
Electrostatic origin of the unidirectionality of walking
myosin V motors
Shayantani Mukherjee and Arieh Warshel1

Department of Chemistry, University of Southern California, Los Angeles, CA 90089

Contributed by Arieh Warshel, September 18, 2013 (sent for review August 1, 2013)

Understanding the basis for the action of myosin motors and
related molecular machines requires a quantitative energy-based
description of the overall functional cycle. Previous theoretical
attempts to do so have provided interesting insights on parts of
the cycle but could not generate a structure-based free energy
landscape for the complete cycle of myosin. In particular, a non-
phenomenological structure/energy-based understanding of the
unidirectional motion is still missing. Here we use a coarse-grained
model of myosin V and generate a structure-based free energy
surface of the largest conformational change, namely the transi-
tion from the post- to prepowerstroke movement. We also couple
the observed energetics of ligand binding/hydrolysis and product
release to that of the conformational surface and reproduce the
energetics of the complete mechanochemical cycle. It is found that
the release in electrostatic free energy upon changing the con-
formation of the lever arm and the convertor domain from its post-
to prepowerstroke state provides the necessary energy to bias the
system towards the unidirectional movement of myosin V on the
actin filament. The free energy change of 11 kcal is also in the range
of ∼2–3 pN, which is consistent with the experimentally observed
stalling force required to stop the motor completely on its track. The
conformational-chemical coupling generating a successful power-
stroke cycle is believed to be conserved among most members of
the myosin family, thus highlighting the importance of the previ-
ously unknown role of electrostatics free energy in guiding the
functional cycle in other actin-based myosin motors.
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Myosin constitutes a diverse class of molecular motors that
perform mechanical work by producing movement on the

actin filaments. These cellular machines tightly couple various
steps of the ATP hydrolysis and product release cycle with me-
chanical force generation on actin and can therefore perform
coordinated movements within the cell (1–3). Classical examples
of myosin motors constitute the muscle protein that performs
a single mechanical force generation cycle and then detaches
from the actin filament. These molecules work in large numbers
to produce a net directed movement of the actin during muscle
contraction (2). Furthermore, living cells have used the basic
functional cycle of myosin to generate several other members of
the myosin family, some of which produce repetitive mechano-
chemical movements on the actin filaments. The most studied
among these processive motors is myosin V, which is responsible
for carrying cargo to different destinations using the intracellular
network of actin filaments (4). At the heart of all types of myosin
action is its ability to couple large conformational changes with
ATP hydrolysis and actin binding/release cycles to eventually
perform a unidirectional motion (3). Although some features of
the cycle are well understood, one of the most intriguing re-
maining problems is to unravel the factors that allow myosin V to
walk in only one direction toward the “plus end” of actin during
its processive motion (this question was nicely articulated in ref.
5). Here, despite having high-resolution structural information
and observing the unidirectional myosin movement in several
breakthrough experimental studies, the question of why the

motor does not show any considerable movement in the opposite
direction is still unanswered. This key question about the action
of myosin V and related systems is explored in the present work.
Numerous experiments including kinetics and thermodynamic

studies (1, 6–8), high-resolution structural studies (9, 10), elec-
tron microscopy studies (11), and single-molecule experiments
(4, 12, 13) (other relevant studies are discussed in Supporting
Information) have advanced our understanding of the action of
the system. Apart from ingenious experimental studies that have
been able to explore the mechanochemical cycle, there have
been theoretical attempts to understand the processes using
structure-based or phenomenological modeling approaches in
myosin (14–20).
Whereas most of these studies addressed the role of large

conformational changes coupled to long-time-scale processes
during the cycle, in our view the main open questions are about
the structure/energy correlation of the system that is responsible
for the unidirectional motion. Progress on this front seems to be
more relevant to the central question rather than simulating the
dynamical behavior of the different states of myosin, and at
present we are not aware of any structure-based model that ac-
tually provided an interpretation of the directional motion of
myosin [although phenomenological studies and kinetic model-
ing have been instructive (14, 18, 19)]. Exploring the structure/
energy relationship in myosin V presents major challenges, ow-
ing in part to the absence of high-quality structural information
on all of the intermediate conformations and nucleotide/actin-
bound forms. This problem is compounded by the difficulty of
capturing the free energy balance between the conformational
states of the system using current computer resources, owing to
the difficulty of obtaining converging free energies for substantial
conformational changes of large and highly charged systems.
To overcome some of the above difficulties, we used our

