Chapter 9
Use of Fluorescent Techniques to Study the In
Vitro Movement of Myosins

Christopher Toepfer and James R. Sellers

Abstract Myosins are a large superfamily of actin-dependent molecule motors
that carry out many functions in cells. Some myosins are cargo carriers that move
processively along actin which means that a single molecule of myosin can take
many ATP-dependent steps on actin per initial encounter. Other myosins are
designed to work in large ensembles such as myosin thick filaments. In vitro
motility assays are a powerful method for studying the function of myosins.
These assays in general use small amounts of protein, are simple to implement,
and can be done on microscopes commonly found in many laboratories. There are
two basic versions of the assay which involve different geometries. In the sliding
actin in vitro motility assay, myosin molecules are bound to a coverslip surface in a
simply constructed microscopic flow chamber. Fluorescently labeled actin fila-
ments are added to the flow chamber in the presence of ATP, and the movement
of these actin filaments powered by the surface-bound myosins is observed. This
assay has been used widely for a variety of myosins including both processive and
nonprocessive ones. From this assay, one can easily measure the rate at which
myosin is translocating actin. The single-molecule motility assay uses an inverted
geometry compared to the sliding actin in vitro motility assay. It is most useful for
processive myosins. Here, actin filaments are affixed to the coverslip surface.
Fluorescently labeled single molecules of myosins (usually ones with processive
kinetics) are introduced, and the movement of single molecules along the actin
filaments is observed. This assay typically uses total internal reflection fluorescent
(TIRF) microscopy to reduce the background signal arising from myosins in
solution. From this assay, one can measure the velocity of movement, the frequency
of movement, and the run length. If sufficient photons can be collected, one can use
Gaussian fitting of the point spread function to determine the position of the labeled
myosin to within a few nanometers which allows for measurement of the step size
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and the stepping kinetics. Together, these two assays are powerful tools to elucidate
myosin function.
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Abbreviations

TIRF Total internal refection fluorescence
CCD Charged-coupled device
HMM Heavy meromyosin

S1 Subfragment-1
FIONA Fluorescence Imaging at One Nanometer with Accuracy
GFP Green fluorescent protein

9.1 Introduction

Myosins are a superfamily of molecular motors that use the energy from ATP to
interact with actin filaments in a variety of manners in muscle or nonmuscle cells
[1]. The classic example of myosin function is its role in skeletal muscle fibers
where myosin forms thick filaments which are interdigitated with actin filaments in
the almost crystalline lattice of the sarcomere. These myosins are members of class
2, but now more than 35 classes of myosins present throughout phylogeny have
been defined which are evolutionarily adapted to perform a plethora of intracellular
tasks [2]. There are two simplistic methods of classifying members of the myosin
superfamily. One historic classification system terms all class 2 myosins to be
“conventional” and all other myosin “unconventional.” Another functional classi-
fication system of the myosin superfamily divides the members into two categories
based on their duty ratios. The “duty ratio” is defined as the fraction of time myosin
is bound tightly to actin during a cycle of ATP hydrolysis. Low-duty ratio myosins
work as large ensembles and only interact with actin strongly for a small percentage
of their kinetic cycles, examples of which include skeletal muscle myosins. High-
duty ratio myosins such as myosin 5a spend the majority of their kinetic cycle in a
strongly actin-bound state. This type of kinetics is suitable for myosins that
transport cargo and need to move along actin for several microns without detaching
[3]. Prior to the early 1980s, in vitro assays applied to myosins measured the ability
of actin to bind myosin and to accelerate its MgATPase activity in vitro. Transient
kinetic studies revealed the rate and equilibrium constants of the individual steps
involved in their enzymatic cycle. However, an in vitro assay to measure myosin’s
ability to translocate actin was missing until Sheetz and Spudich [4] developed the
first functional in vitro motility assay. This assay used long actin cables exposed by



9 Use of Fluorescent Techniques to Study the In Vitro Movement of Myosins 195

dissection of cylindrical, multinucleated intermodal cells of the green alga, Nitella
axillaris, as a “railroad” track to support the movement of micron-sized beads
coated with myosin. This was a major innovation to myosin research, which yielded
some very interesting insights. However, the assay had several limitations. Nitella
had to be cultured in the lab, the dissection was not trivial, the preparations were
typically only stable for an hour or so, and myosin had to be attached to a bead. The
beads sometimes picked up the very fast endogenous myosin motors from the alga,
and the movement was occurring on bundles of plant actins, with unknown spec-
ificity for mammalian myosins. Thus, while this assay was very useful, a truly
in vitro assay that only used purified proteins was still needed.

