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ABSTRACT

Upon ATP binding, myosin motor protein is found in two alternative conformations, prerecovery state M* and postrecovery
state M**. The transition from one state to the other, known as the recovery stroke, plays a key role in the myosin func-
tional cycle. Despite much recent research, the microscopic details of this transition remain elusive. A critical step in the re-
covery stroke is the rotation of the converter domain from “up” position in prerecovery state to “down” position in postre-
covery state that leads to the swing of the lever arm attached to it. In this work, we demonstrate that the two rotational
states of the converter domain are determined by the interactions within a small structural motif in the force-generating
region of the protein that can be accurately modeled on computers using atomic representation and explicit solvent. Our
simulations show that the transition between the two states is controlled by a small helix (SH1) located next to the relay he-
lix and relay loop. A small translation in the position of SH1 away from the relay helix is seen to trigger the transition from
“up” state to “down” state. The transition is driven by a cluster of hydrophobic residues 1687, F487, and F506 that make sig-
nificant contributions to the stability of both states. The proposed mechanism agrees well with the available structural and

mutational studies.

Proteins 2012; 80:2701-2710.
© 2012 Wiley Periodicals, Inc.

Key words: myosin; recovery stroke; computer simulation; converter domain; replica-exchange.

INTRODUCTION

Myosin II is a motor protein responsible for the con-
tractile movement of muscles. Its functional cycle! is
driven by the hydrolysis of adenosine triphosphate (ATP)
and consists of a number of conformational transitions
alternating with actin binding/unbinding events. Key
among these steps is the recovery stroke that takes the
myosin molecule from the prerecovery state M* that fol-
lows the force-generating power stroke to the postrecov-
ery state M** that precedes the power stroke. The recov-
ery stroke is a reversible transition?3 that occurs in ATP-
bound state and can be controlled by temperature and
pressure.2

While the end points of the recovery stroke, M* and
M**, are available from crystallographic studies,4 the
transition between them remains elusive. Numerous
recent experimental®>350 and theoretical’~18 studies
have generated significant new insights into how the
transition occurs but failed to provide the microscopic
mechanism at the atomic level. Experimental
approaches>0 typically lack sufficient resolution to pro-
vide the necessary detail. By measuring the distance

© 2012 WILEY PERIODICALS, INC.

distribution between select pairs of residues, for instance,
recent paramagnetic resonance (EPR) and fluorescence
energy transfer (FRET) studies,>019:20  confirm that
there are two alternative states in ATP-bound myosin but
are unable to offer a suitable microscopic interpretation.
Theoretical methods, on the other hand, are challenged
by the large size of the protein that contains more than
700 amino acid residues. Because the direct observation
of the recovery stroke is not possible in simulations using
all-atom protein models, various alternative approaches

