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ABSTRACT: The origin of the unique directionality of myosin has been a 175 | — Postrigor State
problem of fundamental and practical importance. This work establishes in a
conclusive way that the directionality is controlled by tuning the barrier for
the rate-determining step, namely, the ADP release step. This conclusion is
based on exploring the molecular origin behind the reverse directionality of
myosins V and VI and the determination of the origin of the change in the
barriers of the ADP release for the forward and backward motions. Our
investigation is performed by combining different simulation methods such as
steer molecular dynamics (SMD), umbrella sampling, renormalization
method, and automated path searching method. It is found that in the case
of myosin V, the ADP release from the postrigor (trailing head) state
overcomes a lower barrier than the prepowerstroke (leading head) state,
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which is also evident from experimental observation. In the case of myosin VI,

we noticed a different trend when compared to myosin V. Since the directionality of myosins V and VI follows a reverse trend, we
conclude that such differences in the directionality are controlled by the free energy barrier for the ADP release. Overall, the proof
that the directionality of myosin is determined by the activation barrier of the rate-determining step in the cycle, rather than by some

unspecified dynamical effects, has general importance.

1. INTRODUCTION

Myosin is a class of motor proteins that are involved in muscle
contraction, cell migration, and intracellular transport." They
generally move along the actin filaments and always utilize
ATP hydrolysis to generate force and movement. Kinesins are
another class of motor proteins, which move along micro-
tubules, and they carry cargo such as organelles, protein
complexes, and vesicles toward different compartments inside
the cell.”* Another important class of motor proteins is dynein,
which also moves along microtubules but in the reverse
direction of kinesin. They are involved in several intracellular
transports and flagellar movements, and positioning of
organelles for their proper functions.”” It is important to
note that although the mechanisms of action of these motor
proteins could differ, in all the cases, the ATP hydrolysis and
subsequent release of the hydrolyzed products (ADP and Pi)
govern a cycle of processes that occur along the track (either
on the actin filament or on the microtubule) of these motor
proteins, which results in force generation and their movement
in a specific direction.’

Motor proteins play essential roles in the maintenance of
cellular structure and function. Dysfunctions or mutations in
motor proteins can lead to various lethal diseases and
physiological disorders, including developmental abnormal-
ities, neurodegenerative diseases, and certain types of
cancer.””” For example, the absence of myosin Va in human
often leads to a severe neurological disease called Griscelli
syndrome.'’ Mutation of myosin VI causes deafness in
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mammals.'"'* Mutations in kinesin often leads to motor
neuron disease.'> Dynein mutation could result Alzheimer's
disease and spinal muscular atrophies.'*'® Thus, proper
understanding of the mechanisms of action and the regulation
of motor proteins is crucial and of pivotal importance for
biomedical research and the development of therapeutic
targets.

Motor proteins also play a vital role behind the muscle
contraction and are responsible for the active transport of most
proteins and vesicles in the cytoplasm. The directionality of the
movement of the motor protein is very important.m’17 Kinesin
moves toward the plus end of the cell,"® whereas dynein moves
toward the minus end of the cell.'” All the myosin family
proteins move toward the plus end of the cell, except myosin
VI, which moves toward the minus end. Structurally, myosin
consists of a head domain (consists of two motor heads in
general), which is often termed the catalytic motor domain,
followed by the neck domain with which the tail domains are
bound. Figure 1 shows a schematic representation of a dimeric
myosin motor walking on the actin filaments. Myosin carries
cellular cargo from one end to another end of the cell along the
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Figure 1. Schematic diagram of the mechanochemical cycle of myosin. (A) Walking mechanism for a single step of myosin motor dimer over the
actin filament in the forward direction. The cycle starts with the attachment of the double-headed myosin to the actin track, where one of the
myosin heads is bound with ADP (Figure 1A, step I). Next, the ATP molecule binds with a motor head domain (Figure 1A, steps II-III). The ATP
bound motor head becomes loosely associated from the actin track and motor head switch to a lever-up conformation (Figure 1A, step IV). Then,
the motor head with bound ATP hydrolyzed to produce ADP and phosphate (Figure 1A, step V). Next, the power stroke state begins as loss of the
phosphate (Pi) ion is assumed to initiate the onset of the power stroke (Figure 1A, VI), and it leads to strong binding of the motor protein with the
actin filaments. After phosphate release, bound ADP has also been released from the myosin head (Figure 1A, VII) and now myosin goes to a lever-
down conformation. This ADP release step is the slowest step of the cycle and controls the overall rate of the whole cycle. Finally, myosin steps
forward by this way (Figure 1A, VIII) and carries cellular materials toward its destination. The cycle continues until the myosin completes its
function of cellular transport. (B) Representation of the directionality of myosin V and myosin VI dimer. During their action, myosin V walks
toward the plus end, whereas myosin VI moves toward the minus end.
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Figure 2. Free energy landscape for myosin stepping. In this landscape, the forward step is shown in green and the backward step in pink. The rate-
determining step is the ADP release step, which has a higher barrier for the backward motion. The corresponding forward and backward steps are
illustrated at the bottom of the plot. Note that the motor head, ADP, ATP, and ADP+P; are marked by specific notations as indicated by different
shapes in the figure. The actin filament is shown by small beads just beneath the motor head. The myosin dimer inside the green dotted box is
involved in a forward movement, whereas the myosin dimer inside the pink dotted box is involved in a backward movement.