Such an assay became available in 1986 when Kron and Spudich [5] introduced
the sliding actin in vitro motility assay which required only two highly purified
proteins, myosin and actin, to reconstitute the essence of a muscle contraction, the
ability for myosin to translocate actin. This assay was made possible by the
observations that single F-actin filaments were readily visible in solution by
fluorescence microscopy, if labeled with rhodamine phalloidin [6]. Kron and
Spudich described the movement of fluorescent rhodamine phalloidin labeled
actin by myosin filaments from skeletal muscle or the amoeba, Dictyostelium
discoideum, which had been bound to a glass coverslip surface [5]. This assay
was easy to implement, used microscopy equipment already present in many labs,
and was fast, reproducible, and quantitative. Furthermore, it could be performed
with very small amounts of purified myosin and actin. The methodologies for this
assay were further refined by Toyoshima et al. [7] who used a nitrocellulose-coated
coverslip surface and demonstrated that not only myosin filaments but even the
tailless proteolytic fragments of myosin, heavy meromyosin (HMM), and
subfragment-1 (S1) moved actin. The motility assay provided a new way to classify
and assess the characteristics of different classes of myosin by quantifying how fast
they could move actin. The effects of varying ionic strength, magnesium, calcium,
pH, and temperature on the speed of movement could be easily studied [8]. Below,
we will describe this assay, highlight the evolution of this assay into versions that
can measure mechanical properties of single molecules of myosin, and cover some
of the major findings that have derived from the use of these elegant assays.

9.2 Discoveries Using the In Vitro Motility Assay

The development of the in vitro motility assay led to many important fundamental
observations about the mechanism of actin and myosin interaction. The discovery
that S1 moved actin filaments [7] proved fatal to several models for muscle
contraction that required an organized sarcomere or the collapse of the coiled coil
of myosin to power sarcomere shortening [9, 10]. Subsequent studies revealed
important features of the assay. Single-headed myosins moved actin filaments
demonstrating that a two-headed myosin was not necessary [7, 11]. The rate of
movement of actin was largely independent of the concentration of myosin on the
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surface or on the length of the actin filament [7, 12]. Once the threshold of myosin
density for movement was achieved, the movement occurred at the peak velocity.
This meant that assays could be performed easily and quickly without having to
control for actin filament length or myosin head density over a specific threshold.

The assay showed that there was amazing functional diversity among myosins
and that the rate of actin filament sliding, even within the myosin class II family,
varied from 0.02 pm/s for nonmuscle myosin 2B to 4 pm/s for fast skeletal muscle
myosin [13]. Unconventional myosins, and not just class Il myosins, were shown to
be competent motors using this assay [14—17].

The best kinetic correlation for the rate at which the actin is moved in the
motility assay is the rate at which ADP is released from actomyosin [18]. This
means that the motility assay correlates well with the measurement of unloaded
shortening velocity in muscle contraction, as they are both constrained by the rate
of detachment of myosin from actin. The unloaded shortening velocity is a standard
physiological parameter measured when a muscle mounted in a force transducer is
allowed to shorten with no load applied. It is considered to be a measure of the
maximal rate of myosin function in the muscle.

Structural data had proposed that myosin moved actin by swinging its neck
region (also known as light-chain binding region or lever arm) [19]. This hypothesis
was tested by showing a proportionality between the rate of movement and the neck
length of mutant myosins created by inserting or deleting light-chain binding sites
[20, 21].

9.3 Sliding Actin In Vitro Motility Assay

While the sliding actin in vitro motility assay has many variations in protocol,
broadly, the assay observes fluorescently labeled actin filaments gliding over a
cover slip that has been coated with myosin in the presence of ATP [22] (Fig. 9.1).
This movement is captured with a sensitive video camera, often an ICCD (charged-
coupled device) camera or other low-light imaging system. The movement of the
labeled actin is tracked using software to estimate velocity.

