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Modeling cellular shape changes in
the presence of curved membrane
proteins and active cytoskeletal forces
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26.1 Introduction

The main element of biological membranes is the lipid bilayer with embedded inclu-
sions such as proteins and different species of lipids (Cevc & Marsh, 1987; Israelachvili,
2011). Biological membranes can be viewed as a complex multicomponent system
(Baumgart et al., 2011), composed of lipid molecules, proteins, carbohydrates, and many
other biologically active components (Sackmann, 1990).

Membrane shape depends on the intrinsic shape of the membrane’s molecular constitu-
ents and their interactions with other components, such as membrane skeleton and cytoskel-
eton. It has been shown that a nonhomogeneous lateral distribution and phase separation of
membrane inclusions may be a driving force of cell shape transformations and necessary for
the stabilization of highly curved membrane structures (Bozic et al., 2006; Drab et al., 2019;
Fosnaric¢ et al., 2006, 2019; Gov, 2018; Hagerstrand et al., 2006; Igli¢, Babnik, et al., 2007; Iglic,
Lokar, et al., 2007; Kralj-Igli¢ et al., 1999; Leibler, 1986; Markin, 1981; Veksler & Gov, 2007).

Additionally, the shapes of cells may be also influenced by the forces exerted on the mem-
brane by the cytoskeleton (Boulbitch, 1998; Discher, 2018; Evans & Skalak, 1980; Iglic, 1997;
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Igli¢ et al., 1998; Kozlov et al., 2014; Lim HW et al., 2002; Mohandas & Evans, 1994; Veksler
& Gov, 2007). Among these are ATP-consuming active forces important for different cell
functions. These include, for example, protrusive forces due to actin polymerization and con-
tractile forces due to myosin molecular motor activity (Alimohamadi et al., 2020; Gov, 2018;
Graziano et al., 2019; Peni¢, Fosnari¢, et al., 2020; Rodriguez-Garcia et al., 2015; Smith et al.,
2018). Consequently, new theoretical approaches for modeling changes in the cell shape as a
consequence of energy-consuming active forces have recently been developed (Fosnaric et al.,
2019; Gov, 2018; Graziano et al.,, 2019; Peni¢, Fosnari¢, et al.,, 2020; Rodriguez-Garcia et al.,
2015).

Cells also adhere to extracellular substrates which further affects their shape. The cellu-
lar adhesion over a substrate involves an initial stage of nonspecific and weak adhesion,
followed usually by spreading that is driven by the formation of thin sheet-like lamellipo-
dia (Cavalcanti-Adam et al., 2007; Cuvelier et al., 2007; Dobereiner et al., 2004; Gauthier
et al.,, 2011). These lamellipodia formations are mainly driven by the protrusive force gen-
erated by actin polymerization, which is localized to the leading edge of these protrusions.
The adhesion is also essential for the formation of cohesive tissues, proliferation and also
for cell motility. The formation of motile shapes is a very complex process that involves
the reorganization and polarization of the cytoskeleton, the formation of focal adhesions,
stress fibers etc. The actual shapes of the motile cells are, however, very diverse, ranging
from half-moon like shapes of fish keratocytes to hand-like shapes of neuronal growth
cones (Mogilner & Keren, 2009; Rafelski & Theriot, 2004).

In this review we present a simulation technique of Monte-Carlo simulations (MC) for
predicting cell shapes due to isotropic inclusions and with combinations of active and
adhesive forces. The review is structured as follows: We first discuss the theoretical basis
for the numerical simulations and briefly describe the protocols that implement the the-
ory on triangulated meshes. We go on to the simplest, so-called “passive” case, where
there is no protrusive force and all morphologies stem from the thermodynamic mixing
that minimizes the bending energy of the membrane and membrane inclusions. In this
section, we identify regions of the phase space—defined by inclusion density and
temperature—where shapes change from mixed to budded. The next section builds
upon the model to include also protrusive forces at the sites of membrane inclusions.
This leads to an interesting new class of pancake-like shapes that resemble lamellopodia
with the majority of membrane inclusions found on the rim. The final section deals with
the spreading of cells on extracellular substrates and leads to another new class of
shapes called motile crescent shapes.

