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Abstract

Inside the cellular environment, molecular
motors can work in concert to conduct a vari-
ety of important physiological functions and
processes that are vital for the survival of a
cell. However, in order to decipher the mecha-
nism of how these molecular motors work,
single-molecule microscopy techniques
have been popular methods to understand the
molecular basis of the emerging ensemble
behavior of these motor proteins.

In this chapter, we discuss various single-
molecule biophysical imaging techniques that
have been used to expose the mechanics and
kinetics of myosins. The chapter should be
taken as a general overview and introductory
guide to the many existing techniques; however,

since other chapters will discuss some of these
techniques more thoroughly, the readership
should refer to those chapters for further details
and discussions. In particular, we will focus on
scattering-based single-molecule microscopy
methods, some of which have become more
popular in the recent years and around which
the work in our laboratories has been centered.
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6.1 Why Use Single-Molecule

Assays?

Single-molecule techniques have been employed
in the actomyosin/cytoskeletal field for the last
30+ years. These methods have been very popular
in this field, because it was generally difficult to
decrypt the molecular details of how individual
proteins function from ensemble or bulk mea-
surements. In ensemble experiments, the mea-
sured variable is usually an average over the
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entire population of molecules. More critically,
the observables are often large scale solution
properties, such as light absorption, scattering,
fluorescence and conductivity, which can change
in response to a molecular behavior, but they do
not visualize the molecular behavior itself. This
limits the interpretation of the underlying mecha-
nism. For instance, it would require some basic
understanding of the system if an increase in light
scattering of a solution of actin were to be inter-
preted as a polymerization into filaments. For
myosins, it would require a large array of differ-
ent experiments to conclude that a motor walks
processively along actin filaments. Using single-
molecule techniques, however, these mechanisms
become immediately apparent. One can then
even start to probe molecular behavior on a
molecule-by-molecule basis, which allows the
characterization of sub-populations and ulti-
mately leads to the understanding of the resultant
bulk behavior from a “bottom-up” perspective.

In recent decades or so, single-molecule tech-
niques have become so advanced that dynamic
behavior of proteins can be measured with ang-
strom level spatial resolution and micro-second
temporal resolution. This information can be
used to draw a detailed picture of how conforma-
tional changes are linked to enzymatic activity
and in the case of molecular motors to directed
force production. In combination with structural
studies, single-molecule techniques can decipher
molecular dynamics at the atomic level and make
it possible to even understand design principles
that can be used to build artificial molecular
motors (Chen et al. 2012; Furuta et al. 2017;
Furuta and Furuta 2018).

6.2  The Original Assays - Bead
Motility and in vitro Actin

Gliding Assays

To understand the advances in single-molecule
microscopy techniques utilized in the actomyosin
field, we have to first step back and discuss an
ensemble microscopy assay that has become the
“granddaddy of them all”: the myosin motility
assay.

Initial experiments to understand the mechan-
ical activity of myosins used an assay geometry
whereby native actin bundles (i.e.,, polar actin
cables of the alga Nitella axillaris) (Sheetz and
Spudich 1983; Vale et al. 1984) or stereocilia
from bullfrog sacculi and semicircular canals
(Shepherd et al. 1990)) were adhered to a cover-
slip glass as tracks for myosins attached to large
polystyrene beads, the motion of which could be
followed under a microscope. An illustration of
this assay is shown in Fig. 6.1. In the presence of
ATP, these beads moved along the actin filament
bundles in a processive unidirectional manner
(Sheetz and Spudich 1983; Sheetz et al. 1986;
Hynes et al. 1987). This bead motility assay was
the first practical and quantitative assay to deter-
mine the motion of ensembles of myosins and
was also used as a prototype system for future
single-molecule assays in the late 1980’s/early
1990’s.

The second type of assay, the in vitro actin-
gliding assay, was first shown to work by the
Spudich group (Kron and Spudich 1986). Here,
myosin motion was measured using a purified
protein system (in vitro) in a chamber with essen-
tially myosin, actin filaments and ATP. This was
similar to the bead motility assay but used puri-
fied individual actin filaments instead of bundled
actin filaments.

In this assay, flow cells were constructed with
a microscope coverslip coated on one surface
with either rabbit skeletal muscle myosin or
Dictyostelium discoideum myosin. A mixture of
fluorescent phalloidin-labeled actin filaments
together with ATP was then infused into the flow
cell. The motion of the fluorescently-labeled
actin filaments, propelled by the surface-attached
myosins, was observed using a microscope
equipped with a wide-field fluorescence imaging
modality (Fig. 6.2). Videos of the actin filaments’
motion were saved on video-tapes for further
analysis such as to determine actin filament
lengths, velocities and distances traveled. More
details on the assay can be found in a methodol-
ogy paper by Kron et al. (1991).

In vitro actin gliding formed the basis of the
single-molecule mechanical and kinetic assays,
whereby a simplified system with only actin fila-
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Fig. 6.1 Bead motility assay. (a) Diagram showing cut-
ting of the cylindrical Nitella cell, pinning of the cut cell,
and deposition of the myosin-attached beads. (b) Diagram
showing the open cell from the top. Arrows indicate direc-
tion of movement of vesicular elements in vivo. Myosin-

2-coated beads move in the same direction in vitro. (¢)
Diagram showing the motion of the myosin-2-coated
beads on the actin cables. (Diagrams reproduced from
Sheetz et al. 1986 and Kodera and Ando 2014. Copyright
1986 Elsevier BV)
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Fig. 6.2 in vitro actin gliding assay. Diagram illustrating the motion of the fluorescently-labeled actin filaments on a
bed of myosins attached to the surface. (Diagram reproduced from Kodera and Ando 2014)

ments and myosin is reconstituted inside a micro-
scope flow cell. Over time, advances in the
theoretical understanding of the underlying pro-
cesses have produced variations of this assay in
which other actin-binding proteins apply loads to
the propelled actin filaments by retarding their
movement (Warshaw et al. 1990; Bing et al.

2000; Greenberg and Moore 2010; Aksel et al.
2015). This variation of the assay has been used
to investigate the response of myosin ensembles
to external forces.

In recent years, in order to quantitatively ana-
lyze in vitro actin gliding data, new programs
such as FIESTA and FASTA have been devel-
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oped (Ruhnow et al. 2011; Aksel et al. 2015)
making analysis easier and more efficient.
However, other “analog” motion analysis type
modules have been utilized to quantify data in a
similar fashion since the 1990’s (Homsher et al.
1992; Sellers et al. 1993).

