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Myosin II motors play several important roles in a variety of cellular
processes, some of which involve active assembly/disassembly of
cytoskeletal substructures. Myosin II motors have been shown to function
in actin bundle turnover in neuronal growth cones and in the recycling of
actin filaments during cytokinesis. Close examination had shown an
intimate relationship between myosin II motor adenosine triphosphatase
activity and actin turnover rate. However, the direct implication of myosin
II in actin turnover is still not understood. Herein, we show, using high-
resolution cryo-transmission electron microscopy, that myosin II motors
control the turnover of actin bundles in a concentration-dependent manner
in vitro. We demonstrate that disassembly of actin bundles occurs through
two main stages: the first stage involves unbundling into individual
filaments, and the second involves their subsequent depolymerization.
These evidence suggest that, in addition to their “classical” contractile
abilities, myosin II motors may be directly implicated in active actin
depolymerization. We believe that myosin II motors may function similarly
in vivo (e.g., in the disassembly of the contractile ring by fine tuning the local
concentration/activity of myosin II motors).
© 2007 Elsevier Ltd. All rights reserved.
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Many processes in living cells are driven by
molecular motors using ATP hydrolysis to generate
work and motion.1 Myosin II protein motors play
key roles in a number of important processes,2–8

some of which involve active assembly/disassem-
bly of cytoskeletal substructures.2,3,9–11 Close exam-
ination of the dynamics of certain cellular processes
had revealed an intimate relationship between
myosin II adenosine triphosphatase (ATPase) activ-
ity and actin turnover rate.2,8,12–14 Myosin II motors
function in actin bundle turnover in neuronal
growth cones by promoting severing of the bundles
into fragments that shrink over time8 and in the
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recycling of actin filaments during cytokinesis.12–14

The direct role of myosin II in the turnover of actin
bundles has however not been elucidated, although
it is believed to involve filament unbundling15 and/
or depolymerization.8 Herein, we show that myosin
II motors control actin bundle turnover in a
concentration-dependent manner in vitro. We
demonstrate that disassembly of actin bundles
takes place in two stages—unbundling of the actin
bundles into individual filaments and depolymer-
ization of the filaments. We believe that myosin II
motors may function similarly in vivo (e.g., in the
disassembly of the contractile ring by tuning the
local concentration/activity of the motors).
First, we studied the dynamics of the organization

of actin/fascin bundles (AFBs) fluorescently labeled
with Oregon Green® in the presence of myosin II
motors in bulk. Figure 1 shows the final self-
organization of this system after reaching a steady
state. We were not able to observe the initial
dynamics of our system owing to the limits of our
d.
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Fig. 1. Active self-organization
of AFBs by myosin II motors.
Fluorescence microscopy images
were recorded at [A]=21 μM and
[A]/[F] =10. (a) At a moderate
concentration of myosin II, [A]/
[M]=20, the motors reorganize
actin bundles into dense triangular
networks. (b) At an elevated motor
concentration, [A]/[M]=2.9, myo-
sin II inhibits formation and growth
of AFBs; as a result, large-scale

