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SUMMARY
Cellular shape is defined by its boundary: the membrane. Extremely dynamic at small scales,
biological membranes retain identifiable stationary shape as large structures, such as organelles.
The lipid bilayer serves as a matrix for this shape-defining membrane, linking membrane
dynamics and structural stability. Here, we analyze the central role of proteo-lipid membrane
domains in the coordination of membrane dynamics and in the self-organization of membrane
shape.

INTRODUCTION
The shape of an object is determined by its boundary. In the case of a cell or its organelles
the boundary is the biological membrane, structured by a bilayer of phospholipids.
Aggregates of these amphiphilic molecules assemble into complex shapes even without the
influence of proteins (Figure 1A; [1–3]). The ability of lipids to spontaneously self-associate
into closed structures (such as vesicles) in aqueous solution, even at low concentrations, has
been regarded as a basic factor in the origin of the cellular life on Earth [4–7]. A purely lipid
vesicle that is formed in distilled water is a stable structure, which, however, can adapt its
shape to external factors, such as the temperature, pH of light irradiation changes, direct
mechanical forces, etc. [1, 4, 8, 9]. During the time-course of this adaptation, which may last
from several seconds to days, the vesicle membrane appears to be “alive” until a new
steady-state shape is archived. The multitude of shapes revealed in purely lipidic membrane
systems covers the morphological complexity seen in reconstituted and even cellular
systems (Figure 1B, C)

However, cellular shape changes perpetually, thus pointing out the difference between the
living material and its construction bricks. The dynamic organization of membrane shape is
vital for the functional coupling of cellular membrane transport and signaling networks [10–
14], cell motility [13, 15, 16] and de novo creation of intracellular organelles during
cytokinesis [17, 18]. Membrane remodeling, even in such global processes as cell motility or
axon formation, is localized in small membrane domains of distinct composition. Such
domains can be readily distinguished as precursors of transport vesicles [18–20],
lamellapodia-associated transient protrusions [15, 21], sites of membrane fusion and fission
[22] and invaginations of plasma membrane like caveolae [23, 24]. They are enriched with
proteins specialized in membrane remodeling and, often, associated with particular lipid
species implicated in domain formation, such as multivalent charged lipids, ceramides or
cholesterol [22, 24–27]. Thus, by biological means, cellular membrane dynamics are
controlled locally. This localization of dynamics allows not only preservation of the global
shape of organelles and the cell as a whole, but also allows uncoupling of different
membrane deformation related to different cellular functions.

Despite the apparent variety of membrane domains involved in shape regulation in cells,
they share common principles of molecular organization dictated by the intrinsic properties
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of the lipid bilayer. The very localization of membrane transformations within domains is
related to the intrinsic plasticity of lipid bilayer: if a lipid membrane is pushed or pulled in a
point it will rearrange in a way that only a small part of the membrane is deformed [3, 4].
The extent of this deformation will depend on mechanical properties of the membrane,
which, at the same time, will be related to the membrane composition [28, 29]

Thus, the emergence of cellular membrane shape implies intercommunication of proteins
and lipids localized within membrane domains. How do cellular protein machineries
cooperate with lipids to control emergence and morphology of membrane domains?

THE MORPHOLOGICAL DOMAIN
The notion of domains plays an important role in our current understanding of cellular
membrane organization [30]. This notion immediately invokes membrane heterogeneity
based on clustering of membrane components, proteins and lipids. Compositionally-defined
spontaneous segregation of lipids was instrumental in the development of the concept of
cellular lipid membrane domains [31]. The segregation of lipids is closely linked to
membrane domain morphology and composition: lipid domains change their shape to
minimize elastic stresses in the membrane [32–35], and vice versa, enforcing membrane
curvature can cause lateral redistribution of lipids [36].

Besides forming domains on their own, by dint of the reduction in dimensionality offered by
the bilayer surface, lipids provide powerful constraints and opportunities for lateral protein-
protein interactions, as well as the unique opportunities for various proteo-lipid interactions.
Interference of membrane deformation fields produced by proteins embedded in a lipid
bilayer might lead to weak attractions between neighbor proteins, thus stimulating protein
clustering (Figure 2; see also [37, 38]). In turn, charged proteins can recognize and
concentrate charge (polyvalent) lipid species [39, 40]. The proteo-lipid interactions within
domains may depend on the domain geometry. Protein binding to a domain can be promoted
through curvature preferences of the particular protein [25, 41]. All these examples,
illustrated in Figure 2, demonstrate how the lipid membrane is not a passive receptor of
proteins orders, but rather an active player in its own remodeling.

