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Abstract

Cellular membranes can assume a number of highly dynamic shapes. Many cellular processes also
require transient membrane deformations. Membrane shape is determined by the complex
interactions of proteins and lipids. A number of families of proteins that directly bend membranes
have been identified. Most associate transiently with membranes and deform them. These proteins
work by one or more of three types of mechanisms. First, some bend membranes by inserting
amphipathic domains into one of the leaflets of the bilayer; increasing the area of only one leaflet
causes the membrane to bend. Second, some proteins form a rigid scaffold that deforms the
underlying membrane or stabilizes an already bent membrane. Third, some proteins may deform
membranes by clustering lipids or by affecting lipid ordering in membranes. Still other proteins
may use novel but poorly understood mechanisms. In this review, we summarize what is known
about how different families of proteins bend membranes.
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All eukaryotic cells contain internal membrane-bound organelles. Most have elaborate yet
highly dynamic shapes that are essential for optimal organelle function. These shapes can
include tubules, sheets, vesicles, fenestrated sheets, and cisternae, often in the same
membrane. In addition, transient membrane deformations are required for many essential
cellular processes, including vesicular trafficking, cell movement, and cell division.
Establishing and altering organelle morphology requires numerous proteins and lipids.
Figure 1 shows some of the regions and processes in cells that necessitate membrane
bending and locations of some of the proteins discussed in this review.

Membrane shape is determined by the complex interactions of proteins and lipids. The last
few years have seen a dramatic increase in our understanding of how cellular membranes are
shaped. Though many membrane-deforming processes remain poorly understood, at least
three types of mechanism are used. First, membranes can be pulled, pushed, or held in shape
by interactions with the cytoskeleton, particularly actin filaments and microtubules. Both the
assembly and disassembly of the cytoskeleton as well as motors operating on the
cytoskeleton can shape membranes. Second, membrane morphology and dynamics can also
be affected by the heterogeneous distribution of some lipids within a bilayer. The ability of a
lipid to promote positive or negative curvature in membranes is determined by the relative
cross-sectional area of its head-group and acyl chains. For some lipids, such as
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phosophatidyl choline (PC), the cross-sectional areas are similar and they behave essentially
as cylinders in the membrane bilayer and do not promote positive or negative curvature.
Other lipids, however, are thought to be wedge-shaped, because of differences in the relative
size of their head-groups and acyl chains. For example, phosphoinositides (PIPs) have larger
head-groups than PC and accumulation of these lipids in a domain of one leaflet of a bilayer
can cause positive curvature. Therefore, proteins that affect the distribution of lipids in
membranes can bend membranes. These could include proteins that alter the distribution of
lipids between the two leaflets of a bilayer (flippases), degrade or modify lipids, or cause
lipids to cluster. Third, a growing number of proteins have been shown to directly bend
membranes. This review will focus on these proteins and how they promote membrane
curvature.

Most membrane-bending proteins transiently associate with membranes and deform them. In
general, most have a proposed mechanism to generate membrane curvature and oligomerize
to stabilize it. At least three types of mechanism are used. First, some proteins bend
membranes by inserting amphipathic domains partially into the bilayer (Figure 2A). This
causes bending because of the bilayer-couple mechanism (Sheetz and Singer, 1974); since
strong hydrophobic forces hold the two leaflets of a bilayer together, increasing the area of
one leaflet while the other remains unchanged will cause the bilayer to bend. Modeling
suggests that shallow insertions that do not penetrate deeply into a bilayer are most effective
at membrane bending (Campelo et al., 2008). In theory, any protein that inserts partially into
a membrane could deform it. However, while a number of protein domains have been found
to transiently insert into bilayers (Lemmon, 2008), in many cases it is not known if this
insertion also causes membrane deformation. A second widely used mechanism of
membrane bending is the formation of a rigid scaffold that deforms the underlying
membrane or stabilizes membranes that have been bent by other mechanisms (Figure 2B).
Many scaffold-forming proteins oligomerize to large rigid structures. Finally, there is
growing evidence suggesting that some proteins deform membranes by causing lipid
clustering. Most membrane-deforming proteins seem to use a combination of these
mechanisms. Others, however, may use novel but poorly understood mechanisms. In the
following sections, we will summarize what is known about how different families of
proteins deform membranes.

Coat forming proteins

Most proteins known to deform membranes are involved in vesicular trafficking. Generation
of transport vesicles requires extensive membrane remodeling. First, membrane deformation
is usually initiated by a protein that inserts an amphipathic domain into the bilayer or a
concave protein that binds the membrane, stabilizing a bent membrane. Next, a self-
assembling protein coat forms a cage-like structure that scaffolds the membrane, increasing
the volume of the vesicle and determining its size. Finally, other proteins must further
deform the membrane to complete vesicle fission.