For measuring the mechanics of higher-order
myosin macromolecular complexes such as myo-
sin-2 assembled into bipolar filamentous struc-
tures, experiments have been performed by
attaching native molluscan myosin-2 “thick fila-
ments” onto a glass surface and measuring the
actin filaments moving above them (Sellers and
Kachar 1990). These experiments used a combi-
nation of differential interference contrast (DIC)
and wide-field fluorescence microscopy to visu-
alize the myosin thick filaments and actin, respec-
tively. As expected from the bipolar structure of
the myosin filament, the actin filaments were
seen to move towards the center of the thick fila-
ments. The study showed that the actin filaments
moved on the myosin filament structure towards
the center of the bare zone at a rate of ~9 pm s~
Contrary to this expected direction of motion, the
authors also showed that the actin filaments can
move from the center bare zone towards the out-
side of the bipolar myosin filament but at a slower
velocity, ~1 pm s~'. This result suggested that any
given orientation of the actin filament could
interact with any portion of the myosin filament
and contribute to the force generation process.
This assay topology has been used in a recent
study of cardiac myosin-2 in the presence of a
variety of wild-type and mutant cardiac myosin
binding protein-C (Previs et al. 2012) to show
how cardiac myosin-binding protein-C modu-
lates cardiac contractility.

Myosin filament-based assays can also be
used in an “inverted” geometry where the actin
filaments are bound to the surface and the move-
ment of the myosin filaments is observed. In
recent years, such experiments have been per-
formed with smooth, skeletal and cardiac myo-
sin-2 (Brizendine et al. 2015; Brizendine et al.
2017), as well as non-muscle myosin-2A and
myosin-2B filaments (Nagy et al. 2013; Melli
et al. 2018) to decipher the molecular mecha-
nism of force generation and motion of these

filament complexes as a more physiological
motile unit.

All of these “motor ensemble” in vitro motil-
ity assays developed in the 1980’s-90’s laid the
foundation for the single-molecule microscopy
assays performed in the following decades.

6.3  Early Days of Single-
Molecule Fluorescence

Assays

When light propagates through a medium such as
a glass coverslip and encounters a medium of
lower refractive index such as water or buffer, it
is either refracted or reflected depending upon
the angle of incidence and the difference in
refractive indices of the two media. At the critical
angle, i.e. ~62° for a glass/water interface, where
light is totally internally reflected, an evanescent
wave extends into the aqueous medium whose
intensity falls exponentially with penetration
depth (~100 nm), thus illuminating only a shal-
low volume above the interface.

This fluorescence technique, called Total
Internal Reflection Fluorescence (TIRF) micros-
copy, allows only the fluorophores that are very
close to the interface to be excited without excit-
ing the “background” fluorophores that are not
reached by the evanescent wave. This technique
achieves an increased signal-to-noise ratio of the
intensity of fluorophores that are very close to the
coverslip. Different optical paths, or methods, to
accomplish TIRF microscopy have been
described previously in Axelrod 2001 and
Axelrod 2008, which can be referred to for more
details (Fig. 6.3).

Single-molecule fluorescence measurements
of myosins began with an article published in
1995 by the Yanagida group who used TIRF
microscopy to visualize single molecules of skel-
etal muscle heavy meromyosin (HMM) labeled
with a Cy3 dye and bound to a coverslip surface
(Funatsu et al. 1995). The authors demonstrated
that the fluorescence of the observed “myosin”
spots disappeared in either one or two quantal
steps of photobleaching, providing evidence that
either one or two fluorophores were covalently
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Fig. 6.3 TIRF microscopy examples. (a—c¢) Schematic
illustrations of different types of prism-based TIRF
microscopy. Sample chambers can be made as a “sand-
wich” with a lower glass coverslip, a spacer such as Teflon
or double-sided sticky tape and a coverslip with sample
which is mounted upside-down so that the sample faces
downwards. The outer surface of the sample coverslip is
put into contact with a prism through a film of immersion
oil. (d—g) Schematic illustrations of different objective-
type TIRF in an inverted microscope. (d) Laser illumina-
tion from the side port using a dichroic mirror cube facing
towards the side port. The beam is focused onto the BFP
at a radial position sufficient to lead to supercritical angle

bound to the molecule. Furthermore, they
explored the binding and dissociation of Cy5-
labeled ATP using TIRF microcopy and found
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propagation at the coverslip. Transverse motion of L can
be used to alter between epi-fluorescence and TIRF
modes. (e) Laser illumination using an optical fiber,
through the rear port. (f) Laser illumination using an
equivalent BFP in some microscope systems to focus the
beam. Another equivalent back focal plane sometimes
marked as the aperture lane exists in some systems. (g) An
arc lamp can be used for total internal reflection illumina-
tion, too. For more details on these schemes, please refer
to Axelrod 2001 and Axelrod 2008. OBJ = objective lens,
SP = sample plane, BFP = back focal plane, L = focusing
lenses. (Diagram reproduced from Axelrod 2008.
Copyright 2008 Elsevier BV)

that lifetimes of merging Cy3/Cy5 spots were
consistent with the known kinetics of binding,
hydrolysis and release of ATP by the myosin.
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6.4  Single-Molecule
Fluorescence Assays Using
Enhanced Localization

Techniques

The movement of processive molecular motors
was commonly studied using the inverted geom-
etry of the in vitro actin gliding assay, with the
actin filaments bound to the surface of the image
plane, such that the motion of these molecular
motors could be observed. Rather than linking a
large bead to myosins as in the early studies from
the 80’s described above, scientists created other
methods to “tag” a protein with fluorescent
probes so that the motion of the protein could be
inferred from the motion of the attached marker.
Genetically encoded fluorophores (such as green
fluorescent protein (GFP) or enhanced GFP
(eGFP)) (Snyder et al. 2004; Yildiz et al. 2004b),
an accessory protein (i.e., calmodulin) attached
to an organic dye (Forkey et al. 2003; Yildiz et al.
2004b; Sakamoto et al. 2005) or quantum dots
(Qdots) (Warshaw et al. 2005; Ali et al. 2007)
were a few examples of how researchers attached
fluorophores to the myosin.

6.4.1 FIONA
At first, TIRF-based inverted single-molecule
motility assays were used to measure only veloci-
ties and run lengths of individual myosins over
actin filaments fixed to the surface (Sakamoto
et al. 2000, 2003). However, the detailed translo-
cation, or stepping, mechanism at the nanometer
resolution was still unresolved using fluorescence
techniques.

