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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 proteins 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 several diﬀerent conformational states based on the current state of the nucleotide bound to the motor domain.1–6
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.7 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.8, 9 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.10–12 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.13 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.14, 15 Many recent experiments have shown strong evidence of a hand-over-hand model of
processive motion.16–20 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 25 nm15 suggests that
this transport mechanism may be more complicated. Subsequent experiments have resolved the full 36 nm step
length of Myosin V into 24 nm and 12 nm substeps.21 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.22, 23 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.22, 24 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.28 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.18, 25, 29, 30 It 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 powerstroke 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 domains have supported this claim,31–37 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.28, 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.25 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 behavior.9 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.14, 15
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.7 Using the full three chemical state expression of the monomer, we
can take into account the key conformational states that have been experimental observed1–3, 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 paper7 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
K
(1)
Vi (x, θ) = (θ − θi )2 + Ui cos [2π(x − θ)] , i ∈ (1, 2, 3)
2
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Figure 1. Left: One cycle of a three-state model for individual motor domains.7 Right: A model for processive dimeric
motor proteins. Two motor proteins individually driven by rotation-translation coupling interact through a loose spring.
Each motor moves independently until the distance between the two stretches beyond an equilibrium length. The intramolecular strain caused by the two motors pulling on one another cause measurable changes in the ATP kinetics. These
strain dependent rate changes provide a means for communication and coordination between the two motor domains.

where x and θ are respectively the position and orientation of an individual motor domain as shown in Fig. 1.
The i-th state has a unique stable angle θi and potential strength Ui deﬁning the interaction between the motor
domain and the ﬁlament. For simplicity, we assume the periodicity of the ﬁlament potential L = 1. The
rotation-translation coupling is generated by the cos [2π(x − θ)] term. As seen in Fig. 1, a single motor of
length  pivoting about a point P through and angle θ will result in the motor shifting forward a distance of
approximately ∆θ, which serves as a measure of the magnitude of the conformational change in the motor
protein. A conformational change of ∆θ < L designates a motor relying on biasing thermal ﬂuctuations; a
powerstroke mechanism dominates for ∆θ > L. The unbound state will be represented by U1 =0. The weakly
bound and strongly bound states will have a strength of interaction U2  U3 . The conformational changes
between the unbound and weakly bound state will be assigned a value ∆θ12 < 0.5. The conformational
change associated with the powerstroke as the motor domain enters the strongly bound state will be given by
∆θ23 ≥ 1.0. The rate of switching between the three states are given by k12 , k21 , k23 , and k31 . (See Fig. 1.) The
rate limiting step of ATP hydrolysis in processive motor proteins is the release of ADP. As binding of new ATP
molecules is typically considered diﬀusion limited, this rate limiting step corresponds to k31 in the above reaction
scheme. Switching between these potentials periodically according to these rate constants give an inherent time
dependency to V (x, θ). With the model for a single motor domain established, the nature of the coordination
between the two motor domains in a dimeric motor protein must be addressed.
Recent observations that the intramolecular forces generated between the two motor domains of Myosin V
can aﬀect the chemical kinetics of ATP hydrolysis provide the basis for the current model of dimeric interaction.
The rate limiting step of ATP hydrolysis, the release of ADP from the motor domain, has been observed to
change signiﬁcantly under load.10, 11 These experiments observed a decrease in the rate of ADP release when
a backward load of approximately 2 pN is applied to a single motor protein fragment. The assumption is that
this backward force corresponds to the intramolecular strain a leading motor domain might feel from its trailing
neighbor when both are in a strongly bound state. The leading motor would therefore be discouraged from
releasing ADP and detaching from the ﬁlament while the other motor remains trailing behind it. Purcell, et al.10
additionally observed a corresponding increase in that same rate when a similar forward force is applied to the
motor fragment. This observation leads them to the conclusion that the forward strain that the trailing motor
feels would encourage its release while the leading motor serves to anchor the motor protein.
Taking these observations into account, we design a switching method to coordinate the movements of the
two motor domains. As the forward head reaches out and enters the strongly bound state the strain between
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the two heads increases. The altered chemical kinetics resulting from this strain can be realized by the following
simple expression governing the rate of entering and leaving the strongly bound state V3

k31
= k31 σ(|xA − xB |)


|xA − xB | − d0
σ(|xA − xB |) = 1 + tanh
,
∆d

(2a)
(2b)

where |xA − xB | represents the separation between motor domains A and B, d0 is the critical separation between
the two motor domains, and ∆d is a measure of the sharpness of the interaction. Similar to the detailed model
for Myosin V proposed in Ref. 44, this expression of the chemical kinetics allow the individual motors to move
independent of one another for |xa − xb |  d0 and triggers the strained kinetic mechanism for larger values of
the separation between the heads.
The actual intramolecular forces on the individual motor domains can be approximated by simple springs
attaching them to the tail of the motor protein xC as shown in Fig. 1. Ensuring that the individual motor
domains are reasonably free to move independent of one another by using a small value for the spring constant
KAB , we use an force interaction term of the form
d0
)
2
d0
FAB = −KAB (xB − xC − )
2
FC = −KAB (2xC − xA − xB − d0 ) + Fload