The three major coat-forming protein complexes in cells are coat protein complex | (COPI),
coat protein complex 11 (COPII), and clathrin. All three have been extensively studied and
reviewed (Antonny, 2006; Edeling et al,, 2006; Fromme et a/., 2008; Hughes and Stephens,
2008; Spang, 2008; Doherty and McMahon, 2009); here we focus on how they bend
membranes to form vesicles with a defined size. COPII is the simplest of the three types of
coat-forming complexes and has three elements: the small GTPase Sarlp, the Sec23/24
complex, and the Sec13/31 complex. Sarlp initiates assembly of the coat. It is a member of
the Arf family of small GTPases, some of which also initiate the assembly of other protein
coats (Pasqualato ef a/., 2002). In the GTP state, Sarlp binds membranes and exposes an
amphipathic helix that inserts into the bilayer (Goldberg, 1998; Antonny et a/., 2001; Huang
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et al, 2001) and causes it to bend (Bielli et a/, 2005; Lee et al,, 2005). That Sarlp bends
membranes was demonstrated with a widely used assay; addition of a membrane-deforming
protein to liposomes increases their positive curvature, causing them to tubulate (or even
vesiculate into smaller liposomes). Thus, tubulation of liposomes by a protein indicated that
it bends membranes. It was found that addition of Sar1-GTP but not Sar1-GDP causes
liposomes to tubulate. This tubulation requires the N-terminal amphipathic helix of Sarlp,
suggesting that membrane insertion by this domain causes bending. After Sarlp initiates
membrane bending, it subsequently recruits the Sec23/24 complex to membranes. This
complex has a concave surface containing positively charged basic resides that can interact
with a negatively charged membrane (Bi ef a/., 2002). It therefore acts as a scaffold that
stabilizes curvature in the underlying membrane. By themselves, Sarlp and Sec23/24
promote tubule formation rather than spherical membrane buds; spherical coat-bearing
vesicles are only seen when Sec13/31 is also present (Lee et al., 2005). Cryo-electron
microscopy (cryo-EM) has revealed that this complex assembles into cage-like structures
(Stagg et al., 2006). The Sec13/31 complex forms a tetramer that is about 30 nm long. These
can be joined to make triangles and squares that are combined to make the closed cage
around the vesicle, shaping it. Sarlp is also required to drive the final membrane bending
needed for vesicle fission once the COPII coat has been formed (Bielli et a/., 2005; Lee et
al., 2005).

Membrane deformation by COPI and clathrin coats is probably similar to that of COPII. The
assembly of COPI and clathrin coats often requires a small, Sarl-like GTPase called Arfl
(D’Souza-Schorey and Chavrier, 2006). Like Sarlp, Arfl associates with membranes when
it binds GTP and inserts an amphipathic helix, which, in contrast to Sarlp, is myristoylated
(Antonny et al., 1997). More recently, it has been shown that Arfl directly tubulates
liposomes /n vitro, indicating that it can deform membranes (Beck ef a/. 2008). It is not yet
known if the amphipathic helix and myristoylation are needed for membrane bending by
Arfl. Numerous other proteins regulate the assembly of Arfl and various adaptor proteins
that recruit coats (Edeling et al., 2006; Anders and Jurgens, 2008; Doherty and McMahon,
2009). Clathrin can self-assemble into a cage-like lattice that is similar to the one formed by
Sec13/31 and scaffolds the underlying membrane, maintaining the size and shape of vesicles
(Fotin et al., 2004; 2006).

BAR domain proteins

BAR (Bin/amphiphysin/Rvs) domain proteins are found associated with numerous
membrane surfaces throughout the cell and confer membrane curvature in a range of
diameters (Frost et al,, 2009). Based on the degree of curvature, BAR domains are
subdivided into three classes, BAR, F-BAR (Fes/CIP4 homology BAR) and I-BAR
(Inverse-BAR). Crystal structures from all classes reveal a common structural motif: a three-
helix coiled-coiled stretch that dimerize forming a 6-helix bundle with a positively charged
surface (Figures 3B—3D). The dimer is banana shaped, with a positively charged surface on
the concave (BAR and F-BAR) or slightly convex (I-BAR) surface that mediates binding to
negatively charged lipid head-groups in the membrane. The degree of curvature for each
BAR domain is believed to dictate the radius of membrane bending. In support of this
model, BAR domain proteins form tubules /n vitro with varying diameters that are
consistent with the shape of the BAR domain (Farsad et al., 2001; Peter et al., 2004; Itoh et
al., 2005; Henne et al., 2007; Mattila et al., 2007; Shimada et al., 2007).

Traditional BAR domain proteins can be further subdivided according to flanking modules
that modify their function. For example, several BAR domain proteins contain an N-
terminal amphiphathic helix next to the BAR domain that is believed to insert into the lipid
bilayer (N-BAR). Both amphiphysins and endophilins contain N-BAR domains and have
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been associated with several membrane remodeling events. Amphiphysin-1 and
endophilin-1 are involved in clathrin-mediated endocytosis and bind to dynamin through
SH3 domains. These proteins bind to lipid and induce tubulation with a diameter potentially
dictated by their N-BAR structure, 20-30 nm (Farsad et a/., 2001; Gallop et a/., 2006;
Masuda et a/., 2006). Both proteins have been localized to the long necks of budding
vesicles in GTP+yS treated synaptosomes and have been suggested to promote neck
formation (Bauerfeind et a/., 1997; Ringstad et a/.,, 1999). Amphiphysin-2 is associated with
T-tubules in skeletal muscle (Lee et a/.,, 2002) and endophilin-B1 is important for
mitochondrial morphology and the formation of autophagosomes (Takahashi et a/., 2009).
Other proteins have lipid binding motifs adjacent to their BAR domain. These motifs
include pleckstrin homology (PH) and phox (PX) domains, which preferentially bind to
phosphoinositides. Sorting nexins contain PX-BAR domains and sorting nexin 9 (SNX9)
has been shown to also play a direct role in clathrin-mediated endocytosis (Lundmark and
Carlsson, 2003; Soulet et al., 2005). The tubular diameter of this protein is ~20-40 nm and
may play a role in early neck formation of budding vesicles (Shin et a/., 2008; Yarar et al.,
2008). Several other sorting nexins (1, 2, 5, and 6) are involved in returning cargo from the
endosome to the Golgi possibly through stabilizing a tubular network (Bonifacino and
Hurley, 2008). Several of the PH-BAR domain proteins bind to small GTPases and may
help regulate either nucleotide exchange or hydrolysis (Frost et al., 2009). These BAR
domain proteins may help locate the small GTPases to their sites of action on the membrane
as well as sense membrane curvature.

