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SUMMARY

The actin cytoskeleton—a collection of actin filaments with their accessory and regulatory
proteins—is the primary force-generating machinery in the cell. It can produce pushing (pro-
trusive) forces through coordinated polymerization of multiple actin filaments or pulling
(contractile) forces through sliding actin filaments along bipolar filaments of myosin II. Both
force types are particularly important for whole-cell migration, but they also define and change
the cell shape and mechanical properties of the cell surface, drive the intracellular motility and
morphogenesis of membrane organelles, and allow cells to form adhesions with each other
and with the extracellular matrix.
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1 INTRODUCTION

The ability of cells to migrate as a whole, or move subcel-
lular components, is essential for many unicellular organ-
isms and all multicellular organisms. During embryonic
development, cellular movements establish the body plan
and form organs and tissues. For example, neuronal pre-
cursors migrate long distances to the site of differentiation
and then extend long processes to make functional neuro-
nal circuitry. Migration and shape changes of individual
cells are also crucial for the functionality of body systems in
adults. Muscle contraction generates macroscopic move-
ments of animals and their organs. Fast motility of immune
cells allows them to survey tissues, find and destroy path-
ogens, and initiate immune responses. Subtle movements
of tiny projections from neuronal processes underlie the
formation and loss of synapses (e.g., during learning and
memory loss). Even nonmigratory cells acquire motile be-
havior upon tissue injury in order to close wounds and
rebuild tissues. Movements of subcellular components are
essential for cell growth and proliferation, the import and
export of nutrients and signaling intermediates, degrada-
tion and renewal of cellular structures, communication
with the environment, and many other aspects of normal
cell physiology.

Cell motility also contributes to disease. Cell motility
enhances invasion and metastasis of tumor cells. Migration
of immune cells into tissues contributes to chronic in-
flammatory diseases. Additionally, some microbial patho-
gens manipulate motility mechanisms of the host cell to
avoid immune surveillance and facilitate their own cell-to-
cell spread.

Forces generated by the actin cytoskeleton power
these diverse motility processes. The main component
of the actin cytoskeleton is actin filaments, which are
polar linear polymers of the abundant cytoplasmic protein
actin. Many cellular actin filaments turn over constantly
to remodel actin-based structures according to changing
needs. Regulatory proteins control all aspects of actin
filament dynamics in time and space, such as actin fila-
ment nucleation, elongation, and disassembly (reviewed
by Pollard 2016). In cells, actin-binding proteins as-
semble most actin filaments into networks and bundles
adapted to specific tasks. Additional accessory proteins al-
low actin filaments to act in association with cellular
membranes.

Here, we review how the actin cytoskeleton produces
pushing, pulling, and resistance forces responsible for
multiple cell-motility events (Fig. 1). Whole-cell migration
serves as a useful experimental system to decipher the
molecular mechanisms of cell motility. Cells move by re-
peating cycles of protrusion and attachment of the cell

front, followed by detachment and retraction of the rear
(Fig. 1). Coordinated polymerization of multiple actin fil-
aments produces protrusive forces that drive the extension
of the plasma membrane at the cell leading edge (Pollard
and Borisy 2003). Similar mechanisms drive propulsion
of membrane-enclosed organelles and promote apposition
of membranes during formation of cell-cell junctions
(Chhabra and Higgs 2007). Contractile forces produced
by myosin motors pulling on actin filaments retract the
trailing end in migrating cells, a mechanism analogous to
muscle contraction (Huxley and Hanson 1954; Huxley and
Niedergerke 1954). A similar contractile mechanism sepa-
rates daughter cells during cytokinesis (reviewed in Glotzer
2016), reinforces adhesion sites between cells or between a
cell and the extracellular matrix, maintains and changes the
cell shape, and defines the mechanical properties of the cell
surface.

2 THE ACTIN CYTOSKELETON IN PROTRUSION
2.1 General Concept

To generate a pushing force for protrusion, the cell uses
the energy of actin polymerization, as reviewed elsewhere
(Pollard 2016). This general concept emerged from studies
of the acrosomal reaction in invertebrate sperm by Tilney
and coworkers (Tilney 1975). Although this discovery was
made in a specialized cellular system, the concept has gen-
eral significance and applies, in particular, to protrusion of
the leading edge of migrating cells.

The directionality of pushing force produced by actin
polymerization originates from the structural polarity of
actin filaments (Huxley 1963), in which one end (barbed
end or “plus end”) polymerizes faster than the other
(pointed end or “minus end”) (Woodrum et al. 1975). In
cells, polymerizing actin filaments are uniformly oriented
with their barbed ends toward the load, commonly, the
plasma membrane. Whereas elongating barbed ends push
on the load, disassembly by severing and depolymerization
occurs closer to the pointed ends to release monomers for
recycling. As reviewed elsewhere (Pollard 2016), proteins of
the Ena/VASP (vasodilator-stimulated phosphoprotein)
and formin families increase the rate and duration of
barbed end elongation by binding multiple profilin—actin
complexes and rapidly transferring actin onto the barbed
end (Fig. 2B,C) (Dominguez 2010). They also compete
with capping proteins that could terminate barbed end
elongation and keep elongating ends near to the membrane
to increase the efficiency of pushing.

Polymerization of individual actin filaments produces
piconewton forces (Kovar and Pollard 2004), and filaments
are organized into parallel bundles in filopodia or branched
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Figure 1. Components of the actin cytoskeleton in migrating cells. (A) Hlustration of the components of the actin
cytoskeleton in representative fibroblast-like cells. The direction of cell migration is indicated by wide gray arrows.
(B) Fluorescence micrograph of a rat embryo fibroblast showing actin filaments (cyan) and myosin II (red). (C)
Electron micrograph of the cytoskeleton of a Xenopus laevis fibroblast prepared by platinum shadowing after
detergent extraction and critical point drying. Individual components of the actin cytoskeleton are marked in all
panels. Scale bars, 10 pm. (C, Adapted from Svitkina and Borisy 1999.)

networks in lamellipodia to produce large forces (Fig. 1).
Filopodia are slender protrusions that can extend far
beyond the cell edge and reach or sense distant targets.
Lamellipodia are planar protrusions that generate large
pushing forces that are mainly responsible for propelling
the cell front. The balance of protrusion by filopodia and
lamellipodia varies broadly among cell types and might
reflect the relative needs for fast locomotion versus pre-
cise navigation. Distinct, but overlapping, sets of accessory
proteins regulate actin polymerization in filopodia and
lamellipodia.

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a018267

2.2 Protrusion of Parallel Bundles

Parallel bundles of long actin filaments mediate protrusion
of thin, long extensions of the plasma membrane and
maintain their asymmetric shape. Different types of these
finger-like protrusions share the basic mechanism of for-
mation but vary in their functions, protein composition,
and dynamics.

2.2.1 Acrosomal Processes

The discovery that actin polymerization generates force
during the acrosome reaction in echinoderm sperm was
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Figure 2. Accelerated dynamics of actin filaments. (A) Polymerization of the actin filament preferentially occurs at
the barbed end from ATP-actin—profilin complexes; after incorporation of an actin monomer into the filament,
profilin dissociates. Polymerization-triggered ATP hydrolysis and subsequent release of inorganic phosphate from
actin subunits make filaments more susceptible to depolymerization and increase their affinity for actin-depoly-
merizing factor (ADF)/cofilin. ADF/cofilin severs filaments, promoting their depolymerization. Released actin
subunits bind to profilin, which competes off ADF/cofilin and promotes nucleotide exchange in the actin mono-
mer, thus producing new ATP-actin—profilin complexes. (B) Formins and (C) Ena/VASP (vasodilator-stimulated
phosphoprotein) proteins associate with actin filament barbed ends, promote their elongation by recruiting actin—
profilin complexes and protecting barbed ends from capping; they also anchor barbed ends to the membrane.

also the first example of membrane protrusion driven by
elongating actin filament bundles (Tilney et al. 1973). An
initial contact of a sperm cell with an egg leads to explosive
extension of a long acrosomal process from the sperm head.
Growth of this process helps the sperm penetrate the egg
jelly. Polymerization of a tight bundle of actin filaments
inside the process drives its extension. These filaments
are uniformly oriented with their barbed ends toward the
growing tip of the process. Actin monomers in a complex
with profilin are stored in the sperm head. Rapid addition
of monomers to the barbed ends drives the elongation of
the process until all the monomers are consumed.