26.2 Simulation

The simulation consists of three parts: a numerical triangulation, which approximately
describes the state of the physical system; an expression for the energy, derived from theo-
retical models that can be computed for any state of the data model; a time-evolution ker-
nel that uses the energy to decide how to update the simulation from the current state to
the next, in our case a Monte-Carlo method.

5. The essentiality of the membrane shaping by theory and reconstitution
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26.2.1 Model: triangulated surface

The lipid bilayer membrane is a thin sheet, so it can be approximated by a 2D surface,
which is discretized by triangulation. Concretely, the membrane vesicle is represented by
a set of N vertices that are linked by tethers of variable length I to form a closed, dynami-
cally triangulated, self-avoiding two-dimensional network of approximately 2 N triangles
and with the topology of a sphere (Gompper & Kroll, 1996, 2004). The lengths of the
tethers can vary between a minimal value I,;, and a maximal value I,,,, which ensures
the triangles do not become too needle-like: this is not too restrictive since the triangula-
tion is dynamic: the fluid nature of the membrane requires dynamically modifying the tri-
angulated mesh as part of the simulation. Thus, the data structure consists of two types
of dynamical objects: The vertices, with their positions and the bonds, which can be
destroyed and created.

To represent a 2D sheet, the network must not cross itself and must be self-avoidant: this
is ensured by choosing the appropriate values for /;,,,x and the maximal displacement of the
vertex s in a single updating step and by rejecting any step where a vertex penetrates
through the triangular network or that bond cuts through another. Proteins (and any other
inclusion) are represented by a subset of N, vertices with the rest representing the lipid
membrane. The fraction of proteins to all vertices in the system is labeled as p = N//N.

26.2.2 Energy: Helfrich energy and protein interactions

The energy of lipid bilayer is typically described by the Helfrich expression (Helfrich,
1973, 1974):

W, = gJ (Cy+Cy—Co)XdA. (26.1)
A

At each point, the membrane has a spontaneous curvature Cy and its shape is given by
two principle curvatures C; and C,. This energy penalizes local deviations from the opti-
mal shape with a bending stiffness «. For a membrane with the same composition of iso-
tropic lipids on both sides, we expect Cyo =0 (Kralj-Iglic et al., 2006), so at each point the
membrane tends to minimize its curvature and remain flat, but global considerations, such
as volume constraint and topology prevent the membrane from assuming its optimal
shape at every point, leading to a variety of morphologies (Deuling & Helfrich, 1976). The
complexity of the vesicle shape is driven by membrane inclusions, representing embedded
proteins and external forces, representing the cytoskeleton and adhesive forces of the
environment.

Following Gompper and Kroll (1996, 2004), the discrete version of Eq. (26.1) gives the
bending energy:

K
W, = Eie{ZN} oi(hi—coi)’, (26.2)

where o; is the area assigned to each vertex and #; is the mean curvature. Vertices that rep-
resent curved membrane proteins (CMP) are given spontaneous curvature Cp= (.
Elsewhere we assume a symmetric membrane Cy = 0.

5. The essentiality of the membrane shaping by theory and reconstitution
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Proteins tend to aggregate, which is modeled by nearest neighbor interaction: this gives
the interaction energy:

W, = { —w 1i,jare adjacent CMP 26.3)

0 else

Attractive interactions w >0 induce phase separation of the lipid bilayer. In theoretical
analysis, this corresponds to a ranged interaction (heaviside function) (Hagerstrand et al.,
2006; Veksler & Gov, 2007).

Local protrusive forces from the cytoskeleton act on the CMP, producing work when-
ever they move:

Wrp=—F Z fi; - 675, (26.4)

where F is the size of the force, #; is the outwards normal to the membrane at the location
of the protein i and ¢7; is a displacement of the CMP vertex i. The sum runs over all pro-
teins. This normal force term in the energy has the form of a fictitious external potential
pulling on each protein in the direction of the instantaneous outwards normal.

