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Load fluctuations drive actin network growth
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The growth of actin filament networks is a fundamental biological
process that drives a variety of cellular and intracellular motions.
During motility, eukaryotic cells and intracellular pathogens are
propelled by actin networks organized by nucleation-promoting
factors that trigger the formation of nascent filaments off the side
of existing filaments in the network. A Brownian ratchet (BR)
mechanism has been proposed to couple actin polymerization to
cellular movements, whereby thermal motions are rectified by the
addition of actin monomers at the end of growing filaments. Here,
by following actin-propelled microspheres using three-dimensional
laser tracking, we find that beads adhered to the growing network
move via an object-fluctuating BR. Velocity varies with the ampli-
tude of thermal fluctuation and inversely with viscosity as pre-
dicted for a BR. In addition, motion is saltatory with a broad
distribution of step sizes that is correlated in time. These data point
to a model in which thermal fluctuations of the microsphere or
entire actin network, and not individual filaments, govern motility.
This conclusion is supported by Monte Carlo simulations of an
adhesion-based BR and suggests an important role for membrane
tension in the control of actin-based cellular protrusions.
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everal, non-mutually exclusive models have been proposed to

link actin network growth to motion production, including
those based on elastic gel compression, autocatalytic filament
nucleation, and the rupture of network—object linkages (1). The
elastic-gel model accounts for the role of surface curvature on
the movement of actin-propelled beads and bacteria, and it
predicts an asymmetric distribution of stresses that results in
propulsion through a squeezing mechanism (2). Autocatalytic
branching models consider the effect of load variations on an
actin network pushing a planar surface and predict a flat
force-velocity relationship due to a filament number that varies
in proportion with load (3). Finally, adhesion-based models
postulate that the rupture of chemical bonds between the moving
object and actin network leads to a local relaxation of network
stress and produces motion (4, 5). Although these models
address different aspects of actin network organization and
motility, each relies on the same underlying means of generating
force: the Brownian ratchet (BR). This model has become
generally accepted as describing force generation by polymer-
izing actin networks, even though it has never been verified
experimentally (6).

Peskin et al. (7) first proposed that actin polymerization could act
as a ratchet, whereby the free energy of monomer addition at the
ends of filaments is used to rectify the thermal fluctuations of a
moving object. It has also been shown theoretically that the
rectification of the bending fluctuations of individual filaments
within the network will generate a propulsive force, even when
larger-scale fluctuations are negligible (8) (for simplicity, these two
classes of BR models are referred to as “object-fluctuating” and
“filament-fluctuating” herein). Because both object-fluctuating
and filament-fluctuating models appear able to drive motility, it
remains unclear which class of models might dominate.

A key feature of BR models is the dependence of velocity on
the diffusion coefficient, D, of the relevant fluctuating element.
When thermal motions of a moving object are instantly rectified
over a distance scale §, forward movement proceeds at a velocity
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v = 2D/6 (7). However, the assumption that thermal fluctuations
are instantly rectified is not accurate in many situations (7), and
slow actin monomer addition kinetics can lead to a lack of
dependence of the velocity on D. In general, the effect of the
diffusion coefficient on velocity depends on a detailed compar-
ison of multiple time scales and can be nontrivial in most realistic
models of actin-based motility that involve a dynamic number of
filaments transiently attached to the moving object.

Data to support either object-fluctuating or filament-
fluctuating BR models have been inconclusive. Several groups
have attempted to probe changes in the object diffusion coeffi-
cient either by using beads of different radii or by changing the
surrounding fluid viscosity. Bernheim-Groswasser et al. (9)
found that velocity was roughly proportional to the inverse of the
bead radius and thus the diffusion coefficient, although two
other studies produced seemingly contradictory results (10, 11).
Although changes in bead radius do affect the diffusion coeffi-
cient, they also change the size and potentially the topology of
the polymerizing actin network, and this may result in bead
velocity changes that are unrelated to the BR mechanism. In
other experiments, live bacteria and beads were found to move
slower when methylcellulose, an agent commonly used to in-
crease viscosity and dampen thermal fluctuations, was added to
the solution (11, 12). However, a nonviscous form of methyl-
cellulose was also found to slow moving beads and increase the
total amount of actin within the network (10), making interpre-
tation of these results difficult. Additionally, polymer solutions
of methylcellulose are highly non-Newtonian and have complex
rheological responses in time and space whose effects on the BR
are unclear (13, 14).

Results and Discussion

To probe the effect of changes in the object diffusion coefficient
alone while avoiding the above complications, we monitored the
motion of actin-propelled beads near glass surfaces. The appar-
ent diffusion coefficient of a bead changes as the bead ap-
proaches the surface, whereas the diffusion of proteins, chemical
concentrations, and enzyme kinetics remain unaffected. A typ-
ical 3D trajectory of actin-driven microsphere movement with
accompanying images of fluorescent actin is shown in Fig. 1. We
performed experiments in thin, 2.5 * 0.3-um-thick chambers
using spacer beads to separate a glass coverslip and slide (errors
are listed as standard deviation unless otherwise stated).

