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GENERAL INTRODUCTION

Various kinds of molecular motors are engaged on most of cellular functions which
involve mechanical force, including, but not limited to, cell migrations, mitosis, vesicle
transports and maintenances of cellular structures.

Myosin family is one of the actin based molecular motors and they produce mechanical
works by using the energy of ATP hydrolysis. Myosins have three basic structural
domains; a motor domain, a leaver arm domain and a tail domain. The Motor domain has
an actin filament binding site and a nucleotide binding site, and changes the structure of
its converter region periodically, which is located at the end of motor domain and
connecting to the lever arm domain, coupling with the ATP hydrolysis cycle. The lever
arm domain has a number of calmodulin binding sites and forms rigid and long rod
structure which enhances the local structural change of converter domain. The tail
domain relates to the regulations of indivisual myosin’s activities in cell, which include a
multimer formation activity and interaction activities between binding proteins.

Myosin II, which is responsible for muscle contractions, is well investigated for a long
time. Myosin II forms a filamentary structure with multimer via their long tail domains
and each head domain pulls the actin filament like oars of boat resulting in producing
large force in all.

Myosin V and VI, which are also well investigated, have a different motion mechanism
from myosin II. These myosins form homodimmer and walk along an actin filament by
pushing forward their two head domains alternatively like a human’s walk
(hand-over-hand model).

Myosin VI has an interesting physiological property, namely it’s responsible for two



mechanical functions in a cell. One is a transporter for a vesicle transport in an
endocytosis process, another is an anchor for maintenance of cellular structures,
including, without limitation, Golgi apparatuses and stereocilia. Here, to clarify how
myosin VI reconciles its dual function, 1 investigated its stepping mechanism by
performing simultaneous observations of two different colored fluorophores in a single
motor protein with nano meter accuracy. These observations revealed the whole molecule
dynamics of myosin VI during stepps.

From these results and previous studies, I proposed a working model which myosin VI
switches its mechanical roles; a transporter and an anchor, according to environmental

situation, including external forces.
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1. Abstract

Myosin VI is a universal motor protein that has been identified in organisms ranging
from the roundworm Caenorhabditis elegans to humans. It is responsible for many
cellular functions including endocytosis, protein secretion, and maintenance of both the
Golgi morphology and stereocilia. To achieve these disparate functions, myosin VI must
play two different roles: that of transporter, for which myosin VI must move processively,
and that of cytoskeletal anchor, for which myosin VI must anchor itself to the actin
filament. However, little is known about how myosin VI reconciles its dual function.
Recently, Arimoto and Nishikawa reported that these head-domain steps can be classified
into three types: a large step, a small step, and a backward step. Because this stepping
mechnism appears unique to myosin VI, it may explain myosin VI’s dual function.

Here, in order to clarify how these steps are generated and regulated by the two
myosin-VI head domains and its lever arm domains, I here performed simultaneous
observation of the myosin VI’s two domains (two head domains/ head and tail domains) by
labeling the regions with Qdots of different wavelengths, which allowed us to measure
the distance between two different colored fluorescent probes with nanometric resolution,
or SHREC (Churchman, 2005).

Simultaneous observation of two head domains revealed that myosin VI could take two
binding patterns against actin filament; namely a distant binding state, in which the
inter-head domain distance is about 34 nm, and an adjacent binding state, in which the
inter-head domain distance is less than 10 nm. These two binding state enables myosin
VI to take various sizes of steps. Furthermore, this observation also revealed that the

successive backward steps are prohibited somehow. Simultaneous observation of myosin



VI head and tail domains revealed that the lever arm is biased forward (the direction of
movement) in the adjacent binding state and prohibit successive backward steps from
this binding state. From these results and previous studies, we revealed whole stepping
scheme of myosin VI and proposed a model to explain how myosin VI achieves its two

functions.



2. Background

Myosin VI is a universal motor protein that has been identified in organisms ranging
from the roundworm Caenorhabditis elegans to humans. It is responsible for many
cellular functions including endocytosis, protein secretion, and maintenance of both the

Golgi morphology and stereocilia (reviewed in Sweeney and Houdusse, 2007).
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Figure 1 .Cellular functions of myosin VI.

Myosin VI is engaged in many cellular functions. To achieve these disparate functions, myosin VI
works as both a transport and an anchor. Myosin VI and actin filament are indicated by red and
blue, respectively. The mechanisms by which myosin VI fulfils these functions are largely
unknown. (Sweeney and Houdusse, 2007)

The myosin VI heavy chain, like many other myosins, consists of three domains, the head,

lever arm and tail. The head is composed of an N-terminal motor domain that consists of
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a catalytic domain, which includes the actin and nucleotide binding sites and a converter
region. The lever arm domain includes two calmodulin-binding motifs (unique insert and
IQ motif) (Bahloul et al., 2004). The tail is composed of four subdomains: the proximal,
medial and distal tails, and the C-terminal cargobinding domain. It is also the location
where the two heads adjoin to form a dimer, which is the state in which myosin VI
inherently functions in cells (Altman et al., 2007; Park et al., 2006; Phichith et al., 2009).
While the crystal structure of the head has been solved, the structure of most of the tail

remains unknown (Menetrey et al., 2005, 2008).
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Figure 2. Structural domains of myosin VI.

