THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 6, pp. 4232-4247, February 3,2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Single Point Mutation in Bin/Amphiphysin/Rvs (BAR)
Sequence of Endophilin Impairs Dimerization, Membrane
Shaping, and Src Homology 3 Domain-mediated
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SH3-mediated partnership in endophilins.

between the BAR domain and other structural units.
.

(Bacl(ground: The BAR domain is a dimeric module controlling membrane curvature.
Results: We identify leucine 215 involved in stabilizing the dimer interface and characterize the incidence of its substitution in

Conclusion: Altered BAR conformation/rigidity impairs membrane binding, shaping, and partnership.
Significance: This mutation in other BAR domain-containing proteins may unravel unanticipated functional relationships

~N

J

Bin/Amphiphysin/Rvs (BAR) domain-containing proteins are
essential players in the dynamics of intracellular compartments.
The BAR domain is an evolutionarily conserved dimeric module
characterized by a crescent-shaped structure whose intrinsic cur-
vature, flexibility, and ability to assemble into highly ordered olig-
omers contribute to inducing the curvature of target membranes.
Endophilins, diverging into A and B subgroups, are BAR and SH3
domain-containing proteins. They exert activities in membrane
dynamic processes such as endocytosis, autophagy, mitochondrial
dynamics, and permeabilization during apoptosis. Here, we report
on the involvement of the third a-helix of the endophilin A BAR
sequence in dimerization and identify leucine 215 as a key residue
within a network of hydrophobic interactions stabilizing the entire
BAR dimer interface. With the combination of N-terminal trunca-
tion retaining the high dimerization capacity of the third a-helices
of endophilin A and leucine 215 substitution by aspartate (L215D),
we demonstrate the essential role of BAR sequence-mediated
dimerization on SH3 domain partnership. In comparison with wild
type, full-length endophilin A2 heterodimers with one protomer
bearing the L215D substitution exhibit very significant changes in
membrane binding and shaping activities as well as a dramatic
decrease of SH3 domain partnership. This suggests that subtle
changes in the conformation and/or rigidity of the BAR domain
impact both the control of membrane curvature and downstream
binding to effectors. Finally, we show that expression, in mamma-
lian cells, of endophilin A2 bearing the L215D substitution impairs
the endocytic recycling of transferrin receptors.
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The dynamics of intracellular membranes is essential for
maintaining the integrity and specialized functions of the
eukaryotic cell. This ensures, for example, transport from one
compartment to another, adequate sorting of lipids and pro-
teins to organize signaling platforms, and exit from a given
compartment. These processes require complex sets of struc-
tural and regulatory proteins that control mechanical forces
involved in membrane shaping and interplay between mem-
branes and the cytoskeleton.

Bin/Amphiphysin/Rvs (BAR)? domain-containing proteins
belong to an evolutionarily conserved superfamily of mem-
brane-molding macromolecules, the molecular properties of
which have been described relatively recently, driven by ultra-
structural analysis by x-ray crystallography, cryo-electron
microscopy reconstitution of their assembly on membrane
templates, atomic modeling, molecular dynamics simulations,
small angle x-ray scattering-based solution studies, and recon-
stitution of membrane deforming activities in vitro (1). The
BAR domain superfamily is currently composed of three
groups, including the classical BAR whose structure was
resolved first (2, 3), the more recently discovered F-BAR (Fes/
CIP4 homology BAR), and the I-BAR (inverse-BAR) (1, 4, 5).
These three types of domains organize around the interface
between two monomers mainly formed by consecutive a-heli-
ces that assemble into anti-parallel crescent-shaped dimers
whose concave and positively charged face interacts with neg-
atively charged lipid headgroups localized on the cytosolic side
of the membrane bilayer. BAR, F-BAR, and I-BAR domains are
characterized by more or less curved structures. They can bind
to membranes of different curvature degrees with the BAR fit-
ting to the more convex ones (although with relative flexibility,
see Ref. 6) and the I-BAR to the more concave ones. In this latter
case, for example, the I-BAR is involved in the formation of
filopodium-like protrusions (7). All of these domains have been

3 The abbreviations used are: BAR, Bin/Amphiphysin/Rvs; EA1, endophilin A1;
EA2, endophilin A2; SH3, Src homology 3; Tet, tetracycline; St, StrepTag;
PRD, proline-rich domain.
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proposed to induce membrane curvature, stabilize curvature
driven by other mechanical forces, or sense curvature as a signal
for selective recruitment on a given target membrane as well as
for the shape-driven attachment to other factors that may actas
downstream effectors. Finally, their activity on membranes was
also proposed to rely on oligomerization properties that prop-
agate positive curvature to shape tubular structures, as exem-
plified by self-assembly of F-BAR modules into a helical coat
(4).

Among the BAR domain superfamily, the classical BAR
sometimes harbors at its N terminus a sequence of ~25 resi-
dues that was shown to fold into an amphipathic a-helix upon
insertion into the cytosolic leaflet of the membrane bilayer
(thus defined as the N-BAR). This is the case of proteins such as
amphiphysins, endophilins, and nadrins (1). This helix was pro-
posed to cause membrane bending by pushing apart polar
headgroups of lipids from the cytosolic leaflet (8 —10) and to
contribute to membrane curvature sensing (11, 12). Finally, the
N-BAR of endophilins and nadrins was shown to possess a fur-
ther increased capacity for membrane bending, due to the
insertion of an additional membrane-intercalating helix local-
ized in the middle of the first a-helix of the BAR sequence (9, 10,
13, 14).

Endophilins diverge into two groups referred to as endophi-
lins A and B that are composed of a series of three a-helices
forming the BAR secondary structure flanked by an N-terminal
peptide folding into an amphipathic helix and a C-terminal SH3
domain (for a comprehensive recent review, see Ref. 15). In
mammals, endophilins A and B are encoded by three and two
genes, respectively, giving rise to endophilins A1, A2, and A3
and endophilins B1 and B2 (16 -23). Endophilin A members
have mainly been reported as playing roles in endocytosis, in
particular in the formation of endocytic vesicles such as synap-
tic vesicles as historically described (18, 19, 24 -30). Endophilin
B members appear to have more pleiotropic functions. Endo-
philin B1, in particular, has been shown to act in endocytosis
(31), to control the morphology of mitochondria (32) and their
permeabilization during apoptosis (in this context, it was ini-
tially named Bif-1 for Bax-interacting factor-1, see Refs. 22,
33-35), to control de novo assembly/elongation of autophagic
membranes (36), and to act in the formation of Golgi-derived
vesicles. In this latter case, it was shown to exert interchange-
able functions with CtBP/BARS-50 involved in the fission of
COPI-coated vesicles (37). Importantly, endophilins differ
from many other BAR domain-containing proteins because
their BAR module is not directly flanked by a lipid-binding
domain mediating selective membrane recruitment driven by
lipid-signaling activity.

Although high resolution structures of the BAR domain of
endophilin A1 (9, 10, 13) and of the SH3 domain of endophilin
A2 were resolved (38), this is not the case for full-length pro-
teins. Thus, structural and functional relationships between
SH3 and BAR domains of endophilin have been poorly investi-
gated. However, modeling using small angle x-ray scattering led
to the proposal of a structural relationship involving physical
contact between these domains (6). In particular, it was pro-
posed that when the BAR monomers are assembled into a
dimer to constitute the so-called BAR domain, the C-terminal
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SH3 domain folds back toward the distal tip of the adjacent
protomer. This interaction, involving a series of positively
charged residues located between the second and the third heli-
ces of the BAR monomer, could serve the purpose of regulating
the interaction with target membranes, as was proposed for the
F-BAR-containing protein syndapin (39).

Here, using the combination of N-terminal truncations and
single point mutagenesis in proteins of the endophilin A sub-
family, we bring converging biochemical evidence for a func-
tional relationship between BAR sequence dimerization and
SH3 domain-mediated partnership. We identify leucine 215 as
playing a central role in stabilizing hydrophobic interactions
between BAR protomers and characterize the impaired activi-
ties of the BAR domain of endophilin A2 bearing the L215D
substitution in membrane deformation, partnership of the SH3
domain, and endocytic recycling of the transferrin receptor.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis—cDNAs encoding for mouse
EA1 and the deletion mutants EA1A(1-97), EA1A(1-175),
EA1A(1-200), and EAlvarSH3 were amplified using sense and
antisense primers designed to contain BamHI restriction sites
for cloning into the bacterial pET9a expression vector (Nova-
gen). EA1(1/2var)SH3 and EA1SH3 were cloned into pET9a
using primers introducing a sequence encoding for a StrepTag
in the N terminus and containing Ndel/BamHI restriction sites.
The sequences of primers bearing StrepTag insertions were as
follows: EA1(1/2var)SH3 sense (5'-3"), GGGAATTCCATA-
TGGCTAGCTGGAGCCACCCGCAGTTCGAAAAAATC-
GAAGGGCGCAGTACTCAGCCCAACGGGGGTCTC;
EA1SH3 sense (5'-3"), GGGAATTCCATATGGCTAGCT-
GGAGCCACCCGCAGTTCGAAAAAATCGAAGGGCG-
CGGTGTCCAAATGGATCAGCCCTGC; and EA1(1/
2var)SH3 and EA1SH3 antisense (5'-3'), CGGGATCCC-
TAATGGGGCAGAGCAACCAGAATTTC.

