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It is 50 years since the sliding of actin and myosin filaments was proposed as the basis of force generation and

shortening in striated muscle. Although this is now generally accepted, the detailed molecular mechanism of

how myosin uses adenosine triphosphate to generate force during its cyclic interaction with actin is only now

being unravelled. New insights have come from the unconventional myosins, especially myosin V. Myosin V is

kinetically tuned to allow movement on actin filaments as a single molecule, which has led to new kinetic, mech-

anical and structural data that have filled in missing pieces of the actomyosin–chemo-mechanical transduction

puzzle.
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1. INTRODUCTION
Fifty years ago, back-to-back publications in Nature by

Hugh and Sir Andrew Huxley and their colleagues put for-

ward the now accepted theory of muscle contraction; the

sliding filament theory (Huxley & Hanson 1954; Huxley &

Niedergerke 1954). In the years to follow, both Huxleys

proposed models of how the myosin filaments used ATP to

generate force and sliding of the actin filaments. Although

the details of that mechanism are as yet unsettled, it would

appear that elements of both the swinging cross-bridge of

Hugh Huxley (1969) and the Brownian ratchet of Andrew

Huxley (Huxley & Simmons 1971) may contribute to the

contractile mechanism.

The ongoing discovery of non-filamentous myosins

(so-called unconventional myosins, in contrast to the myosin

II of muscle) that constitute the myosin superfamily began

in 1973 (Pollard & Korn 1973). It has hastened the pace of

elucidation of the contractile mechanism because within the

superfamily are two-headed myosins that show processive

movement (i.e. capable of multiple steps along the actin fila-

ment) as unloaded single molecules. Using one of these clas-

ses of myosins, myosin V, we have increased our insight into

the kinetic, mechanical and structural properties of the

motor, and at last are approaching a detailed understanding

of its chemo-mechanical transduction.
2. ACTIN–MYOSIN ATPase CYCLE
That the sliding of the filaments was driven by consump-

tion of ATP by the myosin itself was not demonstrated

conclusively until 1962 (Cain & Davies 1962). Since then,
kinetic studies have defined a myosin ATPase cycle that is

catalysed by actin association and contains more states

than have been seen in structural studies. The ATPase

activity of myosin resides in its conserved motor domain,

which is the major component of the cross-bridge that was

observed to link the actin and myosin filaments in early EM

photographs (Huxley 1957). The myosin motor domain

interacts with actin, hydrolyses ATP, and produces the

force necessary for movement along actin filaments. Dur-

ing the actomyosin ATPase cycle, weak actin-binding

states (ATP and ADP-Pi states) alternate with strong actin-

binding states (ADP states and nucleotide-free or rigour

state). Biochemical, kinetic and mechanical studies on

muscle myosins have established that ATP binding dis-

sociates the actomyosin complex, and that ATP hydrolysis

is rapid when myosin is not associated with actin. Pi release

precedes ADP release and both product release steps are

accelerated considerably upon actin binding. Force devel-

opment occurs when myosin binds strongly to actin and is

associated with actin-induced acceleration of Pi release.

The breakthrough in our understanding of the actin–

myosin ATPase cycle came with the work of Lymn &

Taylor (1971). Their transient kinetic analysis explained

the puzzling observation that although myosin could only

bind tightly to actin in the absence of ATP, actin greatly

accelerated myosin’s ATPase activity. Lymn and Taylor

demonstrated that although myosin rapidly hydrolysed

ATP in the absence of actin, rapid product release required

a transient interaction with actin. Once the Pi and ADP

have been released, ATP rapidly rebinds to the actin-bound

myosin, causing rapid dissociation (Lymn & Taylor 1971).

From kinetic studies, it has been clear for some time that

when myosin binds ATP, it must undergo a conforma-

tional change before it can hydrolyse ATP (Lymn & Taylor

1971). This structural transition was commonly denoted as
#2004 The Royal Society
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a transition from M� to M�� (two different fluorescent

states of the myosin motor), which referred to its detection

as a transition from a low to high tryptophan fluorescence

state. (As discussed below, it is now clear that these two

states have been visualized at high resolution and corre-

spond to the structural states that we are now calling post-

rigour (M�) and pre-powerstroke (M��).

Several studies also made clear that the M���D�P (where

D refers to ADP and P to inorganic phosphate Pi) state did

not rapidly release Pi (now obvious in the pre-powerstroke

state structures; see below) and thus following rebinding to

actin in that state, a new state that allows Pi release must be

induced by actin (Houdusse & Sweeney 2001). We specu-

late that this state may correspond to a state originally

described by Sleep & Hutton (1980). Further, it is likely,

but unproved, that this state can bind more strongly to

actin than the pre-powerstroke state. The existence of such

a state would be consistent with muscle fibre data (Dantzig

et al. 1992). Following release of Pi, a strong actin-binding,

strong ADP-binding state (A.M.DS) is formed, but not

populated for fast skeletal myosin II, at least in the absence

of strain. This state is followed by a strong actin-binding,

weak ADP-binding state (A.M.DW) (Rosenfeld et al.

2000), from which ADP is released to form the rigour com-

plex. All of these states are summarized in figure 3, in

which only the kinetic states that are found in the predomi-

nant steady-state pathway are represented.
3. TWOHIGH-RESOLUTION STRUCTURESREVEAL
ANADENOSINE-TRIPHOSPHATE-DRIVEN SWITCH

The next major advance in the myosin field was the solving

of the first high-resolution X-ray structure of myosin

(Rayment et al. 1993a). The structure was of the entire S1

fragment (head) of chicken fast skeletal myosin. Although

two and a half decades of biochemistry had given a general

picture of what to expect, many of the details were unanti-

cipated. Two key features of the structure generated

immediate predictions about the myosin mechanism. First

was the presence of a large cleft (see figure 1) in the middle

of the head, which ran from the nucleotide-binding site to

the actin interface (identified as such on the basis of earlier

cross-linking studies). Rayment et al. (1993a) suggested

that this cleft probably closes when myosin loses its

hydrolysis products upon strong binding to actin. (Indirect

evidence from EM combined with image reconstruction, as

well as fluorescent probes located in the cleft, supported

this prediction (Yengo et al. 1999; Volkman et al. 2000).)

