Methods

Molecular dynamics (MD) calculations are performed for 512 molecules contained in a
cubic box with the periodic boundary. A time step in MD is 1 fs (femtosecond; 10~ '*s). In
the present study, a constant-volume (0.96 gcm ) and constant-temperature MD is
employed. The Nose—Hoover method is used to control the temperature. An empirical
water model, TIP4P, is used to describe the water—water molecular interaction.
Intermolecular interaction is cut off smoothly as in previous studies™®'®. MD trajectories
are performed for different temperatures, but so far only one at 230 K undergoes the
crystallization for 512 water molecules. We have performed 6 trajectory calculations of the
order of microseconds, but only the one that successfully crystallized is presented in this
work. An individual trajectory calculation of this size system takes several months in a
supercomputer. One trajectory with 220 K is found to stop in a partially crystallized
structure. Those with higher temperatures have never resulted in freezing. MD
calculations were also performed for various size systems containing 64, 96, 216, and 4,096
water molecules. For 4,096 water molecules, a freezing process is also attained at 230 K.
Constant-pressure and constant-temperature trajectories have also been performed for
various sizes of systems but crystallization has so far been achieved only for a very small
system (64 water molecules). These constant-pressure, constant-temperature trajectories
show that large density fluctuations are always associated with the freezing process. An
inherent structure analysis”® is performed by applying a local quenching method; the
inherent structures are local minima of the potential wells sequentially visited by the
system in a trajectory. In the inherent structure description, vibrational motions are thus
removed, revealing the fundamental hydrogen-bond structure changes along the

trajectory®~ ¢,
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Entangled polymer solutions and melts exhibit elastic, solid-like
resistance to quick deformations and a viscous, fluid-like
response to slow deformations. This viscoelastic behaviour
reflects the dynamics of individual polymer chains driven by
brownian motion': since individual chains can only move in a
snake-like fashion through the mesh of surrounding polymer
molecules, their diffusive transport, described by reptation®™*, is
so slow that the relaxation of suddenly imposed stress is delayed.
Entangled polymer solutions and melts therefore elastically resist
deforming motions that occur faster than the stress relaxation
time. Here we show that the protein myosin II permits active
control over the viscoelastic behaviour of actin filament sol-
utions. We find that when each actin filament in a polymerized
actin solution interacts with at least one myosin minifilament,
the stress relaxation time of the polymer solution is significantly
shortened. We attribute this effect to myosin’s action as a
‘molecular motor’, which allows it to interact with randomly
oriented actin filaments and push them through the solution,
thus enhancing longitudinal filament motion. By superseding
reptation with sliding motion, the molecular motors thus over-
come a fundamental principle of complex fluids: that only
depolymerization makes an entangled, isotropic polymer sol-
ution fluid for quick deformations.

Actin and myosin II are the key elements of the contractile
machinery in muscle cells. Myosin’s motor domains, or ‘heads),
bind actin filaments (F-actin) and exploit adenosine triphosphate
(ATP) hydrolysis to generate a force to move along polar actin
filaments towards the positive end. In vitro and in non-muscle cells,
myosin II proteins assemble into multimeric bipolar structures with
motor domains on both ends®~® known as minifilaments. Several of
the myosin heads at the end of these minifilaments attach to actin
filaments. When ADP (adenosine diphosphate) is substituted for
ATP in solution, the minifilaments crosslink F-actin via the inactive
heads. In this case the actin—myosin sample assumes a solid,
gelatin-like consistency (Fig. 1a). In the presence of ATP, myosin
is active and the sample behaves like a fluid (Fig. 1a). The myosin
heads push the actin filaments and collectively induce sliding of
filaments in the presence of ATP' (Fig. 1b). Similar to two-
dimensional motility assays'' in which F-actin moves on myosin
heads adsorbed to a cover slide, filaments are unidirectionally
pushed by myosin towards their negative ends. The sliding filaments
are oriented at a variety of angles with respect to each other.