In microscopy, Abbe’s law dictates that in
order for two objects to be resolved they must be

separated by a distance Ax > , where 4

is the wavelength of light and NA is the numeri-
cal aperture of the objective lens. This separation
distance is thus typically around 200-350 nm for
visible light (4 ~ 400-750 nm), which also defines
the width of the imaged spots of the fluorophores
or the so-called point spread function (PSF). In
order to overcome this limit, a method was devel-

oped that used the shape of the PSF to localize
fluorescent probes at higher precision than was
dictated by Abbe’s diffraction limit (Yildiz et al.
2003) and was applied to studying the detailed
mechanics of myosin-5a translocation.

This method, named FIONA for Fluorescence
Imaging at One Nanometer Accuracy, allowed
the specificity and sensitivity of single-molecule
fluorescence with nanometer localization preci-
sion of the position of the fluorophore. The two-
dimensional PSF of a fluorophore was observed
such that sufficient photons (~5000-10,000)
were collected per diffraction limited PSF of a
single fluorophore. A Gaussian fit to the PSF was
used to localize the average position of the fluo-
rophore to approximately 1.5 nanometer
accuracy.

The mathematical expression for this emis-
sion intensity distribution was described as a
two-dimensional Gaussian in the form:

2
1| x—x y—y
I(x,y) = IBaCkgmund + Aexp _§|: S 0 :| —|: S 0

x

6.1)
where Iggmma 15 the background intensity (or
noise floor), x, and y, describe the coordinates of
the center position of the fluorophore, and S, and
S, are the standard deviations of the distribution
in both directions.

The width, or the standard error of the mean,
o-ﬁ Vo of this distribution can be described as:

S 2
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where, Npj,0ns 1S the number of collected photons,

a is the pixel size of the image detector and b is

the standard deviation of the background fluctua-

tions (Thompson et al. 2002; Yildiz et al. 2003).
2

X,y

The first term in Eq. 6.2,

, is the photon

Photons

2
, is the effect

“ ¥ Photons

noise; the second term,

i
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of the pixel size of the detector; and the third

8-m-S! b
term, 3 —
a

, is the effect caused by back
Photons
ground fluctuations. Thus, for a photon noise lim-
ited case — i.e., when the noise in each pixel is
dominated by photons originating from the par-
ticle being localized — the equation above can be
reduced to show that the expression for the best
estimate of the position of the fluorophore is:
2
(Ax) =2

Photons

(6.3)

where Ax is the error in localization, S,, is the
standard deviation of the point-spread function
and Npj,s 1S the number of photons collected.
Thus, increasing the number of collected photons
leads to lower localization uncertainty. In this
case ~1.5 nm localization precision was achieved
by collecting ~10,000 photons per diffraction
limited spot, or fluorophore (Fig. 6.4).

This ability to achieve a high localization pre-
cision, together with the observation that certain
fluorophores undergo blinking, was the starting
point for imaging techniques later developed for
use in cell biological studies such as photoacti-
vated localization microscopy (PALM) (Betzig
et al. 2006) and stochastic optical reconstruction
microscopy (STORM) (Rust et al. 2006; Huang
et al. 2008).

The results with myosin-5a using FIONA led
to the development of a model in which the
motor steps in a hand-over-hand motion, taking
alternating step sizes between 37 + 2x and
37 — 2x nm, where x is the distance along the
direction of motion between the dye and the
midpoint between the two heads (Yildiz et al.
2003) (Fig. 6.5). The same ‘“super-resolution”
localization method has been applied to other
cytoskeletal motor systems such as kinesin
(Yildiz et al. 2004a) and dynein (Reck-Peterson
et al. 2006).

6.4.2 Two Fluorophore Super-
Resolution Fluorescence
Imaging

With the development of FIONA, other single-
molecule localization methods to determine dis-
tances have emerged such as Single-molecule
High-Resolution Imaging with Photobleaching
(SHRImMP) (Gordon et al. 2004) and NAnometer-
Localized Multiple Single-molecule fluorescence
microscopy (NALMS) (Qu et al. 2004). These
methods were conceived to measure distances
between two identical fluorophores in the range of
10-200 nm using photobleaching. Similarly,
Single-molecule High REsolution Colocalization
(SHREC) was developed to measure intramolecu-
lar distances using two different fluorophores
(Churchman et al. 2005). Both SHRImP and
SHREC have been used extensively to observe the
stepping mechanics of myosin-5a and myosin-6
(Churchman et al. 2005; Warshaw et al. 2005;
Balci et al. 2005). Figure 6.6 shows an example of
a dual Qdot-labeled myosin-5a with head spacing
of ~36 nm measured by the distances between the
two Qdots, and step size of 72 nm calculated from
tracking one Qdot over time.

6.4.3 polTIRF

Nanometer measurements of intramolecular
domain distances and stepping patterns have
been extremely useful for understanding how
motor proteins work. Moreover, detecting the
rotational dynamics of myosins has been another
direction for single-molecule fluorescence
microscopy development that has advanced our
understanding of the mechanisms behind force
and motion generation in myosins. On this ave-
nue, fluorescence polarization techniques have
been used extensively to probe the angular
changes of the lever arm domain of myosins
during their enzymatic cycle. polTIRF or polar-
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Fig. 6.4 FIONA example — Cy3. (a) Point-spread func-
tions (PSF) of individual Cy3 molecules attached to a cov-
erslip with 0.5 s integration time. (b) Gaussian fit to the
PSF, with center position determined at 1.3 nm precision.
Width of PSF is 287 nm. (c and d) Coverslip with Cy3 dye

ization Total Internal Reflection Fluorescence
microscopy (Fig. 6.7) is an imaging modality that
takes advantage of the polarized characteristic of
the emission dipole of the fluorophore with
respect to the excitation laser or incident light
source. polTIRF microscopy has been performed
using a prism-type TIRF microscope arrange-
ment, allowing complex combinations of multi-
ple input laser paths and polarizations for
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molecules were moved using the piezo-stage, using a con-
stant or a Poisson distributed rate, while the PSF of the
dyes were tracked. Precision is approximately 1 nm.
(Diagram reproduced from Yildiz et al. 2003. Copyright
2003 Science/AAAS)