2.2.2 Lleading Edge Filopodia

Filopodia are finger-like protrusions formed at the leading
edge of migrating cells, such as fibroblasts, or cells extend-
ing long processes, such as neurons (Fig. 3A). In contrast to
acrosomal processes, filopodia, in theory, can protrude in-
definitely because actin filaments turn over continuously
by releasing monomers from the rear for reuse at the front.

However, most filopodia buckle and retract after a period of
elongation. The turnover of the actin bundles is best stud-
ied in filopodia at the leading edge.

2.2.2.1 Structure and dynamics. The internal actin
filament bundle of leading edge filopodia is organized like
that of an acrosomal process. Individual filaments span the
entire length of the filopodium (Fig. 3B) and are uniformly
oriented with their barbed ends toward the filopodial tip
(Small et al. 1978). During protrusion, actin subunits are
added at the filopodium tip, move away from the tip as
a part of the filament lattice, and are released at the rear
of filopodium (Wang 1985; Mallavarapu and Mitchison
1999). Introduction of fiducial marks into the actin fila-
ment bundle in filopodia showed that, although the filo-
podial tip grows forward, the entire bundle slides backward
(Mallavarapu and Mitchison 1999). The balance between
rates of protrusion and retrograde flow varies among
individual filopodia. Retrograde flow can even completely
counterbalance polymerization, so that the filopodium re-
mains stationary, although actin keeps polymerizing at the
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Figure 3. The organization of actin in filopodia and microspikes. (A) Platinum-replica electron microscopy of the
cytoskeleton at the leading edge of a cultured mouse melanoma cell; actin filament bundles (cyan) that form the
cytoskeleton of filopodia extend beyond the cell leading edge, span the dense actin filament network in lamellipodia
(brown), and sometimes penetrate into the sparser actin network in the lamella (purple). Actin bundles in micro-
spikes are mostly positioned within lamellipodia. Scale bar, 1 wm. (B) Enlarged boxed region from A shows long
parallel actin filaments (cyan) and a complex of regulatory proteins ( pink) at the filopodial tip. Some branched actin
filaments in the adjacent lamellipodium are shaded orange. (C) Molecular organization of filopodia. Actin filaments
are oriented with their barbed ends toward the filopodial tip. They are cross-linked into a bundle by fascin and
laterally attached to the plasma membrane by ezrin-radixin-moesin (ERM) proteins. Formin and Ena/VASP (va-
sodilator-stimulated phosphoprotein) proteins associate with the actin filament barbed ends, anchor them to the
membrane at the filopodial tip, and promote their elongation by protecting them from capping and recruiting
actin—profilin complexes. Unconventional myosin X moves along actin filaments and accumulates at the filopodial
tips. I-BAR-domain-containing proteins, such as IRSp53, help to maintain the tubular shape of the filopodial
plasma membrane. Actin-depolymerizing factor (ADF) /cofilin and myosin II sever actin filaments at the filopodial
base to stimulate actin filament depolymerization and monomer recycling.
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tip. The amount of energy of polymerization that is con-
verted into protrusion depends, at least in part, on the
strength of linkages between the filopodium and the sub-
strate. Accessory proteins regulate multiple aspects of actin
dynamics in leading edge filopodia by controlling actin
filament elongation, cross-linking, disassembly, and inter-
action with other structures (Fig. 3C).

2.2.2.2 Elongation. Formation of long actin fila-
ments, like those in filopodia, in the cytoplasm of motile
cells is a challenging task because of the presence of abun-
dant capping proteins capable of binding barbed ends and
terminating their elongation. Accordingly, Ena/VASP pro-
teins and some formins are enriched at filopodial tips,
where they protect barbed ends from capping proteins
(Svitkina et al. 2003; Yang et al. 2007). Ena/VASP proteins
are particularly important for formation of filopodia in
neuronal growth cones (Lebrand et al. 2004), but share
this function with formins in other cell types (Homem
and Peifer 2009).

Another challenge for elongation of actin filaments in
filopodia is delivery of actin monomers and other struc-
tural proteins from pools in the cell body to the filopodial
tip, where polymerization takes place. The long thin shape
of filopodia is unfavorable for component delivery by sim-
ple diffusion (Mogilner and Rubinstein 2005). Unconven-
tional myosin X has been found to promote filopodium
elongation and is thought to deliver actin subunits and/or
regulators of actin polymerization, such as Ena/VASP, to
filopodial tips by using its motor activity (Kerber and Che-
ney 2011).

2.2.2.3 Bundling and cross-linking. Fast elongation
of actin filaments at filopodial tips allows for protrusion,
but the force produced by elongation buckles actin fila-
ments longer than 0.7 um (Kovar and Pollard 2004), lim-
iting their pushing ability. Cells overcome this problem by
cross-linking filopodial filaments along their length, thus
increasing their collective stiffness (Vignjevic et al. 2006).
The major bundling protein in leading edge filopodia is
fascin, a relatively small bivalent monomeric protein that
makes tight cross-links between filaments. In vitro, it in-
duces rigid needle-shaped bundles of actin filaments. Fas-
cin turns over rapidly within filopodial bundles by
constantly dissociating and rebinding to actin filaments.
This property might help the cell to release stresses and
torques within the bundle while it grows and encounters
obstacles.

2.2.2.4 Depolymerization. The small number
(<30; Mogilner and Rubinstein 2005) of actin filaments
in filopodia means that very few pointed ends are available
to release actin subunits. The rate of ADP-actin dissocia-

tion from pointed ends (0.1/sec) is slower than the rate of
barbed end elongation, but severing of pieces of the fila-
ment can accelerate turnover. Both ADF/cofilin (Breit-
sprecher et al. 2011) and myosin II (Medeiros et al. 2006)
are candidates to promote severing.

2.2.2.5 Shape maintenance by bundling and
membrane interactions. The actin filament bundle with-
in a filopodium functions as a scaffold to maintain the
highly asymmetric shape of the filopodium. Notably,
some filopodia contain a loose network of actin filaments
with mixed polarity instead of a parallel bundle, suggesting
a different mechanism of protrusion and shape mainte-
nance (Korobova and Svitkina 2010). Lateral binding of
actin filaments to the plasma membrane contributes to
the stiffness of the filopodium. This linkage is likely medi-
ated by proteins of the ezrin-radixin-moesin (ERM) family
(Niggli and Rossy 2008). These ERM proteins concentrate
in filopodia and interact simultaneously with actin fila-
ments and membrane components, such as phospholipids
and transmembrane proteins. Other membrane-binding
proteins support the tubular geometry of filopodial mem-
branes. When bound to the membrane through their mem-
brane-bending I-BAR (inverted Bin/Amphiphysin/Rvs)
or IF-BAR (inverted Fes/CIP4 homology BAR) domains,
these proteins induce negative membrane curvature (away
from the cytoplasm) (Suetsugu and Gautreau 2012). For
example, the [-BAR domain of protein IRSp53 stabilizes
the tubular shape of the plasma membrane in leading edge
filopodia.

2.2.2.6 Interaction with the extracellular environ-
ment. Because of their elongated shape, filopodia are be-
lieved to function as “fingers” to reach, sense, and grab a
target. By establishing communication with other cells or
extracellular molecules, filopodia can guide cell locomotion
during normal tissue morphogenesis or cancer metastasis,
or form cell-cell junctions in epithelia and neurons
(Mattila and Lappalainen 2008). Filopodia can also capture
various particles, such as pathogens, for subsequent inter-
nalization (Romero et al. 2011). Consistent with these func-
tions, tips of leading edge filopodia are enriched with
adhesion and signaling proteins that could initiate adhe-
sions when contacting adhesive surfaces, and trigger cellular
responses when the filopodium finds an appropriate target.

