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REVIEWS

How proteins produce cellular
membrane curvature

during intracellular trafficking.

The extraordinarily beautiful and complex shapes of cells
and cell organelles are fashioned by the physical forces
that operate on their membranes (FIC. 1). A fundamental
problem of molecular cell biology in conjunction with
physics and mathematics is to understand the evolution-
ary, developmental and functional rationale for these
shapes, as well as the mechanisms that are used by cells
to produce them.

Each shape evolved for specific physiological
reasons'”. Cells without internal membranes, such
as prokaryotic cells and erythrocytes, can take on
an array of shapes for their purposes. The corkscrew
shape of spirochetes, which are long and slender bacte-
ria (FIG. 1), might favour their penetration and packing
into host cells, and the biconcave disc-like shape of
erythrocytes guarantees the optimal surface-to-vol-
ume ratio that is necessary for fast oxygen exchange
between haemoglobin and the outside medium.
Moreover, the ability of erythrocytes to change their
shape easily in the hydrodynamic flow allows them
to navigate within various blood vessels with varying
flow rates. The plasma membranes of cells that have
internal membranes undergo radical shape transfor-
mations when they develop intercellular contacts, or
spread and move on a substrate*. Even more complex
shapes can be achieved by endothelial cells, the plasma
membranes of which can develop internal tubes that
span the cell volume®®. In mathematical terms, the for-
mation of each of these tubes changes the membrane
topology’, progressively moving the surface to higher
levels of shape complexity.

Intracellular membranes are even more dynamic and
varied in their shapes. For example, the endoplasmic
reticulum (ER) and the Golgi apparatus are complex
systems of interconnected tubules, cylinders and discs
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Abstract | Biological membranes exhibit various function-related shapes, and the mechanism
by which these shapes are created is largely unclear. Here, we classify possible curvature-
generating mechanisms that are provided by lipids that constitute the membrane bilayer and
by proteins that interact with, or are embedded in, the membrane. We describe membrane
elastic properties in order to formulate the structural and energetic requirements of proteins
and lipids that would enable them to work together to generate the membrane shapes seen

(FIG. 1), and intracellular transport intermediates have a
broad range of shapes from small (~50 nm) spheres and
narrow tubes to tubular—saccular carriers® .

There are many questions about this dazzling array
of shapes for which we do not know the answers. For
example, why do the ER and Golgi have distinctly
different shapes (FIC. 1), with the Golgi being much
more saccular and fenestrated and the ER being more
tubular with small cisternae? Both shapes maximize
the surface area while keeping the internal volume
low, which allows efficient and fast protein traffick-
ing in and out of these organelles. But why are they
different? Is it related to the fact that the Golgi sorts
specific proteins for export to specific organelles and
sites on the plasma membrane? Are there domains of
lipids and proteins that form in the Golgi, but not in
the ER, and that stabilize the strange fenestrated and
interconnected Golgi stacks?

To intelligently investigate such questions, which
abound in cell biology, we must recognize that membrane
curvature is generated as a result of a complex interplay
between membrane proteins, lipids and physical forces
that are applied to the membrane surface. Moreover, to
control membrane curvature, cells must have sensors
that feed back to the curvature-producing molecules.
As the physical principles that underlie shape creation
and sensing must be universal for all cells, the aim of this
review is to describe these principles and consider their
realization in one biological instance — intracellular
membrane trafficking.

Physical principles underlying membrane shape

The surface of a cell, or cell organelle, is formed by a
biological membrane. Therefore, the shape of a cell, or
cell organelle, is determined by the membrane shape,
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Coatomer proteins

Coat proteins that cover the
cytoplasmic surfaces of coated
vesicles that are involved in
intracellular membrane
trafficking at the endoplasmic
reticulum and Golgi apparatus.

Dynamin

Alarge, 100-kDa GTPase that
has been shown to form helical
oligomers on membrane
surfaces and to tubulate
membranes. Dynamin is
thought to mediate the
pinching off of clathrin-coated
and other vesicles during
endocytosis.

Endoplasmic reticulum

ol

Trans-Golgi

Figure 1| The beautiful and complex shapes of cells and cell organelles. a | These panels show the prokaryotic
shapes of cocci, rods and a spirochete. These images are reproduced from REF. 88. b | The large image shows the stained
endoplasmic reticulum of a 3T3 fibroblast cell as recorded by confocal microscopy. This image is reproduced with
permission from REF. 89 © (1986) the Rockefeller University Press. From top to bottom, the three smaller images show a
part of a tubular-saccular Golgi ribbon, an intracisternal connection of the Golgi (labelled Golgi bypass) and fenestrated
Golgi forms (labelled trans-Golgi). These images were taken from an electron-micrograph tomography series. The Golgi
ribbon image is reproduced with permission from REF. 90 © (2002) Macmillan Magazines Ltd, the Golgi bypass image is
reproduced with permission from REF. 91© (2004) the National Academy of Sciences, and the trans-Golgi image is
reproduced with permission from REF. 92 © (2004) Blackwell Publishing.

and understanding the mechanisms that control cellu-
lar shapes requires the geometrical and physics tools of
membrane biophysics.

Membrane shapes involved in intracellular trafficking.
Membrane shapes are described using the geometrical
concepts of principal curvatures, ¢, and c,, or radii of
curvature, R = 1/c and R, = 1/c, (BOX 1). More com-
monly, two combinations of the principal curvatures are
used: the total curvature, J = ¢, + c,, and the Gaussian
curvature, K=, - ¢, (REF 12).

There are four basic shapes that are characterized
by different combinations of values of the principal
curvature: the flat, cylindrical, saddle-like and spherical

shapes (BOX 2). The generation of intracellular mem-
brane carriers involves all of these shapes. Uncoated
plasma membranes as well as non-invaginating coated
pits have an almost flat shape (BOX 2 part a). Coated
endocytic vesicles and the coatomer protein (COP)-
coated vesicles that operate in the ER-Golgi system
have almost spherical shapes®!®!*-2° (BOX 2 part d).
Cylindrical shapes characterize the membrane carriers
that operate between the ER and the Golgi apparatus
and between the Golgi and the plasma membrane®>!*2!-
#, as well as membrane tubules such as those formed
by dynamin-GTP-yS** (BOX 2 part b). The membrane
necks that connect budding transport vesicles and the
membrane of origin at stages before complete vesicle
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Box 1| Membrane curvatures

Abiological membrane is commonly
described as a two-dimensional
surface, which spans a three-
dimensional space. So, to describe
membrane shape, it is not sufficient
to determine the membrane curling
that is seen in a single cross-section
of the object, because in general
there are two curvatures that
characterize the shape at each point
in space. Mathematically, these two
curvatures are called the principal
curvatures, ¢, and ¢, (REF. 7), and
their meaning can be understood by
the following thought experiment. If
you cross-section the membrane
surface at a point under
consideration using two planes that
are perpendicular to the surface and
orientated in two special directions
called the principle directions (see
figure), the principle curvatures are the curvatures of the two lines of intercepts between
the planes and the surface, which have almost circular shapes in close proximity to the
point under consideration. The radii of these two circular fragments, R, and R,, are called
the principle radii of curvature, and their inverse values, c, = 1/R and c, = 1/R, are
referred to as the two principle curvatures.

Importantly, the curvature can be positive or negative. To define the curvature sign,
we need to distinguish between the two sides of the surface. For a lipid monolayer, one
surface is covered by the phospholipid polar headgroups, whereas the other is
hydrophobic. By convention, monolayer bending in the direction from the heads to the
tails (which forms a shape with a bulging hydrophilic surface) produces positive
curvature, whereas bending in the opposite direction results in negative curvature. For a
cell membrane, the difference between the membrane sides is determined by their
orientation with respect to the volume that is contained by the membrane. Positive
curvature corresponds to bulging towards the outside medium. However, it should be
noted that the convention regarding the curvature sign is arbitrary. For example, in
mathematical books, an agreement opposite to the one mentioned here is usually
adopted.

separation are characterized by saddle-like shapes
(BOX 2 part ¢). In addition, saddle-shaped membrane
fragments constitute the surface of the fenestrations of
Golgi cisternae and of junctions between three or more
cylindrical membrane portions of the ER.