FBA = −KAB (xA − xC −

(3a)
(3b)
(3c)

where Fload is an externally applied load on the tail of the motor protein.
Combining the above interaction with a carefully chosen set of parameters, it is possible to recreate the
hand-over-hand behavior observed in processive motor proteins. Once ATP binds, releasing one of the motors,
the process of searching for the next binding site begins. Assuming that the motor uses a Brownian ratchet
mechanism to move to the next binding site, we choose V1 and V2 such that change in the stable angle ∆θ is
small (i.e., within the Brownian ratchet regime for a single motor) and assume a shallow interaction with the
ﬁlament (small Ui ). Once the motor ﬁnds an appropriate binding site and the strain between the two heads
increases, the transition to the third state V3 becomes possible. This transition from V2 to V3 corresponds to the
powerstroke of the motor and serves to anchor the protein while the other head releases and searches for its next
binding site. Choosing the parameters for V3 to reﬂect this behavior, ∆θ is large enough to deterministically
reach adjacent potential wells and the binding strength U3 is large. As the release of ADP is rate limiting, the
rate of unbinding k31 is very slow compared with other stages of the reaction.
We can perform numerical analysis on the system described thus far by integrating the following set of
overdamped Langevin equations of motion for each motor domain:
∂V (x, θ, t) √
+ 2D ξxA + FBA
∂x
∂V (x, θ, t) √
+ 2αD ξθA
= −α
∂θ
∂V (x, θ, t) √
=−
+ 2D ξxB + FAB
∂x
∂V (x, θ, t) √
+ 2αD ξθB
= −α
∂θ
= FC

ẋA = −

(4a)

θ̇A

(4b)

ẋB
θ̇B
ẋC

(4c)
(4d)
(4e)

where the diﬀusion constant D and the dimensionless constant α are constants. The noise terms ξx and ξθ are
deﬁned independently for motor A and motor B. The time-dependent potential V (x, θ, t) alternately takes one of
the potential values Vi according to the reaction rates kij . This coupled set of Langevin equations are integrated
using the Heun method and the averages of motor positions are taken over a suﬃcient number of realizations.
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Figure 2. Left: Forward trajectory of a single dimer. The combination of the strain force and the strain dependent
reaction rates easily allow for the two heads alternately moving past one another. Parameters: k12 =k21 =2.0, k23 =0.5,
k31 =0.002, θ1 =-0.2, θ2 =0.0, θ3 =1.0; =1.0, KAB =0.1, d0 =5.0, ∆d=2.0. Right: Backward trajectory of a single dimer.
Plotted here is the same dimer as the left panel with the direction of the lever arm motion reversed. Parameters: θ1 =0.2,
θ2 =0.0, θ3 =-1.0.

While myosins V and VI exhibit very diﬀerent properties, we can model both by adjusting the physical
parameters set forth in the model above. Myosin VI is composed of a very short neck region compared with
Myosin V, so we choose the motor length  to be comparatively short. However, it is thought that the proximal
tail region is highly ﬂexible. While the degree of ﬂexibility is not known, there is certainly evidence that the
proximal tail has some degree of compliance.18 To allow the motors to move in a fashion where the two motors
are leashed together, free to move but still constrained, we deﬁne a small value for the spring constant KAB
connecting the two motors and a large value for d0 , the critical switching distance. Myosin V, on the other hand,
has no evidence of compliance between the necks of the two motor domains. As a result we will use a large value
for  and KAB , but a comparatively small value for d0 .

