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The myosin superfamily of molecular motors use ATP hydrolysis
and actin-activated product release to produce directed move-
ment and force'. Although this is generally thought to involve
movement of a mechanical lever arm attached to a motor core"?,
the structural details of the rearrangement in myosin that drive
the lever arm motion on actin attachment are unknown. Moti-
vated by kinetic evidence that the processive unconventional
myosin, myosin V, populates a unique state in the absence of
nucleotide and actin, we obtained a 2.0 A structure of a myosin V
fragment. Here we reveal a conformation of myosin without
bound nucleotide. The nucleotide-binding site has adopted new
conformations of the nucleotide-binding elements that reduce
the affinity for the nucleotide. The major cleft in the molecule has
closed, and the lever arm has assumed a position consistent with
that in an actomyosin rigor complex. These changes have been
accomplished by relative movements of the subdomains of the
molecule, and reveal elements of the structural communication
between the actin-binding interface and nucleotide-binding site
of myosin that underlie the mechanism of chemo-mechanical
transduction.

Myosin V is a myosin motor that has a number of structural and
kinetic features that allow it to act as a two-headed processive motor
protein’. The most notable feature is its long tandem repeat of six
calmodulin/light-chain-binding sites, which form a long ‘lever arm’
that allows myosin V to take multiple 36-nm steps along an actin
filament without detachment (that is, processive movement)>*.
This allows the molecule to function as a vesicle transporter®. To
achieve processive movement, the rates of key kinetic steps of
myosin V are very different from myosin II, which results in each
head spending most of its ATPase cycle strongly bound to actin®.

The current view of how myosin couples ATP hydrolysis and
actin binding to movement is known as the lever arm hypothesis'*.
In essence the proposed mechanism is that nucleotide binding,
hydrolysis and product release are all coupled to small movements
within the myosin motor core. These movements are amplified and
transmitted by a region that has been termed the ‘converter’”® to a
lever arm consisting of a light-chain-binding helix and associated
light chains. The lever arm further amplifies the motions of the
converter into large directed movements’™. In the absence of actin,
ATP hydrolysis occurs, but product release is slow, thus trapping the
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lever arm in a primed or pre-power-stroke position. Binding to
actin causes release of products, movement of the lever arm, and
force generation concomitant with formation of strong binding
between myosin and actin (see Supplementary Fig. 1).

Although there is growing evidence for this general scheme’, the
proposed structural details of the motor domain changes are based
entirely on high-resolution structures of myosin II in states that
bind weakly to actin, and thus do not represent force-generating
states’. Crystals with either vanadate or AlF, plus MgADP reveal a
state (the ‘transition’ state) that probably mimics the pre-power-
stroke state of myosin compatible with ATP hydrolysis, and before
actin binding”'®"". The ‘near-rigor’ state, which has been seen with
MgADP, MgATP, ATP analogues or no nucleotide in the active
site’>"?, has been proposed to reveal the position of the myosin lever
arm at the end of the power stroke on release of MgADP (an
actomyosin state known as rigor). However, it cannot truly rep-
resent such a state as there is considerable kinetic evidence that
demonstrates that the near-rigor conformation of myosin II cannot
bind strongly to actin without significant structural rearrange-
ments>'*. Thus current crystal structures of myosin II offer no
explanation of how actin-induced product release increases the
affinity of myosin for actin, and how ATP dissociates the actin—
myosin nucleotide-free (rigor) complex after release of phosphate
and MgADP.

As previously noted® (see also Supplementary Fig. 2), in the
absence of nucleotide an expressed truncated form (truncated after
the first calmodulin-binding domain) of myosin V with a bound
essential light chain (LCl-sa with the extended amino terminus
removed'®) binds rapidly to actin in a concentration-dependent
manner, is not temperature dependent, and does not saturate over
the actin concentrations examined. The rate of skeletal myosin II
actin binding is highly temperature dependent and saturates at a
moderate rate and actin concentration'®. This indicates that in the
absence of nucleotide and actin, myosin II—which mostly populates
the near-rigor conformational state—is in a very different confor-
mation from that in the rigor complex that forms after adding actin.
On the other hand, the kinetics of myosin V binding appear to be
diffusion limited®, implying that myosin V in the absence of
nucleotide and actin is in a state that is nearly equivalent to the
rigor state formed on the addition of actin.