It is generally accepted that the interactions within the protein assemblies creating
membrane shapes are hierarchically organized. This hierarchy is based on the specialization
of the protein machineries and organization of protein modules in charge of different stages
of shape creation [25, 42–44]. It is generally assumed that distinct protein modules are
assigned to different tasks such as the initiation of membrane remodeling, coordination of
the progression of membrane deformations to a certain stationary shape, and the
organization of topological membrane remodeling via fusion or fission. However, recent
data indicates that proteins do not obey a strict hierarchy, as a single protein species can
participate in different shape transformations. For example, dynamin participates both in
budding and fission of membranes in reconstituted and cellular systems [19, 45–47]. Even if
the hierarchic conceptualization of the protein machinery is accepted, its modules remain
united through the membrane itself. So, the modular description of membrane
morphogenesis must include the lipid bilayer as an inseparable part of each of its protein
modules.

To focus on the role of proteo-lipid cooperation in membrane remodeling, we generalize the
modular principle of its organization by introducing the concept of the MOrphological
Domain (MOD), which we define as a dynamic proteo-lipid module undergoing
morphological evolution through self-organization. The MOD is not conceived of as a raft, a
concept primarily based on self-assembly of lipid domains that arise through separation of
lipid phases to which proteins partition. There are many examples of biological membrane

Shnyrova et al. Page 2

Curr Biol. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



domains that form with lipids that mix well with their neighbors, so we do not limit our
description of cellular membrane domains to “classical“ rafts. Rather, the MOD concept
features dynamic links between composition and the shape of complex proteo-lipid
membranes.

DYNAMIC SELF-ORGANIZATION OF MODs: SHAPE EMERGENCE
Our understanding of membrane morphogenesis is often biased by the results obtained in
reconstitution systems. There, the shape creation is generally a deterministic process based
on an irreversible self-assembly of stable, equilibrium shapes, e.g. coated membrane
particles whose geometry is dictated by the protein scaffold [48]. Nevertheless, recent
experiments indicate that in vivo the components of the coat protein scaffolding remain
dynamic, and exchange with the bulk in an energy-dependent manner. This exchange is
evident in perpetual treadmilling of protein filaments involved in cell motility [16, 49, 50].
The components of clathrin and COP coats can exchange with the cytoplasmic bulk phase
during the evolution of their MODs [51]. This recycling depends on membrane curvature
and the presence of small GTPases (e.g. Arf1) and ATPases (e.g. HSC70) known to be
involved in the regulation of membrane binding and the self-assembly of coat proteins [19,
52–56]. The involvement of GTP/ATPases in this process indicates that MOD evolution
requires energy [57]. These dynamic, non-equilibrium aspects of membrane remodeling are
usually missed by most of the reconstitution works.

One of the expected outcomes of the dynamic behavior of MOD components is the
stochastic nature of MOD formation. For example, emergence of a clathrin-coated vesicle
on the plasma membrane implicates a stochastic process. The vesicle precursors (i.e. small
assemblies of the vesicle proteins) constantly appear and disappear until one of them reaches
a point of dynamic instability (or “control” point) and progress further into a mature vesicle
[19, 52, 56]. Thus, the appearance of MOD is unlikely to be guided by a strict template and
it turns up to be a complex dynamic process that relies on energy consumption.