The second striking feature and prediction of the

Rayment structure focused on the myosin light chains. The

light chains (which are members of the calmodulin super-

family) were bound to the C-terminal portion of the heavy

chain, which formed an extended alpha helix. It appeared

that in essence, this elongated domain formed a lever arm

that could amplify small movements within the rest of the

head (which Rayment et al. (1993a), referred to as the

motor domain). This has come to be known as the lever

arm hypothesis (Holmes 1996; Uyeda et al. 1996; Geeves

& Holmes 1999; figure 2). This refinement of the swinging

cross-bridge of Hugh Huxley (1969) proposes that rela-

tively small motor domain rearrangements that are

driven by actin binding and product release are amplified

to induce a large swing of the lever arm during force
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generation. The second structural state of the motor

described from crystal structures of myosin II with ADP�Pi

analogues trapped (Fisher et al. 1995; Dominguez et al.

1998; Houdusse et al. 2000; Kollmar et al. 2002) supported

this concept and allowed a high-resolution description of

the state that hydrolyses ATP. In this state, the lever arm is

in a pre-powerstroke or ‘primed’ position (Holmes 1996).

By contrast, the lever arm is in a down position in struc-

tures with ADP or ATP analogues bound. This lever arm

position is similar to that found for the final rigour state on

actin (see figure 2), hence it has been referred to as the

near-rigour state. We now are calling this state the ‘post-

rigour state’. (Note that while the original Rayment struc-

ture did not contain nucleotide, it did contain sulphate and

was in the post-rigour conformation.) However, while the

lever arm is in a position similar to rigour, the motor

domain itself is in a very different state than in rigour, and

indeed cannot bind strongly to actin. As described below,

the unusual kinetics of myosin V provided an opportunity

to view the structural changes that occur on actin, without

having to bind myosin V to actin.

The nomenclature associated with the high-resolution

structures is somewhat confusing. The name ‘post-rigour’

state is being used for the M� state, because it is the state

that is formed when ATP attaches to the actomyosin rigour

complex and dissociates the myosin from actin. It previously

has been referred to as near-rigour, because the lever arm

position is similar to that found in cryoEM actomyosin rig-

our complexes. It has also been called the open state,

because of the switch II position. The pre-powerstroke state
actin-binding
interface
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Figure 1. High-resolution structure of the myosin head in two
different nucleotide states: (a) post-rigour (Mg2+-ATP) and
(b) pre-powerstroke (Mg2+-ADP�Pi). A comparison of the
motor domains of myosin in the first two high-resolution
structural states showing the subdomain composition with
associated connectors. The connectors and subdomains are
coloured the same throughout and are labelled on (a). The
structures have been positioned by superimposing the N-
terminal subdomains. Relative to this subdomain, the amount
of rotation necessary to move from the pre-powerstroke state
to the post-rigour state is indicated on the subdomains of the
pre-powerstroke state structure. Also indicated are the
conformational changes in the four connectors (strut, switch
II, relay and SH1 helix), as well as the positions of the
nucleotide-binding elements, switch I and P loop. Note the
large rotation of the converter domain to which the lever arm is
attached (see figure 2).
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(M��) is the post hydrolysis state (ADP�Pi) that binds to

actin with the lever arm in a position that represents the

beginning of the powerstroke. It has also been referred to as

the transition state, because the initial AlFx structure was

thought to be a transition state analogue. It has also been

called the closed state, referring to the switch II position. We

are referring to the high-resolution myosin V structure in the

absence of nucleotide, which may closely represent the myo-

sin conformation when bound to actin in the absence of

nucleotide (rigour), as the rigour-like state.

Comparison of these structures shows that the myosin

motor domain is functionally made up of four major sub-

domains that are linked by four deformable structural con-
Phil. Trans. R. Soc. B (2004)
nectors (so-called ‘joints’) that are highly conserved in

sequence (Houdusse et al. 1999; figure 1). These con-

nectors are found at the periphery of the subdomains and

can readily change conformation, in coordination with the

movement of the subdomains relative to one another.

Among these subdomains, the converter (which leads

directly to the lever arm) has by far the greatest potential for

movement because it is connected to the lower 50 kDa and

N-terminal subdomains by only two deformable connectors

(the relay and the SH1 helix). Rotation of the converter and

lever arm can thus amplify relatively small conformational

changes of the motor domain. Internal coupled rearrange-

ments of the subdomains allow direct communication

between the nucleotide-binding site, the actin binding inter-

face and the lever arm. Coupling between the actin and

nucleotide-binding sites is mediated via the large cleft

between the upper and lower 50 kDa subdomains, which

separates the actin-binding site in two distinct subdomains

and communicates with the c-phosphate pocket via a third

connector, called switch II (see figure 1).
4. ACTIN–MYOSIN COMPLEXAND THE SWINGING
LEVERARMHYPOTHESIS

Fundamental requirements for understanding the mech-

anism of motility of myosin motors are detailed descriptions

of the conformational changes within the motor, but also of

the way in which the myosin motor interacts with the actin

filament in different biochemical states. Structural insights

into actomyosin interactions are largely derived from actin

decorated filaments viewed with EM (Rayment et al. 1993b;