The F-BAR domain is more extended (Figure 3C), forming a shallow arc that potentially
leads to a large range of tube sizes, ~25-200 nm in diameter (Itoh et a/., 2005; Henne et al.,
2007; Shimada et a/., 2007), and during endocytosis may also induce membrane curvature
early in neck formation (Frost et a/., 2009). Structural analysis by cryo-EM of the Toca F-
BAR domain supports the model that it binds to the membrane through its concave surface
and packs tightly to induce membrane curvature and tubulation (Frost ef a/., 2008). The F-
BAR domain containing protein, Cdc15, is localized to contractile rings during cell division,
another region in the cell with extreme membrane curvature (Wu et a/., 2006). The I-BAR
(Figure 3D) domain proteins induce the opposite curvature of the BAR and F-BAR proteins
and potentially play a role in membrane protrusions (Mattila ef a/., 2007). Both the I-BAR
proteins IRSp53 and MIM (missing in metastasis) are associated with the cellular
protrusions of filopodia (Yamagishi et al., 2004; Bompard et al., 2005). The I-BAR domain
proteins also interact with actin filaments, a property shared with other BAR domain
proteins, and suggests a direct link between membrane bending and the actin cytoskeleton
(discussed in detail in the following reviews: Peter ef al., 2004; Dawson et al., 2006; Frost ef
al., 2009).

Numerous BAR domain proteins partner with dynamin during the vesicle formation stage of
endocytosis (clathrin-mediated and clathrin-independent) (amphiphysin, endophilin, SNX9,
CIP4, Tuba, syndapin, GRAF1) (Farsad et al., 2003; Cestra et al., 2005; Gallop et al., 2006;
Yarar et al., 2007; Lundmark et al., 2008; Shin et al., 2008). The F-BAR proteins may
initiate and stabilize the bud neck by assembling into large helical arrays while the BAR or
N-BAR proteins could act in concert with the F-BAR proteins to further constrict the bud
neck to a diameter amenable for dynamin assembly.

The dynamin family of proteins

Dynamin, a large GTPase, is involved in numerous vesiculation events throughout the cell,
including clathrin-mediated endocytosis, caveolae internalization, and protein trafficking
from the endosome and Golgi (Hinshaw, 2000). Dynamin is believed to wrap around and
constrict the necks of budding vesicles, which leads to membrane fission and vesicle
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formation. The driving force for changing the shape of the membrane is the ability of
dynamin to self-assemble into spirals and constrict the underlying membrane upon GTP
hydrolysis. In support of this model, purified recombinant dynamin self-assembles into
helical arrays (50 nm diameter) in the presence of GDP/BeF (Carr and Hinshaw 1997).
Dynamin also assembles onto lipid forming dynamin-lipid tubes that constrict (to 40 nm)
and twist upon GTP addition (Roux et al., 2006; Sweitzer and Hinshaw, 1998). More
recently, fission has been observed when dynamin is added together with GTP to lipid
templates (Bashkirov et al.,, 2008; Pucadyil and Schmid, 2008).

Targeting dynamin to the necks of budding vesicles is most likely enhanced by a preformed
neck with a suitable diameter and the PH domain of dynamin (Figure 3E). Dynamin’s PH
domain preferentially binds to phosphoinositides (Klein et a/., 1998; Lee and Lemmon,
2001), and embeds into the outer leaflet of the lipid bilayer (Burger et al., 2000; Mears et al.,
2007). The initial neck formation of the budding vesicle may be driven by several of
dynamin partners that contain BAR domains (amphiphysin, endophilin, SNX9, discussed
above). These partners bind to dynamin through SH3 motifs that interact with the proline-
rich C-terminus of dynamin.

Other dynamin family members are involved in membrane fission and fusion events, plant
cell wall formation and cytokinesis (Praefcke and McMahon, 2004). All dynamin family
members studied to date have the propensity to self-assemble and the majority have been
shown to self-assemble onto lipid to form decorated tubes. The dynamin-related proteins
(Drpl/DRPs) are involved in mitochondrial, peroxisome and chloroplast fission while Opal
and mitofusions are involved in mitochondrial fusion. How dynamin family members are
targeted to their specific membrane sites remains unknown for the majority of these
proteins. Only one other dynamin family member, DRP3A, contains a PH domain and none
contain a proline-rich domain. Interestingly, the proteins involved in membrane fusion
contain transmembrane domains, anchoring these proteins to their site of action.

