Invited Paper

A new model for myosin dimeric motors incorporating
Brownian ratchet and powerstroke mechanisms

Brian Geislinger and Ryoichi Kawai

Department of Physics, University of Alabama at Birmingham, Birmingham, AL 35294

ABSTRACT

A new dimer model is introduced to describe the behavior of dimeric processive motor proteins in general. A
single motor domain is modeled using our previous work on hybrid motors that exhibit elements of both a
powerstroke and a Brownian motor mechanism. The different behavior observed in Myosins V and VI can be
explained by varying the physical parameters describing the coupling between the two motor domains. The
dynamics of the resulting stepping mechanics under loaded and unloaded conditions are examined. The results
from this dimer model are compared with experimental data for two-headed processive motors.
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1. INTRODUCTION

The myosin superfamily play key roles in a variety of intracellular transport processes. Although each member
of the family exhibits quite different properties and functionalities, all of them share a similar mechanism for
converting chemical energy into mechanical motion. In particular, they contain nearly identical motor domains,
some have a single domain and others have two of them. The individual motor domains of these motor pro-
teins cyclically bind and unbind from actin filament tracks by converting the chemical energy stored in ATP
molecules into directed motion. As the motor progresses through ATP hydrolysis, the protein enters one of sev-
eral different conformational states based on the current state of the nucleotide bound to the motor domain.* ¢
These conformational changes generate small changes in the neck region of myosin that result in the rotation
of the tail end of the motor. These rotational motion is believed to be a driving force of the motor (power
stroke model). On the other hand, the motors are subject to large thermal fluctuations due to collision with
surrounding molecules. Some experimental data suggest that the motor proteins utilize the thermal fluctuations
instead of fighting against them (Brownian motor model.) Recently, we developed a model for single headed
motors which naturally unifies the power stroke and the Brownian motor models in a single picture.” In this
proceedings, we extend our model to dimeric molecular motors.

Myosin V and Myosin VI are actin-based dimeric molecular motors. These particular classes of motor
proteins are known for moving processively along an actin filament in that they both undergo numerous steps
before completely dissociating from the actin filament. Non-processive motors, such as Myosin II, produce force
generating cycles at comparatively long intervals, spending most of its time detached from the actin filaments.
Muscle fibers only produce continuous forces through large numbers of Myosin II bundled together working in
concert. On the other hand, Myosin V and other processive motor proteins produce motion as a single motor
protein, not necessarily requiring the aid of other motors.®® Instead, dimeric motor proteins coordinate the
movement of their two motor domains in order to achieve processivity. Through some means of communication,
the two motor domains alternate their attachment cycles so that at least one motor domain is attached to
the filament at all times. Recent experiments suggest that force dependent chemical kinetics may act as the
coordinating factor between the heads.'® 12 When the two motor domains are both in a strongly bound state to
the filament, the leading motor creates a strained state between the two heads.'® These experiments have shown
that the forces in this strained state work with the chemical kinetics to favor a hand-over-hand mechanisms of
motion along actin.

While these force dependent kinetics may provide a means of communication between the motor domains
in a dimeric protein, the mechanism transporting individual motor domains from one binding site to the next
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remains unclear.'®1® Many recent experiments have shown strong evidence of a hand-over-hand model of

processive motion.!29 In this model, a strongly bound leading motor domain anchors the motor protein to the
filament and swings the trailing motor domain forward 36 nm into position for its next binding cycle. However,
recent evidence showing the working stroke of a single Myosin V motor domain is only 25nm!® suggests that
this transport mechanism may be more complicated. Subsequent experiments have resolved the full 36 nm step
length of Myosin V into 24nm and 12nm substeps.?! It has been suggested that the latter substeps may be
driven by thermal diffusion.

Myosin VI is another dimeric motor protein which moves along an actin filament in the opposite direction
that Myosin V does.?223 Although the mechanism controlling the directionality of motor proteins has been a
matter for debate, evidence suggests that Myosin VI moves in the negative direction by swinging its lever-arm
in the opposite direction as Myosin V and other plus-end directed motor proteins.??2* Like myosin V, myosin
VI processively travels with a step length of 36 nm, yet it has a much shorter neck length than Myosin V.25 27
A single motor domain of Myosin VI produces a working stroke of only 18 nm.2?® Recent experiments suggest
that the proximal region of the Myosin VI tail is flexible, unlike the rigid structure of Myosin V, allowing the
two motor domains a longer reach than would otherwise be expected.!® 2%:29:30 Tt is suggested that the diffusive
process plays a much greater role in stretching the flexible regions than the power stroke.

There are other experimental data which support the Brownian motor mechanism. According to the pow-
erstroke model, the size of the step that a protein makes should be directly proportional to the neck length
of the protein. While some experiments on motor proteins with artificially shortened or lengthened neck do-
mains have supported this claim,?!' 37 the shorter neck length of Myosin VI is inconsistent with this theory.
Others researchers have also observed similar inconsistency in motor proteins with artificially constructed neck
regions.?8:38°43 Furthermore, a power stroke should produce a single step forward for every ATP molecule that
a motor protein consumes. However recent advancements in single molecule experiments have observed that
a single motor domain fragment is capable not only of taking multiple steps forward during the consumption
of a single ATP but also occasionally taking backward steps.?® These observations are indicative of a diffusive
process involved as a single motor protein makes its way forward to its next binding site. As a result of these
observations, many researchers have claimed that a Brownian ratchet mechanism may be involved in rectifying
thermal fluctuations from the motor’s environment into directed motion along the filament. On the other hand,
the efficiency and loaded capacity of Brownian motors are too small to explain experimentally observed behav-
ior.? It has been postulated that a combination of deterministic power stroke motion with some diffusive steps
might be a probable explanation for the behavior of motor proteins.'4 13

In the present work, we will present a dimer model to explain the qualitative behavior of processive motor
proteins such as Myosins V and VI with two coupled motor domains. The model for a single motor domain
has been detailed in our previous paper.” Using the full three chemical state expression of the monomer, we
can take into account the key conformational states that have been experimental observed! 5 and utilize both
a powerstroke and Brownian motor mechanism during a single hydrolysis cycle as discussed earlier. In the
following section, the mechanism for communication between the two motor domains will be explained. The
resulting behavior of a dimer designed specifically for Myosins V and VI will be studied.

2. THE DIMER MODEL

Based on the assumption that large portions of the myosin motor protein are conserved in terms of structure
and function from one type of myosin to another, the majority of the work presented in our previous paper’ will
be applied here as well. The individual motor domains of a dimeric processive motor protein will be represented
by a three-state hybrid motor (see Fig. 1) designed to take advantage of both a Brownian motor mechanism as
well as a powerstroke during every ATP hydrolysis cycle. The degree to which either mechanism will dominate
depends on the physical parameters governing a given motors protein.

The three potentials that we choose corresponding to different states of the bound ATP nucleotides are given
in general by

Vilz, 0) = %(9 — 0,2 + Uy cos [2n(z — 00)], i€ (1,2,3) (1)
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