actin track. It always utilizes ATP during its action. The
complete myosin mechanochemical cycle is depicted in Figure
1A. It starts with the attachment of the double-headed myosin
to the actin track where one of the myosin heads is bound with
ADP (Figure 1A, step I). A specific interaction between
myosin and actin leads to a strong binding between them.
Then, the ATP molecule binds with a motor head domain
(Figure 1A, steps II-III). Then, the ATP-bound motor head
becomes loosely associated from the actin track, and

conformational change triggers the motor head to switch to
a lever-up conformation (Figure 1A, step IV). Then, the motor
head with bound ATP was hydrolyzed to produce ADP and
phosphate (Figure 1A, step V). Next, the power stroke state
begins as loss of the phosphate (Pi) ion is assumed to initiate
the onset of the power stroke (Figure 1A, VI) and also leads to
strong binding of the motor protein with the actin filaments.
After phosphate release, bound ADP has also been released
from the myosin head (Figure 1A, VII) and now myosin goes
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Figure 3. Structures of myosin V in a cartoon representation. (a) Postrigor state of myosin V. The attached ADP is shown by vdW representation.
(b) Prepowerstroke state of myosin V with ADP. The structures of postrigor conformation and prepowerstroke conformation have been taken from

the protein data bank having PDB ID 1w7j.pdb and 4zg4.pdb, respectively.

to a lever-down conformation. This ADP release step is the
slowest step of the cycle and controls the overall rate of the
whole cycle. Finally, myosin steps forward by this way (Figure
1A, VIII) and carries cellular materials toward its destination.
The cycle continues until myosin completes its function of
cellular transport. It is worth mentioning that the binding of
ATP could trigger dissociation of the myosin-actin bound
complex, and the hydrolysis of ATP then induces a
conformational change in myosin.

Many experimental and computational studies have been
focused on myosin, attempting to find out its function and
activity at different conditions.'"'**°7*> For example, recent
experimental studies have involved significant progress in
understanding the mechanochemical cycle of myosin. Single-
molecule experiments reveal that certain single-point muta-
tions in myosin could trigger its functional activity by altering
the ADP dissociation rate from myosin, which in turn affects
the duty ratio of myosin.'"'* The kinetic study of the single-
headed myosin motor suggested that ADP release from the
head domain is the rate limiting step in the whole cycle.”® The
weak binding states of myosin V have also been probed by
several kinetic experiments.”’ It is important to note in this
context that investigations of myosin motors at different
nucleotide bound states as well as in inactive states have
refined our understanding on that subject significantly. Smith
and Sleep investigated the strain-dependent kinetics of myosin
using optical trap experiments.28 From kinetic experiments,
Trybus and co-workers™” concluded that monomeric myosin V
could also be processive. Cappello et al.” studied the stepping
mechanism of myosin V experimentally using optical tweezers.
Other experimental studies provided evidence behind the
head-to-head coordination between the two head domains of
myosin motors when they are at the dimeric states.’

Theoretical and computational techniques have also
demonstrated progress on many aspects of the myosin

motor. The actin-myosin organization has been studied by
simulation.”’ Using computational techniques, scientists have
explored the dynamics of the motor Izrocessivity,32 transition
between different states of the cycle,” and coupling between
several parts of the motor domain.”* Masuda et al.”® studied
the interaction between actin filament with myosin by means
of molecular dynamics (MD) simulations. Coarse-gained
modeling of the mechanochemical cycle has also been
performed in order to elucidate the behavior of these
proteins.ZZ’23

Despite the above studies, most works have not addressed
what is argutely the most interesting problem, namely, the
reason for the unidirectionality of the motion of myosin. In
fact, the tendency has been to assume that this unique feature
is due to a dynamical effect, which is presumably associated
with the powerstroke. The most direct studies that address this
problem were reported in our works**** that culminated in the
work described in ref 22, where it was concluded that the
directionality is determined by the difference in the barrier for
the ADP release step for the forward and backward motions, as
shown in Figure 2. This means that the directionality is
controlled exquisitely by the free energy of rate determining
barriers and not by some dynamical factors. This point has
already been established in ref 22 but was not confirmed by
careful free energy calculations. While our previous study
provides compelling support to the idea that the directionality
is controlled by the energetics of rate-determining steps, it does
not seem that this idea has been widely accepted. Thus, we
focused in this work on quantifying the structure/energetics
analysis of the ADP release step in myosins V and VL
Furthermore, we examined how the different conformational
states of myosin V and VI motors affect the energetics of the
key rate-limiting ADP release states and lead to motions in the
opposite directions. Using multiple approaches, we have found
that ADP release from the trailing head of myosin V follows a
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lower activation barrier compared to the ADP release from the
leading head. It is important to note that experimental
observations also lead to similar findings in terms of rate
constants but do not prove that the rate constants reflect the
activation free energies. On the other hand, in the case of
myosin VI, we have found that the ADP release energetics
follows a different trend. It has been found that the activation
barrier for the release of ADP from the trailing head of myosin
VI is higher than that for the leading head. Since myosins V
and VI (Figure 1B) are operated in opposite directions, the
observed reverse trend in the ADP release energetics from
myosins V and VI is a definite contributor to their different
directionality.
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Figure 4. SMD simulation results of Myosin V. The Myosin-ADP
distance has been plotted as a function of time. At lower distance, the
ADP and Myosin are attached to each other whereas at higher
distance they are dissociated from each other. a: SMD results of ADP
dissociation from Myosin V at postrigor and prepowerstroke
conformation at a force constant 0.004 kcal mol™ A~ and b. SMD
results of ADP dissociation from Myosin V at postrigor and
prepowerstroke conformation at a force constant 0.009 kcal mol™
A at postrigor and prepowerstroke conformation.
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Figure S. Renormalization simulations for ADP binding and
unbinding to myosin V (trailing end, postrigor state). The 1D LD
model with a force constant of 0.02 kcal mol™ A™? and friction of 50
ps™' with varying barriers (AG = 15, 17, and 20 kcal/mol) is
compared to the explicit TMD (a). This was done until the
characteristic passage times for that force constant in LD (b) are
consistent with those obtained from the MD passage times. We
observed that the behavior closest to the explicit model is recreated at
an activation barrier around the 17 kcal/mol range and a friction of 50

ps_l.

2. METHODS

In order to establish the nature of the rate-determining barrier, we
decided to use different simulation approaches and thus to gain
confidences about the calculated results despite the major

convergence problems. Although some of the approaches used here
may not provide correct absolute barriers, we will try to see if they
give the correct trend in differences between the barriers for ADP
release. The methods used are described in the following.

