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Abstract: The recovery stroke is a key step in the functional cycle of muscle motor protein myosin,
during which pre-recovery conformation of the protein is changed into the active post-recovery
conformation, ready to exersice force. We study the microscopic details of this transition using
molecular dynamics simulations of atomistic models in implicit and explicit solvent. In more than

2 ps of aggregate simulation time, we uncover evidence that the recovery stroke is a two-step
process consisting of two stages separated by a time delay. In our simulations, we directly
observe the first stage at which switch Il loop closes in the presence of adenosine triphosphate at
the nucleotide binding site. The resulting configuration of the nucleotide binding site is identical to
that detected experimentally. Distribution of inter-residue distances measured in the force
generating region of myosin is in good agreement with the experimental data. The second stage of
the recovery stroke structural transition, rotation of the converter domain, was not observed in our

simulations. Apparently it occurs on a longer time scale. We suggest that the two parts of the
recovery stroke need to be studied using separate computational models.
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Introduction

Myosin is a motor protein involved in the contractile
movement of muscle filaments. Driven by the hydro-
lysis of adenosine triphosphate (ATP), the functional
cycle of myosin head contains a series of steps con-
sisting of conformational changes combined with
binding to actin filaments and ATP.! Key among
these steps are (1) the power stroke, a post-hydroly-
sis transition that occurs in actin-bound protein and
results in force generation and (2) the recovery
stroke, a transition that takes the protein back to its
active state and occurs in ATP-bound state but when
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myosin is detached from actin. The end points of the
recovery stroke are referred to as pre-recovery, M*,
and post-recovery, M** states accordingly. The recov-
ery stroke is reversible in myosin with bound ATP?3
as well as with the product of ATP hydrolysis, ADP
and Pi,* but occurs on a vastly different time scale
for these two ligands. The equilibrium between two
states is controlled by environmental factors includ-
ing temperature and pressure.2

In this work we focus on myosin II, for which
multiple crystallographic studies® show that the dif-
ferences between M* and M** structural states are
limited to three areas, as illustrated in Figure 1.
First, it is the ATP binding pocket, where switch II
(SWII) loop can be either in open or close state. Sec-
ond, it is the converter domain, which is strongly
coupled to the lever arm, mediating contractile
movement. And third, it is the relay helix that inter-
faces with both the converter domain and the SWII
loop. It is believed that the SWII loop closure trig-
gers a structural chain reaction that leads to the
bending of the relay helix and rotation of the
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Figure 1. Cartoon explaining two alternative structural
states of ATP-bound myosin: pre-recovery stroke state M*
and post-recovery state M**. SWII loop is open in M* state.
Its closure triggers a cascade of conformational changes
that result in bending of the relay helix and rotation of the
converter domain in M** state. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

converter domain toward M** structural state. This
transition was followed experimentally by observa-
tion of intrinsic fluorescence changes during temper-
ature jump,>® in electron paramagnetic resonance
(EPR)® and fluorescence resonance energy transfer
(FRET) studies’ of myosin liganded with non-hydro-
lizable ATP analogs. While producing valuable struc-
tural information about M* and M** conformations,
such as inter-residue distances,®” such experiments
however fall short of providing full microscopic detail.

Alternative, theoretical methods are able to
access atomic resolution directly and thus offer a
competitive advantage. Much of our current under-
standing of the recovery step transition in myosin is
based on computational studies at the atomic resolu-
tion, a large number of which have been conducted in
the past several years.®'” Despite these recent
efforts, however, an integrated and widely accepted
view of how myosin functions remains elusive.
Because of the large size of the protein, the observa-
tion of the recovery transition, occurring on millisec-
ond time scale,? directly in simulations is not possible
at present. The longest simulations reported to date
are limited to the 1-5 ns range.''2 To circumvent
the long relaxation time problem, many studies
employ biased sampling of conformations, either in
the form of umbrella potential'*~'" or a pre-arranged
reaction coordinate.®'® While efficient in generating
transitions between two end points, these approaches
employ approximations that may adversely affect the
transition pathways.

