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ABSTRACT We present here a model for how chemical reactions generate protrusive forces by rectifying Brownian motion.
This sort of energy transduction drives a number of intracellular processes, including filopodial protrusion, propulsion of the
bacterium Wisteria, and protein translocation.

INTRODUCTION

Many types of cellular protrusions, including filopodia,
lamellipodia, and acrosomal extension do not appear to in-
volve molecular motors. These processes transduce chemical
bond energy into directed motion, but they do not operate in
a mechanochemical cycle and need not depend directly upon
nucleotide hydrolysis. In this paper we describe several such
processes and present simple formulas for the velocity and
force they generate. We shall call these machines “Brownian
ratchets” (BR) because rectified Brownian motion is funda-
mental to their operation.’ The systems we address here are
different from those usually considered protein motors (e.g.,
myosin, dynein,  kinesin), but such motors may be Brownian
ratchets as well (14).

Consider a particle diffusing in one dimension with dif-
fusion coefficient D. The mean time it takes a particle to
diffuse from the origin, x = 0, to the point x = 8 is: T =
Zj212D. Now, suppose that a domain extending from x = 0 to
x = L is subdivided into N = Ll8 subintervals, and that each
boundary, x = n X 6, n = 1, 2, . . . , N is a “ratchet”: the
particle can pass freely through a boundary from the left, but
having once passed it cannot go back (i.e., the boundary is
absorbing from the left, but reflecting from the right). The
physical mechanism of the ratchet depends on the situation;
for example, the particle may be prevented from reversing its
motion by a polymerizing fiber to its left. The time to diffuse
a length 8 is T8 = a2/2D. Then the time to diffuse a distance
L = N X 8 is simply N X Ts: T = N X Ts =
N (a2/2D) = L(8/2D). The average velocity of the particle
is v = L/T, and so the average speed of a particle that is
“ratcheted” at intervals 8 is

2D
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’ To avoid confusion we reserve the term “thermal ratchet” to denote engines
that employ a temperature gradient. Brownian ratchets operate isothetmally,
with chemical energy replacing thermal gradients as the energy source.

This is the speed of a perfect BR. Note that as the ratchet
interval, 8, decreases, the ratchet velocity increases. This is
because the frequency of smaller Brownian steps grows more
rapidly than the step size shrinks (when 6 is of the order of
a mean free path, then this formula obviously breaks down).

Several ingredients must be added to this simple expres-
sion to make it useful in real situations. First, the ratchet
cannot be perfect: a particle crossing a ratchet boundary may
occasionally cross back. Second, in order to perform work,
the ratchet must operate against a force resisting the motion.
To characterize the mechanics of the BR we shall derive
load-velocity relationships similar to the Hill curve that sum-
marizes the mechanics of muscle contraction.

HOW DOES POLYMERIZATION PUSH?

In discussions of cell motility it is frequently asserted that the
polymerization of actin or of microtubules can exert a me-
chanical force. This assertion is usually buttressed by ther-
modynamic arguments that show that the free energy drop
accompanying polymerization is adequate to account for the
mechanical force required (5). Aside from the fact that ther-
modynamics applies only to equilibrium situations, such ar-
guments provide no mechanistic explanation of how the free
energy of polymerization is actually transduced into directed
mechanical force. Here we present a mechanical picture of
how polymerizing filaments can exert mechanical forces.

Filopodia

Janmey was able to load actin monomers into liposomes and
trigger their polymerization (6). He observed that the poly-
merizing fibers extruded long spikes resembling filopodia
from the otherwise spherical liposomes. A similar phenom-
enon was described by Miyamoto and Hotani (7) using tu-
bulin. This demonstrates that polymerization can exert an
axial force capable of overcoming the bending energy of a
lipid bilayer without the aid of molecular motors such as
myosin. Using a bilayer bending modulus of B = 2 X lo-l2
dyne-cm (8, 9), the energy required to elongate a lipid
cylinder of radius 50 nm from zero length to 5 pm long is


