Additional Supporting Information may be found in the online version of this
article.
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have been pursued.17>21-28 One group of methods seeks
to simplify the representation of the protein in an effort
to make the problem more tractable. Elastic network
studies21:2527 and simulations employing reduced Go-
style models23 are two notable recent contributions along
this direction. While useful in predicting overall func-
tional dynamics, these models lack microscopic resolu-
tion necessary for the recovery stroke. Another group of
methods relies on the atomic architecture of the protein
but applies techniques of accelerated dynamics such as
transition path sampling. Although the recovery stroke
transition is observed in these studies the reactive path-
ways are strongly influenced by the specifics of the
employed method and thus remain approximate.$13 The
third group is comprised of approaches that also use
atomic architecture but the transition between the reac-
tion end points is simulated with the help of umbrella
potentials applied along a prearranged reaction coordi-
nate!$16,17 Much can be learned about the recovery
stroke in these simulations but the proper choice of the
reaction coordinate remains a significant weakness.
Crystallographic M* and M** states differ in two
regions: (1) the ATP binding site and (2) the force-gener-
ating region, separated from the active site by close to 40
A. In the active site, a loop known as switch II can be ei-
ther in the open state — M*, or the closed state — M**.
The differences in the force-generating region concern:
(a) the relay helix which is straight in M* state and
develops a kink in its C-terminal part starting at residue
F487 in M** state, and (b) the converter domain which
undergoes a rotation upon the recovery stroke. Bound to
the relay helix on one side, the converter domain con-
nects myosin molecules with the myosin filaments via
the neck domain, or the lever arm, on the other side; its
rotation is the key step in the power stroke that leads to
the lever arm swing during the muscle contraction.
Previous simulation studies by us!8 and others813
suggest that the switch II closing is the trigger of the M*-
to-M** transition, preceding the conformational transi-
tion in the force-generating region. Focusing on that
region, we showed in a previous paper?® through an ex-
haustive combinatorial search that the position of a short
helix with the reactive thiol group near the relax helix,
SH1, controls the conformation of the relay helix and the
rotation of the converter domain. Drawing on that
work,2? we examine in this paper a small fragment from
the force-generating region that contains SH1, converter
domain, relay helix and relay loop and show in accurate
replica-exchange simulations in explicit water that it
experiences two-state folding. The rotation angles of the
converter domain observed in our simulations are very
similar to those seen in crystallographic M* and M**
states, indicating that the designated fragment represents
a functioning myosin motif. The small size of the frag-
ment allows us, for the first time, to investigate the con-
verter domain rotation responsible for the lever arm
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Figure 1

Probability distribution of the torsional angle ® as seen in the
simulations of MRSM. The angle, formed by C, of residues K477,
Q479, T742 and A748, characterizes the orientation of the converter
domain relative to the relay helix. Values of crystallographic M* and
M** states are shown as thick lines.

swing in atomic detail. Our simulations predict a critical
role for SH1. A small displacement of this helix away
from relay helix is seen to shift the population in the
rotation angle toward predominantly M** state. The bal-
ance between the two states is controlled by the interac-
tions among key residues, F487, F506 and 1687 that lie at
the interface between the relay helix, relay loop and SH1.
The configuration of these three residues changes in
response to the displacement of SH1 during the rotation,
driven by hydrophobic interactions. The truncated myo-
sin fragment introduced in this work is well suited for
the investigations of mutations in the force-generating
region of myosin, including mutations associated with
the hypertrophic cardiomyopa'chy.30_32

RESULTS

Force-generating region undergoes
two-state folding

The truncated fragment of the myosin force-generating
region designed in this work, which we refer to as the
minimal recovery stroke model (MRSM), consists of the
following structural elements: relay helix (RH), relay loop
(RL), converter domain (CD), and sulfhydryl (SH1) he-
lix. Some parts of this model are constrained to their ini-
tial position while others are treated as fully flexible, as
discussed in the “Methods” section in more detail. The
key components, relay helix and relay loop, are not con-
strained. SH1 helix is allowed translational freedom,
unlike in our previous study.29

The structural states of the MRSM were characterized
in accurate replica exchange simulations in explicit sol-
vent. Figure 1 shows the observed distribution of the tor-
sional angle ® formed by C, atoms of residues K477,
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Figure 2

Free energy map as a function of (1) RMSD over the relay helix from
crystallographic M* conformation and (2) torsional angle ®. Here and
in other figures the energy is shown in units of kT, where k is the
Boltzmann’s constant and T is the temperature. Two minima are seen
with conformations associated with M* and M** states. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Q479, T742, and A748. The angle characterizes the orien-
tation of the converter domain with respect to the N-ter-
minal part of the relay helix. Its value is —38° in M**
state and 57° in M* state. The distribution function has
two maxima, indicating that the designed model is a
two-state folder. Analysis of the locations of the maxima,
—20 and 50°, suggests that the two most populated states
correspond to experimental M* and M** conformations.

