA) or
unrelated control peptides are inactive (Fig. 4B).

If, indeed, association of SH3 with proline-rich ligands releases
the F-BAR from the SH3 clamp, addition of a dynamin 1-derived
PRD peptide should potently stimulate syndapin 1-mediated
membrane bending. We tested this idea using purified syndapin 1
incubated with liposomes in vitro. As expected from our cellular
studies, syndapin 1 bound to liposomes (Fig. S5) but did not cause
significant tubulation (Fig. 54 and E)). However, a potent syndapin
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activity from autoinhibition. (A) The proline-rich domain of dynamin 1 (Dyn
I-PRD) and syndapin 1 F-BAR show partially overlapping binding sites on
syndapin 1 SH3. GST pull-down assays were done as described in Materials
and Methods. (B) A dynamin 1-derived syndapin 1-binding wild-type (PxxP)
but not an inactive mutant (AxxA) peptide (each at 100 uM) competes with
F-BAR for binding to GST-SH3. A peptide derived from the syndapin 1 linker
region (NPF) was taken as a further negative control. Samples were analyzed
by SDS/PAGE and staining with Coomassie blue. Input, 15% (A and B) of the
total amount of purified F-BAR domain used in the assay. (C) Expression of a
GTPase-defective dynamin 1 mutant (K44A) unlocks a potent membrane-
tubulating activity of eGFP-syndapin 1. Quantification of eGFP-syndapin
1-induced membrane tubules in Cos7 cells coexpressing either mRFP or
mRFP-tagged dynamin 1 variants (wild-type or GTPase-defective mutant
K44A). Shown are the mean number of tubules (+SE) per cell (n = 3 for each
syndapin 1 variant) averaged for at least 20 cells.

1-dependent membrane deformation activity was released upon
addition of the dynamin 1 PRD peptide (Fig. 5 C and E). The
dynamin 1 PRD peptide did not alter liposomal membrane asso-
ciation of syndapin 1 (Fig. S5) nor did it cause membrane tubu-
lation on its own. Similarly, breaking the F-BAR-SH3 clamp by
mutation (Q396R/E397R) also released the membrane-bending
activity of syndapin 1 on liposomes (Fig. 5 D and E). These results
are consistent with a model according to which syndapin 1 func-
tionally cooperates with PRD ligands, most notably dynamin 1, in
driving membrane deformation and fission (Fig. 5F).

To test such a hypothetical scenario, eGFP-syndapin 1 was
coexpressed with either WT or GTP-locked (K44A) dynamin 1-
mRFP (Fig. S6 and Fig. 4C). Confocal live-cell imaging revealed
numerous syndapin 1- and dynamin 1-positive membrane tubules
in cells coexpressing eGFP-syndapin 1 and dynamin 1 (K44A)-
mRFP (Fig. S6 D-F and Fig. 4C). Much fewer and shorter tubules
were observed in dynamin 1 (WT)-mRFP-transfected cells, which
instead accumulated membrane-bound vesicles (Fig. S6 A-C and
Fig. 4C). Membrane tubulation was not observed in cells coex-
pressing dynamin 1 (K44A)-mRFP together with e GFP-syndapin
1 (K127E/K130E) (Fig. S6 G-I and Fig. 4C), a variant carrying
point mutations within the F-BAR domain that abrogate tubula-
tion (Fig. 1F) but do not impair association with either its SH3
domain or with dynamin 1. Conversely, excessive tubulation
occurred in cells coexpressing the wedge loop mutant eGFP-syn-
dapin 1 (I122F/M123F), a mutation that enhances tubulation (Fig.
1D and/J), along with dynamin 1 (K44A)-mRFP (Fig. S7). Tubules
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were absent from cells expressing dynamin 1 (K44A)-mRFP (Fig.
S6J and Fig. 4C) or eGFP-syndapin 1 alone (Fig. 4C). We conclude
that dynamin 1 is able to release the F-BAR domain of syndapin 1
from SH3 domain-mediated autoinhibition, thereby uncovering
its latent membrane-deforming activity. Thus, syndapin 1 and
dynamin 1 appear to undergo a functional partnership in driving
membrane remodeling during endocytosis.