26.2.3 Method: the Monte-Carlo algorithm

One Monte-Carlo sweep (MCs) consists of individual attempts to displace each of the N
vertices by a random increment in the sphere with radius s, centered at the vertex, fol-
lowed by RgN attempts to flip a randomly chosen bond. We denote Rz as the bond-flip
ratio, which defines how many attempts to flip a bond are made per one attempt to move
a vertex in one MCs. Note that the bond-flip ratio is connected to the lateral diffusion coef-
ficient within the membrane, i.e. to the membrane viscosity (Bivas et al., 1987). In our
works we have chosen Rg =3, 5/lynin = 0.15 and Inax/Imin = 1.7. It is this bond-flip mecha-
nism that gives the dynamically triangulated network its lateral fluidity. A single bond-
flip involves the four vertices of two neighboring triangles. The tether connecting the two
vertices in diagonal direction is cut and reestablished between the other two, previously
unconnected, vertices. In Fig. 26.1A, the triangulation method is shown for a smooth

(A) (B)

FIGURE 26.1 (A) Curvatures at a vertex are determined by fitting a spherical surface: C; = - and C; = ..

The spontaneous curvature has a tendency to assume a dome-like shape with radius R = Clo (B) A snap-shot of a
typical simulation result with the membrane represented in blue and CMP with red.

5. The essentiality of the membrane shaping by theory and reconstitution
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FIGURE 26.2 Small patch of the vesicle at two instances, separated by a hundred MC steps: white arrows are
the normals of the vertices and red arrow is the force on the CMP vertex which is in the normal direction.
Highlighted in white circle is a bond-flip that occurred between the steps. The color legend denotes the spontane-
ous curvature.

spherical surface, while a typical snap-shot of a simulated vesicle is shown in Fig. 26.1B.
In the active case, the normal forces at the sites of CMP are shown in Fig. 26.2.

26.3 Results and discussion

26.3.1 Membranes shaped by passive curved membrane proteins

Fig. 26.3A and B show a phase diagram with snap-shots of typical shapes of vesicles
that contain passive CMP in the absence of active protrusive forces. The system is in ther-
mal equilibrium at different temperatures and densities (area coverage fraction p=N./N )
of CMP with the spontaneous curvature of membrane inclusions cy = 0.5/l . An increase
in temperature leads to a fluid membrane with larger shape fluctuations and fast rate of
protein-protein unbinding, promoting protein mixing and a homogeneous protein distri-
bution (the top left corner of Fig. 26.3A and B shows approximately spherical morpholo-
gies). Conversely, a decrease in temperature increases the tendency of proteins to cluster
together, forming buds and lobes whose effective radii are similar to the spontaneous cur-
vature c.

For a qualitative measure of the protein cluster size we measure the average number of
proteins included in clusters by the equation (Fosnaric¢ et al., 2019):

o N(z)N(l)
(Nye) = <ZZ NO > (26.5)

Here, the angle brackets denote the canonical ensemble average. At any given time during
the simulation, N is the mean cluster size and the sums run over all clusters of Vertlces
representing proteins. In the sums, N is the number of vertices in cluster i and N o is the
number of clusters of size N%. The cluster increase in size with increasing density of CMP
(Fig. 26.30).

