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Abstract

Myosin-V is an actin-based processive molecular motor driven by the chemical energy
derived from ATP hydrolysis. Although the chemo-mechanical coupling in processive
movement has been investigated by separate structural, mechanical and biochemical
studies, no experiment has been able to directly test the conclusions from these works.
Therefore the relationship between ATP-turnover cycle and force generation, and in
extention, processive movement remains unclear. Currently, the most direct method to
measure chemo-mechanical coupling in processive motors is to simultaneously observe
ATP-turnovers and displacement at the single molecule level, which is the method I
apply here.

At first, I developed a simultaneous measurement system for the mechanical and
chemical activity of myosin-V in order to directly elucidate chemo-mechanical coupling.
ATP-turnover cycles were visualized wusing the fluorescent ATP analog
2’-0-Cy3-EDA-ATP and total internal reflection fluorescence (TIRF) microscopy,
while force generation was detected using dual optical traps. In this system,
ATP-turnover cycles were detected by observing the fluorescence appearance and
disappearance, while force generation was detected by measuring trapped bead
displacement. My specific interests in the ATP-turnover cycle were the relationships
between ATP-binding and myosin-V detachment and between ADP-release and
force-generation. ATP-binding was found to cause immediate myosin-V detachment
from the actin filament, while ADP was released 69 ms after force generation and
displacement along the actin filament, providing direct evidence for a slow ADP-release.
In a previous study, it was reported that ADP-release in nonprocessive myosin-II occurs
before or around force generation. My findings show a very different property in
processive motor myosin-V.

As proposed by several studies, this slow ADP-release probably ensures processivity
by prolonging the strong actomyosin state in the ATP-turnover cycle. Because many
other other processive motors are thought to function like myosin-V, these results are
likely to have broader implications. In summary, my results suggest that ADP-release
does not correlate with force generation. Instead, it is likely to be an important regulator

for mechanical properties like processivity.
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Chapter I

Introduction






1.1. Preface

In a cell, many enzymes utilize the energy released from nucleotide hydrolysis. For
example, molecular motors like myosin, kinesin and dynein converts ATP-hydrolysis
energy into mechanical displacements along cytoskeletons like actin filaments and
microtubules. GTP is another nucleotide involved in several cellular functions. GTPase
Dynamin is responsible for endocytosis in the eukaryotic cell and produces an essential
mechanical force for vesicle fission. Ras utilizes GTP-hydrolysis to transmit signals
from a ligand to initiate a signaling cascade. In general, nucleotides are fundamental
energy sources for organisms, with ATP being the prevailingly “energy currency”.
Despite the knowledge that the hydrolysis of nucleotides leads to mechanical work,
there still remains a great deal of uncertainty regarding the relationship between the
output work, like mechanical displacement and cell signaling, and nucleotide hydrolysis
turnover cycles. Identifying the key steps in hydrolysis that leads to output work
tremendous insight on biological energy transduction mechanisms. Studies that
investigate such transduction mechanisms usually focus on molecular motors like
myosin, kinesin or F;F,-ATPase since the mechanical displacement or rotation (the
output by molecular motors) can be determined with high accuracy and high time

resolution.

1.2. General introduction about myosin family
Myosin is an actin filament interacting ATP driven molecular motor. Although many

myosin types exist, they share a general structure that includes an N-terminus head or



motor domain, a light chain binding neck domain and a class conserved C-terminus tail
domain, where remarkable variations in domain organization exist among known
myosin classes (Fig 1.1). It is the motor domain that is considered to be mainly
responsible for myosin motility. Although there modest differences in head domains
between myosin types (e.g. two unique insertions in myosin VI, which is considered
responsible for minus end directed motility; and a unique insertion in myosin IXb loop2,
which is considered responsible for single headed processive movement (Coluccio,
2008; Foth et al., 2006)), the motor domain’s core sequence, which includes the
ATP-binding domain, ATPase activity and actin binding domain called Loop 2, is highly
conserved in all myosin classes (Fig. 1.2A).

Sequential structural changes in the head domain of myosin-II, Va, VI during
an ATP-hydrolysis cycle have been postulated according to crystal structures and
electron microscopy images that used several ATP analogues (ADP, AMPPNP, ADP-Vi,
ADP-BeF) (Fig. 1.2B for that of myosin-Va). However, structure studies alone cannot
clarify the relationship between these structural changes and states in the
ATP-hydrolysis cycles. Furthermore, it remains unclear whether these myosin structures
bound to ATP analogues are representative of the true ATP-hydrolysis cycle.

In fact, several experimental results are inconsistent with the conclusions made from
structure studies. In 1998, Ishijima et al demonstrated that muscle type myosin-II can
generate a force even after ADP-release, which disagrees with the prevailed assumption
that myosin generates force upon Pi-release (Ishijima et al., 1998) (Fig 1.3A, B). In

1999, Kitamura et al showed the several substeps during a single force generation



coupled with a single ATP-hydrolysis cycle (Kitamura et al., 1999) (Fig 1.3C, D). This
result meant that myosin-II generates force by diffusing along an actin filament using
biased Brownian motion, challenging the postulation that myosin-II generates force by
changing the angle of its lever arm domain in a single process. Recently, M. Nishikawa
et al. showed using single molecule imaging techniques that single headed myosin-IXb
can move processively along an actin filament (Nishikawa et al., 2006) (Fig. 1.4). In
their work, the lever arm domain of myosin-IXb was not fixed to any base. Therefore,
the swing motion of the lever arm domain could not contribute to the force generated by
myosin-IXb. Nishikawa et al. have also proposed that myosin-II generates variable step
sizes depending on the ATP concentration by analyzing the variance change of the
velocity, a feature not share with processive myosin-Va (Nishikawa et al., 2008).

This last observation suggests that the chemomechanical coupling mechanism
is not universal in myosin. Here I investigate the chemomechanical coupling in
processive myosin to clarify processivity and, upon comparing with myosin-II studies,
establish whether all myosins utilize a common coupling mechanisim. Currently, the
most effective and informative method to measure chemomechanical coupling in
processive motors is to simultaneously observe ATP-turnover cycle and force generation

at the single molecule level, which is what I do here.

1.3. General description about myosin-Va
Before introducing my own study, it is important to introduce some general properties

about myosin-Va. Myosin-Va was first purified from brain (Espindola et al., 1992;



Larson et al., 1990) and was subsequently determined to be a novel myosin (Espreafico
et al., 1992). It is a dimeric protein. The heavy chain has a motor domain at the
N-terminus, having high homology with the motor domains of other myosin family
members. A six light chain binding domain (IQ motifs) follows the motor domain. This
IQ region is called the “neck” or “lever arm” while the motor domain is called the
“head”. The neck is followed by a long predicted coiled-coil region. Finally, the
C-terminus region has a globular tail domain (GTD). In a cell, a cargo like vesicle binds
to myosin-Va via this GTD. Myosin-Va has many physiological responsibilities
including pigment granules transport along an actin filament. GTD also play a role in
regulating myosin-Va motility by binding to the ATP-binding region of the motor
domain, a process dependent on Ca®" concentration (Thirumurugan et al., 2006). To
remove this regulation, GTD was genetically truncated in our measurement. Optical
trapping nanometry has revealed that a single, two headed myosin-Va moves
processively along an actin filament (Rief et al., 2000), while single molecule imaging
using TIRF microscopy has directly demonstrated the processive movement of GFP
labeled myosin-Va along an actin filament (Sakamoto et al., 2000). Numerous chemical
and mechanical measurements (De La Cruz et al., 1999; Purcell et al., 2002; Purcell et
al., 2005; Tanaka et al., 2002; Trybus et al., 1999; Uemura et al., 2004; Veigel et al.,
2005; Veigel et al., 2002; Yildiz et al., 2003) have been performed, finding that
myosin-Va has a large 36 nm step size, and high ATPase activity and ATP affinity
compared with other unconventional myosins. Therefore, myosin-Va is ideal for

processive motor studies. Recently, by observing ATP-turnover cycles and stepping



motions simultaneously using TIRF microscopy, it was revealed that a single
ATP-turnover cycle couples with a single stepping motion (Sakamoto et al., 2008).
However, poor time resolution meant the sequential relationship could not be identified.
Here, I clarify part of the sequential relationship between the chemical and mechanical
cycles (in particular, that between ATP-binding and myosin detachment, and
ADP-release and force generation) by measuring the ATP-turnover cycle and

mechanical cycle directly and simultaneously.
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Figure 1.1 The diversity of myosin family.

(This figure was excerpted from B.J. Foth et al. PNAS (2006) Vol.103, pp 3681-6)



Figures in chapter I

(A)

C-term

A =P |oop ¢ = Switch | @ = Switch || % = SH helix

(B)
Pre-powerstroke P, release Strong ADP  Weak ADP Rigor  Near rigor Pre-powerstroke
Acli-;:l:dlng/ / ’3..,"3' 3

h Q% characterized by  Visualized by
Switeh | Kinetics only EM only

Strut
Switch 11

SHI helix

Converter

Converter
P, Mg P ATP,

A.M.ADP.P, 44iA.MfADP—>A.M.ADPsd4 A.M.ADPW AM —» A+M.ATP «—» A+M.ADP.P,
50 kDa cleft  partially closed partially closed more closed totally closed totally closed opened partially closed
Lever arm up up? down more down more down down/uncoupled up

1.1c‘t1‘n For — > Actin Repriming
binding orce generation detachment
Figure 1.2

(Figurel.2A, B were excerpted from C. R. Bagshaw Structure (2007) vol. 15, pp 511-2,
while Figure 1.2C, D from P. J. Coureux et al. EMBO J. (2004) vol. 23, pp 4527-37)



Figures in chapter I

(A) (B) ”
o iy
Mg [} ‘,'_‘-“.‘.'.“‘.‘,"_f“"‘w
0 1 2 3 4 5
Time (s)
(€) (D)

Nanometry
—

Biotinylated probe

Manipulatiog

1 uM ATP, 20°C

Streptavidin 44

Displact nt
Evar)escent _|s>p aceme
field . " "a < Y

Glass

Laser in Laser out

Il
v

Single-molecule imaging

Figure 1.3 (A) experimental setup for muscle type myosin-II (B) typical
relationship between ATP-turnover cycle and force generation. (C) the image of
glass microneedle experiment. (D) 5.5 nm substeps during single ATP turnover

coupled displacement.

(Fig 1.3A, B were excerpted from A. Ishijima et al. Cell (1998) Vol.92, pp 161-71,
while Fig 1.3C, D from K. Kitamura et al. Nature (1999) Vol. 397, pp129-34)
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Figure 1.4 Single molecule imaging of single-heade myosin-IX processive
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(This figure was excerpted from M. Nishikawa et al. BBRC (2006) Vol.343, pp
1159-64)
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2.1. Introduction

The development of single molecule detection techniques has allowed the elementary
mechanical and chemical processes of various ATP driven motor proteins like myosin,
an actin based motor, to be monitored. Both fluorescence imaging and manipulation
techniques, which make up the basis for single molecule measurements, have been
employed to study myosin motility. Total internal reflection fluorescence microscopy
(TIRFM) is one such imaging technique capable of visualizing the chemical and
mechanical activities of single motor molecules (Funatsu et al., 1995; Vale et al., 1996).
Individual turnovers of ATPase activity in myosin have been monitored by observing
the association and dissociation cycles of fluorescent ATP analogues (Funatsu et al.,
1995; Tokunaga et al., 1997). In parallel, manipulation techniques, like the glass
microneedle and optical trap, allow the movements of single actin filaments and myosin
molecules to be observed with nanometer accuracy (Kishino and Yanagida, 1988;
Ishijima et al., 1991; Finer et al., 1994). By combining TIRFM and the optical trap,
chemical and mechanical events have been observed simultaneously. Simultaneous
observation allows several chemo-mechanical parameters to be directly related
including ATP hydrolysis and motor steps and, by extension, force generation (Ishijima
et al., 1998). This has been observed in myosin-II, which is a non-processive myosin
found in muscle. That study provided the first direct evidence for chemo-mechanical
coupling and also showed that the energy stored after the release of the ATP hydrolysis
products is used for the mechanical events. However, it remains unclear whether the

chemo-mechanical coupling seen in myosin-II is universal for all myosins (Nishikawa
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et al., 2008).