Crystals of this nucleotide-free myosin V construct diffracted to
2.0A. The refined structure is unlike that of any of the myosin
structures to date. However, as compared to the near-rigor or pre-
power-stroke structures, the lever arm is in a position that is similar
to that of the near-rigor state (see Supplementary Fig. 3).

Figure la demonstrates that there have been movements of the
previously defined® subdomains of the myosin motor that allow a
different actin interface, closure of a major cleft (50-kDa cleft) in the
molecule, and weakening of nucleotide binding. These subdomains
of the motor, which have been proposed to move as units connected
by flexible connectors or ‘joints’, are the N-terminal, upper 50-kDa
and lower 50-kDa subdomains, and the converter (to which the
lever arm is attached). This structure reveals new conformations of
the previously defined connectors® (switch II, relay and SH1 helix)
as well as revealing the importance of a fourth connector (previously
termed the ‘strut'”), which links the lower and upper 50-kDa
subdomains near the actin interface. Precise interactions mediated
by these connectors, that are different for each myosin state, allow
stabilization of the unique subdomain positions in each state. In our
new state, for the first time in any myosin structure, there is a
significant movement (25° rotation) of the upper 50-kDa subdo-
main relative to the N-terminal subdomain. As discussed below, this
movement is critical for both rearrangement of the nucleotide-
binding pocket and closure of the internal cleft between the two
50-kDa subdomains.

On the basis of attempts to dock the initial and subsequent high-
resolution structures of myosin II into lower-resolution cryo-
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electron microscopy reconstructions of the actin—-myosin complex,
it has been predicted that the 50-kDa cleft in the myosin molecule
would have to close in order to create the rigor interaction'®". In
our new structure, the actin interface is quite different from those of
the near-rigor or transition states, owing to a relative rotation and
translation of the upper and lower 50-kDa subdomains resulting in
closure of the cleft (Fig. 1a) both near the actin- and nucleotide-
binding sites. The closure near the actin-binding site requires a
conformational change in a connector between the upper and lower
50-kDa subdomains (the strut) that allows it to interact specifically
with both subdomains (Fig. 1b). Changes in the strut also allow a
large number of direct interactions between the upper and lower
50-kDa subdomains, including a number of van de Waals inter-
actions and specific side-chain interactions. Mutagenesis studies
have demonstrated that alterations in the length of the strut prevent
strong binding to actin'’.

Previous evidence for some degree of cleft closure on formation
of the actin—myosin rigor complex includes a fluorescence change of
an engineered tryptophan (F425W) in the upper 50-kDa subdo-

main of smooth muscle myosin II*. In our structure the corre-
sponding residue, N398, forms hydrogen bonds with residues of
both the lower 50-kDa subdomain and the strut (Fig. 1b). It is also
known that formation of the actin—myosin rigor complex requires a
conformational change in myosin II that results in a net exclusion of
water molecules from the motor'. The cleft closure seen in our
structure results in exclusion of a considerable amount of water
from the molecule, obliterating the aqueous tunnel seen in the near-
rigor structure (Fig. la).