fluorophore excitation in the field-of-view of the
microscope. Emission of the fluorophores in dif-
ferent polarizations are monitored using ava-
lanche photodiodes (APDs). Using this method,
it was possible to measure the rotational motion
of a fluorophore (bifunctional rhodamine)
attached to the calmodulin on the lever arms of
myosin-5 (Forkey et al. 2003) and myosin-6 (Sun
et al. 2007), as well as myosin-10 (Sun et al.
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Fig. 6.5 FIONA example — Myosin-5a. Stepping trajec-
tory of three different myosin-5a molecules, displaying
~74 nm steps since only one of the lever arms was labeled
with a bifunctional rhodamine or Cy3 dye. Histogram of

all steps (inset) confirms an average step size of ~74-nm.
(Diagram reproduced from Yildiz et al. 2003. Copyright
2003 Science/AAAS)
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Fig. 6.6 SHREC — Myosin-5a with Qdots. Myosin-5a
with a biotinylation site on the motor domain was labeled
with Qdot 565 (Green) and Qdot 655 (Red). Upper left
image shows the averaged Qdot images for the steps
labeled A to D with the two-color images offset vertically
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for clarity. The yellow lines emphasize the alternating
relative head positions. Inset histograms show inter-head
spacing (~36 nm average) and step-size (~72 nm average).
(Diagram reproduced from Warshaw et al. 2005.
Copyright 2005 Elsevier BV)
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Fig. 6.7 polTIRF-scheme and myosin-5a. (a) Scheme
for single-molecule polTIRF setup. Dual path illumina-
tion of an input laser is used to create an evanescent wave
at the sample surface using a prism —type TIRF micro-
scope. Emission of a fluorophore is collected using an
objective lens and passed through a polarization splitting
prism. A pair of avalanche photodiodes is used to collect
the x- and y-polarized fluorescent emissions. This config-
uration of the polTIRF allows collection of 8 different
combinations of polarized excitation/emission intensities.
Further analysis of these measurements allows interpreta-
tion of single-molecule rotational motion of the studied
fluorophores. (Image from Rosenberg et al. 2005.
Copyright 2005 American Chemical Society). (b) polT-
IRF data of a single molecule of myosin-5a labeled with a
bifunctional rhodamine-labeled calmodulin moving along
an actin filament. Polarized fluorescence intensities (s /

2010). More details can be found in the following
articles and reviews about this method (Forkey
et al. 2000, 2003; Beausang et al. 2012, 2013).

6.4.4 DOPI

DOPI, or Defocused Orientation and Position
Imaging, another twist on the single-molecule
localization method (Toprak et al. 2006), was

2 fimete °

and , / ; units = photocounts per 10 ms gate) and total
intensity (/ ; units = photocounts per 40 ms cycle) are
shown (upper four graphs). The first subscripts, ;_and , ,
describe the linear excitation polarizations along the x-
and y- axes and the excitation polarizations approximately
along the z-axis, respectively. The second subscripts rep-
resent the detection polarization in the x- and y-axes of the
experimental coordinate system. Measurements are used
to define the motion of the labeled calmodulin bound to
myosin-5a during translocation via the f, o and & angles
(represented as red, green and blue; lower two graphs).
The P angle shows two distinct angles of the probe, repre-
senting the tilting of the lever arm between two structural
states. The inset (bottom right) defines these angles rela-
tive to the actin filament and the polTIRF apparatus coor-
dinate systems as shown. (Images from Forkey et al. 2003.
Copyright 2003 Nature Publishing Group)

developed to quantify the rotational motion, or
orientation, of a fluorescent probe while simulta-
neously measuring its position. The rotational
orientation of the fluorophore was determined by
imaging a defocused PSF (Fig. 6.8). By tracking
the translational and rotational motion of a single
bifunctional rhodamine probe attached to one of
the calmodulins of the light-chain binding
domain (LCBD) of myosin-5, it was found that
the rhodamine probe dwelled in two distinct ori-
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Fig. 6.8 DOPI — Myosin-5a. (a) Actin-based coordi-
nate system used to analyze the relative motion of the
dye attached to myosin-5a. (b) Cartoon of myosin-5
undergoing two steps, showing the tilting emission
dipoles of the dye attached to one of its IQ motifs
(orange arrow). (¢) DOPI (3D orientation) and FIONA
(displacement) data for single molecules of myosin-5a.
Figures show data from two different myosin-5a mole-
cules stepping on average 64—10 nm (first step — second

entations. These dwells coincided with two dis-
tinct step sizes which could be explained by the
asymmetric positioning of the calmodulin bound
to one of the myosin-5 heavy chain’s LCBD on
the lever arm, which was then alternating between
the leading and trailing position.

6.5 Scattering-Based Microscopy

The field has gained considerable insight into the
molecular details of myosin stepping mecha-
nisms from single-molecule fluorescence stud-
ies. However, some of the conformational
transitions in myosins, such as the diffusive
period of a detached motor domain during a pro-
cessive walk, happen at the timescale of a few
ms down to ps. Although fluorescence-based
imaging has enabled the localization of single
motors down to a precision of a nanometer (see

+Z (optical

©= 60° 0= 60° @= 60° O= 75° O@= 75°

150 ©=360" ®=116° ®=360° ©=134° P=350° ce .........
;E; 69nm
£ 100
§ 12n
% S0dsanananennal s e e
=] 58nm
8n Q

time(sec)

step). The differences in stepping distances are due to
the multiple positions where the labeled calmodulins
can be bound on the lever arm. Upper panels are the
images of the labeled myosin-5a. Second panel from
top are the FIONA stepping data. Third and fourth from
top show the § and a angles determined from fitting the
images in the top panel. (Images from Toprak et al.
2006. Copyright 2006 National Academy of Sciences,
USA)

FIONA), the fundamental physics of the fluores-
cent process eventually limit the achievable pre-
cision and time resolution as it becomes more
and more difficult to capture a sufficient number
of photons (Eq. 6.3). The maximum speed of the
excitation-emission cycle of a fluorophore is dic-
tated by its photophysics. Many fluorophores
can also return to their ground-state without
emitting a photon at all. Oxidative stress and
photobleaching further hamper the quest for an
ever-higher imaging speed that requires more
and more incident light.