The coupling between membrane curvature on one side and segregation and energy
consumption by proteins embedded in the lipid bilayer on the other is summarized by the
conception of “active” membranes [58]. It reveals the leading role of the lipid bilayer and its
intrinsic dynamics in the organization of non-equilibrium membrane deformations [21, 58–
60]. According to this idea, the emergence of MOD relies on a self-enhanced process that is
the accumulation of curvature-driven components in curved membrane regions (Figure 2).
In an initially homogeneous membrane, this accumulation is coupled with membrane
undulations which cause initial deviations of membrane curvature [16, 51, 61]. To further
enforce this feedback, curvature-driven components can be “active”, i.e. providing not only
additional curvature, but also energy [16, 62]. For example, accumulation of actin
membrane linkers leads to a concentrated pushing force of actin filaments into peaks of
membrane undulations, leading to further development of local membrane curvature and
global curvature instabilities [16, 21]. Thus, dynamic curvature instabilities can lead to
MOD appearance through negative feedbacks, including Turing or wave instabilities [21,
63]. MOD emergence can be described by a set of autocatalytic and negative feedbacks
between the product (membrane curvature) and reactants (proteo-lipid components of MOD)
that lead to self-organization of structurally stable spatial patterns [63–66].

Summarizing, direct neighbor attraction and “membrane-driven” interactions, mediated via
membrane deformation fields and controlled via external stimuli, combine the main driving
forces leading to emergence of early MODs. These dynamic, non-equilibrium structures can
be directed toward different shapes by specialized protein machineries. Before discussing
the evolution of shape by MODs, we will first classify MODs according to their geometry.
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BASIC CONFIGURATIONS OF MOD
The complexity of cellular membrane shapes usually observed by electron microscopy (e.g.
Figure 1D) of fixed membrane was created by the activity of dynamic MODs. What are the
basic shapes that MODs may adapt? In its simplest geometrical approximation, a MOD is a
piece of a surface, a two-dimensional structure. Curvature maps thus describe shapes of
MODs. Curvature is defined for each point of the MOD surface, characterizing how steeply
the surface deviates from a plane. In general, the surface is bent differently in different
directions, meaning that the slope along every possible direction has its own curvature
corresponding to the curvature of the line on the surface. The variety of slopes is limited to
those between bounds: minimum and maximum curvature. If the two are similar, then the
surface is uniformly bent. Otherwise, two perpendicular directions corresponding to the min
and max sloped define two principal curvatures of the surface point (Figure 3A).

The curvature value and sign indicate the extent and direction of the surface bending along
the corresponding principal direction. The sign definition is arbitrary. For lipid monolayers
it is traditionally defined from the side of the hydrophobic tails: both curvatures are negative
for a membrane pit, positive for a bump and have opposite signs on a saddle point (Figure
3A, B upper panel). The value of the curvature determines the extent of membrane bending
alone the principal direction. For example, for a sphere both curvatures are equal to 1/R.
This way the local geometry of the surface is completely defined by the two curvatures.

The principal curvatures change from one point on a surface to another and the way they
change determines the surface shape. We can illustrate how the shape builds up with simple
examples. If both curvatures preserve the same sign, the surface ultimately closes into a
sphere-like shape. If the curvatures keep opposite signs (or one remains zero), the surface
will not close. Thus, these surfaces, such as cylinders or saddle necks, have edges. The same
shape patterns, spherical, cylindrical and saddle-like, are evident in reconstituted and
cellular membrane systems (Figure 1B,C), indicating their general involvement in
morphogenesis of cellular membranes [67, 68].

We restrict our analysis to this prototype MODs (Figure 3B, upper panel). Importantly, the
images in Figure 3 emphasize not the values of membrane curvature, but the relationship
between the two principle curvatures. As we discuss below, these relationships correspond
to the basic symmetries imposed by the prototype proteins on the MOD shape during its
evolution.

EVOLUTION OF MODs
Self-shaping of MOD: principal curvatures dictated by membrane composition

MOD composition is the main factor determining its shape. Proteins accumulating in MOD
generally possess intrinsic curvature activity, e.g. via hydrophobic insertion (e.g. N-BAR)
[69]. The mechanisms by which proteins alter the intrinsic curvature of the lipid bilayer have
received extensive attention recently [reviewed in [25, 43, 70]]. These mechanisms converge
to the change of the intrinsic curvatures of lipid monolayers of MOD and/or creation of a
stable area difference between monolayers that leads to bending due to coupling between the
monolayers [43, 71].