The important challenge is to understand the mecha-
nisms by which flat membranes are transformed into
cylindrical and spherical membranes, which possess
large curvatures. Furthermore, what are the forces that
stabilize the saddle-like regions of membranes?

Membrane elasticity. To create shapes, membranes must
undergo deformations. The work the cell needs to do
to deform membranes is determined by the structure
and elasticity of the membrane. The membrane struc-
ture controls the non-deformed unstressed shape of
the membrane, which is referred to as the ‘spontaneous
shape’ This shape is characterized by the spontaneous
curvature of the membrane bilayer, J; , and depends
on the spontaneous curvatures of the inner and outer
membrane monolayers, J " and J" (see Supplementary
information S1 (box) and references therein; for a
qualitative discussion of this issue, see REFS 25,26). The
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elasticity of a membrane determines the forces that have
to be applied to produce deviations from the spontane-
ous shape, as well as the energies that accumulate in the
membrane as a result of such deviations. The membrane
elasticity is characterized by the elastic moduli, such as
the bending moduli of the membrane monolayer, k ,
and bilayer, Ky the moduli of the Gaussian curvature of
the monolayer and bilayer, X,, and &, respectively, the
membrane stretching modulus, I' (see Supplementary
information S1 (box) and references therein), and the
modulus of the tilt of the hydrocarbon chains with
respect to the membrane plane? .

The common understanding of the energetics
of membrane shaping is largely based on the semi-
nal Helfrich theory of membrane bending elasticity
(see REFS 12,31-35 and references therein; see also
Supplementary information S1 (box)). A rigorous appli-
cation of this theory requires a criterion that determines
whether the membrane curvature is small or large. The
scale that is used to assess the values of membrane curva-
ture is based on membrane thickness, d. The curvature,
¢, is considered to be small if the corresponding radius
of curvature, R, is much larger than the membrane thick-
ness, R>>d (that is, the absolute value of the curvature,
||, should satisfy the equation |c| - d <<1) (FIG. 2a). In
cases in which the curvature radius is close to the mem-
brane thickness, R = d, (that is, |¢| - d = 1), the membrane
curvature is regarded as being large (FIG. 2b). The use of
Helfrich theory assumes small membrane curvatures.
A characteristic radius of curvature, R, for intracellular
membrane carriers is a few tens of nanometres (for
example, see REFS 36-38), and is therefore only several
times larger than the bilayer thickness, d = 4 nm. This
corresponds to the limits of the applicability of the elastic
theory, the predictions of which should be trusted in this
case only on a semi-quantitative level.

Armed with an understanding of the definitions,
conventions and laws that govern the geometry and
elasticity of membranes (BOX 1; see also Supplementary
information S1 (box)), we can discuss what is known
about how organelles acquire their shapes. Although it is
the interplay between lipids and proteins that determine
membrane shaping, we discuss their contributions sepa-
rately for clarity. Furthermore, we distinguish between
proteins that function extrinsically to the membrane and
those that function as membrane components.

Generation of membrane shapes by lipids
Cylindrical shape. The energy, Fcﬂ, that is neces-
sary to generate a cylindrical membrane of radius
R and length L out of a flat membrane is given by
Fo=nL Ky (1%*2]?). Lipids can produce a cylindrical
shape on their own if the required energy vanishes,
F,_,=0, meaning that the spontaneous curvature of the
lipid bilayer has a value of J7 =1/(2R).

The radii of membrane cylinders that form in intra-
cellular membrane-transport pathways are typically
~25-30 nm (for example, see REFS 9,39). So, the spon-
taneous curvature necessary to generate such cylinders
equals ~(1/50) nm™. As J results from a difference

in the spontaneous curvatures of the monolayers,
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Box 2 | Basic membrane shapes

Two combinations of the principle curvatures are commonly used to describe
membranes: total curvature, ] = ¢, + c,, and Gaussian curvature, K= c, - c,. These values
have a fundamental geometrical meaning’, and they characterize membranes that have
the properties of two-dimensional isotropic fluids (for example, lipid bilayers in liquid-
crystalline state)'2.

There are several basic membrane shapes. There is a flat shape for which all curvatures
equal zero(c, =0and c,=0,s0)=0and K =0) (see figure, part a). There is a cylindrical
shape, which has one positive principle curvature, ¢, > 0, whereas the second principle
curvature equals zero, c, = 0. This produces a non-zero total curvature, ] =c, =0, and a
zero Gaussian curvature, K = 0 (part b). There is a saddle-like shape (part c), for which
the principle curvatures are equal in absolute value but have a different sign, ¢, =—c,.
This means that the total curvature equals zero, | = 0, whereas the Gaussian curvature is
negative K = —(c,?) < 0. Finally, there is a spherical surface (part d), which has two equal
principle curvatures, ¢, = c,. This results in the relationship between the total and the
Gaussian curvatures being defined by the equation K = J*/4.

The images in the figure show biological examples of these basic membrane shapes.
a| A membrane fragment under a flat clathrin lattice. b | A membrane tube under a
dynamin coat. ¢ | The neck of a membrane bud. d | Pure clathrin cages assembled
in vitro. The images in parts a and d are courtesy of John Heuser, Washington
University, USA (see Heuser Lab in the Online links box for more fascinating images).
The images in parts b and ¢ are reproduced with permission from REF. 87 © (2003) the
National Academy of Sciences.

a Plane c, ¢ J K
b Cylinder
ﬂ + 0 + O

c Saddle

d Sphere

O + o+ o+ o+

Ji=(J-J")/2 (see Supplementary information S1
(box)), an unusual membrane lipid composition would
be required to produce such curvature. The lipids cho-
lesterol, dioleoylphosphatidylethanolamine (DOPE)
and diacylglycerol are characterized by strongly nega-
tive spontaneous curvatures (TABLE 1) and therefore
have the potential to generate a large membrane cur-
vature. However, even for these lipids, the required J 5
can be reached only if they are extensively concentrated
in the internal monolayer. On the basis of the specific
values of spontaneous curvatures for individual lip-
ids, a bilayer spontaneous curvature of ~(1/50) nm™
requires a difference of ~15% in the mole fraction of
molecules such as cholesterol or DOPE between the
internal and outer monolayers, provided that the con-
tribution of the rest of the lipids to the spontaneous
curvature of the monolayer is negligible. This degree
of compositional asymmetry might be created in bio-
logical membranes, but requires special mechanisms
and conditions. An example might be the presence of
large membrane concentrations of an unconventional
phospholipid, lysobisphosphatidic acid (LBPA), which
is present in late endosomes and has been shown to
generate, in conjunction with transmembrane pH gra-
dients, multivesicular liposomes*. The liposome for-
mations might result from an asymmetric distribution
of LBPA between the two monolayers that is driven by
a transmembrane difference in pH. Lipid asymmetry
can also be produced by special protein machinery and
metabolism*'. Phospholipase A2 catalyses hydrolysis
at the sn-2 position of phospholipids, which results
in the release of fatty acids and lysophospholipids (the
latter are characterized by positive monolayer sponta-
neous curvature; TABLE 1). As long as it is confined to
a local area, increasing the lysophospholipid density
in a membrane monolayer that is exposed to the func-
tion of phospholipase A2 can generate a local positive
spontaneous curvature of the monolayer and, thereby,
of the whole bilayer.