There exist at least 24 classes of myosins (Foth et al., 2006) (Fig 1.1). Myosin-Va
(henceforth denoted as myosin-V) is the most commonly studied processive motor
(Mehta et al., 1999; Rief et al., 2000; Sakamoto et al., 2000; Tanaka et al., 2002;
Komori et al., 2007). Understanding the chemo-mechanical coupling in this myosin
should clarify processivity and, upon comparing with myosin-II studies, establish
whether all myosins utilize a common coupling mechanism. Although past data have
already led to hypotheses for myosin-V chemo-mechanical coupling (De La Cruz et al.,
1999; Coureux et al., 2003; Coureux et al., 2004; Uemura et al., 2004; Purcell et al.,
2005; Veigel et al.,, 2005), no direct experimental data have been obtained by
simultaneously measuring the chemical (ATP-turnover) and mechanical (displacement)
events at the single molecule level. Recently, ATP-turnover cycles during myosin-V
processive movement were visualized (Sakamoto et al., 2008). However, the limited
time resolution prevented them from revealing the ADP-release and force-generation
relationship.

Myosin-V experiments cannot be done the exact same way as they were for myosin-II.
This is because myosin-V possesses significantly different traits from myosin-1I. For
example, myosin-V has a lower ATP-turnover rate and higher Km value than myosin-II
(Harada et al., 1987; De La Cruz et al., 1999). This reduces the frequency of detecting
myosin-V displacements as compared to myosin-II at the same nucleotide concentration.
Also, there are several differences in the C-terminal structure between myosin-II and

myosin-V (Sellers, 1999). This means that protocols have to be adjusted depending on
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the myosin type. This is especially true when fixing myosin onto a glass surface, which

is necessary to conduct single molecule experiments.

In this chapter, we explain how we overcame these problems and developed a
simultaneous measurement system suitable for mechanical and chemical assays of a
typical myosin-V in order to directly elucidate the chemo-mechanical coupling in

processive motors.
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2.2. Optical setup for simultaneous observation

2.2.1. Imaging and Photon Counting

An inverted fluorescence microscope (TE2000, Nikon, Japan) and other optics were
set on a vibration-free table (TDI-189LA, HELTZ, Japan) in a soundproof room and
air-conditioned room (Fig 2.1 and 2.2A) to minimize vibration and thermal drift. The
stage could be manipulated by a three-axis manipulator (3-Dimensional Motorized
Stage, MP-285, SUTTER INSTRUMENT). An oil immersion objective lens (60xPlan
Apo TIRF NA=1.45, NIKON, Japan) and the sample stage were fixed on a Z-axis
highly stable stage (model KS-N, Nikon Japan). All of the light paths were enclosed
within plastic boxes to avoid the influence of stray light and air fluctuations (Fig 2.2B).

Cy5-labeled actin filaments were observed using epifluorescence microscopy. A
beam from a He-Ne laser for Cy5 (05-LHP-925, MELLES GRIOT; 30 mW; A= 632.8
nm), a beam of a frequency-doubled Nd:YAG green laser for Cy3 (COMPASS
315M-100, COHERENT; power 100 mW; A=532 nm) and a sapphire laser for GFP
(SAPOHIRE488-20; 20 mW; COHERENT; A=488 nm) were expanded by 5.3 times
(He-Ne laser) or 6.7 times (Nd:YAG green laser) using the laser beam expander
consisted of concave lens and convex lens (BE1 for Nd;YAG green laser and BE2 for
He-Ne laser in Fig 2.1) to adjust the excited area by beam by changing the diameters of
lasers. Next these beams passed through half-lambda plate (A/2 plate) to rotate the
direction of polarity and change the ratio of p-wave and s-wave. P-wave of beams

passed through polarizing beam splitter (PBS1 in Fig 2.1) and s-wave was reflected by

16



polarizing beam splitter (PBS1 in Fig 2.1). Transmitted p-wave was for epifluorescence
microscopy and reflected s-wave was for total internal reflection fluorescence
microscopy (TIRFM). P-wave of beams were passed through Neutral Density (ND)
filter (ND1 in Fig 2.1) to adjust laser power and convex lens (L1 in Fig 2.1, =450 mm).
L1 was used to focus the beam at the back focal plane of the objective lens, achieving
the parallel beam at sample plane. Finally the beam was directed to the objective lens by
a dichroic mirror (D1 in Fig 2.1, FF562-Di0l1 for Cy3, FF660-Di01 for CyS5,
FF495-Di01 for GFP, Semrock).

Single molecules of GFP bound myosin-V and Cy3-nucleotide (ATP or ADP) were
observed with prism-type TIRFM. S-wave of the beam were reflected by polarized
beam splitter (BS1 in Fig 2.1) and passed through a fresnel quarter-wave plate (A/4
plate) to be converted into circularly polarized beam, laser beam expander to adjust the
excited area by beam and ND filter (ND2 in Fig 2.1) to adjust laser power. The incident
light then focused on a silica slide that is positioned parallel to the longitudinal axis of
striped pedestals, through a cubic fused silica prism 2 wm wide and 1 um deep. The gap
between the prism and a fused silica slide was filled with pure glycerol specifically for
fluorescence microscopy (Merck). The incident angle at the quartz-to-solution interface
was 75° to normal while the critical angle was 66° between glass and water. The beam
was focused onto an area 40 x 160 um”on the specimen plane by a convex lens (L2 in
Fig 2.1, f = 80 mm). This size of area was a little larger than the field of microscope.
Infrared light used for optical trapping nanometry (see next section) was rejected from

these detectors with two successive 750 nm long cut filters (only single filter was not
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enough to reject the infrared light for optical trapping and the light from halogen lump
for the bright field imaging) and barrier filters (LC2, SVX750, Asahi Spectra; BFI,
FF495-EmO02 for GFP, FF562-Em02 for Cy3 or FF660-Em02 for Cy5, Semrock, Inc.).
The fluorescent image was focused using the microscope tube lens (L3, =200 mm) and

then converted into parallel light using a convex lens (L4, f= 50 mm).

For simultaneous observation, the optical paths to the image intensifier (II, C8600,
Hamamatsu Photonics) coupled to a CCD (CCDI, MC681SPD-ROB0, Texas
Instruments) and the APD (SPCM-AQR-16, Perkin Elmer optoelectronics) were
separated by a dichroic mirror (D6, Asahi Spectra, Japan). Fluorescent images with
wavelengths over 625 nm (Cy5-phalloidin labeled actin filaments) were passed through
the dichroic mirror and focused on the II coupled CCD camera using a convex lens (L5,
f = 200 mm). Fluorescent images with wavelengths under 625 nm (Cy3-nucleotides)
were reflected and focused onto a pinhole (PH, 50 wm diameter, Sigma Koki, Japan)
using a convex lens (L6, f = 50 mm). Fluorescence from the specimen area was limited
to a 0.9 um diameter using this pinhole and focused on the APD using a convex lens
(L7, £ =50 mm). Finally, photons from Cy3 modified nucleotides were detected using
the APD. The number of photons was converted to a voltage every 10 ms using a data
acquisition PCI board (National Instruments). The output was recorded on a PC using a
digital data recorder (ADINSTRUMENTS). The position of the APD detecting area on
the sample plane was checked using yellow-green fluorescent microspheres (Invitrogen)

every 2 to 3 days. Except during simultaneous observations, in order to acquire
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fluorescent images of the fluorescent ATP analogues, rhodamine-phallodiin actin
filaments and GFP, the images were intensified by the II and focused onto the CCD

directly (CCD2) using the microscope tube lens (L3).

2.2.2 Optical Tweezers and Nanometry

The two optical traps were generated by an infrared YAG laser (T10-8S,
Spectraphisics, CA; power, 600 mW in max; A= 1064 nm) reflected by a dichroic
mirror (D3 in Fig 2.1). The laser passes through half lambda plate. Next p-wave passed
through polarizing beam splitter (PBS2 in Fig 2.1). The reflected s-wave was scattered
by a beam diffuser (Sigma Koki, Japan). These half lambda plate and polarizing beam
splitter played role as the optical attenuator to adjust the power of infrared YAG laser.
The passed laser was expanded by 3 times using laser beam expander consisted of
concave lens and convex lens (BE4 in Fig 2.1), and passed through half-lambda plate to
adjust the ratio of p-wave and s-wave. P-wave passed through two polarizing beam
splitters (PBS3 and PBS4 in Fig 2.1). This position of beam remained fixed. S-wave
was reflected by polarizing beam splitter (PBS3 in Fig 2.1). This position of beam was
adjusted by two orthogonal galvano scanners (Model 6210 Galvanometer optical
scanners, CAMBRIDGE TECHNOLOGY, INC.) controlled by custom software written
in LabVIEW. The laser followed by two orthogonal galvano scanners passes through
half lambda plate to be reflected by polarizing beam splitter (PBS4 in Fig 2.1). After the

recombination the laser beam were expanded by 4 times using laser beam expander
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consisted of two plano convex lens (BES in Fig 2.1) and passed through a quarter-wave
plate. Next the two beams were passed through a dichroic mirror with a separation
wavelength of 950 nm (D2 in Fig 2.1, Asahi Spectra Co., Ltd) and directed to an
objective lens by a dichroic mirror with separation wavelength of 750 nm (D3 in Fig 2.1,
Asahi Spectra Co., Ltd).

The bead displacements were measured with nanometer accuracy as follows.
Microbeads were illuminated with infrared light originated from a halogen lamp that
has passed through a 780 nm long-pass filter (LP1 and SCF1 in Fig 2.1, Asahi Spectra
Co., Ltd, Japan) and 1050nm super cold filter (Asahi Spectra Co., Ltd, Japan). The
infrared light was directed to a quadrant photodiode detector by the dichroic mirrors
with a separation wavelength of 750 nm and 970 nm (D3 and D2 in Fig 2.1, Sigma
Koki). The 750 nm shortcut filter and 950 nm long cut filter or the 750 nm longcut filter
(SCI1, LC1 and LC2 in Figure2, Asahi Spectra Co., Ltd, Japan) was used to eliminate
the light from a visible laser and an infrared YAG laser. The image of the bead passed
through imaging convex lens (L4 in figure2, f = 200 mm) and pellicle beam splitter
(PBI1 in Fig 2.1, BP108, R/T Ratio: 8/92 for 400 — 2400 nm, Thorlabs). 8% of the image
is reflected and focused on CCD (CCD2 in figure2, WAT-525EX, Watec Co., LTD.).
The transmitted 92% of the image passed through concave lens (LS5 in Fig 2.1, f = -20
mm) to be magnified 500 times and pellicle beam splitter (PB2 in Fig 2.1, BP108, R/T
Ratio: 8/92 for 400 — 2400 nm, Thorlabs). The transmitted image was projected onto the
center of a quadrant photodiode detector (QPD in Fig 2.1, S994-13, Hamamatsu

Photonics). The reflected imaged was focused on CCD (CCD3 in Fig 2.1, TM-524N,
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Takenaka system, Japan). The differential outputs of the quadrant photodiode were
amplified by an order-made differential amplifier (OP711A, Sentech, Japan) and
recorded on PC using a digital data recorder. CCD2 was utilized to capture the image of
bright field and CCD3 was utilized to capture the image of magnified bead, which was
projected on quadrant photodiode detector.