Another major prediction based on the first myosin II structure
was that there would be an opening of the nucleotide pocket
triggered by cleft closure (actin binding) to release MgADP'.
However, the elements that coordinate the nucleotide (P loop,
switch I) have not been observed to move significantly, even in
myosin structures to date that do not have bound nucleotide'. In
our myosin V structure, the possibility of high-affinity nucleotide
binding has been eliminated in a series of unexpected structural
rearrangements, rather than a simple opening of the pocket. The P
loop and switch I have moved approximately 6.5 A apart, destroying

HU helix

Myosin V
nucleotide-free

Myosin V Myosin Il Myosin Il
nucleotide-free near-rigor transition state
Mg2+-ATP Mg2+-ADP-Pi

Figure 1 Positions of subdomains and connectors in the three myosin states and closure
of the 50-kDa cleft. @, A comparison of the myosin V motor domain to the Dictyostelium
myosin Il in the near-rigor and transition states shows the different positions of the
subdomains, nucleotide-binding elements and connectors in each state. The structures
have been superimposed on the N-terminal subdomains. Relative to this subdomain, the
rotation necessary to move from the myosin V state to the near-rigor state is indicated for
each subdomain of myosin V; similarly, the rotation necessary to move from the near-rigor
to the transition state is indicated on the subdomains of the transition-state structure.
Contours of the solvent-accessible cavities for the near-rigor (1,735 = 173 A% and
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transition states (795 = 140 A3) are shown with a red contour, whereas the green
contour (73 = 27 Aa) depicted in all structures represents an internal cavity of myosin V.
Pi, inorganic phosphate. b, Shown are specific hydrogen bonds involving the strut that
resultin cleft closure near the actin interface. Of note is the interaction of D570 with K405
and K246, which are residues conserved in all myosins. However, a number of residues
involved in cleft closure in our structure (such as T571, K569, N398) are not absolutely
conserved in the myosin superfamily. Variability in cleft interactions could alter the kinetics
of cleft closure, and thus the rate of the weak-to-strong binding to actin.

NATURE | VOL 425 | 25 SEPTEMBER 2003 | www.nature.com/nature




a b
50-kDa-N-term
subdomains

interaction

Myosin V
nuclectide-free

Figure 2 Nucleotide-binding site and distortion of the 3-sheet at the interface of the
N-terminal and upper 50-kDa subdomains. a, Shown is an overlay of the 3-sheet
(N-terminal subdomain superimposed) between myosin V in blue and near rigor
(Dictyosteliummyosin Il) in grey. Note that strands 5—7, which belong to the upper 50-kDa
subdomain are distorted to allow the upper 50-kDa rotation that removes switch | from the
nucleotide-binding site. b, The positions of the nucleotide-binding elements are shown for

the ability to coordinate Mg>" and the possibility of switch I
interactions with nucleotide. A new conformation of switch II is
stabilized by a number of new interactions (Fig. 2b). Note that
the switch I conformation is not altered, but simply follows the
movement of the upper 50-kDa subdomain relative to the P loop
and N-terminal subdomain (Fig. 2a). The position of the P loop
itself appears to provide steric hindrance to nucleotide entry (Fig.
2a). However, as its position in our structure is stabilized by weak

F-actin

Transition state

M},-(osin Vv

Figure 3 The actin—myosin interface. a, Myosin V as viewed from the actin side of the
interface reveals the positioning of putative actin-binding elements. b, The same view of
myosin V is overlaid on the lower 50-kDa subdomains of Dictyostelium myosin Il
structures. Note the conformational change in the strut and the obvious rotation of the
upper 50-kDa subdomain towards the actin filament (represented by an arrow) in the
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Transition state
Mg?+-ADPVO,

Near-rigor
Mg?+-ATP

three myosin states. The yellow asterisk in the myosin V structure marks the position of the
Mg in the other structures. In the transition state, switch Il contributes to coordination of
the ~y-phosphate of the nucleotide, but it bends in myosin V in the opposite direction and
forms direct interactions (broken green lines) with the fourth 8-strand and the P loop of the
N-terminal subdomain.

interactions, we would anticipate that in solution the P loop would
rapidly explore other conformations and would not significantly
hinder ATP binding.