coarse-grained (CG) model (21) that focuses on a consistent
description of the electrostatic energy (note that such a physi-
cally consistent electrostatic description is not emphasized in
most other CG models). Our CG model has been very effective
in describing the mechanochemical coupling of F1-ATPase (22)
and F0-ATPase (23) as well as the action of other systems (e.g.,
refs. 24 and 25). Our CG simulations allowed us to reproduce
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a very reasonable estimate of the change in the conformational
free energies of the post- to prepowerstroke states of a single
strand of myosin V. After coupling the conformational free en-
ergy with the concentration-dependent kinetics of ATP hydro-
lysis, product release, and acting binding/release cycles, we could
produce a semiquantitative description of the processive cycle for
the double-headed myosin V that reveals a previously unknown
role of electrostatics in guiding the unidirectionality of these
molecular motors.

II. Background
II.1. The Functional Cycle of a Single Myosin Head. To clarify the
nature of the system, we would like to start with a generic de-
scription of the functional cycle of a single myosin motor, as
understood from scores of experimental and structural findings
(1, 3, 9). The cycle is depicted in Fig. 1, which shows that a single
myosin molecule can exist predominantly in two distinct con-
formations, called the “up state” and “down state” (character-
ized in this work by an angle θup or θdown that the lever axis
makes with a tentative axis perpendicular to the actin surface).
The cycle in Fig. 1 starts at the “rigor state,” where the lever is in
the down state and tightly bound to the actin surface. Binding of
ATP leads to release of the myosin head from the actin filament,
and after this the lever and the convertor domain changes to the
up state from the down state. This conformational reversal,
which occurs while myosin is unbound or loosely bound to the
actin filament, is often referred as the “repriming” event. The
ATP molecule bound to the myosin head undergoes hydrolysis
and the products (ADP, Pi) bound head once again rapidly binds
actin filaments. The critical “powerstroke” step, or the transition
from the up to down state, is thought by some to generate a di-
rectional force on the bound actin filament. This step is followed
by the release of Pi and then the ADP, after which the system is
ready for another cycle. Although current experimental studies
cannot tell us directly the molecular origin of the directionality of
the single-headed myosin cycle, they provide very useful in-
formation when one compiles the relevant energetics estimated
from the available kinetic and thermodynamic information (III.
Results and Discussion, section III.2).

II.2. The Unidirectional Processive Runs of the Double-Headed Myosin V.
The double-headed myosin V molecule uses the mechano-
chemical coupling of the single head to orchestrate repetitive
powerstroke cycles that can effectively transport cargo through
hundreds of nanometers without detaching completely from the
actin filament (4). During the walking process, myosin V takes an
average step of about 36 nm on the actin filament and can make
several consecutive steps without completely detaching off. The
mechanochemical cycle of a single myosin molecule (Fig. 1)
holds true for each of the myosin V heads (1), but both cycles
occurring in the two heads are coordinated in a fashion so that
when one goes through ATP binding, actin detachment, hydro-
lysis, repriming, and powerstroke cycle in succession the other

mostly remains in the ADP bound state tightly bound to the actin
filament. The general understanding is that each of the myosin V
mechanochemical cycles occurring in one strand is altered dif-
ferently by the “pulling” or “pushing” force generated on it by
the other strand of myosin V, thus leading to an overall co-
ordinated movement of the double stranded molecule over the
actin filament (12).
Despite the progress made in understanding the overall my-

