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Interactions between relay helix and
Src homology 1 (SH1) domain helix drive the
converter domain rotation during the
recovery stroke of myosin II
Andrij Baumketner*

Department of Physics and Optical Science, University of North Carolina Charlotte,

9201 University City Blvd, Charlotte, North Carolina 28262

INTRODUCTION

Myosin II is a motor protein involved in the contractile function of

muscles. According to the kinetic studies of Lymn and Taylor,1 the func-

tional cycle of myosin contains several steps consisting of conformational

transitions and binding events to adenosine triphosphate (ATP) and actin

filaments. Key among these steps is the force generating power stroke

that occurs in actin-bound myosin following the hydrolysis of ATP. The

functional opposite of this step, the recovery stroke, is designed to return

the myosin to its productive state ready to exercise force and occurs in

ATP-bound form but detached from actin. The initial and final confor-

mations of the recovery step are termed correspondingly prerecovery, M*,

and postrecovery, M**, states. The microscopic details of the transition

between these two states, which is reversible2,3 and can be controlled by

temperature and pressure,2 are poorly understood at present.4–12

Crystallographic studies13 of the catalytic domain of myosin, myosin

head, which for simplicity will be referred to as myosin here, show three

areas where the structure of M* and M** conformations diverge. As illus-

trated in Figure 1, these are (1) the ATP binding site, (2) the converter

domain, and (3) the relay helix. At the ATP binding site, a loop termed

Switch II is found in the closed state in M** conformation, where residue

G457 makes a hydrogen bond with the gamma phosphate of ATP, and in

the open state in M* conformation, where the hydrogen bond is absent.

The converter domain, which is chemically coupled to the neck domain

responsible for the transmission of force, undergoes a large rotation

around the relay helix during the recovery step. The relay helix is initially

straight in prerecovery conformation M* but develops a kink or a bend

in the postrecovery state M**. In addition, a small Src homology 1 (SH1)

domain helix is shifted on the M*-to-M** transition by �4 Å toward the

converter domain along the relay helix.

Computational studies by our group14 and by others15,16 suggest

that the closure of Switch II occurs early on in the reaction, triggering
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ABSTRACT

Myosin motor protein exists in two alterna-

tive conformations, prerecovery state M*

and postrecovery state M**, on adenosine

triphosphate binding. The details of the

M*-to-M** transition, known as the recov-

ery stroke to reflect its role as the func-

tional opposite of the force-generating

power stroke, remain elusive. The defining

feature of the postrecovery state is a kink in

the relay helix, a key part of the protein

involved in force generation. In this article,

we determine the interactions that are re-

sponsible for the appearance of the kink.

We design a series of computational models

that contain three other segments, relay

loop, converter domain, and Src homology

1 (SH1) domain helix, with which relay he-

lix interacts and determine their structure

in accurate replica exchange molecular dy-

namics simulations in explicit solvent. By

conducting an exhaustive combinatorial

search among different models, we find

that: (1) the converter domain must be

attached to the relay helix during the transi-

tion, so it does not interfere with other

parts of the protein and (2) the structure of

the relay helix is controlled by SH1 helix.

The kink is strongly coupled to the position

of SH1 helix. It arises as a result of direct

interactions between SH1 and the relay he-

lix and leads to a rotation of the C-terminal

part of the relay helix, which is subse-

quently transmitted to the converter do-

main.
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the deformation of the relay helix and the rotation of

the converter domain. The two events occur in physically

distinct locations, separated one from another by close

to 40 Å. The coupling between them was suggested to

consist of a series of small-scale conformational changes

that lead to SH1 helix pushing on the converter do-

main17,18 and causing it to rotate. The bending of the

relay helix occurs as a result of the rotation.18 The rota-

tion and the closure of the Switch II in this18 and simi-

lar models15 are fully correlated, with the implication

that one cannot be realized without the other. This

mechanistic view is questioned in statistical models of

the coupling,14,16,19,20 where the open/close state of

the switch favors statistically M*/M** conformation of

the relay helix but does not define it in a deterministic

manner. As a result, the switch and the converter/relay

helix assembly communicate with one another via the

shift of population mechanism, rather than by mechanis-

tic pathways.

The statistical interpretation assumes that states M*

and M** represent two alternative conformations that

become populated according to the state of Switch II. It

is imperative to fully characterize the folding into these

two states to understand the mechanism of the recovery

stroke. As Figure 1 shows, the relay helix, converter do-

main and SH1 helix form a localized cluster of structural

motifs, for which the remainder of the protein are either

(a) far removed or (b) differing little between M* and

M** conformations. It is thus very likely that the confor-

mational preferences of the cluster are determined by the

internal interactions that occur within its boundaries. In

this article, we determine systematically these interactions

by considering a series of computational models that

contain different components of the cluster. The models

are constructed as flexible in those parts of the cluster,

where M* and M** differ while keeping the parts that

are identical constrained. The conformational preferences

of our models are probed in accurate replica exchange

simulations in explicit solvent.