The single point substitutions L215D in the sequences
encoding for EA1 and EA2 were obtained by two-step PCRs
using the following primers containing silent mutations for
screening: EA1LD sense (5'-3"), CTCCTCGAGATGGATAT-
AGAACAGGTGAGCCAGGACTCCGCAC; EAILD ant-
isense (5'-3"), GGAGTCCTGGCTCACCTGTTCTATATCC-
ATCTCGAGGAGGTTG; EA2LD sense (5'-3"), CTCCTCG-
AGACTGATATAGAGCAGGTGAGCCAGGACTCGGCC-
CTGGTGG; and EA2LD antisense (5'-3"), GGCCGAGTCC-
TGGCTCACCTGCTCTATATCAGTCTCGAGGAGGTTG-
TGC.

The substitutions of amino acid residues '"'KKKR'”* by
7LAAAA'Y* in full-length EA1 was performed by two-step
PCRs using the following primers containing silent mutations
to generate a NotI restriction site for screening: EA1IKA sense
(5'-3"), GGTTATGCGGCCGCAGCACAAGGCAAGATTC-
CAGATGAAGAACTC, and EA1KA antisense (5'-3"), GCCT-
TGTGCTGCGGCCGCATAACCAAAGTCTAAGCGTCG-
GCC.

Sequences encoding for full-length EA1, EA1KR and
EALLD, EA1ASH3, EA1A(1-175), EAILDA(1-175), EAIA(1—
175)ASH3, EA1A(1-200)ASHS3, full-length EA2 and EA2LD,
EA2A(1-175), EA2LDA(1-175), and EA2A(1-175)ASH3 were
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cloned into the pASK3 or pASK?7 bacterial expression vectors
(IBA, GmbH, Germany), using EcoRI/BamHI restriction sites.
Sequences encoding for EA2 and EA2LD were cloned into the
eukaryotic pcDNA3.1/myc-His and pcDNA4/TO/myc-His
(Invitrogen) and pEXPR-3 and pEXPR-5 (IBA, GmbH, Ger-
many) expression vectors using primers containing BamHI/
EcoRI and Sacll/BamHI restriction sites, respectively. Se-
quences encoding for EA2ASH3 and EA2LDASH3 were also
cloned into pEXPR-3 using the same restrictions sites as for
full-length sequences.

EA2-mycHis, was constructed using amplification with
sense and antisense primers containing Nhel and NotI restric-
tion sites followed by cloning in a modified pET28b expression
vector (Novagen), in which sequence Ncol-Xhol was replaced
with a Ncol-Nhel-NotI-myc-Xhol sequence. This allowed in-
frame fusion of EA2 C terminus to the myc tag sequence and
the original His, tag, giving pET2-EA2mh plasmid. Sequence
encoding for the ADAM15 cytosolic tail (ADAM15-CT) was
cloned into the pGEX-6p-1 vector using primers containing
BamHI/Xhol restriction sites. The DNA sequences amplified to
obtain the pleckstrin homology and the proline-rich domains of
human dynamin 1 (Swiss-Prot accession number Q05193),
using primers containing BamHI/Xhol restriction sites for
cloning into pASK-3 and BamHI/EcoRI for cloning into PGEX-
6p-1, encode for amino acid residues 506 — 641 and 743- 864,
respectively.

Expression and Purification of Recombinant Proteins—Re-
combinant proteins were produced using BL21pLysS bacteria
(Invitrogen). Full-length EA1 and BAR-truncated forms were
purified by poly-L-proline chromatography, from 280,000 X g
high speed supernatants obtained from lysed cells as described
previously (40). Truncated forms devoid of any BAR sequence
fused to a StrepTag and ADAM15-CT fused to GST were puri-
fied from high speed supernatants either via StrepTactin/Sep-
harose or glutathione/Sepharose chromatography according to
the manufacturer’s instructions (IBA, GmbH, Germany and
Amersham Biosciences, respectively). We failed to purify
EA1LD and EA2LD mutants because of the total insolubility of
both proteins upon expression in BL21pLysS cells. Therefore,
we have chosen to express EA2LD as a heterodimer with a wild
type version of EA2 bearing a myc-His, sequence fused at its C
terminus. A soluble heterodimer could be expressed in
BL21pLys cells transformed with both pASK-3-EA2LD and
pET2-EA2mh plasmids and purified by StrepTactin column
chromatography as described above. The immunoblot detec-
tion of the myc tag in the purified protein confirmed the asso-
ciation of the two polypeptides as a heterodimer.

Protein-Protein Overlay Assays—Rat brain cytosol (~80 ug
of total protein per strip, Fig. 5 and supplemental Fig. 4) or
ADAM15 fused to GST (0.5 ug, Figs. 1B and 5, bottom panels)
were migrated on SDS-PAGE (10% acrylamide gels). After
transfer onto nitrocellulose, membrane strips were incubated
for 1 h at room temperature with blocking buffer (TBST-BSA:
150 mMm NaCl, 20 mm Tris, 1% (w/v) delipidated BSA, 0,1% (w/v)
Tween 20, pH 7.4) and then for 2 h with the indicated proteins
in TBST-BSA. These were used under the following conditions:
0.2 ug/ml per strip in Fig. 5 (fop panels, brain cytosol); 0.5 ug/ml
per strip in Fig. 5 (bottom panel, ADAMI15CT); the indicated
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amounts in supplemental Fig. 4; dilutions of aliquots of
280,000 X g high speed supernatants (Fig. 1B) in TBST-BSA
containing the equivalent of 3 ug/ml recombinant protein
fused to the StrepTag as measured by quantitative analysis of
StrepTactin-HRP activity using St-EA1A(1-175) purified on
StrepTactin/Sepharose and blotted on nitrocellulose as refer-
ence. After washing in TBST, the strips were incubated with
StrepTactin-HRP in blocking buffer for 30 min at room tem-
perature. After washing, membranes were treated as described
under “Immunoblotting.”

Sucrose Gradients—Continuous 5-30% (w/v) sucrose gradi-
ents were prepared in buffer containing 150 mm NaCl, 25 mm
Tris, pH 7.3. 20 pg of the indicated recombinant proteins were
loaded on top of 10-ml pre-poured gradients that were subse-
quently centrifuged for 14 h at 40,000 rpm in a SW41.T1 rotor
(Beckman), at 4 °C. Fractions (500 ul each) were collected from
top to bottom, and aliquots were subjected to 10% SDS-PAGE.
Proteins were detected after transfer onto nitrocellulose, using
HRP-conjugated StrepTactin.

Liposome Binding and Chemical Cross-linking—Liposomes
were prepared by a slightly modified swelling method as
described elsewhere (8). Two binding protocols were used. For
endophilin cross-linking experiments, liposomes were pre-
pared from bovine brain lipid extract (Folch fraction I, Sigma)
using 2.5 wmol of lipids to yield a 1-ml suspension in PBS. All
assays were performed in PBS, in a total volume of 150 ul con-
taining 2.5 ug (=~0.4 uMm) of purified recombinant protein and,
when required, 0.05 pmol of lipids incorporated into lipo-
somes. All samples were incubated for 20 min at 37 °C. Then
the heterobifunctional cross-linking agent 1-ethyl-3-[3-di-
methylaminopropyl]carbodiimide hydrochloride from a 50 mm
stock in distilled water was added to reach final concentrations
of 0, 0.5, and 5 mMm. Samples were further incubated for 10 min
at 37 °C. Reactions were quickly terminated by adding Laemmli
sample buffer and boiling at 95 °C for 5 min. For binding assay,
liposomes of defined composition were obtained by mixing
(mol %) egg phosphatidylcholine (38), phosphatidylethanol-
amine (34), liver phosphatidylinositol (5), phosphatidic acid
(7.5), phosphatidylserine (8), and cholesterol (7.5). All lipids
were from Avanti Polar Lipids and used as a pre-mix in chloro-
form. A final suspension (1.25 mm lipids) was prepared in HNE
buffer (25 mm Hepes, pH 7.4, 0.1 m NaCl, 0.5 mm EDTA) and
extruded three times through 0.4-um (pore size) polycarbonate
filters (Avanti Polar Lipids). Binding was carried out in centri-
fuge polycarbonate tubes by adding liposomes (25 ul, 1.2 or 0.6
mMm) to a 2-puM solution of endophilin (25 ul) in HNE buffer, and
incubating for 15—20 min at 25 °C. After gentle addition of 100
wl of HNE, the reaction mixtures were centrifuged for 20 min at
250,000 X gat 16 °C with the Beckman Coulter TLA 100 rotor.
The supernatant was carefully removed, and the pellet was
resuspended in HNE buffer. The two fractions were diluted
with Laemmli sample buffer. Samples were subjected to SDS-
PAGE and analyzed by Western blotting.