patterns cannot form. The polymerization buffer contains 10 mM Hepes, pH 7.6, 5.5 mM DTT, 0.12 mM 1,4-
diazabicyclo[2,2,2]octane (Dabco), 0.133M potassium chloride, 2 mMmagnesium chloride, 1.7 mMmagnesium–ATP, and
an ATP-regenerating system composed of 0.1 mg/ml of creatine kinase and 1 mM creatine phosphate. Actin assembly
was monitored by fluorescence microscopy with an Olympus 71X microscope (Olympus Co., Japan). Time-lapse images
were acquired during 1–2 h with an Andor DV887 EMCCD camera (Andor Co., England). Data acquisition and analysis
were performed with METAMORPH (Universal Imaging Co.). Actin was purified from rabbit skeletal muscle acetone
powder.23 Skeletal muscle myosin II was purified according to standard protocols.24 Recombinant fascin, which was
prepared with the use of a modification of the method of Ono et al.,25 was expressed in Escherichia coli as a glutathione-S-
transferase fusion protein. Actin was labeled on Cys374 with Alexa 568 or rhodamine (Cytoskeleton Inc.).
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experimental setup, which allowed us to begin
tracking only approximately 0.5 min after mixing.
Addition of myosin II motors (at a ratio of [globular
actin]/[myosin II]= [A]/[M]=20) at a moderate
actin-to-fascin ratio ([globular actin]/[fascin]=[A]/
[F]=10) induced the active organization of the AFBs
into a dense triangular network (Fig. 1a). Surpris-
ingly, a higher concentration of myosin II ([A]/[M]=
2.9) totally prevented the formation of large struc-
tures, with only faint background fluorescence
being visible in the optical micrograph (Fig. 1b).
This faded fluorescence suggested that only indivi-
dual actin filaments and/or actin monomers were
present in the solution (which could not be optically
resolved). At such a high motor concentration, the
dynamics of the system appeared to be extremely
rapid (b30 s; see above) and could not be temporally
resolved. Our system did not further evolve to create
large-scale structures; rather, it remained in an
active steady state throughout the entire time span
of the experiment (even after 2 h). In all the
experiments, the ATP concentration was maintained
at a constant millimolar concentration level by using
an ATP-regenerating system. None of these phe-
nomena occurred in the presence of inactivated
N-ethylmaleimide (NEM) myosin II motors (which
can only bind rigorously to actin filaments16 and
therefore do not generate forces and movements at
the molecular level). This suggests that motor
activity is essential for actin self-organization.
We recently showed that insight into the mechan-

ism of the assembly/disassembly dynamics of AFBs
may be provided by following the temporal evolu-
tion stages of a network of AFBs that self-organized
at [A]/[F]=7 and [A]/[M]=10.17 These concentra-
tions were chosen with the aim of enhancing the
effect of fascin, thus enabling the system to initially
self-organize into a network but to disassemble over
time owing to the activity of the motor molecules
(see Fig. S1 in Ref. 17). After a few minutes, the
network structure did indeed disentangle into long
and straight individual AFBs (∼30–40 μm). Under
these conditions, the background of the optical
image was blurred, indicating that both short actin
filaments and/or very thin bundles (below optical
resolution) and actin monomers were present in the
solution. By the end of this process, the long AFBs
had disappeared, leaving only short and thin actin
filaments or bundles. Some agglomerations of actin
were also observed.
To obtain a better understanding of the function of

myosin II motors in the turnover of actin bundles
and to reveal the processes occurring at the
molecular level, we conducted high-resolution
direct imaging by cryo-transmission electron micro-
scopy (cryo-TEM). Comparisons of Fig. 2a, b, and c
revealed that addition of myosin II motors to the
medium produced a significant effect on bundle
formation: in the absence of myosin II motors,
straight and thick bundles were formed (Fig. 2a),
whereas individual filaments were not observed.
Addition of myosin II motors ([M]/[A]=0.1) to the
solution resulted in thinner bundles, which could
bend easily, and in individual filaments (Fig. 2b).
Furthermore, addition of myosin II motors led to a
decrease in the density of actin filaments/bundles
vis-à-vis the myosin-free system (Fig. 2a). These
findings imply a possible depolymerization of actin
filaments/bundles, as manifested in the accumula-
tion of actin monomers in the solution (small black
dots as indicated by arrowheads in Fig. 2b, d, and e).
At a higher content of motors, [M]/[A]=0.2, bundle
formation was inhibited; the system was composed
essentially of individual actin filaments, with a few
loosely connected bundles (Fig. 2c).
In the presence of motors, we observed a variety

of phenomena, including severing and splitting/
opening of the bundles (Fig. 2d and e; composi-
tions of actin, fascin, and myosin II in Fig. 2d and e
are similar to those in Fig. 2b: [M]/[A]=0.1 and
[F]/[A]=0.1). Severing of the bundles generated
short fragments less than 1 μm in length (an example
of such a bundle fragment is shown in Fig. 2d). In
addition, splitting of bundle ends was frequently



