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Abstract Energetics of conformational changes experi-

enced by an ATP-bound myosin head detached from actin

was studied by all-atom explicit water umbrella sampling

simulations. The statistics of coupling between large scale

domain movements and smaller scale structural features

were examined, including the closing of the ATP binding

pocket, and a number of key hydrogen bond formations

shown to play roles in structural and biochemical studies.

The statistics for the ATP binding pocket open/close

transition show an evolution of the relative stability from

the open state in the early stages of the recovery stroke

to the stable closed state after the stroke. The change in

solvation environment of the fluorescence probe Trp507

(scallop numbering; 501 in Dictyostelium discoideum)

indicates that the probe faithfully reflects the closing of the

binding pocket as previously shown in experimental stud-

ies, while being directly coupled to roughly the early half

of the overall large scale conformational change of the

converter domain rotation. The free energy change of this

solvation environment change, in particular, is -1.3 kcal/

mol, in close agreement with experimental estimates. In

addition, our results provide direct molecular level data

allowing for interpretations of the fluorescence experi-

ments of myosin conformational change in terms of the

de-solvation of Trp side chain.

Keywords Myosin � Muscle contraction �
Molecular dynamics � Free energy � Fluorescence probe

Introduction

Myosin-actin complexes constitute one of the best-char-

acterized classes of motor proteins, which convert chemical

free energy into mechanical work via ATP hydrolysis,

driving muscle contractions (Vale and Milligan 2000;

Spudich 2001). Significant strides in studies of the

molecular mechanism of actomyosin action have been

made possible, in particular, by recent determinations of

high-resolution structures of myosin head in various con-

formational states (Rayment et al. 1993; Gulick et al. 1997;

Dominguez et al. 1998; Geeves and Holmes 1999; Hou-

dusse et al. 1999, 2000; Bauer et al. 2000; Houdusse and

Sweeney 2001; Himmel et al. 2002; Gourinath et al. 2003).

Together with the advances in single molecule studies of

the dynamics in such motor complexes (Simmons et al.

1996; Ishijima et al. 1996; Baker et al. 1998), detailed

dynamical descriptions of the classic swinging lever arm

mechanism (Lymn and Taylor 1971; Spudich 2001) in

molecular detail are being realized.

The conformational changes a myosin head is expected

to undergo can roughly be divided into two classes: those

while bound to actin and those while detached (or weakly

bound). The power stroke occurs when the actin-bound

myosin releases the bound phosphate (Pi) and changes its

conformation from the pre-power stroke to rigor states, and

is the major step producing work via the resulting rotation

of the converter domain (from the ‘up’ to ‘down’ orienta-

tion) tightly connected to its lever arm. This restoration of

the converter ‘down’ state is activated by actin with high

efficiency, without which the corresponding reverse

recovery stroke becomes the rate-limiting step of the basal

ATPase activity of myosin (Gyimesi et al. 2008). The post-

stroke myosin binds ATP, detaches from actin, and repri-

mes its lever arm from the rigor to pre-stroke orientations.
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This reverse power stroke of the detached myosin with

bound ATP, or the recovery stroke, is expected to be clo-

sely coupled to the closing of the ATP binding pocket that

turns on the catalytic activity of the enzyme. The end-state

of the recovery stroke catalyzes the hydrolysis of ATP,

producing the pre-power stroke complex ready to re-bind

to actin.

The energetics of substeps and stabilities of intermedi-

ates involved in the overall muscle contraction cycle

constitute important details of the mechanism of motor

action, for which biochemical kinetic studies have provided

crucial guidance (Geeves and Holmes 1999). Although

structurally one would expect the power stroke and

recovery stroke to be roughly the reverse process of each

other, their respective energetics are thought to differ

considerably. The power stroke is the major step generating

work via the sliding movement of actin filaments, and it is

reasonable to expect the motor to have evolved to maxi-

mize the fraction of free energy expended during the

conformational change while bound to actin (Geeves and

Holmes 1999; Yu et al. 2007a). The recovery stroke, in

contrast, occurs while detached, with the associated free

energy change dissipated as heat.

Such an expectation is borne out by kinetic evidences

which indicate that the energetics of the (pre-hydrolysis)

open/close transition of an ATP-bound myosin is freely

reversible (Málnási-Csizmadia et al. 2001a; b). The

hydrolysis of ATP, activated by the closing of binding

pocket in the post-recovery stroke conformation, presum-

ably biases the isoenergetic conformational equilibrium by

facilitating actin binding (Málnási-Csizmadia et al. 2001b;

Kovács et al. 2002; Conibear et al. 2004; Málnási-Csizm-

adia et al. 2007; Gyimesi et al. 2008).