In this work, we extend the microscopic simula-
tions of myosin beyond their present scale. We
report a series of long unbiased atomistic molecular
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dynamics simulations of M* and M** states at con-
stant temperature in implicit and explicit solvent.
The time scales of 10-50 ns and the number of gen-
erated trajectories in this work, 5-10, far exceed
those reported previously. For the first time, in our
simulations we observe spontaneous closure of SWII
loop in trajectories started from the pre-recovery
conformation M*. The dynamics of the ATP-binding
pocket has a multi-state character with the stable
open and closed conformations. Although the com-
plete M*-to-M** transition was not seen in our sim-
ulations, structural signatures of its initial steps are
consistent with experiment. In particular, the dis-
tances between K498 and A639 residues correlate
well with the corresponding distances measured in
EPR and FRET experiments.® Taken together, our
results support a multi-step model for the recovery
stroke transition, in which SWII loop closure does
not communicate to the converter domain immedi-
ately but rather is separated from it by a time
delay, 131516

Results

The quality of computational models is judged by
comparison with experiment. In addition to atomic
structures of myosin in two end-points of the recov-
ery stroke, M* (pre-recovery stroke structural state),
and M** (post-recovery stroke structural state),
there are recent spectroscopic studies”!® reporting
on structures and structural kinetics of myosin dur-
ing M*-M** transition. The distance and distance
distribution between labeled residues K498 and
A639 in myosin liganded with non-hydrolizable ATP
and ADP.Pi analogs were measured with pulsed
EPR and FRET. Interprobe distance distribution
exhibited two maxima which were interpreted as
corresponding to myosin structural states M* and
M**, We compare the results of our simulations with
experimental K498:A636 distance,
obtained from myosin atomic structures and the
results of spectroscopic studies™® to validate our
computational approaches.

results for

Dynamics of inter-residue distances in

unbiased simulations

First, we test whether the two-state dynamics can
be modeled directly in unbiased simulations without
any assumptions on myosin intermediate states dur-
ing M*-M#** transition. The protein was modeled in
atomic detail, using explicit solvent. The distance
distributions between N; atom of K498 and Cy atom
of A639 observed in 50 ns aggregated simulations of
M* and M** structural states are shown in Figure
2, together with experimental pulsed EPR data.”
The distribution functions are focused around the
average values of 3.4 nm for M** state and 3.8 nm
for M* state, in excellent agreement with experi-
mental data. The average distance departs farther
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Figure 2. Probability distribution functions for the distance
between N. atom of K498 and Cg atom of A639 observed
in explicit solvent simulations at T = 300 K. Vertical lines
correspond to the initial values of the distance in crystallographic
M* and M** states. Blue line is the experimental EPR interprobe
distance distribution.” [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

from its initial value in M* simulations than in M**
simulations, indicating greater conformational free-
dom of the former structural state. In both M* and
M** states there are no discernible signs of multi-
state dynamics. Figure 2 thus suggests that on the
time scale of the performed simulations, 50 ns in ag-
gregate, myosin undergoes only local fluctuations
with no conformational states sampled that could be
relevant for the recovery stroke transition. It follows
therefore that the model employing explicit solvent
is too slow to yield qualitative agreement with
experiment for the K498-A639 distance distribution.