2.2.3 Other Parallel Actin Bundles

Parallel bundles of actin filaments oriented with their
barbed ends toward the plasma membrane are also present
in other cell-surface extensions, such as microspikes (Ho-
glund et al. 1980) and retraction fibers (Svitkina et al. 1997)
in migrating cells, microvilli in intestinal epithelia (Moose-
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ker and Tilney 1975), and hair-cell stereocilia in the inner
ear (Tilney et al. 1980).

2.2.3.1 Microspikes and retraction fibers. Micro-
spikes and retraction fibers are rod-shaped bundles of
actin filaments closely related to leading edge filopodia.
In fact, all three structures form at the edge of migrating
cells (Figs. 1 and 3) and can interconvert (Svitkina et al.
2003). Microspikes do not extend significantly beyond
the cell leading edge but are embedded in and protrude
at the same rate as the leading edge actin network. Retrac-
tion fibers are rod-shaped cell-surface extensions like filo-
podia, but they form during retraction of the cell edge,
rather than by their own protrusion. Nevertheless, the
tips of some retraction fibers elongate.

2.2.3.2 Microvilli. Microvilli are nonmotile finger-
like protrusions from the apical surface of intestinal epi-
thelial cells that increase the cell surface area for efficient
absorption of nutrients. Microvilli are uniform in length
(1-2 pm) and diameter (~200 nm) and tightly packed
next to each other in the so-called brush border. The bun-
dle of approximately 20 to 30 parallel actin filaments inside
a microvillus is structurally similar to filopodia (Brown and
McKnight 2010), with the barbed ends at the tips embed-
ded into material of unknown composition, which proba-
bly regulates the dynamics of actin filament barbed ends.
These actin filaments turn over severalfold slower than
those in filopodia (Loomis et al. 2003).

The actin bundle is laterally attached to the plasma
membrane by myosin Ia, which binds to actin filaments
by its motor domain and to acidic phospholipids in the
plasma membrane by its tail (Nambiar et al. 2010). Myosin
Ia is a fully functional motor and is believed to regulate
membrane tension around microvilli. The main actin fila-
ment cross-linkers in the brush border microvilli are fim-
brin and villin.

Microvilli are also present in lower densities on the
surfaces of other cells types, such as other epithelial cells,
lymphocytes, and various sensory cells. The main cross-
linkers in sensory cell microvilli are fimbrin and espin,
whereas villin is specific for various epithelial cells (Seker-
kova et al. 2006).

2.2.3.3 Stereocilia. Stereocilia are specialized me-
chanosensory microvilli involved in hearing and the sense
of balance. They differ from microvilli in size, shape, dy-
namics, and molecular composition. The lengths of ster-
eocilia vary from 1 to 100 pwm, but are tightly controlled
to match the frequency of sound waves to be detected.
Stereocilia have approximately 10-fold more actin fila-
ments in the core bundle than microvilli. They undergo
negligible dynamics (Zhang et al. 2012), suggesting that
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actin bundles play mostly a structural role in these cylin-
drical cellular extensions. Fimbrin and espin cross-link
actin filaments in stereocilia (Sekerkova et al. 2006). Ste-
reocilia taper toward their bases, which allows them to
pivot rigidly in response to vibration. Myosins Ia, I,
IIIa, VI, VIIa, and XVa have been functionally implicated
in hearing by contributing to stereocilia structure, such as
length regulation and membrane dynamics (Manor and
Kachar 2008).

2.3 Protrusion by Branched Networks

Assembly of branched actin filament networks provides
pushing forces for multiple cellular events, the best studied
of which are protrusion of lamellipodia at the leading edge
of migrating cells and propulsion of certain intracellular
pathogens. In addition, branched networks promote vari-
ous endocytic events, motility and biogenesis of intracel-
lular organelles, and the formation of diverse cell—cell
junctions, including neuronal and immune synapses.

2.3.1 Lamellipodia

Lamellipodia are flat undulating cellular protrusions at the
leading edge of the cell that were named by Abercrombie
and colleagues (Abercrombie et al. 1970). Lamellipodia
can generate much greater protrusive forces than filopodia
and serve as the major cellular engine to propel the leading
edge forward. Lamellipodia also function as navigation
devices for guiding a cell around obstacles, sensing soluble
guidance cues, and probing the chemical and mechanical
properties of the substratum. Although lamellipodia have
mostly been studied using cells cultured on a flat solid
surface, cells migrating in more physiological conditions,
such as a three-dimensional matrix with physiological stiff-
ness, also use lamellipodia for protrusion. However, the
dimensions and overall morphology of lamellipodia de-
pend on the geometry of the available adhesive surface
and a balance of intracellular signaling pathways (Petrie
and Yamada 2012).

2.3.1.1 Structure and dynamics. Early electron-mi-
croscopic studies of the lamellipodial cytoskeleton revealed
that the lamellipodium is filled with a network of long
diagonal actin filaments oriented with their barbed ends
toward the leading edge (Small et al. 1978). Further scru-
tiny of the actin network architecture revealed multiple
branched actin filaments formed by attachment of the
pointed end of one filament to the side of another filament,
with the formation of an ~70° angle between the barbed
ends of two filaments (Fig. 4A) (Svitkina et al. 1997; Svit-
kina and Borisy 1999) identical to branches formed by the
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Figure 4. Branched actin filament networks. (A) Organization of actin filaments in the lamellipodium of a fish
epidermal keratocyte revealed by platinum-replica electron microscopy. A region outlined by the yellow box is
enlarged in the yellow-framed inset to show branched actin filaments (highlighted in cyan). The red-framed inset
shows the entire keratocyte moving upward. (B) Branched actin network in a comet tail assembled on ActA-coated
latex beads in a cytoplasmic extract from Xenopus oocytes. A region outlined by the yellow box is enlarged in the
yellow-framed inset to show branched actin filaments (highlighted in cyan) at the surface of the bead (pink). (C)
Patches of branched actin filaments (cyan) assembled in the vicinity of clathrin-coated vesicles (yellow). (Reprinted
from Collins et al. 2011.) (D) Cytoskeleton of an excitatory synapse in a cultured hippocampal neuron. A branched
actin network in the dendritic spine (yellow) resides on dendritic microtubules (red) and forms a junction with the
branched actin network in the apposing presynaptic bouton (green) associated with axonal microtubules (blue).
The position of the junction is approximate. Scale bars, 500 nm (A,B,D); 100 nm (C); and 10 wm (red inset in A).
(E) Diagram showing molecular organization of branched actin networks. The Arp2/3 complex is cooperatively
activated by a membrane-targeted nucleation-promoting factor and a preexisting “mother” actin filament (1). On
activation, the Arp2/3 complex nucleates a new “daughter” actin filament at the side of the mother filament and
remains associated with the branchpoint; branchpoints are further stabilized by cortactin (2). The nascent filament
elongates with its barbed end oriented toward the membrane. Its elongation is promoted by formins (3) and/or
Ena/VASP proteins (4). After a period of elongation, the barbed end is capped by capping protein and lags behind
the protruding leading edge (5). Disassembly at the rear of the lamellipodial network occurs through dissociation of
branches and ADF/cofilin-mediated severing (6).
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Arp2/3 complex (Mullins et al. 1998). Specific structural
parameters of these branched (or dendritic) actin networks
in lamellipodia, such as the density, length, and orienta-
tion of actin filaments and frequency and distribution of
branches, can vary among cell types and with the state of
protrusion. Thus, lamellipodia containing a low density of
long branched filaments protrude faster, but the filaments
are more prone to buckling, which leads to ruffling and
retraction of lamellipodia. Lamellipodia with a high den-
sity of short filaments are more persistent, although they
protrude more slowly (Bear et al. 2002).

Measurements of actin dynamics using fiducial marks
in the lamellipodial actin network (Wang 1985; Theriot
and Mitchison 1991) showed that actin subunits add
near the plasma membrane, move away from the mem-
brane, and dissipate from the network by the time they
reach the lamellipodium base. As in filopodia, the energy
of actin polymerization is distributed between protrusion
and retrograde flow. However, actin turns over much faster
in lamellipodia than in filopodia, and disassembly occurs
throughout the lamellipodium (Theriot and Mitchison
1991), not only at the base, as in filopodia (Mallavarapu
and Mitchison 1999).