Discussion

BAR domain superfamily proteins play a fundamental role in
shaping membranes during diverse cellular processes (3) ranging
from the formation of endocytic vesicles (5, 10, 17, 24, 25) and T
tubules in muscle (26, 27) to cell migration and morphogenesis (16,
22, 28, 29). Previous studies have allowed us a glimpse at the
molecular mechanisms by which BAR/F-BAR domain proteins drive
membrane bending (4, 5) or sense and stabilize curved membrane
domains (1, 7). A striking feature of many BAR/F-BAR domain
proteins is the concomitant presence of at least one SH3 domain (3).
In the case of endocytic BAR/F-BAR domain proteins including
syndapin, endophilin, and amphiphysin, the SH3 domain acts to
recruit proline-rich ligands, most notably the large membrane-
deforming and -scissioning GTPase dynamin, a key factor in endo-
cytic membrane fission (10, 11, 30, 31).

In this work, we show that the membrane-deforming activity of
syndapin 1, a member of the F-BAR subfamily, is autoinhibited by
its SH3 domain. Crystallographic analysis reveals an interaction
surface composed of a basic patch on the F-BAR domain that
interacts with a corresponding acidic surface on the PRD-binding
RT loop of the SH3. Such charge complementarity is also used by
PxxP motifs within SH3 domain ligands (32) including dynamin 1.

A somewhat puzzling observation is that SH3 domains appear to
bind differently to F-BAR in the crystals. How can this be
explained? First, the interaction between the SH3 and F-BAR
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Membrane deformation
and fission

Fig. 5. Syndapin 1-induced membrane tubulation
reconstituted on liposomes in vitro. (A-D) Negative-
stain electron microscopy. (A) Transmission electron
microscope image of liposomes incubated with full-
length (FL) syndapin 1. Inset shows liposomes without
the protein. (B-D) Representative micrographs of lip-
osomes incubated with syndapin 1 F-BAR (B), FL syn-
dapin 1 with 170 pM dynamin peptide (C), and FL
syndapin 1 (Q396R, E397R) (D). (Scale bar, 500 nm.) (E)
Quantification of liposome tubulation in the experi-
ments illustrated above. Note the significant increase
in tubulation efficiency (P < 0.001, Student'’s t test) of
J FL syndapin 1 after addition of the dynamin peptide or
upon mutation of its SH3 domain. (F) Hypothetical
model for the cooperative role of BAR-SH3 domain-
containing proteins and dynamin 1 in membrane
deformation and fission. See text for details.

domains is comparably weak. It is maintained by salt-sensitive
charge-charge interactions, and high salt concentrations in the
crystallization assay may dissociate SH3 from the F-BAR domain,
as seen in direct binding experiments in vitro (Fig. S8). In addition,
the syndapin 1 F-BAR domain can assemble into tubules, indi-
cating a noticeable attraction between F-BAR domains. At high
concentrations occurring in the crystallization drop, this inter-
molecular interaction between F-BAR domains may compete with
the intramolecular SH3/F-BAR interaction. Hence, SH3 domain
positions can be deteriorated by crystal-packing forces.

Physiologically most important, the SH3 clamp on F-BAR is
released by complex formation between the syndapin 1 SH3 domain
and its binding partner dynamin 1 (14, 17, 24), suggesting a further
mechanistic link between F-BAR domain-mediated membrane
deformation and fission. Syndapin 1, similar to other BAR-SH3
domain proteins, has been postulated to aid membrane recruitment
of dynamin 1 within stimulated nerve terminals (14). Although
association of the syndapin 1 F-BAR and SH3 domains suppresses
its membrane-deforming activity, phospholipid binding remains
largely unaffected.