In order to make the model more computation-
ally efficient it has to be simplified. First and most
natural simplification concerns the treatment of the
solvent. In contrast to explicit solvent, which treats
every water molecule in atomic detail, implicit sol-
vent represents the effect of water molecules
through effective potentials acting on the protein. As
a consequence, a large reduction in the total number
of degrees of freedom in the simulated system is
achieved. In the present work, simulations with
implicit solvent model ran about five times faster
than the equivalent explicit solvent model, allowing
us to extend the total simulation time by that
amount. Another benefit of treating solvent implic-
itly is accelerated conformational dynamics of the
protein. In explicit solvents, the dynamics of solute
molecules is controlled by the solvent’s viscosity or
internal friction. The magnitude of the friction is
used as a parameter in implicit solvent simulations
and thus can be varied to obtain faster or slower dy-
namics. We used the friction coefficient of 0.5
ps L.To estimate the resulting acceleration rate, we
computed the diffusion coefficient for a methane
molecule in implicit and explicit solvents for this
friction coefficient at 7' = 300 K and all other condi-
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tions similar to our myosin simulations. The diffu-
sion coefficient for methane molecule, measured in
implicit solvent was 0.3 nm?ps, and in explicit sol-
vent was 0.005 nm?/ps, resulting in approximately
50 times slower dynamics. We thus estimate that
our 50 ns implicit solvent simulations should be able
to probe conformational transitions within myosin,
such as loop closing, occurring on microsecond time
scale in explicit solvent under equivalent thermody-
namic conditions. One weakness of implicit solvent
models is that they are built on a number of approxi-
mations that may or may not be accurate.’® The latest
generation of implicit solvents, however, especially
those based on generalized Born (GB) formalism, were
shown to be of excellent quality.'®?° We employ in this
work the GB model developed by Onufriev et al!
which yields electrostatic solvation energy in excellent
agreement with the Poisson—-Boltzmann equation.

The interprobe distance distribution functions
obtained in implicit solvent simulations at 7' = 300
K are shown in Figure 3. The M* state distance dis-
tribution is in good agreement with the explicit sol-
vent simulations, sharing both a similar unimodal
shape and a similar position of the maximum proba-
bility. In M** simulations, the distance distribution
is shifted toward larger distances. Importantly,
neither M* nor M** distance distribution has a
multi-modal nature, which is a characteristic of sev-
eral alternative conformations sampled during the
simulations. We thus conclude that even the longer
scale implicit solvent simulations are not sufficiently
long to reveal recovery stroke transition in myosin.
In order to achieve even higher conformational dy-
namics, the common tool is to increase the tempera-
ture of the simulated system. If the transitions are
controlled by a free energy barrier AF, their rate can
be increased according to AF/RT ratio, where k is the
Boltzmann constant. To test the efficiency of this
tool in the present study, all simulations were
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Figure 3. Same as Figure 2 but for implicit solvent
modeling at T = 350 K, solid lines, and T = 300 K,
broken lines. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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repeated with the temperature set at 7' = 350 K.
The resulting distribution functions are shown in
Figure 3. Clear qualitative changes can be seen com-
pared to 7' = 300 K. First, the distance distributions
for M* and M** structural states become consider-
ably broader. Second and most important, a multi-
modal character of the distribution functions clearly
emerges. Two maxima are observed for M* simula-
tions and three maxima for M** simulations. The
width of both M* and M** distance distributions is
about the same, but their shapes are different. This
is expected, as we do not believe that the equilibra-
tion has occurred in our simulations. We expect that
the conformational ensembles sampled in both simu-
lations have some overlap, but we do not anticipate
a full convergence. We conclude that our simulations
at T = 350 K qualitatively agree with the experi-
ment regarding the distance between K498 and
A639. Given that we use accurate protein and solvent
models, myosin conformations sampled in our simula-
tions are relevant to those obtained experimentally.

Impilicit solvent simulations reveal switch Il

loop closure

A hydrogen bond between nitrogen atom of G457
and P, atom of ATP is the hallmark signature of the
post-recovery step conformation M** observed in
crystallographic studies. It results from the loop
spanning residues D454-1460 in pre-recovery stroke
state M* moving closer to the ATP binding site and
completing what is known as SWII closure. The clos-
ing event activates ATP hydrolysis'*?%2® and was
suggested to serve as a trigger that sets the recovery
stroke in motion.” Our simulations are perfectly
suited to probe the early stages of this process. Fig-
ure 4 shows the distribution function of the distance
between atoms G457:N and ATP:P, obtained in
explicit solvent simulations of M** state where H-
bond is present. The distribution is narrowly peaked
around 0.42 nm with a small subpopulation at 0.36
nm, showing that the bond remains intact through-
out the simulations. In contrast, the distribution
obtained in implicit solvent at 7' = 300 K with M*
initial structure, without the hydrogen bond present,
shows four maxima all of which are located at dis-
tances greater than 0.5 nm. There is virtually no
overlap with the reference distribution indicating
that there are no hydrogen bonds formed in these
simulations. Clearly, the simulations at low tempera-
ture are not able to observe SWII closure.