Further evidence that the observed states can be associ-
ated with M* and M** comes from the free energy map
defined as a function of the root-mean square deviation
(RMSD) over C, atoms of the RH residues N479-E497
from the crystallographic M* conformation and the rota-
tion angle ©. Depicted in Figure 2, the map shows two
minima located at RMSD ~ 0.05 nm, ® ~ 50 and
RMSD ~ 0.17 nm, ® ~ —20 demonstrating that RMSD
and rotation angle are correlated. Conformations with @
~ 50 in Figure 1, for instance, correspond to low RMSD,
indicating straight relay helix. These states therefore can
be associated with M* conformation. Similarly, confor-
mations from the second minimum with bent helices can
be assigned to M** state.

All conformations saved in our simulations were divided
into two groups according to the torsional angle: those
with ® < 10 correspond to M** and those with ® > 10,
to M*. To find the most representative states, all conforma-
tions in each group were clustered according to the RH
segment with the RMSD cutoff of 0.1 nm. The clustering
revealed a single predominant substate in each group, with
~ 60% population. These substates are shown in Figure 3
for M* and M** groups along with the corresponding
crystallographic conformations. The computational and
X-ray M* states are almost identical with small deviations

Figure 3

Most populated structures observed in our simulations for M* and M**
ensembles, yellow, in comparison with the corresponding
crystallographic structures, orange.

seen in the C-terminal end of the relay helix and the posi-
tion of SH1. Deviations in the same places but with greater
magnitude are seen in M** conformation. The relay helix
exhibits a kink at the same position in both computational
and X-ray M** structures. However, the C-terminal part of
the helix differs in the two structures, where it is more
tilted toward SH1 helix in the computational conformation
than in the experimental one.

SH1 domain acts as a trigger of the
recovery stroke

Similarly to the converter domain and the relay helix,
SH1 helix occupies distinct configurations in M* and M**
states. Figure 4 shows main clusters identified in our
simulations together with the corresponding experimental
structures. Compared to experiment, SH1 in the

Figure 4

Orientation of SH1 helix in computational M* and M** clusters, shown
in yellow and cyan respectively, in comparison with the corresponding
crystallographic structures, shown in orange. In the computational M**
state, SH1 is displaced by ~2 A away from the relay helix. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5

Free energy map defined as a function of D, distance from C, of R689
to RH, and the torsional angle ®. Green arrows indicate the most likely
scenario of M*-to M** transition, initiated by a displacement of SHI.
White arrows illustrate an unlikely scenario where the converter domain
rotates first and is followed by the displacement of SH1. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

computational M* state [shown in Fig. 4(a)] is located
closer to the relay helix, especially in the N-terminal part,
residue N679. This is most likely the consequence of SH1
not being attached to the remainder of the protein. In the
computational M** state, SH1 is displaced downward and
rotated so as to attain almost parallel orientation with
RH. Figure 4(b) shows that the terminal N679 residue in
this structure is closer to RH than in the experimental
structure. The difference between the computational M*
and M** states is shown in Figure 4(c). The N-terminal
N679 residue has the same position in both structures,
but the C-terminal R689 residue is closer to the relay
helix in M* state by ~2 A. The comparison shows that a
small displacement in the direction perpendicular to RH
is the distinguishing characteristics of M** state.

To determine how SH1 displacement is related to the
rotation of the converter domain we use the free energy
landscapes formalism, which is an accepted theoretical
framework for understanding protein dynamics.33 Figure
5 shows free energy map defined as a function of angle ®
and D, the distance from C, of R689 to the long axis of
RH (the line connecting C, atoms of N475 and Y494).
The map has two minima, indicating that the displace-
ment and the angle are correlated. One minimum corre-
sponds to M* state with D ~ 1.1 nm, ® ~ 50 and the
other minimum is associated with M** state with D ~
1.3 nm, ® ~ 20. In addition to confirming the two-state
character of our model, the map in Figure 5 sheds new
light on the nature of the M*-to-M** transition, that is
the recovery stroke. Starting initially from M* conforma-
tion, the transition in the 2D space of ® and D variables
can proceed by two scenarios. First, the rotation of the
converter domain is followed by the displacement of SH1
helix. Second, the displacement of SH1 helix precedes the
rotation of the converter domain. As seen in Figure 5,
where these two scenarios are shown in white and green
arrows respectively, the first pathway leads to a higher and
broader free energy barrier, indicating a lower probability
of observation. Based on these data, we conclude that SH1
helix most likely initiates the rotation of the converter do-
main and not vice versa. A more detailed transition mech-
anism can be obtained by using methods designed for
generating reactive trajectories>4=3% or for inferring dy-
namics from accelerated sampling approaches 40:41,42