Myosin VI contains a motor domain (N terminus), followed by a short lever arm containing two
calmodulin (CaM)-binding site. This short lever arm is followed by a region that has been
referred to as the proximal tail (PT) domain, the medial tail (MT), the distal tail (DT) and finally
by the cargo-binding domain (CBD). (Phichith et al., 2009)

As a dimer, myosin VI is a processive motor that moves in a direction opposite that of
most other myosins (Bryant et al., 2007; Nishikawa et al., 2002; Park et al., 2007; Rock et
al., 2001; Wells et al., 1999). It has short lever arms that include two calmodulin binding
motifs and moves processively along actin helical pitches with large step sizes (60—70 nm)
(Okten et al., 2004; Park et al., 2006; Yildiz et al., 2004) that are comparable to myosin V
despite the latter having much longer lever arms (six calmodulin binding motifs) (Yildiz

et al., 2003). In general, the myosin VI stepsize is difficult to reconcile when considering
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its short lever arms (Spudich and Sivaramakrishnan, 2010). Most likely, either myosin VI
uses an alternative mechanism from the conventional lever arm model, a model
frequently applied to other myosins, or its tail domain acts as an extended lever arm.
Along with its unexpectedly long stepsize, myosin VI is also distinct in that its step sizes
are highly variable (Lan and Sun, 2006; Rock et al., 2001; Sun et al., 2007; Yildiz et al.,

2004).
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Figure 3. Processive stepping motions and step size distributions of myosin V and VI.

(A, C) Force feedback measurements of single molecule myosin VI and V, respectively. (B, D)
Step size distribution of myosin VI and V, respectively, under a backward load. Myosin VI has a
significant amount of backward steps and broad forward steps compared to those of myosin V.
(Rock et al.,, 2001)

Spink et al. and Sivaramakrishnan and Spudich have proposed that myosin VI forms a
dimer at the cargo binding domain and that its medial tail is a stable a-helix that can act
as a relatively rigid extended lever arm (Sivaramakrishnan and Spudich, 2009; Spink et
al., 2008). On the other hand, Mukherjea et al. have argued that myosin VI forms its

dimer at its proximal and medial tails, the latter consisting of a three-helix bundle in the
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monomeric state that upon dimerization subsequently pulls the helix junction to unfold
and cause the lever arm to extend in a somewhat flexible manner (Mukherjea et al., 2009).
The two models have conflicting limitations. If the extended lever arm is rigid, then the
large stepsize can be explained but the broad distribution of stepsizes cannot. In contrast,
if the unfolded three-helix bundle is relatively flexible, then the broad distribution of
stepsizes can be accounted for but the large stepsizes over a wide range of loads are not

(Altman et al., 2004).

Cargo-binding domain
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Cargo-binding domain
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Insert-2/Ca’*-CaM

& SAH

Three-helix bundle Lever arm extension

Figure 4. The tail domain structure is still controversial in myosin VI

(A) Model of myosin VI dimer using stable single alpha helices (SAH) as lever arm extensions as
proposed by Spink et al. (2008). (B) Model of the dimerized molecule with unfolded three-helix
bundle as lever arm extensions. (Sweeney and Houdusse, 2010)

Recently, to further investigate myosin VI’s distinctive step behavior, Arimoto and
Nishikawa observed myosin VI steps by monitoring quantum dots (Qdots) and gold
nanoparticles (GNPs) attached directly to the motor domain, as these offer better spatial
and temporal resolutions during single molecule tracking compared to GFP (Balci et al.,
2005; Nishikawa et al., 2002; Yildiz et al., 2004). Other groups have used organic
fluorescent dyes like Cy3 or Cy5, but attached them to calmodulin bound to an IQ motif,
i.e., the lever arm (Okten et al., 2004; Yildiz et al., 2004). Since in these studies the IQ

motif is at the distal end of the head, far from the actin binding site, the relative position

-13.



of the head to the actin filament could not be ascertained. Along with modifying the
labeling molecule, they improved the spatial and temporal resolutions of single molecule
nanoimaging by using total internal reflection fluorescence microscopy (TIRFM) and total
internal reflection dark field microscopy (TTIRDFM). Using these methods, they found two
distinct step sizes, one large (72 nm) and one small (44 nm), and the existence of two tilt
angles in leading head’s lever arm during myosin-VI stepping (Nishikawa et al., 2010).
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Figure 5. Step size Distribution of a Myosin-VI Head.

Histogram of step sizes at 20 mM ATP. The histogram of step sizes was best fit to a three
Gaussian function using a least-squares method (solid and broken lines) with peaks at 71.9 =
8.9 nm, 43.6 £ 6.9 nm and -41.5 £ 7.0 nm. Myosin VI’ s forward steps consists of two distinct
step sizes. The number of observed steps was 1256. (Nishikawa et al., 2010)
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3-1. Experiment 1

INTRODUCTION 1

Arimoto and Nishikawa found two distinct stepsizes in forward steps, one large (72 nm)
and one small (44 nm), and the existence of two tilt angles in leading head’s lever arm
during myosin-VI stepping. Their discoveries clearly indicated that myosin VI's stepping
behavior could not be explained by canonical hand-over-hand model.