Another way to create a cylinder out of a flat mem-
brane — known as the bilayer-couple mechanism* — is
to generate an area difference between the membrane
monolayers, A* — A" # 0 (see Supplementary informa-
tion S1 (box)). Transformation of a flat membrane into
a cylinder with a curvature radius of 30 nm requires
an area difference (AA) between the monolayers of the
cylindrical membrane that is equal to ~10% of the total
area of the membrane mid-surface (4, ),AA/A ,=0.1.
A similar extent of area asymmetry has been estimated as
being needed for the formation of small (~100-200 nm)
spherical vesicles out of large unilamellar liposomes®.
This is a significant asymmetry, the creation and sup-
port of which would require a protein machinery that
consumes energy continuously to transport lipids actively
to counteract the background phospholipid flip-flop rate
in the opposite direction. Vesicle formation from giant
unilamellar liposomes, which have dimensions that are
similar to those of cells, requires a lipid asymmetry of
only 0.1%, but the resulting vesicles are much larger
(~1 um) than transport vesicles®. Creation of 100-nm
vesicles from giant unilamellar liposomes would require
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Isotropic
The same in all directions.

Lysophospholipids
Phospholipids (or derivatives of
phosphatidic acid) that lack
one of their fatty acyl chains.

the involvement of protein scaffolds or the generation of
considerable membrane tension®.

When discussing the mechanisms of membrane
shaping by lipids, a difference has to be emphasized
between the effects of the area asymmetry, A - A, and
of the monolayers spontaneous curvature asymmetry,
J" ~J! . The former has a ‘global’ character because it is
based on the difference in the total areas of the monolay-
ers, whereas the latter produces a local effect and does
not average over the whole membrane area. Therefore,
in many cases the J& — J™ factor is more effective than
A% — A" in shaping membranes (for more details, see
Supplementary information S1 (box)).

In summary, the generation of cylindrical membrane-
trafficking intermediates solely on the basis of lipid
properties is likely to require an unusually large trans-
membrane asymmetry of lipid composition, which prob-
ably requires a persistent energy input from proteins.

Spherical shape. The generation of a spherical mem-
brane of radius R out of a flat membrane requires the
energy FSPh:8n(KB +% EB)7871;<B~R~ J?. Similar to
the case for a cylindrical membrane, a positive bilayer
spontaneous curvature ( J© > 0) facilitates this process.
The bilayer spontaneous curvature that is required to
form a spherical membrane of radius R is determined
by the equation j’= Il{ (1+ l';% . The radii of
spherical membrane carriers (transport vesicles) that
are involved in intracellular membrane transport are
~30 nm. To estimate the values of J© that would be
required to form such carriers, we need to know the
bending modulus of the membrane bilayer (k) and the
elastic modulus of the Gaussian curvature ( &, ), which
can vary over a wide range* . To provide an estimate
of the minimal spontaneous curvature required, on the
basis of recent results”, we take %, as having the value
K, =2, ~-2-0.8-k, ~-6.4-10"°] . Using this value
and the common value for K, of 8- 107 J (for example,
see REF. 48), for R = 30 nm, we obtain a bilayer sponta-
neous curvature of ~(1/50) nm™. If the modulus of the
Gaussian curvature equals zero ( k¥, = 0), the required
spontaneous curvature is even larger, ~(1/30) nm™'.
Similar to the case for cylindrical shapes, the generation
of such large values of spontaneous curvature requires
unusual conditions.

The creation of spherical membranes with a 30-nm
radius using bilayer-couple mechanisms requires a
monolayer area difference of 20% (see Supplementary
information S1 (box)), which is even more than the
area difference that is necessary to generate cylindrical
intermediates.

In conclusion, on the basis of the properties of lip-
ids, the generation of spherical membrane carriers also
requires a substantial and persistent energy input that is
mediated by proteins.

Fenestrated shapes. The key membrane elastic prop-
erty that could drive the formation of fenestrated
structures is the modulus of the Gaussian curvature
of the bilayer, &, . According to a fundamental geo-
metrical theorem (Gauss-Bonnett theorem), the
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Figure 2 | Determining membrane curvature. The
common understanding of the energetics of membrane
shaping is largely based on the seminal Helfrich theory of
membrane bending elasticity (see REFS 12,31-35 and
references therein; see also Supplementary information S1
(box)). A rigorous application of this theory requires a
criterion that determines whether the membrane
curvature is small or large. The scale that is used to assess
the values of membrane curvature is based on membrane
thickness, d. a| The curvature, c, is considered to be small if
the corresponding radius of curvature, R, is much larger
than the membrane thickness, R>>d (that is, the absolute
value of the curvature, |c|, should satisfy the equation |c| - d
<<1).b|In cases in which the curvature radius is close to
the membrane thickness, R = d, (that is, |c| - d = 1), the
membrane curvature is regarded as being large.

formation of a membrane self-connection that leads
to fenestration results in a change in the integral of
the Gaussian curvature of —4m. The corresponding
change in the energy of the Gaussian curvature of the
bilayer, Fy = RRJdA'K, equals -4m - &, . Therefore,
the formation of fenestrations requires changes in
the modulus of the Gaussian curvature of the bilayer
towards positive values and, conversely, the elimina-
tion of fenestrations must involve the variation of

K, in the negative direction. The value of %, can be
controlled by the spontaneous curvature of membrane
monolayers***, so that, in principle, the lipid compo-
sition can determine the tendency of a membrane to
become more or less fenestrated. However, estimations
show that the feasible variations in lipid composition
are not sufficient to change the sign of the modulus
of the Gaussian curvature, and therefore cannot drive
fenestration formation. So, protein function also seems
to be required to change membrane topology.

Generation of membrane shapes by proteins
Proteins can change membrane curvature by applying
forces to membrane surfaces. In the following subsec-
tions, we consider two types of force — pulling forces
and bending forces.

Pulling membranes using molecular motors. One real-
istic way to generate a cylindrical (tubular) membrane
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Table 1| Effective spontaneous curvature, J , for different lipids

Lipid
Lysophospholipids
L-lyso PC*
O-lyso PC*
P-lyso PC*
LPA*

L-lyso PE*
O-lyso PE*
S-lyso PE*
Other lipids
DOPS*
DOPC*

PA*

DOPE
Cholesterol*
DCG*

DAG*

J, (nm™) References
1/5.8 93
1/3.8 93
1/6.8 93
1/2 94,95
< 1/40 93
< 1/40 93
< 1/40 93
1/14.4 96
—(1/20) to—(1/8.7) 97,98
—(1/4.6) 94,95
—(1/3) 99
—(1/2.9) to—(1/2.3) 97
—(1/1.3) 98
—(1/1.01) 98,99

*These lipids were studies in dioleoylphosphatidylethanolamine (DOPE). *Dioleoylphosphati-
dylserine (DOPS) was studied at physiological pH. DAG, diacylglycerol; DCG, dicaprylglycerol;
DOPC, dioleoylphosphatidylcholine; L-lyso, lysolauryl; LPA, lysophosphatidic acid; O-lyso,
lysooleoyl; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
P-lyso, lysopalmitoyl; S-lyso, lysostearoyl.

Amphipathic moieties
Portions of molecules or
molecular complexes that have
both hydrophobic and
hydrophilic properties. For
example, an amphipathic
a-helix has a sequence of
amino-acid residues that
produces distinct hydrophilic
and hydrophobic faces.

is to apply a localized pulling force, ® up O AN initially
flat membrane. The force provides the energy needed
for membrane tube formation and generates lateral
tension, ¥, in the emerging cylindrical membrane.
The relationship between the pulling force and the
radius, R, of membrane curvature can be calculated
based on considerations of the membrane mechanical
equilibrium (for example, see REFS 50-52) and is given
by ®,,= 21« ( r ) The correspondmg lateral ten-
sion in the membrane tube is y. =k, 3" |}~ ]

The larger the spontaneous curvature, the smaller
the force required to form a membrane tube of radius R.
For symmetrical bilayers with a zero spontaneous cur-
vature, J© =0, the required pulling force is inversely
proportional to the cylinder radius, ® =27 K, - 1/R.
This relationship has been verified in experiments®-*>**
and has been used to measure the bilayer bending
modulus, k,. Using the value k, =~ 8 -10 J, it can be
readily estimated that for a tube with a radius of ~25 nm
the pulling force must equal ~20 pN, which is close to
the force developed by several molecular motors®. This
means that cylindrical intracellular membrane carriers
can be formed by molecular motors®*-%.

