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Mechanisms of actin disassembly
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ABSTRACT The actin cytoskeleton is constantly assembling and disassembling. Cells harness
the energy of these turnover dynamics to drive cell motility and organize cytoplasm. Al-
though much is known about how cells control actin polymerization, we do not understand
how actin filaments depolymerize inside cells. | briefly describe how the combination of imag-
ing actin filament dynamics in cells and using in vitro biochemistry progressively altered our
views of actin depolymerization. | describe why | do not think that the prevailing model of
actin filament turnover—cofilin-mediated actin filament severing—can account for actin fila-
ment disassembly detected in cells. Finally, | speculate that cells might be able to tune the
mechanism of actin depolymerization to meet physiological demands and selectively control

the stabilities of different actin arrays.
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INTRODUCTION

Actin filaments in cells are highly dynamic, rapidly assembling in
some regions of the cell while disassembling in others. Fast actin
depolymerization allows cells to rapidly reconfigure their cytoskele-
ton in response to both internal and external cues. At the biochemi-
cal level, fast actin depolymerization is necessary to replenish the
pool of polymerizable actin monomer that is used to rapidly assem-
ble actin filaments and perform work (Pollard and Borisy, 2003).
Therefore actin depolymerization is critical for actin-dependent pro-
cesses, but the mechanism of actin depolymerization operating in
cells is not known.

TREADMILLING, COFILIN, AND SEVERING

Actin filaments in pure solution turn over slowly at steady state
through an ATP-dependent process know as treadmilling (Wegner,
1982). To treadmill, actin uses a small portion of the energy from
ATP hydrolysis on actin to destabilize the filament to a slight extent,
resulting in the slow release of ADP-actin subunits from the pointed
ends of filaments. Classic photobleaching experiments performed
at the leading edge of migrating cells were consistent with a model
in which actin filaments assembled at the tip of the lamellipodium
and disassembled at the base—hence treadmilling (Wang, 1985).
Protrusion of the leading edge could thus be neatly explained by
the intrinsic properties of F-actin. The model is very appealing, and
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treadmilling is a popular model for describing actin filament turn-
over in cells. There are, however, two caveats.

The first is that actin filaments in cells are too densely packed to
directly visualize the mode of disassembly at the single-filament
level by light microscopy. The extent to which this problem limited
interpretation of mechanism became very apparent with the appli-
cation of fluorescence speckle microscopy to actin arrays (Watanabe
and Mitchison, 2002; Ponti et al., 2003). Speckling revealed that ac-
tin assembly and disassembly reactions are not restricted to the tip
and base of the lamellipodium. Instead, both reactions are distrib-
uted throughout the structure from the tip to the base. Some of the
filaments are polymerizing, whereas others right next to them are
disassembling. Therefore we can no longer unequivocally state the
mechanism of depolymerization at the single-filament level. Any
and all modes of actin filament disassembly depicted in Figure 1
could be operating in cells.

The second caveat is that actin filaments depolymerize much
faster in cells than in pure solution, implying the existence of cellular
factors that accelerate actin disassembly (Zigmond, 1993). These
factors could in principle accelerate pointed-end dissociation to en-
hance treadmilling, but treadmilling need not be an essential fea-
ture of actin filaments based on evidence from the world of bacterial
actin filaments. Prokaryotic ParM, for example, is structurally related
to actin (Carballido-Lopez, 2006), but ParM uses the energy from
ATP hydrolysis to drive dynamic instability, not treadmilling (Garner
et al., 2004). In principle, then, if cellular factors were to help actin
capture more of the energy from ATP hydrolysis, they could alter the
mechanism to any of those depicted in Figure 1.