9.3.1 General Design of the Motility Assay

9.3.1.1 Myosin Preparation

Ideally in vitro motility assays are performed with freshly prepared myosin. How-
ever, myosin that has been flash frozen and stored in liquid nitrogen is often used.
Damaged myosin that no longer hydrolyzes ATP, but binds actin strongly (dead
heads) can often interfere with motility and reduce the quality of actin movement.
There are two techniques to minimize this problem. The myosin-coated coverslip
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Fig. 9.1 Sliding actin in vitro motility assay. Upper panel, shown are the position of 7 actin
filaments at 0, 10, and 20 s while moving over a surface coated with myosin 5. Lower panel,
schematic of the assay flow chamber

can be washed with unlabeled actin (termed ““black actin”) in the presence of ATP
that binds and blocks the damaged myosins before introducing the fluorescently
labeled actin. Another technique, known as a “dead head spin,” mixes stoichiomet-
ric amount of F-actin with myosin in the presence of ATP at high ionic strength,
followed by sedimentation in an ultracentrifuge. Under these conditions, actively
cycling myosins are dissociated from actin, and the dead heads remain tightly
bound to actin and are removed from the supernatant. Finally, during the measure-
ment, a viscosity-enhancing reagent, methylcellulose (at 0.7 % concentration), can
be added to the motility buffer to increase the likelihood of continuous movement
over surfaces sparsely coated with myosins or at higher ionic strength, where the
affinity of myosin for actin is reduced. Methylcellulose restricts the Brownian
diffusion of actin to its long axis and inhibits “escape” of the actin filament, if it
is transiently free of any strong myosin interactions.
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9.3.1.2 Actin Preparation

The actin is most often labeled with stoichiometric concentrations of rhodamine
phalloidin. Phalloidin is a fungal toxin that stabilizes filamentous actin and can be
conjugated to various organic dyes to fluorescently label the actin and reduce the
critical concentration for polymerization, so that actin filaments remain polymer-
ized even at nanomolar concentrations. Actin is most commonly purified from
rabbit skeletal muscle, but actin from other species or different isoforms of actin
can also be used.

9.3.1.3 Assay Setup

Several articles describing the methodologies used in this assay have been
published [22-24]. An assay chamber is easily constructed with a microscope
slide, coverslip, and two strips of double-sided scotch tape to create a flow track.
The flow cell is constructed to be open ended so that experimental solutions can be
flushed through the chamber. Solution is added at one end and drawn through the
chamber by wicking the solution away from the other end with filter paper.
Coverslips are typically pre-coated with nitrocellulose or silicon which act as a
nonspecific binding surface for the myosin molecules that are added. The assay
needs only small amounts of protein due to the small chamber volumes (typically
10-100 pl). Myosin can be added in many different forms to the coverslip. It can be
bound in its monomeric form, filamentous form (in case of myosin 2 molecules), or
can be in the form of proteolytic or truncation fragments such as HMM or S1. After
myosin is bound, the flow cell is washed with blocking buffer containing a
moderate concentration of bovine serum albumin to prevent nonspecific binding
of actin filaments. Fluorescently labeled F-actin is added to the flow chamber. The
actin is left for a short period to bind to myosin in the absence of ATP. Excess actin
is washed from the flow chamber by the addition of a few volumes of buffer to the
flow cell. Finally, a solution with ATP and an oxygen-scavenging cocktail
containing glucose, glucose oxidase, and catalase is added to initiate motility.
The oxygen-scavenging cocktail helps to reduce photobleaching of the fluorophore
that occurs when free radicals are generated by the illumination of the sample.
Video data can then be analyzed using tracking software to track individual
filament movement and then extract sliding velocities and percentage of motile
filaments.
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9.3.2 Variations of the In Vitro Motility Assay

9.3.2.1 Myosin Filaments

Variations on the classical in vitro motility assay have been developed creating
tailored techniques to investigate different forms and classes of myosin. Studies
have shown that myosin 2 molecules bound to the coverslip surface in monomeric
form move actin at the same speed as does this myosin when bound as filaments
[7]. Several studies observed the sliding of actin over intact native thick filaments
imaged by dark field microscopy [25, 26], demonstrating that actin moves most
efficiently when moving toward the center of the thick filament.