Antibodies—The primary antibodies used in immunoblots
and immunofluorescence were as follows: rabbit polyclonal
anti-endophilin A1 serum raised against an epitope localized at
the beginning of the variable region; rabbit polyclonal antise-
rum raised against a peptide corresponding to the N terminus
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of endophilin A members (gift from H.-D. Soeling); mouse
monoclonal anti-myc (Cell Signaling); and mouse monoclonal
anti-StrepTag II (IBA). Secondary antibodies were as follows:
HRP-conjugated AffiniPure goat anti-rabbit (Jackson Immu-
noResearch Laboratories Inc.); goat anti-rabbit IgG coupled to
Alexa Fluor 568 and chicken anti-mouse IgG coupled to Alexa
Fluor 488 (Molecular Probes). Proteins fused to the StrepTag
epitope were detected using HRP-conjugated StrepTactin
(IBA) according to the manufacturer’s instructions.

Immunoblotting—Immunoblotting was performed exactly as
described previously (41). Peroxidase activity using either con-
jugated secondary antibodies or conjugated StrepTactin was
detected by enhanced chemiluminescence using the ECL Plus
detection kit (GE Healthcare). Images were obtained by direct
capture of chemiluminescence using the Intelligent Dark Box
LAS-3000 (Fuji, Tokyo, Japan) imaging system and signals
quantified using the ImageQuant software.

Immunofluorescence—For immunostaining, HeLa and HeLa/
T-Rex cells grown on glass coverslips were rinsed with PBS and
fixed with 3% paraformaldehyde for 20 min. All steps were per-
formed at room temperature. Coverslips were rinsed with PBS,
and paraformaldehyde was quenched for 20 min using 50 mm
NH,CI in PBS. After washing with PBS, cells were permeabi-
lized for 10 min in PBS-containing protease inhibitor mixture
(Roche Applied Science) and 0.3% (w/v) Triton X-100. Further
steps were performed using PBS, 0.2% (w/v) gelatin. Cells were
rinsed three times for 30 min and incubated with primary anti-
bodies for 60 min at room temperature. After washing, cells
were incubated for 30 min with secondary antibodies. After
washing, the coverslips were rapidly soaked into distilled water
and mounted in Mowiol or Dako mounting medium (Dako).

Cell Lysis and Co-precipitation Experiments—All steps were
performed at 4 °C. Transfected cells in 6-well plates were
washed three times with PBS before incubation for 30 min in
300 wl of solubilization buffer (SB: 1% (w/v) Triton X-100, 100
mM NaCl, 2 mm EDTA, 50 mm Tris-HCl, pH 7.4) comple-
mented with protease inhibitor mixture (Roche Applied Sci-
ence). Cells were then scraped from the dish, and the lysates
were incubated for 15 min before centrifugation for 10 min at
900 X g.20 ul of StrepTactin/Sepharose beads pre-washed with
SB (IBA GmbH, Germany) were added to 100 ul of the super-
natants and incubated for 1 h on a rocking platform. The sam-
ples were centrifuged, and supernatants were kept. The beads
were washed three times with 500 ul of SB and resuspended to
reach the final volume of 35-100 wl. Samples were boiled for 5
min in Laemmli sample buffer, and the solubilized material
(referred to as Eluate, E) was subsequently submitted to SDS-
PAGE and immunoblotting.

Cell Culture, Transfection and Establishment of Stable Cell
Lines—HeLa cells were grown in DMEM (PAA) supplemented
with 10% fetal calf serum, 2 mm L-glutamine, and penicillin/
streptomycin (PAA) at 37 °C, in 5% CO,. HeLa/T-Rex cells
were grown according to the manufacturer’s instructions
(Invitrogen).

Cells grown at 60% confluency in 6-well plates (Nunc) were
transfected with Lipofectamine 2000 according to manufactur-
er’s instructions (Invitrogen). Cells were used between 16 and
24 h post-transfection.
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Establishment of HeLa/T-Rex cell lines that stably express
the Tet repressor for tetracycline-inducible expression of
EA2LD was performed 48 h after transfection (with the
pcDNA4/TO/myc-His plasmid containing the insert encoding
for EA2LD) in selection medium containing 0.8 mg/ml Zeocin
(Invitrogen). HeLa/T-Rex clones expressing EA2LD in a Tet-
inducible manner were grown in minimum Eagle’s medium
supplemented with 10% fetal calf serum, 2 mm L-glutamine,
penicillin/streptomycin, 0.6 mg/ml Zeocin, and 5 mg/ml blas-
ticidin at 37 °C, in 5% CO.,,.

Tf-Alexa 568 Uptake—HeLa/T-Rex cells treated or not with
tetracycline were washed and incubated for 60 min in DMEM
without serum and complemented with 1% BSA (DMEM/
BSA). Cells were then washed with the same medium and incu-
bated in DMEM/BSA containing 10 pg/ml Tf-Alexa 568
(Molecular Probes) for 20 min at 37 °C in 5% CO,. After wash-
ing twice in ice-cold PBS, cells were fixed with 3% paraformal-
dehyde for 45 min on ice and further processed as described
under “Immunofluorescence.”

Fluorescence Microscopy and Quantitative Analysis of Tf-Al-
exa 568 Uptake—For qualitative fluorescence microscopy,
fluorescence images were acquired under oil immersion X63 or
X40 objective lenses with ApoTome system composed of an
inverted microscope Zeiss Axiovert 200, a camera Axiocam
MRm (pixel size 6.45 X 6.45 um), the Zeiss ApoTome system,
and acquisition software Axiovision 4.5. Images were treated
with Image] and Photoshop software.

For quantitative fluorescence microscopy (see Fig. 9C), a
Leica Sp5 confocal imaging microscope, equipped with a X63
oil PlanApo numerical aperture (NA) 1.4 was used. The object
was scanned at 400 Hz with a resolution of 512 X 512 X 21
pixels and a voxel size of 0.76 X 0.76 X 0.88 um. The pinhole
was adjusted to fit the airy disc. Alexa Fluor 488 and 568 fluo-
rophores were excited at 488 and 561 nm wavelength, respec-
tively. Emission fluorescence was detected by photomultiplica-
tor between 495 and 560 and 600 and 730 nm. Cross-talk
between channels was controlled by scanning cells labeled with
a single fluorophore. For quantitative fluorescence analysis,
Z-piles of images were treated with Imaris 7.3.1 (BITPLANE)
software. Each cell in the field, imaged in its entire volume, was
analyzed after hand-controlled definition of its three-dimen-
sional contour (cells in touch with the borders of the field or in
tight clusters preventing unambiguous delimitation of contour
were systematically discarded). Sum of fluorescence intensities
in each channel (integrated in the entire volume and expressed
as “three-dimensional sum of fluorescence intensities per cell”)
were calculated by Imaris. For each cell, individual parameters
were exported to Excel and KaleidaGraph softwares for calcu-
lation, statistical analysis, and graphics. The threshold above
which cells were referred to as “EA2LD-expressing cells” was
determined from fluorescence measured in the green channel
for cells not treated with Tet. The mean values of background
fluorescence in the green channel for “EA2LD-nonexpressing
cells,” in the (+Tet) and (—Tet) conditions, were relatively
comparable (see Fig. 9C, left panels, for 5 and 16 h = Tet).

Negative Staining—Carbon Formvar-coated-grids were
floated for 6 min on a liposomes plus endophilin mixture (8 ul
final volume) prepared as for the binding assay described above.
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The excess fluid was removed by touching the edge of the grids
to filter paper. The grids were immediately transferred to drop-
lets of 4% uranyl acetate and stained for 3 min. The excess fluid
was drawn off with a filter paper, and grids were allowed to
air-dry for 10 min before observation at 80 kV in a Tecnai G2
transmission electron microscope.