3. MYOSIN VI: A LEASHED DIMER
As seen in Fig. 2, the combination of the three state hybrid model and the strain coupling between the two
motors in a dimer provides the desired hand-over-hand behavior. The two motors move in a coordinated fashion
along the ﬁlament. The strongly bound state of one motor anchors the protein while the other switches between
V1 and V2 to rectify thermal ﬂuctuations and move forward to its next binding site. As the separation of the
two heads approaches d0 , the searching motor anchors itself to the ﬁlament in V3 and waits for the release of the
trailing motor to repeat the process. The communication between the two motors gained through this strained
state provides a low probability of both motors being in an unbound state at the same time. If both motors
were to detach from the ﬁlament simultaneously, the assumption is that the processivity of the motor is broken.
The present model allows for numerous ATP hydrolysis cycles to take place before the motor protein detaches
permanently from the ﬁlament.
By reversing the sequence of stable angles through which the motors proceed during the ATP hydrolysis
cycle, we obtain the behavior seen in Fig. 2. Mirroring the hand-over-hand behavior, this version of the motor
protein walks in the opposite direction along the ﬁlament by merely changing this characteristic of the the motor
domain as postulated by Wells, et al. and Tsiavaliaris, et al..22, 24
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Figure 3. A detailed look at a Myosin V model. To examine the motion of Myosin V we plot the location of the motor
center xC , as well as the location of the binding end xP for both motor A and motor B. Upon release of the trailing motor
B. the strained leading motor A swings forward. Motor B then rectiﬁes thermal ﬂuctuations to increase its own strained
state and move the remaining distance to its ﬁnal binding site. The black outline behind motor B indicates how the
strained state may appear given a compliant neck domain. Parameters: k12 =k21 =2.0, k23 =0.05, k31 =0.001; KAB =1.0,
d0 =5.6, ∆d=2.0, =5.0.

In its present form, the model presented thus far is a reasonable model for a motor protein such as Myosin VI.
Each motor domain essentially moves independent of the other until the separation between the heads reaches
d0 . According to theories put forth by Rock, et al.,30 it is possible that each motor domain of Myosin VI must
move in such a manner. If indeed the protein contains long ﬂexible neck domains allowing the motor to reach
its full step length of 36 nm, then a diﬀusive process such as that provided by the Brownian motor mechanism
is required to move the trailing motor forward. Here, the neck length of the motor is short, and as a result
the powerstroke provides insuﬃcient motion to explain the full step length of this motor. Most of the forward
motion seen in the individual motor domain of this model occurs through the Brownian process between V1 and
V2 . On the other hand, the powerstroke of Myosin V makes a much larger contribution to the step distance of
that motor variant. Additionally, the neck of Myosin V is not thought to be ﬂexible as it is in Myosin VI. In
order to more fully explain the motion of Myosin V a slightly modiﬁed model is required.

4. MYOSIN V: A TIGHTLY COUPLED DIMER
The full 36 nm step length of Myosin V can be achieved by extending the two 23 nm necks separated by an angle
of ∼ 100◦ .45 While this stepping distance can be achieved by using this extended rigid structure to move in
hand-over-hand manner, newer results suggest that the step of Myosin V is made in two or more substeps.15, 21
Modifying the dimer model to take the rigid nature of Myosin V into account, we set the spring KAB connecting
the two heads to be larger than in Myosin VI. Because of the tight coupling between the two heads, now the
values of xA and xB will be nearly identical to xC . As a result, the strain in the springs is not a plausible
mechanism of communication between two domains. It is more likely that the strain associated with the neck
rotation transmit the information. Therefore, instrad of Eq. (2) we adopt the following strain function:


| sin θA −  sin θB | − d0
σ(θA , θB ) = 1 + tanh
.
(5)
∆d
Using this modiﬁed model, we see in Fig. 3 that the powerstroke for the leading motor occurs when the trailing
motor releases from the ﬁlament. This powerstroke only produces a certain amount of forward displacement
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Figure 4. (a.) Force-velocity relationship of the dimer model compared with a single motor. (b.) Average step length
for the Myosin V model. The distribution of step lengths for a myosin V molecule is examined under a variety of loaded
conditions. Parameters: k12 =k21 =2.0, k23 =0.5, k31 =0.01; D=0.1, θ1 =-0.2, θ2 =0.0, θ3 =1.0.

forward, albeit a much larger displacement than that observed in Myosin VI. The remaining distance can be
made up through a series of diﬀusive steps. Due to the long lever arm of Myosin V, the degree to which the
motion is diﬀusive rather than deterministic resides in the magnitude of the angle change between V1 and V2 ,
∆θ12 . As determined in the previous chapter, thermal ﬂuctuations can be rectiﬁed into directed motion in the
case of ∆θ < 0.5. For larger values, deterministic motion occurs as the long neck of Myosin V is able to step to
adjacent potential wells even with small changes in the angle. The example trajectory in Fig. 3 shows that the
forward motor can step out several more period length depending on the parameters chosen. A strained state
is then created between the leading and trailing motor when the leading motor settles into a strongly bound
state. The strain is primarily caused by the leading motor attempting to adopt the stable angle θ3 while the
trailing motor holds it back. This strained state is enhanced by the few additional steps made away from the
trailing motor during the Brownian phase of motion. While there is no compliance in the neck of the motor in
the present model, this strained state achieves similar results to the telemark-stance seen in electron micrograph
images of Myosin V.13 When the trailing motor releases, the strain in the leading motor is released quickly
swinging forward the trailing motor a distance corresponding to the new stable angle of the leading motor, and
the process is repeated.