By inducing active filament sliding instead of thermally driven
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filament transport, myosin II has a large effect on the dynamics of
actin filaments in networks. Rheological measurements of the
frequency-dependent (that is, stress-rate dependent) complex
shear modulus, G*, characterize the effect of these changes in
polymer dynamics on actin’s viscoelastic properties (Fig. 2). The
elastic part of G* is referred to as the storage modulus G', while the
viscous part is known as the loss modulus G". The relation between
G' and G” describes to what extent the polymer sample responds
elastically™. At low frequencies, the polymer solution behaves like a
fluid and responds viscously (G’ = G"), whereas at higher frequen-
cies, the sample responds like rubber by resisting elastically

7

0.96 s

Figure 1 Macroscopic and microscopic influence of bipolar myosin minifilaments on actin
networks. a, Comparison of the flow properties of actin networks with inactive (left side) or
active (right side) myosin dispersed in them. For this purpose a cuvette filled to one-third
with sample was tilted from its initial vertical position. With ADP and inactive myosin the
samples gelated and behaved like an elastic solid. In the presence of ATP or when caged
ATP was released, the active motors caused fluid-like flow properties. b, In the presence
of ATP, two rhodamine—phalloidin-labelled actin filaments in dilute solution slide along
each other while connected by BODIPY FL-labelled myosin (bright spot). The left filament
moves to the upper left side with respect to the myosin minifilament and the right filament
moves to the right. In the last picture filaments disengage.
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(G' > G"). Thus, frequency-dependent rheology is ideally suited
to distinguish elastic from fluid solutions.

We compared entangled solutions of actin filaments to isotropic
actin networks with active or inactive myosin II dispersed in them.
An actin monomer concentration of 36 uM and myosin concen-
tration of 0.14 uM in the experiments resulted in a ratio of myosin
proteins to actin filaments of ~15, with 2—16 myosin proteins
assembled to small bipolar minifilaments (see light-scattering data
in Supplementary Information). The addition of inactive myosin
led to an increase in the plateau storage modulus G’ of a factor of
6 = 1.3 (see Fig. 2). Inactive myosin acts as a crosslinker, and this
gelation process increases the elastic strength of the sample'. The
addition of ATP, which induces filament sliding, caused a decrease
of G’ to 40 £ 10% of G’ for actin solutions without myosin (see
Fig. 2). Thus, the elastic strength dropped below the value for a plain
entangled actin solution. Moreover, G’ approximately equalled G”,
indicating that active myosin renders the network more liquid-like.

The interactions of single chains with surrounding polymers,
which underlie the viscoelastic behaviour, can be described by an
effective-medium treatment often visualized by a ‘tube’ arising from
the topological constraints of neighbouring polymer chains'. As
these constraints oppose deformations'®, stress is relaxed when
filaments have left their original, confining tube (independent of
the direction the filament moves with respect to the deforming
stress). To allow visualization of the mechanism that enables myosin
to modulate the elastic strength of actin networks, rhodamine—
phalloidin-labelled actin filaments and myosin were incorporated in
networks of unlabelled actin filaments. Fluorescence microscopy
could then be used to follow the dynamics of individual actin chains
within the network®. A direct comparison of single filament motion
between a network with active motors and an entangled solution of
actin filaments shows large differences in speed and directionality
(Fig. 3). In the absence of motors, the filament undergoes random
brownian motion confined by the surrounding unlabelled actin
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Figure 2 Elastic strength of actin and actin—myosin networks (36 pM actin, 0.14 uM
myosin, 500 uM ATP/ADP). The filled markers display the storage modulus, G’, a
measure of the elastic strength. The open markers show the loss modulus, G”, which
characterizes the viscous component. The inactive myosin—actin network shows the
highest value of G". When myosin was activated by ATP the value of G' decreased below
the value for the entangled actin solution. Below 0.03rads ™' G and G" are comparable
signifying, in effect, a fluid solution. According to our microscopic stress relaxation
experiments (see Fig. 4 inset) the onset of liquefaction should occur at 0.1rads™'. The
slightly lower onset is caused by the polydispersity of the sample. Between 0.03 and
5rads™ " a small elastic plateau remains for the active actin—myosin network. At higher
frequencies (>5rad s") the rheometer probes the internal dynamics of filaments
indicated by the typical crossover between G and G". In the high-frequency regime the
active motors cause a transition from a coil-like to a rod-like behaviour'® inducing the early
onset of the internal dynamics regime.
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filaments, with no net transport being detectable on a timescale of
ten seconds. The filament remains enclosed in the original tube
formed by the surrounding filaments. In actin—myosin networks,
myosin induces longitudinal sliding of filaments when ATP is
added. At least 98% of the studied filaments in these dense three-
dimensional entangled F-actin networks displayed sliding activity
when active myosin was present, with an experimentally determined
average sliding speed of 1.3 = 0.3 pms ™ '. Under ADP conditions,
filaments are immobilized owing to crosslinking by inactive myosin
(data not shown).