The tension that is created by the pulling force
within the generated cylindrical tube of R = 25 nm and

J? =0equals 7.= K,- 1/R*~ 0.1 mNm™. Note that this
tension is, in general, different from the tension in the
flat membrane, ¥, which serves as a reservoir of mate-
rial for the tube. Moreover, there is a minimal value of
the tension, ™", that has to be generated in a cylindri-
cal membrane of radius R in order to pull it out of the
flat reservoir. A thermodynamic analysis shows that

this minimal tension equals yr=y+ : 2Ky R ( -2J! ) .For
a vanishing spontaneous curvature, J! =0,and R =
25 nm, the minimal tension in the tube, y™", exceeds
the tension in the flat membrane, ¥, by ~0.06 mNm™".
Moreover, there is a minimal value of the pulling force,
@, that has to be applied to the flat membrane sur-
face in order to generate a tube. This value is given

by O =2 (\l2~;<3- Y- KB‘]SB) , and the radius of the
resulting cylindrical membrane equals

| K5
R*= 2~yf.

These relationships predict that the larger the tension
in the initial flat membrane, ¥, the larger the mini-
mal force, @ , needed to pulfout a cylindrical tube
and the smaller the radius of the resulting tube. This
explains the qualitative results®® on the relationship
between the initial tube-formation force and mem-
brane tension.

Bending membranes using proteins. Membrane cur-
vature can be produced by proteins that bind to the
membrane surface. There are three key mechanisms of
membrane bending by proteins, which are not mutu-
ally exclusive.

The first mechanism is the scaffold mechanism
(FIC. 3a,b). It assumes that proteins can function as scaf-
folds that present the intrinsic curvature of the protein
to the lipid*. Such proteins must satisfy several criteria
in order to bend lipid bilayers locally. Most importantly,
the intrinsic shape of a protein, or protein network,
must allow it to expose a curved interaction surface to
the lipid bilayer. Such a shape can result either from
the tertiary protein structure or from a surface that is
formed by protein—protein interactions. Furthermore,
the protein or proteins must have sufficient intrinsic
rigidity to counteract the tendency of the lipid bilayer
to relax to its state of spontaneous curvature. Protein
rigidity is poorly understood. Finally, the protein must
have a sufficient affinity for the lipid polar headgroups
to make the lipid bilayer fit to the shape of the pro-
tein. The energy of protein-membrane binding has to
exceed the membrane-bending energy.

The second mechanism is called the local spontane-
ous curvature mechanism (FIG. 3c). It is based on the
local deformation of membranes that occurs when the
amphipathic moieties of proteins become embedded in
the lipid matrix. A shallow insertion of an amphiphatic
protein helix into only the upper part of a membrane
monolayer has the role of a wedge which perturbs the
packing of the lipid polar headgroups and results in a
local monolayer deformation.

Last, proteins can change membrane shapes
according to the bilayer-couple mechanism. If the
amphiphatic protein domains penetrate only one
lipid monolayer, they can produce an area difference
between the membrane leaflets and the membrane will
develop curvature to compensate for this area asymme-
try. In practical terms, the bilayer-couple mechanism
of protein function seems to be the least biologically
relevant. This is related to the global nature of the
bilayer-couple effect based on the difference between

14 [JANUARY 2006 [ VOLUME 7

www.nature.com/reviews/molcellbio



Clathrin—adaptor-protein
complexes

Adaptor proteins recruit
clathrin to membranes and
concentrate specific
transmembrane proteins in
clathrin-coated areas of the
membrane. Clathrin is a protein
that exists in a trimeric form
called a triskelion, and clathrin
triskelia polymerize to form
cage-like structures.

BAR domain

(‘Bin, amphiphysin, Rvs’
domain). A domain that is
found in a large family of
proteins. It forms a banana-like
dimer, and binds to and
tubulates lipid membranes.

Endophilins

A family of proteins that
contain a BAR (Bin,
amphiphysin, Rvs) domain with
extra amphipathic helices.
Endophilin-1 binds to and
tubulates lipid membranes.

the total areas of the two lipid monolayers. In a key
biologically relevant situation, such as membrane-car-
rier formation, protein insertion is expected to occur
only locally in membrane spots that have areas that are
negligible compared to the total membrane area. Even
if the local membrane concentration of the inserted
protein domains was considerable, the effect would be
averaged over the total membrane area, so it would
provide a negligible contribution to the total area dif-
ference between the membrane leaflets.

Proteins bend membranes: biological examples

Scaffold mechanism. The scaffold mechanism is
straightforward and might underlie the function of
many well-studied membrane-curving proteins®. It
proposes that all of the protein coats that are known to
cover the surface of membrane invaginations and buds
function as scaffolds for membrane curvature (FIC. 3b).
Within this idea, the COPI and COPII complexes and
the clathrin—adaptor-protein complexes provide scaffolds
for spherical curvature, whereas dynamin and BAR (Bin,
amphiphysin, Rvs)-domain-containing proteins (includ-
ing endophilin) wrap around membranes and provide
scaffolds for cylindrical curvature?.

The clearest way to visualize the scaffold mechanism
is to consider the formation of cylindrical membranes
by dynamin and BAR-domain-containing proteins.
The dynamin helix self-assembles in the absence of
lipid into rings and helices®’, which means that it is
characterized by the intrinsically bent shape of a ‘split
lock washer’ (recent structural data confirm this;
J. Hinshaw, personal communication). Furthermore,
dynamin binds to lipid membranes and forms cylin-
drical coats that have the same helical structure and
cross-section radius as the pure dynamin helix**¢'-,
This means that the rigidity of the dynamin coat is
greater than that of the lipid bilayer and that dynamin
binding to lipids is sufficiently strong to allow the scaf-
fold mechanism to work in membrane shaping and,
probably, membrane fission®**-72,

The BAR domain has a banana-like shape”’, and
its concave surface binds the lipid membrane (FIC. 3c).
It therefore satisfies the criterion of having the correct
intrinsic shape. In addition, the protein has 12 positively
charged residues on its concave surface, which allows
it to interact strongly with the negatively charged polar
headgroups of the lipid molecules. The energy of this
interaction is predicted to be 6-12 kcalmol ™ per domain
for membranes that contain 15-30% negatively
charged lipid headgroups’. As four BAR domains
circle cylindrical membranes, this energy is more
than the membrane-bending energy (which is about
ZOkBT), which means that the criterion of a high
affinity of the protein for the membrane is also satis-
fied”. In general, the electrostatic interaction between
lipids and proteins is one of the important factors that
determines membrane shape. Although there are no
data available regarding the intrinsic rigidity of BAR
domains, presumably the bundling of the helices that
constitute a BAR domain lends rigidity. The curvature
of many membrane tubes that are covered by these

REVIEWS

Figure 3 | Mechanisms by which proteins can generate
membrane curvature. a| The scaffold mechanism. A rigid
protein, or protein domain (for example, the BAR (Bin,
amphiphysin, Rvs) domain), that has an intrinsic curvature
binds to the membrane surface and bends the membrane
beneathit. b | Polymerized coat proteins, which are
sometimes linked to membranes through adaptor proteins
(not shown), stabilize membrane curvature. ¢ | The local
spontaneous curvature mechanism is mediated by the
insertion of amphipathic moieties of proteins between the
polar headgroups of lipid molecules. A BAR domain is
shown here inserting amphipathic helices into the
monolayer it contacts’*.

domains is close to the curvature of the concave BAR-
domain surface. This implies that the protein domains
are more rigid than lipid bilayers, which would satisfy
the last criterion of the scaffold mechanism.