Schröder et al. 1993; Whitaker et al. 1995; Jontes et al. 1995,

1998; Carragher et al. 1998; Volkman et al. 2000). The

availability of high-resolution structures of an actin mono-

mer (Kabsch et al. 1990; Otterbein et al. 2001), as well as

models for the F-actin filament (Holmes et al. 1990 ; Lorenz

et al. 1993) allowed the docking of atomic models into

cryoEM maps to describe the contacts between actin and

myosin in the rigour state. To interpret the myosin density,

the post-rigour structures of myosin (ATP state) have been

used because the lever arm adopts a down position in this

state that is similar to that of myosin bound to actin in rigour

(Rayment et al. 1993b). However, it is clear that the sub-

domains of the motor bound to actin are not in the same

position in rigour and post-rigour structures, and that the

rigour maps are best fit by a relative movement of the upper

and lower 50 kDa subdomains towards each other

(Rayment et al. 1993b; Holmes et al. 2003). (Compare the

docking of post-rigour in figure 2 with the docking of rigour

in figure 8. More detail is given in the contribution to this

issue by Holmes et al. (2004).) This movement is necessary

to generate a strong binding interface with actin, as myosin

in the post-rigour conformation binds weakly to actin. It cor-

responds to the ATP-state of the motor that detaches from

actin at the end of the cross-bridge cycle. Only the recently

published myosin V nucleotide-free structure has a closed

cleft (Coureux et al. 2003) necessary for strong actin bind-

ing, and thus it fits even the myosin II cryoEM maps better

than the myosin II post-rigour structures (Holmes et al.

2004).

A second feature revealed by the EM structures is that

for most myosins, there is a state where the lever arm is in

an intermediate (between the pre-powerstroke and rigour)
myosin.ADP.Pi
pre-power stroke

myosin.ATP

post-rigour

F-actin

F-actin

Pi

ADP

ELC

RLC

‘lever
arm’

lever arm

swing

Figure 2. Structural basis for the myosin lever arm hypothesis.
The first two high-resolution myosin structures (post-rigour
and pre-powerstroke) suggested the adjacent scheme for
actomyosin movement, which was termed the lever arm
hypothesis. However, neither state binds strongly to actin, and
this cannot be the true basis of force generation. While the pre-
powerstroke state probably does represent the beginning of the
powerstroke, the post-rigour state is not the end, but
represents the state that ATP induces to detach myosin from
actin.
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position, and in which the myosin binds strongly to both

actin and to ADP (Whitaker et al. 1995; figure 3). This

intermediate actomyosin ADP state exists for the non-

muscle, smooth muscle and cardiac muscle myosin IIs.

Such a state in which both actin and ADP bind strongly is

necessary to produce a highly strain-dependent ADP

release step (Cremo & Geeves 1998; Nyitrai & Geeves

2004). Other muscle myosins, such as fast skeletal muscle

myosin II, have weak affinities for ADP when bound to

actin. They do not populate this intermediate state in the

absence of load and the lever arm position in the rigour

state is most similar to that of the strong ADP state of

smooth muscle myosin II (Gollub et al. 1996; Rosenfeld et

al. 2000; Volkman et al. 2003). This is probably an adap-

tation for speed of shortening, as it creates less strain

dependence in the ADP release step, because less move-

ment of the lever arm is required to release ADP.

The cryoEM observation of a swing of the lever arm

upon ADP release for some myosins also gave indirect sup-

port for the swinging lever arm hypothesis of force gener-

ation. This hypothesis, summarized in figure 2, was

originally postulated based on the fitting of atomic models

of actin and myosin into observed actin and myosin rigour

densities derived from cryoEM (Holmes 1996). In essence,

the post-rigour state (ATP state) of myosin was equated

with the end of the force generating cycle (powerstroke) of

myosin and the pre-powerstroke state (taken to represent

an ADP�Pi state) structure was proposed to represent the

state before force generation. From the docking on actin, a

�100 Å displacement of the myosin II lever arm towards

the barbed end of the actin filament was predicted during

the powerstroke (Holmes 1996).

Further experimental support for the swinging lever arm

hypothesis comes from studies that show that the unitary

displacement and/or velocity of myosin II are related to

lever arm length (Uyeda et al. 1996; Warshaw et al. 2000;

Manstein 2004). In particular, three reports demonstrated

a direct correlation between lever arm length and stroke

size (the displacement of a single-headed interaction with

actin) of myosin V (Purcell et al. 2002; Sakamoto et al.

2003; Moore et al. 2004). Because the step size (the

distance between actin subunits sequentially encountered

by a two-headed molecule) of myosin V is bigger than the

stroke size, these studies also show that a diffusive compo-

nent contributes to the myosin V step size. Note also that

although these studies support a role for swinging of the

lever arm in the generation of force and movement, they do

not address whether or not force production is directly cou-

pled to lever arm movement.
5. DUTYRATIO
While all forms of myosin have the same kinetic cycle

pictured in figure 3, the rates of transition between the

states are highly variable. This allows myosin to be ‘kineti-

cally tuned’ for a variety of cellular functions by not only

altering the rate that it proceeds through the ATPase cycle,

but also by changing the relative amount of the cycle that

myosin spend in the strongly actin bound (force generat-

ing) states. The ratio of the occupancy of the strong states

to the occupancy of the weak þ dissociated þ strong states

is known as the duty ratio. Fast skeletal muscle myosin

functions in large ensembles within the half sarcomere.
Phil. Trans. R. Soc. B (2004)
Thus to maximize speed of shortening and power output,

this type of myosin has a low duty ratio in the absence of

load (i.e. the cross-bridges spend most of the cycle

detached or weakly attached). Rapid detachment from the

strongly bound states prevents drag on moving cross-

bridges. Although more rapid detachment leads to higher

shortening velocities, it also causes the isometric economy

to be low. Thus, the smooth muscle and non-muscle myo-

sins II have higher duty ratios and slower speeds of

movement than skeletal muscle myosin II (Nyitrai &

Geeves 2004).
6. MYOSIN V STEP SIZE AND PROCESSIVITY
The highest duty ratio myosins are those myosins that are

capable of moving their cargo as a single molecule (De La

Cruz et al. 1999). The ability of a single molecule to

undergo multiple interactions with actin without releasing

from the actin has been termed processivity. The first

example of a processive myosin was myosin V (Mehta et al.