Fig. 2. High-resolution cryo-
TEM imaging of actin bundle dis-
assembly by myosin II motors.
Micrographs were obtained at
[A]=5 μM and [F]/[A]=0.1. (a) In
the absence of myosin II motors,
straight and thick bundles are
formed; the two arrowheads indi-
cate the diameter, Db, of a bundle.
No individual filament is evident.
(b) At [M]/[A]=0.1, thinner bun-
dles (long arrow), individual fila-
ments (short arrow), and accumula-
tion of actin monomers (small black
dots as indicated by an arrowhead)
are evident. (c) A high motor con-
tent, [M]/[A]=0.2, inhibits bundle
formation. The system is composed
essentially of individual actin fila-
ments (short arrow); loosely con-
nected bundles are seen but only
rarely (long arrow). (d and e) A
moderate myosin II concentration,
[M]/[A]=0.1, can induce severing
of bundles into short fragments
(black arrow) or splitting (black
arrowheads). White arrowheads in-
dicate actin monomers. Bars repre-
sent 0.2 μm. (f) Schematic represen-

tation of a bundle. The bundle diameter is given byDb (side view), and the area per filament in a bundle is given byDf (top
view; a blue ball represents a fascin protein, whereas a yellow circle represents an actin filament). After the individual
components were mixed, the system was left to polymerize for 30 min at room temperature in polymerization buffer
(10 mM Hepes, pH 7.6, 5.5 mM DTT, 0.12 mM Dabco, 0.133 M potassium chloride, 2 mM magnesium chloride, 1.7 mM
magnesium–ATP, and an ATP-regenerating system composed of 0.1 mg/ml of creatine kinase and 1 mM creatine
phosphate). We fixed the polymerization/bundling time at 30 min to ensure that the polymerization and bundling
processes were completed. To confirm this assumption, we performed fluorescence microscopy measurements on the
relevant solutions. Specimens for cryo-TEM were prepared in a controlled environment vitrification chamber.26 All
solutions were quenched from 25 °C and 100% relative humidity. Avolume of 3 μl of the solution was carefully deposited
on a TEM grid coated with holey carbon film (lacey carbon, 300 mesh grids, Ted Pella, Inc.). The grid was blotted with
filter paper (Whatman no. 1) and plunged into liquid ethane at its freezing point. The vitrified samples were stored under
liquid nitrogen before transfer to a TEM (Technai 12, FEI) operated at 120 kV with the use of a Gatan cryo-holder for
imaging at −180 °C in low-dose mode and with underfocus at a few micrometers to increase phase contrast. Images were
recorded on a multiscan CCD camera (Gatan 794 or Gatan 791) with the Digital Micrograph software package and
analyzed by METAMORPH.
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observed (Fig. 2d and e). Similar defects were also
evident in the middle of bundles (data not shown).
The number of filaments per bundle, Nb, at

different myosin II concentrations was determined
from measurements of the bundle diameter, Db, on
the cryo-TEM images (Fig. 2). Considering a bundle
as a cylinder or rod, we calculated the number of
filaments, Nb, from the ratio Ab/Af, where Ab is the
cross-section area of the bundle, given by Ab=(π/4)
Db

2 (Db is measured from the bundle's cross-section),
and Af is the effective cross-section area of an actin
filament within the bundle, given by Af= (π/4)Df

2

(see Fig. 2f). The effective diameter, Df, corresponds
to the typical distance between two actin filaments
in an AFB. In our calculation, Df was kept constant
at 9 nm.15

In Fig. 3a and b, we present the distribution of Nb
obtained for the two systems shown in Fig. 2a and b,
respectively. It is clearly evident that in both cases,
with ([M]/[A]=0.1) and without ([M]/[A]=0)
motors, the systems were highly polydispersed.
The presence of the motors did not change the
form of the distribution; both distributions fit an
exponential decay function, PDF(Nb)∝exp(−Nb/
Nb,mean), where PDF is the probability distribution
function and Nb,mean is the mean number of
filaments per bundle (the black lines in Fig. 3a
and b mark the corresponding exponential fitting
curves). The presence of the motors shifted the
distribution to the left (i.e., to lower values of Nb).
Figure 3c summarizes the mean bundle diameter,
Db,mean, and Nb,mean values for the different myosin
concentrations studied. The data show a monotonic
decrease in both parameters with increasing motor
concentrations. At the higher motor concentration of
[M]/[A]=0.2 (system described in Fig. 2c), the
solution contained mostly individual filaments or
loose bundles. The values for Db,mean and Nb,mean
could therefore not be determined precisely and are
not given.
The cryo-TEM experiments on AFBs showed that

