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SUMMARY

Myosin VI is the only known reverse-directionmyosin
motor. It has an unprecedented means of amplifying
movements within the motor involving rearrange-
ments of the converter subdomain at the C terminus
of the motor and an unusual lever arm projecting
from the converter. While the average step size of
a myosin VI dimer is 30–36 nm, the step size is highly
variable, presenting a challenge to the lever arm
mechanism by which all myosins are thought to
move. Herein, we present structures of myosin VI
that reveal regions of compliance that allow an
uncoupling of the lead head when movement is
modeled on actin. The location of the compliance
restricts the possible actin binding sites and predicts
the observed stepping behavior. The model reveals
that myosin VI, unlike plus-end directed myosins,
does not use a pure lever arm mechanism, but
instead steps with a mechanism analogous to the
kinesin neck-linker uncoupling model.

INTRODUCTION

Myosin VI is unique in the superfamily of myosin motors in its

ability to perform processive steps that are large on average,

but highly variable in size, and in the reverse direction as

compared to all other characterized myosin motors on actin

(Rock et al., 2001; Nishikawa et al., 2002). Even though its direc-

tionality has been reversed, myosin VI undergoes the same

kinetic cycle (Figure 1) for chemomechanical transduction as

for all other characterized myosins (Sweeney and Houdusse,

2010). The cycle begins when myosin binds to actin in a state

known as the pre-powerstroke state that has hydrolyzed ATP,

but has trapped the hydrolysis products, MgADP and Pi. The

interaction with actin causes a conformational change in the

myosin that releases Pi and allows a strong binding interface to

be created. This induces further conformational changes that

increase the binding affinity for actin and trigger the release of
MgADP to form a rigor conformation on actin. Concomitant

with the changes in binding affinity and product release, these

conformational changes cause a swing of the C-terminal subdo-

main of the motor, which is known as the converter. This drives

the movement of an extended alpha-helix that binds multiple

calmodulin (CaM) or calmodulin-like light chains. Both the

converter and the CaM-/light chain-binding region form the

myosin lever arm. The lever arm amplifies the conformational

changes in the motor into a movement on the order of nanome-

ters known as the powerstroke. The powerstroke ends with the

formation of the rigor state in which myosin is strongly bound

to actin and has released MgADP. ATP binding to the rigor state

on actin induces conformational changes in the myosin motor

that causes a large cleft at the actin interface to open, destroying

high affinity actin binding and creating the post-rigor state, which

rapidly dissociates from actin. Once the myosin has dissociated,

there is a rapid and reversible isomerization between the

post-rigor state, which cannot hydrolyze ATP, and the pre-

powerstroke state that can rapidly hydrolyze ATP due to reposi-

tioning of a nucleotide-binding element known as switch II

(Figures 1 or 2A). This movement of switch II is part of a confor-

mational change in the motor that repositions the myosin lever

arm, repriming the lever arm for movement on actin.

Although the motor domain of myosin VI undergoes similar

rearrangements in its ATPase cycle as for plus-end motors, the

movement of its lever arm is in the opposite direction. This is

accomplished by a repositioning of the CaM-binding region on

the converter. In order to reposition the myosin VI lever arm,

myosin VI contains an insert (insert-2) found only in Class VI

and XXX myosins (Odronitz and Kollmar, 2007) at the junction

between the converter and the CaM-binding region. The first

part of insert-2 interacts with the converter while the distal part

of the insert-2, and the IQmotif that follows, each bind a calmod-

ulin to create an unusual and repositioned CaM-binding region

(Ménétrey et al., 2005). The lever arm in turn is followed by a prox-

imal tail region (PTD), which folds as a triple helix bundle in the

monomeric head but opens in the dimeric molecule as an elon-

gated lever arm extension (Mukherjea et al., 2009).

A further adaptation of myosin VI to enable a larger power-

stroke to occur in the reverse direction is that during the transi-

tion from pre-powerstroke the converter subdomain undergoes
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Figure 1. ATPase Cycle of the Myosin VI Motor

The different structural states that the myosin VI motor adopts along the ATP

hydrolysis cycle are indicated with detached states (Post-rigor, 2VAS, and

Pre-powerstroke [PPS], 4ANJ) and actin-binding states (PPS-4ANJ and Rigor,

2BKH). The motor is composed of important connectors (SwII, orange – relay,

yellow – SH1 helix, red) and four subdomains (Nter, gray – U50, blue – L50,

white – converter, green). Insert-2 and its bound Ca2+-calmodulin are in purple

and pink.
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rearrangement creating two distinct conformations of the

converter (Ménétrey et al., 2007), which we refer to herein as

the R-fold and P-fold. The R-fold is found in the rigor state (R)

at the end of the powerstroke, and is similar to the conformation

that has been seen in plus-end-directed myosins. The P-fold

found in the pre-powerstroke state (PPS) differs significantly. In

the rigor state, the P-fold cannot be explored due to steric

hindrance, but in the PPS state, modeling of a R-fold of the

converter is possible without creating steric collision.
76 Molecular Cell 48, 75–86, October 12, 2012 ª2012 Elsevier Inc.
Myosin VI can dimerize upon interaction with its cargo proteins

creating a dimer that moves processively along an actin filament

with steps that are highly variable in length (Phichith et al., 2009).

The lever arm extension appears to be less rigid than that of well

characterized myosins such as those of class II and V, which

initially was proposed to be the basis for variability of the myosin

VI step size (Rock et al., 2005). However later work suggested

that the variability of the step sizes appears to be derived from

properties of the myosin converter itself, or to the nature of the

converter interactions with the motor domain and/or the rest of

the lever arm, since chimericmolecules with rigid lever arms after

insert-2 also display the same degree of step size variability (Park

et al., 2007; Bryant et al., 2007).We report herein structural inves-

tigations that provide insights into howmyosin VImoves on actin.