Here, in order to clarify how the small and large steps are generated by the two
myosin-VI heads, I traced its steps by the two heads simultaneously by monitoring
differentially-labeled heads with Qdots of different emission spectra using the SHREC
method (Churchman et al., 2005). This observation revealed that myosin VI could take
two binding patterns against actin filament; namely a distant binding state, in which the
inter-head domain distance is about 34 nm, and an adjacent binding state, in which the
inter-head domain distance is less than 10 nm. These two binding state enables myosin
VI to take small steps. Furthermore, the step rates of the head domains in the adjacent
binding state were nearly equal to that of the rear head domain in the distant binding

state.
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RESULT 1

Simultaneously Observing Two Myosin-VI Heads Reveals Stepping Pattern of Large and
Small Steps.

In order to clarify how the small and large steps are generated by the two myosin-VI
heads, We traced the steps taken by both head domains simultaneously by labeling them
with Qdots of different emission spectra using the SHREC method (see appendix,
Churchman et al., 2005) To exclude the possibility that double Qdot labeling disturbed
myosin VI motility, we compared its velocity and run length with those of TMR labeled
myosin VI (Table 1), finding them to be the same.

Figure 6 shows the time trajectories of the head position. Each head underwent forward
(large, 76 = 9 nm; small, 41 + 12 nm) and backward steps (-40 + 13 nm) (Figure 7), similar
to the profile seen for single labeled heads (Figure 5) and there is no significant difference
between the step size distribution between the two heads (Figure 8). The large forward
steps were processive and alternated between the two heads, consistent with the
hand-over-hand mechanism (Yildiz et al., 2003). Small steps were also processive, but
could not be explained by the hand-over-hand mechanism. No backward steps (out of 280
observations) were observed from the adjacent head binding state.

To clarify the correlation of large, small and backward steps, we analyzed the relationship
of two successive steps. Figure 9 shows seven densities in a correlation pattern (pattern I:
successive 72 nm and 72 nm steps; pattern II: 72 nm and 44 nm steps; pattern I1I: 44 nm
and 72 nm steps; pattern IV: 44 nm and 44 nm steps; pattern V: 72 nm and -44 nm steps;
pattern VI: 44 nm and -44 nm steps; and pattern VII: -44 nm and 44 nm steps). A striking
feature in this figure is that there is no density for successive backward steps; backward

steps are always followed by small forward steps.
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Figure 10 shows a histogram of distances between the two heads after a step was
completed. Distance represents the distance between the original leading head and
original trailing head such that when the original trailing head leads, distance is negative.
The histogram fit to a four Gaussian function with peaks of +35, +10, -7 and -34 nm. The
+35 and -34 nm values are consistent with the heads spanning the actin half helical pitch
(36 nm), while in myosin V, only a 36 nm distance between the two heads was reported
using Qdot labeled myosin V (Warshaw et al., 2005). The +10 and -7 nm values are
consistent with the heads being adjacent to each other (adjacent head binding state). The
fraction of adjacent head binding state increased in the presence of ADP (data not shown).
The feature deduced from the histogram fit to a four Gaussian function is inconsistent
with a simplified hand-over-hand model deduced from a histogram fit to a single
Gaussian function (Balci et al., 2005). One possible explanation for the disagreeing
results is the labels used to determine distance. In the Balci report, eGFP was used. We,
however, labeled with Qdot, which is much brighter than eGFP and therefore may
explain why we saw two peaks in the two heads distance distribution.

Furthermore, we analyzed the step size distribution after heads took the adjacent binding
state (heads separated by less than 15 nm; Figure 11 left) and that after taking the
distant binding state (heads separated by over 30 nm; Figure 11 right). Myosin VI
produced only small forward steps (45 nm) after the adjacent binding state (Figure 11
left), but took large (75 nm), small (40 nm) and backward (-43 nm) steps at a 1:0.2:0.3
ratio after the distant binding state (Figure 11 right).

Finally, we found the heads alternate between subsequent steps from the adjacent
binding state 54% of the time (60/111), which suggests the step rates of both head

domains at 100 pM ATP are equal and the step rate of the subsequent steps (2.7 s-1) is
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close to that of large steps (2.2 s-1), suggesting both head domains in the adjacent binding

state have kinetics that resemble the rear head domain in the distant binding state,

namely the post-power stroke state.

TMR label Single Gdot [abel Double Qdot label
Velocity 5715 89128 6125
(meantsd.; pm/s) {n=194) {n=250) {n=150)
Velocity 227130 233134 217+£13
{mean ts.e;nm} {n=194) {n=251) {n=150}

Table 1. Run Length and Velocity at 100 u M ATP for Various Labeling Myosin-VI
Conditions.
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Time (s)

Figure 6. simultaneous observation of myosin VI two head domains

Two head domains were labeled with Qdot525 (green) and Qdot585 (orange), respectively. The
colored traces indicate the time trajectory of the head domains at 100 uM ATP. Inserts:
maghnified traces showing the heads can take the subsequent step from the adjacent binding
state with equal probability.
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Figure 7. Stepsizes by two heads.

The histogram was best fit to a three Gaussian function using a least-squares method (red solid
and broken lines) with peaks of 75.6 = 7.8 nm, 41.0 = 10.2 nm and - 39.6 = 11.0 nm.
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Figure 8. Step size distributions of each colored head domain.

(Left) Step size distribution of the head domain labeled with Qdot525 was fitted with a sum of
three Gaussian functions of means == S.D. -39 &= 11 nm, 43 = 12 nm and 77 %= 7.9 nm (n=
790). (Right) Step size distributions of the head domain labeled with Qdot585 was fitted with a
sum of three Gaussian functions of means & S.D.-39 == 9 nm, 43 = 7.1 nm and 75 %+ 8.3 nm
(n= 514). There were no significant differences between these two distributions.
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Figure 9. The correlation between two successive steps (n = 1075).

