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Dynamic networks designed to model the cell cytoskeleton can be reconstituted from filamentous
actin, the motor protein myosin and a permanent cross-linker. They are driven out of equilibrium
when the molecular motors are active. This gives rise to athermal fluctuations that can be recorded
by tracking probe particles that are dispersed in the network. We have here probed athermal
fluctuations in such “active gels” using video microrheology. We have measured the full
distribution of probe displacements, also known as the van Hove correlation function. The
dominant influence of thermal or athermal fluctuations can be detected by varying the lag time
over which the displacements are measured. We argue that the exponential tails of the distribution
derive from single motors close to the probes, and we extract an estimate of the velocity of motor
heads along the actin filaments. The distribution exhibits a central Gaussian region which we
assume derives from the action of many independent motor proteins far from the probe particles
when athermal fluctuations dominate. Recording the whole distribution rather than just the
typically measured second moment of probe fluctuations (mean-squared displacement) thus
allowed us to differentiate between the effect of individual motors and the collective action of

many motors.

Introduction

Living cells and organisms maintain their activity by
continually harvesting external sources of energy. Since
motion of behaviors under these conditions do not obey the

s statistics of thermodynamic equilibrium, novel experimental

and analytic techniques need to be devised in order to
physically describe the “active materials” of nature. Athermal
fluctuations violate the fluctuation-dissipation theorem,’
which links the thermal fluctuation of a given observable to
the response of the same observable to an externally applied
stimulus.> * Such fluctuations have been recently
characterized both in living cells and reconstituted model
cytoskeletons using microrheology techniques. The athermal
fluctuations of a probe particle were estimated from a

s comparison of the material’s viscoelastic response measured

with active microrehology®® and the total fluctuations of a
probe particle measured with passive microrehology.”® Any
difference between the results from these two experiments,
which were observed at low (i.e., biologically relevant)
frequencies, is attributed to athermal fluctuations. > '
Although an intriguing application of this methodology is
to living cells,” ' their complex intracellular structure and the
unspecified origins of force generation have prevented the
detailed physical interpretation of the observed athermal
fluctuations. It is therefore useful to reconstitute the dynamic
structures of living cells in a simplified model system, by
extracting the essential components of the cellular
cytoskeleton and reconstituting them in vitro.'""* The
cytoskeleton is present in most eukaryotic cells, and owes its
mechanical integrity to the presence of semi-flexible protein
fibers, the most abundant of which, filamentous actin (F-
actin), primarily exists beneath the cell membrane in the form
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of a bundled or cross-linked network. Being actuated by
myosin motor proteins, the actin cytoskeleton promotes
various cellular processes such as organelle transport, muscle
contraction, or cell division.'" *!* In previous studies, the
mechanics of the actin cytoskeleton has been studied mostly
in equilibrium.> ® '® 7 Single molecule techniques have
futhermore elucidated the action of motor proteins on single
cytoskeletal filaments, out of the cellular environments.'® '
In this study, the athermal fluctuations of probe particles
dispersed in an “active gel”, composed of a cross-linked actin
network with myosin motor proteins, were measured using
video microrheology. Under the conditions of our sample

s preparation, myosin II forms multimeric bipolar clusters in

vitro. These “minifilaments” can link different actin filaments
and drive them relative to each other (Fig.1). The non-
equilibrium fluctuations in the motion of dispersed probe
particles, which are typically much larger than thermal

Fig. 1. Schematic illustration of force generation in an active gel.
Here a myosin mini-filament (the bipolar structure at the centre of
the drawing) generates relative motion between different actin
filaments as shown by the arrows, and thus drives the athermal
motion of probe particles (spheres) dispersed in the actin network.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2. (A) A typical trajectory of a silica particle (diameter: lum) in a
cross-linked actin network without myosin (equilibrium state). This
trajectory was taken at 30Hz for about 250s. (B) A typical trajectory of
a silica particle (lum) in an actin-myosin active gel (non-equilibrium
state). This trajectory was taken at 30Hz for about 560s. Occasional
large movements of the particle are indicated by arrows.

fluctuations, can be easily observed in this active gel at the
(long) time scales accessible to video sampling (30Hz).> With
video, large athermal fluctuations are stably tracked for times
much longer than what is usually doable using laser
interferometry.”® By calculating the distribution of
displacements of particles over various lag times (7= 0.033 ~
33.3s), we obtained both the spatial and temporal
characteristics of the non-equilibrium fluctuations. We found
that the distribution of athermal fluctuations was not
Gaussian, but could be well fitted by the sum of Gaussian-like
and exponential functions. We discuss qualitatively how the
action of myosin mini-filaments in dynamically-responding
actin cytoskeletons can explain the spatial distribution and
lag-time dependence of athermal fluctuations.