Hydrophobic interactions drive the
converter domain rotation

At the residue level, the transition between M* and
M** states is driven by the interactions that occur among
different parts of the model, RH, RL, SH1 and CD. Fig-
ure 6 shows contact probability maps for M* and M**
ensembles. Ignoring the contacts between the N-terminal
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Figure 6

Contact probabilities of M* and M** ensembles observed in the reported simulations. A contact is considered formed between two residues if the
shortest distance between any two atoms of their side chains is 6 A or less. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Table |
List of Contacts that Stabilize M* and M** States

New/stronger contacts

M* D505-K690, F503-K690, 1687-F503, 1687-Q483,
T688-E490, F503-F487, 0483-E683

L508-E683, F506-E683, 1687-1504, F487-E683,
L508-0479, L508-F487, F506-0491, 1504-E490,
1504-Q491, F506-W501, 1504-K690, 1504-F487

M**

of SH1 and RH, which are probably artifacts, the other
contacts shared between the two maps are F487-1687,
F487-F506, and F506-1687, as highlighted in the figure.
The three residues involved in these contacts, F487, F506,
and 1687 form a hydrophobic cluster that lies at the
interface between RH, SHI1, and RL. The intensity of
other contacts varies between M* and M** states.

Table I lists the contacts (not including contacts involv-
ing glycines) that are newly formed or become stronger in
each state respectively. Apart from electrostatic interaction
D505-K690, which strongly favors M* state, the majority
of all other contacts involve at least one hydrophobic resi-
due. Residues predominantly involved in M** conforma-
tion are F506, 1508, and 1504. Additionally, this confor-
mation is stabilized by the hydrophobic contact between
1504 and F487. A similar interaction between F503 and
F487, however, favors M* state, indicating that different
contacts stabilize different states. As a consequence, the
interplay among many hydrophobic interactions maintains
the balance between M* and M** conformations.

The arrangement of the critical hydrophobic residues
F487, F506 and 1687 in M* and M** conformations is
shown in Figure 7, as determined by clustering. In M*
states, the most common configuration is one where the
side chains of all three residues form a triangle. In M**
states, the side chains are arranged in a line, with F506
intercalating between 1687 and F487. The comparison of
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Figure 7

Configuration of critical hydrophobic residues 1687, F487, and F506 in
M* and M** conformations. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Distribution function of the torsional rotation angle obtained in the
simulations of our model with SH1 (a) unrestrained and (b) restrained
to its position in crystallographic M* and M** states. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the two states shows that the mostly hydrophobic interface
between RH, SH1, and RL can occupy a number of alter-
native configurations, controlled by specific interresidue
contacts. Hydrophobic interactions thus seem to drive the
M*-to-M** transition.

DISCUSSION

The force-generating region in the context of
the full-length myosin

The MRSM model proposed in this work properly
reproduces the two-state folding of the myosin recovery
stroke. This is quite remarkable given the small size of
the designed fragment that consists only of relay helix,
relay loop and SH1 in the force-generating region of the
protein. We showed in our previous study29 that these
structural motifs are necessary to observe folding into
two states. Here, we observe that they are also sufficient.
It is clear, therefore, that the local interactions within a
small fragment of the force-generating region of myosin
II encode the functional dynamics of the entire protein.