myosin II motors interfered with the bundling of



Fig. 3. Quantitative analysis of the number of filaments per bundle, Nb, and AFB diameter, Db, for [A]=5 μm and
[F]/[A]=0.1. (a and b) Probability distribution functions (PDF) of Nb [PDF(Nb)] for [M]/[A] equal to 0 (a) and 0.1 (b). The
black lines mark the corresponding exponential fitting curves. (c) Mean±SE values of diameters of the AFBs, Db,mean,
and number of filaments per bundle, Nb,mean, as a function of the [M]/[A] ratio.
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actin filaments by fascin and induced severing and
splitting of the bundles. These experiments also
showed disassembly of actin in parallel with the
unbundling process. The actin disassembly was
manifested in a large decrease in the number of actin
magnesium chloride, 1.6 mM magnesium–ATP, and an ATP-
kinase and 1 mM creatine phosphate.
bundles and filaments and in an increase in the
concentration of actin monomers in solution.
To study in greater detail the actin depolymeriza-

tion process independently of the unbundling
process, we conducted cryo-TEM experiments on
Fig. 4. Depolymerization of actin
filaments bymyosin IImotors. Cryo-
TEM micrographs were obtained at
[A]=2 μM and [M]/[A] equal to 0
(a), 0.1 (b), 0.5 (c), and 3 (d). (a)When
no motor is added, an entangled
network of actin filaments is ob-
served. (b and c) Addition of myo-
sin II motors induces a decrease in
the concentration of filaments and
an increase in actinmonomers in the
background (black dots in the back-
ground as indicated by arrow-
heads). (d) Eventually, at suffi-
ciently high motor concentrations,
no filament is observed; the system
is composed solely of actin mono-
mers. Bars represent 0.2 μm. These
experiments were conducted in two
stages: First, actin was polymerized
without the addition of myosin II
for 20 min. Then, myosin II motors
were added, and the systemwas left
to react for an additional 15 min.
The polymerization buffer was
composed of 10 mM Hepes, pH
7.6, 5.5 mM DTT, 8.8 mM Dabco,
0.133 M potassium chloride, 2 mM

regenerating system composed of 0.1 mg/ml of creatine
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solutions of pure actin filaments in the presence of
increasing amounts of myosin II motors (Fig. 4a–d).
In the absence of myosin II motors, an entangled
network of actin filaments was formed (Fig. 4a).
Increasing the concentration of myosin II motors
(Fig. 4b–d) induced a gradual decrease in the density
of the actin filaments, up to their total disappearance
above a certain content of motors (Fig. 4d). In
parallel, the actin monomer concentration increased
(Fig. 4c and d; seen as the density of black dots in the
images' background). We can conclude from these
qualitative findings that the concentration of fila-
ments is reciprocally coupled to the monomer
concentration, a conclusion that in turn may infer
that the decrease in the filaments occurs as a result of
depolymerization induced by the motor activity.
To confirm the correlation between motor ATPase