We compare the simulation results with the prediction of linear stability analysis
(Fosnaric et al., 2019; Gladnikoff et al., 2009). Linear stability analysis predicts a critical

5. The essentiality of the membrane shaping by theory and reconstitution
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FIGURE 26.3 A phase diagram of microstates of vesicles with spontaneous curvature ¢, = 0.5//min and no
protrusive force in the T (p) plane (A) and the w(p) plane (B). The patches of flat membrane with no spontaneous
curvature are shown in dark blue, while the gray areas correspond to positive spontaneous curvature co.
Increasing the temperature at constant protein density promotes mixing and ensures a homogeneous distribution
of proteins. At high protein densities, proteins aggregate into necklace-like protrusions, resembling a budding
membrane. (C) The average number of proteins in the clusters (Eq. 26.5) given for the phase diagram in the w(p)
plane. (D) The volume fraction of a vesicle in relation to the bounding sphere. At low CMP denisities, the
morphologies tend to be quasispherical. The red dashed line in all three panels corresponds to the critical temper-
ature T (Eq. 26.6) where (Nyc) =2. The green line in panels (B) and (D) gives an approximate value where the
volume fraction is 20%.

thermal energy, kT, below which the instability occurs and buds start to form. In ther-
mal equilibrium and in the absence of protrusive forces, the critical temperature T is
(Fosnaric et al., 2019):

12
TO = —w(1 — . (26.6)

_The critical temperature is plotted in Fig. 26.3 and corresponds to the line where
(Nvye) =2 (Fig. 26.3C).

5. The essentiality of the membrane shaping by theory and reconstitution



26.3 Results and discussion 421

As the vesicles grow more buds and deviate from quasispherical, their volume decreases.
Comparing a vesicle’s volume to a volume of a bounding sphere with a radius that corre-
sponds to the maximum distance of a vertex from the center of the vesicle gives a volume
fraction that can be plotted as a heat map in the w(p) plane (Fig. 26.3D). The region of highly
budded morphologies is found across the line where the volume fraction decreases below a
certain threshold value, for example 20% (green line in Fig. 26.3B and D).

At low average protein densities the equilibrium vesicle shapes remain quasispherical,
with clusters that increase in size with decreasing temperature. At higher average protein
densities cluster sizes increase and curved protein buds appear on the membrane, splitting
the phase diagram into mixed and budded morphologies. These budded, necklace-like
structures form because curved proteins cannot form flat aggregates due to their spontane-
ous curvature (see right column of Fig. 26.3B). Necklace-like membrane protrusions have
been observed in cellular membranes (Heinrich et al., 2014) and in many in vitro experi-
ments (Bhatia et al., 2020; Drab et al., 2021; Tsafrir et al., 2001; Yu & Granick, 2009).

26.3.2 Membranes shaped by curved membrane protein that
recruit protrusive forces

With the addition of active protrusive forces at the sites of CMP the system is not in
thermodynamic equilibrium any more, and the steady-state shapes do not arise from a
simple minimization of bending and protein-protein binding energies.

The addition of active forces promotes demixing and shifts the transition from mixed
to budded morphologies to higher temperatures and lower protein densities (Fig. 26.4A).
A more dramatic consequence of protrusive forces is seen at low temperatures and protein
concentrations — there is a transition into a new class of pancake-like shapes that were not
observed in the equilibrium morphologies without active forces (see Fig. 26.4A).

w [ ' ' = ¢ (B) (@

(o]

Pancake

4 6 8 10 12 14 16
p(%]

FIGURE 26.4 (A) Approximate temperatures below which a transition into budded and pancake shapes in the
simulations for both active (black) and passive (red) cases. (B) An example of a small pearling protrusion in the pas-
sive case for the parameters co = 0.5/Imin, w/wy =2 and p=0.2. (C) A small pearling protrusion found on the rim
as a direct consequence of CMP crowding in the pancake phase (co =1/Imin, w/wy=3, p=0.19 and F=1 kgT,,/
Imin). Source: Adapted from Fosnari¢ M., Penic S., Igli¢ A., Kralj-Iglic' V., Drab M., Gov N.S., (2019). Theoretical study of
vesicle shapes driven by coupling curved proteins and active cytoskeletal forces, Soft Matter, 15(26), 5319—5330.
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422 26. Modeling cellular shape changes in the presence of curved membrane proteins and active cytoskeletal forces

The transition from deformed-spherical to pancake-like shapes is seen in Fig. 26.4A as
the split in the transition line in the T (p) diagram. The CMP cluster forming a closed ring
along the rim of the pancake shape is highly stable and effective in stretching out the flat
membrane parts. The stretching of the membrane in these regions also acts to suppress
aggregation of the CMP there. The flat sides of the pancake-shaped vesicles are devoid of
proteins since these regions are energetically unfavorable for the curved proteins.