In these simultaneous measurements, the displacements of the beads in the
orthogonal direction could be determined while the fluorescence intensity from the

Cy3-nucleotides was monitored simultaneously.
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2.3. Materials and methods

2.3.1. Protein preparation

2.3.1.1. Myosin purification

Recombinant human myosin-Va HMM (henceforth denoted as myosin-V HMM) (Fig
2.3A, B) and human myosin-Va S1 1Q6 (henceforth denoted as myosin-V S1) (Fig 2.4A,
B) were expressed and purified as described (Okada et al., 2007; Komori et al., 2008).
Briefly, myosin V HMM has a FLAG-tag and GFP fused at its N-terminus; a motor
domain; six-light-chain binding motifs; a coiled-coil domain truncated at Thr-1238; and
a Myc-tag fused at its C-terminus. For myosin-V S1, the coiled-coil domain was
removed at Glu-926. These constructs were coexpressed with calmodulin in Sf9 cells
and then purified using FLAG M2 affinity gel (Sigma-Aldrich). The sample
concentration was estimated by the Bradford method.

Recombinant calmodulin from Xenopus oocytes was expressed in Escherichia coli

according to a previous method with some modifications (Ikebe et al., 1998).

2.3.1.2. Actin purification and fluorescent labeling of actin filament.

Actin was obtained from rabbit skeletal muscle and purified as described (Spudich and
Watt, 1971). To visualize and attach the actin filaments to the beads, actin filaments
were fluorescently labeled and biotinylated. The fluorescent phallloidin labeled
biotinylated actin filaments were obtained by mixing rabbit skeletal actin and

biotinylated-actin at a molar ratio of 19:1 (total [actin]=4 uM) in F buffer (0.1 M KCl,
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10 mM HEPES-KOH (pH 7.8) ) and 4 uM fluorescent phalloidin.

The biotinylated actin (Cytoskleton, Inc.), Rhodamine-phalloidin (Fluka) and
Alexa633-phalloidin (Invitrogen) were purchased. Cy5-phalloidin and Cy3-phalloidin
were synthesized from Cy5-NHS ester or Cy3-NHS ester (GE Healthcare Life Sciences)
and amino-phalloidin (Alexis Biochemicals). Briefly, Cy5-NHS ester or Cy3-NHS ester
and amino-phalloidin were mixed at a molar ratio of 1:1 in 20 mM CHES pH 9.0 and
then incubated for 30 min at 30 °C. The reaction mixture was purified using HPLC
reverse phase chromatography on Novapack C18 (Waters). First, the reaction mixture
was applied to Novapak C18. Next, the column was washed using 30 ml of 10 mM KPi
and 15%(v/v) ACN for Cy3-phalloidin or 10 mM KPi and 20%(v/v) ACN for
Cy5-phalloidin at 1.5 ml/min flow rate. Then, the column was washed using 90 ml of
MilliQ to remove phosphate from the column. Finally, 80% ACN diluted using milliQ
was applied to extract the fluorescent phalloidin. The extracted fraction was dried using
a rotary evapolater and then solved using about 200 ul MilliQ. The concentration of the
fluorescent phalloidin solution was determined according to the absorption of the
fluorescent dye. Next, the fluorescent phallodin solution was dried again and solved
using 10 mM Hepes-KOH pH 7.0 and 100 mM KCI solution to adjust the fluorescent
phalloidin concentration to 20 uM.

Fluorescent maleimide labeled actin was prepared by linking Cy5-maleimide (GE
Healthcare Life Sciences), DyLight647-maleimide (PIERCE) or ATTO655-maleimide
(ATTO-Tec, Germany) to Cys374 of actin as described (Ishijima et al., 1998).

Fluorescent labeled actin filaments were obtained by mixing 2 uM native actin and 2
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uM fluorescent labeled actin in F buffer and 4 uM phalloidin.

2.3.2. Fluorescent ATP analogues

EDA-ATP (2°(3’)-O-[ N-(2-aminoethyl)carbamoyl]ATP) and HDA-ATP
(2°(3’)-O-[N-(2-aminohexyl)carbamoyl]ATP) (Fig 2.5A,B), the precursors of
2°(3’)-O-Cy3-EDA-ATP and 2°(3°)-O-Cy3-HDA-ATP, respectively, were synthesized
and purified as described previously (Jameson and Eccleston, 1997).
Cy3-3’amino-3’-deoxy-ATP, 2’(3’)-O-Cy3-EDA-ATP and 2’(3’)-O-Cy3-HDA-ATP
(Fig2.6A,B,C,D) were synthesized using 3’-Amino-3’-deoxy-ATP (TriLink
Biotechnologies), EDA-ATP or HDA-ATP and Cy3-NHS-ester (GE Healthcare Life
Sciences), respectively. The reaction mixture was purified using an FPLC anion
exchange chromatography on a DEAE cellulose column (DE52, Whatman). The purity
was greater than 99%, as determined by HPLC reverse phase chromatography on
Novapack C18 (Waters) according to Oiwa’s method (Oiwa et al., 2000). The isomers
of Cy3-ATP (2°-O- and 3’-O-Cy3-EDA-ATP) (Fig 2.6A,B) were then separated as
described (Oiwa et al., 2000). The purities of the isomers were greater than 98%.

ATTOS550-EDA-ATP, ATTO520-EDA-ATP, ATTO520 g-(6-Aminohexyl)-ATP (Fig
2.7A,B,C), N°-(6-Amino)hexyl-ATP and 8-[(6-amino)hexyl]-amino-ATP (Fig 2.8A,B)

were purchased from Jena bioscience (Germany).
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2.3.3. In vitro motility assay

Actin gliding movement over myosin immobilized on the glass surface was observed
as previously reported (Kron and Spudich, 1986; Harada et al., 1987) with some
modification. A flow chamber with a volume of 10 ul was made by placing a small
coverslip (18x18 mm, No.l Thickness, Matsunami, Japan) onto a larger one (24x60
mm, No.l Thickness, Matsunami, Japan) using double sided adhesive tape (50 um
thickness). Coverslips were cleaned by washing in detergent (dcn90, AR BROWN CO.,
LTD.) and 99.5% m/m acetone before use. Detergent and acetone were chosen because
myosin-V fixed onto KOH-treated glasses coated with nitrocellulose (Collodion in amyl
acetate sterile 12620-50, Electron Microscopy Sciences or Collodion 032-03885, Wako,
Japan) could not move actin filaments. Myosin-V HMM was first adsorbed to an ultra
pure nitrocellulose (Collodion in amyl acetate sterile, Electron Microscopy Sciences)
coated coverslip (24x60 mm) by introducing 0.2 uM myosin-V HMM in assay buffer
(AB: 25 mM HEPES-KOH pH 7.4, 30 mM KCl, 5 mM MgCl,, 1 mM EGTA) with 0.1
mg/ml calmodulin. After the incubation and wash using 100 ul AB, 0.4 ug/ml of
fluorescent labeled actin filaments in AB was flowed into the chamber.
Rhodamine-phalloidin  labeled actin filaments were wused for ATP and
Alexa633-phalloidin labeled actin filaments for fluorescent ATP analogues because of
the fluorescence spectral overlap between rhodamine and fluorescent ATP analogues,
Following incubation and wash using 100 ul AB, 20 ul of AB including various

concentrations of nucleotide, 0.1 mg/ml calmodulin and an oxygen scavenging system
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(4.5 mg/ml glucose, 36 ug/ml catalase, 216 ug/ml glucose oxidase and 1% v/v
—mercaptoethanol) were added to the flow chamber. The movement of actin filaments
were observed under epifluorescence microscopy or objective TIRFM for ATP and
objective TIRFM for fluorescent ATP analogues to minimize the background caused by

fluorescent ATP analogues).

2.3.4. Single molecule imaging

A microchamber with a volume of 10 ul was made by placing a coverslip (18x18 mm,
No.1 Thickness, Matsunami, Japan) onto a quartz glass using polyester spacers (50 wm
thickness, TORAY, Japan) and fastening them with a paper clip. 1.5 nM myosin-V S1
was fixed on the quartz glass surface in a nonspecific manner. Next, AB containing 100
nM 2’-0-Cy3-EDA-ATP was added to the flow chamber. The Polystyrene spacers were
removed and the chamber was sealed with nail polish. Single ATP-turnovers by
myosin-V S1 were observed using prism type TIRFM at a sampling rate of 1 Hz.

To exclude the possibility that 2’-O-Cy3-EDA-ATP non-speciffically bound to
myosin-V, 100 nM ATP and 2 mM vanadate was added to myosin-V and followed by
2°(3’)-O-Cy3-EDA-ATP. After 2 min incubation and wash using 1 ml AB including 2
mM vanadate, AB containing 100 nM 2’-O-Cy3-EDA-ATP was flowed through the

chamber and the chamber was sealed.
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2.3.5. Single molecule mechanical assay

We performed single molecule mechanical assays using chemically etched glass
(Ishijima et al., 1998; Tanaka et al., 1998) with some modification. Chemically etched
quartz glass (striped pattern with 20 um interval of mean 1 wm wide and 2 um deep
pedestal) was custom-made at the Institute of Microchemical Technology, Japan
(http://www.i-mt.co.jp). The flow chamber was made as described in the previous
section. Chemically etched quartz glass and coverslips were cleaned by washing in
detergent and 99.5% m/m acetone before use. Myosin-V S1 was adsorbed to an ultra
pure nitrocellulose coated etched glass via monoclonal anti-Myc antibody (Medical and
Biological Laboratories Co., Ltd., Japan). After treatment with antibody (0.01 mg/ml),
the glass surface was coated with 1 mg/ml bovine serum albumin (BSA) in AB. 10 pM
myosin-V S1 in AB with 0.1 mg/ml calmodulin was added to the flow chamber. Next,
the glass surface was coated with 1 mg/ml a-casein in AB modified with 0.5% Pluronic
F-127 (Invitrogen) to prevent nonspecific binding of neutravidin coated beads
(diameter: 1 um, Invitrogen) and washed using 3 ml AB to completely remove the
excess a-casein. Biotinylated and fluorescent labeled actin filaments and neutravidin
coated beads in 20 ul of AB mixed with 1 uM concentration of nucleotide, 0.1 mg/ml
calmodulin, the oxygen scavenging system and polystyrene beads (diameter: 4.5 um,
Polysciecnce, Inc.) were added to the flow chamber. Polystyrene spacers were removed
and excess solution in the sample chamber was absorbed using a wipe paper. As a result,

the chamber thickness was 4.5 wm, equal to the polystyrene bead diameter. Finally, the
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chamber was sealed with nail polish. The displacements of myosin-V S1 were

determined as previously described (Molloy et al., 1995).

2.3.6. Measuring photobleaching rate

The flow chamber was made as described above. 150 nM myosin-V S1 was fixed onto
the glass surface as described in section 2.3.4, saturating the glass surface with
myosin-V. 100 ul of AB mixed with 100 nM 2°(3°)-O-Cy3-EDA-ATP or
2’-0-Cy3-EDA-ATP and 2 mM vanadate was added into the flow chamber. After a 2
min incubation and wash using 1 ml AB including 2 mM vanadate, followed by 20 ul of
AB including 2 mM vanadate and the oxygen scavenging system. Finally, the chamber
was sealed with nail polish and the experiment was performed. Cy3-nucleotide was
excited using prism-type TIRFM as done for the simultaneous observation experiments.
The fluorescent images of Cy3-nucleotide were captured by CCD. The time dependent,
fluorescence intensity decay in a 10 um x 10 wm region was acquired from the images
using custom software written in LabVIEW7.1 (National Instruments). The
photobleaching rates were determined by fitting these decay intensities using a single

exponential decay function.

Furthermore, to evaluate the effect of Cy3 photobleaching by a 1064 nm infrared laser,
Cy3 photobleaching by a 1064 nm infrared laser was determined using Cy3-phalloidin

labeled actin filaments. An over 15 um long Cy3-phalloidin labeled actin filament was
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captured using an optical trap. After 2 min of excitation by a 532 nm laser for
epifluorescent illumination, the fluorescent image of the photobleached actin filament
was captured by an II coupled CCD and recorded on a PC. The fluorescence intensities
along the actin filament from the center of the optical trap were measured using ImageJ

(http://www.rsb.info.nih.gov/ij/).