osin V cycle, it is extremely challenging to combine the bio-
chemical and structural findings with a well-defined physical
model that reproduces the observed directionality (although it is
possible to model the process using phenomenological parame-
ters). In other words, any advance in structure-based under-
standing of the force generation process must be based on a
clear knowledge of the free energy surface. As illustrated in
Fig. S1, one must explain why the myosin V steps on the actin
filaments predominantly in one direction (to the right, the “plus
end”) and not in the opposite direction (to the left). We have
only two options for a net directional motion to the right using a
qualitatively reasonable free energy surface of the whole process.
Either the free energy goes up on the left direction (a thermo-
dynamically controlled mechanism) or the effective barrier to the
left direction is higher than that to the right (a kinetically con-
trolled mechanism). In the second case the free energy of the left
motion can be as low as that of the right motion. Thus, popular
arguments such as “diffusive motion” or “futile lever arm swings”
(e.g., ref. 26) are not so effective in understanding the directional
motion, which could be studied by constructing a free energy-
based model (as in Fig. S1) using structural and kinetics obser-
vations. Such an approach should advance our quantitative un-
derstanding of the action of myosin.
In our attempts to look for a tentative reason for the di-

rectionality we must focus on the asymmetric structural elements
in the system. There are several ways of introducing structural
asymmetry in the myosin V molecule as it walks over the actin
filament, but the most obvious among them is the asymmetry in
the interactions arising owing to the θdown to θup conformational
change in the lever and the connected convertor domain, whereas
other options are much less likely to contribute significantly to the
asymmetry in the forward and backward motion (discussed in
Supporting Information and below). Thus, we will focus here on
understanding the energetics of the change in θ and its relationship
to the directional motion in myosin V.

III. Results and Discussion
III.1. CG Modeling of the Conformational Landscape of Single-Headed
Myosin V. As discussed above, our working hypothesis is that the
most important factor contributing to the functional directionality
is due to the asymmetry in the energies of the θup and θdown
conformations. To explore this hypothesis, we have to understand
the conformational free energy landscape of moving from θup to
θdown states, and such an attempt is done here using the known
pre- and postpowerstroke structures of myosin (9) (Fig. 2A and

Fig. 1. A schematic cycle for a single myosin head
(shown in blue). The nucleotide occupancies are
denoted in red, yellow, and orange spheres for ATP,
ADP, and Pi, respectively. The actin is schematically
shown as a track with equally spaced myosin bind-
ing sites shown in filled squares. The tight and loose
actin-bound states are depicted in dark and light
violet, respectively.
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Supporting Information give a description of myosin V modeling
using known structural considerations). The free energy con-
tributions of the protein side chains were evaluated for each of
the generated intermediates between the post- and prepower-
stroke states using our CG model (21) and the resulting free
energy surface is shown in Fig. 2B, whereas the relevant ener-
getic contributions are summarized in Table S1. It should be
noted that the effect of the nucleotides and/or actin binding were
not incorporated in this calculations and will be included in the
analysis below using the experimental information (this is a
reasonable strategy because we found that the corresponding
energies of the chemical steps do not contribute towards estab-
lishing the unidirectionality). As seen from the conformational
free energy map of Fig. 2B, the system has an inherent asymmetry,
where the energy at θup (prepowerstroke) is almost 11 kcal/mol
lower than θdown (postpowerstroke) and the key source for the
energy difference between the beginning and end points is of
electrostatic origin (Table S1). The residues contributing maxi-
mally to the electrostatics free energy change between the pre-
and postpowerstroke states are shown in Fig. S2 and discussed in
the SI Text. Apparently, Fig. 2B shows that there is a significant
rise in free energy as the system tries to shuffle between the two
conformations. However, whereas the energy difference between
the two conformations is reasonable (because they have been
modeled using high-resolution structural data), the actual barrier
is probably much lower than that estimated here (shown as a
dotted line in Fig. 2B). This is so because we have not attempted
to obtain the least energy path along the conformational route,
but rather arrived at a quantitative understanding of the energy
at the end points, which is the most important part in exploring
the reason behind the unidirectionality. A better job of pro-
ducing an exact path based on converged conformational free
energies could be achieved using computationally costly sam-
pling approaches or moving the system in directions implied by
the normal modes, as attempted in previous studies (16, 17).