Higher temperatures accelerate conformational
dynamics, increasing transitions probability. The dis-
tribution function obtained at 7' = 350 K in implicit
solvent (Fig. 4) displays three maxima with the
highest of them located at 0.42 nm. This is the same
distance as in the reference distribution showing
that the hydrogen bond was formed in these simula-
tions. An analysis of all 10 trajectories revealed 6

2016 PROTEINSCIENCE.ORG

T T T " T

— M** sim. in explicit solvent
— T=300K
— T=350K

T

T T T

Probability distribution

0.1

| . 1 .
0.5 0.75 1
Distance (nm)

Figure 4. Distribution function of the distance between N
atom of G457 and P, of ATP molecule. Black line:
simulations in explicit solvent started from M** structural
state with the SWII closed. Colored lines are for implicit
solvent simulations started from M* state with the switch
open. Red line: T = 300 K, blue line: T = 350 K.
Spontaneous closure of the switch is seen at T = 350 K
temperature only. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

events of SWII closure. One of these events was
reversible, where H-bond creation was followed by
H-bond breaking and subsequent re-establishment.
Overall, the number of SWII closures is small sug-
gesting that the free energy barrier controlling them
is high. Additionally, the dynamics of the intera-
tomic G457-ATP distance has multi-state character,
as Figure 4 shows, where at least two minima are
seen between open and closed states. Whether the
multiplicity of the intermediate states is a conse-
quence of the limited sampling in our simulations or
it reflects the true nature of SWII closure remains
to be studied. In the latter case, the dynamics of
SWII loop will be defined by more than one free
energy barrier, each potentially playing a unique
role in the recovery stroke transition.

Correlation of events at the nucleotide

binding pocket

This is the first time the spontaneous closure of
SWII loop is observed in an unbiased simulation. As
SWII closure leads to the recovery stroke, it is im-
portant to examine myosin conformations that
accompany it. For that purpose, myosin conforma-
tions with G457:N-ATP:P, distance, less than 0.46
nm (the first minimum of SWII position probability
distribution for 7' = 350 K implicit solvent simula-
tion in Fig. 4), were collected at SWII-closed states
and grouped into clusters. Clustering was done
using mutual root-mean square deviation (RMSD)
over C, atoms of fragments G175-N188, N233-—
R238, S456-E459, and P, atom of ATP, all of which
are located within 1 nm of ATP molecule and thus
binding pocket.” One

constitute the “nucleotide
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Figure 5. Conformation of the ATP binding pocket. Yellow:
crystallographic M** structure, cyan: high-temperature
implicit solvent simulations. Hydrogen bond between G457
and ATP and a salt bridge between E459 and R238 are
observed in both structures. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

major family of structures that emerged from such
clustering is shown in Figure 5 in comparison with
the M** conformation determined experimentally.
The two structures overlap almost perfectly with the
mutual C, RMSD of less than 0.1 nm.