In a hypothetical scenario, syndapin 1 dimers undergo labile
association with membranes (Fig. S5). Capture of dynamin 1 via
PRD/SH3 interactions drives several changes: By displacing the
SH3 from the F-BAR domain, dynamin 1 facilitates a conforma-
tional change within syndapin 1 to the open conformation, thereby
releasing the F-BAR domain from geometrical constraints. Self-
assembly of dynamin 1 in turn possibly stabilizes syndapin 1 in its
membrane-bound state. Reorganization of syndapin 1 F-BAR into
a helically arranged lattice, as recently shown for the structurally
related proteins CIP4 and FBP17 (4), then serves as a trigger for
membrane bending, a process further aided by dynamin 1 coas-
sembly (9, 33) (Fig. 5F). Such locally deformed bilayers are then
subject to dynamin GTPase-driven fission. It is possible that syn-
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dapin 1 directly contributes to this, for example by insertion of the
amphipathic wedge loop into one leaflet of the deformed mem-
brane and by stimulating dynamin’s GTPase activity. Similar reg-
ulatory principles may apply to the role of amphiphysin (10) and
endophilin (34, 35) during the fission of late-stage clathrin-coated
pits by dynamin during endocytosis or SV recycling. However,
additional experimental data are required to test this possibility.
Such a model is consistent not only with the data presented here
but also with earlier studies (19). A molecularly distinct auto-
inhibitory mechanism involving the BAR and GAP domains has
recently been proposed for members of the GRAF family (21).

SH3-mediated control of BAR/F-BAR domain function may
not only be of relevance to endocytic vesicle formation but could
be of more general importance. Syndapin family members also are
crucial regulators of notochord development (22) and neuro-
morphogenesis by linking membrane deformation to N-WASP-
dependent actin polymerization (28). We speculate that N-WASP
binding to syndapin 1 SH3 (15) will cause conformational changes
similar to those elicited by association of dynamin. Interestingly,
during neuromorphogenesis, syndapin 1 appears to release N-
WASP from autoinhibition (28). Hence, syndapin 1 action during
actin-dependent remodeling of the neuronal plasma membrane
and bulk endocytosis (17) may follow similar regulatory principles.

In summary, we predict that SH3 domain-mediated autor-
egulation of the membrane-deforming activity of BAR/F-BAR
domains is of crucial importance for the function of syndapin 1
and perhaps other BAR domain proteins.

Materials and Methods

SI Materials and Methods include plasmids and peptides; protein purifica-
tion; crystallization, x-ray data processing and structure solution; transferrin
uptake; electron microscopy analysis of protein-lipid tubes; and liposome
sedimentation assays.
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Protein-Binding Assays. For direct binding assays, immobilized GST fusion
proteins (20 pg) were incubated in a total volume of 500 pL in assay buffer
(25 mM Hepes, pH 7.0, 50 mM NaCl, and 0.1% Triton X-100) for 2 h at 4 °C
with recombinant Hiss-tagged proteins (60 or 80 pg) in the presence or
absence of peptides (100 uM). Samples were washed extensively. Complexes
were analyzed by SDS/PAGE and staining with Coomassie blue. Quantifica-
tions were done using ImageJ.

Live-Cell Confocal Imaging Experiments. Cos7 cells expressing low levels of
fluorescent proteins were imaged 10-15 h posttransfection with Lipofect-
amine 2000 (Invitrogen) using a Zeiss Axiovert 200M-based PerkinElmer Life
Sciences UltraView ERS dual spinning-disk system. Data were processed
using Volocity software (Improvision). For quantification, at least 20 trans-
fected cells were chosen for each experiment. The numbers of tubules were
determined and the average number of tubules per cell was calculated. Data
from at least three different independent experiments were collected and
used for quantification.

Protein Crystallography. Crystals reported here were grown using the
hanging-drop vapor-diffusion method. All x-ray diffraction data were col-
lected at the BESSY synchrotron, Berlin, Germany (Table S1). The structure of
the syndapin 1 F-BAR domain was solved by the MAD method assisted by a
selenomethionine-derived crystal. The full-length syndapin 1 structures were
solved by molecular replacement using structures of the refined F-BAR
domain and the SH3 domain of Protein Data Bank ID code 2DRK as search
models. Detailed procedures are available in S/ Text. Atomic coordinates and
structure factors were deposited in the Protein Data Bank under ID code
2x3v for the structure of the F-BAR domain, and 2x3w and 2x3x for the
structures of full-length syndapin 1.
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