The structural and biochemical properties of other dynamin family members are beginning
to be unraveled. For example, the dynamin-related protein in yeast (Dnm1) involved in
mitochondrial fission assembles into large spirals, ~110 nm, in the presence of non-
hydrolysable GTP analogs and also associates with negatively charged lipids, even though it
does not contain a PH domain, to form large protein decorated tubes (Ingerman et a/., 2005).
Evidence suggests it is targeted to the outer mitochondria membrane through linker proteins,
Mdv1 or Caf4, which then associate with a transmembrane protein, Fisl (Hoppins et al.,
2007). Upon initiation of mitochondrial fission, Dnm1 encircles the constricting outer
mitochondrial membrane, where it is believed to play a direct role in membrane fission in a
similar mechanism as described for dynamin. Future studies on additional dynamin family
members will determine if a common mechanism of action is conserved and which features
diverge for specific cellular functions. It is intriguing that dynamins are involved in both
fission and fusion events in the cell. However, both processes may involve common
properties of dynamin family members; self-assembly and successive disassembly upon
GTP hydrolysis. Both fusion and fission requires membrane bilayers to come close together.
In fission, constriction of the bud necks by dynamin and subsequent disassembly may lead
to fission, while in fusion, the helical assembly of a dynamin may span the space between
two opposing membranes and bring them together, and again the subsequent GTP induced
release may lead to fusion.

ENTH domains

Epsinl participates in clathrin-mediated endocytosis and was initially discovered because it
interacts with Eps15, another protein involved in this process (Chen et al., 1998).
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Subsequently, a number of other isoforms and epsin-like proteins have been identified in
mammals and other eukaryotes including Xenopus, Drosophila and yeast (Horvath et al.,
2007). All these proteins share an epsin N-terminal homology (ENTH) domain, which is
also found in other proteins including some clathrin adaptor proteins (Itoh and De Camilli,
2006). The ENTH domain in epsinl binds P1(4,5)P5, a lipid that is enriched in the plasma
membrane, while ENTH domains in other proteins, such as epsinR, bind
monophosphorylated PIPs (Itoh et a/., 2001; Ford et a/.,, 2001; 2002; Kalthoff et a/., 2002;
Mills et al., 2003). The P1(4,5)P, head-group is bound in a pocket on the surface of epsinl
(Figure 3A). Upon binding, an N-terminal amphipathic helix becomes ordered and probably
inserts into the membrane, causing it to deform (Ford et a/., 2002). Like other proteins that
deform membranes, the ENTH domain of epsinl causes vesicles to tubulate but,
interestingly, the protein probably does not oligomerize (Ford ef a/., 2002). In addition to the
membrane-bending ENTH domain, epsin contains other regions that interact with clathrin
coat forming proteins. It is possible that after the ENTH domain initiates membrane
bending, other regions of epsinl subsequently recruit clathrin and other proteins that
stabilize and further shape the membrane during endocytosis.

EHD domains

Eps15 homology (EH)-domain containing proteins (EHDs, also known as receptor-mediated
endocytosis RME-1 proteins) are ATPases that play roles in endosomal recycling pathways
and clathrin-independent endocytosis (Grant and Caplan, 2008). Mammals have four of
these proteins and homologs have been identified in many other eukaryotes. The structure of
one of these proteins, mouse EHD2, has been solved and revealed how they might bend
membranes (Daumke et al., 2007). The nucleotide-binding domain of this protein dimerizes
and forms a highly curved putative membrane-binding surface lined with a number of basic
residues that could interact with charged lipid head-groups as well as two hydrophobic
residues that may insert into the interior of the membrane (Figure 3F). Both the curvature of
the binding surface and membrane insertion could cause positive membrane bending.
Consistent with this, the protein was also found to tubulate vesicles.

Remarkably, the nucleotide-binding domain of EHD2 was found to be similar to that of
GTPase domain of dynamin. Although there is no sequence homology, both domains share a
similar three-dimensional structure and low basal rate of nucleotide hydrolysis that is
simulated by membrane binding (Daumke et a/., 2007). Based on this similarity and the
structure of the EHD2 dimer, it was proposed that the dimer oligomerizes into larger rings.
Consistent with this, ring-like structures can been by EM when liposomes in the presence of
EHD2. Thus, despite lacking sequence similarity, EHD proteins may bind and bend
membranes in a way similar to dynamins.

C2 domains

The C2 domain was originally identified as one of two conserved regulatory regions of
proteins kinase C (Nishizuka, 1988). It was subsequently shown to be a Ca2*-dependent
membrane-binding domain (Cho and Stahelin, 2006). A large number of proteins have been
found to contain C2 domains and, while the roles of many have not been identified, most
function in signal transduction and membrane trafficking. There are a number of subgroups
of C2 domains, not all bind membranes and some do not bind Ca* (Cho and Stahelin,
2006). Most C2 domains probably have more than one membrane binding site and,
interestingly, CaZ* concentration can affect the specificity of the lipid binding surfaces (Bai
et al., 2004; Schiavo et al.,, 1996). The C2 domains from three proteins have been shown by
electron spin resonance and X-ray reflectivity measurements to insert into membranes to a
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range of depths (Ball et a/., 1999; Frazier et al., 2002; Frazier et al., 2003; Kohout et al.,
2003; Malmberg et al., 2003; Malkova et al., 2005; Rufener et al., 2005).