The discrepancy between in vitro and in vivo actin disassembly
rates motivated the search for actin disassembly factors, and mem-
bers of the cofilin family of small actin-binding proteins were the
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FIGURE 1: Alternative modes of actin disassembly. (A) Treadmilling
filaments lose actin subunits from the pointed ends of filaments. Pure
actin treadmills at steady state, which is a popular model for
describing actin turnover in cells. (B) Dynamic instability would occur if
ATP hydrolysis were to convert the barbed end from one that grows
to one that shrinks. Microtubules and prokaryotic ParM filaments
undergo dynamic instability, but dynamic instability has not been seen
with actin. (C) Severing cuts a filament to produce two daughter
filaments without loss of polymer mass. Cofilin severs actin filaments
in vitro. (D) Whole-filament destabilization proposes a highly
cooperative process in which long stretches of polymer abruptly
convert to monomer. Whole-filament destabilization might describe
actin disassembly in the presence of cofilin, coronin, and Aip1.

leading candidates (Bamburg, 1999). Lappalainen and Drubin (1997)
combined yeast genetics with imaging and a small-molecule inhibi-
tor of actin assembly to prove that cofilin is essential for actin depo-
lymerization in cells. Cofilin severs actin filaments in pure solution
but does not appear to accelerate the rate at which actin subunits
dissociate from filament ends (Andrianantoandro and Pollard, 2006),
and cofilin-mediated severing of actively growing filaments has
been detected in vitro (Michelot et al., 2007). Cofilin-mediated actin
filament severing, presumably followed by slow depolymerization
from the pointed end, is now the prevailing model for actin disas-
sembly in cells. Bundles of actin filaments can be seen fragmenting
in neuronal growth cones of Aplysia (Medeiros et al., 2006). We do
not know the fate of such severed filaments, however, or how they
might depolymerize down to monomer. Nor is it even clear whether
actin-filament severing is the dominant mode of disassembly
operating in cells. Fluorescence speckle microscopy of actin in
lamellipodia, for example, suggests that fast actin depolymerization
extends all the way to the tip of the leading edge (Watanabe and
Mitchison, 2002), but the short filaments we expect to see from fre-
quent severing events are not found in electron tomograms of
lamellipodia (Urban et al., 2010). In fact, a number of nagging ob-
servations of actin filament turnover in cells are inconsistent with the
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hypothesis that cofilin-mediated actin-filament severing is the pri-
mary mode of disassembly driving actin dynamics in cells.

CAN SEVERING AND TREADMILLING ACCOUNT

FOR ACTIN DISASSEMBLY IN CELLS?

Several years ago Hao Yuan Kueh, Tim Mitchison, and | compared
the effects of two drugs, latrunculin B and cytochalasin D, on the
dynamics of Listeria actin comet tails (Kueh et al., 2008). Cytochala-
sin D is a drug that caps the barbed ends of actin filaments, prevent-
ing it from growing or shrinking. Latrunculin, on the other hand,
binds to actin monomer and prevents it from incorporating into
polymer. Listeria is a bacterial pathogen that harnesses the energy
of actin polymerization on its surface to propel it through the host's
cytoplasm (Tilney and Portnoy, 1989). As the bacterium is propelled
forward, it leaves an actin comet tail behind it that rapidly depo-
lymerizes with exponential kinetics (Theriot et al., 1992). Cofilin is
necessary for comet tail disassembly (Rosenblatt et al., 1997). Both
latrunculin and cytochalasin D stopped Listeria propulsion, which
was expected. However, cytochalasin D also blocked comet tail dis-
assembly, which was unexpected. The cytochalasin D result is incon-
sistent with treadmilling—why should capping the barbed end block
disassembly at the pointed end? The result is also inconsistent with
severing—cytochalasin D should, if anything, enhance severing by
blocking filament reannealing. This is not an isolated case unique to
Listeria, because cytochalasin D also blocked actin depolymeriza-
tion in protruding lamellipodia (Kueh et al., 2008). Either we have
more to learn about cytochalasin D or, just maybe, actin filaments in
cells depolymerize from their barbed ends.