For all of the other protein complexes that are
assumed to function according to the scaffold mecha-
nism, the data justifying this assumption are not avail-
able at present. Clathrin and its complex with adaptor
proteins, which is required for membrane binding,
self-assembles in the absence of lipid into cages, the
polyhedral shapes of which can be approximated
by spheres that have curvatures comparable to, or
even smaller than, the curvatures of clathrin-coated
vesicles'®’®””. This means that clathrin complexes are
characterized by an intrinsically curved shape that
is necessary for the scaffold mechanism. In fact, by
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Spheroid

A geometric shape that is
similar to a sphere but that is
not exactly spherical (for
example, a mis-shaped ball).

Epsin

A protein that contains an
ENTH (epsin N-terminal
homology) domain and is
involved in clathrin-mediated
endocytosis.

ENTH domain

(epsin N-terminal homology
domain). A domain of epsin
and several other proteins that
binds to and tubulates lipid
membranes.

Amphiphysin

A BAR (Bin, amphiphysin, Rvs)-
domain-containing protein that
binds to clathrin-coated
vesicles during budding.
Amphiphysin binds to and
tubulates lipid membranes.

changing its adaptor proteins, clathrin can change the
curvature of the clathrin-coated vesicle. On the other
hand, clathrin complexes can also bind to membranes
as flat arrays, and they do not fulfil the criterion of
sufficient rigidity. Pure clathrin is estimated to be less
rigid than lipid membranes”. The rigidity of clath-
rin—adaptor-protein complexes is of the same order of
magnitude as that of lipid membranes, which is insuf-
ficient to bend membranes effectively.

The structure of one component (Sec23-Sec24) of
the COPII coat complex has a concave surface that fits
a circle with a 30-nm radius™. Moreover, under opti-
mal conditions, Sec23-Sec24 and Sec13-Sec31 self-
assemble into spheroids®7°-8!, So, similar to clathrin,
the final polymerized protein structure of Sec23-Sec24
plus Sec13-Sec31 has sufficient intrinsic curvature to
operate using the scaffold model. What is known about
the rigidity of the proteins that constitute the COPII
complex? The Sec23-Sec24 dimer is held together by
only the relatively weak forces of a short interacting
B-strand, so it is unlikely that Sec23-Sec24 has suf-
ficient rigidity to bend membranes. In addition, com-
pared with the radii of COP-coated vesicles that can
be formed in vitro, the large variation in the radii of
lipid-free coats that were formed by the in vitro assem-
bly of purified proteins indicates that they have insuf-
ficient rigidity to bend membranes®. Furthermore,
Sec23-Sec24, Sec13-Sec31 or a complex of the two
cannot bind to membranes, so they do not have the
lipid-binding affinity required by the scaffold model.
The COPII complex is therefore unlikely to work using
the scaffold mechanism.

Local spontaneous curvature mechanism. A leading can-
didate for the generation of local spontaneous curvature
through the insertion of an amphiphatic domain into the
lipid matrix is epsin®. When added to liposomes, epsin
creates small tubules. The structure of the ENTH (epsin
N-terminal homology) domain of epsin has been solved and it
does not seem to be a scaffold, as it is a small globular pro-
tein. However, it has a high binding affinity for membranes
if phosphatidylinositol-4,5-bisphosphate is present in the
membrane®. The ability of epsin to curve membranes is
related to the insertion of its ENTH-domain amphipathic
helix into the membrane bilayer. Mutations that prevent
this insertion prevent epsin from inducing membrane
curvature. However, more information is needed about
the depth of the insertion and the orientation of the epsin
amphiphatic helix within the membrane in order to esti-
mate the local spontaneous curvature that can be induced
by this protein. Presumably, the amphipathic N-terminal
region of endophilin functions in a similar fashion, inde-
pendently of its putative enzymatic activity®.
Amphiphysin might also function according to the
local spontaneous curvature mechanism. The amphip-
athic helix of amphiphysin might insert into lipid
monolayers and generate local deformation. In fact,
mutations that reduce the hydrophobicity of amino
acids in this helix result in a much higher concentra-
tion of amphiphysin being needed to produce cylindri-
cal membrane curvature’**. As in the case of epsin,

there is not sufficient information at present to allow
quantitative estimations of the effect of amphiphysin
on the local spontaneous curvature to be obtained.

The small GTPase Sarl, which is one of the core
COPII proteins, has been shown to curve lipid bilayers
by membrane insertion of its N-terminal amphiphatic
o-helix®. Replacing hydrophobic residues in the
o-helix with alanine impaired the ability of Sarl to
tubulate membranes. Sarl is therefore a candidate
for curving membranes using the local spontaneous
curvature mechanism.

Interplay between different mechanisms. Does membrane
shaping in intracellular carrier formation occur according
to one of these mechanisms or all of them simultaneously?
The budding machinery of endocytic vesicles includes:
clathrin-adaptor-protein complexes, which might work
only according to the scaffold mechanism, but seem to
be too flexible to bend membranes effectively; and epsin,
which is able to induce membrane curvature on its own
using the local spontaneous curvature mechanism. The
involvement of both epsin and clathrin-adaptor-protein
complexes implies that their interplay guarantees the
robustness of the membrane-deformation process. Epsin
might first bind to a phosphatidylinositol-4,5-bisphos-
phate patch on the membrane. This binding bends the
membrane according to the local spontaneous curvature
mechanism and attracts clathrin—-adaptor-protein com-
plexes, which, in turn, bind more epsin®. Clathrin might
then stabilize the curved shape of the emerging bud
by polymerizing to form a coat. The interplay between
clathrin and epsin might also have a role downstream
of vesicle fission. As a result of phosphatidylinositol-4,5-
bisphosphate hydrolysis after clathrin polymerization
(without replenishment from the plasma membrane by
lateral diffusion along the inner leaflet of the bud neck),
epsin might dissociate from the vesicle membrane, caus-
ing the spontaneous curvature to return to its initial
value. This would give rise to elastic stresses, which tend
to unbend the membrane of the vesicle and promote coat
disassembly.

The formation of membrane necks that connect
clathrin-coated buds and the plasma membrane
could be carried out by dynamin alone, as it is able
to tubulate membranes using the scaffold mechanism.
However, within the cell, dynamin operates together
with amphiphysin and endophilin, which, given their
amphipathic helices, might function, at least partially,
according to the local spontaneous curvature mecha-
nism”>* (FIC. 3¢). Again, such protein interplays are
probably necessary to ensure the reliability of mem-
brane-neck formation and fission.

As discussed above, the COP complexes are unlikely
to provide a sufficiently rigid scaffold to bend intracel-
lular membranes into small buds and vesicles. So, in
these systems, we also expect to see interplay between
the different mechanisms of membrane bending.
Membrane shaping by the COPII coat is most probably
driven by the synergistic action of the Sec23-Sec24
plus Sec13-Sec31 scaffold and Sar1 generating the local
spontaneous curvature®. Further elaboration on this
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ArfGAP1

(Arf GTPase-activating
protein-1). A small GTPase-
activating protein that is
responsible for catalysing Arf1
GTP hydrolysis. ArfGAP1 is
needed to build up the
coatomer protein (COP)I coats
of intracellular transport
vesicles.

issue requires more information regarding the struc-
tures and membrane interactions of the proteins that are
involved in COP-mediated membrane bending.