RESULTS

BAR and SH3 Domains of Endophilin Are Functionally
Linked—Endophilin A1 (EA1), one of the three endophilin A
members that is highly expressed in brain, was described ini-
tially to bind to poly-L-proline immobilized on Sepharose (40).
This interaction takes place via its SH3 domain known to inter-
act with several proteins containing proline-rich regions bear-
ing the PXRPP or PPXRP consensus sequence (42, 43). The
binding of full-length recombinant EA1l to poly-L-proline,
although of low efficiency, requires the SH3 domain because
the SH3-deleted (ASH3) form does not interact with poly-L-
proline (Fig. 1A and see also supplemental Fig. 1 for an overview
of all mutant and tagged forms used in this study). Similar
behavior was found for the ubiquitously expressed form endo-
philin A2 (EA2) that binds to poly-L-proline with even lower
efficiency (data not shown). Interestingly, while purifying a
series of N-terminally truncated forms of EA1 encompassing
the three helices of the BAR sequence via binding to immobi-
lized poly-L-proline, we observed that the form devoid of the
first a-helix was immobilized with low efficiency (as the full-
length protein) but that proteins lacking the two N-terminal
helices (EA1A(1-175) and EA1A(1-200)) could bind much
more efficiently (Fig. 1A4). This interaction with poly-L-proline
still takes place via the SH3 domain because the double deleted
form EA1A(1-200)ASH3 was not immobilized (Fig. 14). Sur-
prisingly, none of the deleted forms composed of the SH3
domain (fused or not to half or the entire variable region linking
the BAR sequence to the SH3 domain) were found to bind sig-
nificantly to poly-L-proline (Fig. 14). These discrepancies in
the binding of truncated forms of EA1 were confirmed using
a bona fide proline-rich domain, i.e. the cytosolic part of the
trans-membrane metalloprotease ADAM15 (ADAM15-CT)
known to interact with endophilins (44). Using protein/pro-
tein overlay assays, we found that EA1(1/2var)SH3,
EAlvarSH3, and EA1SH3 bind poorly to the proline-rich
region of ADAM15-CT immobilized on nitrocellulose, in
comparison with EA1A(1-175) (Fig. 1B). In addition, it
should be specified that the interaction of St-EA1A(1-175)
with ADAM15-CT takes place via the SH3 domain because
its truncation abolished the formation of the complex (see
Fig. 5). These results validated the data obtained by poly-L-
proline chromatography using a biologically relevant inter-
acting partner.

The discrepancy between polyproline binding of EA1 lack-
ing the first 175 amino acid residues and the full-length protein
(or the truncated form lacking the first a-helix) may be
explained by at least two possibilities that may not be mutually
exclusive. First, the SH3 domain interacts either in the BAR
sequence or in the protomer when BAR sequences are assem-
bled as a dimer or intermolecular interaction with the adjacent
protomer in the BAR domain. Second, the high polyproline
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FIGURE 1. Differential binding of EA1 and truncated forms to proline-rich
peptides. A, left, rod structure of full-length EA1 and truncations (A) encom-
passing the SH3 domain and/or the first, second, and third helices (a1, 2, and
a3, respectively) of the BAR sequence as well as half (EA1(1/2var)SH3) or the
entire (EA1varSH3) variable region (var). Note that a1 is broken by a peptide
sequence that folds into a central amphipathic helix that is not depicted here
(residues 63-86). Right, binding of full-length and truncated forms on poly-L-
proline/Sepharose. Lysates (L) from bacteria were centrifuged, and superna-
tants were loaded (Lo) onto poly-L-proline/Sepharose columns for affinity
chromatography. Samples from the lysates and equal proportions of samples
from the load, the flow-through (Ft), and the eluted proteins (E) were run on
SDS-PAGE and analyzed for protein content by Western blotting using an
anti-EA1 polyclonal antiserum or StrepTactin-HRP recognizing the N-terminal
StrepTag (for EA1(1/2var)SH3 and EA1SH3). aa, amino acids. B, cytosolic tail of
ADAM15 fused to GST (GST/ADAM15-CT) was used as bait to recruit the indi-
cated truncated forms of EA1 fused to an N-terminal StrepTag using protein/
protein overlay assays. After SDS-PAGE and transfer of GST/ADAM15-CT on
nitrocellulose membrane, individual strips were incubated in the presence of
high speed supernatants from bacteria containing, or not (control), the equiv-
alent of 3 ug/ml of the indicated EA1 fragments fused to a StrepTag (St). Top
panel, protein complexes on nitrocellulose were revealed using StrepTactin-HRP.
Bottom panel, aliquots of equal volume of the high speed supernatants diluted in
TBST-BSA and used for incubation with the membranes were analyzed for their
content in EAT truncated forms by Western blot (WB) using StrepTactin-HRP.
Note the presence in the high speed supernatants of the bacterial biotin-carboxyl
carrier protein (22.5 kDa), which is recognized by StrepTactin-HRP. The volume of
the high speed supernatant used for the control incubation obtained from bac-
teria transformed with empty plasmid was adjusted to the content in biotin-
carboxyl carrier protein of the other samples.

binding capacity of EA1A(1-175) relies on its increased ability
to dimerize, a hypothesis raised by the fact that the third a-helix
of the BAR sequence (@3) contains residues involved in
dimerization (13), which is also consistent with the poor inter-
action of the polypeptides composed of the SH3 domain (with
or without the variable region), with poly-L-proline, or
ADAM15-CT (Fig. 1).
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FIGURE 2. KKKR tetrapeptide in EA1 does not control SH3-mediated partnership. A, SDS-PAGE-Western blot analysis of full-length EA1 and the EATKA,
EATA(1-169), and EA1A(1-175) mutants binding to poly-L-proline. Recombinant endophilins (2 um final concentration) were incubated with poly-L-proline-
coupled beads. Fractions are defined as in Fig. 1A (Lo, FT). Bound material was eluted with 50% DMSO in PBS (E). After electrotransfer, proteins were revealed
(upper panel) with StrepTactin-HRP for quantification. Results expressed (lower panel) as a percentage of the amount of loaded protein reveal similar binding
behavior for the wild type and mutant endophilins. B, negative stain EM of liposomes following incubation with EA1. Binding results in the formation of tubules
(30-35 nm in diameter), absent after incubation with the pleckstrin homology (PH) domain of dynamin taken as control. Bar, 500 nm.

The first possibility is consistent with recent data suggesting
that the SH3 domain undergoes electrostatic interaction with
the distal tip of the adjacent protomer in the same BAR domain
via a positively charged stretch of amino acid residues
(*'KKKR'7) that is located between a2 and a3 in EA1 and is
partly conserved in syndapin and amphiphysin (39). To address
this point, we compared the respective poly-L-proline binding
efficiencies of the following: (i) wild type EA1 and a mutant in
which the KKKR peptide was mutagenized in AAAA (EA1KA);
(if) EA1A(1-175) and EA1A(1-169), the latter containing the
N-terminal extension of six amino acid residues that encom-
passes the """ KKKR'”* peptide. The loss of positive charges in
the EA1KA mutant did not trigger an increase in poly-L-proline
binding (Fig. 24, left, note the comparable levels of detection of
wild type and mutant in the respective flow-through and elu-
ates). In addition, the presence of the KKKR peptide in
EA1A(1-169) did not hamper the binding efficiency observed
with EA1A(1-175) (Fig. 24, right, note the virtual absence of
detection of both deletion mutants in flow-through and the
similar levels in eluates). Opposite results should have been
expected from an interaction of reasonable affinity between the

AR
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SH3 domain and the KKKR peptide. Thus, in the particular case
of endophilin and in our conditions, this interaction does not
have a significant incidence on the accessibility of the SH3
domain. As proposed for syndapin (39), the interaction
between the KKMK peptide and the SH3 domain might regu-
late the interaction of the BAR domain of the protein with
membranes. Full-length syndapin, however, has little efficiency
in tubulating membranes, but a deletion of the SH3 domain
fully restored this activity (39). We found that full-length EA1
incubated in the presence of liposomes was able to generate
long tubular structures (Fig. 2B). This shows that the putative
masking by the SH3 domain of the KKKR peptide (which we
can confirm is involved in the interaction of EA1 with target
membranes, see supplemental Fig. 2) is of little incidence on the
tubulating activity of EAL.