III.2. The Energetics of Ligand Binding/Release and Catalysis for
Single-Headed Myosin V. Although the trend displayed in Fig. 2B
provides an insight about the asymmetry between the θup and
θdown conformations, it is essential to consider the other energy
contributions coming from the binding/release and catalytic steps
to arrive at a complete picture of the cycle. Here, it is done by
collecting the relevant kinetic and thermodynamic experimental
results and building a consensus free energy diagram of the single
myosin V cycle (Table S2 and Fig. S3). Adding the effect of the
physiological concentrations to the standard-state energies
obtained in Fig. S3, we arrive at the free energy surface of Fig. 3
for the chemical and actin binding/release steps of myosin V. The
concentration effects have been calculated for values near physi-
ological conditions indicated in the figure. The fact that the total
free energy change after the release of ADP is around 8 kcal
allowed us to provide a rough estimate of the free energy release in
some of the steps such as hydrolysis and Pi release, which are not
easily apparent from the kinetics experiments alone.

The kinetics and thermodynamics information given in Fig. 3
for the single-headed myosin does not provide a complete pic-
ture about the myosin V walking cycle. As seen from Fig. 3, the
energetics of the free myosin is always higher compared with the
actin-bound form [because the binding of actin is always a fast
and downhill process (1)]. This implies that for a functional cycle
the conformational energy must be coupled to the chemical and
binding energies to allow the ATP bound myosin head to remain
predominantly in the actin-free form and to revert back to the
actin-bound form upon ATP hydrolysis and product release. The
reversal of myosin head from actin-free to actin-bound state is
the most important part of the cycle because this is necessary for
a successful powerstroke generation. Likewise, the reversal of
actin-bound myosin head to the actin-free state after ATP
binding is crucial for the repriming of the cycle. Multiple studies
have attempted to understand this problem and have led to
several hypotheses based on structural and kinetic modeling
(9, 14, 26), but a clear quantitative basis of the conformation/
chemical coupling leading to the myosin V processive cycle has
not yet been provided.

III.3. Modeling the Energetics Behind the Unidirectional Myosin V
Walking Cycle. At this stage, we can finally combine the in-
formation obtained from the conformational landscape (Fig. 2)

Fig. 2. (A) Structural model of myosin V lever arm
movement used for the current study. The key
angles θup and θdown that the lever arm makes with
a tentative axis perpendicular to the actin surface
characterizes the conformational change during the
pre- and postpowerstroke. The tentative actin sur-
face is denoted in green. (B) The calculated CG
electrostatic free energy surface (solid red line) and
scaled free energy surface (dotted red line) for
moving from pre- to postpowerstroke conformation
of a single myosin V molecule is shown. The struc-
tures on the x axis represent the initial, in-
termediate, and final states between the θup and
θdown conformation. The angular value only pro-
vides an estimate of the progression of the con-
formational reaction coordinate along the path.

Fig. 3. The free energy diagram of the chemical steps for the single strand of
myosin V. The figure uses experimental kinetic parameters tabulated in Table
S2 and Fig. S3 and adds the concentration effect to the standard Gibbs free
energies obtained from the rate equations. Myosin, Actin, ATP, ADP, and Pi are
denoted by M, A, t, d, and p, respectively. The pathways denoted in red and
green are for myosin V in actin-free or actin-bound forms, respectively. The
effect of concentrations is highlighted in blue and violet for the myosin V in
actin-free or actin-bound forms, respectively. Note that this cycle alone (even
with concentration effects) cannot be used to establish the directionality in
a walking myosin V molecule because all actin-bound myosin states are much
lower in energy than the actin-free states, and the systemwill not revert to the
actin-free statewithout the correct coupling of the conformational free energy.
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with the energetics of the chemical steps of myosin V single head
(Fig. 3) to arrive at a feasible functional cycle for the double-
headed molecule. Fig. 4 shows such an analysis where the leading
leg is ADP-bound and strongly attached to actin as the lagging
leg covers its journey starting from the rigor state, to repriming,
moving past the leading strand and rebinding actin at a new
position. The energetics for each subsequent step is shown for
both actin-free (steps I to IX) and actin-bound [steps (I) to (IX)]
lagging strand. We have analyzed both actin-bound and -free
forms to be able to compare similar states of myosin V and arrive
at a least free energy-based description of the actual functional
cycle. This approach clearly captured the energetics involved in
shifting of the population from actin-bound to actin-unbound
states for ATP-bound myosin V [steps (III) to IV] and vice versa
after ATP hydrolysis [steps VI to (VII)]. The analysis shown in
Fig. 4 describes the functional cycle when we follow the least
energy path, and this energetically feasible pathway is high-
lighted in green. The result elucidates a previously unknown role
of the electrostatic conformational free energy in guiding myosin
V through its directional cycle. The release of the conforma-
tional free energy upon repriming (−11 kcal) makes the actin-
free state lower in energy than the actin-bound state [compare
steps IV and (IV) and also note that this would not have hap-
pened when one only considers the kinetics in Fig. 3]. This leads
to the stabilization of the ATP-bound lagging myosin head in
the actin-free form. After ATP hydrolysis, commencement of
the powerstroke leads to a gain in electrostatic free energy and
this makes the actin-free form much less favorable than the
actin-bound form [compare steps (VII) and VII], finally lead-
ing to product release and the establishment of the rigor state.
The free energy surface for the functional cycle along with the