An important structural motif, observed in the
ATP binding pocket is the salt bridge between resi-
dues R238 and E459. From the structural perspec-
tive, it brings together SWII and SWI loops (Fig. 4).
To examine the relationship between two events, for-
mation of a H-bond between G457:N-ATP: P,, and a
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salt bridge between R238:C.-E459:Cs;, we plot in
Figure 6 free energy map defined as a function of
two order parameters d1 and d2, denoting the dis-
tance between pairs of atoms G457:N-ATP: P, and
R238:C-E459:C; accordingly. Initially, SWII is open
and the salt bridge is absent in state M*, with d1
and d2 close to 1 nm [green dot in Fig. 6(a)]. As the
simulations progress, both distances decrease rap-
idly. The most stable configuration appears to be for
d1l,d2 < 0.4 nm where the SWII is closed and the
salt bridge is formed. However, there is no strong
correlation between two order parameters. We
observed a significant population of states, where
the salt bridge is established but the SWII loop is
open (d1 ~ 0.8 nm and d2 ~ 0.4 nm). The same is
true for the closed SWII loop and the salt bridge
absent, d1 ~ 0.4 nm and d2 ~ 0.6 nm, suggesting that
the two structural motifs can act independently of one
another. Analysis of M** simulations led to the same
conclusion [Fig. 6(b)]. Started from SWII closed and
the salt bridge formed state [green dot in Fig. 6(b)],
the hydrogen bond between G457:N-ATP: P, and the
salt bridge between R238:Cz-E459:C; can dissociate at
different times. The shape of the free energy map is
consistent in both M* and M** simulations.

Site directed mutagenesis studies?*?® showed
that the salt bridge is essential for ATP hydrolysis
and communication between different myosin
domains, but the mechanism of this effect is still
unknown. Yamanaka et al.'? report that the bridge
dissociates upon ATP hydrolysis. Our simulations
are consistent with this conclusion, showing that the
salt bridge is not very stable. The weak coupling
between switches I and II allows for a step-wise
progression of their corresponding transitions and
thus is presumably favored from the functional
perspective.
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Figure 6. 2D free energy map observed in implicit solvent simulations at T = 350 K for (a) pre-recovery state M* and (b) post-
recovery state M**. The order parameters d1 and d2 characterize the state of SWII and the R238-E459 salt bridge and are
defined as the distance between atoms G457:N and ATP:P, and R238:C. and E459:C;. The green circles represent initial
configurations with SWII open and salt bridge absent in (a) and SWII closed and salt bridge present in (b). Although the most
stable configuration is with SWII closed and the salt bridge formed, the two events are not strongly correlated. Energy in all
free energy graphs in this work is given in kT where k is the Boltzmann constant. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Conformational states of the relay helix and the
converter domain

In order to model the recovery stroke transition
between M* and M** structural states, we need a
reliable metric to distinguish between these two
states. Crystallographic studies provide atomic con-
figurations of myosin molecules enabling the use of
the RMSD as a measure of structural differences.
But atomic structures do not have information on
fluctuations that occur in proteins in their natural
environment, leading to inaccuracies in establishing
equivalency of states. We compared a full set of five-
residue consecutive segments of the two atomic
structures of M* and M** considered in this work,
and found more than 20 dissimilar segments with
C, RMSD > 0.5 A Usage of short segments allowed
us to locate areas of structural divergence with high
resolution. Not all of these segments, however,
remain sufficiently different when fluctuations are
taken into account. We estimated the extent of fluc-
tuations for explicit solvent simulations at 7' = 300
K. The same RMSD calculations were performed on
every myosin conformation observed in our simula-
tions. If the minimal recorded RMSD for some five-
residue segment is greater than 0.5 A, then its
structure in M* and M** states is considered differ-
ent. Otherwise, they are identical in the statistical
sense. We ran simulations of M* and M** structural
states, to produce lists of diverging segments. The
same segments in both lists are residues 484-489,
497-502, 504-512, and 700-709. The last segment
belongs to the N-terminal part of the converter do-
main. Since the converter domain is truncated in
the considered myosin structure, the local fluctua-
tions in the segment 700-709 are very likely to be
affected by the crystallographic artifacts. We, there-
fore, did not consider the RMSD difference of the
converter domain in our analysis. The first three
segments belong to the relay helix and the relay
loop and appear to be the only parts of the consid-
ered myosin structures in which significant changes
occur upon the conformational transition. We, there-
fore, chose to use the RMSD over the 484-512 resi-
dues in our simulations as one order parameter that
successfully identifies M* and M** states.