A distortion of the seven-stranded {3-sheet that couples the N-
terminal and upper 50-kDa subdomains is essential to allow the
large movement of the upper 50-kDa subdomain (including switch
I). Although the amplitude of this distortion is large (Fig. 2a), the
key interactions that maintain the sheet have not been altered

Lower 50 kDa

Transition state

myosin V structure. ¢, The myosin V and transition state actin-binding elements are
docked on an actin filament, maintaining the identical positioning of the lower 50-kDa
subdomain in both cases. In myosin V, the HCM loop has been repositioned in such a way
that it can directly contribute to actin binding.
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(unlike what is observed for ARF proteins®'). The distortion of
strands 5-7 of the -sheet allows switch I and II to follow the
rotation of the upper 50-kDa subdomain, while maintaining the
upper 50-kDa—N-terminal subdomain interactions on the opposite
side of the sheet (Fig. 2a). (A similar 3-sheet distortion has also been
observed in a new structural state of Dictyostelium myosin II
(E. J. Kull and D. J. Manstein, personal communication).) This
distortion (that is, structural change that does not simply follow the
subdomain movement) is greatest for strand 5. That strand con-
nects on one side to switch II, and on the opposite side to a linker
coming from the longest helix (HO) of the upper 50-kDa sub-
domain that begins at the actin interface (HCM loop*, see below).
Through this helix, the linker can provide coupling between the
B-sheet and the actin interface, and itself undergoes considerable
distortion in our new state as compared with either of the weak
binding states (transition or near-rigor states).

Switch II has an important role in the positioning of the
subdomains that are critical for cleft closure and lever arm position
in the new state. Notably, switch IT promotes a different set of
interactions between the subdomains in the transition state struc-
ture. This results in the partial cleft closure of the transition state, as
compared to the near-rigor state, which traps the phosphate after
ATP hydrolysis and results in repositioning of the lever arm in its
pre-power-stroke conformation. However, the interactions that
close the cleft in the transition state are not all maintained in our
new state. Indeed, part of the region that is closed in the transition
state opens to form a small internal cavity in the nucleotide-free
structure (Fig. 1a).

If one assumes that the interface between the lower 50-kDa
subdomain and actin is essentially the same in all myosin states,
then our new structure would form a more extensive interface with
actin because the upper 50-kDa subdomain has been moved close to
the actin surface. In particular, the HCM loop—which is known
to contribute hydrophobic interactions to create strong actin
binding”—and a previously uninvestigated loop (loop 4)' are
now in position to make actin interactions (Fig. 3). Thus our new
structure would be predicted to provide a much better fit to either a
myosin II or myosin V rigor cryo-electron microscopy map near the
actin interface than do any of the existing myosin II near-rigor
structures.

On the basis of all of the structural and kinetic evidence described
above, we propose that our myosin V structure is a rigor-like state.
The positions of the switch elements and the 3-sheet seen in our
structure explain how cleft closure induced by actin binding results
in the weakening of nucleotide affinity. If this rigor-like structure
then rearranges to the conformation seen in the near-rigor state on
introduction of ATP, it would explain how ATP binding to the
actomyosin rigor complex weakens the affinity of myosin for actin.
The sequence of events would be initial binding of the phosphates of
ATP to the P loop, followed by an inward movement of switch I to
coordinate the y- and B-phosphates and the Mg”" ion. This switch I
movement would be mediated by rearrangement of the 3-sheet, and
accompanied by movement of switch II, and a reopening of the cleft.
(The necessity of switch II movement in the transition from rigor to
near-rigor is supported by a mutation of switch II (G440A) of
myosin V that greatly slows ATP-induced dissociation from actin,
while allowing ATP binding®.) This would decrease the affinity of
the myosin for actin, leading to dissociation of the myosin coinci-
dent with formation of the near-rigor state. This isomerization and
dissociation occurs with minimal movement of the converter and
lever arm. Thus ATP binding does not reverse the lever arm move-
ment. Reversal or repriming occurs on isomerization from the near-
rigor state to the transition state (while myosin is detached from
actin), which immediately precedes ATP hydrolysis.