2.1. SMD Simulation Protocol. The SMD simulation technique
can provide a way to explore trends in binding energies in a very
qualitative way.**>” Thus, we started by utilizing this protocol®® in
exploring the ADP binding/unbinding process in myosin V and
myosin VL In the case of myosin V, the ADP is closely bound to
crucial myosin residues (residue 166 to 170 of myosin V, PDB ID
1w7j*® for the postrigor state and PDB ID 4zg4™ for the
prepowerstroke state). Thus, we have monitored the center of mass
distance between the ADP molecule and the center of mass distance
between residues 166—170 to check ADP binding and unbinding with
myosin V. In the case of myosin VI, as evident from their crystal
structure, residues 156—160 are bound with the ADP molecule (PDB
ID 2vb6*" for the postrigor state and PDB ID 2v26* for the
prepowerstroke state). Thus, we used the center of mass distance
between ADP and the center of mass distance for residues 156—160
of myosin to check the binding/unbinding of ADP from myosin VI in
the SMD simulations. We have performed all-atom MD simulation by
utilizing GROMACS (version 2020) software,” and the
CHARMMS36 force field** was used for these all-atom MD
simulations. The hydrogen atoms were added to the proteins using
the “pdb2gmx” protocol in GROMACS. The parameters for ADP
were generated by using the CHARMM General Force Field
(CGenff) tool.*”® The ADP-bound myosin was first subjected to an
energy minimization by using the steepest descent algorithm. Then,
this energy-minimized structures were solvated using the SPC/E
water model*® in a cubic box. In all the simulations, we used periodic
boundary conditions for the simulations. Before the start of all the
simulations, the systems were made charge neutral by adding an
appropriate number of counterions. The solvated system was then
subjected to an energy minimization. All the systems were subjected
to 1 ns of position-restrained dynamics using an NPT ensemble,
where the protein was constrained by using a restraining force of 2.5
kcal mol™" A™* for 1 ns, and all the surrounding water molecules were
allowed to move independently. After those position-restraint
simulations, we performed the actual SMD production simulations
with those systems. Different force constants (0.004 and 0.009 kcal
mol™! A72) were used for each of our systems to check the relative
trend in the forward and backward barriers, which is reflected in the
time of the ADP release. The pulling forces on the ADP were
implemented in all directions to pull the ADP away from myosin. The
system was solvated inside a cubic box filled with water, which ensures
good enough solvation of myosin by water molecules. The particle
mesh Ewald method was used to handle the electrostatic interactions.
The temperature and pressure of those systems were maintained by
using Nosé—Hoover thermostat*”*® and Parrinello—Rahman baro-
stat,” respectively. Each of the trajectories was saved at every 20 PS
interval, and we used a time step of 0.001 PS for all these simulations.

2.2. Using the Renormalization Approach to Convert
Targeted Molecular Dynamics (TMD) to Reliable Activation
Barriers. Obviously, the SMD is not a sufficiently reliable approach,
since it does not tell us about the actual activation barrier.
Fortunately, we have a way to convert TMD results to relevant free
energy results by using the renormalization approach.’**' This
approach starts with SMD of the full explicit atomistic model of the
system and then maps the results to a simple low-dimensional
Langevin dynamics (LD) model that is adjusted to reproduce the
energetics and dynamics of the full model. More specifically, we start
with a full model that is treated by regular all-atom explicit MD
simulations, where the system is forced to move in a relatively short
time from the initial to the final state by different constraint forces.
Next, we try to reproduce the same dynamics obtained for the explicit
model by the 1D or 2D LD model with the same constraint forces and
different activation barriers. We also use an effective friction that is
also adjusted to give the best fit between the explicit and LD models
or adjusted by reproducing the best agreement to the explicit model.
The activation barrier of the LD model that provides the best fit
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between the time dependence of the LD model and the explicit model
is taken as the activation barrier of the explicit model. For our case,
the ADP bound state with myosin is the starting state, and the final
state is when ADP becomes completely unbound from myosin. Our
procedure is described in more detail in our previous studies.’>>"

2.3. Calculations of Free Energy Barriers by Umbrella
Sampling Simulation. Umbrella sampling simulation offers (in
principle) a way to study the free energy along conformational paths,
including studies of li§and binding/unbinding to different proteins
and biomolecules.”” > Of course, the reliability depends on the
convergence, which requires a major computer time. To gain a
thermodynamic insight behind ADP binding/unbinding at different
conformations of mzrosins V and VI, we have carried out umbrella
sampling simulation®® with different conformations of myosin bound
with ADP. To monitor the ADP binding/unbinding process, we used
the distance between specific ADP binding residues of myosin and the
center of mass of the ADP as the reaction coordinate for the umbrella
sampling simulation process. The conformations of the postrigor state
(trailing end) and the prepowerstroke state (leading end) of myosin
motors are the most important, and we considered these states for our
simulations.”” The structure corresponds to the postrigor states, and
the prepowerstroke states of myosin V have been collected from the
crystal structure in the protein data bank having the PDB ID 1w7j.pdb
and 4zg4.pdb, respectively. For myosin VI, the postrigor and
prepowerstroke conformations have been taken from the available
crystal structure of the Protein Data Bank having the PDB accession
codes 2vb6.pdb and 2v26.pdb, respectively. In the crystal structure of
myosin V, ADP is closely bound to crucial myosin residues (residues
166 to 170 of myosin V), and we have used the center of mass
distance between the ADP molecules and the center of mass distance
of residues 166—170 as an order parameter for free energy calculation.
In the case of myosin VI, as evident from their crystal structure,
residues 156—160 are bound with the ADP molecule. Thereafter, we
used the center of mass distance between ADP and the center of mass
distance of residues 156—160 as an order parameter for the free
energy calculation. The distance between ADP and these residues of
myosin is lower when ADP is bound to myosin, whereas they are
higher when ADP becomes dissociated from myosin. In the free
energy analysis, we have varied the distance between those residues of
myosin and ADP from 3 to 30 A with a small interval of 1 A, such that
we achieved sufficient sampling that leads to a converged free energy
profile. Inside each umbrella sampling window, we performed 10 ns of
equilibration simulations, followed by 10 ns of production
simulations. In each of the umbrella sampling simulation window,
we used a force constant of 0.004 kcal mol™' A™2 to sample different
states of all the systems. As in the SMD simulation, we also tested
umbrella sampling simulations with different force constants, and all
of them lead to qualitatively similar outcomes. The starting structures
for each of the umbrella sampling simulation windows have been
extracted from the SMD simulation trajectories. We have sampled all
binding and unbinding events, starting from an ADP bound state to
an unbound state of myosin. Next, the weighted histogram analysis
method (WHAM)®” was performed with all those simulated umbrella
sampling windows to construct the free energy profile.