This work pursues two goals: (1) to find the minimal

model that exhibits M*-M** transition seen experimen-

tally and (2) to characterize the role of different parts

involved in that model. Our simulations reveal that the

isolated myosin fragment containing the relay helix has a

marginal intrinsic preference to remain in a helical state.

Appending it with the relay loop enhances the helicity

significantly, consistent with M* state, but does not help

to create a kink or a bend seen in M** state. Although

the converter domain must be attached to the relay helix

during the recovery stroke to prevent unproductive inter-

actions with SH1, it does not contribute to the creation

of the kink either. It is seen that the interactions with

SH1 are critical for that purpose. Position of SH1 is

strongly correlated with the conformation of the relay

helix and the rotation angle of the converter domain.

Assuming that the communication between the active

site and the force-generating region is passed through

SH1, as many mutational studies suggest,21 our simula-

tions are consistent with the following novel model of

the recovery stroke. The first step is the closure of Switch

II. It triggers a displacement in SH1, which subsequently

causes a shift in the relay helix from predominantly M*-

Figure 1
Cartoon explaining two alternative states of ATP-bound myosin head: prerecovery stroke state M* and postrecovery state M**. The recovery stroke

consists of two steps: (1) Closure of Switch II loop in M* state and (2) The resulting cascade of conformational changes that leads to the bending

of the relay helix and rotation of the converter domain in M** state. The two events occur in physically distinct locations, highlighted by squares,

separated by 40 Å one from another.
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like to predominantly M**-like conformations. Finally,

the relay helix rotates the converter domain attached to

it, completing the transition.

RESULTS

Minimal model for M*-to-M** transition

We apply the combinatorial approach introduced in

the Methods and Models section to identify the minimal

model that exhibits M*-to-M** transition. To find the

components of that model, we first aligned M* and M**

conformations along the N-terminal part of the helix

(which is identical in both states) as shown in Figure

2(a). It is seen that the relay helix develops a kink in

M** structure around residue F487 resulting in a rotation

of the C-terminal part of the helix. We then identified all

interaction partners of the C-terminal motif, which as

Figure 2(a) shows, include (a) the relay loop connecting

the relay helix with the actin-binding region of the pro-

tein, (b) the converter domain which rotates in M** state

relative to M* state, and (c) the SH1 helix which is

shifted in M** by � 4 Å toward the converter domain.

All other parts of the protein are either identical in M*

and M** states or do not come into direct contact with

the C-terminal part of the relay helix. Based on this anal-

ysis, we construct a computational model, shown in Fig-

ure 2(b) along with accompanying notations, that con-

tains the following components: (1) relay helix (RH), (2)

relay loop (RL), (3) converter domain (CD), and (4)

SH1 helix. The role of various interactions that occur

within this model in defining the conformational states

of the relay helix is discussed in subsequent sections.

Relay helix fragment has insignificant
intrinsic preference for a-helical states

First, we examined whether the fragment that corre-

sponds to the relay helix, RH, has a tendency to fold

into states M* and M**. The two structures differ in

many aspects including the secondary structure, where

the postrecovery conformation has no a-helix around

position 486. A complete analysis of the secondary struc-

ture was conducted on the sampled conformations

according to the protocol of Kabsch and Sander.23 Apart

from random coil, two more secondary structure types,

a-helix and 310 helix, emerged as most populated. Their

distribution along the sequence, displayed in Figure 3(a),

shows that the elongated 310 helix is limited to residues

493–495, where its population is less than 20%. Two

regions are clearly seen in the population distribution of

a-helix. First, it is the residues 475–486 of the N-termi-

nal part with a high population of > 50%. This segment

includes both constrained, 475–482, as well as uncon-

strained residues, 483–486, indicating that the structure

of the N-terminal part of the helix is propagated further

along the sequence. The second region is composed of

residues 487–494 and has a low population of less than

Figure 2
Myosin fragment containing converter domain, relay helix and loop and SH1 helix in (a) M* and M** states aligned along the N-terminal part of

the relay helix and (b) M* conformation with different parts colored appropriately. It is assumed that the structural elements highlighted in (b)

form a motif within which folding of the relay helix into two alternative conformations, M* and M**, is encoded. Interactions responsible for that

folding are determined by the combinatorial search described in the text. All pictures presented in this work were generated using PyMol22. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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30% that decreases gradually toward the C-terminal end.