More direct and quantitative connections of the expected

energetics to known structural information, including the

roles played by key residues and local structural changes,

can be achieved by methods of simulation studies based

on high-resolution structures. Numerous computational

studies have recently been performed to examine local

energetic properties of myosin in a given conformational

state, including normal mode and principal component

analysis studies (Li and Cui 2004a; Zheng and Brooks

2005a, b; Mesentean et al. 2007), a molecular dynamics

(MD) study of Pi-release (Lawson et al. 2004), a mixed

quantum/classical dynamics study of ATP hydrolysis (Li

and Cui 2004b), structure refinements of actin-bound

myosin head using MD (Liu et al. 2006), local equilibrium

simulations of two end-point conformations (Koppole et al.

2006), a modeling of mesoscale dynamics (Burghardt et al.

2007), and a coarse-grained simulation study (Takagi and

Kikuchi 2007). Most recently, Yu et al. (2007a) have

performed a free energy analysis of the open and closed

states of the binding pocket within the two separate end-

states of the recovery stroke, providing evidences for the

coupling of the relative stability shift to the global con-

formational change. Also notable as a simulation study of

the motor parts outside the myosin head is the work by

Ganoth et al. (2006; 2007) on the related processive motor

myosin V, where it was proposed that the ionic strength

dependence of peptide conformational changes within the

lever arm plays roles in the motor action.

A number of recent studies have considered large scale

conformational changes of myosin head and its coupling to

local structural events using computational means. With

well-characterized structures of the myosin head without

actin corresponding to the start and end-points of the

conformational change, the recovery stroke is an ideal

process amenable to computational approaches. A series of

minimum energy studies have been reported (Fischer et al.

2005; Koppole et al. 2007), where a minimum energy

pathway connecting the two end-points of the conforma-

tional change is sought computationally. The method leads

to scenarios involving residues and their movements pro-

posed to participate in the conformational change in

sequence in a deterministic fashion, which neglect entropic

contributions to the energetics of the global conformational

equilibria. Experimental kinetic studies using fluorescence

probes have estimated the enthalpic and entropic contri-

butions to the free energy of open/close transition to be

both large in magnitude and opposite in sign, which yield

an overall free energy change that is close to zero

[DH = TDS & 14 kcal/mol for ATP analog-bound myosin

in Málnási-Csizmadia et al. (2001b)]. The steered (or tar-

geted) MD offers a different option of exploring the

relevant conformational spaces between the two reference

states (Woo 2007; Yu et al. 2007b), although its implica-

tions are limited by the highly nonequilibrium nature of its

dynamics.

At the expense of larger computational demands, full

samplings of the conformational space using umbrella

sampling can yield detailed information on the energetics

of global as well as local structural events taking into

account entropic effects. In umbrella samplings, a series of

MD simulations are performed under constraints designed

to bias and enhance sampling of conformational states

within the space of a chosen set of low-dimensional reac-

tion coordinates. Each simulation trajectory, when run

sufficiently long, reaches equilibrium under its respective

constraining potential, and the resulting set of trajectories

can be analyzed and recombined to yield free energy data

for the chosen set of structural changes of interest by

subtracting off the effects of biases.

The appropriateness of the use of low-dimensional

reaction coordinates for large scale conformational changes

depends critically on the nature of the system under study.

One of the topics where theoretical and computational
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approaches have been applied heavily is the study of pro-

tein folding, which inevitably requires descriptions

involving high-dimensional, rugged landscapes of confor-

mational spaces. In an analogy to mechanical devices, the

study of folding can be compared with the descriptions of

the design or assembly of an engine. Conformational

changes of motor proteins, in contrast, where the end-

points of the change are well-defined and differ only by

rigid body type rearrangements of subdomains that remain

tightly folded, are analogous to highly optimized simple

operations of a functional engine, which can be described

using low-dimensional variables such as the position of

piston or rotation angle of the wheel. It is thus misleading

to presume that low-dimensional reaction coordinates

could not adequately describe motor protein conforma-

tional changes. The suitability of a chosen set of

coordinates, instead, should be judged explicitly by veri-

fying the correlations of the progression of reaction

coordinate values with known structural changes of the

system. The simplicity of the free energy landscapes of

motor protein conformational changes also implies that the

time scale gap between the ns regime accessible with MD

and the ls * ms regime in conformational changes can be

bridged by biased sampling, analogous to the case of a one-

dimensional double-well potential with a high barrier,

which can be sampled efficiently if the biasing potential

effectively flattens the barrier.

In this paper, we report results of an extensive set of

computational sampling of conformational states connect-

ing the start and end-points of the recovery stroke, using

umbrella samplings with constraints acting on a DRMSD

reaction coordinate (Banavali and Roux 2005a, b; Faraldo-

Gómez and Roux 2007; Arora and Brooks 2007) defined

with respect to the near-rigor (R) and pre-stroke (P) crystal

structures of scallop myosin (Himmel et al. 2002; Gouri-

nath et al. 2003). An exploratory testing of a version of the

basic computational methodology was reported earlier

(Woo 2007), where a limited sampling of conformational

spaces resulted in a free energy profile predominantly

downhill for the repriming direction of the recovery stroke.