5. LOADED DIMERS AND STEP DYNAMICS
By varying the constant Fload as stated in Eq. 3, we examine the force-velocity relationship of the dimer. The
monomeric motor protein shown in Fig. 4(a) displays a linear relationship between its velocity and the magnitude
of an applied load. Upon reaching its stall velocity at approximately 0.9 pN (converting from normalized force
units), the motor fails entirely sliding backwards under any additional load. On the other hand, the dimeric
motor protein models exhibit a stall velocity of more than twice that of the monomer as seen in single headed
versus double headed Myosin V experiments. Here, both the Myosin V and Myosin VI models stall at a force of
approximately 3 pN . An additional feature shown in Fig. 4(a) is the monotonic decrease in the velocity as the
dimers approach their stall force. Inﬂuenced by the anchoring function of the motor domains, the dimer complex
apparently slows its hand-over-hand cycling as the applied load decreases the trailing motors ability to get into
position for the next cycle. Once the stall velocity is reached the motor remains attached for long period of time,
essentially stuck as the trailing motor is no longer capable of moving forward to trigger the chemical kinetic
switch releasing the anchored motor. The anchored motor will only break free when the applied force is large
enough to overcome the binding strength of the motor to the ﬁlament. On the other hand, a monomer or single
headed motor operating under the same parameters stalls, but having no anchoring mechanism, it immediately
breaks free of the ﬁlament.
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To ascertain the detailed eﬀect that an applied load has on the stepping mechanism of a dimeric motor
protein governed by this model, we examine the step length of a motor under load. Here, we deﬁne the step
length as the distance that the motor center xC moves forward after each stepping event. Many single molecule
experiments typically measure the displacement of an optically trapped glass microbead that would be attached
to a point equivalent to xC on the motor, thereforce this deﬁnition of step length should have the most relevance
to experiment. The distribution of step sizes of a Myosin V motor under loaded conditions is plotted in Fig. 4(b).
In unloaded conditions, the distribution of steps is centered closely about the critical distance d0 that triggers the
chemical kinetics in Eq. 2. As the magnitude of the load is increased, the distance that the motor steps slowly
decreases. The chemical kinetics remain unchanged and the ideal conditions for a trailing motor successfully
stepping forward still occur when it reaches a distance d0 in front of the anchored motor. While the shorter
step length is not ideal, the searching motor spends enough time at a distance less than d0 from the anchored
motor that it still has a chance of entering a strongly bound state, albeit at a much slower rate. We can control
the spatial window through which a motor must pass to activate the chemical switch in Eq. 2 by decreasing the
value of ∆d. By doing so, we shrink the tail of the spatial probability distribution deﬁning the region where the
searching motor ﬁnds it agreeable to enter a strongly bound state. Figure 4(b) shows that while smaller values
of ∆d increases the step length to some degree, the distribution of steps is still shifted towards zero for loads
approaching stall force for the motor.