To function as a motor, the force-generating fragment
needs to be manipulated externally. We showed that its
free energy surface predisposes SH1 helix to act as a trig-
ger of the converter domain rotation. A displacement of
SH1 away from the relay helix creates a strong bias in
the converter domain toward M** rotations. In available
experimental structures, SH1 is seen to be shifted parallel
to the relay helix in M** conformation, not perpendicu-
lar to it. We tested the effect of a parallel displacement
by restraining SH1 to its position in crystallographic M*
and M** states, as in our previous work29. Distribution
functions obtained in these tests, shown in Figure 8,
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Distribution function of the distance between K498 and A639 obtained
in this work in various simulations as explained in the legend. Symbols
indicate EPR data.6 [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

demonstrate that SH1 is a very efficient modulator of the
conformational states of the converter domain: although
both “up” and “down” rotations are seen for different
SHI positions, positioning as in M* or M** state creates
a very strong affinity for that particular state. The parallel
displacement is seen to have the same effect on the pop-
ulation of M** state as the perpendicular one. Addition-
ally, the distribution functions with SH1 helix restrained
come in better agreement with experiment.

Additional evidence for the need to manipulate SH1 in
the context of a functioning myosin comes from inter-
residue distance distributions. Distances measured
between specific residues in EPR and FRET experi-
ments>® show two maxima which are associated with
M* and M**. As an illustration, we focus on the K498-
A639 distance. Residue A639 is not part of our model, so
we had to infer the distance from it to K498 by meas-
uring the vector from K498 (atom N;) to N475 (atom
C,) and modeling the vector from N475 (atom C,) to
A639 (atom Cg) as a Gaussian distribution with parame-
ters (the mean and dispersion for all three components)
extracted from short nanosecond-scale simulations of the
full-length protein. The resulting distributions are shown
in Figure 9 along with the MRSM results and the EPR
data®. The maxima in simulations with free SH1 appear
in the same place for both M* and M** ensembles (de-
spite different rotation angles). But the simulations with
restrained SH1 show two well separated maxima for M*
and M** states, demonstrating that displacement of SH1
from outside produces better agreement with experiment
(the quantitative comparison between theory and experi-
ment is not justified since we did not model the experi-
mental spin-label probes in our simulations). Similar

2706 FroTEINS

improvement is observed for other distances, K498-D505
for instance, but is not as dramatic as for the K498-N475
pair.

Role of SH1 helix

SHI1 was hypothesized43 to serve as a communication
tool between the active site and the force-generating
region on the basis of several lines of evidence: (1) Prox-
imity of SH1 and SH2 (another helix with a sulfhydryl
group that precedes SH1 along the sequence) to both the
active site and the force-generating region, (2) Muta-
tional studies showing that (a) crosslinking of SH1-SH2
and (b) substitutions in SHI1/SH2 disrupt mechano-
chemical coupling,44 (3) X-ray structures suggesting that
the pivotal point of converter domain rotation is in the
vicinity of SH1 and SH2,43’45 (4) Strong conservation of
SH1/SH2 domains.46 Our simulations are fully consistent
with this hypothesis. The finding that SH1 needs to be
manipulated from outside of the force-generating region
makes it a prime candidate for the role of transmitting
pertinent signals (switch I/II closing, ATP hydrolysis)
from the active site.

SH1 was suggested to form a part of the minimal
structural motif, the “little machine”, capable of captur-
ing the complete motion of the converter domain during
the recovery and power strokes.4” Our simulations sup-
port this suggestion. The residues of the minimal motif,
G691-P693 and F746, are found in the truncated myosin
fragment identified in this work. Not only do we show
that the motif captures the rotation of the converter do-
main, but we also explain how this happens.

A microscopic interpretation of how SHI1 fulfils its
communication role was offered by Fischer et al89
Based on minimum energy paths connecting M* and
M** states, the authors suggested that a piston-like
movement of SHI domain along the relay helix applies a
mechanical force to the converter domain, causing it to
rotate. Our simulations support a different scenario. We
showed in this work that a small displacement in the per-
pendicular direction to the relay helix is able to induce
the rotation. In a previous paper,29 SH1 was seen to act
by direct interactions with the relay helix, rather than by
the mechanical force.