The current paper is the report of a full-scale sampling with

biological interpretations of results. The resulting collec-

tion of statistics provided sufficient data to analyze the

convergence properties of the sampling. In particular,

major novel features in the current work consist of the

analysis of trajectories revealing the coupling of larger and

smaller scale structural signatures of the conformational

change in quantitative fashion in terms of free energy

landscapes, and the validation of the computational results

via comparisons with experiments on the Trp fluorescence

probe. Such a direct cross validation of the energetics of

detailed molecular level changes with experimental data

has not been achieved in other computational studies so far.

Scallop myosin structures (Houdusse et al. 1999, 2000;

Himmel et al. 2002; Gourinath et al. 2003), compared to

Dictyostelium discoideum (Fisher et al. 1995; Smith and

Rayment 1996; Bauer et al. 2000) used in other com-

putational studies, offer the advantage of having the two

main R and P reference crystallographic states for the

full myosin head that include the intact converter

domain/lever arm (Table 1). The relay loop, which con-

tains the Trp fluorescence probe, is also well-resolved in

both the R and P-state crystal structures of scallop

myosin, while it is disordered in many Dictyostelium R-

state structures (Fisher et al. 1995; Bauer et al. 2000). In

addition, for scallop myosin, a third, ‘‘internally uncou-

pled’’ conformational state has also been identified

(Himmel et al. 2002), where the SH1 helix is unwound

and the converter domain is believed to be uncoupled

from the lever arm.

Methods

System preparation and simulation conditions

The scallop myosin reference conformations were taken as

the crystal structures from Himmel et al. (2002) (PDB ID

1KK7; R-state) and Gourinath et al. (2003) (PDB ID 1QVI;

P-state). Procedures for building the model complexes have

been described previously (Woo 2007). The myosin head

simulated was truncated near the beginning of the lever

arm (beyond Ala787; Fig. 1a, b). All simulations and

analysis were done using CHARMM (Brooks et al. 1983)

with version-27 force fields (MacKerell et al. 1998). The

simulation boxes for each window had approximate

dimensions of 150 9 120 9 70 Å3, containing roughly

35,500 water molecules [TIP3P model (Jorgensen et al.

1983)]. The SHAKE algorithm (van Gunsteren and Ber-

endsen 1977) was used with a time step of 2 fs, and particle

mesh Ewald (Darden et al. 1993) was used for electro-

statics with periodic boundary conditions. The van der

Waals cut off used was 10 Å. Simulations were run at

constant temperature of 300 K, mostly with constant vol-

ume with occasional constant pressure simulations at 1 atm

used to re-equilibrate the box as necessary. To prevent the

protein from drifting out of the water box, its center of

mass was constrained to the center of the box by a har-

monic constraint with a force constant 10 kcal/mol Å2.

Table 1 Comparison of residue numbers for scallop and Dictyoste-
lium discoideum myosins

Scallop Arg242 Gly463 Glu465 Asn481 Gln497 Trp507

Dictyostelium Arg238 Gly457 Glu459 Asn475 Gln491 Trp501
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Umbrella sampling

In total, 34 windows were run in the umbrella sampling

under constraints given by un ¼ kðDy� �ynÞ2; where k is

the force constant, Dy = yR - yP is the DRMSD given in

terms of the RMSD values with respect to the R and P-

state references yR and yP, and �yn is the offset value of the

reaction coordinate chosen differently for each window.

The force constant used was k = 10 kcal/mol Å2, set up

using the CONS RMSD module of CHARMM. All

RMSD values with respect to the references were calcu-

lated using a common set of non-hydrogen atoms in the

reference R and P-state crystal structures. Late-stage

coordinates of the sampling sets reported in Woo (2007)

closest to each window in the reaction coordinate space in

the current simulation setup were used as initial struc-

tures. The sampling time was 5.7 ns per window on

average, with all windows sampled longer than 4.7 ns.

The minima of constraints, �yn; were chosen to produce

optimal overlaps of histograms along the one-dimensional

(1D) profile of Dy: most were evenly spaced across the

sampled region, but three extra windows were added to

enhance the overlap.

Free energy analysis and convergence tests

The histograms from the umbrella sampling were used in

the weighted histogram analysis method (WHAM) (Kumar

et al. 1992; Souaille and Roux 2001). Convergence of the

1D free energy profile for the overall recovery stroke was

assessed by performing WHAM using different overlap-

ping segments of time series of 0.5 ns duration, each

separated by 0.1 ns in time. The results showed consistent

downward convergence trends up to *2 ns, after which

the downward drift was largely replaced by fluctuations

around an average. The estimate shown in Fig. 2b was

obtained by excluding the initial 2.8 ns and performing

partial time series WHAM analysis over the subsets of this

data to obtain the error bars. For the two-dimensional (2D)

landscapes shown in Figs. 2 and 4, all available data

excluding the initial 1.0 ns were used. To ensure that the

qualitative features of the 2D landscapes do not depend on

the sampling time, the results presented were also com-

pared with versions obtained using the 0.5 * 3.0 ns

segments of the time series.