What cannot be deduced from the myosin V rigor structure are
details of the myosin states between the initial weakly bound actin—
myosin*ADP-Pi state and the actin—myosin rigor complex. In these
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states, phosphate followed by MgADP is released from the myosin.
The key interactions between actin and myosin that trigger the
conformational changes that lead to release of phosphate and the
formation of a strong actin—-myosin interface undoubtedly involve
a flexible loop that connects the upper and lower 50-kDa sub-
domains, and is commonly referred to as loop 2 (refs 24, 25). This
loop does not contribute any interactions to our new structure, and
thus is disordered. Binding to actin probably orders this loop and in
doing so destabilizes the myosin"tADP-Pi structure and initiates
cleft closure at the actin interface. Indeed, mutations in this loop
can greatly slow and even prevent the release of phosphate and
formation of strong actin binding in myosin II*°.

After phosphate release, myosin V populates a strong actin-
binding state, with MgADP bound strongly to the nucleotide-
binding site®. (This is the predominate steady-state intermediate
of myosin V’s actin-activated ATPase cycle®.) Clearly the alterations
in the positions of the switch elements, P loop and (3-sheet elements
described above cannot occur and maintain tight binding of
MgADP, as occurs for myosin V® and other myosin isoforms’.
Thus another state must exist in which there are changes in the
relative positions of the upper and lower 50-kDa subdomains to
achieve a high-affinity actin interface without significantly perturb-
ing nucleotide binding.

We assert that myosin V populates a rigor-like conformation in
the absence of both actin and nucleotide. This structure, in revealing
the nature of the structural communication between the actin- and
nucleotide-binding sites, provides an explanation of how strong
binding of myosin to actin weakens the affinity of myosin for
nucleotide, and vice versa. The major predictions of changes in
the myosin structure that must occur for formation of the rigor
complex with actin have been realized in this myosin V structure. It
is important to note that myosin V is not an anomaly among
myosins, as we also have a near-rigor state structure of this same
myosin V construct in the presence of MgADP-BeFx (data not
shown). Thus it is likely that the conformation we report here is
essentially the same for all myosins when bound to actin in the
absence of nucleotide, with the exception of the flexible loops at the
actin interface that probably become ordered when myosin binds to
actin. We refer to this new structural state of myosin as the closed-
cleft state. O

Methods

Protein engineering and preparation

Myosin V was expressed using the baculovirus/SF9 cell expression system. The expression
and purification were as previously described®. To create the recombinant virus used for
expression, the complementary DNA coding for chicken myosin V was truncated after the
codon corresponding to Arg 792. This construct encompassed the motor domain and the
first light-chain/calmodulin-binding site of myosin V. A truncated cDNA for the LC1-sa
light chain'® was co-expressed with the truncated myosin V heavy chain.

Crystallization, X-ray data collection and processing

Crystals were grown in hanging drops by vapour diffusion using equal amounts of
reservoir solution (containing 6% PEG 8000, 50 mM MOPS pH 6.5,2 mM DTTand 2 mM
NaNj3) and stock solution of the protein at 8 mgml ™", The protein/precipitant drops were
microseeded the next day by streak seeding from previous crystallizations. The crystals
belonged to the P2, space group (cell dimension: a = 53.9 A b=982A,c=111.4Aand
8 = 101.4°%, one molecule per asymmetric unit). An X-ray data set was collected up to 2 A
at 100 K at the European Synchrotron Radiation Facility (ESRF) beamline ID-29

(R merge = 6.0% (last shell = 33.5%)) with overall completeness 96.8% (2.12-2.05 A,
88.4%)). We processed data using the programs DENZO** and SCALEPACK™.