But local structure does not necessarily give a
complete picture of the differences between two pro-
tein conformations. It is possible that large struc-
tural domain rearrangements result in small values
of RMSD for short segments. To account for large-
scale conformational changes, we examined struc-
tural fluctuations in M* and M** states observed in
our explicit solvent simulations. First, root-mean
square fluctuation (RMSF) relative to the average
structure was plotted for each C, in M* state simu-
lation after aligning all saved timeframes to the
crystallographic conformation. Variations in struc-
tural flexibility were observed (Fig. 7), with the most
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Figure 7. Root-mean-square fluctuations (RMSF) measured
for C,, atoms. Black line: values obtained for the M* trajectory
in explicit solvent with respect to the average structure after
aligning all timeframes to M* conformation. Red line: the same
quantity for M** trajectory computed relative to M*
conformation after alignment along residues 100-400.
Converter domain is seen as the region in which greatest
divergence occurs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

immobile atoms appearing between residues 100 and
400. Then, all structures in M** simulation were
aligned to M* conformation along C, of residues
100-400 and the RMSF of all C, atoms was meas-
ured (Fig. 7) relative to the reference structure. The
largest deviation between M* and M** occurs in the
converter domain, residues 700-759. Visual inspec-
tion of the aligned structures reveals that their con-
verter domains are rotated with respect to one
another, which is the signature of the power stroke
transition in myosin. This converter domain rotation
thus appears as the most pertinent structural differ-
ence characterizing M* to M** transition globally. To
quantify the rotation, we introduced a dihedral
angle ® formed by the line passing through C, of
L730 in the converter domain and the plane formed
by C, atoms of the relay and the SH1 helices (E497,
R689, and S465, Fig. 8). The angle ®changes by
approximately 30° on M* to M** transition.

Two order parameters, RMSD over the 484-512
residues and angle ®, can be used to characterize
structural transitions in myosin at both local and
global levels. Figure 9 shows free energy estimate as
a function of these two parameters obtained in
implicit solvent simulations started from M* state.
In the ATP-bound state, myosin should experience
reversible M* to M** transitions, as demonstrated
experimentally.? The locations of M* and M** states
on the free energy map, shown by contours, suggest
that such transition does not happen in our implicit
solvent simulations. Observed changes in angle
®are not accompanied by simultaneous restructur-
ing in the relay helix and loop, as evidenced by high
RMSD value in that region. We, therefore, conclude
that our simulations do not show the recovery stroke

Recovery Stroke by Molecular Dynamics Simulations
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Figure 8. Cartoon defining the dihedral angle ® we use in
this work to distinguish M* and M** states. The angle is
formed by the line passing through C, atoms of E497 and
L730 with the plane formed by C, atoms of E497, R689,
and S465. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

transition in myosin. Similar conclusion is reached
when the simulations are started from M** state
(data not shown).

Discussion

Loose coupling between nucleotide binding site
and force generation region in myosin

Our simulations offer new insights into the recovery
stroke transition in myosin. It is believed that the
recovery stroke is triggered by the SWII closure,’
initiating conformational changes that lead to the
converter domain rotation. There are two interpreta-
tions of the communication mechanism between the
nucleotide binding site and the force-generation
region. First, based on minimal energy calculations,
Fischer et al.® argue that a definite path of interme-
diate steps exists between M* and M** states along
which the transition takes place. In the early pro-
posal,? the R238-E459 salt bridge formation helps to
close SWII, which in turn pulls on the N-terminal
end of relay helix through the side chain of N475.
As a result, the relay helix see-saws around the
anchor point formed by F652-F481-F482 hydropho-
bic cluster. Since the relay helix has only limited
range of movement in M* state, the continuing pull
causes the hydrogen bonds to rupture between resi-
dues 486 and 487, creating a kink in the helix and
leading to subsequent rotation of the converter do-
main. In later models,®!* the initial SWII closure
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remains the same but the converter rotation is
caused by the piston-like displacement of SH1 helix,
mediated by a wedge loop of residues 572-574.
Although the microscopic details differ in these mod-
els, what they have in common is an ordered
sequence of transitions among clearly defined inter-
mediate states along which the reaction progresses.
This mechanistic view has been questioned by the
second group of proposals,'®®7 arguing against
strong coupling between SWII and the force-genera-
tion domain. Evidence from enhanced sampling simu-
lations'®1¢ shows that SWII may remain closed while
the rotation of the converter domain is not complete.
The same is true for rotated converter while the SWII
is open. Although there is a correlation between the
states of two structural elements, it is not strong
enough to warrant a mechanistic interpretation.
Instead, the authors advance a statistical explanation
based on “ensemble shifts,” according to which the
rotated converter is statistically favored for closed
SWII state, but not linked to it in a deterministic
manner. The ensembles argument admits a signifi-
cant role for the entropy in the transition,'® sup-
ported by a large entropy difference between M* and
M*#* states observed experimentally.

