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Summary v

Summary

Eukaryotic cells are characterized by a diverse array of membraneous structures
including vesicles, tubules, and pleiomorphic vacuoles that enable cellular processes
such as organelle biogenesis, cell division, cell migration, secretion, and endocytosis.
In many cases, dynamic membrane remodeling is accomplished by the reversible
assembly of membrane-sculpting or deforming proteins, most notably by members of
the BAR (Bin/amphiphysin/Rvs) domain superfamily. Members of this protein
superfamily are involved in membrane remodeling in various cellular pathways
ranging from endocytic vesicle and T-tubule formation to cell migration and
neuromorphogenesis. Membrane curvature induction and stabilization are encoded
within the BAR or F-BAR (Fer-CIP4 homology-BAR) domains, alpha-helical coiled
coils that dimerize into membrane-binding modules. BAR/F-BAR domain proteins
often contain also 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. The crystal structures show that the F-BAR domain of syndapin 1
dimerizes into an elongated “S” shape with a wedge loop in each monomer, which is
required for the membrane-deforming activity of syndapin. Importantly, our data also
show that syndapin 1 F-BAR-mediated membrane deformation is subject to
autoinhibition by its SH3 domain. Release from the clamped conformation is driven
by association of syndapin 1 SH3 domain with the proline-rich domain of dynamin 1,
thereby unlocking its potent membrane-bending activity. We hypothesize that this
mechanism might be commonly used to regulate BAR/F-BAR domain-induced
membrane deformation and to potentially couple this process to dynamin-mediated
fission. Our data thus suggest a structure-based model for SH3-mediated regulation

of BAR/F-BAR domain function.
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Zusammenfassung

Eukaryotische Zellen enthalten eine grofle Vielfalt membrandser Strukturen wie z.B.
Vesikel, Rohren und pleiomorphe Vakuolen, die an so unterschiedlichen Prozessen
wie der Biogenese zelluldrer Organellen, der Zellteilung, Zellmigration, Sekretion
und Endozytose beteiligt sind. In den vielen Fillen wird die dynamische Umformung
der Membran durch die reversible Zusammenlagerung von Membran-verformenden
Proteinen bewirkt, ganz besonders durch Mitglieder der BAR (Bin/amphiphysin/Rvs)
Dominen Proteinfamilie. Mitglieder dieser Proteinfamilie sind beteiligt am
Membranumbau im Rahmen verschiedenster zelluldrer Prozesse, von der
Generierung endozytotischer Vesikel und T-Rohren bis hin zu Zellmigration und
Neuromorphogenese. Thre Fahigkeit zur Induzierung einer bestimmten
Membrankrimmung und zur Stabilisierung von gekriimmten Membranen resultiert
aus der Struktur ihrer BAR oder F-BAR (Fer-CIP4 Homologie-BAR) Doménen.
Hierbei handelt es sich um alpha-helikale “coiled coils”, die zu Membran-bindenden
Modulen dimerisieren kénnen. BAR/F-BAR Proteine enthalten zudem oft eine SH3
Doméne, die Bindepartner wie die oligomere GTPase Dynamin, die an

Membranabtrennungsprozessen beteiligt ist, rekrutieren kann.

Wie genau die BAR/F-BAR Doménen vermittelte Membranverformung in der Zelle
reguliert wird, ist bislang unbekannt. Die in dieser Doktorarbeit prisentierten
Kristall-Strukturdaten von komplettem Syndapin 1 Protein und seiner F-BAR
Domaéne konnen zur Aufklarung dieser Frage beitragen. Die Kristallstrukturen zeigen,
dass die F-BAR Doméne von Syndapin 1 dimerisiert. Des resultierende Dimer hat
die Form eines verlidngerten “S”, wobei jedes Monomer eine Keil-artige Schleife
enthélt, die notwendig ist fiir die Fahigkeit Syndapins, Membranen zu deformieren.
Von grof3er Bedeutung fiir das Verstdndnis der Regulation dieser Fahigkeit ist die aus
den Strukturdaten gewonnene Erkenntnis, dass die Syndapin 1 F-BAR-vermittelte
Membranverformung durch eine in Syndapin enthaltene SH3 Doméne autoinhibiert
wird. Erst wenn diese SH3 Domiéne durch die Prolin-reiche Domédne von Dynamin 1
gebunden wird, kommt es zu einer intramolekularen Konformationsinderung in
Syndapin, die die Keil-artigen Schleifen freilegt und es ithm so ermdéglicht,
Membranen zu kriimmen. Wir stellen die Hypothese auf, dass diese Art der
Autoinhibition ein genereller Mechanismus zur Regulation der BAR/F-BAR
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Domaénen vermittelten Membrankriimmung sein konnte, der moglicherweise diesen
Prozess zugleich an die Dynamin-vermittelte Membranabtrennung koppelt. Unsere
Daten schlagen ein Struktur-basiertes Modell fiir die SH3-vermittelte Regulation der
BAR/F-BAR Doménenfunktion vor.
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1 Introduction