They demonstrate the location of compliancewithin the lever arm

and show that it differs in different states of the motor. These

structures explain the observed processive, but highly variable,

movement of myosin VI in the reverse direction on actin.

RESULTS AND DISCUSSION

To attempt to explain the variability of the myosin VI step size

on actin, we examined the possibility that there are multiple

possible structures of the pre-powerstroke (PPS) state, the

structural state that the lead head of a processive dimer is in

when it rebinds to actin (Figure 1). We did this by solving six

structures of the pre-powerstroke state of myosin VI in different

crystal packing environments. Based on these structures, we

modeled how variability in the converter conformation and/or

in the lever arm position in the PPS state might influence where

a lead head can dock on actin as well as the subsequent power

stroke, thus contributing to the variability of the myosin VI

dimer’s step size.

The Myosin VI Pre-Powerstroke State—Overall
Structure
As discussed above and depicted in Figure 1, the so-called pre-

powerstroke (PPS) state of myosin is the state that reattaches to

actin with MgADP and Pi trapped in the active site, initiating the

powerstroke and force generation. The first structure of the pre-

powerstroke state of myosin VI was derived from a construct

truncated prior to the CaM-binding site of insert-2 and thus

was a motor domain (MD) construct without the CaM-binding

region (Ménétrey et al., 2007). Interestingly the converter, the

C-terminal subdomain of the MD that controls the lever arm

orientation, had adopted a new conformation (P-fold) compared

to that previously described for the nucleotide-free state (R-fold).

The R-fold conformation of the myosin VI converter is the same

as seen for all other myosin structures to date. As described in

the Supplemental Information, the transition between these

two configurations of the converter is made possible due to

conformational changes of loops, called hereafter hinge regions

that connect together the converter secondary elements: the

b sheet to the helices and the helices to each other (Figure S1).

The six structures of the PPS state allowed identification of

compliant elements in the motor in this state. In particular, the

influence of the lever arm on the converter conformation was

visualized at 2.6 Å resolution in a PPS crystal structure of



Figure 2. Variability in the Converter of Myosin VI in Different

Pre-Powerstroke State Structures

(A) The structure of the myosin VI MDins2-GFP prior to force generation (pre-

powerstroke state) is shown with the motor subdomains and important

structural motifs indicated in colors (Switch II in orange, relay in yellow and SH1

helix in red). Insert-2 and calmodulin are shown in purple and pink, while the

GFP fusion is in green.

(B) (Right) The converter and its contacts with the Relay and the N-terminus

subdomain are shownwith the same color code as in A (except for the last helix

shown in orange). (Left) A ribbon structure of the converter is displayedwith the
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a construct encompassing the first part of the lever arm (insert-2

bound to its CaM with four bound Ca2+) fused to a Green

Fluorescent Protein (GFP) molecule (MDins2-GFP construct;

Figure 2A).

In order to generate new crystal packing forms of themyosin VI

PPS, we created a new construct (MDPM) with modified surface

residues (D23R, I24R and R569E), which would be predicted to

prevent the packing seen in earlier MD crystals. We solved

�2.3 Å resolution structures of both the MD and MDPM con-

structs in two new crystal forms (see Table 1 and Experimental

Procedures) with two independent molecules in each asym-

metric unit. In total, this allowed structural comparisons of six

structures in the PPS state (PDB code 2V26 (Ménétrey et al.,

2007); and five new structures) crystallized in different packing

environments. In all these structures, there are no significant

differences to report for the regions of the motor domain prior

to the converter (residues 5-705) with an average root mean

square deviation (rmsd) lower than 0.68 Å on 662 Ca atoms.

TheMD structure is very similar to that found for plus-endmotors

in this state (Ménétrey et al., 2007), except for the conformation

of the converter. Themotor is in a conformation that positions the

converter appropriately for a ‘‘primed’’ lever arm position, char-

acteristic of the PPS.

The Converter Always Adopts a P-Fold Conformation
in the Pre-Powerstroke State
In all five of the new PPS structures of myosin VI, the converter

adopts the P-fold conformation, as determined previously

(Ménétrey et al. 2007) (rmsd < 0.85 Å on 68 Ca atoms; residues

706-773) (Figure 2D). This conformation is markedly different

from the one observed in the rigor state structure, which we refer

to as the R-fold (rmsd > 3.5 Å on 68 Ca atoms; residues 706-773)

(PDBcode2BKI,Ménétreyet al., [2005]) (FigureS1). It is important

to note that one of the molecules of the MDPM structure adopts

awell-definedP-foldeven though theR-foldwouldbecompatible

with the packing environment of the crystal and there is sufficient

space to allow the transition in the crystal (Figure S2A).

To remove any possible crystal packing constraints, we inves-

tigated the conformation of the MDins2-GFP construct in solution

using Small-angle X-ray Scattering (SAXS). The molecule was

trapped in the PPS state using MgADP.VO4. The SAXS studies

clearly showed that, in solution, the converter adopts a P-fold

in the PPS state and does not populate the R-fold in the PPS

state (Figure S2).

While the position of the motor domain structural elements

that control the overall position of the converter (known as the
conserved regions indicated in blue and the variable regions in red. The hinge

and the insert-2 are indicated in gray and purple, respectively.

(C) Cross-eyed stereo view of the variable interactions between insert-2 and

the rest of the converter in different PPS structures superimposed on insert-2

(4ANJ in green (converter) and purple (insert-2), 2V26 in black, 4E7Z_molB in

blue and 4E7Z_molA in red).