Our simulations support this second, statistical
interpretation. Starting from the initial pre-recovery
state M* we see that the closure of the SWII occurs
early on in the process, consistent with it being the
trigger of the transition.® Despite the SWII closure,
we do not see a concomitant rotation of the con-
verter domain in our simulations, suggesting that it
occurs later on and on a longer time scale. Our
results are thus most consistent with the idea of the

300

260

220 -

180 -

140 -

00 01 02 03 04 05 06 0.7 08 09 10
RMSD(nm)

Figure 9. Estimate obtained from the implicit solvent M*
simulations for free energy as a function of two order
parameters: RMSD deviation from M** state over C, of
residues 484-512 and the angle ® characterizing the
rotation state of the converter domain. Contours show the
location of M** and M* states as seen in explicit solvent
simulations. No global M* to M** transition is observed.
Free energy is measured in units of kT, where k is the
Boltzmann constant. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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recovery stroke being a two-step process consisting
of the SWII trigger and the converter rotation,
which are separated by a time delay.'®> The coupling
between the two steps appears to be weak but its
exact mechanism cannot be learned in our
simulations.

Is SWII closure a single step reaction?

As it is observed in our simulations, all SWII closing
events lead essentially to the same configuration of
the nucleotide binding pocket, identical to that
observed experimentally. The lack of structural vari-
ability suggests that the trigger step is a simple
reaction devoid of any detectable intermediates. The
simplicity implies that the one-dimensional repre-
sentation of the reaction is reasonable, justifying
earlier studies based on one order parameter.’® The
possibility of 1D modeling raises the following ques-
tion: what is the reaction coordinate of that reac-
tion? An obvious choice is the distance between
hydrogen bonding atoms G457:N and ATP:P, But
with only a handful of SWII closing events, it is not
possible to judge the quality of this choice at the
moment. With the implicit solvent model described
in this work it should be possible to generate better
statistics in the future to give more definitive
answers. The outcome of such studies is the ability
to model properly the early stage of the recovery
stroke. This includes the ability to rationalize the
effect of mutations on the trigger reaction.2®