The second possibility that the high polyproline binding effi-
ciency of EA1A(1-175) (in comparison with the full-length
protein) relies on increased ability to dimerize is supported by
experiments using chemical cross-linking, which demon-
strated that EA1A(1-175) indeed forms dimers (Fig. 3). Inter-
estingly, the formation of EAIA(1-175) dimers in solution
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FIGURE 3. Deletion of the two N-terminal helices of the BAR sequence
does not impair dimerization. Full-length EA1 and (EA1A(1-175)) were
incubated in the absence (—/ip) or the presence of liposomes (+/ip) obtained
from bovine brain lipid extract. At the end of the incubation period, the chem-
ical cross-linker 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-
ride (EDC) was added or not to reach the indicated final concentrations. Sam-
ples were subsequently analyzed by Western blotting to test the capacity of
the proteins to form oligomers. X7, monomers; X2, dimers.
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could be detected at a cross-linker concentration lower than for
the full-length protein suggesting that EA1A(1-175) dimerizes
more efficiently (Fig. 3, compare the conditions: liposomes, 0.5
mM 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydro-
chloride). In addition, when the reactions were performed in
the presence of membranes, the dimerization of EA1A(1-175)
was not increased, whereas that of the full-length protein was
significantly improved. This suggests that, upon membrane
binding, the full-length protein undergoes a conformational
change that stabilizes the interaction between protomers. Here,
we make the hypothesis that the conformation of the a3-helices
in the dimer formed by EA1A(1-175) is acquired in full-length
EA1 subsequently to a conformational change imposed by lip-
ids on the other two helices of the BAR domain. Finally, the
hypothesis that the apparent affinities for proline-rich peptides
of deleted and full-length forms are linked to the dimerization is
consistent with the observation that the fusion of SH3 domain
of endophilin to GST (GST/SH3) triggers a quite significant
increase in the efficiency of interaction with poly-L-proline (see
supplemental Fig. 3). The interaction of GST/SH3 with poly-L-
proline requires the SH3 domain because it does not occur for
GST alone (which itself exists as dimers (45)). We believe that
the most reasonable explanation for this is that GST/SH3 inter-
acts with poly-L-proline because of forced dimerization via
GST.

Altogether, in agreement with data from the EA1 crystal
structure (13), our results show that a3 contains critical amino
acid residues involved in stabilizing homodimerization. In
addition, they strongly suggest that dimerization of BAR mono-
mers drastically increases the affinity/avidity of proline-rich-
containing partners with the SH3 domain.

Single Point Mutation in the Third Helix of the BAR Sequence
Impairs Dimerization—To bring further evidence on the con-
trol by BAR-mediated dimerization of SH3-dependent partner-
ship, we searched for single amino acid substitution impairing
dimerization. As we found that a3 contains residues involved in
dimerization, we focused on residues in this region that are
conserved through species and involved in contact sites
between monomers (Fig. 44) (13). In addition, because of the
observed correlation between dimerization of EA1A(1-175)
and a high poly-L-proline binding efficiency, a decrease in bind-
ing was used to identify mutations potentially impairing
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dimerization of this particular deleted form. The two most
hydrophobic residues, namely leucines 215 and 233, were sub-
stituted by an aspartate (L215D and L233D, respectively).
EA1A(1-175) bearing the L233D substitution precipitated in
high speed supernatants performed before loading on poly-
L-proline columns, indicating its tendency to aggregate (data
not shown). EA1A(1-175) bearing the L215D substitution
(EA1LDA(1-175)) was soluble and, importantly, unable to bind
to poly-L-proline (Fig. 4B). To be able to purify EAILDA(1-
175), the protein was produced fused to a C-terminal StrepTag,
followed by purification using StrepTactin/Sepharose (Fig. 4B).
As shown by chemical cross-linking (Fig. 4C) as well as rate-
zonal centrifugation (Fig. 4D), EAILDA(1-175) did not
dimerize and, accordingly, had a lower sedimentation velocity,
in comparison with EA1A(1-175).

Altogether, these data are fully consistent with our initial
prediction on a positive link between dimerization and poly-L-
proline binding efficiency. This suggests that dimerization sig-
nificantly increases the affinity/avidity for partners of the SH3
domain.

Impairment in BAR Sequence Dimerization Alters Par-
tnership—The extent to which the L215D substitution might
impair the association with partners was tested. This was per-
formed using overlay assays with proteins from brain cytosol
transferred on nitrocellulose and subsequent probing with
deleted forms of EA1 bearing or not the L215D substitution. To
generalize the impact of this mutation on the assembly of the
BAR domain in other members of the endophilin A subfamily,
these experiments were also performed with the ubiquitously
expressed form, namely endophilin A2 (EA2). Remarkably, for
either EA1 or EA2, the L215D substitution severely impaired
the binding to well characterized cytosolic partners of endophi-
lins present in brain cytosol, i.e. dynamin and synaptojanin (Fig.
5 and supplemental Fig. 4). In addition and consistently with
data shown in Fig. 1B, both EA1 and EA2A(1-175)-truncated
forms interacted strongly with ADAM15-CT. These interac-
tions occur via their respective SH3 domain because, for both
proteins, deletion of this domain almost totally abolished the
formation of complexes with ADAM15-CT. Finally, the L215D
substitution triggered a quite significant decrease of interaction
with ADAM15-CT, in agreement with what was observed for
the partners from brain cytosol (Fig. 5).

Substitution of Leucine 215 Triggers Alteration in Membrane
Tubulating Activity of EA2—To characterize further the inci-
dence of the L215D substitution on membrane binding and
membrane deforming activities of endophilin A members in
vitro, recombinant endophilins A1 and A2 bearing the muta-
tion were produced in bacteria. Unfortunately, neither EA1LD
nor EA2LD could be obtained in sufficient amounts (the two
mutant proteins precipitated during the high speed pre-clear-
ing centrifugation step that was performed to obtain the mate-
rial loaded on the column for affinity chromatography, data not
shown). To circumvent these problems, we took advantage of
the fact that the L215D mutant can interact with sufficient
affinity with its wild type counterpart (such a heterodimer is
characterized by a lower affinity between protomers as com-
pared with that of wild type ones, see Fig. 8). Because ultimately
the aim was to extend observations made in vitro on potential
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the right).

deficiencies of the L215D substitution in the activity of endo-
philin A members in cells in culture, we focused on EA2, which
is ubiquitously expressed. EA2 and EA2LD were produced in
doubly transformed BL21 cells, and using a purification proto-
col primarily based on immobilization of the mutant (tagged
with the StrepTag sequence), a heterodimer with the wild type
protein (tagged with the myc sequence) could be isolated.
When the mutant heterodimer (EA2LD/WT) was incubated
with liposomes of relatively homogeneous size and defined lipid
composition (see “Experimental Procedures”), both wild type
and mutant forms were sedimented in a membrane-dependent
manner with a greater efficiency than in the condition where
wild type EA2 alone was used (Fig. 64, note the minor fraction
of proteins sedimented in the absence of liposomes (bottom
panel) and compare the efficiencies of precipitation in condi-
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tions where EA2 and EA2LD/WT were incubated with 0.6 mm
liposomes, top panel and quantifications). These results
strongly suggest that the mutant heterodimer has a higher pro-
pensity to interact with membranes and, perhaps, to remain
associated with them with a longer half-life (see under “Discus-
sion” for more details).

It should be noticed that if more than half the amount of
EA2LD interacted with membranes, the unbound pool that was
found in the supernatant of the incubation is, most probably
and in its majority, a monomer (which results from re-equili-
bration of the heterodimers obtained after purification toward
distinct populations of heterodimers, homodimers, and mono-
mers, consistently with the mass action law and the decreased
affinity of EA2LD for its cognate partner). In the case of EA2, a
minor population of proteins remained soluble, most probably
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FIGURE 5. Dimerization is required for SH3 domain-mediated partner-
ship. EA1 and EA2 with the indicated deletions (A(1-175) and A(1-
175)ASH3), either combined or not with the L215D substitution, were
assayed for the ability to recognize SH3 domain binding partners from brain
cytosol (top panels) or purified ADAM15-CT (bottom panels) using protein/
protein overlay assays. In the top panels, both EAT1A(1-175) and EA2A(1-175)
bind to dynamin (~100 kDa (*), the presence of which was confirmed by
separate immunoblotting (not shown)) and to synaptojanin (~145 kDa (**)).

because the equilibrium favors the dimeric state that became
competent for binding to membranes. Altogether, these obser-
vations are consistent with a decreased ability of full-length
mutant monomers to form stable dimers.