One of these, synaptotagmin, was recently shown to tubulate vesicles /in vitro, suggesting
that it bends them by causing positive curvature (Martens et al., 2007). This protein plays a
role in synaptic vesicle exocytosis (Fernandez et al., 2001), though its function remains
controversial. It contains a transmembrane domain and two C2 domains. Interestingly, both
C2 domains are necessary for tubulation and they must be linked together, indicating that the
spacing of the two domains is important. Consistent with the idea that membrane insertion is
important for bending, altering the residues in the C2 domains that enter the membrane
affected tubulation; when four of these were changed into smaller alanines tubulation was
ablated, while altering them to more bulky tryptophans caused increased tubulation and
fragmentation (Martens ef a/., 2007). In addition, three other synaptotagmin-like proteins,
that contain two C2 domains, were also found to tubulate vesicles, suggesting that
membrane bending may be a common feature of these proteins. However, another study
failed to find any significant membrane tubulation by synaptotagmin (Arac et a/., 2006) and
there are other models of synaptotagmin function unrelated to its ability to induce membrane
curvature (Sudhof and Rothman, 2009).

The endosomal sorting complex required for transport (ESCRT) is essential for a number of
processes in the cell including multivesicular body (MVB) biogenesis, the budding of some
enveloped viruses, and daughter cell scission in cytokinesis (Piper and Katzmann, 2007,
Williams and Urbe, 2007; Hurley, 2008; Raiborg and Stenmark, 2009; Carlton and Martin-
Serrano, 2009). MVBs are part of the endosomal trafficking pathway and contain
intraluminal vesicles (ILVs). Thus MVB formation, like viral budding, requires membrane
budding away from the cytosol. This is the opposite direction from vesicle budding from
organelles in the secretory pathway. A number of heteromeric protein complexes are
required for protein trafficking in the MV B pathway. One of these, called ESCRT-III, is
responsible for invaginating the outer membrane of MVBs, leading to the formation of
ILVs. In this way it is similar to Shiga toxin (see below) and I-BAR-containing proteins that
cause tubular invaginations or protrusion of membranes away from the surface they interact
with. However, unlike these proteins, ESCRT-I11 deforms membranes but does not enter the
invaginations it forms (Babst et a/,, 1998; 2002). This allows it to catalyze multiple rounds
of ILV formation. How ESCRT-III performs this remarkable feat is not yet understood but a
number of recent papers have begun to reveal how it might work.

ECSRT-III in yeast consists of four subunits: Vps20, Vps24, Vps2, and Snf7 (also called
Vps32). Homologs of these proteins are found in all eukaryotes. All of the subunits of this
complex are highly charged and assemble on endosome membranes in an ordered manner
(Babst et al., 2002; Zamborlini et al., 2006; Shim et al., 2007; Lata et al., 2008; Teis et al.,
2008). The order of assembly on membranes is probably Vps20, Snf7, Vps24, and Vps2
(Teis et al., 2008).

Evidence that Snf7 assembles into filaments on membranes and that these filaments likely
drive membrane deformation has recently been obtained both in cells and /n vitro. When the
human homologs of Snf7 are overexpressed in mammalian cells, they form spiral filaments
on the plasma membrane, causing the membrane to protrude from the cells and form tubular
protrusions similar to those see in MVBs (Hanson et a/., 2008). Two groups also
reconstituted membrane deformation by Snf7 and the other ESCRT-11l1 components /n vitro.
One showed that addition of ESCRT-III to liposomes causes them to form inward
invaginations (Saksena et a/., 2009). Importantly, mutants of Snf7 that fail to oligomerize
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also failed to invaginate the lipsomes, consistent with the idea that Snf7 oligomerization is
required for membrane invagination. A second group demonstrated that ESCRT-I1I mediates
membrane deformation and ILV formations using giant unilamellar vesicles (GUVs), which
allow the visualization of changes in membrane shape as they occur (Wollert et al., 2009).
The four components of ESCRT-I11 were added GUVs in the order they are probably
assembled on endosomal membranes. After Vps20 was added to GUVs, the subsequent
addition of Snf7 led to the rapid formation of internal vesicles. These vesicles were
continuous with the outer GUV membrane since an exogenous fluorescent marker could
defuse into them. When Vps24 and Vps2 were then added, membrane scission occurred and
the vesicles were no longer continuous with the outer membrane of the GUVs. ThusVps20
initiates Snf7 filament assembly on membranes, causing invagination, and Vps24 and Vps2
terminate Snf7 filament assembly, leading to membrane scission.

How ESCRT-111 assembly causes membrane deformation remains an intriguing mystery. It
may be that Vps20 and Snf7 form a concave surface when they assemble on membranes or
perhaps insert slightly into the membrane, leading to membrane deformation. However, this
would not explain why these proteins do not enter the invaginations they form. Perhaps
assemblies of Vps20 and Snf7 on membrane are rigid and cannot diffuse into the highly
curved membrane invaginations they form. How formation of Snf7 filaments cause
vesiculation remains an fascinating unanswered question.