The process of light scattering is not affected
by these fundamental limits of fluorescence, as
the number of scattered photons simply scales
with the number of incident photons. Theoretically,
the detection in scattering is therefore only lim-
ited by the light intensity that can be directed onto
the sample. In practice, however, scattering-based
detection has a major disadvantage over fluores-
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cence, which has probably been the main reason
for its lower popularity. While the signal in fluo-
rescence measurements is specifically generated
by the fluorophore and all background signal is
suppressed through optical filters, scattered light
is produced by all species in a sample, which
therefore all contribute to the detected signal. This
makes it crucial for scattering-based single-mole-
cule studies to have a strategy for removal of any
unwanted background.

As mentioned in previous chapters, most
single-molecule myosin experiments operate at a
glass-water interface (Deniz et al. 2007). If light
is directed onto such a sample, a glass-water
interface will reflect 0.4% of the incident illumi-
nation (Hecht 1998). The light that is not reflected
will then be scattered by any object with a differ-
ent refractive index to the surrounding medium,
in this case, the aqueous solution. The intensity,
1,.., detected by the camera depends on the ampli-
tudes of the reflected electric field including other
background light, E,, and the scattered electric
field, E,, as well as their relative phases ¢:

I, =

det

"=|E,| +[E,| +2

E +E,

Er

E, | cos@
(6.4)

Equation (6.4) shows the three contributions
to the detected intensity: the reference and back-
ground signal, IE%, the scattering signal, IE,?,
and an interference term, 2|E |[E lcos.

To date, researchers have used two different
scattering-based microscopic techniques to study
myosin dynamics, dark-field (DF) microscopy
and interferometric  scattering microscopy
(iSCAT).

Dark-field microscopes operate by reducing
the background light, IE.I%, so as to make the pure
scattering signal, IE,?, the dominant term in Eq.
(6.4). This produces a dark image with bright
scattering objects.

Interferometric scattering microscopy, on the
other hand, does not exclude all background light
and uses the large signal from the glass-water
interface as a reference field. For sufficiently
small scatters, [E > becomes negligible and there-
fore the detected signal is the interference term,
2IE|IE lcos, on top of a bright background, |E,*.

6.5.1 Dark-Field Microscopy

As early as 1903, scattering was used as a con-
trast mechanism to visualize colloidal gold parti-
cles (Siedentopf and Zsigmondy 1903). The
pioneering researchers used a so-called “ultrami-
croscope” to collect light from a sample at a 90°
angle from the illuminating beam path. This ear-
liest example highlights the general principle of
dark-field microscopy in which all background
light is rejected while the pure scattering contri-
bution is detected. In this regard, dark-field
microscopy is technically similar to fluorescence
microscopy, only the strategy of attenuating the
background illumination has to be adjusted, since
the scattered light is not spectrally shifted as it
usually is in fluorescence.

In modern commercial dark-field micro-
scopes, the illuminating light is usually focused
onto the sample through a condenser (Gage
1920) as shown in Fig. 6.9a by which the light
can be seamlessly shifted into and away from the
detecting optic. This way the user can easily
switch between bright- and dark-field imaging
(Fig. 6.9a).

Other more recent strategies use laser beams
that are coupled into the back focal plane of an
objective and illuminate the sample in total inter-
nal reflection (Nishikawa et al. 2010; Ueno et al.
2010; Mickolajczyk and Hancock 2018). The
illuminating beam in these setups is directed into
the objective using perforated mirrors (Nishikawa
et al. 2010; Ueno et al. 2010) or micro-mirrors
(Mickolajezyk and Hancock 2018) that leave
space for the scattering image to be picked up
into the detecting beam path while excluding the
illuminating light (Fig. 6.9b and c).

Revisiting Eq. (6.4), dark-field microscopy
rejects all background light from the sample and
collects the pure scattering signal, reducing the
expression to:

2 2 2
L, =|E,| =[E]| |s|". (6.5)
where E; is the electric field of incident light
upon the sample and s is the complex scattering
amplitude. As the scattering intensity is directly
proportional to the intensity of the incident light,
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Fig. 6.9 Dark-field microscopy setups. (a) Schematic
of commercial darkfield microscopes that are able to
gradually switch between dark-field and bright-field by
shifting the adjustable condenser. (b) TIRDF by Ueno
et al. 2010 with perforated mirror (PM). ND = neutral-
density filter, BE = beam expander, DP = diaphragm,

the signal obtained from objects in dark-field
microscopy can be arbitrarily increased through
higher incident light intensities. Lasers help in
this endeavor as they provide much higher pho-
ton fluxes than traditional non-coherent light
sources.

Compared to the signal generated by fluores-
cent probes, however, the scattered light from
most nano-objects has very low intensities.
According to Mie theory (Mie 1908; Wriedt
2012), the scattering amplitude, s, of a spherical
particle (diameter < 1.6\) scales (Baron and
Willeke 2001) as:

d €,-¢,

§~E&,T—

4 6.6
2 g, +2¢, 6.6)

where €, and €, are the dielectric constants of the
particle and its surrounding medium, respec-
tively, and d is the particle diameter. This means
that the detected scattering signal of a particle
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=/,
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M = mirror, L = lens. (¢) Micro-mirror (mm) TIRDF by
Mickolajczyk and Hancock 2018. M = mirror, L = lens,
PH = pinhole, Ir = iris, WP = half-wave-plate,
BB = beam blocker. (Images used with permission.
Copyright 2010 Elsevier BV and Copyright 2018 Nature
Springer)

decreases rapidly with its size. Following from
the two Egs. (6.5) and (6.6), a particle that
reduces its diameter by half will only generate
1/64th of the signal.

Most organic matter intrinsically has a very
similar dielectric constant to aqueous solutions,
which additionally exacerbates the detection of
single protein molecules using scattering as a
contrast mechanism. Therefore, it is common to
attach a marker to the molecule of interest that is
made from a material with stronger
polarizability.

Gold nanoparticles have become very popular
as molecular probes due to their surface plasmon
resonance effect. If gold particles are smaller
than the wavelength of light, their electrons can
be displaced within the gold lattice by the electric
field such that a dipole is generated (Fig. 6.10a).
The positively-charged ions in the lattice gener-
ate a restoring force making the electrons behave
like a harmonic oscillator (localized surface plas-
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Fig. 6.10 Dark-field microscopy — Myosin-5a and myo-
sin-6 experiments. (a) The electric field of light reso-
nantly excites a localized surface plasmon (LSP) in a
gold nanoparticle causing a strong scattering response.
(Illustration from Amendola et al. 2017. Copyright 2017
IOP Publishing Ltd.) (b—d) Tracking the motion of the
myosin-5 lever arm with millisecond time resolution. (b)
A myosin-5 dimer is labeled with a gold nanoparticle on
one of its lever arms through a biotin-streptavidin link-
age. The myosin-5-gold conjugate walks along surface-
immobilized actin. Light scattered by the gold particle is
collected by the objective. (¢) Sample data trace; 40 nm
gold, 3 mM ATP. Frames were taken every 0.32 ms
(blue); a 6.4 ms sliding average is shown in red. (d)

mon). The gold particles, therefore, act as “nano-
antennas” with certain resonance frequencies,
which depend on the surrounding medium and
particle size, and they scatter light strongly at
these frequencies (Amendola et al. 2017).