Step size was measured using SHREC observations, meaning all steps, not just those by one
head, were observed.
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Figure 10. Distances between the positions of the two heads after steps

The histogram was best fit to a four Gaussian function using a least-squares method (solid and
broken red lines) with peaks at +34.3 & 12.8, +9.9 £ 4.3, - 345 £ 12.9, and - 6.9 = 5.8 nm.
The number of observed steps was 1219.
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Figure 11. Step-Size Distribution Depending on the Heads-Binding State.

(left) Step size distribution after the adjacent binding state (heads separated by less than 15
nm). Step size distribution was well fit to single Gaussian function with a peak at 45 = 13 nm.
The number of observed steps was 27.

(right) Step size distribution after the distant binding state (heads separated by over 30 nm)

was well fit to three Gaussian function with peaks at #43 = 10 nm, 40 = 10 nm, 75 %= 8 nm,
respectively. The number of observed steps was 330.
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DISCUSSION 1

Myosin VI performs three types of steps by taking both the distant and adjacent binding
state.

Numerous single molecule assays have contributed to clarifying the myosin-VI stepping
mechanism. This has lead to a prevailing model in which myosin VI moves along an actin
filament in a hand-over-hand fashion; pushing forward their two head domains
alternatively like a human’s walk, with a large step size in a manner similar to myosin V,
another processive myosin (Nishikawa et al., 2002; Okten et al., 2004; Rock et al., 2001;
Yildiz et al., 2004). However, recently, Arimoto and Nishikawa revealed myosin VI has
three step sizes and this discovery clearly indicated that myosin VI’s stepping behavior
could not be explained by canonical hand-over-hand model. Our simultaneous
observation of myosin VI two head domains revealed that myosin VI is able to take two
binding states against an actin filament (Figure 12). These two binding states enable
myosin VI to perform various types of steps (Figure 13 left four schemes). However,
successive backward steps from the adjacent binding state are prohibited somehow
(Figure 13 right scheme). Furthermore, this observation also revealed that either head
domain can take the subsequent small step from the adjacent binding state with equal
probability and that the step rate is the same as that for large steps. This result indicates
that the structural state of the head domains in the adjacent binding state should be the
same as that of the rear head domain in the distant binding state (post-power stroke
state). A possible physiological consequence of such a structure is that it facilitates
myosin VI ability to avoid intracellular obstacles while acting as a vesicle transporter
such that myosin VI can shift its stepping pitch by as much as the length of its head

domain, enabling efficient processive movement through a crowded intracellular
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environment (Sivaramakrishnan and Spudich, 2009).
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Figure 12. Two types of binding states of myosin VI against an actin filament.

Myosin VI could take two binding patterns against an actin filament; namely a distant binding
state, in which the inter-head domain distance is about 34 nm, and an adjacent binding state, in
which the inter-head domain distance is less than 10 nm.
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Figure 13. Model for myosin VI Steps

According to the results of simultaneous observation of myosin VI two head domains and
previous studies which done by Arimoto and Nishikawa, | proposed myosin VI’ s stepping model.
Left is large hand-over-hand steps; second and third from the left are small inchworm-like steps
from the distant binding state and the adjacent binding state, respectably. Second from the right
is backward inchworm-like step from the distant binding state. Right is backward inchworm-like
step, but its not observed.
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3-2. Experiment 2

INTRODUCTION 2

Myosin VI is a distinct myosin protein responsible for various cellular functions including
endocytosis, protein secretion, and maintenance of both the Golgi morphology and
stereocilia (Figure 1, Sweeney and Houdusse, 2007). To achieve these disparate functions,
myosin VI must play two different roles: that of transporter, for which myosin VI must
move processively, and that of cytoskeletal anchor, for which myosin VI must anchor itself
to the actin filament.

Mechanically, myosin VI takes forward steps of a wide distribution size and an unusually
high number of backward steps (Okten et al., 2004; Park et al., 2006; Yildiz et al., 2004).
Recently, Arimoto and Nishikawa reported that these head-domain steps can be classified
into three types: a large step, a small step, and a backward step and that the step type is
determined by the direction of the lever arm at the beginning of the Brownian search
(Nishikawa et al., 2010). Furthermore, I revealed that these three step types were
attributed to two binding states: a distant binding state, in which the inter-head domain
distance i1s about 34 nm, and an édjacent binding state, in which the inter-head domain
distance is less than 10 nm (Figure 14).

Because the adjacent binding state appears unique to myosin VI, it may explain myosin
VI's dual function. However, little is known about the structure of this state, especially
the direction of the lever arms, that is whether the two heads take the pre- or post- power
stroke state. Therefore, we here performed simultaneous observation of the myosin VI
head and tail domains by labeling the regions with Qdots of different wavelengths, which

allowed us to measure the distance between two different colored fluorescent probes with
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nanometric resolution, or SHREC (see appendix, Churchman, 2005). We found that the
lever arm is biased forward (the direction of movement) in the adjacent binding state.
From these results, we propose a model to explain how myosin VI achieves its two

functions.
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Figure 14. Three step types of myosin VI.