2.3.7. Simultaneous observation of chemical and mechanical events

Protein L (ACTIgen) was adhered nonspecifically to the etched glass of the flow
chamber, made as described in section 2.3.4, by applying 1 mg/ml Protein L in AB. The
glass surface was blocked with 1 mg/ml BSA and anti-Myc antibody (0.01 mg/ml) was
added. Then 10 pM myosin V S1 in AB with 0.1 mg/ml calmodulin was flowed into the
chamber. Next, the glass surface was coated with an additional flow of 1 mg/ml
a-casein including 0.5% v/v Pluronic F-127 and washed using 3 ml AB. Biotinylated
and fluorescent labeled actin filaments and neutravidin coated beads in AB modified
with 1 uM ATP, 100 nM 2’-O-Cy3-EDA-ATP, 0.1 mg/ml calmodulin, the oxygen
scavenging system and polystyrene beads as described in section 2.3.4. were added to
the flow chamber. Finally the chamber was sealed with nail polish. All experiments
were performed at room temperature (23 °C). The experiment was performed as

described in Fig. 2.9.
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2.4. Results and discussion

2.4.1. Functional properties of fluorescent ATP analogues

Individual ATP-turnover cycles by myosin have previously been visualized using
fluorescent ATP analogues as the substrate (Funatsu et al., 1995; Iwane et al., 1997,
Tokunaga et al., 1997). In solution, fluorescent ATP analogues diffuse too quickly to be
detected as single spots. However, we can observe single spots when the fluorescent
analogue is bound to the ATP binding domain of myosin during ATP hydrolysis. By
observing the binding of fluorescent ATP and its dissociation after hydrolysis, ATP
turnover can be monitored. Therefore, functional fluorescent ATP analogues for
myosin-V were needed to visualize myosin-V ATP turnovers.

Ten ATP analogues were prepared and their functional properties were determined
using in vitro motility assay (Table. 1), single molecule TIRFM and single molecule
mechanical assays. For the analogues 2°(3’)-O-Cy3-EDA-ATP, 2’ -O-Cy3-EDA-ATP,
2’-0-Cy3-EDA-ATP and 2’(3’)-O-Cy3-HDA-ATP, the actin gliding velocity was a
function of ATP concentration following Michaelis-Menten kinetics, which yielded a
max velocity and a Km value. The max velocity for these ATP analogues was the same
as ATP but the Km was greater, indicating that modification of the Cy3 dye at the ATP
ribose ring decrease myosin ATPase mainly by lowering ATP affinity to myosin-V
(Table. 1). The differences in affinity are probably caused by differences in steric
hindrance depending on the linker length.

For the analogues Cy3-3’amino-3’-deoxy-ATP, ATTOS520-EDA-ATP and
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ATTOS550-EDA-ATP, actin gliding was not observed. Single molecule fluorescence
imaging of these ATP analogues on myosin-V using TIRFM showed that they did not
bind to myosin-V, explaining the lack of actin gliding. It is likely that steric hindrance
makes myosin-V inaccessible, because the linker length between the ribose ring and
chromophore required to bind to the myosin ATP binding domain is too short (all three
were modified at the ribose ring and had linker Ilengths shorter than
2°(3°)-0O-Cy3-EDA-ATP).

Cy3-N6-(6-Amino)hexylamino-ATP, which is modified at the adenine ring, can also
act as a myosin-II substrate (Funatsu et al., 1995). However, N°-(6-Amino)hexyl-ATP
and 8-[(6-amino)hexyl]-amino-ATP, which are precursors of fluorescent ATP analogues
modified at the adenine ring, show no activity with myosin-V. ATTOS520
g-(6-Aminohexyl)-ATP, modified at the 5° phosphate group, also shows no activity.

As a result, 2°-O-Cy3-EDA-ATP (henceforth denoted as Cy3-ATP), because it had the
same max velocity as ATP and the highest affinity for myosin-V among all analogues,
was the fluorescent ATP analogue of choice.

Furthermore, we studied the effects of the Cy3 molecule on individual ATP turnovers
and myosin-V step size. Using TIRFM, we successfully observed single Cy3-ATP
turnovers at the myosin-V S1 position (Fig. 2.10A). The appearance and the
disappearance of Cy3-fluorescence were observed as indicated by the rising and falling
phases of fluorescence intensity. The myosin-V S1 position was determined by
following the fluorescence imaging of the attached GFP. The off-rate of

Cy3-fluorescence bound to the glass surface was 0.02 s™' (Fig. 2.10B). This value is
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consistent with ATP-turnover rate of 0.03 s reported using a biochemical assay (De La
Cruz et al., 1999). Therefore, the appearance of Cy3-nucleotide fluorescence is probably
due to the Cy3-ATP binding to the ATP binding domain of myosin-V. Hence the
disappearance of Cy3-nucleotide is probably due to Cy3-ADP dissociation from the
same ATP binding domain.

Moreover, to clarify whether these turnovers were due to non-specific binding
of Cy3-ATP to myosin-V, two additional experiments were performed. First, we
observed the fluorescent images of Cy3-ATP when the ATP binding domain was
blocked by a stable ADP-vanadate stable complex (Goodno, 1979) according to the
method described in section 2.3.6. (detail analysis was described section 2.3.4.3.).
Second, we observed fluorescent images of Cy3-ATP in the presence of excess ATP (10
mM ATP against 25 nM Cy3-ATP). In both cases, ATP-turnover by myosin-V was not
observed. The competitive binding with ATP suggests that Cy3-ATP binds to the ATP
binding domain of myosin-V and the appearance of fluorescence on the surface

suggests specific binding to the active site of myosin-V.

Lastly, we examined the effects of Cy3-ATP on the mechanical properties of myosin-V
S1 (Figure 2.11). In ATP, we measured a stroke size of 20 = 14 nm (mean + s.d.; n=190),
consistent with previous reports (Purcell et al., 2002; Veigel et al., 2002), while stroke
size for Cy3-ATP was 20 = 16 nm (mean =+ s.d.; n=238) showing that Cy3-ATP did not
affect myosin-V S1 stroke size. Furthermore, the dwell time during displacement was

1.3 £0.06 sin 1 uM ATP (mean + s.e.m.; n=182) but 1.6 = 0.05 s in 1 uM Cy3-ATP
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(mean = s.e.m.; n=238). This difference in dwell time is probably caused by the

difference in the affinity for ATP and Cy3-ATP by myosin-V.

2.4.2. Photostability of Cy3-ATP

To eliminate the possibility that the results are compromised by photobleaching of
Cy3-nucleotides before Cy3-ADP dissociation, the photobleaching rate of
Cy3-nucleotides was measured when Cy3-ATP was bound to a glass surface and when
Cy3-ADP formed a stable complex with myosin-V and excess vanadate (2 mM) (half
life of ~3 days in the case of myosin-II-ADP (Goodno, 1979; Oiwa et al., 2003)). In the
presence of the oxygen scavenging system including 1% v/v (143 mM)
-mercaptoethanol, the photobleaching rate of Cy3-nucleotides bound to a myosin-V
head in the presence of vanadate was 0.006 s' under simultaneous observation
experimental conditions, while the photobleaching rate of 2°, 3’-Cy3-nucleotides was
0.005s™".

Dithiothreitol (DTT) is a stronger reducing agent than f-mercaptoethanol. Therefore,
in some cases, a high concentration of DTT was used instead of B-mercaptoethanol in
the oxygen scavenging system. The photobleaching rate of 2’, 3’-Cy3ATP in the
presence of 50 mM, 5 mM and 1 mM DTT was 0.008 s, 0.02 st and 0.03 s,
respectively. However, in vitro motility assay demonstrated that for 5 mM and 50 mM
DTT little or no actin gliding events were observed, while for 1% v/v

-mercaptoethanol and 1 mM DTT actin gliding events were observed. Concentrations
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>5 mM DTT probably disrupted antibody recognition of the antigen leading to
detachment of myosin-V from the glass surface. Thus, 1% B-mercaptoethanol, which
allows the highest Cy3-nucleotide photostability among all reducing agents and did not
impact antigen recognition, was preferred for the oxygen scavenging system.

In previous simultaneous observation experiments, the binding time of the fluorescent
ATP analogue is assumed to approximate the time a myosin-II head bound to a
nucleotide spends dissociated from an actin filament (Ishijima et al., 1998). For
myosin-V, a similar assumption was made. Our optical trap studies found that the
association rate constant for myosin-V to actin was approximately 1.72 s™ (data not
shown). Actually, the average total duration of Cy3-nucleotide binding to myosin-V,
meaning the duration between the fluorescence intensity rising and falling phases (Fig.
2.18 lower trace and Fig. 3.2 lower trace) was 0.63 s (data not shown) (refer next
chapter). Using this value and the 0.006 s photobleaching rate of Cy3-nucleotides, the
probability that photobleaching occurred prior to nucleotide release is ~0.3 %
confirming that the observed decrease in fluorescence intensity was due to the
dissociation of bound Cy3-nucleotides.

It has been reported that the photobleaching rate of Cy3 dye is enhanced by
simultaneously exposing the molecules to the optical trap laser (A=1064 nm) and the
fluorescence excitation laser (A=532 nm), even though there is no significant
absorbance at the wavelength of the trapping laser (Brau et al., 2006; van Dijk et al.,
2004). We quantified this effect to eliminate the possibility that artifacts and not

ATP-turnover rates were measured. The fluorescent intensity of Cy3-phalloidin labeled
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actin filaments was measured against the distance from the center of the optical trap
(indicated by white arrows in Fig. 2.12A). The effect of the trapping laser on the
photobleaching rate of Cy3-dye was calculated by applying a Gaussian function with a
standard deviation of o = 1.3 wm (Fig. 2.12B). In fact, the photobleaching rate of
Cy3-nucleotide binding to myosin-V 4 um from the center of the optical trap was 0.024
s with 1064 nm laser illumination and 0.027 s™ without illumination (we should note
that the Cy3-excitation intensity was less in the simultaneous observation condition). It
can be seen that the influence of the trapping laser on the photobleaching of
Cy3-nucleotides binding to myosin-V at 4 um (>30) from the optical trap was
negligible.

As a consequence, we measured displacements and ATP-turnovers of myosin-V S1

fixed at more than 4 wm from the centers of the optical traps.
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2.4.3. Construction of the measurement system for simultaneous observation

experiments of myosin-V

2.4.3.1. Fluorescent labeling of actin filaments

In the simultaneous observation experiment of chemical and mechanical events, one
must visualize the fluorescent ATP and the actin filament. In this section, we describe
the florescence properties of five fluorescent dyes as labels for actin filaments
(Alexa633-phalloidin, DyLight647-maleimide, ATTO655-maleimide, Cy5-maleimide
and Cy5-phallodin).

Although Alexa633-phalloidin labeled actin filament were used in in vitro motility
assays, it could not be applied to simultaneous observation experiments because the
fluorescence of Alexa633-phalloidin labeled actin filaments could pass the dichroic
mirror and barrier filter for Cy3 when excited by the green laser (A=532 nm). Therefore
Alexa633-phalloidin is not suitable for the simultaneous observation experiments.

Cy5-maleimide and DyLight647-maleimide labeled actin filaments showed unusual
rapid photobleaching within several seconds when excited by the 633 nm laser and the
1064 nm infrared laser simultaneously (Fig. 2.13A,B for Cy5-maleimide; data not
shown for  DyLight647-maleimide). In  contrast,  CyS5-phalloidin  and
ATTO655-maleimide labeled actin filaments showed high stability upon simultaneous
excitation (Fig. 2.13C,D for Cy5-phalloidin; data not shown for ATTO655-maleimide)
with Cy5-phalloidin’s stability being greater. For these reasons, Cy5-phalloidin was

selected as the actin filament label.
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2.4.3.2. Suitable nucleotide concentrations for simultaneous observation
experiments

When the concentration of the fluorescent ATP analogue increases to more than 100
nM, the fluorescent spots on the surface become obscured because of the increased
background fluorescence due to fluorescent ATP analogue molecules free in solution. At
100 nM Cy3-ATP, we were able to observe fluorescent images with a signal to noise
ratio of 2.5.