The decrease is quite dramatic between residues 486 and

487 where the population drops from 55% to 30%. We

note that this is exactly where a kink in the postrecovery

conformation M** is seen.

To learn more about the distribution of the structure

along the fragment, a clustering analysis over consecutive

5-residue segments was performed, as described previ-

ously.24 The analysis revealed that all of the examined

segments fold predominantly into a-helical states. Their
population is reduced progressively from 100% in the N-

terminal region to 25% in the C-terminal region. The

resulting folding picture is one where the N-terminal

helix is dissolved gradually toward the C-terminal end

without creating alternative conformations. An a-helix
that spans the entire peptide, residues 475–494, is popu-

lated insignificantly, only 20% of the time.

Based on Ca root mean square deviation (RMSD) <
1.7 Å, estimated population of the M** helix with a kink

is less than 1%, which is neglible. To determine whether

some remnants of that structure are observed in our sim-

ulations, we performed hydrogen bond analysis of the

backbone atoms. The population of the signature a-heli-
cal bonds between oxygen atom of residue i and nitrogen

atom of residue i 1 4 was estimated based on the mutual

distance between these atoms. Distances < 4 Å were

interpreted as indicating a hydrogen bond. Additionally,

hydrogen bond probability was estimated for i, i 1 5

pairs. Figure 3(b) shows these probabilities computed

over the entire trajectory, which represents equilibrium

sampling, and those computed over the first 1 ns of the

equilibration period, which corresponds to the local sam-

pling around M** state. It is seen that the local a-helical
pattern is broken for residues 485–489, 486–490, and

487–491, where each pair loses a hydrogen bond to a

varying degree. Some of these bonds are replaced, 485–

490, or coexist, 484–489, with the p-helical i, i 1 5

hydrogen bonds, which is characteristic of a kink devel-

oping around residue 487. The hydrogen bond made by

the oxygen of M486 is lost completely in M** state. In

equilibrium sampling, the probability of i, i 1 5 bonds is

neglible for the entire peptide, indicating that the kink or

bend has population close to zero. We therefore conclude

that the isolated RH fragment has an intrinsic preference

to fold into the prerecovery state M* only. The appear-

ance of the postrecovery state M** is due to its interac-

tions with other parts of the protein.

Relay loop enhances helicity in relay
helix but does not create a kink

Next, we constructed a model that contains relay loop

in addition to relay helix, RH/RL. The conformation of

the relay loop is different in crystallographic M* and

M** conformations up to residue S510, after which a

similar a-helix appears in both states. To reflect the fact

that the position of Ca in S510 is almost identical in

aligned M* and M** conformations, with the mutual

distance of less than 2 Å, this atom is restrained in our

simulations.

Figure 4 shows the secondary structure of the simu-

lated model in comparison with the RH model from the

preceding section. The a-helical content is increased

Figure 3
Residue-specific structural characterization: (a) Secondary structure observed in our simulations for the isolated relay helix. Two most populated

non-random structures, a-helix and 310 helix, are shown. The arrow indicates the boundary of the constrained region. (b) Hydrogen-bond pattern

observed for the same model in equilibrium and short simulations started from M** structure. Probability of forming a hydrogen bond between

oxygen atom of residue i and nitrogen atom of residue i 1 4 or i 1 5 is shown. The a-helical pattern is broken in short simulations with the

appearance of characteristic i, i 1 5 bonds at the site of the kink. No such bonds are seen in equilibrium sampling. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

A. Baumketner

1572 PROTEINS



more than three times in the C-terminal part of RH.

Clustering analysis over residues 475–497 reveals only

one structure, which is identical to the experimentally

determined helix of M* state. The population of that he-

lix in our simulations is > 70%.

Clustering over the entire length of the peptide reveals

four most populated states with the RH helix intact,

which differ in the packing of the relay loop, as shown in

Figure 5. In the state with the highest population, 30%,

the relay loop is rotated by 308 around the relay helix

axis relative to the experimental structure. A similar rota-

tion is observed in two other structures, populated 13%

and 9% respectively, while it is absent in the third struc-

ture, populated 10% of the time. Residue F487 is the

location where the kink is seen. The side chain of this

residue lies at the interface with SH1 helix in M** state,

and it is exposed to solvent in M* state. In a hypothetical

M*-to-M** transition, it must pass under the relay loop

from one side of RH to the other. Figure 5 shows that

this task can be easily accomplished as the F487 side

chain is significantly populated on both sides of the loop.