tentative barriers calculated from Figs. 2 and 3 is shown in Fig.
5A, showing a downhill path as myosin V moves to the right
direction (“plus end” of actin). The large stabilization energy
arising from the post- to prepowerstroke change during each 36-
nm walking step guides the system consistently toward the cor-
rect direction. It is also worth mentioning that the free energy
change that guides the directional cycle also provides an idea of
the stall force (∼2–3 pN) required to stop the myosin from
moving forward. It is also possible that the high electrostatic
barrier for the lever arm swing during powerstroke is around 16
kcal (at par with the ADP release step and much lower than that
estimated in Fig. 2, solid curve) and actually the uphill confor-
mational barrier might be the reason behind the tightly coupled
ADP release step. Also, note that the actual barrier involved in
the process of “switching” the lagging strand from its lagging

position to the next actin binding site can be low and is not es-
timated in this study. It is assumed from other studies that this
movement can be more akin to a random search of the lagging
head under the constraint of the strongly actin-bound leading
strand (27).
The significance of the above finding in demonstrating the

unidirectionality of myosin V is further clarified in Fig. 5B and
Fig. S4. Here we show that the motion in the opposite direction
is much less feasible owing to the higher energies (at steps IV′, V′
and VI′) leading to higher effective barrier for the whole pro-
cess. Fig. S4 shows an analysis similar to that in Fig. 4, but in-
stead we try to take the leading strand through the ATP binding,
repriming, hydrolysis, powerstroke, and product release steps
and thus attempt to move the myosin V in the opposite direction.
The path shaded in green in Fig. S4 is further shown in Fig. 5B
and highlights the high energy cost associated with such a reverse
walking scheme. This high energy originates from the fact that
the leading strand is already in the θup state and thus cannot
release the electrostatic energy upon repriming that can lead to
the ATP bound actin-free state of myosin. Fig. 5 also highlights
the important role of the conformational free energy (electro-
static) in dictating the directionality of the myosin V run on
actin. Such an analysis identifies the energetics responsible for
the unidirectional myosin V motion toward the “plus end” of
actin filament for a significant stretch of time (5). It is important
to note that the directionality is primarily enforced once we
successfully couple the conformational free energy with the
chemical steps. The effect of physiological concentrations of the
ligands on the standard free energies or the energy released
upon ADP and Pi release do not lead to the switching between
actin-bound and actin-free forms in the mechanochemical cycle
of myosin. Thus, the chemical steps alone probably cannot pro-
vide the basis for a successful powerstroke cycle and, more im-
portantly, they cannot lead to the overall directional motion.
Trying to assess the “fidelity” of moving in one direction

predicted by the landscapes of Fig. 5 is in principle straightfor-
ward. What is needed is a Langevin dynamics treatment with
a proper friction coefficient determined by our renormalization
treatment. However, a careful treatment should consider the
least energy path motions of the lever arm described by the
changing θ as well as the binding and release of the ligands (see
our work on F1-ATPase in ref. 22). At present, because we are
mainly interested in understanding the unidirectionality, we may
get a “back of the envelope” estimate by considering the rate of
the competing processes shown in Fig. 5 A and B. This can be done
by comparing the competing rates of moving from state (I) to (IX)