In actin—myosin solutions under ATP conditions, the time for a
filament to disengage from its original tube confinement, 7, dras-

Figure 3 Motion of a single actin filament in an F-actin solution or an actin—myosin
network. Fluorescently labelled filaments are embedded in an unlabelled matrix of
filaments (left side) or in an unlabelled network of filaments with active myosin
minifilaments present (right side). The time interval between successive pictures is 2.5s.
The left filament solely undergoes brownian motion restricted by the surrounding
filaments. Within 10's no net transport of the polymer chain was observed. The right
filament shows directional sliding induced by myosin, resulting in a quick transport of the
filament. The dashed black lines represent the digital traces of filament contours used to
analyse filament motion. The two outer columns depict the motion of the upper filament
ends without (squares) and with (circles) myosin.
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tically decreases, because filament sliding prevails over random
backward and forward motions (Fig. 4 inset). For deformations
slower than 7, solutions of actin filaments appear fluid, but for
quicker motions an elastic stress opposes the distortion because
filaments are confined in their surrounding tubes. This stress is
relaxed when a filament leaves its original tube, that is, moves in a
random direction over a distance equal to its length. As can be seen
in the inset of Fig. 4, the tube disengagement time (that is, local
stress relaxation time), 7, depended linearly on the filament length,
L, when motors caused filament sliding. In entangled actin solutions
the relaxation time depended on the filament length as 7 oc L, in
agreement with the reptation concept®*. Thus, in actin networks
with a polydisperse filament length distribution (~1-130 pm) and
a mean filament length of 10 pm, the average stress relaxation time
significantly decreased from 500 = 100 s for pure actin solutions to
8 = 0.4s when active myosin was added. Inactive myosin froze
filament transport by crosslinking the filaments; no relaxation
occurred over an observation time of 20 minutes.

As a result, an actin solution with active myosin will mostly
relieve macroscopic stress within ~8 s and should be fluid-like for
all deformations performed at a rate slower than 1/8s~", enabling
the sample to flow out of a cuvette (see Fig. 1a). Consequently, the
rheological behaviour should change to G' = G for shear frequen-
cies below ~0.1rads !. Nevertheless, a remnant indication of
elasticity was found even below ~0.1rads™ ' in networks of actin
filaments and active myosin (Fig. 2). Because this decrease in
residual elasticity directly correlated with our efforts to purify the
myosin from dysfunctional myosin heads without motor activity
(also known as dead myosin), we conclude that this minor elastic
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Figure 4 Temporal stress relaxation behaviour in actin and actin—myosin networks. The
main plot displays the bulk stress relaxation behaviour in response to a prior 3% step
strain. The relaxation of an entangled F-actin solution (triangles) is compared to actin
networks with active myosin (filled circles). Stress below 0.1 Pa cannot be reliably
detected with our rheometer. The inset shows a logarithmic plot of the time, 7, a filament
needs to move a distance equal to its length (that is, the local stress relaxation time) either
in a solution of actin filaments (triangles) or in an actin—myosin network under ATP
conditions (filled circles) as function of actin filament length, L. Filaments differing in their
length by less than 1 p.m have been combined into one data point. The relative errors in
measurements of 7 are 19% and 5% for reptating and sliding filaments, respectively. In an
entangled solution, 7 oc £3; this changes to a linear dependence in the presence of active
myosin motors. Furthermore, the observed 7 decreases by more than an order of
magnitude for active myosin.
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contribution primarily originated from an unavoidable trace
amount of dead myosin crosslinking the filaments (see Supplemen-
tary Information). A density of 1 filament pair crosslinked by dead
myosin in 100,000 pairs is sufficient to cause the remaining elastic
response'*">. In other words, a small number of elastically active
strands were mixed with a large number of filaments exhibiting
fluid-like behaviour. The myosin-induced fluidification (reduction
of relaxation time and elastic strength) shown experimentally here
can be modelled by a diffusive directed motion of the polar
filaments in their tube owing to increased longitudinal fluctuations
along the filament contour, giving rise to a higher effective tem-
perature’®.

The change in the elastic response of active actin—myosin net-
works with respect to F-actin solutions is reflected in macroscopic
stress relaxation experiments, in which a 3% step strain is applied
and the time course of the resulting stress is monitored (see Fig. 4).
Active myosin-induced filament sliding increased the macroscopic
stress relaxation rate compared to an entangled F-actin solution by
nearly an order of magnitude. However, a direct comparison
between local stress relaxation by filament sliding and macroscopic
stress relaxation is hampered by the presence of dead myosin heads
and the polydispersity of F-actin. Polydispersity gives rise to
different tube disengagement times contributing to the relaxation
process. Moreover, some filaments are not pushed by minifilaments,
while trace amounts of dead myosin heads act as crosslinks that
prevent complete stress dissipation. The residual undissipated stress
due to trace amounts of dead myosin is almost below the stress
detection limit for the experiments summarized in Fig. 4, but was
more pronounced when more dead myosin was contaminating the
sample.