1D and 2D landscapes

The procedure to generate the 1D and 2D landscapes using

WHAM can be summarized as follows (Souaille and Roux

2001): the unbiased distribution P(Dy, x) as a function of

the RMSD reaction coordinate Dy and a second structural

reaction coordinate x is given in terms of the biased dis-

tribution Pi* (Dy, x) from simulation i as

PðDy; xÞ ¼
P

i NiP
�
i ðDy; xÞ

P
i Nie�b½uiðDy;xÞ�fi�

; ð1Þ

where the free energy offset constant fi is determined by

e�bfi ¼
Z

dDy

Z

dxe�buiðDy;xÞPðDy; xÞ ð2Þ

In Eqs.(1–2), which are solved self-consistently by

iteration, ui is the constraining potential for the simulation

Fig. 1 Two different conformations representing the end-points of

the recovery stroke, the near-rigor (R; left column) and pre-stroke (P;

right column) states. Representative snapshots were taken from the

umbrella sampling sets to produce the figures. a, b Converter domain

rotation and relay helix kink formation, showing the residues used to

define the angles (see ‘‘Methods’’). c, d ATP binding pocket of the

protein, showing the closing of the pocket signified by the hydrogen

bond and salt bridge formations. e, f The change of environment of

the fluorescence probe Trp507. The SH1 helix connected to the

converter domain approaches the probe in the P-state, significantly

reducing its solvent accessibility. The colors used for subdomains are

as follows: upper 50 K (cyan), lower 50 K (pink), N-terminal (gray),

relay helix (green), switch-2 (orange), P-loop (dark blue), SH1 helix

(red), converter domain (light blue), lever arm (blue)
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(or window) i, and Ni is the number of data points in time

series from the simulation i. The unbiased distribution P(x)

can be obtained with PðxÞ ¼
R

dDyPðDy; xÞ:
If ui is independent of x, however, Eq. (2) can be sim-

plified into

e�bfi ¼
Z

dDye�buiðDyÞPðDyÞ

¼
Z

dDy

e�buiðDyÞP

j

NjP
�
j ðDyÞ

P

j

Nje�b½ujðDyÞ�fj�
; ð3Þ

where P�i ðDyÞ ¼
R

dxP�i ðDy; xÞ: Eq. (3) is the standard 1D

version of Eqs. (1–2). The convergence of free energy

analysis therefore only requires overlaps in Pi* (Dy) when

the second reaction coordinate was not explicitly con-

strained during the sampling, while the 2D landscape can

still be obtained from Eq. (1).

Structural parameters

The rotation angles of the recovery stroke were defined

as follows (Fig. 1a, b): the converter domain angle as the

dihedral angle of the centers of mass of Lys342, Phe472,

Phe493, and Ala787, and the relay helix kink as the

angle formed by Phe472, Phe493, and Glu503. Hydrogen

bond distances were defined as those between the heavy

atoms involved. In cases where there are more than one

hydrogen bond possible, the shortest of the heavy atom

distances was taken for each frame in the trajectories.

The rotameric state of Trp507 side chain was measured

in terms of the dihedral angle of atoms C, CA, CB, and

CG.

Results

Overall energetics of the recovery stroke

The direct output of the umbrella sampling simulations is

the free energy profile as a function of the DRMSD,

Dy = yR - yP, which ranges from the minimum (Dy =

-8.6 Å) to the maximum (Dy = 8.6 Å), each corre-

sponding to the reference crystal structures of the R and

P-states. Figure 2b shows the best estimate of the profile

from the current sampling, where a pronounced minimum

is located near Dy & 4 Å, corresponding to the pre-stroke

conformation stable for the (unhydrolyzable) ATP-bound

myosin head. The overall shape of Fig. 2b is generic to

the use of RMSD reaction coordinates (Banavali and

Roux 2005a; Woo and Roux 2005; Arora and Brooks

Fig. 2 Free energy landscapes

of large scale conformational

changes. a 2D landscape of

recovery stroke as a function of

RMSDR (yR) and RMSDP (yP).

b Free energy profile as a

function of the DRMSD (Dy)

reaction coordinate. The line

represents the result obtained

from free energy analysis using

data collected excluding initial

2.8 ns. The error bars represent

the standard deviations of the

profiles from 13 partial time

series segments of 0.5 ns

duration. c 2D landscape of

converter domain rotation.

d 2D landscape of relay helix

kink formation
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2007; Yu et al. 2007a), which has clear physical inter-

pretations as follows: the free energy profile G is related

to the probability density P of the reaction coordinate via

PðDyÞ / e�GðDyÞ=kBT : The number of states with a given

value of Dy approaches 1 at the two ideal limiting states,

and at physiological temperature, the probability of hav-

ing atomic fluctuations quenched to maintain all atoms at

crystallographic positions is always zero. The free energy

profiles therefore in general diverge logarithmically at the

two limiting end-points: it is unfavorable to freeze protein

atoms all at given crystal coordinates. If the given ref-

erence crystal structure constitutes one typical snapshot

out of an ensemble of many closely related stable states,

one obtains a free energy minimum in close proximity to

the reference limiting point as in Fig. 2b. The distance

between the frozen reference state (Dy = 8.6 Å) and the

ensemble of states represented by the free energy mini-

mum (Dy & 4 Å) provides a quantitative measure of

inevitable thermal fluctuations consisting of small sub-

domain movements and atomic motions around the crystal

structure.