The strong scattering amplitude of gold parti-
cles has the additional advantage that their signal
dominates over the background scattering in an
aqueous sample and the species of interest can be
equally well followed as a fluorescently-labelled
molecule without any of the disadvantageous
effects such as blinking and photobleaching that
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Sample 49 nm substeps; 3125 Hz, 40 nm gold. The end of
the substep is indicated by an arrow. Each color corre-
sponds to an individual molecule. Note the increase in
variance during the substep. (¢) Dunn and Spudich swivel
model how the observed increase in standard deviation
for the gold location before each dwell can be explained.
(Illustrations in b—e reproduced from Dunn and Spudich
2007. Copyright 2007 Nature Publishing Group). (f)
Myosin-6 stepping model based on Qdot fluorescence
and gold particle dark-field tracking experiment by the
Yanagida laboratory. The myosin either steps in a hand-
over-hand (left) or inchworm-like fashion (right).
(Illustration from Nishikawa et al. 2010. Copyright 2010
Elsevier BV)

limit the achievable spatial and temporal resolu-
tion as discussed earlier.

The popularity of gold nanoparticles has led to
the development of surface modification chemis-
try that enables the attachment of protein mole-
cules to the gold particles. Thus, well-established
biomolecular labelling methods for attaching the
nanoparticles to the molecules of interest, such as
through biotin-streptavidin or biotin/NeutrAvidin,
are available.

Dunn and Spudich (Dunn and Spudich 2007)
demonstrated the superiority of dark-field imag-
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ing for the tracking of myosin motion in a study
where they attached 40-nm gold particles to the
lever arm of myosin-5 (Fig. 6.10b). Using this
strategy, they could follow the conformational
transitions of the motor during its processive runs
at frame rates up to 3125 Hz, which enabled them
to resolve the head motion in between the dwells
on the actin filaments (Fig. 6.10c and d). They
concluded that the detached head of myosin-5
freely pivots around the forward-leaning lever
arm of the attached head before rebinding to the
actin filament (Fig. 6.10e). They also noticed a
lateral displacement of 4-8 nm of the detached
head to the side of the actin filament axis
(Fig. 6.10e), which they attributed to an off-axis
contribution of the power stroke that could
explain the observation that myosin-5 walks in a
left-handed spiral (Ali et al. 2002). However,
they argued that the size of the gold particle in
this study could also have had a steric effect on
the motor causing this displacement.

A similar study was conducted by Nishikawa
and colleagues (Nishikawa et al. 2010) on myo-
sin-6. They tracked 40 nm NeutrAvidin-coated
gold particles attached to the biotinylated motor
domain of an artificially dimerized myosin-6 con-
struct with 2 nm localization precision at 37 ps
time resolution. These experiments revealed a
very distinct stepping behavior of the myosin in
which the motor switches between a hand-over-
hand and an inchworm-like mechanism. As the
dark-field experiments allowed the observation of
the detached state of the myosin head, the authors
were able to determine the respective lever arm
orientations during the two step types (Fig. 6.10f).

Even though dark-field microscopy appears to
be a valuable alternative to fluorescence micros-
copy and provides a deeper mechanistic under-
standing of the studied molecular system, the
technique has its limitations and pitfalls that
should be mentioned here.

First of all, scattering-based measurements
require a much more careful sample preparation
as larger particles on the glass surface and in
solution will have much greater impact on the
background signatures than in fluorescence
where the signal is specific to the labelled
molecules.

As the above two examples show, it is possi-
ble to achieve nm spatial precision at ps tempo-
ral resolution with modern dark-field setups. In
this time regime, however, the diffusional
motion of the gold particle around its tether
starts to be resolved and the ability to localize
the myosin domain structure may be limited by
this effect rather than by the localization preci-
sion for the gold itself. Therefore, it should be
carefully considered what time scales are rele-
vant for the chosen experiment and the average
time window should be as long as possible when
following a molecule’s motion (Young and
Kukura 2019).

A 40-nm gold particle is still a large marker
compared to most fluorescent dyes (< 1 nm) or
quantum dots (~10-20 nm), or even to the motor
itself. This may reduce labelling efficiency or ste-
rically interfere with the motor’s conformational
freedom. In order to minimally perturb the
labelled protein, it would be desirable to use
smaller nanoparticles or image entirely label-
free. As discussed earlier, the strong scaling of
the scattering signal with size makes it techni-
cally very challenging to achieve similar results
with smaller nanoparticles.

Another scattering-based imaging technique
called interferometric scattering microscopy cir-
cumvents the size scaling problem and enables
high signal-to-noise, non-resonant imaging of
smaller sized gold nanoparticles and even direct
detection of native, unlabeled biomolecules.

6.5.2 Interferometric Scattering

(iSCAT) Microscopy

If the goal is to image very small particles with a
low scattering amplitude, pure scattering as a
contrast mechanism quickly loses sensitivity. In
this case, it is beneficial to include the back-
ground light that is rejected in dark-field micros-
copy. If we inspect Eq. (6.4) again, we find that
the pure scattering term |E(* becomes negligible
for very small scatterers. However, the scattered
light interferes with the background light and
generates a signal defined by the third term
2IEIIElcosg, which scales linearly with the par-
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ticle volume and is therefore much more acces-
sible than the pure scattering signal.