Sensing curvature

The idea that proteins can sense curvature is a twenty-
first-century concept in the field of membrane cur-
vature and trafficking. It emerged with the recent
identification of proteins that have membrane-bind-
ing affinities that depend on the radius of membrane
curvature. So, what are the mechanisms and protein
properties of curvature sensing?

First, proteins that can induce curvature by scaf-
folding or by inserting their amphipathic domains
into the lipid matrix can sense curvature. Such curva-
ture sensing can be based on the membrane-curvature
dependence of the effective energy of protein binding
to the bilayer surface and protein insertion between
the polar headgroups. Indeed, the total effective bind-
ing and/or insertion energy consists of the energy of
the protein-membrane interaction and the energy
of membrane deformation that results from protein
attachment to its surface. The latter contribution
vanishes and the effective binding energy is minimal
if the membrane curvature matches the shape of the
protein and no deformation is needed. Otherwise, the
effective binding energy increases with an increas-
ing mismatch between the membrane curvature and
protein shape.

Second, proteins that have an intrinsic curvature
but are too flexible to bend the membrane can still
function as curvature sensors. The binding and/or
insertion energy of such proteins depends on the
membrane curvature. On binding to the membrane,
the protein undergoes deformation, so that the elas-
tic energy of the protein contributes to the effective
binding energy. This contribution equals zero when
the membrane and the protein shapes fit to each other,
but grows with an increasing mismatch of shape.
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Finally, there is evidence that the enzymatic activity
of a protein can function as a membrane-curvature
sensor. This has been shown for ArfGAP1 (Arf GTPase-
activating protein-1), a protein that is involved in
coated-vesicle formation®. However, the detailed
mechanism of this phenomenon remains unclear. We
feel that it is unlikely that changes in enzyme activ-
ity with curvature are a reflection of the spreading of
headgroups (as was proposed in REF. 86). Rather, we
propose that the binding of non-rigid proteins to a
curved surface might bend the protein to some extent,
which might alter the proximity of crucial amino acids
in or near the active site and therefore the enzyme
activity.

Conclusions

At this stage in our analysis of structural data, we
suggest three mutually non-exclusive mechanisms of
membrane-curvature generation by proteins — the
scaffold mechanism, the local spontaneous curvature
mechanism and the bilayer-couple mechanism. Which
method a protein uses is determined by the depth of
penetration of the hydrophobic domain of the protein
into the bilayer matrix. Considering elastic energy, we
conclude that neither the bilayer-couple mechanism
nor the spontaneous curvature of lipids alone is likely
to drive membrane bending for trafficking in living
cells. We have therefore focused on the protein proper-
ties that are necessary to guarantee the success of the
local spontaneous curvature and scaffold mechanisms.
We show that only a few curvature-generating proteins
(BAR-domain-containing proteins and dynamin) pos-
sibly function according to the scaffold mechanism
alone. For all other proteins, it seems that the scaffold
and local spontaneous curvature mechanisms might
function together. Further experimental research that
addresses the unexplored elastic properties of proteins
and liquid ordered and crystalline membrane domains
is needed to verify these conclusions.

1. Scott, I. C. & Stainier, D. Y. Developmental biology: 11.  Luini, A., Ragnini-Wilson, A., Polishchuck, R. S. & 19. Rothman, J. E. Lasker Basic Medical Research Award.
twisting the body into shape. Nature 425, 461-463 De Matteis, M. A. Large pleiomorphic traffic The machinery and principles of vesicle transport in
(2003). intermediates in the secretory pathway. Curr. Opin. the cell. Nature Med. 8, 1059-1062 (2002).

2. Thompson, D. A. W. On Growth and Form (Cambridge Cell Biol. 17, 353-361 (2005). 20. Schekman, R. Lasker Basic Medical Research Award.
University Press, Cambridge, UK, 1917). 12. Helfrich, W. Elastic properties of lipid bilayers: theory SEC mutants and the secretory apparatus. Nature

3. Trinkaus, J. Cells into Organs: The Forces that Shape and possible experiments. Z. Naturforsch.[C] 28, Med. 8, 1055—-1058 (2002).
the Embryo (Prentice-Hall, Engelwood Cliffs, 1984). 693-703 (1973). 21. Sciaky, N. et al. Golgi tubule traffic and the effects of

4. Bray, D. Cell Movements (Garland, New York, 1992). This is the first and seminal paper that introduces brefeldin A visualized in living cells. J. Cell Biol. 139,

5. Dvorak, A. M. & Feng, D. The vesiculo-vacuolar the concepts of membrane bending elasticity, 1137-1155 (1997).
organelle (VVO). A new endothelial cell permeability spontaneous curvature and the modulus of the 22. Gaietta, G., Redelmeier, T. E., Jackson, M. R., Tamura,
organelle. J. Histochem. Cytochem. 49, 419-432 Gaussian curvature. R. N. & Quaranta, V. Quantitative measurement of
(2001). 13. Marsh, M. & McMahon, H. T. The structural era of 0B, and o, B, integrin internalization under cross-

6. Rippe, B, Rosengren, B. I, Carlsson, O. & Venturoli, D. endocytosis. Science 285, 215-220 (1999). linking conditions: a possible role for o, cytoplasmic
Transendothelial transport: the vesicle controversy. 14. Kirchhausen, T. Three ways to make a vesicle. Nature domains. J. Cell Sci. 107, 3339-3349 (1994).

J. Vasc. Res. 39, 375-390 (2002). Rev. Mol. Cell Biol. 1, 187-198 (2000). 23. Presley, J. F. et al. ER-to-Golgi transport visualized in

7.  Spivak, M. A Comprehensive Introduction to 15. Schekman, R. & Orci, L. Coat proteins and vesicle living cells. Nature 389, 81-85 (1997).

Differential Geometry (Brandeis University, budding. Science 271, 1526—-1533 (1996). 24, Schmid, S. L., McNiven, M. A. & De Camilli, P.
Waltham,1970). 16. Schmid, S. L. Clathrin-coated vesicle formation and Dynamin and its partners: a progress report. Curr.

8.  Bonifacino, J. S. & Lippincott-Schwartz, J. Coat protein sorting: an integrated process. Annu. Rev. Opin. Cell Biol. 10, 504-512 (1998).
proteins: shaping membrane transport. Nature Rev. Biochem. 66, 511-548 (1997). 25. Zimmerberg, J. Are the curves in all the right places?
Mol. Cell Biol. 4, 409414 (2003). 17. Fromme, J. C. & Schekman, R. COPIl-coated vesicles: Traffic 1, 366-368 (2000).

9.  Polishchuk, R. S. et al. Correlative light-electron flexible enough for large cargo? Curr. Opin. Cell Biol. A simplified treatment of membrane curvature.
microscopy reveals the tubular-saccular ultrastructure 17, 345-352 (2005). 26. Chernomordik, L. V. & Kozlov, M. M. Protein—lipid
of carriers operating between Golgi apparatus 18. Malhotra, V., Serafini, T., Orci, L., Shepherd, J. C. & interplay in fusion and fission of biological membranes.
and plasma membrane. J. Cell Biol. 148, 45-58 Rothman, J. E. Purification of a novel class of coated Annu. Rev. Biochem. 72, 175-207 (2003).

(2000). vesicles mediating biosynthetic protein transport A focused description of the role of bilayer and

10. Rothman, J. E. & Wieland, F. T. Protein sorting through the Golgi stack. Cell 58, 329-336 monolayer curvature in ubiquitous membrane

by transport vesicles. Science 272, 227-234 (1996).

(1989).

fusion and fission.