2.4. Automated Path Searching Method. The traveling-
salesman-based automated path searching (TAPS) approach®® is a
highly efficient automated path searching method that can successfully
locate the minimum free energy paths (MFEPs) for biomolecular
systems with hundreds of residues at the cost of submicrosecond
simulation.”””%* TAPS only requires a distance metric, i.e., the set of
atoms used to compute the root mean square distance (RMSD)
between any pair of conformations, as input. To further investigate
ADP binding/unbinding at different conformations of myosin V, we
have carried out TAPS simulations with the postrigor state (PDB ID
1w7j.pdb) and the prepowerstroke state (PDB ID 4zg4.pdb) of
myosin V, respectively. We have also performed TAPS simulations
with the postrigor state (2vb6.pdb) and prepowerstroke state
(2v26.pdb) of myosin VL

TMD was first carried out using GROMACS and PLUMED-
2.5.3,° pulling ADP or MG-ADP out of the two conformational

states. The spring force constant was set to 6 kcal/(mol-A%), biasing
on heavy atoms of ADP or MG-ADP, with structure alignments
performed on the C-alpha atoms of the nonloop parts of the protein.
TAPS was then performed via an in-house python script incorporating
GROMACS, PLUMED, and Concorde® to find the MFEP closest to
the TMD paths.° The simulations were performed in the NVT
ensemble at 310 K, using the velocity-rescale thermostat.®> The initial
path was obtained by selecting conformations with a gap of 1.0 A
from the TMD trajectory. The RMSD between the conformations
was computed using all heavy atoms of ADP or MG-ADP and their
surrounding residues within 4 A, while structure alignments were
performed using C-alpha atoms of the nonloop parts of proteins. In
each TAPS iteration, 1000 PS sampling was performed in total.
Gaussians of height 0.05 kcal/mol and width 0.5 were deposited every
0.02 PS, with frames recorded at the same frequency. Convergence
was evaluated by multidimensional scaling (MDS)®® and PCV-z
analysis.”” A PCV-z convergence test for TAPS simulations has been
added (Figure S1). All the paths used to perform the free energy
calculations reached convergence in TAPS optimizations. After the
optimization, free energy profiles along the MEFPs were calculated
through umbrella sampling. The sampling in each 0.5 A window was
restrained within 1.5 A of MFEP through a harmonic wall potential
with a force constant of 4800 kcal/(molA?) at PCV-z = 2.25 A% The
atom sets for alignment and RMSD calculation were the same as in
the TAPS optimization. We used all the possible neighboring residues
along the reference path in each iteration of TAPS and kept updating
the list of neighbor residues after one iteration. Thus, the selected
atoms are not just the ones in a specific conformation. We visualize
the atoms for RMSD definition in Figure S2. For each window, a force
constant of 48 kcal mol™" A™* was employed. Each window was
simulated for at least 10 ns. Complete free energy profiles were
evaluated with the weighted histogram analysis method (WHAM).

3. RESULTS AND DISCUSSION

3.1. SMD Simulation of Myosin V. To understand how
ADP dissociation occurs from different states of myosin V

T T T T
o Postrigor State (Trailing end)
&< Prepowerstroke State (Leading end)
:g ° 1'*:3:;35.%6.#;%_
©
£
>
=4
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Distance (Angstrom)

Figure 6. Umbrella sampling simulation results of myosin V at the
postrigor and prepowerstroke conformations. Here, free energy is
plotted by considering the distance between ADP molecule and
myosin as an order parameter. At the most favorable state, the free
energy minima indicate the ADP bound state to myosin whereas at
higher distances, they become dissociated from each other. Note that
the postrigor state has a lower energy barrier from ADP bound (to
myosin) to the ADP dissociated state whereas the prepowerstroke
state has a higher energy barrier. The error bars were calculated by
bootstrapping.

(Figure 3), we first performed SMD simulation and monitored
the distance between ADP and myosin V with time (Figure 4).
As mentioned earlier, we considered both the postrigor and
prepowerstroke conformations of myosin V to understand the
ADP dissociation from myosin V. As shown in Figure 4, at
lower distances, ADP is bound with myosin, whereas as
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Figure 7. TAPS results for the ADP release from the postrigor and
prepowerstroke states of myosin V. The x-axis is labeled by
normalized simulation frame numbers. The “zero” value corresponds
to the ADP-bound state, and the “one” value corresponds to the ADP-
unbound state. The error bars are shown as transparent bands. The
free energy barrier for releasing ADP in the postrigor state is lower
compared to the prepowerstroke state.

distance increases, ADP gets dissociated from myosin. We have
found that in the case of myosin V, ADP release is faster from
the postrigor conformation whereas it is slower from the
prepowerstroke conformation of myosin V (Figure 4a,b). We
found qualitatively similar trends at different force constants
used in this study (Figure 4). It indicates that ADP dissociates
much easily from the postrigor state of myosin V compared to

its prepowerstroke conformation (Supplementary Movies 1
and 2). It is important to note that a faster ADP dissociation
from the postrigor state of myosin V compared to its
prepowerstroke state has also been hinted from experimental
findings.”"* Therefore, our SMD results support experimental
findings. However, to acquire a detailed energetic insight of the
ADP dissociation from these states, we have accomplished free
energy analysis in the next sections.

