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ABSTRACT

About a decade ago Brownian motors were introduced as a possible mechanism for motor protein mobility.
Since then many theoretical and experimental papers have been published on the topic. While some experiments
support Brownian motor mechanisms, others are more consistent with traditional power stroke models. Taking
into account recent experimental data and molecular level simulations, we have developed a stochastic model
which incorporates both power stroke and Brownian motor mechanisms. Depending on parameter values, this
motor works as a power stroker, a Brownian motor or a hybrid of the two. Using this model we investigate the
motility of single-head myosins, two-head myosins and a group of myosins (muscle). The results are compared
with some experimental data.
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1. INTRODUCTION

Motor proteins such as myosin and kinesin produce directed motion against an externally applied load by
consuming the chemical energy stored in ATP. The mechanism used by molecular motor proteins to convert this
chemical energy directly into mechanical work has been a matter of debate for many years. After Huxley revealed
that muscle contractions were a result of myosin and actin filaments sliding relative to each other,1, 2 theories
were soon after developed into what is known as the lever-arm theory to explain the sliding motion.3–6 Recently
there have been a number of techniques developed capable of observing single protein-filament interactions. The
resulting experiments over the past decade have led to disparate ideas about the mechanism for force generation
in motor proteins. While some experiments provided data supporting Huxley’s original lever-arm model, other
experiments showed evidence of a Brownian motor mechanism.

Recent experiments clearly show that myosins attached to actin filaments spend most of the time in two
different orientations corresponding to pre- and post-powerstroke positions.7 X-ray crystallographic analysis of
myosin protein structures have yielded evidence of multiple stable conformations of the lever arm consistent with
experimental observations.8–11 When the length of the lever arm is modified, the step length of the motor protein
is also changed in a way consistent with the lever arm model.12–18 However, contradicting experimental data
were also reported by other groups.19–24 Evidence supporting a Brownian motor mechanism can be found by
examining the traveling distance of myosin for a single ATP consumption. In some experiments, myosin moves
further than the lever arm is physically capable of reaching in a single powerstroke.25 On the other hand, there
have also been criticisms that Brownian motor models are not capable of producing a sufficiently strong force.26

In this proceeding paper, we attempt to construct a single model that captures both the lever arm and Brownian
motor mechanism. One becomes more dominant than the other depending on the chemical environment. With
this model, we try to explain the conflicting experimental results.

The hydrolysis of ATP plays an essential role in creating the directed motion observed in motor proteins.
Simultaneous observations of ATPase and mechanical motion have been made on single myosin proteins27 that
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demonstrate the tight coupling between ATP hydrolysis and the displacement/force generation of myosin. Al-
though the actual hydrolysis cycle takes several steps,26, 28 it is often approximated by a three-step cycle:

A + M · ATP
k12
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A · M · ADP · Pi
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k32

A · M + ADP + Pi

k31
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k13

A + M · ATP (1)

where A, M , Pi represent actin, myosin, and inorganic phosphate, respectively. The dot between two molecules
indicates that they are bound together. The ATP hydrolysis cycle is tightly correlated to the motor’s mechanical
movement. When ATP is bound to the motor domain of myosin, the motor remains detached from the actin
filament (unbound state). In the process of hydrolyzing the nucleotide, the myosin attaches to the filament.
However, this binding is not very strong (weakly bound state). As ADP is released, the motor protein enters
the rigor state, in which it is locked in its position on the filament until another ATP nucleotide is bound. At
this chemical stage, the binding between the myosin and actin filament is very strong (tightly bound state). The
new ATP releases the motor protein from the filament and a new cycle begins. This mechanochemical cycle is
well studied and most theories are based upon it.25–27, 29, 30 The question is how this cycle is translated into the
production of mechanical work.

Based on the lever arm mechanics, releasing the inorganic phosphate, Pi from the myosin induces the “power-
stroke” conformational change that swings the lever arm.26 Since this process is too slow in the absence of the
actin, we assume that the release happens when the myosin is bound to actin. With one end of the motor domain
attached to the filament, the conformational change pivots the motor about that point shifting the opposite end.
When the myosin is detached from actin, the lever arm swings back to the original angle, but does so about a
pivot point near the neck of the motor. Due to this asymmetric cycling of the swing in the motor domain, the
myosin moves in one direction. The ATP hydrolysis serves two roles in this model. One purpose is driving the
conformational change in the neck region of the myosin inducing the swinging motion of the lever arm. The
other purpose is to detach the myosin from the actin filament, thus changing the axis of rotation of the lever
arm.

The Brownian motor mechanism utilizes the hydrolysis cycle in a quite different way. A myosin with an ATP
nucleotide is free to diffuse since it is not bound to an actin filament. After hydrolyzing the ATP, the myosin
moves to the nearest active site on the actin filament. While the actin filament is periodic, the spatial symmetry
is broken. Therefore, myosin moves in one direction on average. Unlike the lever arm mechanics, the work is
not generated by the conformational change. Instead, the myosin is actually rectifying the randomly fluctuating
stochastic forces exerted by surrounding fluid molecules. The role of ATP is to switch on and off the asymmetric
potential. This on-off or flashing ratchet mechanism31–33 has drawn significant interest since it looks like a type
of Maxwell’s demon. While it is not possible to rectify fluctuations in thermal equilibrium due to the second law
of thermodynamics, this mechanism clearly demonstrates that under certain nonequilibrium conditions thermal
fluctuations can indeed be rectified.

2. THE MODEL

A key element in the lever arm mechanism is the coupling between the rotational and translational motions since
the symmetric powerstroke would not otherwise produce any translational motion. Therefore, it is necessary to
consider two degrees of freedom, the translational coordinate x and rotational coordinate θ defined in Fig. 1.

2.1. Two-state model
To begin with, we consider a simple two-state model. Under typical physiological conditions found in muscle,26

the reaction rates k12, k23, and k31 are much larger than the rates k21, k32, and k13. Furthermore, the first
process is much slower than others (k12 � k23, k31). In this case, we can ignore the reverse reactions. As a
further reduction, we do not have to distinguish the weakly and strongly bound states and can assume that
the reaction immediately proceeds to the third state. This two-state model is useful to learn the underlying
mechanism.

Like the popular on-off ratchet, the myosin alternately experiences free diffusion and a periodic potential
in the translational degree of freedom. However, the rotational degree of freedom also experiences different
potentials according to the conformational changes in the protein.
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