The mechanism of actin turnover in lamellipodia (Fig.
4E) includes continuous nucleation of new “daughter” ac-
tin filaments at the side of preexisting “mother” filaments
by Arp2/3 complex, a process called dendritic nucleation
(Mullins et al. 1998). Daughter filaments then elongate and
push on the plasma membrane. After a short period of
elongation, their barbed end is capped and elongation is
terminated. Disassembly of the network occurs through a
combination of debranching and severing of actin fila-
ments, followed by depolymerization of filament frag-
ments. Thus, individual filaments in the network do not
treadmill, but are “born” at a branchpoint, grow at the
barbed end, become capped, and later “die” by depolyme-
rization (Pollard and Borisy 2003). However, the array of
branched filaments in lamellipodia undergoes treadmilling
as a whole by assembling at the front and disassembling
throughout its body.

The protrusive mechanism based on the dendritic nu-
cleation principle has several advantages for generation of
pushing forces, as compared with continuous elongation of
individual filaments. First, short, stiff filaments are more
efficient at pushing because they do not buckle. Second,
being anchored to the mother filament and through it to
the entire lamellipodial network, daughter filaments can
efficiently transform the energy of polymerization into use-
ful work, rather than slip backward in the absence of trac-
tion. Third, repetitive branching allows the network to
easily expand or reorient itself by simply adjusting the rates
and sites of nucleation and capping. Furthermore, accord-
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ing to the elastic Brownian ratchet model, filaments push
more effectively when oriented at an angle to the mem-
brane (Mogilner and Oster 1996, 2003). Indeed, an angled
filament requires only tiny thermal fluctuations to allow for
addition of an actin subunit but retains enough elasticity to
produce force after recoil against a barrier such as the mem-
brane. However, barbed end—associated proteins might
also facilitate addition of actin subunits to the filament
ends despite close membrane proximity and regardless of
filament orientation (Dickinson and Purich 2006). These
advantages can explain why the dendritic nucleation mech-
anism has emerged during evolution.

2.3.1.2 Molecular machinery. The molecular ma-
chinery controlling protrusion of dendritic networks
includes a large number of essential and accessory mole-
cules. Essential components besides actin itself include
Arp2/3 complex, capping protein, and ADF/cofilin, all
reviewed in detail elsewhere (Pollard 2016). A mixture
of just these three proteins and an activator of Arp2/3
complex can generate a treadmilling actin network (Loisel
et al. 1999).

Arp2/3 complex (Machesky et al. 1994; Welch et al.
1997) nucleates a daughter filament from the side of a
mother filament, links mother and daughter filaments at
the defined angle of 70° and caps the pointed end of the
daughter filament (Mullins et al. 1998). Arp2/3 complex
requires activation by a nucleation-promoting factor and
binding to a mother filament to nucleate a branch (Mache-
skyetal. 1999). The most important nucleation-promoting
factors belong to the Wiskott—Aldrich syndrome pro-
tein (WASp) family, which in mammals include WASp,
N-WASp, WAVE1 -WAVE3, and some other proteins (Bur-
ianek and Soderling 2013). The heteropentameric WAVE
regulatory complex typically activates Arp2/3 complex in
lamellipodia. Signaling events and guidance cues recruit
and activate nucleation-promoting factors at the plasma
membrane to nucleate branched filaments that generate
force on the plasma membrane exactly where it is needed.

Constant production of new filaments by the Arp2/3
complex requires concurrent termination of the barbed
end growth to prevent exponential expansion of the
lamellipodial network and unproductive consumption of
monomers. This task in lamellipodia is predominantly per-
formed by heterodimeric capping protein, which tightly
binds the actin filament barbed end. Other barbed end
capping proteins, such as Eps8 and gelsolin, are also present
in lamellipodia and might contribute to the dynamics of
branched networks (Zigmond 2004).

Disassembly of branched actin networks throughout
the lamellipodium depends on severing by ADF/cofilin.
Severing depends on hydrolysis of ATP bound to polymer-
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ized actin and dissociation of the 'y-phosphate. The protein
Aipl promotes severing by ADF/cofilin (Okada et al.
1999). In cells moving rapidly and persistently in culture,
such as isolated frog epidermal keratocytes, little ADF/co-
filin binds to newly assembled ATP—actin filaments at the
cell front. In other cells, such as fibroblasts, that show more-
exploratory behavior, ADF/cofilin can bind actin filaments
in anterior regions of the lamellipodial network, probably,
because these regions contain mixtures of filaments with
bound ADP or ATP (Svitkina and Borisy 1999). Actin fil-
ament severing by ADF/cofilin can also help the cell to start
a new lamellipodium by creating new uncapped barbed
ends (Ghosh et al. 2004).

Dissociation of a daughter filament from the mother
filament also contributes to disassembly of the branched
actin network. ADF/cofilin promotes debranching by
changing the conformation of the mother filament and
reducing the affinity for Arp2/3 complex (Chan et al.
2009). Cofilin-related GMF proteins (Gandhi et al. 2010)
cause debranching by binding to Arp2/3 complex. In con-
trast, the actin-binding protein cortactin stabilizes branch-
es, probably by forming an additional link between the
Arp2/3 complex and the actin filament (Weaver et al. 2001).

Formins (Yang et al. 2007) and Ena/VASP proteins
(Bearetal. 2002) produce long, unbranched actin filaments
within the branched network by enhancing filament elon-
gation and counterbalancing the activity of capping pro-
teins. The long filaments can be bundled by fascin to
produce filopodia (Svitkina et al. 2003) or buckled under
the membrane and produce ruffles (Bear et al. 2002). Actin
cross-linkers, having relatively long spacers between actin-
binding sites, such as o-actinin and filamin A, are also
present in lamellipodia, where they are thought to consol-
idate the entire network.

3 THE ACTIN CYTOSKELETON IN MEMBRANE
TRAFFICKING

Normal cell physiology depends on the presence of a func-
tional intracellular transportation and delivery system that
sorts, moves, and directs newly synthesized, preexisting,
and imported molecules to specific destinations within
the cell by using membrane vesicles as “parcels.” Actin po-
lymerization is one of multiple mechanisms used by the cell
to accomplish these tasks. Furthermore, some intracellular
pathogens exploit vesicular transport mechanisms to access
cellular resources, avoid immune surveillance in the extra-
cellular environment, and facilitate their own spread from
cell to cell (Haglund and Welch 2011). Although this
microbial mimicry has adverse effects on human health,
experiments with bacteria and viruses have been instru-
mental for deciphering the molecular mechanisms of pro-
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trusion driven by branched actin filament networks (Loisel
et al. 1999). Our advanced understanding of the bio-
chemical, biophysical, and structural mechanisms of ac-
tin-polymerization-driven motility now permits explicit
mathematical modeling of this process by using quantita-
tive parameters measured in live cells and in vitro systems.
Computer simulations derived from these models accu-
rately reproduce the behavior of the leading edge or bacte-
rial “comet tails” but also help reveal hidden gaps in our
knowledge that would remain undetectable at a qualitative
level (Mogilner 2009).

3.1 Phagocytosis and Macropinocytosis

Internalization of a solid particle ( phagocytosis) (Groves
et al. 2008) or a portion of extracellular fluid (macropino-
cytosis) (Kerr and Teasdale 2009) depends on broad two-
dimensional protrusions of the cell surface homologous to
lamellipodia. Both processes evolved in amoebas and are
used by immune cells of metazoa, such as macrophages and
dendritic cells. Dendritic cells use macropinocytosis to take
up extracellular fluids containing foreign soluble materials
and initiate an immune response. Macrophages and neu-
trophils use phagocytosis to engulf and destroy pathogens
and debris in the body. Various signaling pathways can
trigger phagocytosis and macropinocytosis by nonimmune
cells. For example, certain intestinal pathogens activate sig-
naling pathways leading to Arp2/3 complex activation and
formation of protrusions that engulf the bacterium. Once
inside the cell, pathogens use additional molecular “tricks”
to escape from the phagocytic vacuole and avoid proteo-
lytic degradation in lysosomes (Haglund and Welch 2011).