3.2. Renormalization Calculations. Using pulling forces
and varying barriers, we parametrize the effective barrier for
the LD treatment to maximize the agreement between the
time-dependent responses of both the explicit and implicit
models. Applying this approach to the myosin systems, we
performed LD simulations (with varying ADP release barriers
for the trailing end of myosin V, as shown in Figure S), near
the barrier obtained from our TAPS simulations of respective
myosin systems and with an LD force constant of 0.02 kcal
mol™" A (similar to our MD force constants) for the leading
end of myosin V. The optimal friction was taken here as 50
ps~". The results from our analysis are shown in Figure 5 and
Supporting Information Figure S3. We found a significant
overlap between the TMD result (Figure Sa) with correspond-
ing LD results (Figure Sb) at a similar force constant between
all-atom explicit MD and implicit LD at a barrier in the 17
kcal/mol range.

3.3. Umbrella Sampling Simulation of Myosin V. The
renormalization simulations indicated that ADP release from
the postrigor state is more feasible than the prepowerstroke
state of myosin V. To get a much more reliable estimate of the
energetics of the ADP release steps, we have performed
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Figure 8. TAPS free energy profile along the minimum free energy path of ADP release from the prepowerstroke state of myosin V. The x-axis is
labeled by normalized simulation frame numbers of the MFEP, with error bars shown as transparent bands. The structures of intermediate states ©®
and @ and transition state @ are shown. The ADP molecule is shown in the vdW mode. The residues surrounding ADP are shown in sticks
(positively charged ones in blue, negatively charged ones in red, polar residues in green, and nonpolar ones in gray). The Mg** ion is shown as a
yellow sphere. ADP binds deeply inside the pocket and interacts with several polar residues in intermediate ®. The high free energy barrier is

caused by the bond-breaking between ADP and Mg*".

28365

https://doi.org/10.1021/jacs.4c09528
J. Am. Chem. Soc. 2024, 146, 28360—28374


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

44 | — Postrigor State @

12

10

Free Energy (kcal/mol)

0.0 02 04 06 08 10
Normalized Frames

Figure 9. Free energy profile (by the TAPS method) along the minimum free energy path of ADP release from the postrigor state of myosin V. The
x-axis is labeled by normalized simulation frame numbers, with error bars shown as transparent bands. The structures of the intermediate states @
and the transition states © and ® are shown. The ADP molecule is shown in vdW mode. The residues surrounding ADP are shown in sticks
(positively charged ones in blue, negatively charged ones in red, polar residues in green, and nonpolar ones in gray). Mg>* is shown as a yellow
sphere. The ADP has a shallow binding position. It is easier for ADP to break its bonds with the Mg** and the surrounding polar residues.
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Figure 10. Structural analysis of the path for ADP release from the prepowerstroke state of myosin V. The x-axis is labeled by normalized
simulation frame numbers with error bars shown as transparent bands. The ADP molecule is shown in vdW mode. TYR111 is shown in CPK mode.
In the prepowerstroke state, the ADP undergoes a significant downward flip of the benzene ring before its release. Due to the deep location of the

ADP binding, the loop above the pocket (represented by TYR111) tightly closes the exit. The ADP tends to push the loop away to open the
pocket.
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Figure 11. Structural analysis of the path for the ADP release from the postrigor state of myosin V. The x-axis is labeled by normalized simulation
frame numbers, with error bars shown as transparent bands. The ADP molecule is shown by vdW representation. TYR113 (corresponding to
TYR111 in 4zg4.pdb) is shown in the CPK mode. In the postrigor state, the tyrosine (TYR113) has been squeezed to the side due to the shallow
binding position of the ADP, resulting in a bigger space in the pocket opening for the ADP to exit. Therefore, ADP does not need to be flipped

significantly.

— Postrigor State findings. It is interesting to note that in the case of the
— Prepowerstroke State prepowerstroke state (leading end) of myosin V, the location
200 of ADP is deep inside the binding pocket and the exit of ADP
) is tightly closed by a tyrosine at the 111th position whereas in
% 150 the case of the postrigor state of myosin V, the ADP has a
g shallow binding position, which causes a bigger space for ADP
3 release, and the tyrosine at the 113th position (corresponding
g 100 to the 111th position of the prepowerstroke state of myosin V)
v does not hinder the exit of ADP as was the case in the
E 50 prepowerstroke state of myosin V. Thus, the ADP release is
easier from the postrigor state of myosin V compared to its
prepowerstroke state. It will be discussed in more detail in the

WM TAPS simulation discussion section below.
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Figure 12. TAPS results for the MG-ADP release from the postrigor
and prepowerstroke states of myosin V. The x-axis is labeled by
normalized simulation frame numbers. The “zero” value corresponds
to the MG-ADP bound state, and the “one” value corresponds to the
MG-ADP unbound state. The error bars are shown as transparent
bands. The free energy barrier for releasing MG-ADP in the postrigor
state is lower compared to that in the prepowerstroke state.

umbrella sampling-based free energy simulation by considering
the distance between myosin and ADP as an order parameter
(Figure 6) in our free energy profile. At a lower distance, the
ADP is bound to myosin, whereas at a higher distance, the
ADP becomes unbound from myosin. The most stable minima
in the free energy profile corresponds to the ADP bound state
to myosin V. From our free energy analysis, we have found that
the ADP release from the postrigor state is easier than the
prepowerstroke state of myosin V. This result is in accordance
with our SMD simulation results as well as earlier experimental

3.4. TAPS Simulation of Myosin V. To understand the
mechanism of ADP release from myosin V, we used the TAPS
method to locate the MFEP connecting the ADP-bound state
and the ADP-unbound state of myosin V. The free energy
profiles along the MFEPs (Figure 7), obtained by TAPS
simulations, reveal that the postrigor state is more likely to
release ADP than the prepowerstroke state, consistent with the
above results. The detailed mechanism of release can be
illustrated by the structures of the transition state and
intermediate state along the MFEP. In the prepowerstroke
state of myosin V, the location of ADP is deep inside the
binding pocket and surrounded by polar residues. The high
free energy barrier is caused by the bond-breaking between
ADP and Mg** (Figure 8). By contrast, in the postrigor state of
myosin V, the ADP has a shallow binding region. The free
energy barrier is lower, and ADP breaks its bonds with Mg**
and the surrounding polar residues easier (Figure 9).