SWiI closure: related experimental data

SWII in closed and open structural states was
observed experimentally with X-ray crystallo-
graphy, when myosin is trapped with a nucleotide
analog.2”?° These data were in agreement with nu-
cleotide chase experiments,*2°? which show slower
rate of ATP dissociation than ADP, indicating closed
conformation of SWII when ATP is bound and open
SWII conformation with bound ADP. According to
atomic structures, closed and open structural state
of SWII is accompanied with bent and straight relay
helix accordingly, and initially it was proposed that
closed SWII and bent relay helix are rigidly coupled
in one myosin structural state (M**). These struc-
tural rearrangements were interpreted as a reason
for myosin intrinsic fluorescence change, observed
earlier in kinetic studies of skeletal myosin.??
Indeed, the surface accessibility area of one of myo-
sin tryptophans (W501) changes substantially dur-
ing the M* — M** structural transformation. But
myosin W501 single tryptophan mutant shows unex-
pected drop of intrinsic fluorescence at initial stage
of myosin—ATP interaction, indicating that other
tryptophans (there are five tryptophans total in the
skeletal myosin head) play a role in the intrinsic flu-
orescence change. Skeletal myosin has two trypto-
phans close to the nucleotide binding site, and the
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attempt to detect nucleotide binding kinetics and
possibly kinetics of structural rearrangement of
SWII was made with single tryptophan myosin
mutants, when tryptophan was engineered near nu-
cleotide binding site (W113, W129, and W131).3*
Unfortunately, these tryptophans were insensitive to
SWII closure upon myosin—ATP interaction. Studies
of spin labeled nucleotide analogs, bound to myosin,
showed immobilization of the spin label upon nucleo-
tide binding, but it was concluded that spin labeled
nucleotide was not sensitive to SWII structural
state.®® Studies of fluorescent (mant) nucleotide
binding to myosin concluded that fluorescence
change of mant nucleotide upon its binding to myo-
sin reflects only binding event and not SWII clo-
sure.>> Temperature jump studies®® showed that
intrinsic fluorescence of myosin, trapped with a nu-
cleotide analog, changes upon temperature jump,
reflecting myosin conformation change with the
same nucleotide analog bound. These were the first
experimental results indicating that structures of
the SWII and the relay helix are not rigidly coupled
in M* and M** structural states of myosin. Recently,
continuous wave EPR, pulsed EPR, and FRET stud-
ies of myosin, labeled with spin or fluorescent probes
and trapped with nucleotide analogs, confirmed
loose coupling between biochemical state of myosin
(determined by bound nucleotide and as a result,
closed or opened SWII) and the structural state of
the force generating region.” Our simulations con-
firm these recent experimental results, showing the
absence of strict correspondence between the SWII
and the relay helix structural states, and proposing
that the SWII closure and structural changes in the
force generating region are occurring at different
times during the recovery stroke.

Methods and Models

Proteins in this work were modeled at the all-atom
level using the AMBER99%¢ force field modified by
Hornak et al.3” All simulations were performed by
GROMACS4%%3% package, with the implementation
of the force field by Sorin and Pande.*® The explicit
solvent simulations were carried out using TIP3
water model.*! The generalized Born (GB)?° implicit
solvent model, as implemented by Onufriev et al.,?!
was used in implicit solvent simulations. The dielec-
tric constant ¢ was set to 80 in these simulations.
The chemical bonds in water molecules were held
constant by the SETTLE*? algorithm. The bonds
involving hydrogen atoms in the protein were con-
strained according to the LINCS*? algorithm.

In explicit solvent simulations, atomic struc-
tures, prepared as reported by Agafonov et al.,”
were placed in cubic boxes of 12-13 nm across con-
taining 66,000-67,000 water molecules, and equili-
brated with the heavy atoms constrained to their
initial positions. Productive simulations were

Recovery Stroke by Molecular Dynamics Simulations



Table I. Summary of MD Simulations Performed in
this Work

Solvent Simulations Temperature
Initial Explicit 5 trajectories 300 K
conformation 10 ns each
M#* Implicit 10 trajectories 300 K, 350 K
50 ns each
Initial Explicit 5 trajectories 300K
conformation 10 ns each
M#* Implicit 10 trajectories 300 K, 350 K
50 ns each

Details of force-fields and solvent models are in the main
text.

conducted at constant temperature using Nose-Hoo-
ver thermostat** with a 0.05 ps time constant. A sin-
gle cut-off of 1 nm was used for the van der Waals
interactions with the neighbor lists updated every
10 time steps. Smooth-particle mesh Ewald (PME)*®
was used to treat electrostatic interactions. In
implicit solvent, a single cut-off of 1.2 nm was used
for electrostatic and van der Waals forces. The time
step was set 2 fs in all simulations.

A number of simulations were conducted at dif-
ferent temperatures and with different initial struc-
tures. The summary of all generated simulations,
with the aggregate time of more than 2 ps, is shown
in Table I.
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