As in the RH model, no detectable population of the

M** helix with a kink is observed. The analysis of the i,

i 1 5 hydrogen bonds, characteristic of that state,

revealed a maximum of 3% population (data not

shown). However, the states in which these bonds occur

were nonhelical.

Taken together, the data presented here indicate that

the relay loop significantly enhances helicity of the C-ter-

minal part of RH. The experimentally determined con-

formation in the helical part of the model is now over-

whelmingly populated. The relay loop is seen to fold up

into a number of alternative conformations, none of

which is exactly the same as in the experimental struc-

ture. The multiplicity of these states indicates a signifi-

cant frustration present in this part of the protein. As a

consequence, small external perturbations may have a

significant impact on the relay loop, making it very sensi-

tive to interactions with other parts of the protein. These

external interactions play a role in helping to rotate the

relay loop in the most populated state observed in our

simulations to make it consistent with the M* state.

More importantly, these interactions are fully responsible

for the appearance of the functionally important M**

state.

Converter domain stabilizes M* state

Next, we studied the effect of the converter domain.

To reduce the computational cost, only two fragments

that lie at the interface with the relay helix and relay

loop were considered (see Methods and Models section).

Distances among Ca atoms in these fragments were

restrained appropriately to maintain the structure of the

resulting motif intact. The motif as a whole was free to

move in the simulations, except for by more than 9 Å

away from the relay helix, which would represent dissoci-

ation. The resulting model, RH/RL/CD, contains relay

helix, relay loop, and converter domain.

Secondary structure analysis of this model reveals that

the converter domain further stabilizes the relay helix,

increasing the population in the C-terminal part to more

than 95%. The experimental M* helix is seen more than

90% of the time, based on 1.7 Å Ca RMSD cutoff. The

folding of the relay loop is similar to that seen in the

Figure 4
a-helical content observed for the residues in the model that contains

relay helix only, red line, and relay helix plus relay loop, black line. The

relay loop is seen to enhance helicity in the C-terminal part of the relay

helix. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5
Most populated conformations observed in our simulations, yellow, in

comparison with the experimental structure M*, orange. The relay loop

is seen to fold up into a number of alternative conformations with

populations ranging from 9% to 30%. The side chain of F487 is seen to

occur on both sides of the loop. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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RH/RL model. A number of alternative conformations

are observed, varying in their packing against the relay

helix. The most common of these is shown in Figure 6

with the equivalent structure for the most populated RH/

RL model. Other than in population, 54% in this model

versus 30% in the RH/RL model, the two structures dif-

fer little. The relay loop is still incorrectly rotated by

�308 relative to the crystallographic M* state. The

converter domain attached to the relay loop also exhibits

excessive rotation, as seen in Figure 6.

Negligible amounts of M** conformations of the relay

helix were observed in this model. Clustering revealed

configurations with a kink at position 487 and hydrogen-

bond pattern identical to the experimental structure but

its population is very low, less than 1%. This leads us

to conclude that alone, the converter domain does not

promote M**-like states of the relay helix.

SH1 helix is necessary but not sufficient
to stabilize M** state

Next, we tested whether interactions with SH1 helix

might be responsible for the appearance of M** confor-

mation. As Figure 2 explains, this fragment is in direct

contact with both relay helix and relay loop but its posi-

tion with respect to the relay helix changes on M*-to-

M** transition. Accordingly, we consider two models,

RH/RL/SH1* and RH/RL/SH1**, in which SH1 motif is

constrained to its position in M* and M** states.

Simulations of RH/RL/SH1* model reveal similarities

with the RH/RL model lacking SH1 segment. The RH

segment occupies mostly a-helical states accounting to

60% of the total. This is slightly lower than 70% seen in

RH/RL model, indicating that SH1 marginally destabil-

izes the relay helix. The most pronounced difference

between the two models is in the packing of the relay

loop. Driven by interactions with SH1, the relay loop

now develops orientations similar to that seen in experi-

mental M* structure, as shown in Figure 7(a). The big-

gest impact of SH1 is on the relay loop while its effect

on the relay helix is minimal.

Quite a different conclusion is reached in RH/RL/

SH1** simulations, where SH1 fragment is shifted

upward along the relay helix by 4 Å and slightly tilted.

Figure 7(b) shows that the most populated structure

obtained in these simulations is nonhelical in the C-ter-

minal part of the relay helix, stabilized by prominent salt

bridges between charged amino acids K690, E490, E493,

and K498. As the latter three residues are responsible for

holding together the relay helix and converter domain in

the experimental M* and M** conformations, their inter-

actions with K690 from SH1 helix are inconsistent with

experiment. Comparison of the two panels in Figure 7

Figure 6
Most populated structures observed in our simulations for RH/RL/CD,

yellow, and RH/RL, green, models, in comparison with the experimental

M* fragment, orange. The relay helix is identical in all three structures.