Shiga toxin

Shiga toxin is produced by Shigella dysenteriae and can cause a range of enteric illnesses
(Zheng and Sadler, 2008). It contains an enzymatic 33 kDa A subunit and a noncovalently
attached heptopentomeric 7.7 kDa B subunit (STxB) that carries it into the cell. STxB binds
glycosphingolipid globotriaosylceramide (Gb3) on the cell surface and is internalized by a
clathrin-independent endocytic pathway. Recent work has demonstrated that STxB itself,
without the need for cytosolic proteins, induces the formation of tubular invaginations of the
plasma membrane (Romer et al., 2007). Formation of these tubules was stimulated by ATP
depletion. They also did not require actin or dynamin, which both play roles in clathrin-
dependent endocytosis, or caveolin 1, which has been implicated in some clathrin-
independent endocytosis. To test if STxB by itself causes membrane invaginations, it was
added to GUVs. Internal tubules rapidly formed only in GUVs containing Gb3, indicating
that the STxB must bind to this lipid to form tubules. The tubules were not simply formed
by binding Gb3, since an antibody against this lipid did not cause the GUVs to tubulate.
These experiments demonstrate that STxB binding to Gb3 was necessary and sufficient to
produce the negative membrane curvature required to cause the formation of invaginated
tubules. It likely does so by clustering Gb3, which seems to be critical for membrane
invagination (Romer et a/., 2007). STxB also clusters, perhaps because curvature-inducing
proteins can spontaneously aggregate (Reynwar et al., 2007). Interestingly, efficient tubule
formation also required that the membrane tension of the GUVs not be high.

STxB bends membranes by a mechanism that probably differs from those employed by
proteins discussed in the previous sections. It does not appear to have a curved surface that
could form a membrane scaffold and there is no evidence that it inserts a domain into the
membrane (Figure 3G) (Stein er al., 1992). In addition, since the head-group of Gb3 is large,
clustering of this lipid by STxB on a region of one face of a bilayer might be expected to
cause positive membrane curvature rather than the negative curvature needed to form
tubular invaginations of the membrane. Instead, STxB probably promotes membrane
invagination by ordering the lipids in the membrane it binds to, changing the phase of the
underlying lipids and perhaps also increasing membrane thickness since Gb3 has long acyl
chains (Romer et al., 2007). The authors speculate that line tension between the lipid domain
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created by STxB and the surrounding membrane could be used to cluster STxB and drive
membrane bending. In support of this model, they found that STxB localizes to more
ordered domains of the plasma membrane (i.e., domains in which the lipids are in a different
phase from the surrounding lipid). They used the fluorescent dye Laurdan, which can
indicate the phase of membranes because it is sensitive to polarity in a bilayer. This showed
that STXB on cellular membranes colocalizes with more ordered regions of the membrane.
Surprisingly, formation of these ordered regions did not need cholesterol. It also required
that the Gb3 have an unsaturated C22:1 acyl chain rather than the fully saturated C22:0, but
it is not yet clear why. The nature of the ordered domains caused by STxB membrane
binding and how they induce membrane invagination remain to be determined.

Matrix proteins of enveloped viruses

Budding of enveloped viruses from cells requires proteins that deform cellular membranes
(Welsch et al., 2007). Although the viral proteins needed for budding have been identified
for many viruses, in most cases the mechanisms they use to deform membranes are not well
understood. There does not seem to be common budding mechanism employed by all
enveloped viruses; in some viruses glycoproteins on the surface drive budding, other viruses
use inner core proteins, and still others use both types of proteins (Welsch et al., 2007). For
some viruses, cellular proteins also play a role. For example, it has recently been found that
retroviruses such as HIV use the ESCRT machinery to facilitate membrane budding and
scission at the plasma membrane (Raiborg and Stenmark, 2009). In the past few years a few
viral proteins required for budding have been shown to directly deform membranes.
Interestingly, they may use a mechanism similar to the one used by Shiga toxin to invaginate
the plasma membrane and enter cells.

The matrix (M) protein of rhabdoviruses such as vesicular stomatitis virus (VSV) is required
for viral budding from the cell (Mebatsion et a/., 1999). M proteins from different viruses do
not share sequence similarity or structures but they all bind membranes, particularly those
containing negatively charged lipids, and oligomerize (Welsch et al.,, 2007). Solon et al.
(2005) demonstrated that addition of VSV M protein directly deforms membranes by adding
it to GUVs. They found that 2-3 um invaginations were formed by the protein. These are
similar to the invaginations the protein would need to form at the plasma membrane to allow
viral budding. The GUVs contained the zwitterionic lipid phosphatidylcholine and the
negatively charged lipid phosphatidylserine. Remarkably, the M-protein clustered on the
GUVs together with the phosphatidylserine at the invaginations on the GUVs. It is possible
that, using a mechanism similar to that of Shiga toxin (see the previous section), lipid
clustering by M protein alters the order of the membrane and drives membrane invagination.
However, in contrast to Shiga toxin, M protein produces large invaginations rather than
narrow membrane tubules.

Strong evidence that M proteins can in fact impose constraints on lipid mobility and change
the order of membranes were obtained by Shnyrova et a/. (2007) working with the M protein
of Newcastle disease virus (NDV). Using fluorescence microscopy and measurements of
electrical admittance, they showed that addition of the NDV M protein to GUVs caused
invagination and vesicle scission. The addition of M protein to liposomes also caused
dequenching of a number of fluorescent lipids, which the authors suggest indicates the
formation of membrane domains when the M protein binds to membranes. Thus, by
decreasing the mobility of lipids they bind to and by causing lipid clustering, M proteins
likely promote domain formation in membranes. This process might drive invagination,
perhaps by a mechanism similar to that used by Shiga toxin.
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Reticulons and DP1/Yopl

Most of the membrane-deforming proteins discussed in the previous sections of this review
are peripheral membrane proteins that transiently associate with membranes. Many are
involved in vesicular trafficking, which requires temporary changes in membrane shape.
However, many organelles have complex shapes that persist for most or all of the cell cycle.
Maintaining complex organelle shapes likely requires proteins that reside in the membrane
(Voeltz and Prinz, 2007). In the final three sections of this review, we discuss how several
families of integral membrane proteins directly shape organelle membranes.