(D) The converter in the pre-powerstroke state ofmyosin VI. A superposition on

the converter of the six different PPS structures is shown with the same color

code as in C. Note that overall the variation in the P-fold conformation of the

converters result in different orientations of the insert-2 proximal helix.

Modeling of the full insert-2 helix is shown to highlight the degree of variability

in the insert-2 orientation.

Molecular Cell 48, 75–86, October 12, 2012 ª2012 Elsevier Inc. 77



Table 1. Data Collection and Refinement Statistics

MDins2-GFP MDPM MDcrystal form 2

Data Collection

Space group C2 P212121 P21

Cell dimensions

a 193.09 81.95 98.15

b 62.66 135.14 93.32

c (Å) 156.04 196.54 101.87

b (�) 117.96 90.00 90.60

Molecules per asym.

unit

1 2 2

Resolution (Å) 48.8-2.6 30-2.25 30-2.3

(High. Res. Shell) (2.74–2.60) (2.30–2.25) (2.35–2.3)

Rmeas 11.4 (42.8) 11.1 (46.2) 7.1 (47.9)

I/sI 7.2 (2.0) 12.86 (3.44) 13.61 (3.25)

Completeness (%) 100 (100) 98.8 (98.0) 98.3 (98.3)

Redundancy 4.8 (4.8) 4.8 (3.68) 4.0 (3.81)

Refinement

Resolution (Å) 2.60 2.25 2.30

No. reflections 51,178 102,983 80,429

Rwork/ Rfree 23.8/28.7 17.9/21.6 17.6/23.0

No. atoms

Protein 9062 11964 11881

Heterogen 36 107 102

Water 91 469 456

B-wilson (Å2) 41.8 47.21 40.0

R.m.s. deviations

Bond lengths (Å) 0.007 0.010 0.009

Bond angles (�) 1.038 1.215 1.191

Data were collected from a single crystal. Values in parentheses are for

the highest resolution shell.
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relay and the SH1 helix; shown in Figure 2A) and the beta sheet of

the converter have interactions and orientations that are

conserved in all of the PPS structures, variability in the relative

position of the converter helices demonstrates that the P-fold

conformation of the converter is not rigid and is in fact a com-

pliant structure (Figure 2C). The second helix which is parallel

to the surface of the beta sheet is found translated by more

than 3.2 Å in these different PPS structures. Large variation

also occurs for the loop that precedes and the proximal part of

insert-2 which interacts with it. In contrast, the last helix of the

converter adopts a conserved position in these structures allow-

ing conserved interactions with the N-terminal subdomain of the

motor to be maintained (Figure 2B and Table S1). The variability

in the P-fold of the converter indicates that the insert-2 orienta-

tion that defines the orientation of the lever arm of myosin VI

differs by at least 18� in these structures (Figure 2D). This is likely

an under estimate of the possible variability in lever arm orienta-

tion in a functioning myosin VI molecule, since strain would

further perturb the lever arm position given the compliance of

this region.

In contrast, comparison of the rigor and post-rigor state struc-

tures, which both have converters in the R-fold conformation
78 Molecular Cell 48, 75–86, October 12, 2012 ª2012 Elsevier Inc.
(Ménétrey et al., 2005, 2008), demonstrates that the proximal

part of the insert-2 helix (residues 774-787) interacts with both

the converter in this conformation as well as with the insert-2/

CaM module. These multiple interactions should make the

converter/insert2/CaM module much stiffer when the converter

adopts the R-fold compared to when it adopts a P-fold, and

thus greatly constrain the lever arm position (Figure S3). These

structures further reveal that upon converter rearrangement

from P-fold to R-fold, the proximal part of insert-2 undergoes

a 90� rotation, but maintains interactions with the converter

through hydrophobic interactions (Ménétrey et al., 2007). How-

ever, these interactions do not restrict the insert 2 proximal helix

to a precise position in the P-fold conformation (Figure 2D).

While steric hindrance with the N-terminal subdomain pre-

vents the converter from adopting the P-fold when the motor

domain is found in the rigor or in the post-rigor state (Figure S4D),

the two converter conformations are theoretically compatible

with the motor domain when it adopts the pre-powerstroke state

(Ménétrey et al., 2007). However, only the P-fold is populated in

solution for myosin VI in the PPS state and all of the six PPS

crystal structures we obtained adopt a P-fold. There are impor-

tant interactions between the N-terminal subdomain of the

motor, the end of the SH1 helix and the last helix of the converter

that are conserved in all these PPS structures. These conserved

interactions stabilize the P-fold of the converter (Figure S4 and

Table S1). A detailed description of these interactions is pre-

sented in the Supplemental Information.

Altogether, these observations reveal that the atypical con-

formation of the converter first described in the MD structure

(Ménétrey et al., 2007) is the sole conformation adopted in the

PPS state and was not simply trapped in the original structure

by the crystal packing or the lack of the myosin VI lever arm.

Furthermore, these structures highlight that there is considerable

compliance within the PPS conformation of the converter that

will allow variability in lever arm positioning. Directed stress

that would be generated between the distal part of the lever

arm and the motor domain when an unbound lead head of a

dimer is docking on actin during processive stepping can thus

be partially accommodated by compliance associated with

changes in the position of the converter helices.

Lever Arm Orientation and Stroke Size
The MDins2-GFP structure reveals that the lever arm orientation in

the pre-powerstroke state is directed toward the barbed-end

(plus-end) of the actin filament as previously modeled (Ménétrey

et al., 2007) (Figure 3A). The axis defined by the two positions

observed for the pre- and post-powerstroke states of myosin

VI is very similar to that of the actin filament axis. This PPS struc-

ture and the nucleotide-free (rigor like) structure of myosin VI

(Ménétrey et al., 2005) thus could allow a 135� swing of the lever

arm, parallel to the actin filament, during the powerstroke in the

absence of strain. As indicated in Figure 3B, this degree of lever

arm rotation predicts the measured stroke sizes seen with

different myosin VI length lever arms (Bryant et al., 2007; Rock

et al., 2005; Sivaramakrishnan et al., 2008).