In contrast, only a weak local minimum exists on the

near-rigor side at Dy & -4 Å, not much pronounced

compared to the error bars. Further insights to the stability

of conformations close to the R-state reference can be

obtained from the 2D landscape as a function of the

RMSD values with respect to the two references (Fig. 2a).

It indicates that the regions with Dy \ -4 Å in Fig. 2b

correspond to unphysical conformations with yP [ 9 Å,

while yR rarely gets below *3 Å. We conclude that

conformational states with Dy \ -4 Å are highly unstable

with bound ATP. The unfavorability of the reference R-

state is consistent with the fact that ATP analog-bound

scallop myosins do not crystallize in the near-rigor

conformation (Houdusse et al. 2000). It is therefore

reasonable to assign the neighborhood of the local mini-

mum Dy & -4 Å of Fig. 2b as the starting point of the

recovery stroke.

This assignment of the location of recovery stroke

starting point is supported further by the computationally

refined structure of actin-bound chicken skeletal myosin

(Liu et al. 2006) based on the cryo-EM model of Holmes

et al. (2003). The model structure corresponds to the rigor

state, the stable conformation of the actin-bound myosin

without nucleotides. Upon binding of an ATP, the myosin

head would detach from the actin, and the conformation

immediately after the detachment, the initial state of the

recovery stroke, is expected to be close to the rigor con-

figuration. We calculated the two RMSD values of this

rigor model with respect to the scallop myosin reference

states of the current work, which yielded yR = 4.9 Å,

yP = 7.7 Å, and Dy = -2.8 Å (indicated by the red circle

and arrow in Figs. 2a, b and 3).

Converter domain rotation and relay helix kink

Although the sampling was performed using the DRMSD

as the sole constraint, the resulting trajectories can be used

to extract the dependence of free energy on many structural

changes characteristic of the recovery stroke. In particular,

2D landscapes as functions of Dy and a second structural

reaction coordinate can be obtained using WHAM (see

‘‘Methods’’). Such 2D free energy landscapes reveal details

of how the given structural features are coupled to the

overall conformational change represented by Dy. The

most prominent large scale conformational change during

the recovery stroke is the swinging of the lever arm/con-

verter domain (Geeves and Holmes 1999). We defined the

converter domain rotation angle as the dihedral angle of

four characteristic residues (Fig. 1a, b), with the angle of

the crystallographic R-state taken as 0� and the P-state,

97.5�. The free energy change as a function of both Dy and

the converter rotation angle is shown in Fig. 2c, where the

transition is seen to occur roughly along the diagonal line

of the plot. It indicates that the DRMSD reaction coordi-

nate is closely coupled to the converter rotation angle. This

close coupling supports the use of Dy as the reaction

coordinate: choosing the converter rotation angle as the

constrained reaction coordinate would have produced a

similar landscape. Figure 3 shows the equivalent 1D profile

as a function of this rotation angle, obtained by reducing

the Dy dependence of the 2D landscape in Fig. 2c.

During the recovery stroke, the relay helix becomes

bent, developing a kink (Fig. 1a, b) via the breaking of four

backbone hydrogen bonds (His490-Glu496), a feature

observed both in scallop and Dictyostelium myosins. The

Fig. 3 1D profile as a function of the converter domain rotation

angle, obtained by a reduction of the 2D landscape in Fig. 2c. The red
arrow indicates the angle corresponding to the actin-bound rigor

model

6 Eur Biophys J (2008) 38:1–12
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free energy landscape with respect to the relay helix kink

angle and Dy is shown in Fig. 2d, which demonstrates that

the Dy reaction coordinate is also closely coupled to the

relay helix kink angle. The two landscapes of Fig. 2c and d

illustrate the nature of conformational changes involved in

the recovery stroke as characterized by the gradual relative

movements of large subdomains.

Closing of the ATP binding pocket

The hydrogen bond that forms at the active site between

Gly463 of switch-2 and the c-Pi of the bound ATP is

thought to play roles in coupling the events at the active

site with the larger conformational changes of myosin

during the recovery stroke (Geeves and Holmes 1999). The

formation of this hydrogen bond can also be used to define

the open (Gly463:c-Pi hydrogen bond broken) and closed

(Gly463:c-Pi hydrogen bond formed) states of the active

site. Our sampling was performed with constraints acting

only on the global Dy reaction coordinate, and more subtle

structural changes, including the open/close transition, are

not sampled as efficiently. Nevertheless, the 2D landscape

for this hydrogen bond (Fig. 4a) suggests that in the middle

of the recovery stroke (Dy & -1 Å, converter/lever arm

angle & 62�), in addition to the stable open state, the

closed state can also be locally stable. This open state with

the converter ‘‘half-way up’’ was observed in one window

where both signatures of the open/close transition,

Gly463:c-Pi (3.3 ± 0.7 Å; Fig. 4a) and Arg242:Glu465

(see below; 3.8 ± 1.9 Å; Fig. 4c) hydrogen bonds largely

remained formed, which suggests the possibility that the

catalytic activity could be turned on even when the con-

verter/lever arm rotation has not been fully completed.