Upon incubation with liposomes, EA2LD/WTT triggered the
formation of structures visualized by negative staining in elec-
tron microscopy morphologically different from those formed
in the presence of wild type EA2 (Fig. 6B). Detailed analysis of
images revealed (for more details, quantification, and statistics,
see supplemental Figs. 5 and 6) the following: (i) the obvious
heterogeneity in diameter of the tubes that were formed, rang-
ing from very narrow constrictions to large varicosities; (ii) the
formation of clusters of spheres with variable diameters; and
(iii) the very significant increase in the formation of little parti-
cles of significantly smaller size. Neither tubular structures nor
free vesicles were observed in control conditions using the
pleckstrin homology domain of dynamin as a membrane-bind-
ing protein. Altogether, these data clearly show that the L215D
substitution modifies the membrane binding and membrane
deforming activities of EA2.

EA2LD/WT Heterodimer Is Impaired in SH3 Domain-medi-
ated Partnership—The incidence of the L215D substitution on
the binding of partners of the SH3 domain was also investi-
gated. This was addressed in the presence of liposomes, using
wild type EA1, EA2, the EA2LD/WT heterodimer, and the PRD
of dynamin fused to GST (GST-PRD) as partner (Fig. 7). In
agreement with data from Fig. 6, the results confirm the
increased ability of the heterodimer to interact with mem-
branes. However, although membrane-bound EA1 and EA2
interacted efficiently with GST-PRD, binding of GST-PRD to
membrane-bound heterodimers was very significantly reduced
(see the quantitative analysis and the small ratio GST-PRD/EA
when the assay was performed in the presence of the
EA2LD/WT heterodimer). These results show that the muta-
tion, even limited to one protomer in the dimer, dramatically
reduces the binding of partners to a level below the expected
capacity of a single protomer in the EA2 homodimer (as
attested by the PRD to endophilin ratio in the liposome frac-
tion). These results suggest that this dramatic decrease in affin-
ity for the GST-PRD results from a lower affinity between
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protomers in the heterodimer possibly associated with modifi-
cation in the conformation of the C terminus of the BAR
domain (the closest in distance to the SH3 domains) and that
affects SH3-mediated partnership in both the wild type and the
mutant protomers.

Leucine 215 Is Essential for Full-length BAR Sequence
Dimerization of Endophilin in Cells—We then addressed the
incidence of the L215D substitution on the dimerization prop-
erty of the full-length BAR sequence and of cellular functions of
EA2 in mammalian cells (EA2 is the endophilin A member that
appears to be expressed at the highest level in HeLa cells (see
supplemental Fig. 7)). We first determined whether transiently
expressed wild type EA2 interacts with the endogenous form
expressed in HeLa cells (Fig. 84). It should be noticed that with
the use of an antibody that recognizes the conserved N-termi-
nal part of all endophilin A members, a major and a minor band
having molecular weights in the range expected for EA2 were
detected in cells transfected with empty plasmid (Fig. 84, top
left panels). RNA interference triggered the proportional disap-
pearance of both bands, strongly suggesting that the two pro-
teins are EA2 with the upper form bearing a post-translational
modification (see supplemental Fig. 7). To visualize the inter-
action between endogenous EA2 and transiently expressed
forms, cells were transfected with plasmids encoding for EA2
fused at either its N or C terminus with a StrepTag (St). Analysis
of material eluted from StrepTactin/Sepharose shows that irre-
spective of the position of the tag, newly synthesized EA2-St or
St-EA2 did not co-precipitate detectable amounts of endoge-
nous EA2 (Fig. 84). This could be due to the fact that mouse and
not human EA2 was expressed, suggesting that EA2 monomers
from both species cannot interact. However, this is of little
probability because only 7 residues of over 240 encompassing
the N-BAR sequence differ between both species, with 6 being
conserved on the basis of charge or hydrophobicity. In addition,
all residues in the third helix predicted to be involved in
dimerization are conserved (13). Alternatively, the dimeriza-
tion of BAR monomers may take place rapidly after biosynthe-
sis, consistent with the existence of a predominant pool of cyto-
solic EA2 assembled as dimers (46).

To circumvent these potential biases, both myc and St
fusions that can be discriminated on the basis of their respective
molecular weight were co-expressed in HelLa cells (Fig. 8B).
Eluates from StrepTactin/Sepharose showed that the two
epitope-tagged forms of EA2 can co-precipitate with an appar-
ent ratio close to stoichiometry. This is consistent with the pre-
viously formulated hypothesis according to which BAR dimers
form rapidly after protein synthesis in mammalian cells (Fig.
8B, top right panels). When EA2-myc and EA2LD-St were co-
expressed in HeLa cells, the two proteins co-precipitated much
less efficiently than EA2-myc and EA2-St monomers (Fig. 8B,
bottom left panels). Finally, a barely detectable amount of
EA2LD-myc could be precipitated with St-EA2LD upon co-ex-
pression (Fig. 8B, bottom right panels).

Quantification of binding was carried out using co-expres-
sion of full-length and SH3-deleted forms, taking advantage
of the fact that the latter ones are expressed at a higher level
than the full-length forms (in particular for the proteins
bearing the L215D substitution). In addition, the lower
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FIGURE 6. L215D substitution in EA2 does not prevent binding to liposomes but triggers the formation of altered membrane structures. A, liposome
binding assay was performed as in Fig. 2B by incubating liposomes (0.3 or 0.6 mm total phospholipids as indicated) with either EA2 or the heterodimer
EA2LD/EA2 (EA2LD/WT). This dimer was obtained as described under “Experimental Procedures” and harbors a StrepTag (EA2LD protomer) and a myc tag (wild
type protomer). Detection of the tags and of endophilin immunoreactivity after electrotransfer (left, upper panel) was performed using StrepTactin-HRP,
anti-myc and anti-EA antibodies, respectively, for unbound (S) and liposome-bound (P) fractions. ECL signals were quantified (right). Results are expressed as
a percentage of the total recovered material in each condition. Note the presence of the mutant protomer in the liposome fraction and the higher binding
ability of EA2LD/WT as compared with EA2. Note the very different partitioning of EA2LD/WT between S and P when the heterodimer was incubated either in
the presence or in the absence of liposomes (0.3 mm), with 58 and 4% of the input material recovered in the pellet, respectively. B, negative stain EM of
liposomes after exposure to EA2 or to EA2LD/WT showing, in the latter case, formation of higher diameter tubes with constrictions (arrows) and of numerous
small particles (arrowheads). Clusters of spheres (rectangles) were abundantly formed in the presence of EA2LD/WT (also see supplemental Fig. 5). Bar, 500 nm.

molecular weight of these deleted proteins allowed a clear
separation from endogenous EA2 upon SDS-PAGE, thus
facilitating background subtraction and reliable quantifica-
tion (see Fig. 8C and supplemental Fig. 8). It should be
noticed that EA2ASH3-St could not co-precipitate detecta-
ble amounts of endogenous EA2 (see supplemental Fig. 8),
consistently with what was observed with full-length EA2.
This indicates that the lack of interaction is not due to an
intramolecular regulation of dimerization by the SH3
domain, in particular when monomers are not synthesized
concomitantly.

pCEVEN
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Calculation of the ratio of myc to StrepTag forms in both cell
lysates and StrepTactin/Sepharose eluates obtained from HeLa
cells co-expressing either EA2 and EA2ASH3, EA2 and
EA2LDASHS3, or EA2LD and EA2LDASH3 showed a progres-
sive decrease in co-precipitation efficiencies with the most
important amplitude for dimers made of cognate L215D
protomers (Fig. 8D).

Altogether, these data show that the L215D substitution
impairs dimerization of full-length BAR monomers. These
results are in complete agreement with molecular modeling
extrapolated from the crystal structure of EA1, which clearly
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FIGURE 7. L215D substitution in EA2 reduces SH3 domain-mediated
binding of the dynamin PRD by liposome-bound endophilin. Liposome
binding assay was performed by incubating the recombinant PRD of
dynamin fused to GST (GST-PRD, 1 um final concentration) and liposomes in
the presence or absence of the indicated endophilins or EA2LD/WT het-
erodimer for 20 min at 25 °C. Co-sedimentation was determined by SDS-
PAGE-Western blot analysis of unbound (supernatant, S) and liposome-
bound (pellet, P) material using GST and endophilin immunoreactivities.
Distributions of endophilins and GST-PRD are expressed as a percentage of
the respective total material recovered. Black blocks represent the ratio of
GST-PRD to endophilin in the liposome fraction. In the case of the EA2LD/WT
heterodimer, note that the dramatic decrease of the ratio indicates that the
mutation in EA2LD strongly impedes PRD recognition by the SH3-domain of
bound wild type EA2 endophilins.

shows that residue Leu-215 is localized at the center of a net-
work of stabilizing hydrophobic interactions involving all
a-helices of the dimer (Fig. 8E).