A model of the pre-powerstroke state in which the converter

would adopt a R-fold can easily be constructed by super-

imposition of the beta sheet of the converter. In this case, the



Figure 3. The Lever Arm Orientation in the

Pre-Powerstroke State

(A and B) Superposition on the lower 50 kDa

subdomain of the MDins2-GFP pre-powerstroke

(this study; blue) and the MDins2 rigor-like (2BKH,

(Ménétrey et al., 2005); red) structures is shown

with two different orientations (A) and (B). The

calmodulin molecules were omitted for clarity

while the IQ and PTD region were modeled based

on the structure of the lever arm (3GN4). (A) Rela-

tive rotations of the lever arms are indicated. (B)

Distances at the extremity of the lever arm prior

and after the powerstroke (measured at the end of

insert-2 (816), at the end of the IQmotif (835) and at

the end of the folded triple helix bundle (912) are

indicated. (C and D) In the same view as in (A) and

(B), is a model of the pre-powerstroke state if the

converter would adopt the rigor fold in its primed

position (orange), as compared to the rigor state of

myosin VI (2BKH, Ménétrey et al., [2005]; red) to

evaluate the stroke size that would be produced if

there was no rearrangement in the fold of the

converter upon the powerstroke.
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lever arm would be directed perpendicularly compared to the

actin filament axis (Figures 3C and 3D). The predicted stroke

would then be of �3.1 nm for a lever arm consisting of both

the insert-2 CaM and IQ CaM, and �6.6 nm with the addition

of the folded 3-helix bundle. No movement would be predicted

for a lever arm of only the insert-2 CaM. The stroke size

measured for these various constructs are much larger than

these predictions, but similar to the predictions based on

a P-fold, consistent with the converter being solely in a P-fold

conformation in the PPS at the beginning of the powerstroke. It

is unlikely that any isomerization of the converter conformation

occurs in the PPS state since this would manifest as a much

wider distribution and a smaller average of stroke sizes. This is

an important insight, because it implies that variability in the

myosin VI step size is not due to an isomerization of the converter

conformation occurring in the PPS state prior to the lead head of

a dimer binding to the actin filament.

A Pliant Region within Insert-2 Further Increases the
Compliance of the Myosin VI Lever Arm in the PPS State
The proximal part of the myosin VI lever arm, consisting of the

converter and the beginning of the insert-2 helix, is followed by
Molecular Cell 48, 75–86
a part of insert-2 to which a Ca2+-bound

calmodulin is bound. In the PPS confor-

mation, the MDins2-GFP structure reveals

that the converter makes no interactions

with the calmodulin bound to the distal

part of insert-2 (Figure 4A). This is in

contrast to what has been described for

the rigor-like and post-rigor states, in

which strong interactions with the R-fold

converter maintain a specific position for

the insert-2/CaM (Ménétrey et al., 2005);

Figures 4B and S3). For these interactions

to occur, insert-2 must adopt a kink at

position Trp787, at the junction between
the proximal helix that interacts with the converter and the distal

helix that binds calmodulin. The converter and the insert-2/CaM

form a rigid module in the rigor state that would minimize the

compliance of this proximal region of the lever arm in the rigor

state, which may be critical for stepping while bearing load.

In contrast, the absence of interactions between the converter

and the insert-2 bound calmodulin in the pre-powerstroke state

(Figure 4A) creates flexibility in the positioning of the lever arm by

freeing a pliant region in insert-2. No interactions stabilize the

insert-2 helix residues N785 to R792, allowing highly variable

bending of the helix. This in turn allows multiple positions of

the myosin VI lever arm (CaM-Ins2/CaM + IQ/CaM + 3-helix

bundle) for a particular MD/converter pre-powerstroke state

(Figure 4C). We also performed experiments to monitor the

exchange of the calmodulin bound to insert-2, which would be

greatly inhibited if interaction occur between this CaM and the

converter. These experiments confirm that almost no exchange

occurs in the rigor-like state of the motor while CaM exchange

does occur in the pre-powerstroke state (see Table S2). This is

consistent with the absence of interactions involving this

calmodulin and the P-fold of the converter and thus the presence

of a pliant region within insert-2 in the PPS state. Thus the exact
, October 12, 2012 ª2012 Elsevier Inc. 79



Figure 4. The Converter-Insert2-CaM

Structural Module

(A–D) Structures of the converter-insert-2-CaM

module for the pre-powerstroke (A) and the

rigor-like (B) states are indicated with the same

color code as in Figure 1. These show the different

conformations of the converter (green), the dif-

ferent bends of the insert-2 helix and the different

position of the N-lobe of the CaM relative to the

converter. Note that the insert-2 helix is straight in

the pre-powerstroke state (A) and no interactions

between the converter and the N-terminal CaM

takes place. Eight residues (N785 to R792, yellow)

of the insert-2 helix are not involved in any inter-

actions. (B) In contrast, the helix is kinked at

residue Trp787 in the rigor state, allowing inter-

actions between the converter and the N-lobe of

CaM to take place. Some of the salt bridges

between the converter and the calmodulin are also

shown – see also Figure S3 for comparison with

the post-rigor state. (C) Incorporating the ob-

served bending in this pliant region allows

modeling of lever arm positions (two extremes in

light blue) that differ by as much as 60� without

creating any steric hindrance. The resulting vari-

ability in the stroke size is indicated for a MD-Ins2-

IQ-PTD fragment. (D) Using the pre-powerstroke

(blue) positions of the lever from (C), the post-

stroke state (green) is modeled using a converter

that has rotated to adopt a position close to that

found in MDins2 rigor-like (2BKH, Ménétrey et al.,

2005), but in which the PPS fold was maintained.