Results

As schematically shown in Fig. 1, we study the athermal
fluctuations driven by myosin motor proteins by observing the
motion of probe particles (silica, lum diameter) dispersed in
actin networks. In order to maintain a stable network structure
under the forces generated by myosin minifilaments, the actin
network was cross-linked using the specific binding between a
small amount of biotinlylated actin and neutravidins. Without
this cross-linked structure, even weak force generation leads
to irreversible collapse of actin networks known as super-
precipitation.?! In Fig. 2B, a typical trajectory of a single
probe particle dispersed in the actin/myosin network (i.e., an
active gel) and compared it with that obtained in a cross-
linked actin network without myosin (a passive gel, Fig. 2A).
Ballistic motions (i.e., linear trajectories) of probe particles
are occasionally observed in active gels, with zero net
preferred direction. On the other hand, the trajectories of
particles dispersed in passive gels are isotropic and exhibit no
ballistic episodes, instead fluctuating purely thermally around
their average position. In this elastic, highly cross-linked
network, thermal forces can barely drive the fluctuations of
probe particles, so that the trajectories in active gels are
dispersed over a much wider area, as shown in Fig. 2B.

&

3

by

3

By

=)

A B
101 T=1s
10°
=1
ﬁlo
N o
3
10 o
107 L o
50 0 50 -0.6 0.6
Ax [nm] Ax [um]

Fig. 3. (A) Ensemble-averaged van Hove correlation function of
probe particles in cross-linked actin networks without myosin (solid
circles). The distribution approximately agrees with a Gaussian (solid
curve). The slight deviations at the sides of the distribution are due to
the heterogeneous cross-linking structure. (B) Ensemble-averaged van
Hove correlation function of probe particles in an active gel (solid
circles). While the centre of the distribution is still well fitted by a
Gaussian-like form, the large deviations at sides of the distribution
causes overall non-Gaussian behavior.

Although such trajectories are subject to both thermal and

40 athermal forces, it was found in a prior microrheology study

on similar gels® that the fluctuation-dissipation theorem was
completely violated at frequencies far below ~ 10 Hz, which
includes most of the frequency range accessible to video
microrheology (< 15Hz). This is confirmed by our analysis
below, where thermal fluctuations are only important for the
highest frequencies observed.

In order to study the detailed statistical properties of
athermal fluctuations in active gels, we calculated the
ensemble-averaged van Hove correlation function of particle
trajectories, P(Ax(7)) defined as the distribution of particle
displacements over a given time lag, 7, represented as

P(Ax(r)), Ax(7) =x(t+7)-x(t) (1)
The filled circles in Fig. 3A give the van-Hove correlation
function for 7= 1s obtained in a passive actin network without
myosin. It is to be noted that P(Ax(7)) is obtained by dividing
the frequency histogram of Ax(7) by the product of the total
number of samples and the binning size of Ax in units of um.
Since the fluctuations are purely thermal and this lag time lies
in the network’s elastic plateau regime, i.e., there are no
relaxation Kkinetics, the distribution of the observed
trajectories was almost Gaussian. The solid curve in the same
figure is the fit to a Gaussian function. The slight deviation
from the Gaussian fit observed in the tails of the distribution
likely results from heterogeneously cross-linked structure of
the network.”> A similar effect is observed in passive, slowly-
relaxing  (i.e., glassy) systems due to
heterogeneities.23 On the other hand, in active gels, the van-
Hove correlation function for the same lag time 7= 1s shows
a substantial deviation from Gaussian, as shown in Fig. 3B.
Here, the solid curve is the fit of a Gaussian to the central part
of the distribution, which strongly deviates from the measured
values (filled circles) at the tails (i.e., for large
displacements).
In order to quantify the deviation of the van Hove

dynamic
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correlation function from a Gaussian distribution, we
measured the one-dimensional non-Gaussian parameter
(NGP)** which is defined as