9.3.2.2 Measurements Under Load

The movement of actin filaments in the standard sliding actin in vitro motility assay
is under unloaded conditions. Several methods have been developed to measure the
effect of load on myosin in this assay. Actin-cross-linking proteins, such as
a-actinin, bound to the coverslip surface along with myosin create a frictional
load by transiently interacting with actin filaments. This results in a slowing of
the actin filament sliding speed [27, 28]. This technique allows the measurement of
isotonic kinetics, force-velocity relationships, and power curves in the motility
assay. Motility assays have been performed with mixtures of fast and slow myosins
to produce relationships that describe the ability of the slower myosin to reduce the
movement velocity of the actin over the surface of the mixture [29, 30].

9.3.2.3 Calcium Regulation

Calcium-dependent actin filament regulation was studied by the addition of the
skeletal muscle regulatory proteins troponin and tropomyosin [31, 32] or the
smooth muscle regulatory proteins caldesmon and calmodulin [33, 34]. Smooth
muscle and nonmuscle myosin 2 are purified in an autoinhibited off state, which
require phosphorylation by myosin light-chain kinase for activity. Molluscan mus-
cle myosins require calcium for activity [25, 35, 36].

9.3.2.4 Nonrecombinant/Myosin from Cell Extracts

The motility assay can be tailored to select a specific myosin from an impure
mixture by first binding an antibody that binds an epitope of a particular myosin
to the coverslip. The surface is then coated with bovine serum albumin to block
nonspecific binding of other proteins. The antibody selects for the desired myosin
and unwanted myosins or other proteins are washed out [37, 38]. The selecting
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antibody should be one that does not interfere with the function of the desired
myosin. Antibodies directed toward the tails (C-terminal regions) of myosin often
are appropriate for this use. Such antibodies can also be used to attach the myosin to
the surface rather than relying on nonspecific attachment of the myosin to the
surface [39].

9.3.2.5 Polarity/Directionality

The F-actin filament is polar with a “+” end and a “—” end. Actin can be
fluorescently labeled to demonstrate its polarity by using small actin “seeds”
labeled with one fluorophore to nucleate the assembly of longer actin filaments
which will then be labeled with another fluorophore [16, 40]. These types of actin
filaments can be used to determine the directionality of the movement of F-actin by
myosin. Thus far, all myosins move actin filaments with the + end leading except
for myosin 6 [16].

9.4 Single-Molecule Motility Assays

The development of TIRF (total internal reflection fluorescent) microscopy allowed
for the design of single-molecule motility assays where the movement of processive
myosins along a surface-attached actin filament can be observed [41]. In TIRF
microscopy, a laser beam is introduced to the coverslip at a critical angle, which
results in complete internal reflection of the laser light at the coverslip-buffer
boundary. This sets up an evanescent wave that penetrates the assay chamber to a
depth of only 150-200 nm leaving all fluorophores above this in a dark, unexcited
state. The result is a dramatic improvement in the signal-to-noise ratio to allow
visualization of a single fluorophore.