At low protein densities there are not enough CMP to form a closed ring-like cluster
around the rim of the flattened vesicle and the system changes into a new class of two-arc
shapes (Fig. 26.5). The curved proteins form arc-like clusters that line the flattened ends of
an elongated vesicle. At large protein densities the excess proteins crowd the rim and
cause it to undergo buckling and curling. At the highest densities, these excess proteins
extend from the closed ring cluster in the form of spherical and necklace-like clusters, as
also seen in the passive case (Fig. 26.4B and C). An interesting class of morphologies is
found in the case of flat CMP with ¢y =0 and protrusive forces. These highly elongated
protrusions are driven by the protrusive force provided by a cluster of proteins at the pro-
trusion’s tip and can be understood by force balance between the protrusive force pro-
vided by the protein cluster at the tip and the elastic restoring force due to membrane
bending (for a detailed analysis, see Fosnaric¢ et al. (2019)). In this phase the shapes are
highly unstable and dynamic, with protrusions merging and growing.

Note that our current model does not allow vesicle fission, and the topology of the vesicle
remains fixed. The formation of buds in real cells (Fig. 26.4B—C) leads to the accumulation
of topological defects around the neck that have high energy cost (Peni¢, Mesarec, et al.,
2020). These defects, when accumulated is a very small area weakened the neck, resulting in
neck rupture and the fission of cells into small parts (Gongadze et al., 2021) (Fig. 26.6).

"IN ) =L O
“\)/fioo

“\»d(0®
N2s5000
o I~ 0 0 00

p|%]

T/Ty

FIGURE 26.5 Final microstates of vesicles with protrusive force in the case of low protein densities reveal the
transition from pancake-like to arc-like shapes. The transition is approximately given by the red line. Source:
Adapted part (A) from Fosnaric M., Penic S., Iglic A., Kralj-Iglic V., Drab M., Gov N.S., (2019). Theoretical study of vesicle
shapes driven by coupling curved proteins and active cytoskeletal forces, Soft Matter, 15(26), 5319—5330.
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FIGURE 26.6 Final microstates of vesicles with protrusive force in the case of flat CMP (cy = 0) at different
CMP densities: (A) p=0.07, (B) p=0.1 and (C) p = 0.14. For all cases, wjwo =1 and F = 4 kgTy/Imin.

26.3.3 Cell spreading and motility

Cells adhere to extracellular matrices during the normal development of the organism
or during cell motility. The present model could easily be extended to study the spreading
and motility on an extracellular substrate (Sadhu et al., 2021). We consider a flat surface
over which we place the vesicle with which it has an attractive interaction. The extra
attractive interaction adds one more term to the total energy (Eqs. 26.1, 26.3 and 26.4), i.e.,
the adhesion energy, which in its simplest form is given by:

Wa= = Eu. 26.7)
l'/

where E,; is the adhesion strength, defined as the adhesion energy per adhered vertex and
the sum runs over all the vertices that are adhered on the extracellular substrate. A mem-
brane vertex is adhered if it is found within a short distance (¢) from the adhesive substrate.

For a vesicle with passive proteins, the adhered area increases with protein density
(Fig. 26.7A). The proteins aggregate around the highly curved rim and reduce the bending
energy. This reduction in bending energy allows the vesicle to adhered more and thereby
increases the adhered area (Sadhu et al, 2021). For a vesicle with active proteins, an
increase in the active protrusive force F increases the adhered area (Fig. 26.7B). For large
F, if the protein density is sufficient to form a closed ring-like aggregate around the vesicle
rim, the vesicle shape becomes pancake-like (Sadhu et al., 2021). These pancake shapes
correspond to those cells that efficiently spread on surfaces using lamellipodia. The pres-
ence of curved proteins and active forces allows them to spread on surfaces with low
adhesion strength (low E,;), so that they can easily deadhere if needed (such as during cell
division, for example). Similar pancake-like shape is also observed without adhesion, but
the transition to this shape is observed at higher protein density (Fosnaric et al., 2019).