However, Cy3-ATP has a weaker affinity for myosin than ATP. At 100 nM Cy3-ATP,
the dwell time was estimated to be 40 s, longer than the dwell time for 100nM ATP (De
La Cruz et al., 1999). Using this information with the 0.007 s™' unbinding rate for
myosin-V from actin filament in nucleotide free rigor condition means that about 13%
of myosin-V detachments were the result of nucleotide uncoupled events. Furthermore,
this concentration compromises our ability to detect the relationship between ATP
hydrolysis and force generation.

To overcome these problems, 1 uM unmodified ATP was added to the Cy3-ATP
concentration (Nishizaka et al., 2004) . This means we could not view all ATP-turnover
events. However, one can still correlate the chemical reactions with the mechanical
events. In this condition, the mean dwell time of a step is estimated as about 1 s. Thus
only < 0.7% of the myosin-V detachment event were events uncoupled from nucleotide

binding.
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2.4.3.3. Evaluating the effectiveness of measuring myosin-V fixed to a pedestal

Though nitrocellulose is commonly used to fix active myosin and antibody on a glass
surface, non-specific binding of Cy3-ATP to the glass surface makes nitrocellulose
unsuitable to observe ATP-turnovers. Instead, we selected Protein L, which has
immunoglobulin binding domains to fix the antibody to the glass surface and still retain
myosin activity (Pal et al., 2005; Post et al., 2002). Protein L is absorbed to the glass
surface in a non-specific manner.

After coating with protein L, BSA was used to block non-specific binding of
antibodies and myosin-V to the glass surface. Following myosin-V attachment, o-casein
was used to block the nonspecific binding of neutravidin coated beads because BSA
alone is insufficient. Because a-casein masks the immunoglobulin binding domain of
Protein L, it was added after BSA.

We should note that in general, casein is not utilized as a blocker in avidin-biotin
systems because casein is a milk-related protein and endogenous biotin in milk remains
even after purification. On the other hand, casein is a strong blocker against neutravidin
beads and, as stated, BSA is not a suitable substitute. To remove excess casein and
biotin, the flow chamber was washed completely using 3 ml of AB before simultaneous

observations were made.

2.4.3.4. Non-specific binding of Cy3-ATP to glass surface
Myosin-V S1 was successfully fixed on glass surface using above method. Here, I

remove the possibility that non-specific binding of Cy3-ATP affect the result of
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simultaneous observation. It is impossible to completely remove non-specific binding of
Cy3-ATP to some protein coated glass surface. To evaluate the non-specific binding of
Cy3-ATP at 100 nM concentration, I measured non-specific binding of Cy3-ATP to
a-casein including 0.5%(v/v) Pluronic F-127, Protein L and anti-Myc antibody,
meaning the same condition described in previous section except for myosin-V S1. As a
result, in our condition, there is a little non-specific binding except for shot bindings
within 100 ms (Fig 2.14A, B). Actually, the off-rate of non-specific Cy3-ATP binding
was 10 = 0.2 s (mean =+ s.e.m.; n= 293) (Fig 2.15A). This value is much shorter than
the duration between the fluorescence intensity rising and falling phases (0.63 s) (refer
next chapter).

Furthermore, to remove the possibility that Cy3-ATP non-specifically binds to
myosin-V itself, I measured the off-rate of non-specific Cy3-ATP binding in the
existence of ADP-Vi blocked myosin-V S1.The off-rate of non-specific Cy3-ATP
binding in the existence of ADP-Vi blocked myosin-V S1 was 8.1 = 0.6 s (mean =
s.em.; n= 155) (Fig 2.15B), meaning that the non-specific Cy3-ATP binding to
myosin-V itself have not to be cared. However, strictly speaking, we can never remove
the possibility of non-specific binding completely in this condition. Only way to remove

the possibility as possible is to acquire a lot of data and analyze them statistically.

2.4.3.5. Fluorescent images observed on a thin pedestal
In myosin-II studies, myosin-II was fixed on a 7 wm wide pedestal (Ishijima et al.,

1998). Applying this to myosin-V experiments meant we had to search along the

39



vertical and horizontal axes of the pedestal to detect the myosin position. This proved
laborious because ATP-turnovers were detected by the APD, which had a detection
region of only 0.9 um diameter. Instead, myosin-V was fixed on a 1 um width pedestal.
Furthermore, by taking advantage of the etched glass, we did not have to search along
the vertical axis of the pedestal to detect the myosin-V position, simplifying detection.

It was confirmed with 488 nm and 532 nm laser light that evanescent fields were
generated on this thin pedestal as shown in Fig. 2.16A. Cy3-ATP (ADP) binding to
myosin-V fixed on the pedestal were observed using a CCD camera (Fig. 2.16B) and

the APD (Fig. 3.2 lower trace).

2.4.3.6. APD and QPD signal response

In the simultaneous observation, the timing difference between the signal from APD and
that from QPD was measured. Thus, we must verify that there is no signal response
difference between these two detectors in our experimental setup. To check this, we
measured the rising signal response when a step input from the same light source was
introduced to these two detectors simultaneously. Signals from the APD and the QPD
were measured at a 1 kHz sampling rate, which is ten times higher than the 100 Hz
sampling rate of the ATP-turnover cycle and 100 Hz low-pass filter rate for
displacement traces. As shown in Figure 2.17A,B, there was no significant difference in
the signal response between these two detectors within the experimental sampling rate
of 100 Hz. Thus, we concluded that the signal difference between the APD and the QPD

was negligible.
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2.4.3.7. Myosin-V simultaneous observation experiments

The improvements and developments described in this study enabled us to measure
ATP-turnovers and displacements of myosin-V simultaneously. Overall, the
simultaneous observation was performed using Cy3-ATP, single headed myosin-V fixed
using Protein L and antibodies, 1 wm wide chemically etched glass and Cy5-phalloidin
labeled actin filaments (Fig. 2.9). 10 pM myosin-V S1 was flowed into the flow
chamber and resulted in a density on the glass surface of 2.8 x 10 molecules/um”.
From the system geometry, we estimated that the sampled area in the optical trap
nanometry was 0.08 um® on a 1 um width pedestal. Therefore, assuming that the
molecular number of interaction obeys Poisson distribution, there were 2.2 x 107
molecules per surface platform tested. Thus, we can expect the probability that observed
mechanical events were driven by a single molecule is 99.8 %. The detected area by
APD was 0.63 um’. The probability that observed chemical events derived from a
single molecule is 98.3 %. Therefore, one can safely assume that in simultaneous
observation, the mechanical record is coming from the same molecule as the
ATP-analog binding.

As a result, the relationship between the chemical events and mechanical events of
myosin-V was directly observed (Fig. 2.18). The upper trace shows a time course of
displacements caused by myosin-V S1 in the presence of 1 uM ATP and 100 nM
Cy3-ATP. The rising phase shows myosin-V S1 head attachment to an actin filament

followed by rapid force generation. The dropping phase shows the myosin-V Sl
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detachment from the actin filament. The lower trace shows the time trajectory of the
fluorescent change in Cy3-nucleotides. The increase and decrease in the fluorescence
intensity were caused by the association and dissociation of single Cy3-nucleotides to
the ATP binding domain of myosin heads. The intensity increase likely represents the
binding of Cy3-ATP to myosin while the decrease likely represents the release of
hydrolyzed Cy3-ADP.

Consequently, we can identify the coupling between ATP-binding and myosin-V
detachment from the actin filament. Additionally, the coupling between ADP-release
from myosin-V and force generation can be studied. This relationship is especially
important in the processive movement of myosin-V (De La Cruz et al., 1999; Purcell et
al., 2005; Veigel et al., 2005). In the next chapter, how chemical events couple with

mechanical ones is focused.
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Figures in Chapter II

Max velocity (um/s) Km (uM)
ATP @ 0.22 +0.04 37+9

Cy3-3'amino-3'-deoxy-ATP & P No activity

2'-0-, 3-0-Cy3-EDA-ATP a 0.23 £0.06 133 £49

2.0-Cy3-EDA-ATP 2 0.18 +0.04 64 =20

3-0-Cy3-EDA-ATP a 0.23 £0.07 173 +78

2'-0-, 3-0O-Cy3-HDA-ATP a 0.25 +0.04 209 + 103
ATTO520-EDA-ATP &P No activity
ATTO550-EDA-ATP & P No activity
N6-(6-amino)hexyl-ATP a No activity
8-[(6-amino)hexyl]-amino-ATP a No activity
ATTO-520-g-(6-aminohexyl)-ATP ab No activity

Table 1. Functional properties of fluorewscent ATP analogs.

a L .
Evaluated using in vitro motility assay.
b Byaluated using single molecule imaging.
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Figure 2.1. the optical setup for the simultaneous observation.

A microscope for simultaneous measurement of ATP turnover and mechanical events.
APD, BE, BF, BP, CCD, D, II, L, BE, LC, LP, ND, Obj, PB, PBS, PH, QPD, SCF mean
avalanche photodiode, laser beam expander, barrier filter, band pass filter, Charge
Coupled Device camera, dichroic mirror, image intensifier, lens, longcut filter, longpass
filter, Neutral Density filter, objective lens, pellicle beam splitter, polarizing beam
splitter, pinhole, quadrant photodiode detector and super cold filter, respectively. See

“Imaging and Photon Counting” and “Optical Tweezers and Nanometry” for details.

(Most of the optical setups was constructed by T. Ariga, Ph. D. (present address: Tokyo
University), APD detection part was constructed by T.K.)
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Figure 2.2 (A) a picture of optical pathways for simultaneous observation. (B)

enclosed optical pathways to prevent air fluctuation.
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Figure 2.3 two headed myosin-Va HMM.
(A) Amino acid sequence of two headed myosin-Va HMM (B) schematic drawing of
two headed myosin-Va HMM

(this myosin mutant was constructed by A.H. Iwane, Ph. D.)
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(A)

Flag-GFP-nMyosin 5a (926)IQ6-S1-myc (1216aa)
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DALAKHIYAK LFNWIVDNVN QALHSAVKQH SFIGVLDIYG FETFEINSFE QFCINYANEK LQQQFNMHVF KLEQEEYMKE QIPWTLIDFY DNQPCINLIE
SKLGILDLLD EECKMPKGTD DTWAQKLYNT HLNKCALFEK PRLSNKAFII QHFADKVEYQ CEGFLEKNKD TVFEEQIKVL KSSKFKMLPE LFQDDEKAIS
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Figure 2.4 single headed myosin-Va S1 1Q6.
(A) Amino acid sequence of single headed myosin-Va S1 1Q6 (B) schematic drawing
of single headed myosin-Va S1 1Q6
(this myosin mutant was constructed by A.H. Iwane, Ph. D.)
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Figure 2.5 the ribose ring modified precursor of fluorescent ATP analogs

(A) 2°,3°-O-EDA-ATP (B) 2°,3’-0O -HDA-ATP
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Figure 2.6 Cy3-dye labeled fluorescent ATP analogs
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(A) 2,3;-ATTO 520-EDA-ATP (B) 2',3;-ATTO 550-EDA-ATP

(C) ATTO520-g-(6-aminohexyl-ATP

Figure 2.7 ATTO-dye labeled fluorescent ATP analogs
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Figure 2.8 the adenine ring modified precursor of fluorescent ATP analogs
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Figure 2.9. Experimental setup for simultaneous observation of ATP-turnover

cycles and force generation.

Myosin-V S1 was immobilized on the pedestal of a glass slide. Myosin displacement
was measured by tracking the change in position of one of the neutravidin coated
polystyrene beads using a quadrant photodiode (QPD) at a sampling rate of 20 kHz for
the simultaneous observation or 1 kHz to determine the response time of the
experimental setup (see “measuring the timing between chemical events and mechanical
events”). The ATP turnover was measured by monitoring the fluorescence from a
Cy3-nucleotide that associated with and dissociated from the myosin head using
TIRFM with a green laser (A = 532 nm) and an avalanche photodiode (APD) at a
sampling rate of 100 Hz for simultaneous observation or 1 kHz to determine the
response time of the experimental setup. The output signals from the QPD and the APD

were simultaneously recorded on a PC using a digital data recorder.