The results of bending of the pliant region are

modeled in light green. Note that the converter

rotation without a converter rearrangement allows

the lever arm to stay close to its position in the pre-

powerstroke state (very small stroke size), while

a larger azimuthal component would occur for the

stroke. However this azimuthal component could

be greatly diminished by changes in the pliant

region since a �60� amplitude of movement (light

green) is possible. This model shows that the lead

head can undergo this converter rotation without

much change in the lever arm orientation and

position when the rear head imposes strain on the

lead head (E).
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orientation of the lever arm of the head that rebinds to actin can

vary greatly compared to the rest of the motor domain due to

large variations in this pliant region. As modeled below, this

contributes even more variability to the myosin VI step size

than does the variable positioning of the converter helices orien-

tations that gives rise to the compliance within the P-fold of the

converter described above.

Compliance in the Lever Arm Greatly Differs in the Lead
Head and the Rear Head
For a monomeric motor, the strokes measured are consistent

with a large swing of the lever arm direction derived from

a combination of a converter swing coupled to a change in the

converter conformation (P-fold to R-fold). The converter swing

itself is similar to that of plus-end motors, but insert-2 redirects

the lever arm so that the rotation axis of the lever arm differs

from that of plus-end motors and results in a large azimuthal

component for the lever arm swing. The lever arm would rotate

by �70� due solely to a converter swing in the P-fold conforma-

tion, to adopt an orientation that would be perpendicular from the

actin axis (Figure 4E). A subsequent isomerization of the con-

verter toward the R-fold would further rotate the lever arm by

�90� in the same plane. Thus a large azimuthal torque develops

during the stroke of myosin VI.

For a dimeric molecule, compliance in the myosin VI converter

and at the junction with the lever arm could allow the lead head

to attach strongly to actin without developing strain on the lever

arm. The new structures presented herein highlight that

dynamics in the converter as well as at the pliant region within

insert-2 controls the relative position of the converter and the

rest of the lever arm. Lever arm compliance is much greater in

the pre-powerstroke state (P-fold) than in the rigor or post-rigor

states, since these adopt a R-fold converter, which has in-

teractions that markedly constrain the lever arm position. The

dynamics in the myosin VI lever arm are thus quite different in

the lead head of a stepping dimer (that rebinds to actin with

a converter in the P-fold), as compared to that of the rear head

(that is strongly bound to actin in a rigor state). In the rear

head, the CaM/converter interactions limit the compliance in

the lever arm and would enable it to bear load as well as to effi-

ciently direct the lever arm (and thus the other head) toward the

minus end of the actin filament.

Modeling Step Sizes and Converter Conformations
To ascertain to what extent the compliance due to the pliant

region of insert-2 and the variable positioning of the converter

helices can explain the observed stepping behavior of a myosin

VI dimer, we first modeled amyosin VI lead head docked on actin

with the range of lever arm positions that would be specified by

the variable lever arm positions found in our six PPS structures

(Figure 5). For modeling of dimers with both heads docked on

actin, we used the general model of a myosin VI dimer proposed

by Mukherjea et al., (2009), which has a lever arm that is ex-

tended by an unfolded three-helix bundle and dimerizes using

the sequence immediately following this region. (See Supple-

mental Information for details).

The compliance we observed in the lead head (PPS) of myosin

VI allows converter rotation in the P-fold conformation to occur
with minimal change in the orientation of the distal part of the

lever arm (Figure 4D). Further modeling reveals that the isomer-

ization between the P- and R-fold of the lead head converter

cannot occur while the rear head is strongly attached, since

this would result in considerable torque and strain within the

lever arm (Figure 5A). Modeling of the lead head undergoing

19–36 nm steps (Figure 5) reveals that the lever arm compliance

we detect is sufficient to allow the converter to swing to the post-

stroke position if it remains in the P-fold conformation. This

explains why the motor domain of the lead head is not slowed

in releasing Pi and ADP by the attached rear head. Instead, the

lead head undergoes the necessary conformational rearrange-

ments promoted by strong binding to actin and release its prod-

ucts as if it is not influenced by the bound rear head (Sweeney

et al., 2007). This P-fold converter swing is also consistent with

the fact that reverse strain has been shown to facilitate strong

binding of a myosin VI head (Iwaki et al., 2009) since the center

of mass of the converter is moved toward the plus-end of the fila-

ment in this transition (Figure 5A).

Note that the rear head prevents the lead head from under-

going the further �90� rotation that would occur upon transition

to the R-fold of the converter after its swing (Figure 5A). Although

the lead head is not prevented from releasing or rebinding

MgADP with the rear head attached, it is prevented in binding

ATP until the rear head detaches (Sweeney et al., 2007). A

possible implication is that rapid binding of ATP can only occur

if the converter assumes its R-fold conformation. How this

converter isomerization is coupled to elements of the nucleo-

tide-binding site is unclear. However these coordinated changes

in the converter and nucleotide binding site must underlie the

slow isomerization that was detected and required to allow

ATP binding to the lead head following detachment of the rear

head (Sweeney et al., 2007).

With modeling, we next investigated what structural states

and properties of myosin VI account for the variable step sizes

that have been observed for the processive dimer (see Fig-

ure 5B). We considered both the possibility that the unfolded

3-helix bundle is flexible and the possibility that it is somewhat

rigid, since there is no detailed characterization of this region.