Moving towards the end of the recovery stroke, the open

state evolves into a single closed state. This trend is con-

sistent with Yu et al.’s study (2007a) of the open/close

transition within separate R-state and P-state crystal

structures of Dictyostelium myosin. Our results shown in

Fig. 4a go further and explicitly show the coupling

between this open/close transition and the global confor-

mational change.

Based on a minimum energy study, Koppole et al.

(2007) have proposed that the signaling from the ATP c-Pi

to the switch-2 is in turn coupled to the relay helix via a

hydrogen bond between Gly463 and Asn481 (Fig. 1c, d).

We tested this hypothesis by examining the statistics of this

hydrogen bond (Fig. 4b). The 2D landscape suggests that

this bond remains largely formed but flexible with no

appreciable coupling to the progression of the recovery

stroke, which implies that its role as a coupling mechanism

would be structural.

The double salt bridge that forms between Glu465 and

Arg242 is a critical feature of the active site (Onishi et al.

1998; Furch et al. 1999). The formation of this salt bridge

has also been used to define the active site as open or

closed, with the salt bridge broken or formed, respectively

(Yu et al. 2007a). The 2D landscape for the formation of

the salt bridge is shown in Fig. 4c, which demonstrates that

it can stay broken (open) near the initial stage of the

recovery stroke at Dy & -4 Å, while it remains predom-

inantly intact (closed) as the myosin approaches the P-state.

This result is also consistent with the qualitative feature

revealed by the statistics of the Gly463:c-Pi hydrogen

bond. It was observed that occasional excursions in sam-

pled trajectories (typically of *0.1 ns time scale),

however, do break this salt bridge, contributing to the

narrow vertical ‘‘arms’’ in Fig. 4c.

Fluorescence probe Trp507

The residue Trp507 (501 in Dictyostelium) has widely been

used as a fluorescence probe reflecting the open/close

transition in kinetics studies of myosin (Onishi et al. 1998;

Málnási-Csizmadia et al. 2001b; Kovács et al. 2002;

Conibear et al. 2004; Málnási-Csizmadia et al. 2007). The

probe is thought to undergo a change in its solvation

environment over the course of the recovery stroke,

resulting in a corresponding shift in fluorescence intensity

(Geeves and Holmes 1999). This probe offers an ideal

means of calibrating our sampled data with experimental

studies, while providing previously unavailable, more

direct molecular level interpretations of the experimental

methods. We analyzed the sampled trajectories to examine

the changes to the solvation environment of Trp507 during

the recovery stroke using two different measures: the

number of water molecules within 4.5 Å of the Trp507 side

chain, and the formation of Trp507:Gln497 hydrogen bond.

The latter was identified by Fischer et al. (2005) as

potentially contributing to the changes in the solvation

environment of Trp507. The number of water molecules

solvating Trp507, shown in Fig. 4d, shows clear variations

from *25 near the beginning of the recovery stroke at

Dy & -4 Å to *10 near the midpoint at Dy & 0. It is

then maintained at that level throughout the latter half of

the large scale conformational change represented by the

converter domain rotation. The statistics of the hydrogen

bond between Trp507 and Gln497 shows analogous trends

(Fig. 4e), where the bond formation/dissociation is

reversible for Dy \ 0, while for Dy [ 0, the hydrogen bond

remains predominantly formed. In particular, the changes

to both signatures of the Trp507 fluorescence are closely

matched with the open/close transition of Fig. 4a and c,

while roughly coinciding with the earlier half of the global

converter domain rotation (30� ? 70�; Fig. 2c).

Our data allow us to go further and obtain a quantitative

estimate of the free energy associated with the solvation
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environment change of Trp507. Via a reduction of the 2D

landscape shown in Fig. 4e, we obtained the free energy

profile as a function of the Trp507:Gln497 hydrogen bond

distance representing the solvation environment change.

The profile shown in Fig. 5 gives an estimate of

-1.3 ± 0.3 kcal/mole for this solvation change in the

direction from the open (hydrogen bond reversible; Dy \ 0

in Fig. 4e) to closed state (hydrogen bond formed; Dy [ 0

in Fig. 4e) accompanying the recovery stroke, in reasonable

agreement with the experimental value of -0.33 kcal/mole

reported for the AMP�BeFx-bound Dictyostelium myosin at

23� (Málnási-Csizmadia et al. 2001b).