1999). Each head has a duty ratio that approaches unity at

high actin concentrations. This ensures that when one

head detaches from actin upon ATP rebinding, the other

head will be in a strong binding state, and remain in a

strong binding state long enough for the detached head to

hydrolyse the ATP and rebind to a more distal actin bind-

ing site. In this manner myosin V can ‘walk’ along an actin

filament. This property has made it possible to do mechan-

ical studies on single molecules that have critically tested

the lever arm hypothesis. Furthermore, the coordination

between the heads of a single molecule that optimizes pro-

cessive motion has led to new insights that are likely

relevant for all myosins.

Image averaging of negatively stained myosin V mole-

cules on actin filaments provided direct visualization of the

two heads bound strongly to actin monomers that were

separated by 36 nm (Walker et al. 2000). The lever arms of

the two heads were in very different conformations. The

images were interpreted as the lead head being in a pre-

powerstroke conformation while the rear head was post-

powerstroke (Burgess et al. 2002). Kinetic experiments

recently published (Rosenfeld & Sweeney (2004) described

below) make it clear that both heads of myosin V should

have lost their Pi, indicating that the lead head must be in

one of the states that follows the pre-powerstroke confor-

mation. What is of great interest in visualizing such mole-

cules is to relate the kinetic state of the lead head with the

geometry of the lever arm, so as to understand how the

internal strain is distributed to either deform the lever arm

or distort elements within the motor domain itself.

Optical trap studies have also measured the step size and

stroke size of a double-headed myosin V and have shown

that there are preferred myosin binding positions (target

zones) every 36 nm along the actin filament (Veigel et al.

2002). The 36 nm steps of the double-headed motor are a

combination of the working stroke (21 nm) of the bound

head and a biased, thermally driven diffusive movement

(15 nm) of the free head onto the next target zone (Purcell

et al. 2002; Veigel et al. 2002; Batters et al.2004).

As mentioned above, a series of papers (Purcell et al.

2002; Sakamoto et al. 2003; Moore et al. 2004) demon-

strated that both the stroke size of the single-headed con-

structs and the step size of the double-headed constructs
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are linearly related to myosin V lever arm length. Later stu-

dies reinforced the lever arm role in myosin V, and pro-

vided evidence that it ‘walks’ in a hand-over-hand fashion

along an actin filament (Yildiz et al. 2003), tilting its light

chain binding domains as it does (Forkey et al. 2003).
7. KINETIC EXPERIMENTSWITHMYOSIN V
Before single molecule demonstrations of processivity, kin-

etic experiments on single-headed myosin V revealed that it

achieves its high duty ratio in the absence of strain by hav-

ing slow ADP release and fast ATP hydrolysis and

Pi release. This leads to the predominant steady-state

intermediate being a strongly bound actomyosin ADP state

to which ADP is tightly bound. Myosin V, like smooth

muscle myosin II, undergoes a lever arm swing (ca. 10� for

myosin V) associated with ADP release. This provides a

means of accelerating ADP release from the rear head, if

the lead head pulls, and/or preventing ADP release from a

lead head until the rear head detaches. These potential

mechanisms of gating the heads to optimize processivity

were recently addressed in kinetic experiments on double-

headed myosin V constructs, as discussed below.

In collaboration with Steve Rosenfeld, we have per-

formed kinetic experiments on the initial encounter of two-

headed myosin V with an actin filament. This has allowed

further insight into the kinetic scheme of myosin V (figure

3) that we initially described for a single-headed construct

(De La Cruz et al.1999). The two-headed kinetic experi-

ments, as well as recent trap experiments from the Spudich

laboratory (T. J. Purcell, J. A. Spudich and H. L. Sweeney,

unpublished data), have helped define the gating mech-

anism (as shown in figure 4) necessary for myosin V

processivity.

The kinetic characterization is more complete for myosin

V than for any other myosin. The reason that this is the

case is that beginning with the release of Pi from

AM�ADP�Pi, each actin-bound transition is more rapid

than the one that follows it. For myosins in which slow

steps precede fast steps, the two steps cannot be easily

detected as distinct. For myosin V, the release of Pi is

� 200 s�1 at 20 �C. (For the initial encounter of two-

headed myosin V, both heads simultaneously release Pi at

this rate.) This is followed by an isomerization of ADP

states (weak to strong transition) that is detected by

quenching of the pyrene actin signal and occurs at

� 25 s�1 in the absence of strain at 20 �C. We refer to the

initial ADP state (from which Pi is released) as the Sleep

state, because it probably corresponds to the myosin II

AM�ADP state described in muscle by Sleep & Hutton

(1980). The transition from the Sleep state to the next state

creates a strong ADP-binding, strong actin-binding state.

This state has been observed by cryoEM for several myo-

sins (Whitaker et al. 1995; Jontes et al. 1995). The rate of

this isomerization appears to have a large temperature

dependence, as the rate is at least four times faster at 25 �C
than at 20 �C (De La Cruz et al.1999). This temperature

sensitivity probably reflects a major structural rearrange-

ment in the motor that is necessary to create a strong actin-

binding interface. At 20 �C, the pyrene–actin quenching

transition (weak to strong transition) is only slightly faster

(25 s�1) than the isomerization that follows it in the cycle,

which generates the state from which ADP is rapidly
Phil. Trans. R. Soc. B (2004)
released. This isomerization rate is 13–15 s�1. It is the step

in the cycle that De La Cruz et al. identified as the overall

rate-limiting step at 25 �C. The strong ADP-binding,

strong actin-binding myosin V state is thus the predomi-

nate steady state intermediate in the cycle.