The intrinsic curvature characterizes the shape preferences of the MOD membrane. For a
monolayer consisting of a single lipid species, these preferences are defined by the
molecular packing which minimizes the elastic stresses (i.e. stretching and squeezing)
imposed on lipid heads and tails during self-assembly of the monolayer [43]. The monolayer
bends to minimize these stresses thus adopting its intrinsic curvature. Lipids acquire

Shnyrova et al. Page 4

Curr Biol. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



different shapes dependently on such factors as steric interactions, hydrogen bonding
between headgroups, charge repulsions, hydration, temperature, etc. (for review see [3, 72]).
Thus, the spontaneous state of a multi-component monolayer is a complicated function of
the composition. However, the direction of the deformation is evident when a dominating
curvature-active agent is present. For example, so called non-bilayer lipids, characterized by
extremely high values of intrinsic curvature, impose positive (e.g lyso-lipids [73]) or
negative (e.g. diacylglicerol [74]) curvatures. The curvature activity of the individual protein
can be represented using similar terms: e.g. hydrophobic insertion will induce positive
intrinsic curvature.

Similar minimization of elastic stresses leads to the intrinsic state of the lipid bilayer. Its
monolayers have opposite curvature preferences, so the resulting deformation is related to
the differences (asymmetries) between monolayers. Accordingly, changes in MOD
curvature are driven by the preferable accumulation of proteins, non-bilayer lipids and
cholesterol in one monolayer of the MOD membrane [61, 75] (Figure 2). It is important to
realize that the notion of the intrinsic curvature corresponds to the mean curvature of the
bilayer; it does not discriminate between the two principal curvatures of the membrane
surface (Figure 2A). However, when proteins pack tightly in the MOD area, their packing
preferences, seen in the shapes these proteins assemble in solution, will impose differences
between the principal curvatures (Figure 3B, lower panel). For example, the best packing of
the curved and elongated BAR domains is achieved on a cylinder: BARs can cover
completely a cylinder, but not a sphere [76, 77]. Hence, BARs would readily accumulate on
and likely stabilize cylindrical shapes even without polymerization in a multimolecular
scaffold. Similar packing preference is evident for straight filaments [78]. The packing
preferences, even without direct interaction between the proteins, will determine the amount
of the curvature-driven agents in the MOD and thus impact the intrinsic shape of MOD
(Figure 4).

Are the forces behind the protein packing preferences sufficiently large to ensure stability of
a curved MOD? Recent works demonstrate that curvature-active membrane components can
segregate spontaneously and form stable domains supported, not by direct neighbor
interactions (such as protein lattice polymerization), but by the curvature these components
impose on the membrane [37]. These attractive forces depend on the strength and
symmetries of the membrane deformations caused by individual molecules: calculations
demonstrate that only those producing sufficiently large or asymmetric deformations would
cluster [37, 38].

Direct neighbor attraction can further enhance the symmetry embedded in packing: lateral
interaction between F-BAR domains leads to their helical alignment on a membrane
cylinder [76]. For COP the spherical symmetry is set by the interactions responsible for the
assembly of the vertices of the protein lattice [48]. However, interactions with the lipid
bilayer and other MOD components can dramatically alter the polymerization process (e.g.
[79]). One of the clear examples is provided by the clathrin lattice, whose shape phenotype
is dramatically altered upon depletion of one of the accessory proteins, CALM [80].
Formation of large holes in the lattice does not compromise membrane curvature creation
[80], indicating that the integrity of the protein lattice is not a requirement for membrane
remodeling.

Yet, in some cases, formation of stable protein scaffolding might be crucial for supporting
membrane geometries. The tubular structures of endoplasmic reticulum (ER) are stabilized
by rings of reticulons and DP1/Yop1p proteins [17, 81]. However, it remains unclear
whether these rings are truly static structures as their mobility depends on the ATP [81].
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Moreover, the same ring-forming proteins are required for dynamic membrane
rearrangements leading to de novo formation of ER during cytokinesis [82].

If MOD components remain dynamic, altering the exchange rate of its components with the
bulk phase can control the evolution of a MOD. Interestingly, this recycling might be
retained through the whole evolution of MOD, providing a negative feedback between MOD
composition and shape. This feedback emerges at later stages of MOD development, e.g.
when the influx of the coat components through the MOD boundary becomes slower due to
a diminishing boundary [54, 83]. In this way the supply of MOD components is cut off
automatically upon completion of shape creation, thus demonstrating a feature of MOD
evolution: self-regulation [83]. Similarly, MOD evolution can be altered by cargo proteins,
which, upon accumulation on the MOD membrane, hinder the exchange of MOD
components [84].