3.2 Comet Tail Motility

The bacteria Listeria monocytogenes and Shigella flexneri—
intracellular pathogens that cause severe intestinal disor-
ders—were the first examples of bacteria that can exploit
cellular resources to induce dendritic actin nucleation to
facilitate their cell-to-cell spread (Bernardini et al. 1989;
Tilney and Portnoy 1989). After accessing the cytoplasm
of intestinal epithelial cells through induced phagocytosis,
one pole of these bacteria assembles a comet-like tail of
branched actin filaments. This tail propels the bacterium
through the cytoplasm and into a cellular protrusion,
which then can be ingested by a neighboring cell. Listeria
has evolved a surface protein ActA that directly acti-
vates Arp2/3 complex by mimicking cellular nucleation-
promoting factors (Welch et al. 1998). When adsorbed to
plastic beads, ActA can induce comet tail formation in
cytoplasmic extracts (Fig. 4B) or a solution of purified
proteins (Loisel et al. 1999). Shigella has a protein named
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IcsA that recruits the cellular nucleation-promoting factor
N-WASp (Egile et al. 1999). In both cases, the comet is
made exclusively of cytoplasmic proteins of the host cell.

The comet-tail-driven motility of Listeria and Shigella
is thought to represent an exaggerated version of mem-
brane trafficking in animal cells, which depends on differ-
ent nucleation-promoting factors to activate the Arp2/3
complex (Burianek and Soderling 2013). N-WASp is
involved in the phagocytosis and intracellular motility
of endosomes. WASH, another member of WASp family,
is thought to participate in scission of recycling vesicles
from endosomes. A further nucleation-promoting fac-
tor—WHAMM—participates in endoplasmic reticulum
(ER)-to-Golgi trafficking, as well as in Golgi morphogen-
esis. The details of the mechanism underpinning the actin
polymerization machinery during these membrane traf-
ficking events are currently under investigation.

3.3 Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis is the major endocytic
pathway used by cells to take up exogenous molecules and
cell-surface components in a highly selective way (McMa-
hon and Boucrot 2011). The formation of an endocytic
vesicle from the plasma membrane involves local mem-
brane invagination followed by constriction of the bud
neck and, finally, vesicle scission. All these events are ener-
getically unfavorable and require force-generating machin-
ery. Pushing forces generated by dendritic actin networks
make important contributions to this process (Mooren
et al. 2012). Actin polymerization is absolutely essential
for clathrin-mediated endocytosis in yeast and is also im-
portant for mammalian endocytosis. Dendritic actin net-
works in the form of small three-dimensional patches
assemble at the clathrin-coated structures toward the end
of the endocytic internalization cycle (Fig. 4C) (Collins
et al. 2011). The pushing force generated by these patches
is thought to facilitate invagination of the clathrin-coated
pit, constriction of the bud neck, and vesicle scission.

4 THE ROLE OF ACTIN AT CELL-CELL JUNCTIONS

Actin polymerization by Arp2/3 complex is involved in
formation of various cell—cell junctions, such as adherens
junctions in epithelial cells (Michael and Yap 2013), syn-
apses in neurons (Racz and Weinberg 2013) and immune
cells (Billadeau and Burkhardt 2006), and prefusion junc-
tions in myoblasts (Sens et al. 2010). Although branched
actin networks have been visualized only in some of these
situations, the involvement of a dendritic nucleation mech-
anism has been deduced from localization of essential
components of the dendritic nucleation machinery at these
junctions and their functional contribution to junction
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formation. Pushing forces generated by branched networks
at cell—cell junctions most likely promote apposition of the
contacting plasma membranes of two neighboring cells.

4.1 Neuronal Synapses

Excitatory synapses between neurons in the central ner-
vous system are formed between presynaptic boutons filled
with synaptic vesicles on axons and postsynaptic mush-
room-shaped protrusions called dendritic spines on den-
drites (Fig. 4D). The two plasma membranes at the synapse
are connected by adhesion molecules and separated by a
narrow cleft. Neurotransmitters secreted by the axonal
bouton diffuse through the cleft and activate receptors on
the head of the spines. The head of each dendritic spine is
filled with a dense three-dimensional network of branched
actin filaments, including Arp2/3 complex, capping pro-
tein, and VASP (Korobova and Svitkina 2010; Lin et al.
2010). Presynaptic boutons of cultured hippocampal neu-
rons also contain a less elaborate branched actin network
(Korobova and Svitkina 2010). The presynaptic and post-
synaptic networks probably press against each other to
promote interaction of cell—cell adhesion receptors at the

synapse.

4.2 Adherens Junctions

Adherens junctions are the main type of cell—cell adhesions
that depend on the actin cytoskeleton. Adherens junctions
in epithelial sheets are essential for maintaining tissue
integrity. Cell—cell interactions at adherens junctions are
mediated primarily by members of the cadherin family of
adhesion receptors and stabilized by the actin cytoskeleton.
Ultrastructurally, adherens junctions in mature epithelial
sheets appear to be associated mostly with actin filament
bundles (Yonemura et al. 1995). However, other approach-
es have revealed that the integrity of adherens junctions
depends on dynamic actin filaments and the Arp2/3
complex (Michael and Yap 2013). The contribution of
branched actin networks is most apparent during the
formation of adherens junctions, when colliding lamelli-
podia make the first cell—cell contacts (McNeill et al. 1993;
Krendel and Bonder 1999; Hoelzle and Svitkina 2012).
Networks of actin in two adjacent cells might press the
membranes together and facilitate engagement of adhesion
molecules.

4.3 Myoblast Fusion

Muscle cells in most animals are syncytia formed by fusion
of thousands of myocytes during embryonic development.
The fusion process is best studied in embryos of the fruitfly
Drosophila melanogaster (Abmayr and Pavlath 2012), where
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muscles are formed by the asymmetric fusion of a founder
cell with several fusion-competent myoblasts. Soon after a
junction is formed between these two cell types, the fusion-
competent myoblast forms an actin-rich protrusive “fin-
ger” that pushes into the founder cell (Sens et al. 2010).
Formation of the finger depends on two Drosophila nucle-
ation-promoting factors—WASp and Scar (homolog of
WAVE)—and thus is likely to depend on Arp2/3 complex.
In the founder cell, a thin layer of actin formed in a Scar-
dependent manner at the contact site counteracts the push-
ing force from the finger and promotes juxtaposition of the
contacting membranes. Next, a fusion pore forms at the
junction site and expands until the two cells completely
fuse. Less-well-characterized fusion occurs between other
cell types, such as germ cells during fertilization, macro-
phages making giant cells, and placental trophoblasts.

5 THE ACTIN CYTOSKELETON IN CONTRACTION
5.1 General Concept

The actin cytoskeleton generates pulling forces through
mutual sliding of actin and myosin filaments, as originally
established for skeletal muscles (Huxley and Hanson 1954;
Huxley and Niedergerke 1954; Weber and Franzini-Arm-
strong 2002). As reviewed elsewhere (Sweeney and Ham-
mers 2016), the contractile machinery in skeletal muscles is
more highly ordered and stable than in other cells, but the
mechanism of contraction in muscle cells is applicable to
nonmuscle cells.

Myosins, a large superfamily of motor proteins (Sya-
maladevi et al. 2012), use the energy of ATP hydrolysis to
move along actin filaments (reviewed by Sweeney and
Holzbaur 2016). Class IT myosins are specifically designed
for contraction (Fig. 5). The amino-terminal motor do-
main of the heavy chain (“head”) has the ATPase and ac-
tin-binding activities, whereas the “tail” mediates parallel
dimerization of heavy chains through coiled-coil interac-
tions. Each heavy chain binds two different light chains—
essential and regulatory—at the “neck,” a region between
the head and the tail. Myosin II polymerizes into bipolar
filaments through interactions of the tails, so the motor
domains are located at the filament ends. These bipolar
myosin filaments pull actin filaments together, causing
contraction. Different members of class II myosins have
different polymerization properties. Sarcomeric myosin IT
forms longer (1.5-2 wm), more stable bipolar filaments
than smooth muscle and nonmuscle myosin II isoforms
(~0.3-0.4 wm) (Pollard 1975).