1.1 Mechanisms of membrane curvature gerenation and membrane

deformation

Eukaryotic cells are characterized by a diverse array of membraneous structures
including vesicles, tubules, Golgi, ER, endosomes, lysosomes, mitochondria and
pleiomorphic vacuoles. The bilayer membrane can be considered as a highly
regulated and heterogeneous environment which not only functions as an active
participant to interact with the outside world but also provides a highly dynamic
platform to control its own local morphology by regulating assembly of stabilizing
cytoskeletal elements (Doherty and McMahon, 2008). Cellular activity, such as
organelle biogenesis, cell division, cell migration, secretion, exocytosis and
endocytosis, depends to a large extent on dynamic membrane bilayer remodelling.
Dynamic membrane remodeling is achieved by an intricate interplay between lipids
and proteins. The concept of protein-mediated membrane curvature generation in
cells has attracted much attention in recent years. McMahon and Gallop suggested
five mechanisms that could generate membrane curvature (Figurel-1) (McMahon

and Gallop, 2005).
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Figure 1-1 Mechanisms of membrane deformation. Membrane curvature can be generated by
five mechanisms. a, changes of lipid composition; b, influences of integral membrane proteins; c,

cytoskeletal proteins and microtubule motor activity; d, scaffolding by peripheral membrane
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proteins; e, active insertion of amphipathic helices into the membrane (Taken from McMahon, HT

& Gallop, JL, 2005).

1.1.1 Changes in lipid composition

The chemical properties of different lipid acyl chains or headgroups make them perfer
different membrane curvatures. For example, lysophosphatidic acid and phosphatidic
acid associate with opposite membrane curvatures (Brown et al., 2003; Kooijman et
al., 2005; Shemesh et al., 2003) (Figure 1-la). Addtionally, lipid headgroups are
attachment sites for the recruitment of peripheral membrane proteins and can
therefore generate membrane curvature. Phosphatidylinositol and its phosphorylated
derivatives (referred to as phosphoinositides, PIs) have been implicated in numerous
membrane trafficking and cellular signalling events. Different phosphoinositide
species have been shown to exhibit distinct and characteristic subcellular distribution
patterns. For example, the presence of PtdIns(4,5)P2 in the plasma membrane is
essential for the budding of clathrin-coated vesicles, largely because the budding
machinery binds to PtdIns(4,5)P2 (Ford et al., 2002; Ford et al., 2001; Honing et al.,
2005; Kinuta et al., 2002; Wenk and De Camilli, 2004). PIs can directly associate
with a variety of different proteins including cytoplasmic factors, such as membrane
trafficking proteins, cell signalling adaptors, and membrane integral channels and
transporters. A variety of structurally different PI binding domains have been
identified, including PH (pleckstrin homology), FYVE (Fabl, YOTB, Vacl (vesicle
transport protein), and EEA1 domain), PX (Phox homology), ENTH (Epsin
N-terminal homology domain), ANTH (AP180 N-terminal homology domain), C2
(protein kinase C conserved region 2, involved in calcium-dependent phospholipid
binding), PTB (Phosphotyrosine binding-domain), and FERM domains (4.1-ezrin,
radixin, and moesin homology domain) (Krauss and Haucke, 2007). The recruitment

of these binding domains to the membrane can induce local membrane deformation.
1.1.2 Influence of integral membrane proteins

Based on crystal structures of membrane proteins, transmembrane proteins with a
conical shape naturally favor curvatures that mould around their shapes. This shape
has been illuminated by crystal structures of the voltage-dependent K'-channel
(Mackinnon, 2004), the amino acid antiporter AdiC (Gao et al., 2009; Gao et al.,
2010b), the formate transporter FocA (Wang et al., 2009b), the transmembrane
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domains of the nicotinic acetylcholine receptor (Fertuck and Salpeter, 1974; Unwin,
2005) and AMPA-subtype glutamate receptor (Sobolevsky et al., 2009). However,
given that only a few structures of transmembrane proteins are known, the
contribution of their intrinsic shape to membrane curvature remains largely

unexplored.