This principle has originally been realized by
interference reflection microscopy (IRM) (Curtis
1964) or reflection interference contrast micros-
copy (RICM) (Ploem 1975). Its first biological
application was to investigate the adhesion of
cells to a glass substrate, because the technique
proved useful to probe the optical path differ-
ences along membrane-water-glass interfaces
(Curtis 1964; Limozin and Sengupta 2009).
Later, less complex systems were chosen to
enable more quantitative measurements (Rédler
and Sackmann 1993; Rédler et al. 1995). These
studies, however, did not achieve the signal-to-
noise ratios required for nanoparticle detection.
The advent of lasers finally enabled coherent illu-
mination at much higher light intensities. A
decade ago, the first laser-based setups, at this
point called interferometric scattering (iISCAT)
microscopes, were used to take non-fluorescent
images of single quantum dots (Kukura et al.
2009a) and to track a virus particle diffusing on a
lipid bilayer (Kukura et al. 2009b).

iSCAT’s ability to track single particles with
high spatial precision and temporal resolution
makes it an ideal tool for myosin motility assays.
A simple experimental setup is shown in
Fig. 6.11a. A collimated laser beam from a diode
laser is scanned over the sample by imaging a
deflection from two orthogonal acousto-optic
deflectors (AODs) producing a large, even illumi-
nation pattern. In order to separate the detection
and illumination beam paths, a polarizing beam
splitter (PBS) is used. It sends linearly polarized
illumination through a quarter waveplate (QWP)
and into the objective. The QWP circularly polar-
izes the light so upon reflection, the detected sig-
nal will be of an opposite handedness to the
illumination and therefore converted by the QWP
back into orthogonally linearly polarized light
which is then reflected into the detection pathway
by the PBS (Fig. 6.12). The image is captured by
an sCMOS camera.

As with dark-field microscopy, myosin-5a was
the first motor protein studied with iSCAT. The
enhanced sensitivity of iSCAT makes it feasible
to use smaller labels such as 20 nm gold nanopar-
ticles, which minimize steric perturbation of the

labeled motors. This allowed the Kukura group
(Andrecka et al. 2015) to track 20 nm gold parti-
cles directly attached to the motor domain of
myosin-5a without noticeably affecting its motion
at 1 kHz frame rate and 4 nm localization preci-
sion (Fig. 6.11b—g). The reduced noise on the
position of the detached head during myosin-5a’s
stepping cycle, compared to previous dark-field
experiments, revealed that rather than undergoing
a free 3D Brownian search, as suggested by the
Dunn and Spudich study (Dunn and Spudich
2007), it occupies a spatially constrained state
upon detachment of actin 40 nm off-axis and
about 24 nm above the plane of actin. This result
provided evidence that myosin-5 preserves the
angle between its lever arms through structural
constraints. It thereby reduces the degrees of free-
dom during its step which leads to a more directed
and efficient 2-dimensionally constrained search
for the next actin-binding site.

The study also observed a small rotation of the
N-terminal part of the bound motor domain dur-
ing its power stroke when the other head detaches.
This is one of the only times a structural transi-
tion during the power stroke has been directly
observed. The small rotation of the N-terminal
domain during the power stroke, the constrained
transient state of the unbound head together with
results from a correlative fluorescence — iSCAT
experiment (discussed later in this chapter) pro-
vide some interesting insight into how energy is
transferred through myosin-5a’s structure to lead
to concerted, efficient, unidirectional motion.

A study by Ortega Arroyo and colleagues
(Ortega Arroyo et al. 2014) has demonstrated that
iSCAT-based imaging can even be used to visual-
ize the motion of motor proteins without the need
for external markers. Through careful removal of
the static image background, the authors were
able to extract the small scattering signal of native,
single myosin-5a molecules (iISCAT contrast sig-
nal = 0.18%) and follow their movement along
actin filaments in real time (Fig. 6.13a—e). The
sensitivity was sufficiently high to reproduce the
characteristic 37 nm step of the motor (Fig. 6.13¢).

The sensitivity limit for label-free detection
of proteins ultimately comes down to how much
their signal can be raised above the measurement
noise level. Assuming one can achieve purely
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deflector, PBS = polarizing beam splitter, QWP = quarter-
wave-plate, O = objective (Diagram reproduced from
Ortega Arroyo et al. 2014.) (b—g) High-speed nanometric
tracking of myosin-5 with iSCAT microscopy. (b)
Distance traveled as a function of time for a single myo-
sin-5 molecule biotinylated at the N-terminus and labeled
with a 20 nm streptavidin-functionalized gold particle.
The lateral localisation precision, o, defined as the stan-
dard deviation of the positional fluctuations of the label
while bound to actin is given above each of the actin-

shot-noise limited detection on a camera, which
is possible using smart background removal
strategies, the signal-to-noise ratio, (SNR), for a
molecule is a function of its interferometric scat-
tering contrast and the number of acquired pho-
tons, N.

2D-trajectory with the arrow indicating the direction of
movement. (d—f) Close-up of the transient states indicated
in B and C. ATP concentration: 10 pM. Scale bar: 50 nm.
Imaging speed: 1000 frames/s. (g) Two states of the motor
domain during myosin movement. Sample 2D trajectories
for a 20 nm gold particle immobilised on the surface (left)
and attached to the N-terminus of myosin-5a (right). The
arrow indicates the direction of myosin movement.
(Illustrations in B-G reproduced from Andrecka et al.
2015. Copyright 2015 eLife Science Publication)

iSCAT signal
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One strategy for improving the SNR is there-
fore to accumulate more photons from a sample,
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Fig. 6.12 Polarization-based separation of illuminating
light from the detection path in iSCAT. (Top) S-polarized
laser illumination is reflected by the polarizing beam split-
ter (PBS) and converted to circularly polarized light by
the quarter waveplate (QWP). (Bottom) Reflected light

i.e., measure at higher light intensities. Higher
photon fluxes can be captured on cameras with
high photon capacities and by distributing the
signal over many frames and pixels. However,
this approach has its limitations, especially
because most cameras with high photon capaci-
ties have low quantum yields making them less
efficient for collecting the incident light. It would
require the detection of 10% photoelectrons to
detect a signal that is 0.1% of the background
illumination with an SNR of 10, but most cam-
eras fail to provide a well capacity beyond 10°
photoelectrons (Cole et al. 2017).