Rosenfeld & Sweeney (2004) measured the pyrene–actin

quenching during steady-state turnover by a two-headed

myosin V (before the onset of actin-cross-linking, so that

both heads were bound to the same filament). The data

were consistent with all rear heads being in a strongly

bound state, and about half of the lead heads had released

Pi, but had bound in a state that do not quench pyrene

(Sleep state) and half that released Pi and bound in a

strong, pyrene quenching, actin-binding state. This is what

would be expected if the lead head does not accelerate

ADP release of the rear head and the rear head does not

markedly slow the weak to strong transition of the lead

head (i.e. rear head releases ADP at 13 s�1 while the lead

head simultaneously undergoes the weak to strong tran-

sition at 25 s�1). Furthermore, the ADP release rate fol-

lowing the initial step was the same as the unstrained ADP

release rate from a single-headed myosin V construct.

Thus, these results imply that gating of two-headed myosin

V is achieved by preventing the ADP-releasing isomeriza-

tion of the lead head, rather than accelerating the ADP-

releasing isomerization of the rear head.

Different results were obtained for the kinetics of the first

actin encounter of the two-headed myosin V, than for the

steady state. In that case, the two heads simultaneously

bound to actin in the ADP�Pi state, simultaneously released

Pi (200 s�1), and simultaneously underwent an accelerated

weak to strong transition (44 s�1) at 20 �C. At that point,

ADP release from the rear head was accelerated (30 s�1),

while ADP release from the lead head was prevented

(gated) until the rear head detached. If the rear head was

prevented from detaching (presence of high ADP/ATP),

then dissociation of ADP from the lead head was at a rate of

0.3 s�1. (This rate corresponds to the measured rate of

ADP dissociation from the strong ADP-binding, strong

actin-binding state of non-muscle myosin IIB (Rosenfeld et

al. 2003).) As noted above, during the steps following the

first step, no acceleration of ADP release was observed

from the rear head, although ADP release was prevented in

the lead head until the rear head detached. This difference

in the ADP release rates from the rear head implies that the

geometry of the initial encounter is different from sub-

sequent encounters. This is reasonable because both heads

are in an ADP�Pi state before the initial encounter, while

only the lead head is in that state during the subsequent

steps.

A somewhat different conclusion from the kinetic experi-

ments of Rosenfeld & Sweeney (2004) was reached in

optical trap studies from Veigel et al. (2002) who reported

an approximately 1.5-fold acceleration of ADP release

from the rear head by a lead head during processive step-

ping of myosin V. However, this assertion was based on

comparisons of single encounters of two-headed myosin V

molecules with encounters during processive runs. What

was observed was that the duration of the event before

ADP release was � 107 ms in the single encounter case,

versus 67–75 ms in the processive run. Thus, it would

appear that ADP release from the rear head was faster dur-

ing processive movement than during a single-headed
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encounter. However, in light of the two-headed kinetic

experiments of Rosenfeld & Sweeney (2004), this probably

is a misinterpretation of the data. First, note that the ‘accel-

erated’ rate giving rise to the 67–75 ms duration corre-

sponds to an ADP off rate of 13–15 s�1, which is what is

normally measured for S1 in the absence of strain. Thus

what was observed was not acceleration during walking,

but an apparent slowing of ADP release during the single

encounter of the two-headed molecule. It is likely that the

single encounter was in fact a two-headed single encounter,

and not simply interaction by one head as assumed by

Veigel et al. (2002). The data of Veigel et al. support this in

that the displacement of a two-headed (HMM) single

encounter was 25 nm, while that of a one-headed (S1)

encounter was 21 nm. If the HMM single (initial) encoun-

ter was two-headed, as in the study of Rosenfeld and

Sweeney, then its duration at saturating ATP concentra-

tions would be 33 ms (30 s�1 ADP off rate from rear head)

þ 77 ms (13 s�1 ADP off rate from the lead head). This is

in good agreement with the duration measured by Veigel

et al. (110 ms versus 107 ms). Thus their data do not sup-
Phil. Trans. R. Soc. B (2004)
port acceleration of ADP release from a rear head during

processive movement. Instead they agree with the kinetic

data of Rosenfeld and Sweeney which demonstrate acceler-

ation of ADP release from a rear head only occurs during

an initial two-headed encounter.

Clearly the geometry of the initial encounter of two-

headed myosin V is different from subsequent encounters

because both heads begin in pre-powerstroke states. The

single event data of Veigel et al. suggest that the heads are

binding to actin monomers that are � 8 nm (� two actin

monomers) apart, and that this geometry allows the lead

head to strain the rear head in a manner that accelerates

ADP release. When the processive behaviour of a myosin V

with a short (4IQ) lever arm was characterized (Purcell

et al. 2002), the short lever arms constrained the lead head

to take 24 nm steps during steady-state movement.

Intriguingly, the steady-state ADP release rate from the

rear head was accelerated to a similar extent as seen in the

initial encounter of wild-type myosin V. One possible

explanation for these data is the ADP-releasing isomeriza-

tion involves a lever arm movement with a significant
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that the strong ADP state either does not exist or is not populated in the absence of strain for a number of myosin isoforms,
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the affinity of the ‘Sleep’ state for actin as moderate (probably less than 1 mM), but no direct measurement of its affinity exists.
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orthogonal component (relative to the actin filament) that

allows off-axis strain to accelerate the isomerization,

whereas on-axis strain cannot. Another possibility is that

the lever arm compliance is asymmetric, and is greater if

pulled forward on-axis than if pulled off-axis.

Ultimately it is unclear as to what is the significance of

the acceleration of ADP release from a rear head during an

initial actin encounter. Because myosin V traffics through

an actin meshwork in cells, it may be a mechanism

designed to accelerate ADP release from a rear head if the

lead head sidesteps onto a different actin filament. Such a

head geometry might allow the lead head to release ADP at

an unstrained rate, resulting in simultaneous ADP release

from both heads and termination of a processive run.