The relay loop and the converter domain adopt a different

conformation than in the crystal structure. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7
Most populated structures observed in our simulations of RH/RL/SH1

models. (a) RH/RL/SH1* model shown in yellow, in comparison with

the experimental M* fragment, orange. Good agreement between

experiment and theory is seen. (b) RH/RL/SH1** model in comparison

with M** state. The most populated structure is dominated by

interactions between charged residues K690, E490, E493, and K498,

which is inconsistent with the crystallographic M** state. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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shows that the location of SH1 helix has a strong effect

on the relay helix. Positioned as in M** conformation,

SH1 begins to interfere with the formation of a stable

interface between the relay helix and the converter

domain. As a consequence, no folding into M** state is

seen. This leads us to suggest that the postrecovery

conformation M** is not stable without the converter

domain. This conclusion is consistent with the recent

crosslinking studies,25 showing that the interface between

converter domain and the relay helix remains intact

during the recovery stroke transition.

Both, RH/RL/SH1* and RH/RL/SH1** simulations

show that SH1 helix is able to noticeably alter conforma-

tions populated by the relay helix. The effect is much

stronger in M** structure, where SH1 packs directly

against the C-terminal part of the relay helix. Enabling a

major conformational shift, SH1 helix is necessary for

the appearance of M** conformations in the relay helix

fragment. But, it is not sufficient, however, as Figure 7(b)

illustrates. To prevent the emergence of alternative con-

formations, it must act in concert with other fragments

to stabilize the postrecovery conformation M**.

Both converter domain and SH1
are necessary to popuplate
postrecovery state M**

To test whether a combination of converter domain

and SH1 helix can produce the needed stabilization

effect, we constructed a model where all four elements

considered so far, RH, RL, CD, and SH1, are included.

This model, RH/RL/CD/SH1, mimics folding of the relay

helix and converter domain attached to it in the presence

of SH1 helix at a particular location. As in the preceding

section, two simulations corresponding to different posi-

tions of SH1 helix, RH/RL/CD/SH1*, and RH/RL/CD/

SH1** were conducted.

In the M*-type simulations, the relay helix segment

was seen to populate straight a-helical conformations

78% of the time, which is similar to all other models. In

another 9%, the segment occupied helical conformations

with a small distortion near the C-terminal end. Third

most populated cluster consisted of helical conformations

with a kink at F487 location as in crystallographic M**

state. All three clusters are shown in Figure 8. The first

two exhibit a rotation of the converter domain as in ex-

perimental prerecovery state M*. The rotation of the

third cluster is similar to M** state, leading us to inter-

pret it as computational postrecovery step conformation

(which is slightly different from the crystallographic

one). The population of 4% of this conformation is

low but statistically significant, providing direct evidence

that the M*-to-M** transition was observed in our

simulations.

The reverse transition, M**-to-M*, was seen in our

simulations of RH/RL/CD/SH1** model. Clustering

according to the relay-helix reveals four most populated

families of structures, shown in Figure 9. The most

populated structure is an immediate analog of the experi-

Figure 8
Three dominant conformations, according to the structure of their relay helix, observed in RH/RL/CD/SH1* simulations. Corresponding

populations are shown above each structure. Two most populated clusters have the converter domain rotated similarly to the crystallographic M*

state. In the third cluster, the rotation is similar to M** state. Experimental M* structure is shown in orange. The simulations demonstrate direct

M*-to-M** transition. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mental M** conformation with identical conformations

of different motifs and their packing. The next two high-

est populated structures differ in the conformation of

their RH segments but both exhibit a kink at F487. All

three clusters have the converter domain oriented similar

to the crystallographic M** structure. The fourth cluster

is only 1% populated, and it has the converter domain

rotated as in M* state. Similarly, the relay helix segment

also populates a distorted but a-helical conformation,

according to backbone hydrogen bond pattern. We there-

fore interpret the fourth cluster as a computational

equivalent of M* state, with the implication that

our simulations were able to produce the M**-to-M*

transition.

The postrecovery conformation M** is seen in varying

proportions in both RH/RL/CD/SH1* and RH/RL/CD/

SH1** simulations while it is lacking in the models with-

out SH1 helix, which populate mostly M* state. This

leads us to conclude that the interactions involving SH1

are critical for the recovery stroke transition M*-to-M**.

When positioned as in crystallographic M* conformation,

SH1 does not affect the structure of RH/RL assembly to

any significant degree, leaving it predominantly in M*

state with population greater than 70%. A shift in the

position upward, as in M** state, leads to a shift in the

population toward predominantly M** state, populated

more than 70%. The effect of SH1 helix is therefore sta-

tistical, through modulation of the relative population of

the two states.