For small protein density, where there are not enough proteins to form a closed ring-like
aggregate around the cell rim (pancake shape), we mainly obtain two types of shapes, (1)
two-arc shapes that are nonmotile (Fig. 26.7C-i) and (2) crescent-like shapes that are motile
(Fig. 26.7C-ii). By “motile,” we mean that the active CMP form a single large aggregate on
one side of the vesicle that results in an unbalanced force that pushes the vesicle along the
adhesive substrate. The motile shapes in our model are obtained by spontaneous symmetry
breaking that is driven by self-organization of the active CMP and the membrane shape. We
obtain this phenotype with only a minimal set of ingredients: adhesion of sufficient strength
and the CMP coupled with the protrusive forces. These motile shapes are very similar to
the shapes of different motile cells observed in experiments (Mogilner & Keren, 2009;

5. The essentiality of the membrane shaping by theory and reconstitution
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FIGURE 26.7 Different shapes of vesicles spreading over flat adhesive substrates. (A) Spreading of a vesicle
with passive proteins. The adhered area increases as we increase the protein density (p). Here we use E,; =0.75
kgT. (B) Spreading of a vesicle with active proteins. The adhered area increases with F, and becomes pancake-like
for large F. Other parameters are E,; = 0.50 kT and p = 0.07 (C-i) In the small density regime, when the density of
proteins are not enough to form a closed circular rim, nonmotile two-arc shapes are formed. (C-ii) In the small
density regime, another shape is possible, where all the proteins aggregate into one single cluster, that gives rise
to a crescent-shaped motile vesicle. Here we use E,; =2.0, p=0.035 and F =4.0 kgT/I,;,,. (D) A crescent-shaped
vesicle can spontaneously break into a two-arc shape in the long time limit. (E) Similar breaking of the crescent
shape into a two-arc is also possible, when the crescent vesicle is perturbed externally, such as, hitting a barrier
placed vertically in front of it. For all the results, the total number of vertices are N = 1447 and ¢y =1 1 in

Rafelski & Theriot, 2004). Real cell motility is, however, a more complex process which
is modulated by a range of biochemical and biophysical signals, both extracellular and
intracellular.

The obtained motile shapes are fragile and the single protein aggregate may sometime
break into two parts, forming an elongated two-arc shape (Fig. 26.7D). This spontaneous
conversion from a single leading-edge to the two-arc shape is reminiscent of very similar
dynamics observed in motile cells (Neilson et al., 2011). The motile vesicle can also break
when exposed to external perturbations, such as hitting a barrier (Fig. 26.7E). After break-
ing into two-arc shapes, the vesicle could not regain its motile property back and remained
in the two-arc shape. In real cells, however, there are mechanisms which enable it to

5. The essentiality of the membrane shaping by theory and reconstitution
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regain its motility by repolarizing. Specifically, as cells in the two-arc shape elongate
beyond a critical length, they are likely to polarize, with one of the leading-edges (CMP
arcs) inhibiting the other (Ron et al., 2020).

It is clear from these results that the two-arc and a crescent shapes can coexist with
each other in the same parameter regime. To quantify this we show a phase diagram in
the adhesion-strength vs protrusive force (E,; - F) plane in Fig. 26.8, indicating all the
steady-state shapes. The color shading is showing the probability to obtain a motile cres-
cent shape. The black regions represent zero probability to obtain a crescent shape while a
yellow color indicates a region with only crescent shapes. For small E,; and F, the proteins
do not form large clusters. In this regime, the proteins form disordered small clusters, and
the vesicle remains approximately hemispherical. For very large force we have mostly
two-arc shapes, as the active energy dominates over the adhesion energy and stretches the
vesicle into an elongated two-arc shape and gains maximum active work. In the large E,;
and small F region, we mostly have crescent shapes, where adhesion energy is mainly
driving the aggregation of proteins into a single cluster, which efficiently spreads the vesi-
cle and increases its adhered surface. However, there is a large regime, where the crescent
and two-arc shapes coexists with each other.