Myosin VI generates three step types by taking either a distant binding or adjacent binding

state.
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RESULT 2

Simultaneously observing a myosin VI head and its tail domains

To clarify how the tail domain moves during stepping, we labeled the head domain with
streptavidin coated Qdot525 via HaloTag and HaloTag-Biotin-Ligand and the tail domain
with anti-His-tag-antibody coated Qdot585 via His-tag, and applied SHREC to observe
the domain displacements simultaneously (Figure 15). We confirmed that labeling with
two Qdots does not disturb myosin VI motility by comparing the velocity and run length
to myosin VI labeled with a smaller probe, Tetramethyrhodamine (TMR) (Table 2).

The step size distribution of the head domain showed two distinct forward step sizes of
40 nm and 68 nm, and a single backward step size of -38 nm (Figure 16), which are
consistent with single Qdots labeled myosin VI's stepping behavior (Nishikawa et al.,
2010) . On the other hand, the tail domain showed only a single forward step size of 35
nm (Figure 17). The very low frequency of the backward steps of the tail domain is
consistent with a previous report in which single molecule motility assays were
performed under the no load condition,(Elting et al., 2011; Park et al., 2007) whereas
backward load applied by an optical trap increases the frequency.(Rock, 2001)

These results demonstrate that the two domains were successfully and specifically
labeled with Qdot525 and Qdot585, respectively, and also suggest that our labeling

method does not affect the motor activity of myosin VI.
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TMR label Double Qdot label
(Head and Tail)
Velocity (nm/s) 17.7+45 25.2+8.2
(mean % s.d.)
Run length (nm) 151+ 8.6 197 £ 3.5
(mean £ s.e.)

L — |

Table 2. Run length and velocity at 20 M ATP for different labeling myosin VI conditions.

Run length at 20 ¢ M ATP was determined by fitting each distribution to a single exponential
decay function. Velocity at 20 uM ATP was determined by fitting each distribution to a
Gaussian function. There is not much difference between labeling conditions, indicating any Qdot
labeling effects on myosin VI stepping were independent of the Qdot. The numbers of analyzed
traces for TMR labeled myesin VI and double Qdot labeled one are 1016 and 294, respectively.
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Figure 15. Simultaneous observation of myosin VI head domain steps and tail domain

displacements.

Time trajectory of myosin VI head domain steps (orange) and tail domain displacements (green)
at 20 uM ATP.

.34.



-50 » 0 ;50 100
Step size (nm)

Figure 16. Histogram of the distribution of myosin VI head domain steps at 20 uM ATP.

The distribution was fitted with a three Gaussian function of means = S.D. 68 = 7.2 nm, 40 =+
8.1 nm and -38 % 8.0 nm.
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Figure 17. Histogram of the distribution of myosin VI tail domain displacements at 20 u M ATP.

Step size distribution was fitted with a Gaussian function of mean & S.D. 35 &= 7.8 nm.
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Coupling of the head and tail domains during motility

To clarify how tail domain movement couples with the three types of myosin VI head
domain steps, we analyzed the tail domain positional change at the time of each head
domain step by subtracting the mean value of the tail domain position before a head
domain step from that after the step (Figure 18-20). To minimize aliasing caused by the
next step of the unlabeled head, we analyzed only three tail domain positions before and
after a head domain step, respectively (-300, -200, -100 ms and 100, 200, 300 ms,
respectively).

The distribution of the tail domain movement during large head-domain steps was fitted
to a single Gaussian function with a mean of 27 nm (Figure 18). This value is comparable
to the distance between two heads in the distant binding state and indicates the tail
domain always moves with a large head-domain step. That the 27 nm value is less than
the 34 nm expected from a 68 nm hand-over-hand step, is caused by the sensitivity of our
calculation to the rising phase of the tail displacements (Figure 22). Figure 2B shows that
the head and tail domains coupled during a head-domain step, which is consistent with
the canonical hand-over-hand model.

In the case of small head-domain steps, the distribution of tail domain movement was
fitted to a sum of two Gaussians function with means of -0.2 nm and 27 nm (Figure 19).
As in the case of the large head-domain step (Figure 18), the 27 nm distribution for the
small step shows coupling between the tail and head domain movements (Figure 19,
center). On the other hand, the -0.2 nm value indicates that the tail domain does not
move appreciably during small head-domain steps (Figure 19, right).

To clarify the timing of the lever arm swing during small head-domain steps, we next

examined time lags between the tail domain movement and the previous small step of the
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head domain. The distribution of the time lags was fitted to a sum of two exponential
decays function with means of 0.06 s and 0.6 s (Figure 21). The 0.06 s constant suggests
these tail domain displacements coupled with small head-domain steps within our
sampling rate (0.1 s). In contrast, 0.6 s is consistent with a myosin VI head’s stepping
dwell time of 0.76 s at 20 uM ATP, suggesting these tail domain movements couple to the
subsequent head-domain steps.

Finally, the distribution of tail domain movement during backward head-domain steps
was fitted to a single Gaussian function with a mean of 2.9 nm (Figure 20). Such a small
value indicates that tail domain movements do not couple with backward head-domain

steps (Figure 20).
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Figure 18. Tail domain displacements coupled to large steps of the head domains.

We analyzed tail domain positional change at the time of the large step of the head domain by
subtracting the mean value of three positions before a head domain step from that after the
step. Tail domain displacements coupled to large steps. Step size distribution was fitted with a
single Gaussian function of mean == S.D. 27 = 6.4 nm (n= 75). Magnified time trajectory is
typical one showing coupling between a head domain large step (orange) and tail domain
displacement (green).
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Figure 19. Tail domain displacements coupled to small steps of the head domains.