It is interesting to note that, in the prepowerstroke state, the
exit of ADP is tightly closed by a tyrosine at the 111th position.
To open the exit, ADP undergoes a significant downward flip

https://doi.org/10.1021/jacs.4c09528
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Figure 13. Structures of myosin VI in a cartoon representation. (a) Postrigor state of myosin VI. The attached ADP is shown by vdW
representation. (b) Prepowerstroke state of myosin VI with ADP. The structures of postrigor conformation and prepowerstroke conformation have
been taken from the Protein Data Bank having PDB ID 2vb6.pdb and 2v26.pdb, respectively.
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Figure 14. SMD simulation results for myosin VI at different
conformations. Here, the ADP-myosin distance has been plotted with
time. At a lower distance, ADP and myosin are attached to each other
whereas at a higher distance, they are dissociated from each other. (a)
SMD results of the ADP dissociation from myosin VI at postrigor and
prepowerstroke conformation at force constant 0.004 kcal mol™" A™2,
(b) SMD results of the ADP dissociation from myosin VI at postrigor
and prepowerstroke conformation at force constant 0.009 kcal mol™
A

of the benzene ring (Figure 10). However, in the postrigor
state, the tyrosine at the 113th position (corresponding to the
111th position in 4zg4.pdb) has been squeezed to the side, due
to the shallow binding region of the ADP, making no
hindrance for the exit of ADP and offering a bigger space for
ADP release (Figure 11). Therefore, the ADP release is easier
from the postrigor state of myosin V compared to its
prepowerstroke state.

During the simulations, we noticed the tight bond between
ADP and Mg**. This bond raises another possibility that Mg**
may be released along with ADP. Therefore, the TAPS
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Figure 15. Umbrella sampling simulation results of myosin VI at the
postrigor and prepowerstroke conformations. Here, the free energy is
plotted by considering the distance between the ADP molecule and
myosin as an order parameter. Note that the postrigor state has a
higher energy barrier from the ADP bound (to myosin) to the ADP-
dissociated state whereas the prepowerstroke state has a lower energy
barrier. The most stable minima in the above free energy profile
corresponds to the ADP-bound state with myosin. The error bars
were calculated by bootstrapping.

approach and free energy calculation were also performed for
this case. It is important to mention that a kinetic assay
experimental study indicates the Mg*" inhibits the ADP release
rate constant in the subset of myosin examined, and also the
Mg**-dependent regulation of motor activity is conserved in
myosin motors.”® Overall, these experimental results suggest
that the Mg ion reduces the ADP release rate constant and
rate of attachment to actin in both high and low duty ratio
myosin. Another experimental study® shows that for myosin V
and myosin VI, increasing the magnesium concentration would
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Figure 16. Structural analysis of the simulation snapshots of the distribution of hydrophobic amino acids around the ADP molecule of myosin VI.
(A) Distribution of hydrophobic phenylalanine and tyrosine around the ADP in the case of the postrigor state (trailing end) of myosin VI. (B)
Distribution of those hydrophobic amino acids around the ADP for the prepowerstroke state (leading end) of myosin VL.

Table 1. Summary of the Difference of the ADP Release Barrier between the Leading and Trailing Ends (D, _1) of Myosins V

and VI from Simulation and Experimental Observation

system Dy _1(TAPS) kcal/mol D;_1(renormalization) kcal/mol D;_r(umbrella) kcal/mol Dy _r(expt)””7"7** kcal/mol
myosin V S 3 S 2.7
myosin VI -3 ) -2 -0.5

“Experimental barriers are extracted by using the Eyring transition state equation from the reported rate.
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Figure 17. TAPS results for the ADP release from the postrigor and
prepowerstroke states of myosin VI. The x-axis is labeled by
normalized simulation frame numbers. The “zero” value corresponds
to the ADP-bound state, and the “one” value corresponds to the ADP-
unbound state. The error bars are shown as transparent bands. The
free energy barrier for releasing ADP in the postrigor state is higher
compared to the prepowerstroke state.

be predicted to slow the steady-state ATPase rate, because the
ADP release is rate-limiting. It is worth mentioning that we
also demonstrated the effect of Mg** on the ADP release using
the TAPS method. The corresponding free energy profile
(Figure 12) shows that the release of the MG-ADP system is
also easier from the postrigor state than from the
prepowerstroke state of myosin V (which is also true when
we consider ADP release alone). Notably, the free energy
barriers are higher in both conformations for the MG-ADP
system compared to the case of corresponding ADP release. It
suggests that the two states (prepowerstroke and postrigor) of
myosin V prefer to release ADP alone.