Acceleration of ADP release from the rear head under

those conditions could ensure that the run continues.
8. CORRELATIONBETWEENSTRUCTURALAND
KINETIC STATES

Understanding the chemo-mechanical coupling in the

myosin motor requires assigning structural states to the dis-

tinct steps of the actomyosin cycle characterized by kinetic

studies. Coupling structural and kinetic studies is not only

insightful but it allows the design of mutant myosins to test

directly which conformational changes the myosin motor

undergoes in the motor cycle. For example, structures of

the pre-powerstroke state crystallized when either ATP or

ADP�Pi analogues are bound to myosin (Fisher et al. 1995;

Dominguez et al. 1998; Houdusse et al. 1999; Bauer et al.

2000) show that ATP hydrolysis requires interactions

between switch II and the c-phosphate that result in the

closure of the c-phosphate pocket, preventing Pi release.

To avoid steric hindrance, the rigid conformation of switch

II in this state must be coupled with precise conformations

of both the relay and the SH1 helix that leads to a primed

position for the converter and the lever arm, characteristic

of the pre-powerstroke conformation of the myosin head

(see figures 1 and 2). Site-directed mutagenesis studies

have confirmed that this conformation is essential for ATP
Phil. Trans. R. Soc. B (2004)
hydrolysis and is preceded by a lever arm movement

(Malnasi-Csizmadia et al. 2001). Hydrolysis of ATP in the

myosin motor is thus highly correlated with the priming of

the lever arm. Trapping of the Pi explains the stability of

the pre-powerstroke conformation until actin binding

favours an isomerization that allows Pi release. This under-

lies the low intrinsic ATPase activity of myosin in the

absence of actin, and provides the structural basis for the

results of Lymn & Taylor (1971).

While the two first structural states identified for myosin

provided insight into the mechanism of hydrolysis, and

provided support for the lever arm hypothesis (see above),

they gave little insight into the force-generating structural

changes in myosin that accompanied actin binding. These

missing structural states are necessary to understand the

details of how rearrangements in the head allow communi-

cation from the actin binding site to the nucleotide-binding

pocket, which is the essence of chemo–mechanical

transduction by the actin–myosin interaction. This is

where the unusual kinetics of the processive motor, myosin

V, provided a unique opportunity. As shown in figure 5, in

the absence of nucleotide, the myosin II motor populates

a state (post-rigour) which must undergo a strongly

temperature-dependent conformational change upon actin

interaction to form the rigour complex. By contrast, myo-

sin V in the absence of nucleotide populates a state that

binds to actin in a temperature-independent, diffusion-

limited manner (figure 5), suggesting that it is already

populating the rigour conformation. Exploiting this fact, a

new myosin structural state has been described from crys-

tals of nucleotide-free myosin V. Both kinetic and structur-

al evidence allow us to assert that this new structure reveals

details of the rigour structure of myosin, albeit not bound

to actin.
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Pi and bind strongly to
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lead head cannot
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Figure 4. Gating mechanism of myosin V. While the rear head
is in a strong-ADP strong-actin binding state, the lead head
binds to actin, rapidly releases Pi, undergoes the weak to
strong transition, and generates intra-molecular strain. Until
the rear head detaches, the lead head cannot undergo
sufficient lever arm movement to release ADP. Strain on the
rear head cannot accelerate ADP release, except during the
initial two-headed encounter (i.e. the first step). Once the rear
head releases ADP, ATP rapidly binds and dissociates the rear
head. This unbound head moves forward (now in an ADP�Pi

state) and binds to actin as the new lead head. The constraint
on the former lead head (now rear head) is removed, and the
cycle is repeated.
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Figure 5. Rates of binding of the MV-1IQ and fast skeletal
myosin II (Sk) S1 to pyrene–actin filaments and the
dependence on actin concentration. The rates of MV-1IQ and
SkS1 binding to pyrene–actin in the absence of nucleotide are
plotted as a function of pyrene–actin concentration. Linear fits
of the rates (kobs) of MV-1IQ binding to pyrene–actin at 25 �C
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the rates (kobs) of SkS1 binding to pyrene–actin at 25 �C
(filled circles) and 30 �C (open circles).
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9. NUCLEOTIDE-FREEMYOSIN VREVEALSANEW

STRUCTURAL STATE
The nucleotide-free myosin V crystals indeed revealed a

novel conformation for the myosin head in which all the

key features that were predicted to occur in the myosin

state with the strongest affinity for F-actin (i.e. rigour state)

are realized (Coureux et al. 2003). First, as predicted from

EM studies, the structure reveals at atomic resolution how
Phil. Trans. R. Soc. B (2004)
the major cleft in the molecule can close without much

effect in the lever arm position (see figure 6). In contrast to

the post-rigour (ATP�) state for which this cleft is totally

open, interactions between the two 50 kDa subdomains

allow total closure of this cleft from the actin interface to

the nucleotide-binding site in the myosin V structure.

Note that the lever arm position found in this structure is

consistent with energy transfer measurements (Xiao et al.
upper 50
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loop 1

switch I
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P-loop

U50

L50

rigour-like

post-rigour

upper 50

50 kDa cleft
closed

lower 50

converter

loop 1

(a) (c)
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Figure 6. The myosin V rigour-like (nucleotide-free) (a) and post-rigour (ATP-state) (b) states are shown superimposing the
structures on the lower 50 kDa subdomain (grey) so that the degree of cleft closure can easily be compared. Note that the
converter (green) is not much affected by the large relative movement of the subdomains in the two structures. (c) A closer view of
the active sites in (a) and (b). Note the difference in the position of switch I (purple) upon binding of MgATP. These active site
rearrangements trigger re-opening of the 50 kDa cleft and drastically affect the actin interface (d) (which is composed of elements
from both the lower and upper 50 kDa subdomains).
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2003) that do not report significant lever arm swing

(no reversal in the power-stroke) when ATP binding to

actomyosin induces dissociation. The closure of the cleft

brings closer together different elements of the actin bind-

ing interface consistent with a major increase in the affinity

for the filament for this state compared with the post-rigour

and pre-powerstroke states. Finally, major rearrangements

and new interactions between the nucleotide-binding ele-

ments (P-loop, switch I and switch II) found in the myosin

V structure are consistent with the weak affinity of the

rigour state for the nucleotide (see figure 6). In revealing

unexpected rearrangements in the molecule, this new

structure demonstrates for the first time, to our knowledge,

the structural basis of the coupling between the binding

and release of actin and nucleotide, and the strong inverse

linkage that has remained enigmatic.