We analyzed tail domain positional change at the time of the small step of the head domain by
subtracting the mean value of three positions before a head domain step from that after the
step. Tail domain displacements coupled to small steps. Step size distribution was fitted with a
sum of two Gaussian functions of means = S.D.-0.2 = 6.3 nm and 27 % 6.7 hm (n= 167).
Magnified time trajectories show coupling (left) and non-coupling (right) between head domain
small steps (orange) and tail domain displacements (green).
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Figure 20. Tail domain displacements coupled to large steps of the head domains.

We analyzed tail domain positional change at the time of the backward step of the head domain
by subtracting the mean value of three positions before a head domain step from that after the
step. Tail domain displacements coupled to head domain backward steps. Step size distribution
was fitted with a single Gaussian function of mean = S.D. 2.9 % 5.0 nm (n= 53). Magnified time

trajectory showing non-coupling between a head backward step (orange) and tail domain
displacement (green).
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Figure 21. Distribution of time lags between the tail and head domain movement.

Distribution of time lags at 20 uM ATP was fitted to a sum of two exponential decays function
with means of 0.06 s and 0.6 s. The number of observed steps was 287.
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Figure 22. Tail domain movements during head domain large steps.

In Figure 18, we calculated tail domain displacement by subtracting the mean value of three tail
domain positions before a head-domain step (-300, -200, -100 ms) from that after the step (100,
200, 300 ms). This method, however, is sensitive to the rising phase of the tail displacements.
To reduce this affect, we calculated tail domain displacements using all points in the dwell time.
The distribution of the tail domain movement during large head-domain steps was fitted to a
single Gaussian function with a mean of 32 nm, which approximates the 34 nm expected from
a large step of 68 nm (Figure 17).
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Stability of the lever arm domain during the adjacent binding state
Simultaneous observation of myosin VI two head domains revealed that backward steps
occur only after the distant binding state where the inter-head domain distance is 34 nm
(Figure 14). Furthermore, because the backward step size is -38 nm (Figure 16),
backward steps necessarily result in the adjacent binding state (Figure 23). Knowing this,
we can evaluate the fluctuations of the tail domain in each binding state from the
standard deviations (S.D.) of its position before and after a backward step. The S.D.,
which were calculated by taking three points of the tail domain time trajectory before and
after a backward step, were 4.3 nm and 3.9 nm, respectively (n = 77, Figure 23). That the
two S.D. were similar and no significant movement of the tail domain occurred during
backward steps (Figure 20) suggests that the lever arm domains tilt forward stably in the
adjacent binding state.

We also analyzed the distance between the tail and head domain during the adjacent
binding state (Figure 24). The distribution of the distances was fitted to a single Gaussian
function with a mean of 26 nm, suggesting that no-lever arm compression occurs during

the adjacent binding state.
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Figure 23. Fluctuations of the tail domain in each binding state.

In the distant binding state (upper), the two heads bind to an actin filament with a distance of
about one actin filament half pitch. In the adjacent binding state (lower), they bind next to each
other. The standard deviations (S.D.) of the tail domain position before and after a backward
step were 4.3 nm and 3.9 nm, respectively (n = 77).
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Figure 24. The distance between the tail and head domain during the adjacent binding state

The distance between the tail and head domain during the adjacent binding state were calculated
by subtracting the mean value of three positions of the tail domain from that of the head domain
at 100, 200, and 300 ms after the head-domain backward step in individual traces. The
distribution of the distances was fitted to a single Gaussian function with a mean of 25.7 nm (n
= 113). Because Qdots were attached behind the center of the head domain, the distance is
larger than the expected leaver arm domain length (see Figure 23, lower cartoon).
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DISCUSSION 2

Stepping model for myosin VI
In this study, we show that the lever arm swings coupled to small head-domain steps
(Figure 19). Considering our previous study in which we reported that the lever arm
domain does not swing during the Brownian search, in which state myosin VI binds to
actin filament with a single head domain and the other head searchs the next binding site
using thermal fluctuation of water molecules, of small steps, (Nishikawa et al., 2010)
these lever arm swings should occur almost instantly after a small step. Furthermore, we
revealed that the lever arm domain of the binding head maintains the forward tilt during
backward steps (Figure 20) and that the lever arm domains tilt forward stably in the
adjacent binding state (Figure 23, 24). Taken together, we propose a comprehensive
scheme for myosin VI stepping motion (Figure 25). The scheme indicated by Figure 25 A
—B—C corresponds to the large steps shown in Figure 18. The two types of small steps
(Figure 19, center and right) correspond to the schemes in Figure 25 A—>D—E—F and
Figure 25 F>B—C, respectively. Backward steps in Figure 20 correspond to the scheme
shown in Figure 25 A—G—F. Furthermore, lever arm swings immediately occur after
taking the adjacent binding state during small steps (Figure 25 E—F) and lever arm
domains tilt forward stably in the adjacent binding state (Figure 25F), as mentioned
above.