9.4.1 Assay Setup

9.4.1.1 Myosin Labeling

There are several such ways of labeling myosins for this purpose. A fluorescently
labeled light chain can be exchanged into myosin. The light chain is usually labeled
with organic dyes [41] although light chains fused with fluorescent fusion proteins
such as GFP can also be used [42]. Myosins with GFP fused to the heavy chain at
either the amino (N-) or the carboxy (C-) terminus can also be used [43], or the
myosin can be tagged with a quantum dot [44]. There are advantages and disad-
vantages to each of these approaches. Fusion of GFP molecules to the N- or
C-termini of myosins does not seem to have a major effect on their activity, and
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these fluorescent fusion proteins are available in a variety of colors by expression of
recombinant DNA in the baculovirus/Sf9 system [45]. However, the brightness and
photostability of the fluorescent fusion proteins varies with the type of fusion
protein selected, and these proteins, in general, are not as bright or as photostable
as organic fluorophore dyes which can be introduced by chemical modification of
surface lysines or cysteines residues. The use of quantum dots also has benefits and
problems. Quantum dots come in different colors, are very bright, and maintain
fluorescence over an extended period of time. However, they suffer from the
blinking phenomena, which means that they periodically go dark and then emit
light again. Their size is variable, but they are usually at least the size of a GFP
molecule. The most common way to attach quantum dots to myosin is by introduc-
ing a biotin tag onto either the N-terminus or the C-terminus of a myosin and using
streptavidin-functionalized quantum dots. If the quantum dot is attached to the
N-terminus of a single head of myosin, the movement of that head is visualized,
whereas if the quantum dot is attached to the C-terminus, the movement of the
center of mass of the molecule is followed. Here, one must be very careful to only
have one myosin attached per quantum dot, if single-molecule mechanics are to be
explored. The way to accomplish this is to add only 1-4 myosin molecules per
quantum dot in the coupling reaction. One can create an artificial “cargo”-bearing
multiple myosins per quantum dot by increasing this labeling ratio.

Performing the Assay

In the single-molecule in vitro motility assay, actin filaments are bound to the
coverslip surface via NEM-inactivated skeletal muscle HMM or via the use of
lightly biotinylated actin filaments which can be tethered to a biotin-streptavidin-
coated coverslip. Fluorescently labeled myosin is added and is visualized in a TIRF
microscope. The images of the diffraction limited moving myosin spots are typi-
cally captured by a high-sensitivity camera (Fig. 9.2). Several parameters can be
gleaned from this assay including speed, run length, and run frequency. Run length
is usually determined by compiling a histogram of many events and fitting the curve
with an exponential decay. This version of the single-molecule motility assay is
now in routine use in many laboratories to study the processive movement of
several classes of myosin, including myosin 5, myosin 6, myosin 7, and myosin
10 [17, 21, 41, 46, 47]. There is good agreement between rates that single
processive molecules move along actin filaments and the rates at which these
myosins slide actin filaments in the gliding assay.
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Fig. 9.2 Single-molecule in vitro motility assay. (a) Diagram of the geometry of the assay using
myosin 5a. The star on myosin 5a represents a fluorophore bound to a calmodulin light chain.
When it is in the evanescent field, it is depicted in red showing that the fluorophore is excited. The
dark green shading shows the direction of the laser excitation. The actin filament bound to the
surface is colored red. (b) The position of a moving fluorophore along actin as a function of time
(top to bottom). In this case, the fluorophore is GFP-Rab27a which is bound to the motor, myosin
5a, via melanophilin. The image is taken from Wu et al. [63]. The position of the stationary actin
filament is marked by red lines, and the positions of two moving spots are marked with arrow-
heads. The scale bar is 3.2 pm

9.5 Assay Variations

9.5.1 Attachment Lifetimes

There is at least one case, where this assay geometry was used to measure the
lifetime of attachment of a nonprocessive myosin. Nagy et al. [48] used the single-
molecule motility assay with nonmuscle myosin 2B HMM which was shown to be
nonprocessive as a single molecule in optical trapping experiments, but to have a
long attachment lifetime due to its very slow kinetics. GFP-tagged nonmuscle
myosin 2B HMM molecules could be observed to bind to and then detach from
surface-bound actin filaments, and the kinetics of these events matched those
observed in the optical trapping experiments. Full-length nonmuscle myosin 2B
molecules form short bipolar filaments in vitro at low ionic strengths and in cells.
When GFP-labeled filaments of nonmuscle myosin 2B are formed, they move along
the surface-attached actin filament for several microns at a slow rate consistent with
the rate of actin filament translocation in the sliding actin assay.
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9.5.2 Types of Actin Filaments