Fluorescence experiments utilizing Trp507 have also

provided evidences for the existence of up to three distinct

local environments in both open and closed states (Mál-

nási-Csizmadia et al. 2001a), which can be associated with

multiple rotameric states of its side chain, in addition to the

hydrogen bond formation with Gln497. We have analyzed

our collected data to probe such rotameric states, shown in

Fig. 4f: two distinct and stable rotamers were observed

Fig. 4 2D landscapes of

smaller scale conformational

changes. a Gly463:c-Pi

hydrogen bond.

b Gly463:Asn481 hydrogen

bond. c Arg242:Glu465 double

salt bridge. d solvation

environment of Trp507, defined

as the number of water

molecules within 4.5 Å of its

side chain. e Trp507:Gln497

hydrogen bond. f Trp507

rotamers, where the angle

shown is the dihedral angle of

its side chain rotation. The inset

shows superimposed snapshots

of the two rotamers observed in

the R-state
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near the start of the recovery stroke at Dy = -4 Å, while

within the rest of the conformational space, only one of

them appears to dominate. The existence of multiple ro-

tamers in the R-state is consistent with the disordered

nature of the relay loop in many Dictyostelium structures

and that of the Trp side chain in scallop myosins, in

addition to the crystal structure of Kliche et al. (2001) for

the open state myosin, in which two distinct rotamers of

the Trp residue were observed within a single unit cell.

Discussion

Our results obtained from the sampling of conformational

states spanning the recovery stroke support the experiments

using the Trp507 fluorescence change as a probe of the

open/close transition. In addition, based on the energetics

of the signatures of Trp507 solvation environment changes

in Fig. 4d and e in comparison with the structural changes

represented in Fig. 1e and f, the following molecular level

interpretation of the fluorescence shift can be made: as the

recovery stroke progresses with the converter domain

rotation, the SH1 helix (red in Fig. 1) next to the converter

domain approaches the relay helix and Trp507 in particu-

lar, expelling roughly half of water molecules within its

solvation shell. This de-solvation results in the shift of the

Trp507:Gln497 hydrogen bond equilibrium from being

reversible (Dy \ 0) to predominantly formed (Dy [ 0),

since water molecules become relatively inaccessible and

unable to substitute Gln497 for hydrogen bond formations

with Trp507 as efficiently in the P-state as in the R-state.

Qualitative aspects of the large scale structural changes

associated with the recovery stroke uncovered by our study

largely agree with those anticipated in previous structural,

minimum energy, and local MD studies. In addition to

providing the energetics of changes inaccessible in mini-

mum energy approaches, our results, however, also show a

number of differences in details of the changes: the con-

verter domain rotation angle of up to 90� is larger than the

angle considered in the minimum energy study of Fischer

et al. (2005). This difference can be understood as a result

of the entropic effects not accounted for in minimum

energy studies: Fig. 3 shows that the range of converter

orientations with angles from 0� to 60� essentially has a flat

free energy landscape. In the early stages of the recovery

stroke, it is therefore likely that the converter domain ori-

entation fluctuates widely with no particular orientation

preferred. A more appreciable drop in free energy occurs

only for angles larger than 60�, which also coincides with

the beginning of the closing of binding pocket in Fig. 4a.

The significance of entropic effects is also illustrated in the

contrast between the deterministic scenario proposed by

Fischer et al. (2005) involving a two-phase progression,

and the gradual change of relay helix kink angle observed

in Fig. 2d.

In addition, the overall qualitative features of the

structural signatures associated with the open/close transi-

tion shown in Fig. 4 suggest that the open state consists of

an ensemble of relatively broader range of structures

compared to the closed state, and is characterized by large

thermal fluctuations: Gly463-cPi hydrogen bond, Arg242-

Glu465 salt bridge, and Trp507-Gln497 hydrogen bond can

all be either broken or formed in the open state. Such a

feature observed here is also consistent with experimental

trends in Dictyostelium crystal structures, where the relay

helix/loop is disordered in many structures of the open

form.

The umbrella sampling of this work was performed

using the DRMSD as the sole constraint, in contrast to the

earlier testing of the methodology (Woo 2007) where both

yR and yP were constrained in the 2D reaction coordinate

space along the diagonal. The current full-scale sampling

thus allows for spontaneous explorations of the sampling

trajectories away from the intermediate conformational

states along the diagonal line. The collected statistics of

Fig. 2a, however, indicate that the minimum free energy

path does not deviate from the diagonal line appreciably.

This feature is consistent with the relative simplicity of the

conformational changes involved in the recovery stroke,

where the bulk of total RMSD between the two reference

states consists of rigid body type rearrangements of sub-

domains (Houdusse et al. 2000). It is in principle possible

for a sampled trajectory to deviate from the diagonal

significantly, for example by increasing both yR and yP
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Fig. 5 1D profile of free energy as a function of the Trp507:Gln497

hydrogen bond. The solid line shows the result of free energy analysis

using the whole time series excluding initial 2.8 ns. Error bars show

the standard deviations of 7 partial time series of 0.5 ns duration
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together while keeping the difference constant and thereby

without increasing the energetic costs associated with the

constraint. An example of such an excursion was indeed

observed in one window (whose trajectory however

returned to the diagonal region eventually), which is

responsible for the narrow ‘‘arm’’ protruding on the 2D

landscape in Fig. 2a and c. The rarity of such deviations

(one in 34 windows) nevertheless suggests that the real

pathway traversed by the protein likely lies close to the

diagonal line, which offers the most economical route of

achieving the conformational change.