1.1.3 Cytoskeletal proteins and microtubule motor activity

Filamentous cytoskeletal elements associate intimately with the plasma membrane at
a wide variety of cellular locations, including highly curved regions of the plasma
membrane and sites of adhesion to the cellular surroundings (Figure 1-2). Previous
studies have shown that cytoskeletal changes affect membrane remodelling in cell
motility and in tubule and vesicle carrier formation (Allan and Vale, 1994; Bretscher,
1996; Merrifield, 2004). The cytoskeleton also plays a role in directing the location
of fusing and endocytosed vesicles and in localizing receptors and signalling
complexes (Zakharenko and Popov, 1998). The ability of the cytoskeleton to
influence membrane-shape changes is affected by membrane tension (Raucher and
Sheetz, 2000), and decreases in tension can induce local curvature. This membrane
tension can be generated by two mechanisms: actin polymerization and microtubule

motor activity.

Actin polymerization has been shown to play a very important role in the remodeling
of many areas containing high membrane curvature, including filopodia, lamellipodia,
macropinocytic ruffles, adherens junctions, endocytic pits and phagocytic cups
(Figure 1-2) (Doherty and McMahon, 2008). During endocytic processes, actin
polymerization occurs once the required nucleation initiators, including Arp2/3
complex, formins, Cordon-bleu (Cobl), Leiomodin (Lmod-2), and Spire proteins are
recruited to vesicle buds. The generated actin filaments are thought to push the
vesicles off from the plasma membrane (Figure 1-3) (Ahuja et al., 2007; Carroll et al.,
2003; Engqvist-Goldstein et al., 2004; Merrifield et al., 2005; Qualmann and Kelly,
2000; Qualmann and Kessels, 2009; Renault et al., 2008; Shupliakov et al., 2002;
Takano et al., 2008; Winckler and Schafer, 2007; Yamada et al., 2009; Yarar et al.,
2005). According to the specific architecture of nucleation initiators, they use
different manners to catalyze actin polymerization as shown in Figure 1-3. The

Arp2/3 complex for example, the first actin nucleator to be identified can form a
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template for actin nucleation and thereby enable efficient filament formation. This
complex is activated by the members of the WASP/WAVE superfamily through their
direct interation (Takenawa and Suetsugu, 2007; Vartiainen and Machesky, 2004).
WASP proteins form a family of five proteins in mammals, Wiskott—Aldrich
Syndrome Protein (WASP), Neural-WASP (N-WASP) and Scar/WAVEI, 2 and 3
(Suppressor of a cyclic AMP receptor mutation/WASP Verprolin homologous) (Higgs
and Pollard, 1999; Takenawa and Suetsugu, 2007; Vartiainen and Machesky, 2004)
After activation, Arp2 and Arp3 are arranged to form a complex which mimics an
actin dimer. Afterwards, an actin monomer is added onto the Arp2/3 complex with
the help of WASP proteins. The Arp2/3 complex furthermore interacts with the sides
of pre-existing actin filaments, which increases its nucleation activity and generates
new filament branches at a characteristic 70° angle (Figure 1-3A). The Arp2/3
complex thereby gives rise to a rapidly expanding, branched network of filaments
(Campellone and Welch, 2010; Qualmann and Kessels, 2009). Actually, many BAR
domain containing-proteins have been linked to the nucleation of actin
polymerization and are thus able to coordinate actin polymerization and membrane

remodeling events (discussed later).
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Figure 1-2 The array of membrane-cytoskeleton interactions in mammalian cells. Schematic
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diagram showing the main types of cellular locations where membrane-cytoskeleton interactions