Actin filaments participating in contraction are stabi-
lized by tropomyosins, a large group of elongated coiled-
coil proteins that bind actin filaments along the length
(Nevzorov and Levitsky 2011). Capping proteins stabilize
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both filament ends in striated muscles (Littlefield and Fow-
ler 2008). However, actin filament ends appear to remain
uncapped in nonmuscle contractile systems.

Organizing actin filaments into bundles makes contrac-
tion more efficient. The main actin filament cross-linking
protein in contractile systems is a-actinin, an antiparallel
homodimer with an actin-binding site at each end (Sjo-
blom et al. 2008). The spacer between actin-binding sites
separates the actin filaments sufficiently to allow interac-
tion with myosin filaments, but close enough to align fila-
ments into bundles and maximize the actin—myosin-II
interaction.

Attachment of actin filaments to a load allows for con-
version of the myosin-driven actin filament translocation
into mechanical work. Actin filaments are typically at-
tached to a load near their barbed ends. Myosin II moves
toward the barbed end so it can pull on the actin filament.
In striated muscles, barbed ends are attached to the Z-disk
that forms a boundary between sarcomeres. In smooth
muscles, actin filament barbed ends are embedded in dense
bodies. In nonmuscle cells, barbed ends are typically an-
chored at the plasma membrane (Fig. 5C). These associa-
tions of actin filaments with a load are system specific and
usually involve multiple proteins.

5.2 Contractile Systems in Nonmuscle Cells

The contractile forces generated by nonmuscle cells are
used for many purposes, including migration, cytokinesis,
cell-shape changes, organization of the extracellular ma-
trix, and formation of cell—cell and cell-matrix junctions
(Heissler and Manstein 2013). Nonmuscle cells exert pull-
ing forces by using various arrays of actin and myosin II
filaments. The organization of these arrays varies from
quasi-sarcomeric bundles to mixed networks of actin and
myosin II with imperfect alignment (Fig. 1). Nonmuscle
contractile systems are much less ordered and more dy-
namic than striated muscle sarcomeres, allowing non-
muscle cells to build and dismantle a contractile system
in response to changing conditions. Specific regulatory
mechanisms, as well as the biochemical and biophysical
properties of nonmuscle myosin II, underlie the flexibility
of nonmuscle contractility.

5.2.1 Nonmuscle Myosin I

The assembly of bipolar filaments of myosin II in non-
muscle cells is reversible, allowing a cell to assemble a con-
tractile system when and where needed. Phosphorylation of
the myosin regulatory light chain (Adelstein and Conti
1975) regulates both the assembly and ATPase activity of
myosin II in nonmuscle cells of vertebrates. When the reg-
ulatory light chains are dephosphorylated, myosin II folds
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Figure 5. Contractile activity of nonmuscle myosin II. (A) A hexameric molecule of nonmuscle myosin IT has a
folded conformation in an inactive state (left). Phosphorylation of the myosin regulatory light chain causes un-
folding of the myosin II molecule and restoration of motor activity; this activated myosin II can move toward the
barbed end of the actin filament by swinging its motor domain in an ATP-dependent manner (right). Contraction of
actin—myosin-II bundles (B) or networks (C) is mediated by bipolar filaments of myosin II that move along
oppositely oriented (B) or nonaligned (C) actin filaments anchored at their barbed ends to the plasma membrane

or other cellular structures.

into an inactive, autoinhibited conformation (Craig et al.
1983), unable to polymerize or bind to actin filaments.
When the light chain is phosphorylated on one (Serl9)
or two (Ser18 and Thr18) residues, nonmuscle myosin II
unfolds into a linear conformation, restoring its motor
activity and ability to polymerize (Fig. 5A). Phosphoryla-
tion of, or ligand binding to, the extreme carboxyl terminus
of the heavy chain inhibits polymerization, but not the
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motor activity, of nonmuscle myosin II (Clark et al.
2007). This regulation might contribute to recycling non-
muscle myosin II molecules.

Mammals encode three isoforms (A, B, and C) of the
nonmuscle myosin heavy chain (Wang et al. 2011; Heissler
and Manstein 2013). Nonmuscle myosin IIA and IIB are
expressed widely, whereas myosin IIC has restricted expres-
sion. The isoforms have both unique and overlapping func-
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tions in cells and the organism. Accordingly, they show
some differences in their biophysical parameters of motor
activity and dynamics of bipolar filament turnover (De La
Cruz and Ostap 2004). The turnover differences depend on
the intrinsic properties of the heavy chain tails, as well as on
variations in the regulation of their polymerization and
depolymerization (Sandquist and Means 2008).

Among three mammalian nonmuscle myosin II iso-
forms, myosin ITA is the fastest motor with the lowest
duty ratio (a fraction of the ATP cycle, when myosin is
strongly attached to the actin filament). Therefore, myosin
IIA is well suited for fast movement along actin filaments
and generation of contraction. Myosin IIA also shows fast
cycles of polymerization and depolymerization, so that it
can quickly change its subcellular distribution. Nonmuscle
myosin IIB is the slowest motor, with the highest duty ratio
among nonmuscle myosin II isoforms. Moreover, resistive
load significantly increases the duty ratio of myosin IIB,
more than that of other nonmuscle myosin II isoforms
(Kovacs et al. 2007). These properties suggest that non-
muscle myosin IIB preferentially functions to maintain ten-
sion for extended periods of time, rather than to produce
active contraction. Accordingly, the turnover rate of bipolar
filaments of nonmuscle myosin IIB is relatively slow.

5.2.2 Contractile Actin—Myosin Bundles

Early studies, in the 1930s, of cultured cells by phase-con-
trast microscopy revealed so-called “stress fibers”—straight
or slightly curved phase-dark lines that span the cell and
appear to be under tension (Buckley and Porter 1967).
Subsequent analyses showed that stress fibers represent
mixed bundles of actin and bipolar filaments of nonmuscle
myosin IT that contract or exert isometric tension (Burridge
and Wittchen 2013).

5.2.2.1 Structure. The structural organization of
stress fibers in nonmuscle cells shows a slight resemblance
to striated muscle sarcomeres. Immunofluorescence stain-
ing showed that nonmuscle myosin I1is arranged in a semi-
periodic fashion along stress fibers (Fig. 1) (Weber and
Groeschel-Stewart 1974). Segments of the stress fiber
with nonmuscle myosin II are also enriched in tropomyo-
sin, whereas intervening areas are enriched in «-actinin
(Lazarides 1976). Electron microscopy showed that myosin
IT in stress fibers forms bipolar filaments ~300 nm in
length (Langanger et al. 1986; Svitkina et al. 1989), which
aligned in parallel stacks analogous to the skeletal muscle
myosin II filaments in sarcomeres (Fig. 6A—C) (Verkhov-
sky et al. 1995). Bipolar myosin II filaments aligned with
the stress fiber axis were also detected by dual-color fluo-
rescence microscopy, with different probes for myosin II
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heads and tails, as triplets of alternating colors (Ebrahim
et al. 2013; Beach et al. 2014).

Although these features of stress fibers resemble striated
muscle sarcomeres, the two systems do have significant
differences. Stacks of bipolar filaments are unevenly spaced
along the stress fiber, often staggered and not perfectly
aligned with each other, and can fuse and interdigitate
with each other to the extent that they become poorly dis-
cernable (Fig. 6B,C).

The organization of actin filaments in stress fibers also
differs significantly from striated muscle sarcomeres in
which the filaments have defined lengths, strictly alternat-
ing polarities, and interact only with one set of myosin II
filaments (Huxley 1957). Fluorescence labeling of actin fil-
aments shows that they are continuously distributed along
the stress fiber length (Lazarides and Weber 1974), con-
trasting with their periodic distribution in striated muscle.
Electron microscopy showed that the actin filaments in
stress fibers have mixed polarity and show variable lengths,
so that oppositely oriented filaments often overlap. More-
over, some actin filaments in the stress fibers are so long that
they pass through several myosin-rich regions (Fig. 6A,B)
(Sanger and Sanger 1980). These features could be due to
the absence of capping proteins, as neither barbed end
capping proteins nor the pointed end capper tropomodu-
lin have been detected in stress fibers.