One might be tempted to brush aside the cytochalasin D result
as some effect of the drug other than capping of filament barbed
ends (Cooper, 1987). Nevertheless, cofilin-mediated actin filament
severing remains an unsatisfactory model for actin filament turnover
in cells because it cannot explain the morphogenesis of the Listeria
actin comet tail. Comet tail assembly is restricted to the bacterial
surface, whereas the rest of the comet tail only depolymerizes
(Theriot et al., 1992; Kueh et al., 2010). Although severing will
produce more pointed ends that shrink, severing will also create
more barbed ends that grow. Actin-filament barbed ends produced
by cofilin-mediated severing serve as sites for actin assembly in vitro
(Ichetovkin et al., 2002). Furthermore, acute activation of cofilin
at the leading edge of migrating cells results in a burst of actin
assembly, not disassembly, presumably due to the abrupt formation
of new barbed ends created by a round of severing (Ghosh et al.,
2004). Disassembly dominated by severing cannot be operating in
the Listeria actin comet tail because no new actin assembly can be
detected along the length of the dissolving comet tail (Kueh et al.,
2010). Finally, loss of polymer mass from comet tails via severing
alone would require two cuts before the resulting filament could
diffuse away from the comet tail, which is inconsistent with their ex-
ponential decay profile (Kueh et al., 2010).

AUXILIARY FACTORS COULD ALTER THE MECHANISM
OF DEPOLYMERIZATION

Thus cofilin-mediated filament severing alone cannot account for
actin disassembly dynamics detected in cells. The implication is
that cells express additional factors that augment cofilin function
and alter the mechanism of depolymerization. In fact, whereas co-
filin is necessary for actin depolymerization, it does not appear to
be sufficient under conditions normally found inside cells, and ad-
ditional factors appear to be required to help cofilin overcome
intracellular obstacles that would otherwise inhibit actin disassem-
bly. Cells contain high concentrations of polymerizable actin
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monomer, which is used to drive fast actin assembly, and depo-
lymerization must occur against this thermodynamic barrier. There
is also a stoichiometric problem caused by the high concentration
of actin polymer in cells that is in large excess of the depolymer-
izers. A variety of auxiliary factors have been identified that aug-
ment cofilin function, including Aip1, coronin, and CAP (Ono,
2007). The importance of these factors in actin turnover dynamics
has been demonstrated in multiple organisms (Ono, 2007), and
some of them help cofilin to overcome inhibition of disassembly
by excess monomer and polymer (Brieher et al., 2006; Normoyle
and Brieher, 2012). The key question is whether these auxiliary
factors simply accelerate cofilin-mediated severing or alter the
mechanism.

In many cases the auxiliary factors enhance cofilin-mediated
severing (Ono et al., 2004; Ono, 2007; Moseley et al., 2006;
Gandhi et al., 2009; Normoyle and Brieher, 2012; Chaudhry et al.,
2013). In contrast, the combination of cofilin, coronin, and Aip1
altered the mechanism of depolymerization to one in which long
stretches of actin polymer appeared to disassemble catastrophi-
cally in a single step (Kueh et al., 2008). This mechanism has been
referred to alternatively as bursting or whole-filament destabiliza-
tion to reflect either the abruptness of the disassembly event or
the possibility that the filament is disassembling under these con-
ditions through every imaginable pathway (severing, pointed-end
loss, barbed-end loss, unraveling of the protofilaments). The mole-
cular mechanism underlying whole-filament destabilization is not
known, but it is presumably a highly cooperative process. One
possibility is that the combination of cofilin and coronin drives
highly cooperative cofilin binding to F-actin to create long stretches
of polymer coated with cofilin and possibly coronin. These coated
segments of polymer are envisioned to be highly unstable in the
presence of Aip1. Although this model is highly speculative, cofilin
binds cooperatively to F-actin. The cooperativity is weak
(Andrianantoandro and Pollard, 2006), but it might be strength-
ened by coronin, which enhances cofilin binding to Listeria actin
comet tails as well as F-actin in pure solution (Brieher et al., 2006)—
this, despite the fact that coronin occludes the cofilin-binding site
on F-actin (Galkin et al., 2008) and the two proteins compete for
binding to the filament (Cai et al., 2007). Such stretches of cofilin-
coronin-laden polymer are then envisioned to be superior sub-
strates for Aip1-mediated disassembly. Our understanding of the
mechanism of disassembly under these conditions is still in its
infancy and arguably too murky to justify the names that | helped
assign to it. Nevertheless, despite what we call it, severing does
not suffice to describe filament disassembly in the presence of
these three factors, and the triple mixture of cofilin, coronin, and
Aip1 is the only depolymerization cocktail that we know of that is
blocked by cytochalasin D, which is the situation in cells (Kueh
et al., 2008). Catastrophic disassembly that removes entire fila-
ments in a single step could also account for exponential decay
of Listeria actin comet tails (Kueh et al., 2010). Determining
whether this mode of actin disassembly is operating in cells and
understanding why cytochalasin D blocks it will require a detailed
understanding of the underlying mechanism driving bursting/
whole-filament destabilization.