Structure refinement

The structure was solved by molecular replacement using the program AmoRe?. The
initial model was the motor domain of skeletal striated muscle (Protein Data Bank code
2MYS). Several steps of rigid body fitting performed with AmoRe”” (each subdomain has
been considered as a rigid group) were necessary to obtain a solution. We carried out
model building and refinement using the program O*® and Refmac5 (ref. 27). The final
structure was refined to 2.0 A (R free value, 26.3%; Ry Value, 21.9%) and validated using
the program PROCHECK®. The main-chain dihedral angles for 92% of the non-glycine
residues are in the maximum allowed region and none are in the disallowed region of the
Ramachandran map. The model has root-mean-square deviations in bond length and
bond angles of 0.014 A and 1.296°, respectively. Diagrams were computed using

NATURE | VOL 425 | 25 SEPTEMBER 2003 | www.nature.com/nature




MOLSCRIPT? and with the Dictyostelium myosin II structures (Protein Data Bank codes
1FMW and 1VOM). For Fig. 3, docking of myosin V was performed using a cryo-electron
microscopy map of myosin II (K. C. Holmes and R. R. Schréder, personal communication
and data not shown).
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Electron cryo-microscopy shows
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actin releases nucleotide
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Muscle contraction involves the cyclic interaction of the myosin
cross-bridges with the actin filament, which is coupled to steps in
the hydrolysis of ATP'. While bound to actin each cross-bridge
undergoes a conformational change, often referred to as the
“power stroke”?, which moves the actin filament past the myosin
filaments; this is associated with the release of the products of
ATP hydrolysis and a stronger binding of myosin to actin. The
association of a new ATP molecule weakens the binding again,
and the attached cross-bridge rapidly dissociates from actin. The
nucleotide is then hydrolysed, the conformational change
reverses, and the myosin cross-bridge reattaches to actin. X-ray
crystallography has determined the structural basis of the power
stroke, but it is still not clear why the binding of actin weakens
that of the nucleotide and vice versa. Here we describe, by fitting
atomic models of actin and the myosin cross-bridge into high-
resolution electron cryo-microscopy three-dimensional recon-
structions, the molecular basis of this linkage. The closing of the
actin-binding cleft when actin binds is structurally coupled to the
opening of the nucleotide-binding pocket.

A complex of actin and myosin cross-bridges, formed by mixing
fibres of actin with myosin cross-bridges in the absence of
ATP (decorated actin), is a model system for the strong binding or
‘rigor’ state. Decorated actin has been studied by electron cryo-
microscopy’ . To obtain higher resolution structural data, we have
studied the actin-myosin cross-bridge complex by electron cryo-
microscopy with ‘energy-filtering. We have also used a new system for
three-dimensional (3D) reconstruction to extract the maximum
possible resolution from the data. Zero-loss energy-filtered imaging
markedly improves the signal-to-noise ratio in the micrographs; in
turn, this allows an accurate correction for the contrast transfer
function and better alignment procedures during image processing,
and thus a much improved resolution (14 A) and a more detailed
description of the actin—myosin interaction.

The structure of subfragment 1 (S1) of chicken skeletal myosin
without bound nucleotide has been solved by X-ray crystallogra-
phy®. It is a P-loop protein with switch 1 and switch 2 elements
that are similar to those of the G proteins. The ATP is bound by the
P-loop between the switch 1 and switch 2 elements. In the pre-
power stroke state”®, both switch 1 and switch 2 make specific
hydrogen-bond-mediated contact with the polyphosphate moiety
of the ATP, particularly with the y-phosphate. In the rigor state, the
switch 2 element swings away.

Here, the actin filament structure was derived by fitting the
crystal structure of monomeric actin (G-actin) to X-ray fibre
diffraction patterns obtained from orientated gels of actin fibres
(F-actin; see Supplementary Information).

The improvement in signal-to-noise ratio arising from using the
energy filter allowed us to take data close to focus and at a relatively
low electron dose (Fig. 1). By merging focal series at four different
degrees of underfocus after correcting for the contrast transfer
function’, we obtained the density shown as a surface representation
in Fig. 2. The resolution of the map was 14 A (for the resolution

423