Fig. 4. The free energy landscape for myosin V
walking toward the actin “plus end” (obtained by
combining information from Fig. 3 and Fig. 2). The
states denoted I to IX are when myosin V lagging
strand (pink) is in the actin-free state, while the
states denoted (I) to (IX) are for both myosin V
strands bound to actin. The nucleotide occupancies
are denoted in deep red, yellow, and orange spheres
for ATP, ADP, and Pi, respectively. The actin is shown
as a black or gray track with equally spaced myosin
binding sites denoted as a, b, c, and d, where moving
in a → d indicates the “plus end” direction. The least
free energy path highlighted in green reveals
a downhill path as myosin walks from b → d. It also
highlights the role of electrostatic energy released
during repriming in stabilizing the actin-free ATP
bound form [states (IV) to IV] and the energy gained
through powerstroke in stabilizing the actin-bound
form [states VII to (VII)] of the pink strand.
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in the correct direction and state (I′) to (IX′) in the backward di-
rection. Because in both cases we do not have any significant return
from the states of ADP release [(IX) or (IX′)], which are strongly
downhill, we can consider a very simplified model with

RateðIÞ→ðIXÞ=RateðI′Þ→ðIX′Þ ≈ exp
n
−
�
Δg≠ðIÞ→ðIXÞ −Δg≠ðI′Þ→ðIX′Þ

�.
RT

o

≈ exp
�
−αΔGθ=RT

�
; [1]

where Δg≠ is the difference between the highest point and the
initial point in the landscape for each forward- or backward-
moving cycle. The proportionality constant α is introduced be-
cause there are ways to move without introducing the full contri-
bution from ΔGθ during the highest points in the free energy
profile. Obviously, Eq. 1 gives a clear advantage in moving for-
ward, which is what we like to establish in this work. Nevertheless,
combining the analysis by a more careful time-dependent renorm-
alization study (with detailed landscape for the flexibility of the
arms and the effect of different loads as well as ligand concentra-
tions) should allow one to narrow down the determination of the
exact ΔGθ.
As stated before in II. Background, section II.2 and in Sup-

porting Information, we can have other potential contributions
affecting the overall asymmetry of the system arising from the
conformational free energy change. For example, the interaction
of myosin head with actin could potentially be different in dif-
ferent parts of actin and can contribute toward establishing the
directionality. Although a complete atomistic structure of myo-
sin/F-actin complex is still missing, our current understanding
from the experiments suggests that both heads of myosin V bind
stereospecifically to F-actin and are separated by ∼36 nm or ∼13
actin monomeric units as it steps on the actin filament during its
processive run (28). This reflects the fact that the final and initial
states of the acto–myosin complex are similar after each in-
dividual cycle, except for the progress in positional coordinates
for the overall myosin molecule toward the “plus end.” Al-
though, it is possible that the leading and lagging strands adopt
different lever arm geometries (kinked or straight) within the
course of the cycle, the focus of our present study is to un-
derstand the physical principle behind the directionality of the

functional cycle. Armed with a better and more quantitative
understanding of the basic functional cycle, one can proceed
toward modeling various alterations arising owing to shortened
lever arms or effect of pushing and pulling loads on the motor.
Like the acto–myosin interactions, it is also possible to have

different contributions arising from myosin interacting with the
different forms of the ligand (ATP, ADP and Pi, only ADP, or
ligand-free) during the cycle. These ligand-specific interactions
definitely contribute toward the overall free energy of the func-
tional cycle. However, comparison of the ATP-bound, ADP-
bound, or ligand-free myosin head shows very little deviance in
the overall structure. Alterations of side chain arrangements and
certain loop regions in and around the nucleotide-binding regions
have a potential to affect θup and θdown states in an asymmetric
way. However, considering the small number of structural
changes compared with the large shifts in the lever arm and the
adjacent convertor domain during the powerstroke generation
(9), it is most probable that the main deciding factor toward
asymmetry arises from their interaction with the rest of the
conserved myosin head domains.