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

VOLUME 7 [ JANUARY 2006 | 17



REVIEWS

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Hamm, M. & Kozlov, M. Elastic energy of tilt and
bending of fluid membranes. Eur. Phys. J. E 3,
323-335 (2000).
Hamm, M. & Kozlov, M. Tilt model of inverted
amphiphilic mesophases. Eur. Phys. J. B6,519-528
(1998).
A paper that introduces a model for the tilt
elasticity of fluid membranes.
May, S. Protein-induced bilayer deformations: the
lipid tilt degree of freedom. Eur. Biophys. J. 29,
17-28 (2000).
May, S., Kozlovsky, Y., Ben-Shaul, A. & Kozlov, M. M.
Tilt modulus of a lipid monolayer. Eur. Phys. J. E 14,
299-308 (2004).
Helfrich, W. in Les Houches, 1988 — Liquids and
Interfaces (eds Charvolin, J., Joanny, J.-F. & Zinn-
Justin, J.) 212-237 (Elsevier Science, 1990).
Kozlov, M. M., Leikin, S. L. & Markin, V. S. Elastic
properties of interfaces. Elasticity moduli and
spontaneous geometrical characteristics. J. Chem.
Soc., Faraday Trans. 2 85, 277-292 (1989).
This work introduces a model for the elasticity of
strongly curved lipid monolayers.
Lipowsky, R. The morphology of lipid membranes.
Curr. Opin. Struct. Biol. 5, 531-540 (1995).
Seifert, U. Configurations of fluid membranes and
vesicles. Advances in Physics 46, 13—137
(1997).
Boal, D. Mechanics of the Cell (Cambridge Univesity
Press, Cambridge, UK, 2002).
A book that summarizes the concepts of
membrane elasticity and the related phenomena.
Chen, Y. J., Zhang, P, Egelman, E. H. & Hinshaw, J. E.
The stalk region of dynamin drives the constriction of
dynamin tubes. Nature Struct. Mol. Biol. 11,
574-575 (2004).
Antonny, B., Gounon, P., Schekman, R. & Orci, L. Self-
assembly of minimal COPII cages. EMBO Rep. 4,
419-424 (2003).
Smythe, E., Pypaert, M., Lucocq, J. & Warren, G.
Formation of coated vesicles from coated pits in broken
A431 cells. J. Cell Biol. 108, 843—-853 (1989).
Trucco, A. et al. Secretory traffic triggers the formation
of tubular continuities across Golgi sub-compartments.
Nature Cell. Biol. 6, 1071-1081 (2004).
Matsuo, H. et al. Role of LBPA and Alix in
multivesicular liposome formation and endosome
organization. Science 303, 531-534 (2004).
Pomorski, T., Hrafnsdottir, S., Devaux, P. F. & van
Meer, G. Lipid distribution and transport across
cellular membranes. Semin. Cell Dev. Biol. 12,
139-148 (2001).
Sheetz, M. P. & Singer, S. J. Biological membranes as
bilayer couples. A molecular mechanism of drug—
erythrocyte interactions. Proc. Natl Acad. Sci. USA
71, 44574461 (1974).
Devaux, P. F. Is lipid translocation involved during
endo- and exocytosis? Biochimie 82, 497-509 (2000).
A review summarizing the knowledge on membrane
structures that are formed owing to monolayer
area asymmetry.
Templer, R. H., Seddon, J. M. & Warrender, N. A.
Measuring the elastic parameters for inverse
bicontinuous cubic phases. Biophys. Chem. 49, 1-12
(1994).
Schwarz, U. S. & Gompper, G. Bending frustration of
lipid-water mesophases based on cubic minimal
surfaces. Langmuir 17, 2084-2096 (2001).
Kozlovsky, Y., Efrat, A., Siegel, D. P. & Kozlov, M. M.
Stalk phase formation: effects of dehydration and
saddle splay modulus. Biophys. J. 87, 2508-2521
(2004).
Siegel, D. P. & Kozlov, M. M. The gaussian curvature
elastic modulus of N-monomethylated dioleoylphos-
phatidylethanolamine: relevance to membrane fusion
and lipid phase behavior. Biophys. J. 87, 366-374
(2004).
A paper representing a first attempt to determine
the monolayer modulus of Gaussian curvature on
the basis of experimental measurements.
Niggemann, G., Kummrow, M. & Helfrich, W. The
bending rigidity of phosphatidylcholine bilayers.
Dependence on experimental methods, sample cell
sealing and temperature. J. Phys. Il 5, 413-425
(1995).
Helfrich, W. in Physics of Defects (eds Balian, R.,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

Kleman, M. & Poirier, J. P) 715-755 (North-Holland,
Amsterdam, 1981).

Kozlov, M. M., Kuzmin, P. I. & Popov, S. V. Formation
of cell protrusions by an electric field: a
thermodynamic analysis. Eur. Biophys. J. 21, 35-45
(1992).

Waugh, R. E. & Hochmuth, R. M. Mechanical
equilibrium of thick, hollow, liquid membrane
cylinders. Biophys. J. 52, 391-400 (1987).

Derenyi, I., Julicher, F. & Prost, J. Formation and
interaction of membrane tubes. Phys. Rev. Lett. 88,
238101 (2002).

Bar-Ziv, R. & Moses, E. Instability and ‘pearling’ states
produced in tubular membranes by competition

of curvature and tension. Phys. Rev. Lett. 73,
1392-1395 (1994).

Tsafrir, 1. et al. Pearling instabilities of membrane
tubes with anchored polymers. Phys. Rev. Lett. 86,
1138-1141 (2001).

Howard, J. Mechanics of Motor Proteins and the
Cytoskeleton (Sinauer, Sunderland, 2001).

Roux, A. et al. Role of curvature and phase transition
in lipid sorting and fission of membrane tubules.
EMBO J. 24, 1537-1545 (2005).

Roux, A. et al. A minimal system allowing

tubulation with molecular motors pulling on giant
liposomes. Proc. Natl Acad. Sci. USA 99, 5394-5399
(2002).

A paper that directly shows membrane tubulation
by a pulling force that is generated by molecular
motors.

Koster, G., VanDuijn, M., Hofs, B. & Dogterom, M.
Membrane tube formation from giant vesicles by
dynamic association of motor proteins. Proc. Nat/
Acad. Sci. USA 100, 15583-15588 (2003).

A paper that presents an important advance in
understanding membrane-tubule formation by an
ensemble of molecular motors.

Farsad, K. & De Camilli, P. Mechanisms of membrane
deformation. Curr. Opin. Cell Biol. 15, 372-381
(2003).

Hinshaw, J. E. & Schmid, S. L. Dynamin self-assembles
into rings suggesting a mechanism for coated vesicle
budding. Nature 374, 190-192 (1995).

The first demonstration of dynamin self-assembly
into ring and helical structures.

Sweitzer, S. M. & Hinshaw, J. E. Dynamin undergoes a
GTP-dependent conformational change causing
vesiculation. Cell 93, 1021-1029 (1998).

This work shows that dynamin self-assembly on a
membrane surface results in membrane tubulation.
Takei, K. et al. Generation of coated intermediates of
clathrin-mediated endocytosis on protein-free
liposomes. Cell 94, 131—-141 (1998).

Danino, D. & Hinshaw, J. E. Dynamin family of
mechanoenzymes. Curr. Opin. Cell Biol. 13,
454-460 (2001).

Hinshaw, J. E. Dynamin spirals. Curr. Opin. Struct.
Biol. 9, 260-267 (1999).

Hinshaw, J. E. Dynamin and its role in membrane
fission. Annu. Rev. Cell Dev. Biol. 16, 483-519
(2000).

Koenig, J. H. & Ikeda, K. Disappearance and
reformation of synaptic vesicle membrane upon
transmitter release observed under reversible
blockage of membrane retrieval. J. Neurosci. 9,
3844-3860 (1989).

Praefcke, G. J. & McMahon, H. T. The dynamin
superfamily: universal membrane tubulation and
fission molecules? Nature Rev. Mol. Cell Biol. 5,
133-147 (2004).

Takei, K., McPherson, P. S., Schmid, S. L. &

De Camilli, P. Tubular membrane invaginations coated
by dynamin rings are induced by GTP-y S in nerve
terminals. Nature 374, 186—190 (1995).