(the photon counting LabVIEW program was constructed by S. Nishikawa, Ph. D. and
modified by T.K.)
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Figure 2.10 Individual Cy3-ATP turnovers by myosin-V S1

(A) Using TIRFM and Cy3-ATP, the appearance and disappearance of
Cy3-fluorescence were observed at the myosin-V S1 position according to a method
previously described (Komori et al., 2008). The myosin-V position was determined by
following the fluorescence spot of the attached GFP. Fluorescent images were observed
using prism type TIRFM every 1 s for 15 min. Fluorescent images of individual ATP
turnovers were converted into time trajectories of fluorescence intensities using ImageJ
(http://www.rsb.info.nih.gov/ij/). (B) The interval between the appearance and the
disappearance of Cy3-fluorescence was well fit to a single exponential decay function

with a rate constant of 0.02 = 0.001 s (mean * s.e.m.: n=323).
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Figure 2.11 The effect of Cy3-ATP on myosin-V S1 stroke size and dwell time

(A) Myosin-V S1 stroke size was determined in 1 uM ATP according to a method
previously described (Komori et al., 2008; Molloy et al., 1995). Stroke size distribution
for 1 uM ATP was well fit to a Gaussian function with a mean + s.d. of 20 + 14 nm
(n=190). (B) Stroke size distribution for I uM Cy3-ATP. A 20 + 16 nm stroke size
(mean = s.d.: n=238) was determined as described above. (C) The dwell time during
displacement for 1 uM ATP. The solid line indicates a single exponential decay fit. (D)
The dwell time during displacement for 1 uM Cy3-ATP.
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Figure 2.12 Cy3 photobleaching by a 1064 nm trapping laser

(A) Photobleaching of Cy3-Phalloidin labeled actin filaments. A Cy3-phalloidin labeled
actin filament was tethered using two optical traps under simultaneous excitation by a
532 nm laser and a 1064 nm laser. Over 15 um long filaments were selected. The center
of the optical traps are indicated by white arrows. Photobleaching by the 1064 nm laser
occurred near the optical trap center. Scale bar, 5 um. (B) Photobleaching of Cy3 dye
enhanced by the 1064 nm infrared laser. The fluorescence intensity of Cy3-phalloidin
was measured against the distance from the optical trap center to quantify the range of
photobleaching caused by the 1064 nm infrared laser. Twenty-seven filaments were

averaged. The fluorescent intensity decay was fit to a Gaussian function with a S. D. of
1.3 wm (dashed line).
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Figure 2.13 The effect of a trapping laser on Cy5-maleimide and Cy5-phalloidin

labeled actin filaments

(A)(B) Cy5-maleimide labeled actin filament. Cy5-maleimide labeled actin filament
fixed to a glass surface via rigor state muscle type myosin II and excited by both a 633
nm laser and a 1064 nm laser. The position of the optical traps is indicated by the white
arrow. Images were taken immediately at (A) and 15 s after excitation at (B). (C)(D)
Cy5-phalloidin labeled actin filament. Using the same method, a Cy5-phalloidin labeled
actin filament was fixed and excited. Images were taken immediately at (C) and two

minutes after excitation at (D). Scale bar, 5 um.
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Figure 2.14 Non-specific binding of Cy3-ATP to glass surface.

(A) Non-specific binding of 100 nM Cy3-ATP to casein including 0.5%(v/v) Pluronic
F-127, ProteinL and anti-Myc antibody coated glass surface. (B) the horizontal
magnified trace of (A) (130 to 210 s range).
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Figure 2.15 The off rate constant of non-specific bound Cy3-ATP.

(A) The non-specific binding time distribution of 100 nM Cy3-ATP to casein including
0.5%(v/v) Pluronic F-127, ProteinL and anti-Myc antibody coated glass surface. The
solid line indicates a single exponential decay fit of 10 + 0.2 s (mean + s.e.m.; n =293) .
(B) The non-specific binding time distribution of 100 nM Cy3-ATP to above proteins
with ADP-Vi blocked myosin-V S1 coated glass surface. The solid line indicates a

single exponential decay fit of 8.1 = 0.6 s (mean = s.e.m.; n =155) .
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Figure 2.16 Single molecule imaging of Cy3 and GFP on the pedestal

(A) A fluorescent image of myosin V S1 fixed on the pedestal. (B) A fluorescent image
of Cy3-nucleotides attached to a myosin V S1 indicated by white circles. Scale bar, 3

um.
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Figure 2.17 Signal response of APD and QPD

(A) The red trace shows signal output from APD, while the green trace shows signal
output from QPD. Both signals were recorded at a 1 kHz sampling rate to compare the
signal response difference between these two detectors. The vertical axis shows the
relative relationship of the signal output from the two detectors. The horizontal axis
shows the time scale (500 ms per division). (B) Histogram of the difference of response
times. Positive values indicate that the QPD responded before the APD. The solid line
indicates a Gaussian function fit with a mean =+ s.d. of 4.8 + 1.4 ms (n=116), meaning
the QPD responded 4.8 ms before the APD. However, it is shorter than the data point
intervals in 100 Hz sampling rate of the APD or 100 Hz low pass filter rate for
displacement trace from the QPD.
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Figure 2.18 Time trajectory of the displacement of myosin V S1 and the ATP

turnover

Displacement and ATP turnovers were measured at 100 nM Cy3-ATP with 1 uM ATP.
The upper trace shows the time course of displacements. Raw data and 100 Hz
bandwidth low-pass filtered data are superimposed. The lower trace shows changes in
the fluorescence intensity of Cy3-nucleotide at the myosin V head. The data were

filtered by a median filter of rank 2.
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Simultaneous observation of single-headed myosin-V.
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3.1. Introduction

Myosin-V is the most commonly studied processive motor (Mehta et al., 1999;
Sakamoto et al., 2000; Yildiz et al., 2003). By forming a homodimer, myosin-V
transports cargos over long distances requiring many ATP-turnover cycles without
detaching from the actin-filament. During these cycles, ATP binds to myosin-V and is
hydrolyzed to ADP, which is then released. Although ADP-release is thought to
contribute to the myosin-V motility, there is no direct evidence affirming the
relationship between ADP release and force generation (Oguchi et al., 2008; Purcell et
al., 2005; Veigel et al., 2005). Measurments of ADP-release, Pi-release and
Pyrene-actin fluorescence in biochemical studies have indicated a relationship between
ADP-release and Pi-release or the weak to strong transition in the actomyosin binding
state (De La Cruz et al., 1999; Forgacs et al., 2006; Rosenfeld and Sweeney, 2004).
However, these studies could only speculate on the relationship between ADP-release
and force generation or mechanical displacement between myosin and actin. Meanwhile,
mechanical studies of myosin-V could observe the timing of the force generation, but
they could not directly observe the ADP-release step (Purcell et al., 2005; Veigel et al.,
2005). Therefore, there is no direct experimental observation of the relationship
between ADP-release and force generation.

In this chapter, we attempted to clarify the timing of these events and resolve the role

of ADP-release in myosin-V based motility.
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3.2. Materials and method

3.2.1. Simultaneous observation of ATP-turnover cycles and myosin-V S1

displacement

Simultaneous measurement of ATP-turnover cycle and myosin-V displacement was

performed according to the method described in the previous chapter.

3.2.2. Measuring the timing between chemical events and mechanical events

Displacement and ATP-turnover cycle were determined respectively using Matlab
stepfinder routines kindly provided by J. Kerssemakers and M. Dogterom
(Kerssemakers et al., 2006). The algorithm of this software was described in “Appendix
3”. The difference between ATP-binding and myosin-V detachment was calculated by
subtracting the time of ATP-binding from that of myosin-V detachment, while the
difference between ADP-release and force generation was calculated by subtracting the

time of force generation from that of ADP-release.
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3.3. Results and discussion

3.3.1. Manipulation procedures for simultaneous observation

At first, a biotinylated and Cy5-phalloidin labeled actin filament was tethered between
two trapped neutravidin coated polystyrene beads, each of 1 um diameter by monitoring
the fluorescent image illuminated using the blue laser (Fig 3.1). The actin dumbbells
were stretched to 1 pN resulting in a net stiffness of 0.019 pN-nm™. In this condition,
0.02 to 0.88 pN (mean 0.34 pN) backwards force along the actin filament axis was
applied to myosin-V S1 during the actomyosin interaction. To adjust the detected area
of APD to the postion of myosin-V on the pedestal, the actin filament, tethered by two
trapped beads, was moved on the detected area of APD with monitoring the fluorescent
image by manipulating the controllable trapped bead. Next the detected area was moved
on the pedestal by monitoring the bright field image by manipulating the stage
(MP-285; Sutter instruments). Then, the excitation laser was exchange from the blue
laser to the green laser to visualize Cy3-ATP and power off the CCD camera and II to
remove the noise from the camera fun. Finally, the APD detected area was moved in
order to find a single molecule myosin on the pedestal (1 wm width), indicated by
non-processive steps (Fig. 3.2 upper trace) along the horizontal axis, by manipulating
the stage. We do not have to search along the vertical axis of the pedestal, because the
detected area of APD (0.9 wm) is almost same length as the vertical length of pedestal

(0.8 — 1.0 wm). As the result, the relationship between the chemical event and
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mechanical event of myosin-V was observed directly by using this developed

measurement system (Fig. 3.2).

3.3.2. Simultaneous observation of myosin-V S1

Figure 3.2 (upper trace) shows the time course displacements by myosin-V S1 of a
bead-actin-bead dumbell held in the optical trap. The rising and falling phases
correspond to the force generation of myosin-V S1 and its detachment from the actin
filament, respectively. Fig. 3.2 (bottom trace) shows the time course of the fluorescence
intensity changes of the Cy3-nucleotide. Fluorescent-spots were observed coupled to the
mechanical cycles (filled arrow). Since the fluorescent spots appeared at almost the
same time as the falling-phase of the displacement, these events were attributed to
Cy3-ATP-binding to myosin-V S1. The fluorescent spots disappeared following the
subsequent rising phase of the displacement. Since force-generation is unlikely to be
coupled to ATP release and Pi dissociates rapidly from acto-myosin-V-ADP-Pi (De La
Cruz et al., 1999; Forgacs et al., 2008; Rosenfeld and Sweeney, 2004), the reduction of
intensity was attributed to release of the Cy3-ADP from acto-myosin-V-Cy3-ADP.
Some displacements (Fig. 3.2, white arrows) did not couple to detection of
fluorescent-spots suggesting that these events likely accompanied binding of
non-fluorescent ATP. The fraction of mechanical events coupled to Cy3-nucleotide
binding was 2.5%. The ratio of ATP (1 uM) to Cy3-ATP (100 nM) in the medium and

the lower affinity of Cy3-ATP for actomyosin-V (Table S1) accounts for the observed
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proportion of Cy3-associated mechanical events. This result is consistent with a recent
report showing 1:1 coupling between stepping of double-headed myosin-V and binding

of deac-amino-ATP (Sakamoto et al., 2008).

3.3.3. The relatioship between myosin-V S1 detachment and ATP-binding.

ATP-binding to myosin-V S1 occurred concomitantly with the falling-phase of the
displacement, indicating Cy3-ATP induced detachment of myosin-V S1 from actin
(Figure 3.3A). The distribution of delay times between ATP-binding and myosin-V S1
detachment, which were determined respectively using a stepfinder MatLab routine
kindly provided by Drs. J. Kerssemakers and M. Dogterom (Kerssemakers et al., 2006),
was fitted by a Gausssian function with a mean = s.d. of 6.0 = 31 ms (n=61) (Figure
3.3B). The deviation indicates the limit of resolution for effectively detecting the event
times (Ishijima et al., 1998). Thus, we conclude myosin-V S1 detachment occurred

promptly upon ATP-binding.