Besides recycling of the MOD components, other factors affect MOD dynamics moving it
from the stationary states dictated by its composition. These factors are primarily associated
with the forces acting on the MOD membrane.

Forces shaping MOD
Besides tuning the MOD composition to a particular geometry, MOD shapes can be
enforced by application of an external force. The obvious examples involve pulling or
pushing tubular membrane protrusions by filament polymerization or molecular motors [60,
85]. The shape of this force-induced MOD depends on the magnitude and the action time of
the force, as well as on the membrane resistance, i.e. membrane elasticity and friction forces
appearing during the changes of the membrane shape [29, 86, 87]. A simple example is
when an external force is applied to pull a membrane tube. The force tends to thin the tube
(to minimize the amount of membrane material drugging out of the parent membrane), while
the bending rigidity of the membrane opposes this thinning. The balance of these two forces
determines the tube diameter [87, 88].

For heterogeneous membranes, the situation becomes more complex [36]. The composition
of the tubular extension can differ from that of the parent membrane, being this difference
determined by the curvature preferences of the membrane components. Thus, the tubular
MOD can further optimize its shape (even while being pulled) by exchanging its
components with the parent membrane. However, the composition might not keep up with
the curvature change imposed by the force. Then, if the force is diminished or abolished, the
membrane tends to retract to the initial state. The competition between the external force and
the intrinsic wishes of the MOD dictated by its composition should determine the shape
dynamic of MODs such as filopodia [86].

Another force factor acting at the MOD boundary is associated with the lateral tension of the
parent membrane. The effect of the lateral tension depends crucially on the MOD geometry.
For cylindrical MOD, the tension acts as the pulling force applied along the cylinder axes,
inducing squeezing of this MOD and promoting corresponding changes in its composition
[87–89]. However, in the case of a spherical MOD, the membrane tension pulls on the MOD
boundary (Figure 4), thus increasing the energy required to shrink its edge. High lateral
membrane tension can completely inhibit formation and growing of spherical MODs [56,
90]. This effect of the lateral tension is important to understand how multiple spherical
MODs in the same membrane can be coordinated by a single force.

Finally, there is a force inevitably associated with the MOD boundary. This force is
intrinsically linked to the partial “unhappiness” of the molecules with tendency to be in the
domain but localized on its edge. Therefore this force tends to diminish the domain
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boundary [32, 91]. For fluid-like membrane domains, this force is determined by the line
tension, which is the energy per unit of domain boundary length [32]. This edge energy can
be minimized by decreasing the length of the edge through transformation of a planar or
slightly curved domain with a large edge into a spherical bud with a small edge (Figure 4).
Thus line tension stimulates evolution of MODs and generally implies spherical
morphology. Formation of membrane buds leads to the appearance of the special MOD
generally involved in topological membrane remodeling, fusion and fission, the neck MOD
(Figure 4).

The neck MOD
Morphology of this MOD should be considered separately. The neck MOD is a generic
saddle-like intermediate (Figure 3B, upper panel; Figure 4, lower panel). Such MODs form
only in the context of membrane transport, so that their appearance is closely linked to
formation of other MODs. For example, the neck appearance can finalize the evolution of a
spherical MOD (Figure 4).

The neck MOD is usually associated with ring-like assemblies of proteins in boundary
regions. Such an assembly enforces of the membrane deformations involved in membrane
remodeling in a small membrane area encircled by the rings. This way, the action of the
protein machinery assembled in this MOD is focused on creation of small and highly bent
intermediates commonly involved in membrane fusion and fission. Subsequently, the
saddle-like geometry of the neck MOD is essential to minimize the bending energy of highly
curved membranes [92]. The minimization of the bending energy relies on the fact that the
mean curvature of this MOD (defined as the sum of the two principal curvatures depicted in
Figure 3) remains small. The interrelation between the principal geometrical curvatures
defines the evolution pathway for this MOD, as its length (L) should remain proportional to
its radius (R) (Figure 4) to keep the mean curvature close to zero [92], even for very narrow
necks, the dynamic intermediates for fusion and fission [93]. Thus, the sizes of protein
assemblies on the neck’s boundaries are determined by the geometrical preferences of the
neck MOD.