Mechanism of the lever arm swing in the
recovery stroke

Moving SH1 away from the relay helix apparently cre-
ates a cavity in the hydrophobic cluster made of residues
1687, F487 and F506 at the interface of RL, RH, and
SHI1. The cavity is filled upon transition by the side
chain of F487 which is pulled in-between 1687 and F506
in M** conformation (Fig. 7), thereby creating a kink in
the relay helix. The kink causes the rotation of the con-
verter domain which is tightly coupled to the C-terminal
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Close up of M*, orange, and M**, cyan, conformations aligned along

the N-terminal section of the relay helix. The kink visible in M** state
occurs in the C-terminal part that interacts with relay loop, converter

domain and SH1 helix. The latter is shifted by 4 A in M** relative to

M*. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

part of the relay helix. Rather than mechanical,3° our
model supports the statistical interpretation of the recov-
ery stroke,131516,18 in which the restructuring of the
hydrophobic cluster in response to the SH1 dislocation is
the mechanism that drives the transition between M*
and M** states.

Indirect support for this mechanism comes from
mutational studies. We showed that residues F487, F506,
and 1687 are critical for the stability of both M* and
M** states. Mutating any of them is expected to disrupt
the structure of these states substantially, perhaps to the
point of rendering the protein dysfunctional. This is
exactly what happens in F487A substitution, which was
shown*8 to block motor activity in myosin II completely
through the disruption of communication between the
active site and the lever arm. The same effect was seen
for F506A mutation, suggesting that it interferes with the
folding of either M* or M**, or both.48 A later electron
paramagnetic resonance study revealed4® that these states
remain intact but with altered populations. Based on the
analysis of crystallographic M* and M** states, hydro-
phobic interactions among a set of critical residues very
similar to those identified in this work, N483, F487,
F506, 1508, and 1687, were suggested to control the re-
covery stroke transition.48

Precisely how SH1 is controlled by the closing of
switch II cannot be answered using the reported model

alone. This issue remains to be addressed in simulations
that include the whole protein, not just its fragments.
Our model, however, is well suited for the studies of the
effect of mutations in the force-generating region of my-
osin. The best candidates for such studies are F487A and
F506A substitutions mentioned above and certain muta-
tions, including E490D, E492K, R695L and L508R, asso-
ciated with the hypertrophic cardiomyopathy.30-32

METHODS

Design of the minimal recovery stroke model

Figure 10 shows a close-up of crystallographic M* and
M** conformations aligned along the N-terminal part of
the relay helix. The kink is seen in M** conformation in
the C-terminal end of RH that interacts with the con-
verter domain, the relay loop linking the relay helix with
the actin binding region of myosin, and SH1 helix. The
N-terminal end of RH is identical in both M* and M**
states. The conformation of the converter domain is the
same as well, except for its orientation with respect to
the relay helix. SHI in M** state is shifted upwards by 4
A along the relay helix.

We consider a truncated version of myosin consisting
of the fragments shown in Figure 10 and ask whether it
exhibits an M*-to-M** transition similar to that seen
experimentally. The model, illustrated in Figure 11, is
designed to reflect the differences between M* and M**
conformations discussed above. The N-terminal part of
the relay helix is kept near its initial crystallographic
position by harmonic restraints applied to C, atoms of

Restraints on
converter

Converter Restraints
domain on SH1
(cD)

R .

domain
N694
ol u_/ R=44
R689_) Relay 3 AT748
| helix (RH)
SH1 / E735 1697
/ F481 e
e : N694
S510°  Na7s
Figure 11