Recently, two groups have proposed structural models for the myosin VI in the distant
binding state (Figure 4, Mukherjea et al., 2009; Spink et al., 2008). Although the details
of these two models, especially the lever arm structures, are controversial, both studies

proposed that myosin VI dimers have an unexpectedly long and stable lever arm during
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processive movement that becomes compact when myosin VI is a monomer. In this
respect, our results are consistent with these two structural models, especially in the
distant biding state. Although the detailed structure of the adjacent binding state
remains unclear, our study reveals that the lever arms in the adjacent binding state takes

the extended conformation, not the compact conformation of the monomer state.
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Figure 25. Model for myosin VI steps.
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(See next page)

Figure 25. Model for myosin VI steps.

A model for myosin VI steps. Large steps are generated in accordance with the hand-overhand
mechanism. Initially, the head domains are in the distant binding state in which their distance
apart approximates the half actin helical pitch (A). Next, the trailing head domain detaches from
the actin filament upon ATP binding (B), rebinding at the subsequent forward actin target 68 nm
away (C). During this time, the tail domain moves 27 nm forward (about one actin half helical
pitch), coupling with the head domain movement. Small steps are generated in two ways. In one,
they arise from the distant binding state (A). Upon detaching by ATP binding, the trailing head
domain performs a Brownian search (D) and rebinds 40 nm forward, resuliing in the adjacent
binding state (E). The lever arm swing occurs immediately after rebinding of the detached head
domain (F). In the other, small steps arise from the adjacent binding state (F). Here, one head
domain detaches from the actin filament upon ATP binding (B) and rebinds 40 nm forward,
resulting in the distant binding state without a lever arm swing (C). Backward steps can only
occur from the distant binding state (A). The leading head domain detaches from the actin
filament (G) and rebinds 38 nm backward (F). No lever arm swing occurs during a backward
step. According to this model, when an unlabeled head domain performs a large step (A—B—
C) or a small step 1 (A—D—E—F), we should observe a tail domain displacement without a
labeled head domain displacement, a phenomenon we observed (Figure 15, e.g. around 1 sec)
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Forward bias of the lever arm domain

The fact that the tail domain does not move during backward steps indicates that the
lever arm domains tilt forward in the adjacent binding state, with both head domains in a
post-power stroke state. Furthermore, no significant differences in tail domain
fluctuations between the adjacent binding and distant binding state suggests both heads
stably retain the post-power stroke state during the adjacent binding state. This
preferential forward tilting of the lever arm domain during backward steps is consistent
with previous biochemical experiments, which reported that the rear head of myosin VI
takes either the ADP-binding or no nucleotide binding state,(De La Cruz, 2001) and
crystal structure analyses, which reveal that the lever arm tilts forward with no
nucleotide and ADP binding state.(Ménétrey et al., 2005; Ménétrey et al., 2007)
Furthermore, given our hypothesis that the structural state of the head domains in the
adjacent binding state is the same as that of the rear head domain in the distant binding
state (discussed in Experiment 1), the preferential forward tilting of the lever arm
domain in the adjacent binding state is also a consistent result. In the presence of a
backward load of up to a stall force, we assume that myosin VI tends to take the adjacent
binding state and its lever arms tilt forward. This is supported by a report showing that
the tail domains rarely swing backwards even under a backward load of up to 2
pN,(Chuan et al., 2011) which would not be the case if they were flexible. When a stall
force, over which myosins detach from the actin filament, is applied to the tail domain,
the lever arm is seen to frequently swing backwards.(Rock, 2001) These oscillations were
likely independent of ATP binding because of their unusually high rates. Assuming that
the oscillations are not coupled with dissociation and rebinding of the head domain, the

oscillations should represent a transition between pre- and post-power stroke states due
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to excessive backward loads in the adjacent binding state.

The adjacent binding state contributes to the myosin VI anchoring function

The adjacent binding state should be ideal for myosin VI to equally divide any external
load onto both its head domains. This is unlike the distant binding state where a
disproportionate amount of force is applied onto the leading head. Such kinetics could
also help prevent spontaneous detachment. It has been reported that in myosin V,
another processive myosin, the front head domain, in which the structural state is the
pre-power stroke state, spontaneously detaches from the actin filament at a rate of 1 s-1
(Purcell et al., 2005) and that the binding strength of the front head domain is weaker
than that of the trailing head domain.(Gebhardt et al., 2006) Because in the adjacent
binding state both myosin VI heads are in the post-power stroke state, such spontaneous
detachment should not occur.

Intuitively, it may seem odd that both head domains are in the post-power stroke state,
since the ATP binding rate of this state is higher than that of pre-power stroke
state.(Dunn et al., 2010; Oguchi et al., 2008) However, an optical trap study has
suggested that when an external force is applied to the head domains, ATP binding rates
dramatically slow.(Chuan et al., 2011) Even if ATP binding causes one head domain to
detach and a small step to occur, myosin VI can return to its original adjacent binding
state by taking a backward step to sustain its anchor function. We assume a backward
force would enhance the anchor function by suppressing the ATPase activity of the
myosin heads. Therefore, we argue that myosin VI restarts its stepping motion after

releasing the backward force.
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The dynamic anchor model for the myosin VI anchoring function

Finally, I propose a structural mechanism model for myosin VI anchoring, which does
not depend on any biochemical regulation mechanism mentioned above (Figure 26). In
this model, myosin VI switches its cellular function according to external load. When
proper amount of load applied to myosin VI, it keeps the position taking “mark time”.
Once the load decreases, myosin VI can walk against the load until its stall force. On the
other hand, the load increases over its stall force, the lever arms can not hold against the
load and tilt backward which result in successive backward steps and the load decrement.