activity and actin filament depolymerization, we
conducted control cryo-TEM experiments in the
presence of myosin II motors inactivated by either
NEM or blebbistatin (Fig. 5). NEM-myosin II
induces myosin–ADP rigor complexes, which bind
tightly to actin filaments16; in contrast, myosin II
ATPase inhibitors, such as blebbistatin, were
reported to stabilize the myosin–ADP·Pi state,
which binds actin filaments weakly.18–20 The addi-
tion of these drugs did not inhibit the formation of
myosin II minifilaments (such minifilaments are
marked by white arrows in Fig. 5a). Rather, it
generated a behavior that differed completely from
that witnessed with active motors. In both cases, we
observed that the density of actin filaments was
remarkably higher than that in the presence of active
motors (for comparison, see Fig. 4b, which repre-
sents an experiment carried out at the same actin
and myosin II concentrations of 2 and 0.2 μM,
respectively). Moreover, we observed the formation
of large actin filament assemblies (bundles) (bleb-
bistatin- and NEM-myosin II/actin systems in Fig.
5a and b, respectively) held together by the
inactivated myosin II minifilaments (see the white
arrows in Fig. 5a, which mark such blebbistatin
myosin minifilaments connecting several actin fila-
ments simultaneously). These findings were even
more prominent when the concentration of inacti-
vated motors was increased (data not shown).
aggregates act as passive cross-linkers, inducing the bundli
bundles.
In an in vivo study on the contractile ring, Wu and
Pollard showed continuous disassembly of actin
filaments, with a constant concentration of actin
being maintained while the myosin II concentration
increased locally.3 This disassembly was coupled to
the contraction of the contractile ring. In the current
work, we showed qualitatively that actin bundle/
filament disassembly was correlated to myosin II
concentration. We can speculate that there is a
similar correlation in vivo, which can infer on a
control mechanism that is responsible for adjusting
the actin disassembly during ring contraction.
Similarly, a correlation between actin bundle turn-
over and myosin II activity in neuronal growth
cones has also been proposed.8

In the current study, we showed that myosin II
motors self-organized AFBs in vitro but only at
moderate motor concentrations. At higher myosin II
concentrations, the formation and growth of AFBs
were dynamically inhibited. We also showed that
the forces generated by the motors could induce,
with time, disassembly of AFB networks into
individual filaments and/or thin bundles. Our
cryo-TEM experiments support these findings by
showing in detail the origin of these processes at
high resolution. We clearly demonstrated that
myosin II motors disrupt bundle formation and
induce severing and splitting of the bundles. Finally,
herein we present additional evidence for the
capacity of myosin II to induce the depolymeriza-
tion of actin filaments in vitro.
The disassembly of actin bundles appears to take

place in two consecutive steps: The first step is an
unbundling process in which the actin bundles are
disassembled into individual filaments. One possi-
ble explanation for this step is that the forces
produced by the motors moving along actin
filaments break the bonds between filamentous
actin and fascin and therefore split the filaments
(Fig. 2d and e). Another possible explanation lies in
steric hindrance: minifilaments of myosin II, which
are approximately 200–400 nm in length,21 may
sterically inhibit the binding of fascin. This phenom-
enon has recently been observed in a study on stress
fibers showing that α-actinin and myosin II cannot
be located at the same place along the fibers.11 The
Fig. 5. Cryo-TEM images of
actin filaments in the presence of
inactivated myosin II motors. Con-
ditions: [A]=2 μM and [M]/[A]=
0.1. (a) Blebbistatin-myosin II/actin
system. White arrows mark myosin
II minifilaments attached to or
embedded in the actin bundle.
Bar represents 200 nm. (b) NEM-
myosin II/actin system. Bar repre-
sents 100 nm. Both images show
the formation of large actin bundles
in the presence of minifilaments of
the inactive motor. These motor

ng of individual actin filaments and formation of large
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second step in actin bundle disassembly is actin
filament depolymerization (Fig. 4).
In vivo measurements of actin dynamics cannot

discriminate between actin filaments and actin
monomers. Herein, we show for the first time the
direct relationship between myosin II activity and
depolymerization of actin filaments in a concentra-
tion-dependent manner. To verify that these phe-
nomena were directly associated with the activity of
the motors, we used myosin II motors inactivated by
NEM or blebbistatin, each of which inhibits the
force-generating capabilities of the motors and
therefore cannot produce work and movement at
the molecular level but can only bind passively to
actin filaments. In this case, none of the active
phenomena described above was observed. Rather,
large bundles of actin filaments were formed as a
result of the cross-linking ability of the inactivated
myosin heads.
Dynamic disassembly of filaments by motor pro-

teins has been demonstrated for the MCAK kinesin
motor, the first member of the family of micro-
tubule-depolymerizing motors to be identified.22

We suggest that, in addition to their “classical” con-
tractile abilities, myosin II motors may be directly
implicated in active actin depolymerization and
actin filament turnover. Our results suggest that
myosin II motors may function similarly in vivo. One
possible mechanism for regulating actin disassem-
bly/assembly dynamics in cells may be fine tuning
the local concentration/activity of myosin II motors.
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