The typical ratios of myosin to actin filaments used in our
experiments fall within the range typically found in eukaryotic
cells (n = 3.4-63; ref. 17). Although a range of accessory proteins
that induce crosslinks hinder filament sliding in vivo, crosslinking
only holds back transiently the sliding filaments'’. Thus the inter-
play between filament sliding and crosslinking may be rather
complex. As a result, myosin’s ability to modulate viscoelasticity
may also be relevant to motile eukaryotic cells, given that the
fluidization of the actin cytoskeleton is an essential step in cell
motility’. O

Methods

Protein purification

Actin powder from rabbit skeletal muscle was prepared according to the original method
of ref. 18, as modified in ref. 19. Monomeric actin (G-actin) was extracted by the method
of ref. 20. Myosin II was purified from rabbit skeletal muscle according to ref. 21. To
remove inactive myosin, 6.3 pM G-actin and 5.2 puM myosin were polymerized for two
hours at room temperature in F buffer (10 mM Tris—HCI (pH 7.5), 2 mM MgCl,, 150 mM
KCl, 0.2 mM CaCl,, 0.5 mM ATP). After two hours, 270 ul of 0.25 M ATP were added to a
final ATP concentration of 5 mM. The solution was spun at 4 °C at 100,000¢ for 90 min.
The supernatant containing myosin with active molecular motors was transferred, and the
concentration determined using the Bradford assay. The presence of full myosin II in the
supernatant was established by SDS—PAGE and by light scattering (see Supplementary
Information). This protocol is conventionally used to isolate active cleaved myosin heads,
but also turned out to be efficient for full myosin. BODIPY-FL (Molecular Probes) was
used to label myosin II according to the Molecular Probes protocol. For labelled and
unlabelled myosin, motor activity was checked by actin filament sliding (that is, motility
assay) as well as by ATPase activity monitored by a luciferase-based assay (see also
Supplementary Information).

Polymer dynamics and rheology

The dynamics of individual rhodamine—phalloidin-labelled actin filaments in F-actin or
in actin—myosin networks were visualized and analysed by fluorescence microscopy as
previously described™. In all experiments, unless otherwise stated, labelled actin filaments
were mixed with unlabelled filaments (ratio of 1:4000) in F buffer. All experiments were
performed with 0.5 mM ATP or ADP present, and either with or without 140 nM myosin
II at a final actin concentration of 36 puM. The unlabelled filaments were polymerized
around the fluorescently labelled filaments. A 30 min polymerization time was sufficient
for this concentration of actin. Based on an average filament length of 10 pm and on the
fact that 14 actin monomers form an actin filament segment of 37 nm length, the ratio of
myosin to actin filament n was calculated as # = (¢myosinIN1)/ Cactin» Where Cociin is the molar
actin concentration, ¢myosin is the molar myosin concentration, and Ny is the average
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number of monomers per filament. Although it was a rare event to find two labelled actin
filaments simultaneously connected by a labelled myosin minifilament (n = 5, for
example, Fig. 1b), good data (n = 50, for example, Fig. 3) have been obtained from
observing a sliding labelled filament with unlabelled partners. The time a filament needs to
move a distance equal to its length in the surrounding actin matrix has been measured as
previously described*** for reptating filaments and determined by direct observation for
the sliding filaments.

Rheological measurements were performed with a commercial fluid rheometer
(Rheometrics Model 8400) and a newly developed Mooney—Couette torsion pendulum
rheometer that had been designed for simultaneous microscopy of actin filaments and
measurement of G*. The rheological data were reproducible for six different actin and
myosin preparations; at least three measurements were performed for each condition and
protein preparation. To obtain consistent data, it is absolutely necessary to avoid large
amounts of dead myosin heads with the precautions described above. Simultaneous
rheology and microscopy excluded changes in the actin network structure, such as
filament bundling and filament breakage, as the cause of the loss of elasticity in the
presence of active myosin. Furthermore, the actin filaments maintained their random
orientation in active actin—myosin networks. No myosin-induced ordering of actin
filaments—as previously described for microtubules in the presence of molecular
motors*>—was observed at the actin and myosin concentrations used. The presence of ATP
throughout the experiments was verified by the observation of sliding filaments as well as
by luciferase activity.
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