This model is a challenge to some previous studies described above section. However,
most of all previous studies do not consider the adjacent binding state and forward tilts of
lever arm domains which allow a head domain steps without tail domain movements. To

clarify my model, further investigations are required.
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Figure 26. Model for Active anchoring of myosin VI.

QLR

A Model for Active anchoring of myosin VI. When proper amount of load applied to myosin VI, it
keeps the position taking “mark time”. Once the load decreases, myosin VI can walk against the
load until its stall force. On the other hand, the load increases over its stall force, the lever arms
can not hold against the load and tilt backward which result in successive backward steps and

the load decrement.
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4. Conclusion

In conclusion, we visualized single myosin VI stepping motion including both head
domain steps and lever arm domain swings by observing the head and tail domains
simultaneously. Our results revealed that two binding state of myosin VI enable its
various step types and suggest that the three types of myosin VI steps are important for
achieving myosin VI dual function, with backward steps being particularly important for
the anchoring function. The step type is highly constrained by the forward tilt of the lever
arm domains, as they permit only one backward step from the distant binding state and
prohibit successive backward steps from the adjacent binding state. In turn, such
constraints could regulate the myosin VI dual function.

Importantly, my results lead a possibility of a new working model for myosin VI cellular
function, which does not only depends on biochemical regulations by external load but
also structural constraints. I expect that like these structural constraints in myosin VI
expand the automatic functionality of many proteins, not only motor proteins, and

contribute to manage to complex system like a cell simpler.
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5. Experimental section

Protein preparations: To create dimeric myosin VI constructs, the Human Myosin VI
cDNA was truncated at Leu-989. This fragment included the motor domain, neck domain,
and coiled-coill domain. To ensure myosin VI dimerization, the coiled-coil domain of
chicken gizzard smooth muscle myosin encoding Vall1450 - Ala1564 (Accession number
X065486, gift from Dr. Tkebe) was appended at Leu989. For biotin and anti-His-antibody
labeling, a HaloTag (DHA, Promega) fragment via a LRRRPTRPAMDPPSK linker and a
6 x His-tag fragment were attached at the N-terminal and C-terminal, respectively.
Cloning, protein expression, and purification were performed as previously described
(Nishikawa et al., 2010). Imidazole was removed by dialysis for Qdot585
anti-His-antibody conjugates labeling. Note that single labeled myosin VI with a Qdot
probe at one of two head domains did not affect its motility, because almost all myosin VI
binding to an actin filament were observed to move processively (Supplemental movie 1)
and have intact motility (see also (Nishikawa et al., 2010)).

Myosin-Qdot conjugation: Qdot585 anti-His-antibody conjugates were synthesized using
a Qdot585 antibody conjugation kit (Life Technologies, Invitrogen) and monoclonal
anti-His-antibodies (Medical & Biological Laboratories, Japan). Q585 anti-His-antibody
conjugates, Qdot525 streptavidin conjugates (Life Technologies, Invitrogen) and
biotinylated myosin VI were mixed and incubated overnight on ice for simultaneous
observation of the head and tail domains while Qdot585 streptavidin conjugates, Qdot525
streptavidin conjugates, and biotinylated myosin VI were incubated for the simultaneous
observation of the two head domains.

Sample preparation for microscopy: A 10 nl volume microchamber was made by placing a
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small coverslip (18 x 18 mm, No.1 Thickness, Matsunami, Japan) over a larger one (22 x
32 mm, No.1 Thickness, Matsunami, Japan) and using double-sided adhesive tape (50 pm
thickness). Next, 1.5 mg/ml Actinin (Sigam-Aldrich) in assay buffer (AB: 20 mM
HEPES-KOH (pH 7.8), 25 mM KCl, 5 mM MgCl2 and 1 mM EGTA) was adsorbed onto
the glass surface, followed by a 3 min incubation, a 20 nl AB wash, and finally an
injection of 2 pg/ml non-fluorescent phalloidin labeled actin filament solution in AB into
the chamber. After another 3 min incubation and 20 nl AB wash, 5 mg/ml a-casein in AB
was injected into the chamber. After a third 3 min incubation and 20 1 AB wash, MB (AB
plus an oxygen scavenger system, ATP regeneration system, and 20 pM ATP) including
Qdot labeled myosin VI was flowed into the chamber and the chamber was sealed with
nail polish.

Microscopy and image analysis: Qdot conjugated myosin VI movement was imaged using
total internal reflection fluorescence microscopy (TIRFM). Qdot525 and 585 were excited
by a 405 nm laser (Coherent, Compass405-50CW). The fluorescence was divided by a
dual-view apparatus (Hamamatsu Photonics, A4313) equipped with dichroic mirrors
(DML557nm, Asahi Spectra) and emission filters (FF01-520/35-25 and FF01-593/40-25,
Semrock). The fluorescent images were captured with a back-illuminated EMCCD
camera (Andor, DV8S87ECS-BV). Exported 14 bit data were imported into a custom
written program with LabVIEW (National Instruments). The spot center for éach frame
was determined using a double Gaussian fit according to a published method(Thompson
et al., 2002; Yildiz et al., 2003; Yildiz et al., 2004) and analyzed with SHREC. Accuracy of
the spot center detection was 2.0 nm. Images of double-labeled myosin were obtained and
analyzed in accordance with SHREC. The accuracy of the control grid function was

maintained for stable myosin VI measurements.(Nishikawa et al., 2010) All steps were
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detected by eye.
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