are formed (Taken from Doherty, GJ & McMahon, HT, 2008).
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Figure 1-3 The initiation mechanisms of actin polymerization by the Arp2/3 complex,
formins, Spire, Lmod-2 and Cobl. (A) Domain architecture of the nucleation initiators of Spire,
Cobl and Lmod-2. A-h, actin-binding helix; b, basic stretch; hl and h2, helix 1 and 2; KIND,
kinase non-catalytic C-lobe domain; NLS, nuclear localization signal; PRD, proline-rich domain;
Sec, type II secretion/translocation signal; TM-h1, tropomyosin-binding helix 1. (B) The Arp2/3
complex mimicks an actin dimer after activation by members of the WASP superfamily of
proteins (N-WASP is depicted). WASP superfamily proteins interact with G-actin by means of one

or two WH2 domain(s) and recruit profilin—actin complexes by associating with their proline rich
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domain (PRD). (C) Formins nucleate using their dimerized doughnut-shaped formin-homology 2
(FH2) domain, to which profilin—actin is recruited by binding to the neighboring proline-rich FH1
domain. During elongation, formins move processively along with the barbed end. (D) Lmod-2
directly binds two actin monomers using its different domains to form an actin dimer; the third
actin is recruited by the WH2 domain of Lmod-2 and translocated to the actin dimer which
initiates actin polymerization. (E) For Spire, both the initial model (Quinlan et al., 2005) (left side)
and a model (right side) based on newer data from Quinlan et al. are shown. The left model: four
actin monomers are recruited by Spire using its four WH2 domains; after that, the monomer actin
is added. The right model: Spire directly binds to Formin and forms a Spire,-Formin, complex;
four actin monomers are recruited by each Spire (the right side model); the dimerization of
Spire-acting-Formin complex allows monomer actin to be added to start actin polymerization. (F)
In the case of Cobl two actin monomers directly bind to two of its adjacent WH2 domains of Cobl

and form an actin dimer; the third actin is recruited by the third WH2 domain and is translocated

3

to the actin dimer which initiates actin polymerization. ‘+’ indicates filament plus ends whereas

¢ ’indicates filament minus ends (modified from (Qualmann and Kessels, 2009)).

Microtubule motor activity also has been known to play an important role in
membrane traffic, not only by transporting vesicles along microtubule tracks, but also
by directly deforming membranes (Farsad and De Camilli, 2003). Many intracellular
membrane tubules are generated in this fashion. For example, microtubule motors
along a preformed microtubule track can generate a developing membrane tubule in
vitro (Dabora and Sheetz, 1988; Robertson and Allan, 2000; Roux et al., 2002).
Microtubule-dependent mechanisms, possibly in cooperation with other cytosolic
factors (Dreier and Rapoport, 2000), have also been suggested to play a role in vitro
and in vivo for the tubular dynamics of the ER (Dabora and Sheetz, 1988;
Klopfenstein et al., 1998; Vale and Hotani, 1988; Waterman-Storer and Salmon,
1998), as well as for Golgi and endosome tubulation events following treatment with

the fungal metabolite brefeldin A (BFA) (Lippincott-Schwartz et al., 1991).
1.1.4 Scaffolding by peripheral membrane proteins

Peripheral membrane proteins can participate in membrane deformation in different
ways. First, coat proteins such as clathrin, COPI and COPII which are essential
components for vesicle formation, can also be considered as exoskeletons that affect
membrane bending by polymerizing into curved structures. However, these coat

proteins do not directly associate with membranes and are supposed to act in
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conjunction with other proteins (Antonny et al., 2003; Bi et al., 2002; Bi et al., 2007;
Hughson, 2010; Lee and Goldberg, 2010; Low et al., 2008; Nossal, 2001; Russell and
Stagg, 2009). The crystal structures or structures determined by electron microscopy
of COPI, COPII and clathrin show that they share a similar architecture and
functional organization (Fath et al., 2007; Fotin et al., 2004; Lee and Goldberg, 2010;
Stagg et al., 2006; Stagg et al., 2008) (Figure 1-4). The COPII cage composed of the
small GTPase Sarl, the Sec23/Sec24 complex and the Sec13/Sec31 complex is built
by a-solenoid and B-propeller protein domains. The COPII cage assembly unit, two
copies of Secl3/31, has a central a-solenoid dimer capped by two B-propeller
domains at each end (here called the rod structure). The rod builds the edge of a
cuboctahedron cage, and four other rods converge to form the vertex with no
interdigitation of assembly units. The clathrin cage is generated by triskelion
assembly units - trimers of clathrin heavy chains that are centered on the vertices of
the cage, and the long a-solenoid legs curves towards and interdigitate with
neighboring legs as they extend to the adjacent vertices. COP I consists of seven
subunits, a-COP, B-COP, B’-COP, y-COP, 5-COP, &-COP and (-COP (Suntio et al.,
1999). The recently reported crystal structure of the afy’-COP core of coatomer shows
a triskelion conformation in which three copies of ap’-COP B-propeller domain
converge via their axial ends. Each copy comprises two B-propeller domains at one
end followed by an extended a-solenoid (Lee and Goldberg, 2010). The arrangement