6. DISCUSSION
The proposition that the motion of dimeric motor proteins may be achieved through some combination of a
powerstroke and a series of diﬀusive steps is a key element in the present model. Due to the insuﬃcient length
of the Myosin V powerstroke, it is thought that the additional distance is made up by another mechanism.15
Myosin VI has an even shorter powerstroke and the majority of the distance covered in a single step must be
realized through a diﬀusive mechanism. Despite their diﬀerences, both classes of myosin appear to have elements
of a powerstroke mechanism as well as a Brownian motor mechanism. The model for a monomeric motor protein
presented in the previous chapter provides a uniﬁed mechanism for generating both a powerstroke and thermally
rectiﬁed motion. Using at least a three state cyclic system of chemical reactions incorporates both mechanisms
by tuning the parameters governing each state.
While it may be diﬃcult to verify that the method of coordination between the two heads used in the
present model is an accurate biological representation, it is capable of replicating the hand-over-hand behavior
observed experimentally. The model that we utilize coupling the two motors incorporates a strain mechanism for
coordination between the two proteins based on the force dependent chemical kinetics that have been observed in
recent experiments.10–12 Using that mechanism the two otherwise independent motors are capable of coordinating
their attachment cycles such that the chance that both motors are detached from the ﬁlament simultaneously
becomes very small. Once anchored to the ﬁlament, the trailing motor then begins a search for its next binding
site, using the Brownian ratchet mechanism provided by switching between V1 and V2 . In the case of Myosin
V where the value of  is expected to be much larger than that of Myosin VI, a non-deterministic mechanism
of motion can only be realized through very small changes in the neck angle between states 1 and 2. As
single molecule experimental methods improve, smaller substeps have been resolved.15, 21 It is possible that even
smaller, unresolved substeps that are a part of the ATP hydrolysis cycle may be responsible for Myosin V’s ability
to rectify thermal ﬂuctuations into directed motion. Following the diﬀusive steps, the power stroke on entering
state 3 induces enough strain between the two motors to signal trailing motor to release from the ﬁlament and
begin its forward search. In addition, we were able to duplicate the motion seen in backwards moving motor
proteins such as Myosin VI. One proposed mechanism for this behavior develops from the fact that the lever arm
in Myosin VI swings in opposite direction of its Myosin V counterpart.22 Simply by reversing the direction in
the sequence of ∆θ values as the reaction proceeds produces the desired behavior of a backward walking version
of the Myosin V protein.
Watanabe et al.46 reported that a single Myosin V motor domain produces a maximum force of 0.9 pN .
A wild-type dimeric Myosin V produces an average maximum force of 2.4 pN , greater than twice the force
of a single motor domain. Scaling back to SI units (1 unit ≈ 15 pN), the force-velocity relations plotted in
Fig. 4(a) are in good agreement with these experimental results. The step size under loaded conditions plotted
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in Fig. 4(b) also agree reasonably well with the experimental behavior observed by Altman, et al.47 The authors
of this experimental study claim that the step size remains unaﬀected as the load increases. However, the data
published shows a slight decrease on the order of ∼ 10 nm under a load of about 2 pN . Comparing these results
to the drop in step size of roughly 2 potential periods L exhibited by this dimer model, for L equal to 5.4 nm
we have reasonably good agreement with experimental data.
In this same article Altman measures the dwelltime of the motor under loaded conditions. The stepping
mechanics involved in moving a motor domain forward to its binding next site occur very quickly for most motor
proteins. It is this fact that makes the stepping mechanics a diﬃcult subject to study. These motor proteins
spend the majority of their time bound to an actin ﬁlament waiting for the chemical reaction releasing it and
allowing for the subsequent step. This slow chemical reaction is dominated by a Poisson process, and as such any
measurement of a dwelling time will likewise be dominated by the same process. Loaded measurements of the
dwelling time by Altman, et al. tell something about the force dependence of the chemical reactions governing the
release of the motor protein, but a mechanical model such as the one presented here cannot faithfully reproduce
these eﬀects. As a result this Poisson process also causes some diﬃculty in attempting to compare the average
velocity of our modeled motor proteins with their experimental counterparts. Proper modeling of this process
in the long bound states is required to get an accurate scaling of the velocities of these models.
Looking also at the distribution of step sizes exhibited by the dimer, the chemical switch introduced to coordinate the hand-over-hand motion of the two motor domains also provides a degree of variation in the magnitude
of the step size. This distribution of step sizes has been observed experimentally in numerous experimental
studies20, 47, 48 and has been a focus of other processive motor models.49, 50 In the limit as ∆d approaches zero,
the switch mechanism in Eq. 2 becomes a step function, only allowing searching motors to become strongly
bound when it is a distance greater than d0 forward of its partner motor. Tuning the parameter ∆d should allow
for ﬁtting the step size distribution of the dimer model to any number of diﬀerent experimentally observed step
distributions.
The qualitative behavior of these processive, dimeric motor proteins can be replicated using this hybrid
model that allows the individual motor domains to switch between alternate modes of transportation. While
the mechanisms driving Myosins V and VI appear to be very diﬀerent, many of the features can be replicated
with this one model. Myosin V relies heavily, but not entirely, upon the powerstroke of the anchored motor,
while Myosin VI favors the Brownian motor mechanism to transport its trailing head forward through its next
step. Hopefully, by altering the physical parameters of this dimer model, a wide variety of motor proteins can be
studied, each emphasizing diﬀerent phases of the transport mechanism. And while the focus of this model was
primarily on replicating the results seen in dimeric myosin-actin systems, it seems reasonable that this model
could be extended to other families of processive motor proteins.
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