Actin filaments exist in pleiotropic forms in cells including single actin filaments,
branched arbor-like networks, meshworks, loose bundles, and very tightly packed
bundles [49]. These various states are formed and maintained by a slew of actin-
binding proteins. Myosins are capable of interacting with different forms of actin,
and different myosin isoforms are specifically localized to different areas of the cell
or are found in actin-containing areas of specialized cells such as in the sarcomere
of muscle fibers or the stereocilia of inner ear hair cells. The single-molecule
motility assay can be performed on bundles of actin [50, 51] or with actin-
containing regulatory proteins such as tropomyosin [52]. Actin filament meshworks
can be created in vitro, and it is seen that myosin 5a can readily make abrupt turns
and switch from one filament to another or can “step over” an intersecting filament
[53]. Myosin 6, in contrast, prefers to stay on the initial filament [51]. Several
studies have “deroofed” tissue culture cells by washing with a detergent which
exposed the underlying actin cytoskeleton and then have added fluorescently tagged
myosins to these cells to examine their motility in this more cellular-like in vitro
setting [54, 55]. Interestingly, different classes of myosins prefer to move on
different actin structures in these assays.

9.5.3 Calcium Regulation

Regulation can also be studied in the single-molecule motility assay. Purified full-
length myosin 5a exists in an autoinhibited state where the C-terminal cargo-
binding domain folds back and contacts the motor domain to adopt a state with
very low actin-activated MgATPase and inability to move on actin [56—58]. This is
clearly seen by examining the frequency of movement of full-length myosin 5a
compared to that of the constitutively active myosin 5a HMM [57]: the latter moves
much more frequently than the former. The ATPase activity of full-length myosin
5a in the presence of actin is activated by calcium ions, but paradoxically, this
impairs the ability of the myosin to move processively on actin [59]. The reason for
this apparent contradiction is that some calmodulin molecules dissociate from
myosin 5a upon addition of calcium. This leaves the alpha-helical region of the
1Q motif exposed and unstable, so the myosin is unable to convert its enzymatic
output into a mechanical output [59, 60].

9.5.4 Cargo Regulation

Myosin Sa is involved in the actin-dependent movement of melanosomes which are
membrane-bound pigment granules found in melanocytes. The linkage of myosin
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5a to melanocytes is via two other proteins (see [3] for review). The cargo-binding
domain of myosin 5a interacts with the C-terminus of a protein called melanophilin
which in turn interacts through its N-terminus with Rab27a, a resident melanosome
membrane-binding protein. Two studies have examined aspects of this complex.
Wu et al. [61] mixed GFP-tagged Rab27a with melanophilin and myosin 5a and
observed that fluorescent spots moved processively along actin filaments. No
movement was seen if melanophilin or myosin 5a was omitted, and thus, it was
concluded that the tripartite complex could be reconstituted in vitro at low concen-
trations. Melanophilin also has an actin-binding site which is important for enhanc-
ing the frequency of processive runs. A more recent study used fluorescently
labeled myosin 5a and melanophilin to examine this in more detail [62]. It was
shown that melanophilin significantly enhanced the run frequency and slowed the
rate of movement of myosin 5a by acting as a tether.

Several classes of myosin including myosins 6, 7, and 10 do not appear to form
stable dimers as purified from expression systems, despite the presence of a
predicted coiled-coil motif in their tail sequence [46, 63—-66]. Some of these
myosins appear to be able to dimerize and move processively in single-molecule
TIRF motility assays when “clustered” by first binding to actin filaments at high
density in the absence of ATP or by interaction with certain binding partners that
induce dimerization [46, 67, 68].