The minimal recovery stroke model (MSRM) introduced in this work.
The model consists of relay helix (RH), relay loop (RL), converter
domain (CD) and SH1 helix. Shaded areas correspond to the parts
restrained to their initial crystallographic positions. Parts shown in bold
lines are made to maintain their conformation by inter-residue
restraints. Thin lines show completely flexible parts. SH1 helix is kept
near RH by two restraints acting on N679 and R689 that permit both
M** and M* conformations. The converter domain contains two
fragments, kept in contact with RH by two restraints. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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N475 to F482 and, additionally, to C; atoms of F481 and
F482. The last residue of the relay loop, S510, occupies
almost identical position in aligned M* and M** states,
with the mutual distance less than 2 A. We therefore
restrain C, of this residue as well but with the force 10
times weaker than in the relay helix. The conformation
of two segments, SHI helix spanning N679 to R689, and
converter domain that includes residues N694 to A748 is
kept constant by pairwise interresidue restraints applied
to C, atoms. The list of the employed restraints is pro-
vided in the “Supporting Information” section. All other
parts of the model are completely flexible.

The converter domain that consists of two segments,
N694-1697 and E735-A748, is kept in contact with the
relay helix by two restraints placed on F739 and 1499,
and 1741 and E497, as shown in Figure 11. The restraints
are designed to allow partial dissociation of the converter
domain from the relay helix. Additionally, C, of P693
was kept at least 15 A away from C, of F482 to prevent
the unphysical collapse of the converter domain onto the
relay helix.

The position of SH1 helix was subject to two restraints
applied to C, of N679 and R689, designed to keep it at
an interaction distance from RH. The anchor points for
the restraint potentials were chosen at the midpoint of
the line connecting positions of the corresponding resi-
dues in M* and M** conformations, as shown in Figure
11. The residues were allowed to deviate by 4 A before
the restraining potentials were switched on, allowing for
a wide ensemble of unbiased conformations including
M* and M**. To probe the effect of SH1 positioned as in
crystallographic structures, two sets of anchor points
without permitted free deviations were considered at the
positions of M* and M** conformations, in analogy to
our previous work,29 where all C, atoms of SHI1 helix
were restrained.

Finally, in order to prevent SH1 from rotating around
its own axis and forming an interface with RH not seen
in crystallographic structures, an angular restraint was
applied to G684, 1685, F481 and F482. The angle formed
by C, atoms of these residues was kept near zero, the
value seen in both M* and M** states.

With the restraints mimicking the neglected parts of
the myosin, we refer to the model shown in Figure 11 as
the minimal recovery stroke model (MRSM). More com-
putational details are provided in the “Supporting Infor-
mation” section.

Computational details

All myosin fragments considered in this work were
modeled in full atomic detail using OPLS/AAS0 force
field in combination with TIP3P model®! of water. Neu-
tralizing ACE and NH2 groups were placed at N- and C-
termini of all three fragments to avoid interference from
terminal charged groups. Initial coordinates were down-
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loaded from PDB data bank>2 for Dictyostelium myosin,
structures 1w9k for M* state and 1w9l for M** state, and
truncated according to the size of the model.

All simulations were performed using GROMACS®3
software set. The chemical bonds in water molecules
were held constant by the SETTLE®# algorithm. The
bonds involving hydrogen atoms in the protein were
constrained according to the LINCS®> algorithm. Crys-
tallographic structures for each model were placed in a
cubic box of 6.2 nm across, containing 7490 water mol-
ecules, and equilibrated with the heavy atoms con-
strained to their initial positions. The replica-exchange
algorithm®® was used to conduct the simulations using
Nose-Hoover thermostat®’ with a 0.5 ps time constant
to maintain constant temperature. A total of 60 replicas
were considered, spaced equidistantly in inverse temper-
ature between end-points of 300 and 550 K. All data
were analyzed at T = 300K. A single cut-off of 1 nm
was used for the van der Waals interactions, with the
neighbor lists updated every 10 time steps. Smooth-par-
ticle mesh Ewald (PME) method®® was used to treat
electrostatic interactions. The time step was set at 2 fs
in all simulations.
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