IV. Concluding Remarks
Providing a structure/energy basis of the powerstroke generation
and the conformational–chemical coupling is crucial to elucidate
the nature of the processive directional movement in trans-
lational molecular motors. The present work has advanced the
understanding of the origin of the unidirectionality of the myosin
V motor by providing a structure-based landscape of the factor
that is most likely responsible for the directionality. Combining
the free energy surface of the most important large-scale con-
formational change occurring in the myosin motors with that of
the ATP hydrolysis and the myosin/actin binding energy provides
a semiquantitative understanding of the overall function. Further-
more, it provides a clear free energy-based conceptual basis of
the occurrence of different key states during the myosin V
processive movement and, most importantly, provides a basis for
the unidirectionality shown during its processive movement
along the actin filament. Our study highlights that the change in
the electrostatic free energy of the lever arm and convertor region
during the repriming leads to the stabilization of the lagging
myosin V strand in the actin-free state, while the powerstroke

Fig. 5. (A) The free energy surface for the func-
tional path when myosin walks toward the actin
“plus end” is shown in green. (B) The free energy
surface for the reverse walking scheme is shown in
red. The figure is based on Fig S4. An alternative
route is represented using blue dashed lines that
designate the likely possibility that the reverse
motion can also be achieved through a combination
of the powerstroke in blue myosin strand and rep-
riming in pink myosin strand to minimize the large
ΔGθ

elec contribution. However, this lower energy
surface (blue) is still higher than the functional
surface (green). The electrostatic free energy for the
conformational contribution (ΔGθ

elec) affecting the
repriming and powerstroke of the specific myosin
strand are also indicated in the appropriate steps.
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leads to an overall increase in the conformational free energy
that once again stabilizes the ADP bound myosin V strand in an
actin-bound form, thus guiding the overall functional directionality
toward the actin “plus end.”
Our result indicates that the free energy change involved in

the lever arm swing of myosin V lagging strand biases the
landscape so that the molecular motor predominantly moves in
the correct direction while taking several steps along the actin
filaments. It is estimated that the most significant contributor
toward the unidirectional motion is due to the change in elec-
trostatic interaction energy between the drastically different le-
ver arm positions (θup and θdown) and the fairly conserved myosin
head domain. Obviously, a more detailed study that will explore
the effects due to ligand occupancy should help in fine-tuning the
overall result. However, a similar trend in the energetics of the
two conformational states will most likely prevail and dominate
the unidirectional movement.
Another aspect of our current study is the consideration of the

effect of cellular ligand concentrations in altering the relative
free energies of the key states during the functional cycle. Al-
though it has been shown in III. Results and Discussion that the
concentration effect is not the origin of the directionality in
myosin action, our study indicates that the motors can only be
active within a certain range of ligand concentrations. Thus, our
theoretical approach provides a realistic modeling platform for
cellular systems that are actually dependent on environmental
factors such as ligand concentrations. Overall, the quantitative
knowledge of the free energy surface underlying the myosin V
cycle provides further opportunities to explore the motor func-
tion under different experimental conditions. For example, the
effect of loads on the conformational barrier could be simulated
by our renormalization approach and thus increase the con-
nection between the theoretical modeling and single-molecule
experiments (12, 29).
The concept of Brownian motors is frequently invoked (30)

as the underlying theoretical framework for many biological

systems. However, once the free energy surface is determined, the
motor functionality and the corresponding directional process
become clear from the rate constants of individual steps that
follows the Boltzmann-based transition-state theory. Thus, al-
though the observation and identification of “diffusive search” is
very insightful and potentially can inform us on the ruggedness of
the landscape, it does not help in elucidating the origin of the
motor action because all biological systems undergo thermal
motion on the available configurational space. Similarly, the
description of “futile motions” (26) does not tell us much about
the origin of the directionality because futile motions occur both
in the correct and incorrect direction and what counts is free
energy-based preferential selection.
Finally, because the basic functional cycle of the myosin mole-

cules is thought to be conserved among the different members of
the family, this current advance in quantifying the principle be-
hind the myosin V directionality is likely to extend our un-
derstanding of the other members of the acto–myosin family.
This further opens up an opportunity to explore the role of
electrostatics in detail and understand the effects of mutations
in altering the motor function.

V. Methods
The present work uses a CG model (21) that describes the main chains by an
explicit model and represents the side chains by a simplified united atom
model. The model has a unique treatment of the electrostatic energy in-
cluding the self-energy that gives its reliable features. The details of our
model are given elsewhere (24) and it is also discussed in Supporting In-
formation. The details of the kinetics and thermodynamics data used to
calculate the standard free energies are provided in Supporting Information.
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