SH1 acts by direct interactions
with the relay helix

In light of the fact that SH1 is required for M** con-

formation, it is interesting to find out the mechanism by

which it acts. Here, two scenarios are possible. First, con-

verter domain, linked by covalent bonds with SH1, is

locked into M** state permanently by steric repulsion.

This model is consistent with the proposal that the pis-

ton-like movement of SH1 rotates the converter domain

which in turn creates a kink in the relay helix.18 The

effect of SH1 on relay helix is through the converter do-

main. Second possibility is that SH1 affects conforma-

tions of the relay helix directly through close interactions

with it. The relay helix responds to these interactions by

changing its conformation and rotating the converter do-

main in the process. The two scenarios differ in the

sequence of events that lead to the rotation of the con-

verter domain. Our simulations discussed so far show

that SH1 may affect RH in the absence of converter do-

main and thus favor the second scenario. To back it up

with more direct evidence, we designed a modified RH/

RL/CD/SH1** model, RH/RL/CD/SH1m, in which resi-

due G691 linking SH1 helix and the converter domain

was deleted. Without the chemical bond holding it in

place, the converter domain is free to assume any rota-

tion compatible with the structure of the relay helix.

Clustering of the conformations sampled in the simula-

tions of this model revealed that M** is still the most

prominent conformation, with the 73% population iden-

Figure 9
Same as Figure 8 but for RH/RL/CD/SH1** simulations. Four dominant conformations are shown along with their populations. Three most

populated clusters have the converter domain rotated similarly to the crystallographic M** state. In the fourth cluster, the rotation is similar to M*

state. The simulations demonstrate spontaneous M**-to-M* transition. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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tical to that observed for RH/RL/CD/SH1** model. The

chemical bond therefore has no effect on the structure of

the relay helix. Computational and experimental struc-

tures, shown in Figure 10, agree very well in all aspects,

including the rotation of the converter domain.

Position of SH1 determines the rotation of
the converter domain

To quantify rotational states available to the converter

domain, we introduce dihedral angle Y formed by Ca of

residues K477, Q479, T742, and A748, which is suffi-

ciently different in crystallographic M** and M* confor-

mations, 2348 and 608, respectively, to serve as an order

parameter for these two states. The angle Y is strongly

correlated with the conformation of the relay helix. Fig-

ure 11 displays free energy maps defined as a function of

Y and RMSD from the experimental M* state over Ca

atoms of the relay helix obtained in the simulations of

RH/RL/CD/SH1* and RH/RL/CD/SH1** models. Except

for fluctuations, conformations with straight RH, RMSD

< 0.1 nm, are seen to have the rotation angle Y � 508.
Similarly, deformed relay helix, RMSD > 0.15 nm, has

rotations around 2308. The two-state nature of the con-

formational space is clearly seen in both simulations,

suggesting that both RMSD and the dihedral angle can

be used to distinguish between M* and M** states.

The dihedral angle is more informative in that it is

directly related to the size of the myosin step along actin

filament. Figure 12 displays the distributions of Y
obtained in our simulations of all models containing

converter domain. Models RH/RL/CD/SH1 show distri-

butions centered on the values observed in their initial

M* and M** structures, demonstrating that the position

of SH1 helix controls the rotation of the converter do-

main. The distribution of RH/RL/CD model lacking SH1

is centered on an average value of 1068. This represents a
408 shift upward from the experimental M* value, show-

ing that the rotation angle, and the associated size of the

myosin step, are very sensitive to SH1.

In addition to the main maxima, the distributions in

Figure 12 exhibit broad tails that extend in the direction

Figure 10
Most populated structure observed in our simulations of RH/RL/CD/

SH1m model, yellow, in comparison with the experimental M**

fragment, orange. White lines indicate the dihedral angle Y used to

characterize the rotation of the converter domain. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11
Free energy map (shown in units of kT, where k is the Boltzmann’s

constant) as a function of the dihedral angle Y and RMSD from the

experimental M* structure over Ca atoms of the relay helix fragment

obtained in the simulations of (a) RH/RL/CD/SH1* model and (b) RH/

RL/CD/SH1** model. The location of experimental M* and M** states

is highlighted. Strong correlation between RMSD and Y is seen. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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opposite to the value in the initial structure. In RH/RL/

CD/SH1** simulations started from M**, the initial Y is

234 but the resulting distribution acquires an additional

maximum at Y 5 55, which corresponds to M* state.