For both possibilities we report the possible size steps that can

be produced for a myosin VI dimer depending on the converter

fold that the lead head adopts. Note that in comparing these

values to published step sizes obtained for myosin VI, in many

cases experiments have been done by placing a fluorescent

probe on only one head of a myosin VI dimer in order to use

the FIONA (Yildiz et al., 2004) technique to track its position

with ultra-high resolution. This means that what is actually

observed is movement achieved by two sequential steps, which

is then reported as either the summation of these steps (i.e., two

sequential steps of 30 nmwould be reported as 60 nm) or as their

average. We comment on this point when relevant below.

First we modeled the rear head in the rigor conformation with

a �18 nm long lever arm (2.5 nm for the converter/insert-2

module, 3.5 nm for the IQ motif/CaM and �12 nm for the

unfolded 3-helix bundle) assuming that they constitute a rather

rigid lever arm. We consider this the most likely possibility, since

replacement of the IQ-CaM and 3-helix bundle of myosin VI with

the relatively stiff lever arm of myosin V does not alter the
Molecular Cell 48, 75–86, October 12, 2012 ª2012 Elsevier Inc. 81



Figure 5. The Myosin VI Walking Mechanism

(A) The converter of the lead head rotates while staying in the PPS fold (blue to green) to promote strong attachment. The transition toward the rigor fold of the

converter (red) cannot occur since it would generate too much torque.

(B and C) Various possible dockings of the lead head on an actin filament are indicated. (B left) The rear head (red) is indicated using the rigor state of myosin VI

(2BKH). This corresponds to the state that the rear head adopts after recoupling of the lever arm (R-fold converter). Assuming a rigid lever arm for the rear head,

possible steps correspond to distances between the end of the rigid lever arm of the rear head (ending at residue 912) and the end of the of the lead head lever arm

(which incorporates both the IQmotif ending at residue 835 and�12 nm from the unfolded three-helix bundle lever arm extension). Possible dockings for the PPS

lead head are indicated with a MDins2-IQ construct (with converter in the P-fold) – the possible dockings are in blue and those that are too far are in black or gray.

(Right) Same model in a different orientation to highlight the azimuthal components of the various dockings. (C) The rear head (green) is indicated using the rigor

state of myosin VI (2BKH) in which the converter is modeled with a P-fold and the lever arm after the IQ motif is indicated assuming a rigid lever arm. This

corresponds to the state the rear head likely adopts after the swing of its converter but prior to the recoupling of its lever arm. Possible dockings for the PPS lead
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observed step size distribution of the dimer (Park et al., 2007).

Our modeling revealed that if the converter of the lead head

adopts a P-fold conformation, as in all of our PPS structures,

then three actin-binding sites can be easily reached. This would

allow the swing of the converter to take place without much

strain due the pliant region of insert-2. 30 nm (11 actin subunits)

away from the rear head seems to be the most easily reached

and would position the lever of the lead head parallel to the actin

axis, but 36 nm (13 subunits) and 25 nm (9 subunits) would be

allowed and have only a small azimuthal component (see Fig-

ure 5B). The actin-binding site 19 nm (7 subunits) from the rear

headmight also be reached if a large bend is applied in the pliant

region of insert-2. This would orient the lead head lever arm

perpendicularly to the actin filament axis. The actin binding site

13.5 nm (5 subunits) from the rear head cannot be reached since

it would be too far from the end of the rigid lever arm of the rear

head. Note that the even numbered actin binding sites are not

accessible since they are found on the opposite side of the actin

filament helix. (In many cases experiments withmyosin VI dimers

have been performed with a probe on one head only, and thus

the observed steps are the summation of two successive step-

ping events. Since modeling suggests that the favored spacing

between heads will be 25, 30 or 36 nm (see Figure 5B), the

modeling accounts for the 50–72 nm steps that have been

observed experimentally with probes on one of the two heads).

We also modeled the situation in which the distal part of the

myosin VI lever arm, created by unfolding of the three-helix

bundle, is compliant rather than rigid. The main impact of this

would be to decrease the average step size by favoring attach-

ment of the lead head to actin-binding sites 19, 25 or 30 nm

from the rear head (see Supplemental Discussion and Fig-

ure S5A). As shown in Supplemental Discussion, note also that

the formal possibility that the lead head would adopt a R-fold

converter upon attachment must be excluded since the head

could not release its products without creating a large torque

on the lever arm (Figures S5B, S5C, and S5D).

Generation of Very Small Steps
Very small steps (�5.5 nm) have also been measured for myosin

VI and led to the suggestion that myosin VI has an inch worm-like

component to its stepping behavior that alternates with more

conventional hand-over-hand stepping (Nishikawa et al., 2010).

(By inch worm mechanism, the authors suggest that the rear

head sometimes moves to an actin binding site adjacent to the

former lead head, much as an inch worm pulls the rear half of

his body toward the front half.) Modeling indicates a simple

explanation for this observed behavior. These small steps can

occur if rebinding of the lead head takes place while the rear

head converter is still in a P-fold conformation, and thus its lever

arm is not directed toward the minus end. While this maintains
head are indicatedwith aMDins2-IQ-PTD construct (with converter in the P-fold). Onl

of both heads together toward the rigor state (red). The docking sites of the lead

a different orientation to highlight the azimuthal components of the various dock

(D) Different phases for the step of a dimeric myosin VI molecule: (1) Docking of

orientation of its lever arm without significant strain, allowing strong binding to ac

bind); (3) Detachment of the rear head by MgATP binding allows the converter fold

the former rear head toward the minus end.
compliance and variability in the position of the rear head lever

arm, the lever arm is nonetheless mainly oriented perpendicular

to the actin filament axis by the overall converter position in the

post-stroke position. Modeling shows that in this case, binding

at 5.5 nm (a+2) from this attached rear head followed by

a converter swing would be possible if the lead head would

have its converter in the P-fold thus mainly oriented parallel to

the actin filament axis (Figure 5C). Both heads would then likely

swing together and end up with both converters in the R-fold

conformation. This would explain why the next step following

a 5.5 nm step has to be a large step, as has been experimentally

observed (Nishikawa et al., 2010).