The first demonstration of dynamin tubules on
membrane necks in vivo.

Kozlov, M. M. Dynamin: possible mechanism of
‘pinchase’ action. Biophys. J. 77, 604—616 (1999).
Kozlov, M. M. Fission of biological membranes:
interplay between dynamin and lipids. Traffic 2,
51-65 (2001).

Stowell, M. H., Marks, B., Wigge, P. & McMahon, H. T.
Nucleotide-dependent conformational changes in
dynamin: evidence for a mechanochemical molecular
spring. Nature Cell Biol. 1, 27-32 (1999).

72.

73.

T4.

75.

76.

11.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Sever, S., Damke, H. & Schmid, S. L. Garrotes, springs,
ratchets, and whips: putting dynamin models to the
test. Traffic 1, 385-392 (2000).

Peter, B. J. et al. BAR domains as sensors of
membrane curvature: the amphiphysin BAR structure.
Science 303, 495-499 (2004).

The structure of the BAR domain clearly indicates
that it could function as a scaffold to curl
membranes into a tube and could differentially
bind to membranes having different curvatures.
Gallop, J. L. & McMahon, H. T. BAR domains and
membrane curvature: bringing your curves to the
BAR. Biochem. Soc. Symp. 72, 223-231 (2005).
Zimmerberg, J. & McLaughlin, S. Membrane
curvature: how BAR domains bend bilayers. Curr. Biol.
14, R250-R252 (2004).

Smith, C. J., Grigorieff, N. & Pearse, B. M. Clathrin
coats at 21 A resolution: a cellular assembly designed
to recycle multiple membrane receptors. EMBO J. 17,
49434953 (1998).

Fotin, A. et al. Molecular model for a complete
clathrin lattice from electron cryomicroscopy. Nature
432,573-579 (2004).

Nossal, R. Energetics of clathrin basket assembly.
Traffic 2, 138—147 (2001).

A paper estimating the rigidity of a clathrin
complex. It indicates that clathrin alone cannot
shape membranes.

Bi, X., Corpina, R. A. & Goldberg, J. Structure of the
Sec23/24—Sar1 pre-budding complex of the COPII
vesicle coat. Nature 419, 271-277 (2002).

Antonny, B., Huber, ., Paris, S., Chabre, M. & Cassel, D.
Activation of ADP-ribosylation factor 1 GTPase-
activating protein by phosphatidylcholine-derived
diacylglycerols. J. Biol. Chem. 272, 30848-30851
(1997).

Matsuoka, K. et al. COPIl-coated vesicle formation
reconstituted with purified coat proteins and chemically
defined liposomes. Cell 93, 263-275 (1998).

Ford, M. G. et al. Curvature of clathrin-coated pits
driven by epsin. Nature 419, 361-366 (2002).

The discovery that epsin and ENTH domains drive
membrane curvature.

Stahelin, R. V. et al. Contrasting membrane interaction
mechanisms of AP180 N-terminal homology (ANTH)
and epsin N-terminal homology (ENTH) domains.

J. Biol. Chem. 278, 28993-28999 (2003).

Farsad, K. et al. Generation of high curvature
membranes mediated by direct endophilin bilayer
interactions. J. Cell Biol. 155, 193-200 (2001).

The first demonstration of a role for the
amphipathic helices of endophilin-1 in the
tubulation of membranes.

Lee, M. C. et al. Sar1p N-terminal helix initiates
membrane curvature and completes the fission of a
COPII vesicle. Cell 122, 605-617 (2005).

Bigay, J., Gounon, P., Robineau, S. & Antonny, B. Lipid
packing sensed by ArfGAP 1 couples COPI coat
disassembly to membrane bilayer curvature. Nature
426,563-566 (2003).

Iversen, T. G., Skretting, G., van Deurs, B. & Sandvig,
K. Clathrin-coated pits with long, dynamin-wrapped
necks upon expression of a clathrin antisense RNA.
Proc. Natl Acad. Sci. USA 100, 4981-4983 (2003).
Campbell, N. A. & Reece, J. B. Biology (Addison-
Wesley, San Francisco, 2002).

Terasaki, M., Chen, L. B. & Fujiwara, K. Microtubules
and the endoplasmic reticulum are highly
interdependent structures. J. Cell Biol. 103,
1557-1568 (1986).

Marsh, B. J. & Howell, K. E. The mammalian Golgi —
complex debates. Nature Rev. Mol. Cell Biol. 3,
789-795 (2002).

Marsh, B. J., Volkmann, N., Mcintosh, J. R. &

Howell, K. E. Direct continuities between cisternae at
different levels of the Golgi complex in glucose
stimulated mouse islet -cells. Proc. Natl Acad. Sci.
USA 101, 5565-5570 (2004).

Mogelsvang, S., Marsh, B. J., Ladinsky, M. S. &
Howell, K. E. Predicting function from structure: 3D
structure studies of the mammalian Golgi complex.
Traffic 5, 338-345 (2004).

Fuller, N. & Rand, R. P. The influence of lysolipids on
the spontaneous curvature and bending elasticity of
phospholipid membranes. Biophys. J. 81, 243-254
(2001).

18 [ JANUARY 2006 [ VOLUME 7

www.nature.com/reviews/molcellbio



94.

95.

96.

97.

98.

Kooijman, E. E., Chupin, V., de Kruijff, B. & Burger, K. N.
Modulation of membrane curvature by phosphatidic
acid and lysophosphatidic acid. Traffic &4, 162—174
(2003).

Kooijman, E. E. et al. Spontaneous curvature of
phosphatidic acid and lysophosphatidic acid.
Biochemistry 44, 2097-2102 (2005).

Fuller, N., Benatti, C. R. & Rand, R. P. Curvature and
bending constants for phosphatidylserine-containing
membranes. Biophys. J. 85, 1667-1674 (2003).
Chen, Z. & Rand, R. P. The influence of cholesterol on
phospholipid membrane curvature and bending
elasticity. Biophys. J. 73, 267-276 (1997).

Szule, J. A, Fuller, N. L. & Rand, R. P. The effects of
acyl chain length and saturation of diacylglycerols and
phosphatidylcholines on membrane monolayer
curvature. Biophys. J. 83, 977-984 (2002).

99. Leikin, S., Kozlov, M. M., Fuller, N. L. & Rand, R. P.
Measured effects of diacylglycerol on structural and
elastic properties of phospholipid membranes.
Biophys. J. 71, 2623-2632 (1996).

This paper proposes an exact protocol for determining
monolayer spontaneous curvature on the basis of
X-ray examination of inverted hexagonal phases.

Acknowledgements

The work of J.Z. is supported by the Intramural Program of
the National Institute of Child Health and Human
Development, National Institutes of Health. The work of
M.M.K. is supported by the Israel Science Foundation (ISF),
The Binational US—Israel Science Foundation (BSF), and The
EC Marie Curie Network ‘Flippases..

Competing interests statement
The authors declare no competing financial interests.

REVIEWS

DATABASES

The following terms in this article are linked online to:
Swiss-Prot: http://www.expasy.org/sprot

Arf GTPase-activating protein-1 | Phospholipase A2 | Sar1 |
Sec13|Sec23|Sec24

Interpro: http://www.ebi.ac.uk/interpro

BAR domain | ENTH domain

FURTHER INFORMATION

Heuser Lab: http://www.heuserlab.wustl.edu

Joshua Zimmerberg’s laboratory:
http://dir2.nichd.nih.gov/dirweb/lab.do?id=6

Michael Kozlov’s laboratory: http://www.tau.ac.il/~michk

SUPPLEMENTARY INFORMATION
See online article: S1 (box)
Access to this links box is available online.

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

VOLUME 7 [ JANUARY 2006 | 19




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