We separate different regimes by simulation points and by lines from analytical predic-
tions (Sadhu et al., 2021). The yellow points and line separate the two regimes above
which we have no probability to obtain a crescent shape and below which we have a finite
probability to obtain a crescent shape. The green points and line separates the regime
below which we only obtain quasispherical shapes and above which we have either a cres-
cent or a two-arc shape.

Two-arc

Fraction of crescent shape

FIGURE 26.8 Phase diagram of all possible shapes in the small protein density limit. The background color is
showing the probability of having a crescent-shape. In the small E,; region, we mainly have quasispherical
shapes. In the large force regime, two-arc shapes are most likely. In the large E,; regime, there is a large region,
where crescent shapes are obtained. The probability of having a crescent is close to unity for large E,; and
small F. The yellow line and point separates the region, above which we only have the possibility to obtain a two-
arc shape. The green line and points separates the region below which we have quasispherical shapes and above
which we have either a crescent shape or a two-arc shape.
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We can now utilize these theoretical predictions to explain some experimental observa-
tions. Our prediction for the transition line from two-arc to crescent shape (yellow point
and line) may explain the observation made in (Spence et al., 2012), where knocking-down
one of the actin nucleators, which may be considered as reducing the overall protrusive
force F, had a similar effect on the shape and motility of cells, i.e., the knocking-down cells
were more motile compared to that without knocking-down cells. A similar observation
was made in (Pankov et al.,, 2005), where decreasing the amount of Rac-GTPase, which
activates downstream actin nucleators (Sit & Manser, 2011), stabilizes a single leading
edge and converts the cells to have more persistent motility. The lower transition line
(green points and line) can be compared to the experimentally observed loss of motility
below a critical surface coverage of adhesive substrate (Maheshwari et al., 2000).

26.4 Conclusions

In this review we have presented Monte-Carlo simulations of vesicle shapes and their
coupling of convex curved membrane proteins that also have the ability to recruit the pro-
trusive forces of the cytoskeleton. In living organisms, these forces are most commonly pro-
vided by the cytoskeleton due to actin polymerization, which is directed to the cell
membrane by a variety of protein complexes. We have identified the main classes of shapes
in the phase diagram for the passive case, where CMP clusters leading to membrane bud-
ding was observed. In the case of active protrusive forces, we have identified another class
of pancake-like shapes and elongated two-arc like shapes at low protein densities.

Furthermore, we have shown that interacting CMP, passive and active, affect the pro-
cess of vesicle spreading and adhesion. Large density of passive curved proteins can
greatly enhance the adhesion of vesicles on low adhesion substrates. Coupling the curved
proteins with active protrusive forces extends this enhancement to lower densities of
curved proteins. By spontaneously self-organizing curved proteins at the cell-substrate
contact line, the active forces drive a shape transition into a flat geometry with high
adhered area and robust spreading. At very low densities of curved proteins, the protru-
sive activity can stabilize either spindle-like elongated cells, or motile crescent shapes.

The aggregation and budding due to the recruited active forces of the cytoskeleton have
important consequences for a variety of biological processes, such as budding of viruses
and initiation of cellular protrusions (such as lamellipodia and filopodia) during develop-
ment and cell motility. This review highlights the rich variety of membrane shapes that
are induced by CMP that recruit the active forces of the cytoskeleton, which are indeed
utilized by living cells during different biological processes. Although the cell is far more
complex than is represented by this model, the model describes a large spectrum of
observed cellular shapes that allow us to gain deep understanding of the relationship
between the cell shape and the underlying forces that shape it.
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