Note that if such small steps occur and one is tracking

the movements of only one head of a dimer experimentally, the

step size observed will depend on the distance between the

heads prior to detachment to which 5.5 nm would be added. If

we assume the prior distance to be 25–36 nm, which is the

favored spacing (see Figure 5B), this modeling accounts for

the 30-42 nm steps that have been observed. The fact that the

frequency of small steps increases when the ADP concentration

is raised (Nishikawa et al., 2010) indicates that the isomerization

from P-fold to R-fold of the rear head may be slower if ADP is

bound to the head, which is consistent with the converter rear-

rangement toward the R-fold being promoted by the rear head

being free of nucleotide. [Note that, based on the kinetic

measurements on myosin VI dimers, when the lead head is con-

strained by an attached rear head, ADP can freely dissociate and

rebind to the lead head (Sweeney et al., 2007). Thus as ADP

concentration increases, the lead head is increasingly likely to

be an ADP-bound state when the rear head detaches. While

this lowers the likelihood of a processive run on actin being

terminated due to ATP binding causing detachment of the lead

head prior to strong reattachment of the rear head (Sweeney

et al., 2007), it also will increase the frequency of small steps.

Predicted Lever Arm Angles during Stepping
From themodeling presented it is clear that compared to myosin

V, the lever arms of myosin VI are oriented so that they stay

closer to the actin filament, which had been suggested to allow

myosin VI to tend to stay on the same actin track (Sweeney

and Houdusse, 2010). When the lead head of myosin VI rebinds

to actin with a P-fold with its preferred step size of 25–36 nm, the

IQ/CaM module of the lever arm would tend to stay mostly

parallel to the actin filament axis during the converter swing.

This point has been addressed experimentally, with two different

groups examining the distribution of the lever arm angles relative

to the actin filament axis during processive stepping of myosin VI

(Reifenberger et al., 2009, Sun et al., 2007). However, their

conclusions differ in terms of whether the lever arm is always

parallel to the actin filament axis or not (i.e., whether or not there
y the site at 5.5 nmwould allow the converter rotation of the lead and a transition

head in black or gray cannot lead to a productive step. (Right) Same model in

ings.

the lead head; (2) Swing with a PPS converter of the lead head maintains the

tin and phosphate and MgADP release (MgADP can rebind, but MgATP cannot

transition and recoupling of the lever arm in the lead head to bias rebinding of
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is a significant azimuthal component to the lever arm swing).

From our analysis, when the most favored steps of 25–36 nm

occur, they would not lead to a significant azimuthal component

to the lever arm position, as reported by Reifenberger et al.,

(2009). (Note that in the experiments of Reifenberger et al.

[2009] a probe on only one head of a dimer was observed,

thus they were measuring the distance of two sequential steps.

For two sequential steps of 25–36 nm, they would have observed

steps of 50–72 nm, which is what they reported.) However, when

the distance between the heads is 19 nm, then significant

azimuthal angles would be predicted to be measurable for the

lead head lever arm, since these distances correspond to

binding to actin sites on the side of the filament. One could

thus speculate that the differences in the data reported by Rei-

fenberger et al. (2009) and Sun et al. (2007) might be accounted

for by differing in vitro geometries if the assay of Sun et al. (2007)

allowed myosin to spiral around the actin filament while the

assay system of Reifenberger et al. (2009) did not (Figure 5B).

In this case, the ‘‘short’’ steps (30–42 nm) observed by Reifen-

berger et al. (2009) are likely occurring when the attached rear

head converter has not undergone the P-fold to R-fold transition,

promoting redocking of the head in an orientation parallel to the

actin filament axis at the site 5.5 nm from this uncoupled head (as

discussed above). In the case of Sun et al. (2007), the small steps

could in part correspond to stepping on the side of the actin

filament with 19 nm spacing between heads and this stepping

would also explain the frequent observation of azimuthal angles

for the lever arm in this assay (Figure 5B).

State-Dependent Compliance in the Myosin VI Lever
Arm Is Essential for Processive Movement in the
Reverse Direction
Based on this modeling, the compliance in the converter and

pliant region insert-2 found in our PPS structures can completely

account for the variable step sizes of the myosin VI dimer by

allowing different actin binding sites to be reached (Figure 5).

However, this step size variability may simply be a consequence

of the design that is necessary to allow the reattached lead head

to bind strongly to actin without developing significant intramo-

lecular strain so that the release of Pi and ADP can occur even

though the lead head is constrained by the rear-head (Sweeney

et al., 2007). Progression through the strong-binding states of

the motor (accompanying product release) requires MD rear-

rangements that must involve the rotation of the converter due

to movements of the relay. If no compliance were found in the

lead head, this would result in an azimuthal torque on the lever

arm that would likely either inhibit strong binding of the lead

head until the rear head detaches or lead to high degrees of

intramolecular strain if both heads were attached strongly. While

intramolecular strain can be used to gate plus-end directed

myosin motors, such as myosin V (Rosenfeld and Sweeney

2004; Veigel et al. 2005) by greatly slowing ADP release from

the lead head. We have argued that due to the repositioning of

the lever arm in myosin VI, intramolecular strain would not slow

ADP release from the lead head, and could in fact slow ADP

release from the rear head. Thus, processive movement would

necessitate a new type of gating via a design that allows step-

ping without the development of intramolecular strain as well
84 Molecular Cell 48, 75–86, October 12, 2012 ª2012 Elsevier Inc.
as a new means of preventing release of the lead head prior

to release of the rear head (Sweeney et al., 2007; Sweeney

and Houdusse, 2010). We have presented evidence that gating

is accomplished in myosin VI by preventing ATP binding to

the lead head until the rear head has detached (Sweeney et al.,

2007).