3.5. SMD Simulation of Myosin VI. Next, we checked the
ADP release propensities of different conformations of myosin
VI. Myosin VI is the only member in the myosin family that
exhibits reverse directionality. It could be fascinating to explore

the energetics of different conformations of myosin VI, as we
already performed the same for myosin V in previous sections.
To understand how the ADP dissociation occurs from different
states of myosin VI, we first accomplished an SMD simulation
and monitored the distance between the ADP and myosin VI
with time. We considered both the postrigor and prepower-
stroke conformations of myosin VI to understand the ADP
dissociation from them as we did for myosin V. The postrigor
conformation and prepowerstroke conformation of myosin VI
have been reported in the available crystal structure (Figure
13) in the Protein Data Bank (PDB) and used here in our
simulations. The PDB ID of postrigor and prepowerstroke
conformations of myosin VI used here are 2vb6 and 2v26,
respectively. As shown from the SMD simulation (Figure 14),
at lower distances, the ADP is bound with myosin whereas as
distance increases, the ADP gets dissociated from myosin VI
We have found that in the case of myosin VI, the ADP release
is slower from postrigor conformation whereas it is relatively
faster from the prepowerstroke conformation of myosin VI
(Figure 14a,b). We checked with two different force constants
0.004 and 0.009 kcal mol™" A~ (Figure 14a,b), and in both
cases, we found a similar trend. It indicates that ADP
dissociates less favorably from the postrigor state of myosin
VI compared to its prepowerstroke conformation (Supple-
mentary Movies 3 and 4). It is important to note that this
trend is reverse when compared to myosin V. It indicates that
energetics might play an important role behind the reverse
directionality of myosin VI compared to myosin V. However,
to acquire a detailed energetic insight of the ADP dissociation
from these states, we have accomplished free energy analysis
with postrigor and prepowerstroke conformations of myosin
VI in the next sections.

3.6. Renormalization Simulations of Myosin VI. The
renormalization approach was also applied to myosin VI. Here
again, we obtained a nice trend between MD and LD results
using barriers of 11—12 kcal/mol for the leading end and 15—
17 kcal/mol for the trailing end (Figures S4 and SS). These
results are similar to the TAPS results reported below,
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J. Am. Chem. Soc. 2024, 146, 28360—28374


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_005.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09528/suppl_file/ja4c09528_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09528?fig=fig17&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

®

.k‘

-
— Prepowerstroke State @

15
~~
S 125
£
=
1]
3 10
< ©)
o 75
—
Q
&
° 5
(]
fr

25

Of= = N = = = = =

0.0 0.2 0.4 0.6 0.8 1.0

Normalized Frames

Figure 18. TAPS free energy profile along the minimum free energy path of the ADP release from the prepowerstroke state of myosin V1. The x-
axis is labeled by normalized simulation frame numbers of the MFEP, with error bars shown as transparent bands. The structures of the
intermediate states © and @ and the transition state @ are shown. The ADP molecule is shown in the vdW mode. The residues surrounding the
ADP are shown in sticks (positively charged ones in blue, negatively charged ones in red, polar residues in green, and nonpolar ones in gray). Mg>*

is shown as a yellow sphere.

confirming that in myosin VI, the trailing end has a higher
barrier of ADP release compared to its leading end.

3.7. Umbrella Sampling Simulation of Myosin VI.
From the renormalization simulations of myosin VI, we have
found that the ADP release from the postrigor state is less
feasible than the prepowerstroke state. To reexamine this
result, we have now performed umbrella sampling simulation
by considering the distance between myosin VI and the ADP
as an order parameter (Figure 15). At a lower distance, ADP
and myosin VI are bound, whereas at a higher distance, they
dissociated from each other. The most stable minima in this
free energy profile correspond to the ADP bound state to
myosin V1. As evident from our free energy analysis, the ADP
release from the postrigor state is less favorable than the same
from the prepowerstroke state. The simulations indicated that
in the case of myosin VI, some hydrophobic amino acid
(tyrosine and phenyl alanine) residues extensively shielded the
ADP molecule at the postrigor state (Figure 16A). Those
residues are Tyrosine 87, Tyrosine 100, Phenylalanine 101,
Tyrosine 107, and Phenylalanine 163. The ADP molecules are
buried inside these hydrophobic residues in the postrigor state
of myosin VI; releasing the ADP from such strong hydro-
phobic environments requires greater energetic cost. On the
other hand, as evident from our simulations, in the case of the
prepowerstroke state of myosin VI, the ADP is mostly shielded
by Tyrosine 100 and Phenylalanine 101 but does not interact
extensively with Tyrosine 87, Tyrosine 107, and Phenylalanine
163 (Figure 16B), and thus release of the ADP from the
prepowerstroke state of myosin VI requires less energetic cost
compared to the postrigor state of myosin VI. Table 1 indicates
the difference in free energy barrier of ADP release from the
leading to trailing ends of myosin V and VI. It is evident from
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the table that for myosin V, the ADP release from the leading
end impedes compared to its trailing end, whereas for myosin
VI, the ADP release from the trailing end impedes compared to
its leading end. This trend matches earlier experimental
studies.””~" It is important to mention that for myosin V, the
experimentally observed ADP release rate from the leading end
is 0.16 s™! and that for the trailing end is 14 s™1, where the
ADP release from the leading end is rate limiting for myosin
V.”%”" On the other hand, the experimentally observed ADP
release rate from the trailing end of myosin VI is 5.5 s™' and it
is rate limiting, whereas the combination of all other steps of
myosin VI gives a rate of 11 s

3.8. TAPS Simulation of Myosin VI. The free energy
profiles along the MFEPs (Figure 17), obtained by TAPS
simulations, reveal that the prepowerstroke state is more likely
to release ADP than the postrigor state, consistent with the
above results. The detailed mechanism of release can be
illustrated by the structures of the transition state and
intermediate states along the MFEP. In the prepowerstroke
state of myosin VI, the ADP is buried inside some polar
residues. The acidic amino acids at the entrance may help the
ADP release (Figure 18). By contrast, in the postrigor state of
myosin VI, the ADP is surrounded by extra residues with large
side chains (such as TYR87 and TYR107). The residues create
additional obstacles to the release of the ADP. The high free
energy barrier is mainly caused by the flipping-out of the ADP
(Figure 19).