The effective solution viscosity close to a flat wall is increased
by proximity to the solid-liquid boundary. The magnitude of this
increase depends on the ratio of the object radius to the
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Fig. 1. Actin-propelled bead motion in three dimensions. (A) Three-
dimensional trajectory in the laboratory frame of a single 0.8-um bead rep-
resenting ~300 s of motion. The z position is denoted by the color scale. (B-D)
Fluorescence images of the actin tail visualized by using Rhodamine-labeled
actin taken at three separate time points: 12, 150, and 2765, respectively. Bead
position for each frame along the trajectory is denoted in A. The position of
the laser focus is represented by a cross. (Scale bar: 2 um.)

object—glass separation. A 1-um-diameter sphere located one
pm from a flat surface experiences a 39% increase in apparent
viscosity, whereas a 5-nm-sized protein at the same position feels
only a 0.3% increase. This hydrodynamic effect is enhanced in
our chambers by the presence of two close-by interfaces, and the
viscosity is given by (15, 16)
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where n(r, h) is the viscosity for a separation 4 between the
center of the bead and the closest glass surface, 1. is the viscosity
in an unbounded fluid,  is the sphere radius (396 = 12 nm in our
case), and L is the separation of the two walls.

We recorded the motion of 13 actin-propelled beads for 30
min each or until the feedback tracking lost the bead, yielding
run lengths from 8 to 173 um. Bead velocities in these chambers
averaged 58 = 38 nm/s. We measured the viscosity of our extract
solutions by both using a 1-mm-diameter falling-ball viscometer
and tracking the thermal motion of optically trapped beads. The
average value of n.. = 2.8 = 0.2 X 1073 Pa-s is approximately
three times that of water, similar to previously reported mea-
surements (11).

We calculated the velocity as a function of the distance to the
nearest glass surface and found that a viscous interaction with
the chamber surfaces reduced the velocity of moving beads (Fig.
2A). Because of the wide variance in velocities from bead to
bead, we normalized the velocities by the average velocity for
each run. These data show that velocity falls off to ~60% of its
peak value, which occurs at the middle of the chamber, as the
bead moves close to the glass surface where the apparent
viscosity experienced by the bead is highest. To ensure that this
effect was not due to a steric interaction with the wall, we
separately measured the velocity dependence on height when the
bead was moving toward the nearest surface or away from it and
found identical results.

The simplest BR models predict that the velocity varies
inversely with viscosity. The best fit of this model to the data of
Fig. 24, using Eq. 1 for the dependence of viscosity on bead
height, yields a radius of 407 = 97 nm, consistent with the size
of the bead or, potentially, the actin network itself and not the
actin monomers or filaments within the network, which are
considerably smaller (6, 17). If wall effects slow bead motion by
limiting the fluctuation of individual actin filaments, we would
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Fig. 2. Velocity decreases with increasing viscosity. (A) Normalized bead
velocity as a function of distance to the nearest surface (circles) is shown for a
chamber thickness of 2.5 um. Very close to the surface, the velocity is signif-
icantly lower than near the middle of the chamber. The black line represents
the best fit to a model that describes the increase in viscosity due to the

ri1 1
presence of two surfaces: v(h) = v..[ 1 — ﬁ(, + ] Error bars in y

h L-h
represent SEM and in x represent the range of distances included in each data
point. (B) Velocity increases with inverse viscosity. The experimental data
(circles) exhibit a trend similar to the results from simulations of an adhesion-

based, object-fluctuating BR (black line).

have expected to recover a much lower radius. Using Eq. 1 and
our experimentally measured values for L and n.., we calculated
the velocity as a function of viscosity (Fig. 2B).

The small separation between surfaces in these experiments
relative to the size of the moving beads reduces the velocity at
all positions in the chamber. Thus, the average velocity com-
puted from these experiments is predicted to be lower than if the
bead were moving in free solution by a factor of 1.6, correspond-
ing to a predicted unbounded velocity of 94 = 18 nm/s. To test
this prediction, we measured bead motility in 80-pum-thick
chambers formed by separating a coverslip from a glass slide
using double-stick tape, in which wall effects are estimated to be
<2% on average. In these chambers, beads moved with an
average velocity of 76 = 10 nm/s (n = 15), faster than in the
thinner chambers.

An increase in the viscous forces acting on moving beads is too
small to explain the changes in velocity with height. The total
force needed to overcome drag at the measured viscosities and
velocities in our experiments is on the order of 20 fN. Recent
work has shown that such small forces have little effect on the
velocity of actin-propelled beads, and we expect that viscous
forces around 20 fN would only slow the beads by at most 0.01%
(18, 12), much less than the observed 36% decrease in velocity
near the walls. Instead, we propose that an increase in viscosity
alters the amplitude of bead position fluctuations, which im-
pedes the growth of filaments.

Object-fluctuating BR models predict that bead velocity
should scale with fluctuation amplitude. We calculated the
average power spectra for bead position tracks at different
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