While closure of the cleft had been predicted, the struc-

tural changes in the molecule that facilitated cleft

closure were not. The key structural rearrangement is an

unexpected distortion of the seven-stranded beta sheet that

lies at the boundary of the N-terminal and upper 50 kDa

subdomains, where lies the nucleotide-binding site. This

distortion is accommodated by associated linker and loop

elements we have collectively named the transducer

(diagrammed in figure 7). A second crystal form of myosin

V with ATP-analogues bound has revealed at 2.0 Å resol-

ution the exact rearrangements that occur on the motor

upon ATP binding (Coureux et al. 2004). Structural chan-

ges of the transducer play a key role to allow large relative

rotation of the subdomains, which are critical to coordinate

changes in the actin-binding interface with rearrangements

in the nucleotide-binding site.
Phil. Trans. R. Soc. B (2004)
To ascertain the nature of ADP binding to the A.M.DW

state, myosin V nucleotide-free crystals were soaked in

10 mM MgADP. Interestingly, the ADP is coordinated

exclusively by the P-loop, without Mg2+ and without any

contributions from switch I or switch II. There are subtle

rearrangements of the nucleotide binding elements,

especially the P-loop, compared with the rigour structure.

Otherwise the structure is not different from the nucleo-

tide-free state. This supports the contention that the

A.M.DW state is essentially a rigour conformation, thus

implying that the powerstroke terminates with the lever

arm in the rigour position. The fact that the Mg2+ ion is not

bound in this structure suggests that coordination by

switch I residues is critical for the Mg2+ affinity. This struc-

ture has important physiological implications, in that it

suggests that Mg2+ is released before ADP from

actomyosin (figure 3). Moreover, this structure is the first

one, to our knowledge, to show how P-loop rearrange-

ments could differ when ADP or ATP needs to be accom-

modated in the active site.
10. MISSINGSTRUCTURAL STATES
While the high-resolution structures currently known have

elucidated the ATP binding and hydrolysis steps, we have

little insight into the structural intermediates between the

initial weak interaction of the pre-powerstroke state with

actin, and the release of inorganic Pi and formation of strong

actin binding. Thus our high-resolution view of the actomyo-

sin ATPase cycle is currently as summarized in figure 8.

As summarized in figure 3, there is kinetic evidence for the

existence of two additional states that have not been

visualized at high resolution (Houdusse & Sweeney 2001).

Specifically, there must be formation of an actin�myosin�ADP

state (A.MSH.DS state) from the pre-powerstroke state to

provide an escape route for the inorganic Pi. In many myo-

sins such as myosin V, a strong actin-binding, strong ADP-

binding state (A.M.DS state) precedes the rigour state (figure

3), which must be followed by a weak ADP binding state

(A.M.DW state), that gives rise to rigour upon ADP dis-

sociation (Rosenfeld et al. 2000).

The new myosin V structures have changed our views of

the possible structural changes that may occur when

myosin binds to actin and generates force and movement.

Indeed, the unexpected rearrangements found in these

structures not only demonstrate how actin favours nucleo-

tide exchange and how MgATP binding reduces the myo-

sin affinity for actin. They give novel insights about how

different types of distortion in the transducer and variations

in the P-loop conformation can be exploited to achieve the

earlier product release steps.
11. SLEEP STATE IS NOTEQUIVALENT TO THE
POST-RIGOURSTATE

The existence of a specific state for Pi release came first

from the kinetic studies of Sleep & Hutton (1980), hence

the myosin designation, MSH. When the first myosin

structures appeared, it was evident that the Pi would be

trapped in the pre-powerstroke structure following

hydrolysis, but that an escape route, referred to as a ‘back

door’ (Yount et al. 1995), existed for the Pi in the post-rig-

our structure. This caused us to speculate that actin might

cause the motor to transiently adopt a post-rigour confor-
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Figure 7. The transducer region found at the boundary
between the N-terminal and the upper 50 kDa subdomains is
shown for myosin V both in the post-rigour state (coloured)
and rigour-like state (grey) after superimposing the structures
on the N-terminal subdomain. Note in particular the
distortion of the last three strands of the b-sheet and
associated loops [loop1 and HG helix (red, residues S184–
A198), b-bulge (purple, residues F220–T241) and HO-linker
(green, residues L423–D437)]. Switch I (purple, residues
A209–R219) follows the rotation of the upper 50 kDa
subdomain and is thus found 7 Å away from the nucleotide
binding site in the rigour-like structure. Different
conformational changes of the P-loop (pale green, residues
S162–T170) are necessary to accommodate ATP or ADP in
the active site.
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mation so as to release Pi from the pre-powerstroke state

(Houdusse & Sweeney 2001). However, recent molecular

dynamics modelling suggests that there is not adequate

room for Pi escape in the post-rigour state (Lawson et al.

2004). Additionally there is now evidence for the existence

of a state different from the post-rigour state for myosin V

from which Pi is released. A rapid mant-nucleotide fluores-

cence change was detected by Rosenfeld & Sweeney
Phil. Trans. R. Soc. B (2004)
(2004), which corresponded to the rate of Pi release. No

change in mant-ATP signal is associated with an isomeriza-

tion between the post-rigour and pre-powerstroke states.