Similar trend is seen in RH/RL/CD/SH1* simulations

started from M* structure. The broadening of the distri-

butions is a direct evidence of the reversible M*-to-M**

and M**-to-M* transitions occurring in RH/RL/CD/SH1

models, which were established in a preceding section

based on clustering analysis.

Finally, chemical unlinking from SH1 increases rota-

tional freedom in the converter domain. This is evident

by comparing distributions for RH/RL/CD/SH1** and

RH/RL/CD/SH1m models, where the latter shows a

much broader tail. The role of the chemical bond there-

fore is to shift population toward M* state. However, this

effect is not large and far less prominent than the impact

of SH1 helix.

CONCLUSIONS

By conducting an exhaustive combinatorial search, we

were able to identify a minimal computational model ca-

pable of reproducing an equivalent of the recovery stroke

transition, M*-to-M**, as seen in experimental studies of

myosin motor protein. Among four required components

of the model, RH, RL, SH1 domain helix, and CD, the

SH1 helix plays a critical role in the transition. The pre-

recovery conformation M* is populated only when this

helix is (a) absent and (b) shifted toward the N-terminal

region of the relay helix. A displacement of SH1 upward

along the relay helix is seen together with a transition

into the M** state. The position of SH1 is thus strongly

coupled to the conformation of the relay helix and the

rotation of the converter domain attached to it.

The observation of the coupling allows us to hypothe-

size about the mechanism of the recovery stroke. We

note that a correlation between SH1 and the converter

domain does not necessarily imply a causative link

between them. Here, one can envision three scenarios by

which the signal from the active site, where the closing of

Switch II triggers the recovery stroke,14–16 is propagated

to the force-generating region. First, the signal travels

directly to the relay helix through its amino terminal that

interacts with the Switch II loop. The relay helix then

develops a kink that is translated into a rotation of the

converter domain. Finally, the SH1 helix becomes dis-

placed to accommodate the rotation. Second, it is possi-

ble that the information about the Switch II closing is

transmitted to the converter domain and SH1 simultane-

ously by some other pathways that do not involve either

of these elements. In this case, the displacement of SH1

and the rotation of the converter domain would occur at

the same time but would actually be unrelated to one

another. And third, the information to the converter do-

main is passed by the way of SH1. The displacement of

SH1 occurs first in this case and is followed by the con-

formational transition of the relay helix and the rotation

of the converter domain.

Communication pathways between the active site and

the converter domain play a key role in determining the

actual mechanism of the recovery stroke. A large number

of mutational studies designed to map out the role of

different parts of myosin,21,26–29 crystallographic stud-

ies,30 and primary sequence conservation analyses31 all

indicate that the main communication channel passes

through SH1, in support of the third scenario described

above. This work reveals the mechanism by which SH1

acts in this hypothetical scenario: we observe that the

direct interactions with the C-terminal part of the relay

helix composed of residues 487–496 are the main reason

why the kink develops. Our simulations on isolated relay

helix fragment show that that part of the helix is not

strongly structured, with a-helical conformations num-

bering less than 20% of the total. As a consequence, fold-

ing of the C-terminal part is very context-dependent and

easily influenced by its environment. This is confirmed in

simulations of relay helix and relay loop taken together,

where the relay loop attached to the C-terminus is able

to increase the helical population to more than 80%. It is

reasonable to expect that other parts of the protein inter-

acting with the C-terminal helix have a similar effect.

These include the converter domain, which further stabil-

izes the helix to a greater than 90% population, and the

SH1 helix whose effect is more subtle. Packing against

SH1 causes the C-terminal part of the relay helix to

rotate with respect to the N-terminal part by developing

Figure 12
Distribution function of the dihedral angle between residues K477,

Q479, T742, and A748 is obtained in this work for different

computational models. Solid black lines indicate the angles of the

crystallographic M* and M** states. Deletion of the chemical bond in

RH/RL/CD/SH1m model imparts additional rotational freedom to the

converter domain. The main conformation, however, remains M**-like.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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a kink at position F487. This rotation is relayed to the

converter domain attached to the C-terminal part result-

ing in an M*-to-M** transition. It is important to

emphasize that the relay helix rotates the converter do-

main in the proposed mechanism and not vice versa as

suggested by Fischer and coworkers18 in their model

relying on the piston-like movement of SH1 helix.

Finally, our simulations suggest that the position of

SH1 helix modulates the conformation of the relay helix

and thereby affects the rotation of the converter domain.

What is not clear from our study is how the Switch II

located more than 40 Å away at the ATPase site commu-

nicates with SH1. One possibility here is that SH1 is dis-

placed by a mechanical force. Another scenario is that

the state of Switch II influences the mobility of SH1 he-

lix, thus affecting the total entropy of the protein and

shifting the balance between M* and M** in this way.