of aff’-COP shares similar features with clathrin which suggests a similar mechanism

to form the COP I cage.
A Vertex structures
COPIl COPI Clathrin
a-solenoids
A\ 4 pr
'\ // /"J Triskelelia
®— Vertex &
_ A/ B :
- / \ [-propellers ] 2
B Cages

Figure 1-4 The three archetypal vesicle coats. (A) COPI, COPII and clathrin drive the

formation of transport vesicles by polymerization. (B) COPII polymerizes into a polyhedral lattice
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with triangular and pentagonal faces. In contrast, COPI is proposed to form clathrin-like truncated

icosohedra with hexagonal and pentagonal faces ( modified from (Hughson, 2010)).

Dynamin1 (NP_004399) 2122

Classical 0109
Svince o=-°=‘ﬁ‘ Dynamin3 (Q9UQ16) == 0.408

Dynamin2 (NP_004936) 0.083

Sl 0.522
- )= Dip (NP_036192) 0785
MxA (NP_002453) —2245 0,359 Mooy
e 0245 ooss
Dynamin-related MiB (NFE_002454) 0
proteins .l—c:’=o= OPA1 (060313) — 0.145
0.227

Mitofusint (NP_284941) — 22— 0.759
_—-:::::-c=.>-: Mitofusin (NP_055689) —i—J
GBP1 (NP_002044) 2222 oo

GBP3 [NP_DE0754) 57

L - GBPZ (NP_OD4111)

GBPS [NP_443174)
GBP4 (NP_443173)

Atiastin (NP_056999) —2188

—_— e Atlastin? (NP_071769) —2138 0512

Atlastin3 (NP_056274) ——2213

Dynamin superfamiy

0141 g 9q

GBP-related
proteins

0.35

1,000 amino acids

A GTPase doman (i Middle domain 0 PH domain [ GED

* PRD [l Fredicted transmembrane domain . Mitochondrial leader sequence

Figure 1-5 Domains of the human dynamin superfamily. All dynamins have a GTPase domain,
a middle domain and a GTPase effector domain (GED) (except for Atlastin family proteins). Most
dynamins also have a PH domain for interactions with membranes. Classical dynamins carry a
proline-rich domain (PRD) at the carboxyl terminus that binds Src-homology-3 (SH3) domains.
Human dynamin-superfamily members are grouped according to their domain structure and their
accession numbers are shown. DLP1, dynamin-like proteinl; GBP1, guanylate-binding protein 1;

OPA1, optic atrophy 1 (taken from (Praefcke and McMahon, 2004)).

Second, proteins of the dynamin family interact with lipid membranes via their PH
domain and form helical oligomers which constrain the membrane topology into a
tubular shape (Gao et al., 2010a; Hinshaw and Schmid, 1995; Marks et al., 2001;
Roux et al., 2006). All dynamins contain a GTPase domain that binds and hydrolyses
GTP, a middle domain and a GTPase effector domain (GED) that are involved in
oligomerization and stimulation of GTPase activity (Figure 1-5) (Ramachandran et
al., 2007; Zhang and Hinshaw, 2001). Additionally, most dynamins carry a PH
domain for interactions with lipid membranes. Classical dynamins contain a
proline-rich domain (PRD) at the carboxyl terminus which recruits dynamin for
vecsicle formation by interacting with Src-homology-3 (SH3) domains. Based on
electron microscopy, dynamin tubulates liposomes and forms T-bar-like structures in
which the PH domain is at the base of the T-bar (Figure 1-6A) (Zhang and Hinshaw,
2001). Although the crystal structure of full-length dynamin 1 is still unknown,