The possibility of excursions in the converter domain

orientation away from the path connecting the reference R

and P-states near the R-state limit can also be considered as

another evidence suggesting the relative flexibility of the

near-rigor conformation of detached myosin head. In par-

ticular, for scallop myosin, based on crystallographic

evidences, Houdusse et al. (1999) and Himmel et al. (2002)

have proposed the existence of an ‘‘internally uncoupled’’

state distinct from the R and P-states, where the orientation

of the converter domain lies away from the R-state in the

opposite direction from the normal recovery stroke, and the

SH2 helix is melted such that the converter/lever arm

becomes decoupled from the myosin head. The particular

lever arm orientation of this ‘‘detached’’ state crystal

structure (Houdusse et al. 1999) is roughly coplanar with

the R and P-states (with converter angle -33� in our def-

inition) and Dy = -4 Å. The ‘‘excursion’’ in our trajectory

was in a direction perpendicular to the plane of R and P-

state references (in which the SH2 helix remained intact),

which however reached angles up to -60� (Fig. 1c).

However, the converter domain in the ‘‘detached’’ state is

decoupled from the myosin body, and the particular ori-

entation shown in the crystal structure is likely to be only

an example of a large range of possible states. Our obser-

vation therefore appears to support the existence of such

decoupled states close to the R-state reference.

In the mechanical description of cause and effect, con-

formational changes of the myosin head can be thought of as

initiated by a switching event involving substrates, which for

the recovery stroke would be the binding of ATP and the

dissociation from actin filament. The sensing of the presence

of c-Pi in the binding pocket via the approach of switch-2 has

thus been proposed previously as the triggering event

beginning the recovery stroke, relayed in turn to the con-

verter domain, causing its rotation via the relay helix (Fischer

et al. 2005). The large entropic contribution to the free

energy as evidenced by the experimentally measured entropy

value (Málnási-Csizmadia et al. 2001b), however, suggests

that such couplings between the binding site and the rest of

myosin subdomains are relatively weak when the myosin

head is detached from actin. The overall mechanism of the

recovery stroke preparing the myosin head for ATP

hydrolysis and re-binding to actin appears rather to rely on

loose, shift-in-equilibrium type of changes, where the con-

verter domain in the ‘up’ orientation favors the closed state of

the binding pocket (Fig. 4a and c). The motor domain is

therefore likely to have the binding pocket closed when the

converter/lever arm is in the ‘up’ position, minimizing the

chances of hydrolyzing ATP with the lever arm in the

‘‘wrong’’ orientation (Geeves and Holmes 1999). This trend

has been clearly demonstrated by a recent work by Málnási-

Csizmadia et al. (2007), who showed that structural pertur-

bations caused by mutations affecting subdomain interfaces

produce shifts in the recovery stroke equilibrium and the

ATPase function of myosin.

Our study has been confined to the energetics of con-

formational changes of a myosin head with bound ATP,

detached from actin. A possibility that one might consider

based on the current results, however, is that myosins could

have evolved to keep the inter-domain coupling loose when

detached from actin. They can thereby maintain the

recovery stroke reversible by counter-balancing the

enthalpy increase with an entropy increase, thus minimiz-

ing wasteful dissipation of free energy. The results

indicating that the coupling of the switch-2:c-Pi bond to

converter domain rotation is weak and dominated by

fluctuations (Fig. 4a), for example, support such a scenario.

The binding to actin, on the other hand, presumably

tightens the inter-domain coupling, effectively eliminating

the entropic effect and making the power stroke predomi-

nantly downhill in enthalpy and free energy. The structural

study based on cryo-EM data of actin-bound myosin

(Holmes et al. 2003), where evidences for the closing of the

cleft between the upper and lower 50 K domains upon

actin binding have been found, supports such expectations.

The biochemical study by Gyimesi et al. (2008) also pro-

vide direct experimental evidences supporting such a view,

where it was shown that the reverse recovery stroke of

myosin is a slow, rate-limiting step in the absence of actin.

The actin activation facilitates this power stroke (rather

than the Pi-release), making it practically irreversible.

Although our results do not provide direct estimates of how

much fraction of the overall free energy change arises from

entropic origin, the landscapes of Figs. 2 and 4 clearly

demonstrate that the trends in most of structural signatures

of the recovery stroke and open/close transition exhibit

large thermal fluctuations. It will be of interest, in this

sense, to compare the current results with those that could

be obtained from analogous conformational MD samplings

of an actin-bound myosin.
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