What exactly happens can be studied by using the same

combinatorial search strategy as used in this work but fo-

cusing on models that contain both the active site and

SH1 helix.

METHODS AND MODELS

Combinatorial approach to design a model
that captures reversible M*-to-M** transition

To design a minimal model that captures conforma-

tional changes in relay helix during the recovery stroke,

we follow the procedure explained in Figure 13. Assume

that one is interested in a multidomain protein com-

posed of Domains A, B, C, and D, and that Domain A is

able to occupy two alternative conformations: State 1

and State 2. Folding into these conformations is driven

by the interactions among all residues present in the pro-

tein. Some of these interactions, however, may be more

important for the folding than others. To facilitate the

search for the important ones, let us divide all interac-

tions into (a) local contacts, the ones occurring within

Domain A and (b) global contacts, the ones between Do-

main A and other domains. Depending on the type of

the protein concerned, two scenarios for the behavior of

Domain A are possible. First, State 1 and State 2 are

determined by local interactions alone. In that case, frag-

ment corresponding to Domain A isolated from the re-

mainder of the protein should exhibit unaided folding

into these two states. All other domains are then func-

tionally unimportant. Second, if local interactions are

unable to fold the fragment correctly, the critical interac-

tions occur between Domain A and some other

domain(s) of the protein and have to be located by a

combinatorial search. Different combinations of domains

have to be considered in a systematic way and their fold-

ing examined. We assume here that A is the only domain

that can change conformations, while all others remain

unchanged. The first step in this process is to consider

pairs of Domains A-B, A-C, and A-D, as shown in Figure

13. If none of these exhibits the desired folding, then the

search has to be extended to triples of domains and con-

tinued until the desired properties are observed. If

applied properly, this procedure should establish the crit-

ical interactions for the domain of interest. It should also

determine the minimal combination of domains that

exhibits the desired transition.

Computational details

All peptides in this work were modeled at the all-atom

level using OPLS/AA32 force field and TIP3P model33 of

water. Six different models were designed, as summarized

in Table I. Initial coordinates were downloaded from

protein data bank (PDB)34 structures 1w9k for M* state

and 1w9l for M** state and truncated according to the

size of each model. All fragments that are not covalently

linked were capped with neutralizing ACE and NH2

groups at N- and C-termini, to avoid interference from

terminal charged groups. Coordinates of Ca atoms in the

N-terminal residues N475–F482 were constrained to their

initial positions in all six models. Additionally, the side

chains of F481–F482 are identical in M* and M** confor-

mations so they were also constrained in the simulations.

Other constraints specific to each model are listed in Ta-

ble I. Complete input files for each model, including

constraints, are available from the author on request.

All simulations reported in this work were performed

using GROMACS35 software set. The chemical bonds in

water molecules were held constant by the SETTLE36

algorithm. The bonds involving hydrogen atoms in the

protein were constrained according to the LINCS37 algo-

Figure 13
An illustration of how the minimal model that captures two alternative

conformational states in a fragment of a protein is built. In a

multidomain protein, the conformations of the domain of interest A
are determined by (a) intradomain interactions and (b) interactions

with other domains. By considering different combinations of domains

one can establish the interactions responsible for the concerned

transition. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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rithm. Crystallographic structures for each model were

placed in cubic boxes of 5.2–6.1 nm across, depending

on the model, containing 4000–8000 water molecules,

and equilibrated with the heavy atoms constrained to

their initial positions. All models were simulated by the

replica-exchange algorithm38 using Nose-Hoover ther-

mostat39 with a 0.5 ps time constant to maintain con-

stant temperature. A total of 60 replicas were considered,

spaced equidistantly in inverse temperature between end-

points of 300 and 550 K. All data were analyzed at T 5
300 K. 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-particle mesh Ewald (PME)

method40 was used to treat electrostatic interactions. The

time step was set at 2 fs in all simulations. To make sure

that we report converged results, all models, where

appropriate, were simulated using two starting coordi-

nates M* and M**. Convergence time was determined

from time points where the two trajectories begin to

show qualitative agreement. This procedure resulted in

10 ns of equilibration time for all models. Productive

parts of the simulations lasted for 20 ns.

All recorded conformations were grouped into clusters

according to the algorithm of Daura et al.41 using the

RMSD among Ca atoms as a measure of structural simi-

larity. A cutoff of 0.2 nm was used to distinguish between

similar and dissimilar structures. The clustering was per-

formed for the relay helix region, residues 475–497, in all

models and over the entire length of the peptide in the

RH/RL model.
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