(as(e)')
NGP=———5 -1, )
3<Ax(r)2>

where indicates the ensemble average. This
dimensionless parameter, which can be both positive or
negative, vanishes for a Gaussian distribution, and can thus be
taken to represent the degree of non-Gaussianity of a
distribution. In a homogeneous system in equilibrium, this
parameter takes finite values only when there exists some
relaxation kinetics whose characteristic time is similar to the
lag time.** In contrast, there is no a priori reason to expect a
Gaussian distribution for athermal fluctuations.” In Fig. 4, the
time-dependence of the non-Gaussian parameter in active gels
and passive networks without myosin are shown as curves and
filled circles, respectively. In passive gels, the non-Gaussian
parameter was always approximately zero, as expected. On
the other hand, in active gels it clearly takes positive O(1)
values, in a manner that depends on the lag time: After
initially increasing for small lag times (in most data sets), it
reaches a maximum value around 7~ 10s,then decreases
towards zero as T increases.

<...>

Discussion

The circles in Fig. 5A and 5B give the van Hove correlation
function obtained in active gels for 7= 0.033s and 7= 3.33s,
respectively. The distributions of thermal fluctuations
measured in passive gels for the same lag times are also
shown in these figures as dotted lines. At the shortest time
scale accessible to video microscopy (z= 0.033s, at a
sampling rate of 30Hz), the centre of the distribution closely
matches the equivalent thermal data. From this one might
infer that this region of the distribution predominantly
originates from thermal fluctuations. The deviation from the
thermal data, and indeed from the Gaussian form as apparent
in the tails of the distribution, might be therefore attributable
to athermal fluctuations.

In our prior work, however, we carried out active
microrehology, which measures the response of colloidal

4 particle’s displacements to the externally applied forces, on

45

similar systems, and found that the active gels are
significantlly stiffened compared to the corresponding passive
gels (the same sample but without myosin).®> In active gels,
myosin mini-filaments act as ‘active’ cross-linkers, albeit
completely outnumbered by the static cross-links based on the
bindings between avidins - biotinylated actins. The extra
tension applied to the network due to the myosin force
generations stiffens the actin network via the nonlinear
response mechanism typical to semiflexible polymers such as

s actin.> 2 The actual contribution of thermal fluctautions in

these actively stressed networks should therefore be much
smaller than the dotted lines in Fig. SA and B.

The non-Gaussian tails show approximately linear

dependence in a single-logarithmic plot, corresponding to an
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Fig. 4. Solid curve and open circles show lag time dependence of
the non-Gaussian parameters for probe particles’ fluctuations
observed in active gels. Error bars given for several representative
lag times show the standard deviation estimated from 6
experiments. Filled circles show the same in passive gels (cross-
linked actin without myosin). In the passive gel, the NGP is
always approximately zero. In contrast, in active gels, the NGP is
small or zero at short and long lag times and takes finite values at
intermediate times.
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Fig. 5 (A), (B) The open circles indicate normalized van Hove
correlation functions for probe particles in an active gel at 7 =
0.033s and 3.33s, resp. The dotted curves show the distribution of
thermal fluctuations observed in an actin network without myosin
at the same lag time. The solid curves show fits of Eq. (4) to the
van Hove correlation functions. (C-F) Average of lag-time
dependence of fitting parameters. Bars show the standard
deviations estimated from 6 experiments. B increases with lag time
and while « is only moderately dependent on 7.
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Fig. 6. Illustration of the time dependence of force generation, or
equivalently the run length of myosin mini-filaments along the
interacting actin filaments, that increases gradually from zero to some

exponential shape. The distribution obtained for the long@@tigum value and abruptly drops down to zero. The longer the

time of 7= 3.33s is broader both in the central and tlfgon glll

distribution,

approximate exponential dependence with a similar sl
the shorter lag time, but with a larger magnitude.