3.3.4. The relatioship between myosin-V S1 force generation and ADP release.

ADP-release always occurred following force generation after a delay (Figure 3.4A).
The delay time distribution was fitted by a single exponential function with a mean rate
constant + s.e.m. of 14 = 1.1 s™' (n=61), indicating ADP is released from myosin-V in a

first-order process (Figure 3.4B). This value agrees with several biochemical studies
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reporting an ADP-release rate from the actomyosin-V-ADP complex of 12 to 22 s (De
La Cruz et al., 1999; Trybus et al., 1999). The same studies also suggested that
myosin-V spends the majority of it’s ATPase cycle bound in the acto-myosin V-ADP
state. Other studies have shown that ADP-release follows Pi-release (Forgacs et al.,
2006; Forgacs et al., 2008; Rosenfeld and Sweeney, 2004). Thus the observed ADP
release following force generation corresponds to the elementary ADP-release process
from actomyosin-V-ADP, not the ADP-Pi complex. This is the first direct evidence of
slow ADP-release following force generation. This 14 s ADP-release delay following
force generation was consistent with 76 ms dwell time (13 s off rate) determined using
optical trap nanometry at saturated ATP concentration (Fig 3.5), meaning that dwell
time at saturated ATP concentration consists of ADP-release delay and there is no
significant refractory period (the duration when next ATP cannot bind to
acto-myosin-V) following ADP-release. Furthermore, since the ADP-bound state is
considered to be a strong actomyosin state, the delay of ADP-release stabilizes
actomyosin binding by prolonging the strongly bound state and thus probably improves
myosin-V processivity.

Recently, the ADP-release rate was found to be strongly affected by applied force
(Oguchi et al., 2008; Purcell et al., 2005; Veigel et al., 2005). According to the proposed
relationship between ADP-release rate and force (Veigel et al., 2005), the zero-load
ADP-release rate of 12-22 s™ would decrease to 9-16 s at 0.34 pN, the average force
applied in our experiments (see above section). However, this force level is too small to

make conclusions about the force dependence of ADP-release from the present
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experiments. Experiments with higher forces are required. Aatually, no correlation was

found between ADP-release delay and applied force in our applied fore range (Fig 3.6).

Interpretation of biochemical assays of ADP- and Pi-release and the weak-to-strong
transition have assumed that force generation coincides with the release of Pi (De La
Cruz et al., 1999). This assumption is based on crystal structure experiments that
examined the linkage between rotation of the myosin lever arm and occupancy of the
active site with various ATP-analogs (Coureux et al., 2004; Volkmann et al., 2005).
Force generation and relative sliding of myosin and actin can only be measured by
mechanical excperiments. In fact, optical trap studies of the dwell times of single
myosin-V molecules have also suggested a slow and delayed ADP-release (Purcell et al.,
2005; Veigel et al., 2005), consistent with the present experiments. Our report is the
first study to directly reveal the relationship between ADP-release and force generation

or filament sliding in myosin V (Fig 3.7).

3.3.5. ADP-release coupled displacement was not found.

Conformational changes in the myosin-V head in response to the presence and absence
of ADP have been observed in crystal structures (Coureux et al., 2004; Coureux et al.,
2003; Volkmann et al., 2005). Another study has reported the ADP-release coupled

displacement (Veigel et al., 2005). We selected 17 events which have over 100 ms
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ADP-relase delay to test whether an additional displacement couples to the
conformational change caused by ADP-release, since under 100 ms delay is not
sufficient to compare the relationship between displacement around ADP-release. Using
Kerssemaker’s algorithm (Kerssemakers et al., 2006), we investigated whether each of
the 17 events contain an additional displacement near the moment of ADP-release. No
such events were found, however, because the standard deviation of the single molecule
displacement trace is 6.6 nm, this analysis might be insufficient to detect small
displacement (~ 5 nm) coupled with ADP-release as previously reported (Veigel et al.,

2005).

3.3.6. The expectation from ADP-release delay distribution.

ADP-release delay following forece-generation distributed in a single-exponential
decay function, meaning that ADP-release delay occured in a single process after
forece-generaiton. This distribution also meant that some chemical process existed
around force-generation and ADP-release occurred in a single process after this
expected chemical event. Accoding to the biochemical assay result (De La Cruz et al.,
1999), the primary chemical event before ADP-release was Pi-release. Therefore, this
single exponential distribution may mean that Pi-release occurred around force
genration and ADP-release occurred in a single process after Pi-release around force
generaion. However, to confirm this hypothesis statistically, more data points are

required.
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3.3.7. Comparison with the previous study of muscle type myosin-II

In a previous study using non-processive myosin-II, our group observed ADP-release
before force generation (Ishijima et al., 1998). The Cy3-ATP turnover rate of myosin-II
without actin activation was 0.14-0.2 s™' (Oiwa et al., 2000; Tokunaga et al., 1997) and
the interval between mechanical displacements was approximately 8 s (Ishijima et al.,
1998). Therefore, over half of the myosins released ADP before rebinding to actin
filament. Yet myosin-II still generated a force. This observation suggested that myosin
IT stored the energy in a protein conformation between ADP dissociation and actin
binding. Cy3-ATP-turnover rate of myosin-V without actin activation was 0.02 s
(Figure S3b), which is ten times longer than that of myosin-II, and the interval between
displacements in the present study was approximately 0.6 s (data not shown). In this
condition, only ~1% of ADP-release occurs before myosin-V rebinds to the actin
filament, and most of the mechanical events are directly coupled to ATP-turnover.
Differences in ADP affinity between myosin types are likely to explain differences in

the relationship between ADP-release and force generation.

In summary, this study provides direct evidence of slow ADP-release following force
generation in myosin-V. Because many other processive motors are thought to function
like myosin-V except for myosin-IX (O'Connell et al., 2007), these results are likely to

have broader implications. Similar results were not observed in the non-processsive

53



motor myosin-II (Ishijima et al., 1998), in which multiple myosin molecules assemble
to form a filament and move actin-filaments together. In such an assembled system,
slow ADP-release from a myosin molecule could potentially interfere with the motion
generated by other molecules and disrupt motility. Thus, ADP-release is likely to be

tuned to specialized functions within the myosin family.

54



Figures in Chapter 111

Fluorescent image Bright field image
A biotinylated and Cy5-phalloidin labeled Neutravidin coated bead

actin filament Q

an actin filament was tethered between two

trapped beads. Then, it was moved on APD

detection area (red circle)

<> APD detection position
(marked using LabVIEW program)

APD detection area was moved on the pedestal

Search along

an etched pedestal

>
CCD Camera OFF

and (

Exchage the exitation laser

Etched pedestal

R A, T

from Red to Green

Figure 3.1 Experimental procedures for simultaneous observation.

(LabVIEW program was constructed by T. Ariga, Ph. D. and modified by T.K.)
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Figure 3.2 Simultaneous observation of ATP-turnover cycles and force generation

by myosin-V S1.

The upper trace shows the time course of the trapped bead displacements. Raw data and
data passed through a 100 Hz low pass filter are superimposed. The bottom trace shows
the fluorescence intensity change of a Cy3-nucleotide located at the myosin-V position.
White arrows show mechanical events coupled to binding of non-fluorescent ATP. The

blue arrow shows an event coupled to binding of Cy3-ATP.
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Figure 3.3 The relationship between ATP-binding and myosin-V S1 detachment.

(A) The time course of myosin-V detachment (upper-trace) and Cy3-ATP-binding
(bottom-trace). (B) A histogram of the time delay between detachment of myosin-V and
binding of Cy3-ATP. Positive time indicates ATP-binding before detachment. The solid

line indicates a Gaussian function fit.
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Figure 3.4 The relationship between ADP-release and force generation.

(A) Cy3-ADP-release occurred with a delay after force generation. (B) Histogram
showing the delay of Cy3-ADP-release following force generation. Two outliers over 1

s were omitted. The solid line indicates a single exponential function fit.
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Figure 3.5 Dwell time of myosin-V S1 at saturated ATP concentration.

The dwell time during displacement for 2 mM ATP. The solid line indicates a single

exponential function fit of 13 = 0.2 s (mean = s.e.m.; n=332).
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Figure 3.6 The relationship between ADP-release delay and applied force.

ADP-release delay following force generation were plotted against applied force by
optical trap. No obvious correlation between them was found, meaning that in this force

range, ADP-release delay were not affected by applied force.
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Proposed Scheme
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Figure 3.7 chemo-mechanocoupling scheme proposed according to the result of

simultaneous observation.

This processis postulated by separate structural, mechanical and biochemical studies.
The mechanical process indicated by red is determined by the simultaneous observation

result. Here, A, M, Pi mean actin, myosin, inorganic phosphate, respectively.
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Appendix 1: Simultaneous observation of double headed myosin-V.

Myosin-V can move processively along an actin filament as a constructed dimer.
Therefore, to clarify the relationship in processive motors between ADP-turnover cycles
and force-generation, I used double headed myosin-V (myosin-V HMM). Myosin-V
also generates a backward step during processive movement. However, it remains
unclear whether the ATP-turnover cycle couples to these backward steps. Thus, I have
performed simultaneous observation of myosin-V HMM. This study is still a work in

progress. However, some conclusions have already been made.

1, ATP-turnover cycles coupled to the forward step
In the case of a forward step, myosin-V HMM produced a step after the fluorescent
nucleotide Cy3-ATP bound to myosin-V HMM (Fig S1.1). A fluorescent spot

disappeared after steps, indicating that Cy3-ADP was released with a delay.

2, ATP-turnover cycles coupled to the backward step
Myosin-V HMM produced a backward step when the fluorescent nucleotide, probably
ATP, bound to myosin-V HMM (Fig S1.2A ,B). Myosin-V HMM then took its next

forward after ADP-release.

3, Current statement

According to these and other’s results, I propose the following relationship between
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chemo-mechanical coupling and forward steps (Fig S1.3) and backward steps (Fig
S1.4).

In a forward step, Cy3-ATP binds to the rear head (green head in Fig S1.3) causing
rear head detachment and a forward step (Fig S1.3(a)). Then, Cy3-ATP is hydrolyzed to
Cy3-ADP (Fig S1.3(b)). Following successive forward steps, the Cy3-ADP bound head
becomes the rear head again (Fig S1.3(c)). Finally, Cy3-ADP is released from the rear
head with a delay.

In a backward step, Cy3-ATP binds to the leading head (green head) causing the
leading head to detach and step backward (Fig S1.4 (a)). Next, Cy3-ATP is hydrolyzed
to Cy3-ADP (Fig S1.4 (b)). Then, Cy3-ADP is released from the rear head with a delay.
Finally, after Cy3-ADP release, ATP (unlabeled) binding causes the rear head (green
head) to detach and take a forward step.

To confirm these models, more data must be collected and analyzed statistically to

verify rate constants like the ADP-release rate and the ATP-binding rate.
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Figure S1.1 ATP-turnover cycle coupled to a forward step of myosin-V HMM.

The upper trace shows the time course of the trapped bead displacements. Raw data and
data passed through a 100 Hz low pass filter are superimposed. The bottom trace shows
the fluorescence intensity change of a Cy3-nucleotide located at the myosin-V position.
White arrows show mechanical events coupled to binding of non-fluorescent ATP. The

blue arrow shows an event coupled to binding of Cy3-ATP.
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Figure S1.2 ATP-turnover cycle coupled to a backward step of myosin-V HMM.

(A) the time coarse of myosin-V HMM backward step during processive
movement. (B) the magnified image of chemomechanical coupling of a

backward step.
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Appendix 2: the calibration method of the step size.

In optical trap nanometry, the displacement of a trapped bead (AXpead) is detected.
Since myosin, tethered actin filament and bound biotin-avidin binding each have elastic
properties, the actual displacement of myosin (AXmyosin) 1S greater by AXprowein than that

measured (Fig S2.1). Here, the relationship between these three displacement is

described by

= AXbead + AX

myo sin preotein

To determine the actual displacement of myosin, the displacement of the bead must be

calibrated using its stiffness (spring constant) (Molloy et al. 1995).

Here, the spring constant of laser trap is defined as Ky, while that of the myosin, actin
filament and biotin-avidin binding complex is defined as Kprowin. Then, by assuming
that these springs act as springs in series, the relationship between these three spring

constants is described as below.

=K, __+K

system trap protein
Furthermore, each force applied to the trapped bead at each side is equal, described

below.