The endoplasmic reticulum (ER) forms a dynamic network of tubules that extends
throughout the cytosol. In the past few years, it was found that two families of conserved
proteins, the reticulons and DP1/Yopl, are needed to maintain the tubular ER in a variety of
organisms (De Craene et al., 2006; Voeltz et al., 2006; Audhya et al., 2007; Tolley et al.,
2008). The reticulons and DP1/Yop1 are highly abundant integral membrane proteins in the
ER. These two families do not share any sequence similarity but are likely to be structurally
similar. Either alone is sufficient to maintain ER tubular structure in yeast (Voeltz et al.,
2006). Reconstitution of these proteins with phospholipids revealed that they are not only
required but also sufficient to shape membranes into tubules (Hu et a/., 2008).

How the reticulons and DP1/Yopl shape the ER membrane is not yet known but they
probably promote membrane bending in two ways. First, they have an unusual membrane
topology. All family members share a conserved reticulon homology domain that has two
hydrophaobic regions that anchor the proteins in the membrane. Unlike many integral
membrane proteins they do not completely span the membrane but probably form a wedge-
shape in the membrane (Voeltz et al., 2006). Thus, like soluble proteins that bend membrane
by inserting amphipathic helices into membranes, the reticulons and DP1/Yopl probably
increase the area of one of the two leaflets of a bilayer and therefore cause bending. A
second feature of the reticulons and DP1/Yopl is that they form oligomers, and
oligomerization is required for membrane tubulation (Hu et a/., 2008; Shibata ef a/., 2008).
These oligomers could be rigid and curve membranes by a scaffolding mechanism.
However, the tubules formed /n vitro are smaller in diameter (about 17 nm) than those in
cells (about 35 nm) (Hu et al., 2008). Therefore, the scaffold must have some flexibility.
Interestingly, rather than forming very large oligomers that might completely encircle ER
tubules, current evidence suggests that the reticulon and DP1/Yop1form oligomers with 5-8
monomers (Hu et al., 2008; Shibata et a/., 2008). It has been proposed that these oligomers
form arcs perpendicular to the length of the ER tubule. If these arcs are evenly spaced on ER
tubules, they could maintain the tubules while covering only 10% of the surface (Hu et a/,
2008).

Caveolin and other caveolae-associated proteins

Caveolae are sac-like invaginations of the plasma membrane that are found in many
mammalian cells types. They have been implicated in a number of cellular functions
including signaling, endocytosis, and lipid regulation (Parat, 2009). Formation of caveolae
requires caveolin. There are three caveolins in mammals. One of these, caveolin-1, is
expressed in most cell types and cells lacking this protein also lack caveolae (Drab et al.,
2001). Caveolin-3 is expressed only in skeletal and cardiac muscle and is needed for
caveolae formation in these cells (Hagiwara et a/., 2000; Galbiati et a/., 2001). In contrast,
caveolin-2 is not needed for caveolae formation and, though it does associate with the other
caveolins, its role in caveolae formation is less clear (Parat, 2009).

Caveolins almost certainly play a direct role in generating the highly curved membranes of
caveolae, but this has not yet been conclusively demonstrated. A number of structure studies
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indicate that caveolae contain a protein coat (Rothberg et al., 1992; Parton et al., 2006;
Richter ef al., 2008) and it has been suggested that caveolin could constitute this coat, by
itself or together with other proteins (Monier et al., 1995). Caveolins may bend membranes
in a manner similar to the reticulons and DP1/Yop1p. Like these proteins, the caveolins have
an unusual membrane topology; they form a single hairpin in the membrane that does not
completely span the bilayer and have both their N- and C-termini in the cytosol. They could
therefore cause membrane bending by occupying more space in one of the two leaflets of a
membrane. A second property caveolins share with reticulons and DP1/Yopl is that they
oligomerize and oligomerization is necessary for caveolae formation. Caveolins assemble
into detergent-resistant oligomers (Monier et al., 1995; Fernandez et a/., 2002) and it has
been calculated that each caveolae contains a fixed number of caveolins, roughly 150
molecules (Pelkmans and Zerial, 2005). These oligomers probably form a scaffold that helps
generate or stabilizes the high curvature of the caveolae membrane.

It seems possible that caveolins could also bend the caveolae membranes by altering the
clustering or ordering of lipids. Caveolin-1 binds cholesterol (Murata et al.,, 1995; Thiele et
al., 2000) and caveolae are known to be enriched in this and other lipids (Parat, 2009). There
is also evidence that a region of caveolin-1 can induce formation of membrane domains
enriched in phosphatidylserine, PI(4,5)P», and cholesterol (Wanaski et al., 2003). Whether
lipid clustering by caveolins alters membrane curvature is not yet known.