This observed behavior can be qualitatively explained in
terms of the competing roles of thermal and athermal
fluctuations, and the broad distribution of the magnitude of
athermal fluctuations resulting from the broad range of probe-
myosin separations. As reported in prior studies®?’ and also
discussed in this article, myosin mini-filaments link different
actin filaments and drive them relative to each other (Fig. 1).
As schematically shown in Fig. 6, the force or run length of
myosin minifilaments along each actin filament can be
modeled to increase (approximately) linearly from zero, until
it abruptly returns to zero after a stochastically-occuring
detachment (denoted by the arrows in Fig. 6). This localized
motor-driven perturbation then propagates through the
material, according to its dispersion properties, before
imparting a corresponding displacement onto the probe
particles. Such behavior was directly observed from the probe
particles' trajectories, where once in a while a probe particle is
pulled gradually in one direction and then rapidly moves back
to its original position (see the movies in the on-line
supplementary materials").

Assuming linear response, the total measured displacement
of the probe particles is the sum of thermal white noise, and
athermal fluctuations due to myosin activity both near to and
far from the probe. Furthermore, for each myosin mini-
filament, perturbations take the form of both slow, gradual
increments and sudden release events. Thus the resultant
spectrum of probe displacements depends on factors such as
the spatial distribution of the motors, their individual firing
properties, and the gel's viscoelasticity. The key new
ingredient in the present study is that we consider the whole
spectrum of spherical probe displacements rather than just the
mean squared value, suggesting the possibility that suitable
analysis will permit simultaneous determination of a variety
of quantities related to active gels.

It is intuitive that motor activity near a probe particles will
induce larger displacements than those far away. Indeed, since
the timescales accessible in this study corresponded to the
elastic plateau of the actin network,”® we can be more precise:
Treating the active stress generated by a myosin mini-filament
as a (point-size) force dipole with a frequency-dependent
moment k, then the 2m—th moment due to all motors in a
range r from the center of a probe of radius a < r is

2m
-4 (st

Here, c is the number density of myosin mini-filaments and G
is the shear modulus of the actin network. This result, which
is a straightforward generalization of the dimensional
arguments discussed in Refs. 29, 30 is valid for an infinite
isotropic elastic continuum and stems from the ~ 1/ decay of
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displacement with distance from the dipole.*! This expression
explicitly demonstrates that higher moments of the
distribution are increasingly dominated by motors close to the
probes, in the sense that 50% of the total contribution to the
2m-th moment comes from motors within a range a < r <
2M4m-31y - Thus, 50% of the second moment comes from
motors in the range a < r < 2a, 50% of the fourth moment
from a < r < 1.15 a, 50% of the sixth moment from a < r <
1.08a, and so on. Since higher moments describe statistics
further into the tails of the distribution, this leads to the
conclusion that the tail will be controlled by a small number
of motor proteins. Indeed, we argue below that the measured
exponential tail is due to the single, nearest motor protein to
each probe particle.

Still assuming we are in the elastic plateau regime, the
frequency dependence of the formula in Eq. (3) lies solely in
the temporal properties of the dipole moment, which derive
from the cyclic pattern of gradual growth followed by
stochastic release described in Fig. 6. It is from this process
that the exponential tail of the distribution derives, as we now
explain. As has been observed in single molecule studies,*® **
we assume that detachment events are random and
independent of time, so that these events follow a Poisson
process. The duration of contiguous motor activity for each
event, i.e. the waiting time for the Poisson process, then
follows an exponential distribution. Thereby the displacement
due to the detachment, which is approximately proportional to
the duration of the growth phase, also follows an exponential

s distribution. Therefore the largest probe displacements that lie

in the tail of the distribution will correspond to the release
events of the myosin mini-filaments closest to the probe
particle.