9.6 Super-Resolution Tracking of Moving Myosins

The single-molecule in vitro motility assay can be used to measure the step size of
myosins through the use of super-resolution microscopy. The resolution of the
conventional epifluorescence microscope is limited by the wavelength of light
and is typically 200-300 nm. However, if sufficient photons can be collected
from a single fluorophore, its point spread function can be fitted to a
two-dimensional Gaussian whose peak can be localized with 2-3 nm resolution
(Fig. 9.3). This technique was first used for myosins by Yildiz et al. [69] who coined
the term FIONA (Fluorescence Imaging at One Nanometer Accuracy) for the
technique. It allows the user to measure the size of the steps taken by myosin and
to get information on the stepping kinetics. By lowering the ATP concentration to
decrease the rate of stepping, which allows for the collection of more photons at
each time point, Yildiz et al. [69] showed that a Cy3-labeled myosin 5a took 36 nm
steps moving along actin, consistent with values obtained by optical trapping and
EM imaging; see [70] for review. Examining the stepping distance and kinetics of
molecules in which only one of the two heads was labeled provided evidence that
the molecule stepped in a hand-over-hand mechanism where the trailing head
dissociated, moved forward to a new actin-binding site 72 nm away. Interestingly,
this stepping pattern precisely matches the crossover repeat of the helical actin
filament and allows the myosin 5a to walk straight along an actin filament. The
ability to observe single steps of myosin 5a was subsequently shown to be
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Fig. 9.3 Nanometer tracking of a myosin’s movement by FIONA. (a) Cartoon demonstrating the
fitting of a point spread function of a single fluorophore to a two-dimensional Gaussian. (b) Three
traces of GFP-myosin 5a moving along actin with the position determined at each time point by the
FIONA technique. Only a single head of each myosin is labeling with GFP. The numbers in
between steps show the distance between successive steps along with the standard deviation. The
data is taken from Snyder et al. [43]

applicable to GFP-labeled myosins [43] and to myosins with bound quantum dots
[71]. The latter were used in an elegant study in which each head of a myosin Sa
molecule was tagged with a quantum dot of a different color [44]. The two colors
could be shown to alternate positions (separated by 36 nm) as the molecule moved
processively along actin. The assay was used to confirm that the neck region acted
as a rigid lever arm by examining the step size of the same set of myosin 5a lever
mutants as was used for the in vitro motility studies described earlier [72]. Another
study used simultaneous imaging of a labeled myosin Sa molecule and a fluorescent
ATP analog, deac-aminoATP, whose fluorescence was enhanced 15-fold upon
binding to myosin, to demonstrate that one ATP molecule was hydrolyzed for
each step, demonstrating tight coupling between the enzymology and mechanics
of this myosin [73].

The FIONA assay has also been applied to artificially dimerized myosin 6 [74],
myosin 7a [46], and myosin 10 [75] molecules. The results show that myosin
6 moves along actin with a much more variable step size and that myosin 7a
takes somewhat shorter steps than myosin 5a. FIONA measurements of myosin
10 are somewhat controversial with a range of values reported [75-77]. The longer
step size of 36 nm is surprisingly similar in magnitude to that of myosin 5a as the
lever arm of myosin 10 binds only three calmodulins. However, this myosin has a
stable single alpha-helical (or SAH) domain which serves to extend the lever arm as
determined by electron microscopy [65]. A chimeric molecule in which the motor
domain plus first three IQ motifs of myosin 5a was fused to a SAH domain with
similar length and dimerized by a portion of the coiled-coil domain took 36 nm
steps consistent with the SAH domain being part of a rigid lever arm [78].

Another variation of the single-molecule motility assay allows one to gain
insight into the detailed mechanisms of myosin movement. polTIRF is a technique
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which measures the polarization of a fluorescent probe rigidly bound to one of the
calmodulin molecules via a bifunctional linkage. This technique allows for the
angular position of the probe, and hence the lever arm, to be measured, while the
myosin is walking along actin. The data showed that lever arm of both myosin 5a
and myosin 6 alternates between pre- and post-powerstroke angles giving strong
support for the hand-over-hand model for walking [79, 80].

9.7 Conclusions

As can be seen from the above, in vitro motility assays have dramatically increased
our understanding of molecular mechanism of myosin-actin interactions and have
given insight into the regulation of this interaction and to the functional diversity
found in the myosin superfamily. The assay has been adapted to study myosins
from 13 of the known classes. The fundamental principles involved in the assay, the
ability to observe fluorescently labeled actin filaments and to bind myosin to a
surface, led to the development of optical trapping techniques that allows one to
measure lifetimes of interaction, power stroke size, and force production of single-
myosin molecules [81]. Variants of the assay are being continually developed.
These include using zero-mode waveguides to further increase the sensitivity of
the assay at higher fluorophore concentrations [82] and the use of DNA origami to
create scaffolds for binding more than one motor [83].
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