Dimeric Myosin VI Does Not Generate Force Using
a Swinging Lever Arm Mechanism
Based on our new structures and the prior structural knowledge

of myosin VI, a mechanism emerges that involves the motor

domain of myosin VI undergoing similar conformational changes

as those proposed for plus-end motors, while the compliant

properties of the P-fold converter and insert-2 elements are

essential to decouple the rotation of the lever arm from that of

the converter at the beginning of the myosin VI powerstroke.

This ensures committed attachment of the lead head upon proc-

essive movement without the development of intramolecular

strain in the lever arm, which allows the ATP hydrolysis products

to be released from the lead head at the unstrained rate. Since

the lever arm reorientation is not coupled to the swing of the

converter, the converter swing does not impose a large

azimuthal torque.

Thus these results lead us to propose that dimeric myosin VI

does not strictly direct its lever arm upon force generation (as

postulated by the swinging lever arm mechanism), but rather

has an initial phase of force generation in which its lever arm is

essentially uncoupled from motor domain rearrangements due

to lever arm compliance, which is then followed by a second

phase in which the lever arm is directed by further MD rearrange-

ment that includes a recoupling of the lever arm upon strain

release when the rear head detaches (see Figure 5D). Fluctua-

tions in the position of the IQ/CaM module have been reported

when myosin VI walks (Yildiz et al., 2004) and are consistent

with this model since it would correspond to the variability in

lever arm position of the lead head upon the converter swing

while in the P-fold compensated by a pliant region. In this regard,

the processivemovement of myosin VI is similar inmechanism to

that proposed for kinesin motors (Rice et al., 1999; Vale and

Milligan, 2000). This kinesin mechanism involves uncoupling of

the neck linker/lever arm to allow strong attachment of the lead

head and recoupling of the linker/lever arm within the lead

head upon dissociation of the rear head.

Summary
This study highlights the importance of the converter isomeriza-

tion in myosin VI and the variable, state-dependent compliance

within the converter subdomain and within the adjacent pliant

region of insert-2. The puzzling stepping behavior of the myosin

VI dimer can be easily explained by the variability in actin attach-

ment created by these converter/lever arm properties. Com-

pliance in the converter of a plus end motor such as myosin II

is also likely to play a role for force generation of the motor under

load, while lack of compliance in the lever arm and lack of global

conformational changes in the converter would allow for

more precise stepping behavior. Interestingly, mutations in the

converter of cardiac myosin II that are linked to hypertrophic

cardio-myopathies have been reported to influence force
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generation (Seebohm et al., 2009). Sequence variations for the

converter in different muscle isoforms of Drosophila myosin II

are also likely to be a way of tuning the motor properties of these

myosins (Miller et al., 2003). For myosin VI, it appears that a high

degree of compliance is necessary to prevent the generation of

intramolecular strain within the dimer in order to allow processive

movement in the opposite direction. Analogous to conventional

kinesin motors, the mechanism involves strong attachment of

the lead head with a lever arm poorly coupled to its motor, which

after rear head detachment is followed by a recoupling of the

lever arm to bias the rebinding of the new lead head toward

the minus end of the track.

EXPERIMENTAL PROCEDURES

Details of the experimental procedures are indicated in Supplemental Informa-

tion. Briefly, A series of truncations of porcinemyosin VI cDNA allowed to purify

different constructs of myosin VI with C-terminal truncations corresponding to

amino acids 816 fused to GFP (MDins2-GFP), 839 (MDins2-IQ) and 789 (MD and

the packing mutant MDPM). Crystals were obtained using the hanging drop

method and were cryo-cooled prior to data collection at either the European

Synchrotron Radiation Facility beamlines or the SOLEIL Proxima-1 beamline.

The data sets were integrated and scaled with XDS and XSCALE (Kabsch,

2010) or Mosflm and SCALA (Collaborative Computational Project, Number

4, 1994). Statistics on the data collection for these four new pre-powerstroke

state myosin VI structures are indicated in Table 1. The structures were solved

by molecular replacement with the myosin VI MD pre-powerstroke model

(PDB code 2V26,Ménétrey et al. [2007]) by using the programAmoRe (Navaza,

1994) or Phaser (McCoy et al., 2007).Model building was done asmentioned in

Supplemental Information. Refinement was performed with Coot (Emsley and

Cowtan, 2004) and Refmac5 (for MDins2-GFP and MDins2-IQ) (Collaborative

Computational Project, Number 4, 1994) or Phenix (for MDcrystal form 2 and

MDPM) (Adams et al., 2010). Crystallographic statistics of the final models

are summarized in Table 1. All diagrams for the figures were computed using

MOLSCRIPT/Raster3D (Kraulis, 1991; Merritt and Bacon, 1997) or pymol

(DeLano, 2002).

ACCESSION NUMBERS

Atomic coordinates and structure factors for the pre-powerstroke structures

of the myosin VI constructs have been deposited in the Protein Data

Bank under the accession numbers 4ANJ for the MDins2-GFP, 4E7Z for the

P21 crystal form of theMD, and 4E7S for theMDPM (packingmutant) construct,

respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Results and Discussion, two

tables, five figures, Supplemental Experimental Procedures, and Supple-

mental References and can be found with this article online at http://dx.

doi.org/10.1016/j.molcel.2012.07.034.
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