To characterize both the spatial and temporal aspects of
active gels, we fit the normalized van Hove correlations
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calculated for active gels to the following four-parameter
form, consisting of a Gauss-like distribution for the central
part and an exponential distribution for side slope,

f(x)=Aexp[—(x/d)y]+Bexp[—x/a] “)

Here, d and «are the characteristic distances for each
distribution, and y>1 is an empirical parameter which
generalizes a Gaussian distribution; y= 2 when the central

region is a standard Gaussian. Using jif(x)dx =1, B can be

B=1{1—2dA1"(1+1)} )
2a v

So, fits to normalized van Hove correlation functions are
carried out with four free parameters in total. The solid lines
in Fig. 5A and 5B are the fitted curves to Eq. (4). We
calculated the van Hove correlation functions for various lag
times and hence obtained the lag-time dependence of the
fitting parameters ranging from 7= 0.033s to 7 =33.3s. van
Hove correlations for longer lag times become closer to a
single Gauss-like distribution which is substantially different
from Eq. (4). The results for all fitting parameters are shown
in Figs. 5C-F.

The empirical parameter y for the active gels are
approximately 1.5 which is similar to that in passive gels (see
online supplementary information’). The monotonous increase
of d in active gel is in contrast to the constant plateau at d ~
0.02um for passive gel case (Fig. C in electronic
supplementary materials). The monotonous growth of B for
short lag times can be explained since the possibility to
observe the sudden release events of myosins should initially
increase linearly with time B ~ 7. The fitted value o gives a
lower estimate for the mean run length of myosin mini-
filaments, which from Fig. 5C is ~ 100 nm, and which is
constant (or weakly-varying) with the lag time (the slight
variation may be an artefact of the finite fitting window).

Turning to the lag-time dependence of the NGP shown in
Fig. 4, it is already known that for high frequencies, athermal
fluctuations are negligible compared to thermal fluctuations.’
Thus, for extremely small lag times, the NGP should take the
same value as passive gels, i.e. ~ 0. Although this regime
cannot be clearly observed with video microrheology due to
the slow sampling rate, some of the data shown in Fig. 4 is
suggestive of a small (or zero) NGP for frequencies exceeding
our window. For the intermediate lag times that video
microrheology can access, athermal fluctuations begin to
dominate over thermal fluctuations as we have described
previously. Since the distribution of the athermal fluctuations
is intrinsically non-Gaussian, the NGP is non-zero. For longer
time scales, although athermal fluctuations are still dominant
over thermal fluctuation, the NGP gradually approaches zero
as shown in Fig. 4. As many independent events contribute to
the central region, i.e., small total displacements, the central
limit theorem tells us that the resulting distribution should
again be Gaussian, even though such fluctuations are non-
equilibrium. The data shown in Fig. 4 qualitatively agrees
with the behavior expressed above.
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It is therefore possible to expect that B reach its maximum
at a lag time which is similar to the time when the NGP starts
to decrease (~ 10s); both gives a measure of the total time in
between release events. But it is not easy to extract the time
from Fig. 5C due to the substantial noise for large lag times.
This noise results from the inability of the fitting function (4)
to clearly delineate the central region from the tail for large ,
plus the fact that, given a finite set of data points in real time,
there will be fewer combinations for large lag times than short
ones and correspondingly poorer statistics. Taking an
estimated value of 10s from the figures 4 and 5C and
combining this with the mean run-length of 100nm, we infer a
run velocity of ~ 10 nm/s for attached, active myosin mini-
filament head groups, although we stress this should be
regarded as an order-of-magnitude estimate.

These fundamental characteristics of motor activity have
been obtained in single molecule studies in recent years'®: '
3233 put could not be observed in cytoskeletons or in cells so
far. Analyzing the small displacements of the probe particles,
on the other hand, is more complicated, as it derives from a

s number of sources: thermal fluctuations, the gradual build-up

and release events of motors far from the probe particles, and,
for short lag times, the gradual build-up of stresses due to
motors close to the probes. For large lag times comparable to
the correlation time for motor activation cycles, even these
build-up intervals contribute to the tails of distribution. The
resulting regime in the van Hove correlation function is
therefore approximately Gaussian because many independent
events (with finite variance) contribute, so the central limit
theorem applies; it does not apply in the tail since only a few
(or one) motor contributes to this regime, so instead we
observe the bare exponential distribution of a single active
motor complex.