Opverall, the most reliable results are obtained by the TAPS
method, where the activation barriers are 17.5 and 12.5 kcal/
mol, for the myosin V leading and trailing ends, respectively.
The corresponding observed values are 18.7 and 16 kcal/mol,
respectively. The corresponding barriers obtained from the
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Figure 19. Free energy profile (by the TAPS method) along the
minimum free energy path of ADP release from the postrigor state of
myosin VI. The x-axis is labeled by normalized simulation frame
numbers, with error bars shown as transparent bands. The structures
of the initial state @, the transition state @, and the intermediate state
® are shown. The ADP molecule is shown in vdW mode. The
residues surrounding the ADP are shown in sticks (positively charged
ones in blue, negatively charged ones in red, polar residues in green,
and nonpolar ones in gray). Mg®* is shown as a yellow sphere. The
ADP is surrounded by more residues with large side chains (such as
TYR87 and TYRI107) in the initial state ©. The high free energy
barrier is mainly caused by the flipping-out of the ADP.

renormalization approach are 20 and 17 kcal/mol, respectively,
while the results for the umbrella sampling simulations are 11
and 6 kcal/mol, respectively. The barriers obtained by the
umbrella sampling method significantly underestimated the
observed barriers. In the case of myosin VI, the TAPS barriers
for the leading and trailing ends are 15 and 18 kcal/mol,
respectively, as compared to observed barriers of 16.1 and 16.6,
kcal/mol, respectively. The corresponding barriers obtained by
the renormalization simulations are 12 and 17 kcal/mol, while
the results for the umbrella sampling simulations are again
underestimated, with values of 2 and 4 kcal/mol, respectively.

However, our main point is that the difference between the
forward and backward barriers is nicely captured by our three
approaches and in all cases reproduce the experimentally
observed rate, and as mentioned above, the corresponding
values of the barriers are given in Table 1.

4. CONCLUDING REMARKS

This work focuses on establishing the origin of the
unidirectionality of myosin. Following our more tentative
earlier study,”” where it was concluded that the barrier for the
rate-limiting ADP release step controls the directionality, here
we performed systematic evaluations of the barrier for ADP
release in the forward and backward paths. Considering the
major convergence problems, we explored the barrier by
approaches with different levels of reliability, ranging from the
renormalization method to the automated path searching
method. Our studies tend to explore how the energy landscape
of the ADP release from different conformations of myosin V

and myosin VI vary for the forward and backward motions.
Hence, the ADP release energetics from different conforma-
tions of myosin is definitely related to the directionality of
myosin motors. All our simulation approaches reproduce the
observed trend, where the ADP is released faster from the
postrigor state or rear end (which is in the lever-down
conformation) of myosin V, whereas in the case of myosin VI,
the ADP is released faster from the prepowerstroke state
(leading end) compared to its postrigor state (rear end). Such
finding about myosin motor protein is also consistent with the
experimental observations.”'~"°

Recently, free energy-based simulation studies have been
employed to understand structural and dynamical changes in
motor protein.”””® Such free energy-based simulations (e.g.,
ref 77) indicate that the free energy landscape of myosin VI
exhibits a low free energy transition tube, which enables to
connect the postrigor state to a putative transition state (PTS).
This observation indicates that the PTS is kinetically accessible
from a postrigor state and supports the hypothesis that it is an
on-pathway intermediate along the recovery stroke. Their
results indicated that the initial step of the converter-initiated
scenario is much faster as compared to any Switch Il-initiated
mechanism, at least in the case of myosin VI. Several other
works also indicated how free energy-based studies could be
pivotal for different other motor proteins.””*’ We would like to
note that our earlier extensive free energy studies® ~**
including coarse-grained simulations have not only provided
a rather clear picture on the conversion of chemical energy to
mechanical energy by motor proteins but also indicated that
this key process follows microscopic reversibility*> and does
not involve dynamical effects.

We also identified the molecular origin of the difference in
energetics of the ADP release from different conformations of
myosin V and myosin VI It has been concluded that the
organization of specific hydrophobic amino acid residues
(phenylalanine and tyrosine) close to the ADP binding groove
of myosin plays a significant role behind their difference in the
ADP release energetics.

As is evident, comparing the barriers obtained using different
approaches could be a topic of interest from a methodological
point of view and requires further studies. However, they are
not the point of the present study, where we would like to
show that the trend of the calculated differences between the
ADP release barriers is reproduced by all the methods, and
thus, the umbrella sampling and renormalization method can
be used in related future studies. It is possible that the umbrella
sampling approach misses the equivalent of the nonequilibrium
solvation barrier®® and thus underestimates the correct barrier.

Structurally, one of the major differences between myosins V
and VI lies in their neck domains: The neck region of myosin
V consists of six light-chain binding sites (IQ motifs) bound
with six calmodulins (CAM), whereas in the case of myosin VI,
it has a short linker consisting only of one IQ motif bound with
one CAM.”” An important point to mention in this context is
that in the case of myosin V, due to intramolecular strain, the
lever arm of the lead head cannot complete its swing and thus
the ADP release from the prepowerstroke state or lever-up
state (corresponding to the leading end)”” is greatly slowed,
which is evident from experimental findings.*® While this is
slowed down, the ADP could be rapidly dissociated from the
postrigor state or lever-down state (rear end),”” therefore
allowing the ATP to bind rapidly and then dissociate the rear
head from the actin track, which leads to forward stepping of
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myosin V. This phenomenon has been directly witnessed
experimentally by visualizing an approximate 70° swing of the
lever arm®””" of the stepping myosin V dimer. This is also
evident from our current study. On the other hand, in contrast
with myosin V, the leading head of a myosin VI dimer walking
on the actin track releases the ADP at a rate that is the same as
in absence of the strain, ie., its motion is totally strain
independent.”’ Instead of slowing down the ADP release from
the leading end of myosin VI, gating of the leading head in
myosin VI is fulfilled by preventing rapid binding of ATP.”!
Our current study is also consistent with these experimental
findings, which indicates that the ADP release from the leading
end (compared to trailing end) of myosin VI is not slowed
down as we found in the case of myosin V.
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