Expression of EA2LD in Cells Interferes with Endocytic Recy-
cling of the Transferrin Receptor—The incidence of EA2LD
expression in HeLa cells was then investigated. First of all, cells
were transfected to transiently express EA2 and EA2LD and the
respective localization of the two proteins revealed by immu-
nofluorescence. Both proteins were found in the cytosol and, to
some extent, at or close to the plasma membrane with a pattern
suggestive of small tubular structures (see supplemental Fig. 9).
To control the timing and the level of expression of EA2LD, we
generated a HeLa/T-Rex stable cell line that expresses EA2LD
in a Tet-inducible manner. About 20% of the cell population
expressed detectable amounts of the mutant protein already
after 5 h of incubation in the presence of 5 ug/ml Tet, which
corresponds to 2-fold the endogenous level (Fig. 9B). 16 h after
Tet induction, the expression level of EA2LD reached 3-fold the
endogenous level. The intracellular localization of the protein
in Tet-induced HeLa/T-Rex cells appeared similar to the one
observed after transfection (Fig. 94, right panels, and compare
with supplemental Fig. 9). The partial localization of the mutant
protein at the plasma membrane suggested that it might be
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recruited at sites of endocytosis, consistently with the previ-
ously described role of endophilin in the endocytic process. To
address a possible interfering activity of the BAR mutant in the
endocytic pathway, in relation to its abnormal membrane
deforming activity, we chose to follow transferrin receptor
internalization. HeLa/T-Rex cells were treated or not for 5 and
16 h to induce the expression of EA2LD, followed by a 20-min
uptake of Tf-Alexa 563. Because some of the HeLa/T-Rex cells
did not seem to express EA2LD in detectable amounts (Fig. 94,
right panel, cells with delimited area), we also used these cells as
internal control, thus preventing potential bias because of Tet
treatment. Comparative analysis of Tf-Alexa 568 uptake in
EA2LD-expressing and nonexpressing cells revealed, for many
of the former, an apparent decrease of Tf-Alexa 563 fluores-
cence in the recycling endosomes localized in the perinuclear
region (Fig. 94, left). Using quantitative confocal fluorescence
analysis of Tf-Alexa 568 uptake and EA2LD expression, we
were able to measure (already after 5 h of Tet induction) a
1.38-fold decrease of uptake in comparison with EA2LD non-
expressing cells present in the same preparation (Fig. 9C, left).
Similar results were obtained after 16 h of Tet induction, with a
level of expression not exceeding 1.5-fold that measured after
5h of Tet induction (Fig. 9C, right). Altogether, these data com-
plement the results obtained in vitro showing alteration of
membrane deforming activity of the mutant heterodimer and
indicate that EA2LD expressed in cells hampers membrane
dynamic events in the endocytic pathway.

DISCUSSION

All BAR domains are spatially organized by the interaction
between two protomers that can assemble as homo- or het-
erodimers and by relatively few residues that are conserved
between BAR domain-containing proteins (3). In fact, the sig-
nature of this domain, besides its a-helical content, resides in
the relatively few amino acid residues that undergo intra- and
intermolecular interactions, inside and between monomers.
Those residues are mainly of hydrophobic nature (3). Here, we
show that the third helix of the BAR sequence of endophilin is
capable of dimerization. This is also the case for the first 125
amino acid residues that encompass the first a-helix and part of
the second one, as was shown previously (8). This may be sig-
nificantly different for endophilin B because a two-hybrid inter-
action assay showed that helix a2 is the most essential for
dimerization (23), indicating that the assembly properties of
both endophilin A and B members may be significantly differ-
ent. In agreement with amino acid residues present at the
protomer interface (13), we identified leucine 215 as a central
residue in dimerization. We show here that this residue is
essential for stabilizing hydrophobic interactions between
protomers in both EA1 and EA2 homodimers and that its sub-
stitution by a negatively charged residue drastically diminishes
the interaction between adjacent a3-helices. More importantly,
this substitution impairs quite significantly the apparent affin-
ity of full-length endophilin A monomers. To our knowledge,
this is the first study reporting on a single point mutagenesis in
the BAR sequence that significantly destabilizes the interaction
between BAR monomers.
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FIGURE 8. Leucine 215 is a central residue involved in full-length BAR dimerization. A-D, Hela cells were transfected to express, or co-express, the
indicated N- or C-terminal myc and StrepTag (St) EA2 fusion proteins (full-length and ASH3 ones) and measure their ability to interact either with endogenous
EA2 (EA2-endog, A) or with each other (B and C) by co-precipitation on StrepTactin/Sepharose. The different epitope-tagged EA2 versions (varying in their
respective molecular weights) were analyzed in cell lysates (L), StrepTactin/Sepharose supernatants (S), and eluates (E) by immunoblotting using a polyclonal
antiserum recognizing the N terminus of EA2. Note that in A, the left panels (L, S) correspond to cells transfected with empty vector and show the migration of
endogenous EA2 as well as the absence of nonspecific binding on StrepTactin/Sepharose. Note also that in B, the top panels (L, S) correspond to cells expressing
EA2-myc and used as negative control to show that myc-tagged proteins do not interact with StrepTactin/Sepharose. C, lysates were split in two independent
samples to perform precipitation assays in duplicate with the corresponding pairs S1/E1 and S2/E2. D, chemiluminescence obtained from immunoblots and
corresponding to the myc and StrepTag fusion proteins was captured and quantified in L and E (for E, the value represents the mean of signals obtained in £1
and E2). Results were expressed as the ratio of signals of myc to St forms in L and E, respectively (protein ratio (myc/St)). Error bar for each E value corresponds
to the variation to the mean for E1 and E2. The numbers between black columns correspond to the L/E ratio for each condition and give an estimation of the
respective efficiency of co-precipitation of the two forms present in each lysate. A value close to 1 indicates that the two forms in the lysate can be precipitated
with ~1:1 molar ratio, which is the case for wild type EA2 monomers not bearing the L215D substitution (EA2-myc/EA2ASH3-St, L/E ratio = 1.21 and
EA2-myc/EA2-St, L/E ratio = 1.14 (not shown)). The highest value obtained for EA2LD dimers (EA2LD-myc/EA2LDASH3-St, L/E ratio = 3.84) is in agreement with
the significant decrease in affinity between monomers bearing the L215D substitution. £, model reconstituted from EA1 BAR domain structure and focusing on
the hydrophobic interface built up by residues in the three a-helices of each BAR monomer (each represented in a given color) and localized in the vicinity of
residue Leu-215. Note the central location of residue Leu-215 in this network of hydrophobic interactions (W. Weissenhorn, personal communication).
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FIGURE 9. EA2LD expression interferes with transferrin uptake. HeLa/T-REx cells were treated or not with 5 ug/ml Tet for 5and 16 h toinduce the expression
of EA2LD fused to a C-terminal myc tag (EA2LD-myc). A, fluorescence microscopy using ApoTome sectioning. After 5 and 16 h of Tet induction, cells were
incubated for 20 min in the presence of 10 ug/ml Tf-Alexa 563. Expression of EA2LD was monitored by immunofluorescence using anti-myc primary antibodies
and secondary antibodies coupled to Alexa Fluor 488. Right panels, EA2LLD mainly localizes as an apparent soluble pool in the cytosol as well as on convoluted
structures at or beneath the plasma membrane (arrows). Left panels, comparison between cells that express or not EA2LD of the respective localizations of
Tf-Alexa 563 (for quantitative analysis, see C). Note, in cells that do not express EA2LD significantly, the accumulation of Tf-Alexa 563 in perinuclear regions
corresponding to recycling endosomes as well as the important decrease of signal in this region for cells that express EA2LD. Bar, 10 um. B, HeLa/T-REx lysates
from cells treated or not with Tet for 5 and 16 h were analyzed by immunoblotting using antibodies recognizing the N terminus of endophilin A. Quantitative
analysis of ECL signals corresponding to EA2LD-myc and endogenous EA2 (EA2-endog) revealed that EA2LD was expressed ~2-and 3-fold above endogenous
level, after 5 and 16 h of Tet induction, respectively. This calculation takes into account that ~20% of cells express the mutant above background (see
quantitative analysis of fluorescence in C). C, quantitative analysis of EA2LD-myc expression levels and fluorescent transferrin (Tf) uptake. After treatment or not
with Tet (+/—Tet), HeLa/T-REx cells were incubated in the presence of Tf-Alexa 563 and processed for immunofluorescence as in A. Series of contiguous
confocal Z-sections of images, including the entire cellular volume, were captured at emission wavelength of each fluorophore (see “Experimental Proce-
dures”). Fluorescence intensities integrated in the entire volume of each cell (three-dimensional sum of fluorescence intensities per cell) in a given field and for
both red and green channels were measured using IMARIS software. Three categories of cells were analyzed as follows: cells not treated with Tet (EA2LD
nonexpressing cells (—Tet)); cells treated with Tet but for which the fluorescence in the green channel is in the range of the background measured from
nontreated cells (EA2LD nonexpressing cells (+Tet)), and cells treated with Tet but for which the fluorescence in the green channel is above fluorescence
background (EA2LD expressing cells (+ Tet)). This quantitative analysis revealed that the expression level of EA2LD, after 16 h of Tet induction, corresponds to
1.35-fold that measured after 5 h (compare white boxes of left plots at 5and 16 h +/— Tetinduction, green channel), which is in agreement with results obtained
from immunoblots in B. Note that the values in the green channel obtained from EA2LD nonexpressing cells (black and gray boxes) correspond to background.
Note the small but quite significant decrease, at 5and 16 h +/—Tetinduction, of Tf uptake (red channel) by cells that express EA2LD (white boxes) in comparison
with the internal control condition (black boxes). n = 240 and 210 cells for EA2LD expressing cells (+Tet); n = 429 and 275 cells for EA2LD nonexpressing cells
(+Tet); n = 237 and 204 cells for EA2LD nonexpressing cells (—Tet), each one of the two values per condition corresponding to cells treated for 5 or 16 h,
respectively. p values were obtained from Student’s t test. *** indicates p values < 0.0001.
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The results presented in this study are all consistent with the
requirement of BAR-mediated dimerization for controlling the
binding efficiency of the partners of the SH3 domain of endo-
philin. The strongest evidence in favor of this idea relies on our
observation that the SH3 domain of EA1, flanked or not by the
variable region, binds poorly to poly-L-proline in comparison
with EA1A(1-175) that retains a3, the variable region, and the
SH3 domain. Indeed, dimer formation by EA1A(1-175) in solu-
tion necessarily depends on a3 physicochemical properties
because the SH3 domain of endophilin does not dimerize (42).
However, the observation that EA1 interacts less efficiently
with poly-L-proline than EA1A(1-175) may be, at first glance,
at odds with this hypothesis because full-length BAR mono-
mers can dimerize. Among the two possibilities that have been
explored to clarify this apparent inconsistency, (i) the masking
of the SH3 domain binding site via intra- or intermolecular
interaction with the peptide (*"'KKKR'”*) as has been pro-
posed for syndapin and amphiphysin (39) and (ii) the higher
propensity of EA1A(1-175) to form dimers in solution, the lat-
ter one is the most probable. As a matter of fact, neither the
mutagenesis of the KKKR peptide in full-length EA1 nor the
presence of this peptide at the N terminus of EAIA(1-175)
changed significantly the interaction with poly-L-proline
(which should have been expected if the SH3 domain accessi-
bility to polyproline had been prevented by the peptide). Thus,
our results suggest that the KKKR peptide in endophilin A is
not functionally equivalent in regulating SH3 domain accessi-
bility to the KKMK sequence of syndapin or to the KKKV
sequence of amphiphysin, as proposed by Rao et al. (39). In
addition, we observed that full-length EA1 is able to transform
spherical liposomes into tubules (as opposed to syndapin that,
invitro at least, requires a deletion of the SH3 domain to be able
to efficiently tubularize membranes). This suggests that a puta-
tive regulatory activity of the SH3 domain by masking the
KKKR peptide that is clearly involved in membrane binding
remains questionable in the case of endophilins. On this line, it
should be noticed that the spatial organization of the SH3
domain and the KKKR peptide (localized at the tip of the BAR
domain) in endophilin raise the question as to how their inter-
action can occur within a free dimer (cis-interaction) or in a
membrane-bound oligomer (trans-interaction). In this respect,
it should be noted that the tetrapeptides in amphiphysin
(KKKV) and in syndapin 1 (KKMK) have a more proximal posi-
tion relatively to the C terminus of helix 3 in the BAR domain
and that the polypeptide linker between the BAR/F-BAR and
the SH3 domain is 382 and 75 amino acid residues long in
amphiphysin and syndapin 1, respectively, as compared with 41
amino acid residues in endophilin. Hence, for the latter, this
might contribute to restrict the accessibility of the SH3 domain
to the KKKR sequence.