Materials and methods
Sample preparation

Unlabeled G-actin and myosin II were prepared from rabbit
skeletal muscle according to published methods.**
Biotinlylated actin (Cytoskeleton, Inc.) and neutravidin
(Invitrogen, used as a cross-linker) were premixed and left

s over one hour on ice and then mixed with G-actin stored in G-

buffer 2mM: Tris-Cl, 0.2mM: CaCl,, 0.5mM: DTT, 0.2mM:
ATP, pH 7.5). The ratios were G-actin : biotinlylated actin :
neutravidin = 180: 5: 2. Then, we mixed adequate amounts of
lum silica particles (Polysciences, Inc.) as probe particles to
the actin solution. Myosin II in buffer (0.6mM: KCI, 50mM:
KH,POy4, pH 6.5) was diluted into F-buffer (2mM: HEPES,
2mM: MgCl,, SOmM: KCI, ImM: EGTA, ImM: ATP, pH 7.5)
with ATP. The proteins were stored at - 80°C. Finally, we
mixed G-actin solution and myosin in F-buffer. The total
concentration of actin and myosin were lmg/ml, 170nM,
respectively. After mixing, samples were infused into the
sample chamber (inner scales were 20mm x Smm x 200um)
made from a microscope slide glass and a cover slip and
double-sided sticky tape.

This journal is © The Royal Society of Chemistry [year]
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Several samples with slightly different initial ATP
concentrations raging from 2 mM - 5 mM were prepared at
once. Several hours after preparation, athermal fluctuation
was observed in samples with initial ATP concentrations of
3.5 - 4 mM. The samples with lower ATP concentrations
superprecipitate before the formation of stably cross-linked
actin network. Samples with higher ATP concentrations do
not show athermal fluctuations till the end of the experiment.’

Experiments

We recorded the microscope (Nikon TE-2000) pictures
taken at the centre of the sample chamber directly to PC at
sampling rate of 30Hz. Probe particles were tracked using a
custom-made LabVIEW program. Their center-of-mass
positions were calculated, and we obtained a time-sequence as
a 2-dimentional array; x,(f) and y,(f) with n the particle
number.

In Fig. 3, the van Hove correlation functions were
calculated as the superposition of P(Ax(t)) and P(Ay(7)), since
overall fluctuations were isotropic. In order to have a better fit
of Eq. (4) to the van Hove correlation, the van Hove
correlation functions in Fig. 5 were calculated as {P(Ax(7)) +
P(Ay(7)) + P(- Ax(7)) + P(- Ay(7))}/ 2. Since the probability to
have large displacements of particles can be extremely small,
the binning size for larger displacements was systematically
increased so that there were no bins with too small a number
of counts. Also, since a straight least-squares fit would give
too much weighting to points in the centre of the distribution
at the expense of those in the tail, the logarithm of the van
Hove correlation was fitted to the logarithm of the fitting
function.

Conclusion

In this study, we obtained the van Hove correlation
functions P(Ax(t)) of the displacement of colloidal particles
dispersed in an active gel, which addresses both the spatial
and temporal characteristics of athermal fluctuations. The
mean squared displacements <Ax(7)* >, or equivalently the
auto-power spectrum C(@) = [(x(2)x(0)exp(iwr)dr , of the
probe particles’ motion can be calculated from P(Ax(t)) as
(Ax(r)z>=f(Ax(r))2 P(Ax(7))d(Ax). In conventional micro-
rheology, <Ax(7)’> > or C(w) is sufficient to deduce the
viscoelastic properties of the surrounding material, if it is in
equilibrium.

The full P(Ax(7)) contains extended information regarding
the distribution of athermal activity. We have demonstrated
here that the van Hove correlation function of an actin-myosin
active gel can be fitted to the sum of a Gaussian-like and an
exponential distribution. The Gaussian-like central region
derives from the action of many motor proteins far from the
probes, whereas the exponential tail corresponds to a single
firer close to the probe particle. By analyzing the tail we were
able to therefore provide an estimate of motor head velocity
along the filament. A soluble theoretical model will confirm
these qualitative trends and highlight the competing roles of
thermal and athermal fluctuations at the shortest lag times
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accessible to video tracking’* We expect that further
modeling of the non-Gaussian aspects of the van Hove
distribution will permit more precise and thorough
characterization of the effects of non-equilibrium force
generators in cytoskeletal networks, and will aid in our

understanding of the mechanics of living cellular
cytoskeletons.
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