Based on the published Dictyostelium myosin II structure

with mant�ADP bound (Bauer et al. 1997), our interpret-

ation of this is that the structural transition that allows

release of Pi results in a change in the environment of the

mant because of a rearrangement involving switch I. This is
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the first evidence that we have to suggest a change in switch

I to create an exit route for Pi release, even though there is

maintenance of strong binding of the MgADP. A second

change in mant fluorescence is seen upon ADP release,

probably a result of a complete removal of switch I, as seen

in the rigour structure. Thus the picture that emerges is

that switch I must reposition in some manner to create an

exit route for the Pi, but still maintain coordination of

nucleotide.

It also is clear from the same study of Rosenfeld &

Sweeney (2004) that the conformational change that

allows Pi release precedes the conformational change that

causes pyrene–actin quenching (strong binding). Thus the

Sleep (MSH) state undoubtedly has an altered actin inter-

face compared with the pre-powerstroke state (to com-

municate with the nucleotide pocket), and probably an

actin-binding affinity that is intermediate between a ‘weak’

and ‘strong’ state. The recent structures of myosin V

(Coureux et al. 2003, 2004) suggest that the actin-bound

conformations of myosin will be characterized by beta-

sheet distortions that do not occur in the post-rigour and

pre-powerstroke states. Thus the structural details of the

Sleep state are still unclear, but probably will involve a

different type of beta-sheet distortion than seen in rigour to

accommodate both actin and nucleotide binding.
12. THE STRONGADENOSINEDIPHOSPHATEACTIN
BOUNDSTATE

The next defined state in the actomyosin ATPase cycle

(figure 3) has been detected kinetically and imaged at low

resolution with cryoEM. It is the state that binds strongly to

actin (following the weak to strong transition that quenches

pyrene–actin) and maintains a high affinity for MgADP. It

was first detected by a lever arm ‘swing’ upon ADP release

in smooth MII, using cryoEM (Whitaker et al. 1995), and

is present in most myosin isoforms. In essence there is an

equilibrium between a strong actin-strong ADP state

(A.M.DS) and a state that binds actin strongly, but ADP

weakly (A.M.DW), that is probably equivalent to the rigour

state (see also Nyitrai & Geeves 2004). The apparent rate

of ADP dissociation is determined primarily by the rate of

the isomerization between these two states, because ADP

dissociation is rapid from the A.M.DW state (Rosenfeld

et al. 2000). Thus the difference in ADP dissociation rates

between smooth MII and NMIIB is determined by the dif-

ferent rates and equilibria associated with the isomeriza-

tion. Because the isomerization involves a lever arm swing,

it creates a strain dependent step. For smooth myosin II the

equilibrium is poised to slow ADP release under load,

whereas in the case of NMIIB, ADP is released very slowly

unless another myosin pulls (towards the rigour position)

on the lever arm. As already discussed above, in the case of

myosin V, a lead head is prevented from undergoing this

isomerization until the rear head detaches.

As in the case of the Sleep (MSH) state, the structural

details of the motor domain in the strong ADP state

(A.M.DS) are unknown. Again we would speculate that

beta-sheet distortions distinct from those seen in rigour and

those likely to be found in the Sleep state may allow the

formation of a strong actin binding interface and maintain

high-affinity nucleotide binding. Structural variations

among isoforms probably dictate how easily these
Phil. Trans. R. Soc. B (2004)
distortions are accommodated. On one extreme is non-

muscle myosin IIB, which almost exclusively populates the

strong ADP state (A.M.DS) in the absence of strain, result-

ing in a MgADP affinity that is unaltered by actin binding

(Rosenfeld et al. 2003). At the other extreme are skeletal

and Dictyostelium myosin IIs, which cannot populate the

strong ADP state in the absence of strain and thus have

very low MgADP affinities when bound to actin (Gollub et

al. 1996; Rosenfeld et al. 2000; Volkman et al. 2003).

13. CONCLUSIONS
The kinetic and structural states of myosin V as well as the

mechanisms of its movement are understood at a level that

surpasses that for all other myosins. At the same time the

findings on myosin V are providing greater insights into

how myosins work in general, and into the mechanism of

muscle contraction. What is still missing are not only the

structural details of the states involved in the force generat-

ing steps on actin, but also the effects of imposed strain on

all of the static motor domain structures. This point has

recently been highlighted by EM images of two-headed

molecules of myosin V with the heads bound 36 nm apart

on an actin filament (Walker et al. 2000; Burgess et al.

2002). The lever arm of the lead head is in a position simi-

lar to the pre-powerstroke state even though, based on kin-

etic studies, the state of the head is likely to be either strong

ADP or rigour. As we noted in an earlier review, under-

standing where the ‘springs’ are within the motor that can

accommodate such strain and still allow strong binding to

actin is as important as understanding the details of the

initial actin-bound states in which force is generated. Thus

the final solution of how muscle works that began with the

monumental papers by the Huxleys and their colleagues in

1954, awaits the delineation of the ‘missing structures and

hidden springs’.
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GLOSSARY

A.M.D: actomyosin complex with ADP bound in the

myosin active site

ADP: adenosine diphosphate

ATP: adenosine triphosphate

cryoEM: cryo-electron microscopy

D: ADP

EM: electron microscopy

HMM: heavy mero-myosin

IQ: IQ motif, a light chain binding motif

M��: high fluorescence myosin state

M�: low fluorescence myosin state

mant-ADP: the fluorescent substrate analogue methyl-

anthraniloyl ADP

MgADP: Mg2þ�ADP

NMIIB: non-muscle myosin IIB

P: inorganic phosphate Pi

S1: subfragment 1

SH1: the most reactive thiol group of the motor domain.
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