K AXbead =K

trap

AX

protein protein

Finally, by using the above relationships, AXmyosin 1s described as

5 X Ksysrem
K system K trap

= AXbead

myo sin
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The total spring constant, Kysem, 1s determined by using the Law of Equipartition of

Energy by monitoring the trapped bead motion.
KT

Ks_vstem - P
X system

Here, <x>> is the variance of the trapped bead; Kb is the Boltzmann constant; and T is
the absolute temperature. Ky, 1s also determined by monitoring the trapped bead

motion without myosin interaction.
K, T

trap = 2
X trap

Therefore, by calculating Kgysiem and Kip using the variance of the trapped bead, the

K

actual displacement of myosin (AXmyosin) can be estimated.

However, under a high load condition, the displacement of myosin may be
underestimated even if the bead displacement is calibrated (Purcell et al., 2002). To
avoid this possibility, I utilized a feedback system. In such a measurement system, the

bead displacements are equivalent to myosin displacements.
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Figure S2.1 Calibration of bead displacement according to the stiffness change.



Appendix 3: the algorithm of the step finder software

We used MatLab software prepared by Dr. J. Kerssemakers (Nature (2006) Vol.442, pp
709-12).

Briefly, this algorithm starts by fitting a single, large step to the data. The size and
location of this first step is determined by a Chi-squared calculation. Subsequent steps
are found by fitting new steps to the plateaus of the previous ones (Fig S3.1a). This
eventually leads to a series of best fits that differ only by one step. Fits with a very low
number of steps are likely to underestimate the real number of steps in the data, whereas
small steps that are added in the final iterations will merely be fitting noise and are thus
overfitting the data. To evaluate the step number, each best fit in the series is compared
to a “counter fit ” that has an equal number of steps as the original one but with
additional steps located between the steps found by the best fit (Fig S3.1b).
Kerssemakers defined the step-indicator S as the ratio between the Chi-squared of the
counter fit and the Chi-squared of the best fit. When the number of steps in the best fit is
very close to the real number of steps in the data, the value of S will be large (Fig S3.1c).

The reason is described below.

1) If the best fit is at its optimal iteration, all significant steps will have been included in
the analysis. On the other hand, all step locations found with the counter fit are
significantly misplaced, meaning the quality of the best fit and counter fit differ strongly.

As aresult, S is large.
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2) In the case of severe underfitting, when many true steps are excluded, the quality of

the counter fit will not differ much from the best fit.

3) In the case of severe overfiting, both counter fit and best fit are likely to include noise

such that the quality of the fits will be similar.

(please see Kerssemakers et al. Nature (2006) Vol.442, pp 709-12)
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Figure S3.1 Step fitting procedure.

(a) Iterations of the step-fitting algorithm on a simulated noisy track of stepped data
(step size 10 nm, RMS noise 2.5 nm). Curves are shifted vertically for clarity. The
arrowheads point to every new step that is added to the fit. Underfitting means that
significant steps in the data are not yet located, while overfitting means that merely
noise is fitted. (b) A “best” fit (thick line) to noisy steps (step size 10 nm, RMS noise
2.5 nm) together with a “counter” fit (thin line, see text). The quality of these two fits
differs strongly for a stepped signal, while for linear noisy growth (lower curve), the
location of any step is arbitrary and the quality is equal. (c¢) Simulation result and
calculation of the quality ratio S of best fit and counter fit, plotted vs. the relative
number of fitted steps f. Upper curves are for a noisy stepped signal. Lower curves are
for a noisy linear signal. S only peaks sharply if there are steps present, and if the

correct number of steps is fitted (f=1).

(This figure was excerpted from Kerssemakers et al. Nature (2006) Vol.442, pp 709-12)



Appendix 4: Future direction and outlook (actin filament)

Actin is a globular protein, about 42-kDa, found in eukaryotic cells. Analogously, an
actin-like protein (ParM) was found in bacterium (Moller-Jenesen et al. 2002). It is also
one of the most highly conserved proteins in all organisms and participates in many
important cellular functions like motility and cell signaling. Although actin is highly
conserved, its partner, myosin is not, with particular diversity at the actin-binding region.
Actin’s high conservation suggests its structure has essential properties for several cell
functions including myosin motility. Therefore, it is reasonable to assume that the
fundamental mechanism of motility can be found in the actin structure or actin filament
dynamics. Previously, our group has proposed that the actin filament creates an energy
potential slope due to its spiral structure, which myosin slides (Kitamura et al. 1999). In
the future, I would like to modulate this potential by constructing various actin mutants
with different myosin affinities (Fig S4.1).

At no load, myosin-V may diffuse freely to its final destination without utilizing the
actin filament potential slope (Fig S4.2). This was recently proposed from dark field
illumination and gold nano particle studies (Dunn et al. 2007). According to this theory,
when chimera actin filaments containing wild type actin (WT-actin) and mutant actin
(MT-actin), which has low myosin affinity, is utilized, the step size at no load does not
change but its deviation is broader compared to WT-actin filament alone since myosin
may not bind to its preferred position on MT-actin. However, at high load, 1 to 2 pN, the

pivoting leading head was bended to backward because of the high external force (Fig
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S4.3). In such conditions, myosin-V cannot reach its final destination if it only uses free
diffusion to move. To compensate myosin needs another mechanism to move. I propose
that it slides along the actin filament. If this idea is correct, myosin displacement along a
chimera actin filament under high load condition will decrease, while that along a
WT-actin filament will not change since the differences in affinity mean myosin on
MT-actin will not remain bound to the actin long enough for long displacements (Fig

S4.4b).
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Figure S4.1 (A) candidates of actin mutant. Actomyosin interaction is stabilized by
ionic interaction between positive charge of myosin head and negative charge of actin.
Then, actomyosin interaction can be weakened by exchanging positive residues of actin
to neutral residue. (B) the expected affinity decrease of actin mutants. The horizontal

axis indicates the relative run length of myosin-V on various actin filament, while the

vertical axis indicates number.



Appendix

(A) Step
% M free diffusion
Myosin-V
sliding along an actin filament
(B)

‘' —

Mo
A

low affinity actin monomer

Figure S4.2 (A) the expected myosin motion on WT-actin filament without external

load. (B) that on a chimera actin filament.
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Figure S4.3 (A) the expected myosin motion on WT-actin filament with external

load. (B) that on a chimera actin filament.
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(A)

Broader distribution...

( B) Step size decrease...

Figure S4.4 (A) the expected step size distribution without external load. the red
line indicates a step size distribution on WT-actin filament, while a blue line for that on
chimera actin filament. The standard deviation for chimera actin filament is estimated to
increase compared with that for WT-actin filament. (B) the expected step size
distribution without external load. Under high load condition, decrease of step size is

expected.



Appendix 5: Future direction and outlook (the cooperative motility by multiple

motors)

In general, multiple non-processive myosins work cooperatively and are responsible
for various motile activities like large organelle transport or muscle contraction.
Recently, Nishikawa et al. showed muscle type myosin-II can generate variable size
steps by working cooperatively, whereas myosin-V truncated at Thr-1238 (refer Fig.
2.3) do not. Yet, I argue that full length myosin-V should work cooperatively and
efficiently in physiological condition, since physiologically, 1-4 molecules transport
single cargo simultaneously. In such a situation, each myosin-V attaches to the same
vesicle and generates steps stochastically. If there is no mechanism to ensure
cooperation during processive movement, these stochastic steps cause mutual friction
and prevent motility. Therefore, the following portion to Thr-1238, which did not exist
in truncated myosin-V of Nishikawa’s experiment, may relate to this cooperative
motion. [ want to clarify the structural basis that ensures this cooperative manner.

At present, I am focusing on the unstructured portion of the myosin-V coiled-coil
domain, located between the motor domain and GTD (Fig S5.1A). I suspect these
unzipped regions provide a structural basis for the cooperative movement of myosin-V
by elongating the coiled-coil region when myosin-V binds strongly to actin (Fig S5.1B).
Recently, a similar assumption was made in kinesin (Bieling et al. 2008). If the
coiled-coil region of myosin-V is too flexible, force generation by the motor domain

cannot be transmitted to the vesicle attached to the C-terminus. If it is too strong, one
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myosin may prevent the other myosins from moving because it strongly bound to actin.
Therefore, the myosin-V coiled-coil region requires appropriate stiffness to achieve

cooperative myosin-V movement.
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Moving direction

Figure S5.1 Cooperative vesicle transport by multiple myosin-V.
(A) the structure of full length myosin-Va. (B) cartoon of vesicle transport by
multiple full length myosin-Va.



Appendix 6: Future direction and outlook (simultaneous observation of muscle

type myosin-II)

Previously, Ishijima et al. demonstrated that muscle type myosin-II generates force
after ADP-release, which is kinetically different from myosin-V. However, they could
not quantify this delay. In this thesis, I have improved their measurement system such
that I could measure the ATP-turnover cycle and force generation at 100 nM Cy3-ATP.
Ishijima et al. performed their experiments at 10 nM 2°, 3> Cy3-ATP, which has a lower
myosin affinity than Cy3-ATP (Oiwa et al., 2000). This increase in ATP concentration is
expected to allow me to investigate myosin-II. This was not possible at 10 nM (Fig

36.1).

By collecting enough data, I hope to clarify how long myosin-II can generate force
after ADP-release (Fig S6.2). This study has the potential to provide fundamental
information regarding the time scale in which the structural relaxation after ligand

dissociation from or binding to a protein.
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Figure S6.1 Cy3-ATP turnovers by muscle type myosin-II.

The trace shows single Cy3-ATP turnovers by muscle type myosin-II at 100 nM
Cy3-ATP. The fluorescence intensity was detect using APD at 100 Hz sampling rate.
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Figure S6.2 the cartoon of expected result of simultaneous observation of muscle
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Appendix 7: Future direction and outlook (mechanism of myosin-IX motility)

Myosin-IX is rather unique from other processive myosins, as to date it alone can
move processively along an actin filament with only one head (Post et al. 2002, Inoue et
al. 2002, Nishikawa et al. 2006). Currently, myosin-IX is poorly understood, although
biochemical studies have proposed that myosin-IX has unique myosin kinetics
(Nalavadi et al. 2005, Kambara et al 2006). The prevailing lever arm model cannot be
applied to myosin-IX motility because the model depends on two heads. However, the
actin filament sliding model can. Since the myosin family possesses well conserved
structures at its motor domain, it is unlikely that myosin-IX uses a unique motility
mechanism. Seeing that the actin filament sliding model and not the lever arm model
holds for myosin-IX, it is reasonable to believe that all myosins follow this model when

generating force.

Recently, it was postulated that an external and internal force applied to myosin is
proposed can quicken ADP-release rate from myosin-I, -II, -V and —VI by several
groups. Our group has proposed that external force to myosin-VI regulates the weak to
strong binding state transition and this aids in the motile direction along an actin
filament. Mechanically, the lever arm domain regulates these kinetics. The signal is
transmitted through the myosins by a strain sensor at the motor domain C-terminus.
However, as described in chapter I, force is never applied to myosin-IX via the lever

arm during myosin-IX processive movement, meaning the strain sensor in myosin-IX
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does not exist near the lever arm. Alternatively, I believe it is located near the acin
binding region since only this region can detect the applied force. Future work will seek

to investigate this hypothesis.

Recently, applied forece to myosin is proposed that regulate ADP-release rate from
myosin-I, -II, -V and —VI by several groups. Furthermore, our group also proposed that
applied force to myosin-VI regulate the weakly-to-strongly binding state in
actomyosin-VI to find correct direction along an actin filament (Iwaki et al. in
preparation). In these views, it is simply postulated that the applied force via lever arm
domain regulate these kinetics and myosins have a strain sensor at its C-terminus of
motor domain (an adjoining motor domain). However, as described in chapter I, force is
never applied to myosin-IX via lever arm during myosin-IXb processive movement,
meaning strain sensor in myosin-IXb does not exist near lever arm but near an acin

binding region. Since in this situation, only actin binding region can detect applied force.
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