Other proteins may work together with caveolins to bend membranes. Two groups have
recently found a critical role for cavin, also known as polymerase | and transcript release
factor (PTRF), in caveole function and biogenesis (Hill et a/.,, 2008; Liu and Pilch, 2008; Liu
et al., 2008). PTRF-cavin is a soluble protein and is recruited to caveolae. Interestingly, it is
a phosphatidylserine-binding protein and it may have affinity for the lipid environment of
caveolae (Hill et al., 2008). It is possible that it plays a role in generating or stabilizing the
highly curved caveolae. A homolog of PTFR-cavin has been suggested to have a role in
generating membrane curvature and forming caveolae (Hansen et al., 2009). Overexpression
of this protein, called serum deprivation response (SDPR), causes tubulation of caveolae /n
vivo. It will be interesting to determine how SDPR, PTFR-cavin, and caveolins work
together to bend membranes and generate caveolae.

The F;Fo-ATP synthase and cristae morphology

Mitochondria have an outer and an inner membrane. The inner membrane has an elaborate
structure; portions are close apposed to the outer membrane while other regions form cristae
that extend into the mitochondrial matrix. These cristae can have complex tubular or
lamellar shapes that vary in different cell types (Zick et al., 2009). How they are formed is
not understood but a number of proteins have been implicated in maintaining cristae
morphology (Zick et al., 2009). One of these is the F1Fo-ATP synthase complex, which is a
highly abundant protein complex in the mitochondrial inner membrane. Yeast lacking
subunits of this complex or with reduced amounts of the complex have aberrant cristae
(Giraud et al., 2002; Paumard et al., 2002; Arselin ef al., 2004; Bornhovd et al., 2006). There
is considerable evidence that the F1Fg-ATP synthase dimerizes with the monomers tilted at a
angle relative to one another, though the angle may vary in different organisms (Minauro-
Sanmiguel et al., 2005; Dudkina et al., 2005; 2006; Buzhynskyy et al., 2007). Because the
F1Fo-ATP synthase is highly abundant in the membrane, tilted dimers could bend the bilayer
and affect cristae shape. The F1Fo-ATP synthase dimers probably also oligomerize into
higher order structures that could further stabilize positive curvature of the cristae
membrane.
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Recently, the protein Fcjl was found to regulate the oligomerization of the F1Fo-ATP
synthase and to be required for proper cristae structure (Rabl et a/., 2009). The authors
propose that Fcj1 promotes negative membrane curvature while the F1Fo-ATP synthase
promotes positive curvature. Using immuno-EM they show that Fcjl and the F1Fo-ATP
synthase are enriched in different regions of cisternae and could therefore work together to
control cisternae shape.

Conclusions

Membrane bending is required for many processes in the cell (Figure 1) and the past few
years have seen remarkable increases in the number of proteins that have been shown to
directly deform membranes. There are probably many more yet to be identified. In
particular, there must be more proteins required to shape organelles. It seems likely that all
organelles that have defined shapes will require a number of membrane-bending proteins to
keep these shapes.

We are still just beginning to understand how membrane-bending proteins function. Many
seem to use one or more of at least three basic mechanisms: inserting amphipathic domains,
forming rigid scaffolds, and affecting lipid distribution in the membrane (Figure 2). Much
remains to be learned. In particular, very little is known about how proteins affect lipid
distribution and order in membranes and how this can cause membrane bending. Membrane
bending by integral membrane proteins, such as the reticulons, is also poorly understood.
Finally, some membrane-bending proteins, such as Snf7, seem to use novel, poorly
understood mechanisms. Understanding how the various ways that proteins can deform
membranes and how these processes are regulated will be a major challenge for the future.
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Figure 1.

Membrane bending caused by proteins that directly deform cellular membranes. Many
processes in the cell require proteins that shape membranes, and some are depicted in this
figure. Regions where membrane-deforming proteins bind membranes are shown in either
red (proteins that cause positive curvature) or purple (proteins that cause negative
curvature). Note that some proteins work at more than one location in cells and not all are
shown. A color version of this figure is available online.
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Figure 2.

Mechanisms of membrane bending. (A) Some proteins deform membranes by inserting
amphiphatic domains, often a-helices, into membranes. The hydrophobic part of the protein
(shown in green) inserts partially into the membrane. (B) Proteins can form rigid scaffolds
that either deform the underlying membrane or stabilize curvature in membranes that are
already bent. Many scaffold-forming proteins oligomerize to form large rigid structures. (C)
Proteins can also cause bending by affecting the distribution of lipids in the bilayer.
Clustering lipids with large head-groups, for example, could cause membrane bending.
Some proteins may also order lipids in the membrane and cluster to bend membranes. A
color version of this figure is available online.
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Figure 3.

Crystal structures of membrane bending proteins. Electrostatic surface of each domain with
blue and red regions indicating positive and negative patches, respectively. Within each
surface structure is the sequence in ribbon format, color coded based on distance from the
N-terminus. Each domain contains positive patches that are potential lipid binding sites
(marked with *). (A) ENTH domain from epsin with Ins(1,4,5)P3 bound to a positively
charged surface (Ford et al., 2002). (B) Traditional BAR domain from Arfactin (Tarricone et
al,, 2001). (C) F-BAR from Cdc42-interacting protein 4 (Shimada et a/., 2007). (D) I-BAR
from IRSp53 (Millard et al., 2005). (E) PH domain from dynamin (Ferguson et al., 1994).
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(F) EHD2 (Daumke et al., 2007). (G) Shiga-like toxin | B subunit (pdb 1D:1czg). A color
version of this figure is available online.
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