Proteins promoting barbed end elongation—VASP and
formins—participate in the assembly of actin filaments in
stress fibers. VASP is present in stress fibers in a punctate
pattern (Reinhard et al. 1995), suggesting that elongating
barbed ends are scattered throughout the actin filament
bundle. VASP becomes particularly enriched in regions
where a stress fiber is ruptured, where it promotes actin
filament elongation to repair the damage (Smith et al.
2010). The actin-polymerizing activity of the formin
mDial is also used during stress fiber formation, although
mDial has not been detected in stress fibers (Watanabe
et al. 1999). Thus, in contrast to the capped barbed ends
in striated muscle, actin filament barbed ends in stress fi-
bers of nonmuscle cells can elongate, and seem to be pro-
tected from capping.

5.2.2.2 Interaction with the load. Stress fibers are
attached at their ends (focal adhesions) to the plasma
membrane, and, through the plasma membrane, to the
extracellular matrix. This transmembrane linkage involves
members of the integrin family of transmembrane adhe-
sion receptors (Hu and Luo 2013). Integrins directly bind
the extracellular matrix outside the cell and use a set of
adaptor proteins to bind actin filaments inside the cell
(Wehrle-Haller 2012). Adaptor proteins, such as talin and
vinculin, are highly enriched in focal adhesions. Stress fiber
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Figure 6. Contractile actin structures in nonmuscle cells. (A) A stress fiber fragment (extends from upper left to lower
middle) and a network of other cytoskeletal components (upper right half) in a rat fibroblast. Color coding: yellow,
actin filaments; red, microtubules; cyan, intermediate filaments. (Reprinted from Svitkina et al. 1995.) (B) Immu-
nogold labeling of a stress fiber (extends from upper left to lower right) with an antibody to nonmuscle myosin II.
Distribution of colloidal gold particles shows semiperiodic arrangement of myosin II along the actin filament
bundle. Color coding: yellow, gold particles; red, microtubules; cyan, intermediate filaments. (C) Dissolution of
actin filaments by treatment of the cytoskeleton with the actin-severing protein gelsolin reveals stacks of bipolar
myosin II filaments separated by irregular intervals. The diagonal alignment of myosin II filaments suggests that
stacks belong to the same stress fiber running in an upper left to lower right direction. Color coding: brown, myosin IT
filaments; cyan, intermediate filaments; purple, clathrin-coated pits. (D) Contractile actin—myosin-II network in
the lamella of a fish epidermal keratocyte. Immunogold staining of myosin IT shows linear sets of gold particles
(colored in yellow) representing myosin II filaments among the network of actin filaments. The orientation of actin
and myosin II filaments changes from the front (right) to the rear (left) of the cell, reflecting network contraction
during keratocyte migration. (E) A cluster of nonoriented bipolar filaments of nonmuscle myosin Il in the lamella of
a fish epidermal keratocyte visualized after dissolution of actin filaments by gelsolin treatment. Filaments form
chains (upper right), networks (center), and stacks (lower left). Several individual bipolar filaments are colored in
brown. Scale bars, 500 nm (A-C) and 250 nm (D,E).
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actin filaments in the vicinity of a focal adhesion are uni-
formly oriented with their barbed ends toward the plasma
membrane (Sanger and Sanger 1980). These barbed ends
are not capped and can incorporate actin subunits, likely
owing to the activity of VASP that is highly enriched in focal
adhesions. The occurrence of barbed end elongation at fo-
cal adhesions might help to maintain the connection of
actin filaments to the plasma membrane in the presence of
pulling forces exerted by myosin II. Regions of stress fibers
associated with focal adhesions are enriched in a-actinin
but rarely contain myosin II. In addition, focal adhesions
contain a very large number of signaling proteins, which
transmit information about the stiffness and chemistry of
the underlying surface into the cell, so that the cell can adapt
its behavior to external conditions (Wehrle-Haller 2012).

In addition to classical straight stress fibers that are
associated with focal adhesions, bundles of actin and my-
osin II filaments can be bound to another load and/or
acquire different shapes. For example, a stress fiber can
have one end attached to the plasma membrane and the
other end incorporated into another stress fiber or cyto-
skeletal structure. Migrating cells produce arc-shaped stress
fibers with both ends enmeshed in surrounding actin net-
works and bundles (Naumanen et al. 2008). These arcs can
be connected to focal adhesions through other stress fibers
that radiate out of the arc and terminate in focal adhesions.

As reviewed elsewhere (Glotzer 2016), contractile rings
of actin filaments (Schroeder 1969) and myosin II (Fuji-
wara and Pollard 1976) drive constriction of the cleavage
furrow during cytokinesis. In the slime mold Dictyostelium
discoideum, attachment of the contractile ring to the plas-
ma membrane requires the activity of the focal adhesion
protein talin (Tsujioka et al. 2012). Members of the ERM
protein family of actin filament—membrane linkers (Niggli
and Rossy 2008) might also contribute to the interaction of
the contractile ring with the plasma membrane.

Bundles of actin filaments and myosin II are also asso-
ciated with sites of cell—cell interaction at intercellular ad-
herens junctions (Huveneers and de Rooij 2013). Adhesion
receptors of the cadherin family make homophilic interac-
tions between two cells and use adaptor proteins to bind to
actin filaments in the cell interior. The adaptor proteins
include adherens-junction-specific proteins, such as a-cat-
enins and (3-catenins, as well as proteins functioning in
focal adhesions, such as a-actinin and vinculin.

In the cohesive layers of epithelial cells that compart-
mentalize tissues in an organism, adherens junctions form
a continuous circumferential belt around the apical cell
surface. Adherens junctions are linked to circular actin—
myosin II bundles, which can transmit tangential tension
to the adhesion belt. The nature of the mechanism attach-
ing circumferential actin—myosin II bundles to the plasma
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membrane in continuous or “linear” adherens junctions
remains uncertain. Local accumulations of cadherins also
form intermittent cell—cell contacts. These “focal” adhe-
rens junctions are typically associated with the tips of stress
fibers. As focal and linear adherens junctions use slightly
distinct sets of adaptor proteins on the cytoplasmic side,
the mechanisms of interaction between actin and the plas-
ma membrane might have both shared and distinct features
in these two types of adherens junctions.

5.2.2.3 Mechanism of contraction. In highly or-
dered striated muscle sarcomeres, bipolar myosin 1II fila-
ments interdigitate with actin filaments with opposite
polarities in two halves of the sarcomere. The sarcomere
shortens and the cell contracts when myosin II heads pull
the actin filaments toward the middle of the sarcomere
(Huxley and Hanson 1954; Huxley and Niedergerke 1954).

In less-well-organized stress fibers, myosin II filaments
are positioned among actin filaments with mixed polarity
(Burridge and Wittchen 2013) and might be able to interact
preferentially with actin filaments having the appropriate
polarity to contract rather than lengthen the bundle. It is
plausible that actin filaments that are properly oriented
relative to myosin II and attached to a load are tensioned.
The duty ratio of nonmuscle myosin II is increased under
resisting load, which allows the motor to remain bound to
these actin filaments for a longer time, favoring contraction
(Kovacs et al. 2007). Moreover, actin filaments under ten-
sion have higher affinity for myosins (Uyeda et al. 2011),
further increasing the probability of interaction between
actin and myosin II.