crystal structures of isolated domains (except its PRD domain which forms a flexible
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loop structure) have been determined. By combining this data with electron
microscopy, a dynamin model has been recently deduced by Gao S et al (Figure 1-6)
(Gao et al., 2010a), which provides details for understanding dynamin’s biological
function. Accumulating evidence supports the hypothesis that the GTPase dynamin
functions as a mechanochemical enzyme, which plays an essential role in endocytosis
by catalyzing the fission of nascent clathrin-coated vesicles from the plasma
membrane. Its hydrolysis of GTP provides the energy to generate a large
conformational change within dynamin which helps clathrin-coated vesicles to be
pinched off from the plasma membrane (Marks et al., 2001; Stowell et al., 1999;
Zhang and Hinshaw, 2001). Recent studies suggest that dynamin is recruited for
vesicle formation by BAR domain containing-proteins, such as endophilin,
amphiphysin, sorting nexin 9 and syndapin, particularly for assembling around necks
of clathrin-coated pits (Ferguson et al., 2009; Habermann, 2004; Ren et al., 2006).
The biological function of dynamin together with BAR domain containing-proteins

will be dicussed later in this study.

Figure 1-6 Model of a dynamin oligomer. (A) The typical T-bar shape of dynamin is shown by



Introduction 10

an EM electron density map. The locallization of differents domains are coloured (taken from
(Zhang and Hinshaw, 2001)). (B) The crystal structure model of dynamin is shown. PH domain,
stalks region and G domain are indicated. (C) Two views of a complete turn of the dynamin helix
composed of 13—14 dimers according to the EM electron density map of oligomerized dynamin in
the constricted state. Only after one complete turn is formed the G domains of neighbouring
helical turns (shown in green—red and yellow—blue surface representations) can approach each

other (modified from (Gao et al., 2010a)).

A o
S phospholipid
%mwpu

Figure 1-7 The organization of lipid rafts and caveolae membranes. (A) Lipid rafts are
enriched in cholesterol within the liquid-ordered phase (yellow) and exoplasmically oriented
sphingolipids (pink) in the outer leaflet. In contrast, the liquid-disordered phase is composed
essentially of phospholipids (shown in green). (B) The caveolae structure is generated within lipid
rafts. Upon integration of the caveolin-1 protein, liquid-ordered domains form small flask-shaped
invaginations called caveolae. Caveolin-1 monomers assemble into discrete homo-oligomers
(shown as dimers for simplicity) containing 14 to 16 individual caveolin molecules (taken from

(Razani et al., 2002)).

Third, membrane bending is generated by caveolae structures. These flask-shaped
membrane invaginations were first identified by electron microscopy (Palade, 1953).
Caveolae form a stable functional unit at the cell surface and are generated by
oligomerized caveolin and associated proteins and lipids (Figure 1-7) (Parton and
Simons, 2007; Razani and Lisanti, 2001). The caveolin gene family has three
members in vertebrates: caveolin-1, caveolin-2, and caveolin-3. Unlike COP and

clathrin-coated vesicles, caveolins are a family of integral membrane proteins which
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are the principal components of caveolae membranes and possibly involved in
receptor-independent endocytosis (Scherer et al., 1996; Tang et al., 1996; Williams
and Lisanti, 2004). Lastly, BAR domains are modules that sense and generate
membrane curvature as part of both clathrin-dependent and clathrin-independent

pathway (BAR domains will be discussed later).