Importantly, the neck MOD remains very dynamic, as its dimensions have been estimated
by measuring the ionic conductivity through the internal lumen of the neck using
electrophysiology [88]. Reconstitution of dynamin-driven membrane neck remodeling on
lipid nanotubes reveals that shape dynamics is coupled to the cyclic assembling and
disassembling of short dynamin scaffolds fueled by GTP hydrolysis. This observation
further corroborates the notion on the dynamic and stochastic nature of MODs in cellular
membranes.

Summarizing, accumulation of curvature-active molecules, proteins and lipids, is not the
only factor governing the MOD shape evolution. The choice between the basic geometries
outlined in Figure 3 also depends on the external forces applied to the bulk part and
boundary of MOD and on the spatial constrains, such as surface to volume ratio. In cellular
MOD, all these factors are dynamically regulated, so that the concentration and activity of
curvature- and force-creating proteins can vary in time, resulting in very dynamic evolution
of MOD, often involving stochastic processes [45, 56, 88, 89].

Conclusive remarks
Biological membranes are both dynamic and organized, so they may change constantly, but
they keep their identity intact. These requirements are not in contradiction. Cellular
membrane morphology illustrates exceptionally well how extremely complex and dynamic
systems can be organized in time and space in a way that their perpetual changes do not
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compromise the overall structural stability of cellular membrane systems. Cellular
membranes organize through domains [30]. Each domain has a mission closely linked to its
composition: cluster of channels or receptors, precursors of transport vesicles or adhesion
points are only few examples [10, 94, 95]. Domains are generically involved in membrane
remodeling, and domains turnover as the membrane of living cells is constantly and rapidly
recycled. Thus, domains provide a crucial link between the structural and functional
organization of cellular membrane. Membrane domains are the generic units of self-
organization of cellular membrane morphology.
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Figure 1.
Common tubulo-vesicular patterns of membrane shape in cellular and reconstituted systems.
A. Large lipid vesicle spontaneously self-assembled upon hydration of a dried lipid film; B.
Deformation of lipid vesicles produced by I-BAR proteins (from [96]). C. Deformation of
lipid vesicles induced by COP I assembly (from [97]). D. Snapshot of membrane
morphology of endoplasmic reticulum (from [98]). All bars 200 nm.
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Figure 2.
Schematic pathway of the MOD emergence. Creation of curved areas in the membrane, here
due to thermal undulations, is coupled to the lateral redistribution of the membrane
components according to their curvature preferences and to the curvature-driven binding of
proteins. This coupling first leads to the enhancement of the undulations, then to the MOD
emergence, if more components stabilizing membrane curvature (blue banana) or clustering
on the MOD membrane (blue caps) are added. MODs can quickly disappear if the curvature-
active components leaves, e.g. via desorption and disassembly coupled to GTP or ATP
hydrolysis.
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Figure 3.
Basic shapes of MOD. A. Principal curvature of a surface, K1,2=1/R1,2 ; B. MOD shapes,
spherical, cylindrical and saddle-like, corresponding to different sets of principal curvatures
indicated; C. Protein polymerization patterns corresponding to simple MOD geometries
shown in B; the images illustrate interaction patterns leading to stabilization of a protein
scaffolding in space.

Shnyrova et al. Page 15

Curr Biol. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4.
Evolution of MOD. Similar cap-like precursors can develop into tubular or spherical MODs
dependently on the MOD composition and forces acting on the MOD. Elongated proteins or
membrane-binding protein domains, such as BAR [refs], situated along one of the principle
directions on the membrane surface (see Figure 3) lead to cylindrical MOD, while more
round-like proteins, e.g. clathrin triskelia, do not distinguish the principal directions leading
to spherical MOD. Evolution of the spherical MOD inevitably leads to the appearance of the
new MOD, the neck. For fluid-like domains, the neck formation is promoted by the line
tension on the MOD edge (red ring): the line tension enforce the lessening of the edge
leading to the closure of the spherical MOD. The length of the neck MOD (L) is
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proportional to its radius (R), this proportionality defines the evolution of this MOD towards
thin and short membrane neck, an established intermediate in fusion and fission reactions.
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