Finally and regarding the apparent lower capacity of EA1 to
interact with poly-L-proline, this can be explained by the fact
that the affinity of full-length BAR monomers may be signifi-
cantly lower than that of a3-helices. This implies that EA1
would be present predominantly in the monomeric form upon
bacterial synthesis and in the bacterial supernatants prepared
for affinity chromatography, in agreement with the estimated
dimerization constant of endophilin A N-BAR sequences (5-15
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uM range) (9, 46). Consistently, we have estimated that the
maximum endophilin concentration in bacterial lysates is
below 1 uM. In addition, this is also consistent with our data
showing that, in solution and in the presence of equal concen-
tration of cross-linking agent, full-length EA1 forms less dimers
in comparison with EA1A(1-175).

In the course of characterizing the incidence of the L215D
substitution on the function of endophilin in membrane bind-
ing and deformation, we made several unexpected observations
leading to challenging interpretations. Upon incubation of the
EA2LD/WT heterodimer with liposomes, we observed a very
significant increase in the binding of both wild type and mutant
forms, in comparison with the condition in which wild type
EA2 was used. This implies that a BAR domain made of wild
type and mutant protomers exhibits functional properties dif-
ferent from wild type. Heterodimers represent sites of loose
protomer-protomer interactions. Thus, besides a possible dis-
sociation of mutant BAR after binding that should destabilize
oligomers, an altered function at/on the membrane may result
essentially from a decreased rigidity of the molecule. This may
modify the stringency of the BAR regarding the curvature index
of the membrane onto which it assembles. This may have two
consequences that would, most probably, result in the
improved membrane binding as follows: (i) increase the surface
capacity of membranes onto which the BAR can be recruited
because alower rigidity would allow binding to vesicles of larger
diameter (although liposomes were extruded, dispersion of
their size remains significant) and (ii) decrease of the off-rate
from membranes in a scenario where the rigidity of the wild
type BAR domain triggers release from membranes when the
curvature index has reached a lower limit. The morphology of
the structures that we observed by electron microscopy after
incubation of the mutant heterodimer with liposomes may be
consistent, at least in part, with these interpretations. First, in
addition to membrane tubules of altered shape, clusters of
spheres with diameters ranging from 100 to 300 nm were seen.
These may account for a population of liposomes at the surface
of which mutant heterodimers are recruited but that cannot be
deformed into tubules. Second, the tubules of irregular shape
and diameter that were formed are characterized by constric-
tions of very narrow diameter. These may result from the
decrease in rigidity of the mutant BAR domain that cannot
stabilize the diameter of the tube to the one that would be
imposed by the intrinsic curvature radius of a wild type BAR
domain (or of that imposed by wild type BAR oligomers). On
this line, it should be noticed that the quite significant increase
in the number of small spherical particles may result from the
instability (and subsequent fission) generated by the presence
of mutant heterodimers on membranes of narrow diameter.

In conclusion, this work brings novel insights into the func-
tional relationship between the two structural units that build
up proteins of the endophilin A subfamily, the BAR and the
flanking SH3 domains. With the help of point mutagenesis of a
residue that plays a central role on stabilizing interactions
between BAR protomers, we confirm the critical role of the
BAR conformation and rigidity in exerting stringent control on
membrane curvature and, which has been poorly investigated
until now, the binding efficiency of partners of the SH3 domain
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(in the case of endophilins at least). It should be noticed that
quite recently Wong et al. (47) have reported on the regulation
of BAR sequence dimerization of endophilin B1 by Cdk-5-de-
pendent phosphorylation leading to an increase in the recruit-
ment of UV radiation resistance-associated gene protein for
subsequent activation of autophagy. Therefore, our findings
would support the emerging notion that the BAR sequence self-
assembly critically functions as a signal for recruitment of
downstream effectors of proteins of the endophilin family.
Finally, BAR-mediated dimerization has also been reported to
be required for Sorting Nexin 9 to interact with the kinase
ACK?2 (activated Cdc42-associated tyrosine kinase 2) thereby
triggering the degradation of epidermal growth factor receptor
(48).
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