1.1.5 Helix insertion into membranes

Amphipathic helices are stretches of a-helix with a charged (polar) side and a
hydrophobic side. The most important feature of an amphipathic helix is its effect on
membrane curvature. In many cases the a-helix forms only when the protein is tightly
associated with the membrane. The helices are predicted to sit flat on the membrane
surface with the hydrophobic residues dipping into the hydrophobic phase of the
membrane (Campelo et al., 2008; Ford et al., 2002; McMahon and Gallop, 2005;
Peter et al., 2004). This asymmetric insertion into one leaflet of the membrane results
in membrane bending. Amphipathic helices are found in trafficking proteins as
diverse as small G proteins (like Arf and Sarl (Bi et al., 2002; Bielli et al., 2005;
Huang et al., 2001; Liu et al., ; Liu et al., 2010; Memon, 2004; Rao et al., 2006)),
epsins, BAR domains as well as others (Cui et al., 2009; Gallop et al., 2006; Low et
al., 2008; Peter et al., 2004). For example, folding of the ‘0-helix’ (according to
crystal structure of ENTH domain, 0-helix stands for the flexible loop at N-terminus.)
is induced upon the interaction between the ENTH domain of epsin and a
PI(4,5)P2-enriched membrane surface (Ford et al., 2002). The newly formed helix is
amphipathic in nature. Positively charged residues on one side of the helix are
engaged in lipid headgroup binding, whereas hydrophobic residues on the other face
insert into the cytoplasmic face of the lipid bilayer. Actually, amphipathic a-helices
not only induce membrane curvature, but are also believed to act as sensors of
membrane curvature, thus facilitating the assembly of protein complexes on curved
membranes. (Bhatia et al., 2010; Bhatia et al., 2009; Drin and Antonny, 2010; Epand
et al., 1995)

1.2 BAR domains

In most cases, dynamic membrane remodelling is accomplished by the reversible

assembly of membrane-sculpting or deforming proteins (Hatzakis et al., 2009; Hui et
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al., 2009). Recently, increasing numbers of membrane-deforming proteins connecting
the actin cytoskeleton and the plasma membrane have been indentified. These
proteins contain a BAR, or EFC/F-BAR and or IMD/I-BAR domain (Figure 1-8).
The BAR (Bin, amphiphysin, Rvs) domain was originally identified as an
evolutionary conserved region shared by the yeast proteins Rvs161, Rvs167 and the
metazoans amphiphysins (the splice variants of which are also called Binl) (David et
al., 1996; Lichte et al., 1992; Sakamuro et al., 1996; Sivadon et al., 1995) It was
predicted to have a coiled-coil domain structure and was shown to act as homo- and
heterodimerization domain (Ramjaun et al., 1999; Slepnev et al., 1998; Wigge et al.,
1997). The first crystal structure of the Arfaptin elucidated how these domains are
able to generate finely organized membrane microstructures (Tarricone et al., 2001).
BAR domains are dimerized via a-helical coiled coils and the dimerization module
forms a positively charged surface that associates with the negatively charged inner
surface of the plasma membrane, mostly through interaction with negatively charged
phospholipids (Peter et al., 2004; Tarricone et al., 2001). BAR domain superfamily
proteins deform membranes to a geometry that corresponds to the structures of the
membrane-binding surface of the protein (a crescent-shaped dimer or/ banana-shaped

dimer) (Figure 1-9).
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Figure 1-8 Schematic diagram of the domain structures of BAR-, EFC/F-BAR- and
IMD/1-BAR-domain-containing proteins. Besides BAR domain, EFC/F-BAR and IMD/I-BAR

domains, other domains are indicated for each protein (Taken from Suetsugu, S., 2010).
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In vitro, liposome tubulation assay has been generally used to study the membrane
tubulation activity of BAR domain. Pervious studies have shown that BAR domain
containing-proteins, such as amphiphysin, endophilin, FBP17 and CIP4, are able to
bind lipids and to induce tubulation of liposomes (Figure 1-10, Figure 1-11A-D)
(Farsad et al., 2001; Frost et al., 2008; Gallop et al., 2006; Henne et al., 2007; Itoh et
al., 2005; Takei et al., 1999). A recent cryo-EM analysis of a CIP4 F-BAR domain
illustrated how BAR domain can associate with membranes to form cylindrical
tubules (Frost et al., 2008) (Figure 1-10). To form membrane tubule structure, F-BAR
domain is self-assembled/oligomerized into a helical coat. Besides the tip-to-tip
interactions, the broad contacts between laterally-adjacent dimmers are also required
for the oligomerization of F-BAR domain (Figure 1-10C,D). By fitting crystal
structure of CIP4 F-BAR domain into cryo-EM reconstructions of membrane tubules,
a cluster of positive residues (R/K) on the concave surface of the F-BAR module are
necessary to bind the membrane bilayer and enable rigid F-BAR dimers to deform
membrane (Frost et al., 2008). In vivo, overexpression of BAR/F-BAR domain or
BAR/F-BAR domain containing proteins also generates 