POSSIBLE IMPLICATIONS FOR ACTIN-DEPENDENT

CELL BIOLOGY

The number of auxiliary factors, in conjunction with their potential
ability to alter the mechanism of actin depolymerization, could have
important consequences for actin-dependent cell biology. Cells
could conceivably control the activities of the disassembly factors to
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tune the mechanism of depolymerization to meet physiological de-
mands. Whole-filament destabilization, for example, could be ad-
vantageous when cells needs to remove an actin array quickly and
completely, such as during phagosome maturation (Bengtsson
et al., 1993). A severing-dominated regime, on the other hand,
could allow cells to deform an actin array without losing much poly-
mer mass. Semaphorin 3A, for example, induces neuronal growth
cone collapse (Fan et al., 1993). The process requires both cofilin
and myosin Il (Aizawa et al., 2001; Gallo, 2006). Although actin poly-
mer mass is lost upon exposure to Semaphorin 3A, some F-actin
remains, and myosin Il pulls on it to retract the neurite (Gallo, 2006).
Severing might weaken the array, allowing it to flow more freely in
response to myosin ll-dependent contractile forces.

Different auxiliary factors could also be used to selectively control
the stability of different actin arrays in cells. The stability of actin
within different networks can vary from seconds to hours (Zigmond,
1993; Kueh and Mitchison, 2009). How cells manage to simultane-
ously maintain actin arrays of such varying stabilities in a shared cyto-
sol is not known. Selectively stabilizing certain actin arrays with tro-
pomyosin appears to be one mechanism (Kuhn and Bamburg, 2008).
Selectively destabilizing different actin arrays with different combina-
tions of cofilin and supplementary factors could be a complementary
mechanism. Selective destabilization of a particular actin array might
be operating in Drosophila nurse cells, in which CAP specifically con-
trols the amount of actin that assembles at apical cell-cell junctions,
whereas cofilin controls the amount of actin throughout the entire
cell (Baum and Perrimon, 2001). The extent to which other disassem-
bly factors help control the amount and stability of F-actin in other
actin arrays is an interesting question for the future.

FUTURE DIRECTIONS

Identifying which mechanisms of actin depolymerization are operat-
ing in cells is the obvious goal, but directly visualizing depolymeriza-
tion of single filaments in cells is still beyond the resolution of light
microscopy. As an alternative, we can analyze actin depolymeriza-
tion in vitro under defined conditions in greater detail to better dis-
tinguish between different mechanisms of disassembly. This infor-
mation could then be used to help better detect the mechanism of
actin depolymerization operating within an actin array in vivo. In the
process, we might uncover new roles for actin depolymerization in
controlling the morphogenesis of the actin cytoskeleton, with po-
tential consequences for our understanding of actin-dependent
processes such as cell motility.
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