5.2.2.4 Functions. In migrating cells, contractile forc-
es generated by stress fibers are typically applied to focal
adhesions. These contractile forces can rupture the adhe-
sion and, thus, induce local retraction of the cell edge.
Alternatively, they can strengthen the adhesion, which
then can serve as a launchpad for the next round of pro-
trusion (Wolfenson et al. 2011). In directionally moving
cells, adhesion strengthening typically occurs at the cell
front, whereas adhesion rupture is biased toward the cell
rear. This differential response helps the cell to maintain its
direction of migration. This behavior is regulated, at least in
part, by microtubules (Vasiliev et al. 1970; Kaverina et al.
2002), although the biochemical mechanism underlying
this is not clear (Stehbens and Wittmann 2012). Another
important function of contractile actin—myosin bundles is
to maintain isometric tension that supports the shape of
the cells and defines the mechanical properties of the cell
surface. For example, circumferential bundles of actin and
myosin II associated with linear adherens junctions gener-
ate a tangential tension that is necessary to maintain junc-
tion integrity.
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Cells migrating on a solid surface in two-dimensional
culture have exaggerated stress fibers and focal adhesions,
as compared with cells moving in vivo (Wong et al. 1983;
Geraldo et al. 2012), in three-dimensional culture (Kubow
etal. 2013), or on soft surfaces with physiologically relevant
stiffness (Pelham and Wang 1997; Engler et al. 2004). The
dependence of stress fiber formation on the physical prop-
erties of the substratum could reflect the fact that cells in
tissues might use stress fibers and focal adhesions mostly
for remodeling of the extracellular matrix. Indeed, stress
fibers and focal adhesions are especially characteristic for
fibroblasts—mesenchymal cells that secrete and organize
the extracellular matrix in the organism. When grown in
a collagen gel in cell culture, fibroblasts use focal adhesions
and stress fibers to attach to and pull on collagen fibers, so
that they can move and align these fibers. Thus, when
grown on a stiff surface in a culture dish, fibroblasts build
up contractile force by increasing the number and size of
stress fibers, as if desperately trying to deform this non-
compliant substratum.

5.2.3 Contractile Actin—Myosin Networks

5.2.3.1 Structure and mechanism of contraction.
To mediate contraction, actin and myosin II filaments do
not have to be aligned, as in sarcomeres or stress fibers, but
can be arranged into a network in which individual fila-
ments are oriented at a range of angles (Verkhovsky et al.
1999). In most cases, such organization is inferred from
low-resolution fluorescence microscopy images of cells
stained with probes for actin filaments and nonmuscle my-
osin II. With this technique, actin—myosin-II networks
appear as a diffuse distribution of actin that contains scat-
tered puncta of myosin II. This staining pattern is charac-
teristic, for example, of the “cell cortex,” an actin—myosin-
IT layer underlying the plasma membrane in many cells
(Zigmond et al. 1979). In some cases, the high-resolution
organization of actin—myosin-II networks has been deter-
mined. For example, electron microscopy of the thin lamel-
lae of migrating cells (Verkhovsky et al. 1995; Svitkina et al.
1997) or of the growth cones of cultured neurons (Bridg-
man 2002) has revealed bipolar filaments of nonmuscle
myosin II, either individual ones or in the form of clusters
of variable size, associating with a nonaligned network of
relatively long actin filaments. Actin—myosin-II networks
in the cell cortex and other locations might also have a
similar basic organization, although the densities of actin
and myosin II filaments and their relative abundance most
likely vary from case to case.

Although actin—myosin-II networks have even less-or-
dered organization than stress fibers, they still can generate
contractile forces, as shown decades ago when mixtures of
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actin and myosin in a test tube contracted upon addition of
ATP (Szent-Gyorgyi 1950, 2004). In lamellae of migrating
cells, interactions of the two ends of a bipolar myosin II
filament with two actin filaments oriented at different an-
gles causes rotation of actin and myosin II filaments around
the anchor points until they all align between the attach-
ment sites. Such mutual alignment of actin and myosin II
filaments is accompanied by network contraction in the
orthogonal direction (Fig. 5C) (Svitkina et al. 1997; Ver-
khovsky et al. 1999).

5.2.3.2 Interaction with the load. The molecular
connections between the plasma membrane and actin—
myosin-II networks are not yet well understood. In leading
lamellae of migrating cells, actin—myosin-II networks ap-
pear to be associated with focal complexes (Shutova et al.
2012). These small and dynamic cell-matrix adhesions
generate traction for cell migration or can serve as precur-
sors for larger and more-stable focal adhesions (Rottner
et al. 1999; Choi et al. 2008). They use a similar set of
proteins to connect actin to the plasma membrane, as
mature focal adhesions. The adhesive structures linking
other actin—myosin-II networks to the plasma membrane
might depend on additional transmembrane and adap-
tor proteins. Perhaps these molecules are widely distributed
at low density over the plasma membrane. ERM-family
proteins are candidates (Niggli and Rossy 2008) because
their depletion decreases membrane-to-cortex attachment
(Diz-Munoz et al. 2010). Many other proteins that can bind
both actin and the membrane, such as class I myosins,
formins, Ena/VASP proteins, and talin, might also contrib-
ute to this linkage.

5.2.3.3 Functions. In fast migrating cells such as ker-
atocytes and neutrophils, contraction of actin—myosin-II
networks brings forward the cell body, so that it keeps
up with the advancing leading edge (Svitkina et al. 1997).
In other cell types, network contraction leads to stress
fiber formation through the alignment of actin and myo-
sin IT filaments (Verkhovsky et al. 1995) that mature into
stress fibers with semiperiodic myosin II distribution
(Stachowiak et al. 2012). The contraction of actin—myo-
sin-II networks might represent a primordial mechanism
to exert pulling forces, which evolved into more efficient
contractile systems, such as stress fibers, contractile rings,
and sarcomeres.

During migration, cells need traction to prevent slip-
page during protrusion. Traction is largely provided by
focal adhesions. Counterintuitively, small and dynamic fo-
cal complexes associated with actin—myosin-II networks
are more efficient in the generation of traction than large
and stable focal adhesions (Beningo et al. 2001). Adhesion
formation, in general, depends on force (Burridge and
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Wittchen 2013) produced by actin—myosin-II systems
and transmitted to integrins, which activates integrins
and traction generation. The forces required to form focal
complexes are fairly small and can be produced by contrac-
tion of actin—myosin-II networks or derived from actin
filament cross-linking (Choi et al. 2008) or a drag from
actin retrograde flow (Alexandrova et al. 2008; Gardel
et al. 2008).

Contraction of actin—myosin networks also leads to
changes in cell shapes and remodels tissues. For example,
the invagination of epithelial sheets during embryonic de-
velopment drives gastrulation, neural tube formation,
gland formation, and other processes (Kasza and Zallen
2011). During invagination, a fraction of epithelial cells
acquires a conical shape by constricting their apical surface,
leading to local bending of the epithelial sheet (Wessells
et al. 1971). During gastrulation in Drosophila embryos,
contraction of an actin—myosin-II network located under-
neath the apical surface drives apical constriction of epi-
thelial cells, which is stabilized by the circumferential belt
of actin filaments and myosin II associated with apical
adherens junctions (Martin 2010).

The cortical actin—myosin-II network underlying the
plasma membrane defines the mechanical properties of the
cell surface, generates surface tension, which allows cells to
resist external insults, and produces internal pressures (Sal-
breux et al. 2012). If the cortex is locally damaged or de-
tached from the plasma membrane, internal pressure
causes formation of blebs—balloon-like expansions of
the plasma membrane. Reformation of the cortex in the
bleb leads to withdrawal of the bleb through contraction
of the cortical actin—myosin-II network. Blebs often form
during apoptosis, possibly, as precursors of apoptotic bod-
ies. They are common during cytokinesis, in which they
help to release excessive intracellular pressure in daughter
cells. An amoeboid mode of cell migration, especially when
cells move in a spatially constrained environment, involves
extensive blebbing (Liu et al. 2015; Ruprecht et al. 2015). In
this case, blebs are thought to advance the cell front instead
of lamellipodia and filopodia (Charras and Paluch 2008).

6 CONCLUSION

The activity of the actin cytoskeleton supports the vast
majority of motile events in eukaryotic cells. A large set
of accessory proteins controls the assembly of a common
pool of actin, as well as the spatial organization, subcellular
localization, and interactions of the filaments with other
structures. This immense complexity has evolved for the
benefit of cells and organisms and continues to offer inter-
esting challenges to researchers aiming to understand how
the actin cytoskeleton works.
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