The alternative strategy would be to increase
the contrast of a molecule while capturing the
same number of photons. The iSCAT contrast of
a particle is determined by the ratio between its
signal, I, and the background intensity, Ly,
which according to Eq. (6.4) is:

_ |r|2 + 2|r||s|cos<p
|2

et

1 d
contrast = —
bkg |7’

(6.8)
2|s|cos ¢
el b
i

where Irl* is the reflectivity of the interface that
provides the reference light. The contrast of a
molecule can thus be increased by selectively
reducing the amount of detected back-reflections
from the sample. Technically, this is possible by
making use of the fact that most of the signal from
small scatterers is collected at high angles in the
objective while the background light is evenly

Qwp

Sample

S-polarised

Camera

from the sample returns with opposite handedness circu-
larly polarised, is converted to p-polarized light by the
QWP and transmitted by the PBS, effectively separating
illumination and detection paths

distributed over all angles of detection (typically
the low numerical aperture of the objective) (Lee
et al. 2011). By placing a partial reflective mirror
into the back focal plane of the objective that
attenuates the low numerical aperture contribu-
tions to the image, the contrast of scattering
objects will be selectively enhanced (Cole et al.
2017; Liebel et al. 2017). This procedure does not
by itself improve the SNR due to the concomitant
loss of detected photons on the camera, but this
can be compensated for by increasing the illumi-
nation intensity accordingly. The major advantage
of this strategy is that by using the right combina-
tion of illumination intensity and reflectance of
the mirror, cameras do not require extremely high
well depths and the photons can be captured more
efficiently. Figure 6.13f-h illustrates this
approach schematically.

These recent technological advances in iSCAT
microscopy have enabled high SNR, label-free
imaging of proteins across most of the relevant
size range. The ability to detect and accurately
determine the interferometric contrast of individ-
ual proteins opens up another very exciting pos-
sibility. As most proteins have a very similar
refractive index and specific volume, their con-
trast scales linearly with their mass (Piliarik and
Sandoghdar 2014; Young et al. 2018). This can be
used to generate mass spectra of protein samples
in solution (Young et al. 2018). Since the contrast
of each molecule can be determined very accu-
rately, the size distributions obtained using this
so-called mass photometry approach have better
resolution than ensemble-based measurements
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Fig. 6.13 Label-free iSCAT. (a—d) Interferometric scat-
tering detection of myosin S5a HMM at the single-molecule
level. (a) Sequence containing M iSCAT images, x;, of
actin filaments on a microscope cover glass in the pres-
ence of myosin-5a HMM. (b) An image containing purely
stationary iSCAT features obtained by taking the median
or averaging over the sequence of images in (a). (c)
Sequence of M differential iSCAT images, y;, obtained by
subtracting the stationary iSCAT features from the image
sequence in (a). (d) Time-averaged differential images
generated by binning N = 170 consecutive frames together.
Note the order-of-magnitude decrease in z-scale from (c)
to (d). Scale bars: 1 pm (black line). (e) Distance traveled
for a single myosin-5a molecule with contrast of 0.31% at
10 pM ATP concentration. Imaging speed: 1 kHz aver-
aged to 25 Hz. (Illustrations in a—e reproduced from
Ortega Arroyo et al. 2014. Copyright 2014 ACS
Publication.) (f-h) Concept and experimental realization
of numerical aperture filtered interferometric scattering
microscopy (iISCAT). (f) Emission pattern of a nanoscopic

like dynamic light scattering (DLS), size-
exclusion chromatography (SEC) and analytical
ultracentrifugation (AUC). Figure 6.131-K illus-
trates this mass photometry approach, including
the quality of data which can be achieved with
this method.

400 600 2 a_
Sequence mass /kDa Conltrast /107
scatterer at a glass—water interface emerging from the
back aperture of a high-numerical-aperture (1.42) micro-
scope objective for circularly polarized illumination. The
semi-transparent circle indicates the region occupied by a
partial reflector shown in the schematic experimental
setup in g (g). Schematic of a numerical aperture-filtered
iSCAT microscope. WFL = wide-field lens, BFP = back
focal plane, OBJ = objective, PR = partial reflector,
L =lens. (h) Emission density as a function of numerical
aperture, with the gray area indicating the region attenu-
ated by the partial reflector. (Illustrations in f-h repro-
duced from Cole et al. 2017. Copyright 2017 ACS
Publication.) (i-k) Principle of iSCAT-based mass pho-
tometry. (i) Linear relationship between interferometric
contrast and protein mass as determined using the stan-
dard proteins in j and k. (j) Size-distributions of the indi-
cated standard proteins. (k) Exemplary point spread
functions representing the protein peaks in j. (Diagrams in
i—k modified from Young et al. 2018. Copyright 2018
Science)

Young et al. (2018) demonstrated that mass
photometry can be used to investigate complex
binding equilibria. In the future, the technique may
therefore prove very useful to investigate the inter-
action of myosins with interaction partners, which
has become a stronger effort in the field over the
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past years. If mass sensitivity were combined with
simultaneous single-particle tracking, iSCAT
could become a very powerful tool for the investi-
gation of reconstituted physiological myosin com-
plexes and their motility entirely label-free.

6.6  Single-Molecule Force
Measurements
6.6.1 Introduction

Considerable information about the functional
principles of myosin motors has been extracted
from single-molecule imaging methods. Only
observing a motor, however, gives a superficial
understanding of the way it works. The chemo-
mechanical cycle of a myosin after all is designed
to produce directed force that overcomes the ran-
dom nature of processes in solution and facili-
tates coordinated motion in all living beings. A
single myosin motor produces forces on the scale
of pico-Newtons and displacements in the order
of nanometers, but the sum of these small indi-
vidual contributions can lead to macroscopic
force production and displacements such as dur-
ing muscle contraction.

If the goal is to understand the smallest com-
ponents of a large-scale motor assembly on a
molecular level and how force and motion are
produced by its basic building blocks, it requires
techniques that are sufficiently sensitive to detect
pico-Newton forces and nanometer displace-
ments that are able to interact with the motors
under investigation.

The following sections will introduce a num-
ber of methods that have been employed in the
myosin field to measure forces and displacements
on a single-molecule level.

6.6.2 Glass Microneedles and ZnO
Whisker Crystal Scanning
Probe

The first force measurements of actomyosin
interactions were performed using a thin glass
microneedle (~300 nm in diameter) (Fig. 6.14a

and b) made from a larger (I-mm diameter) glass
rod. The needle-like extension was generated
using a glass pipette puller (Kishino and Yanagida
1988) and had previously been used for microtu-
bule sliding force measurements in flagella
(Kamimura and Takahashi 1981). Biomolecules,
such as actin or myosin, can be attached to the
glass microneedle, and when an external force is
applied, the microneedle will bend (Fig. 6.14a).
Therefore, it can be used as a sensor for exter-
nally applied forces. The advantage of using a
microneedle for force measurements is that it
does not require any special optics, i.e., micronee-
dles can be combined with an existing micro-
scope equipped with fluorescence optics.
However, it does have its disadvantages, such as
the fragility of the needles, and that every needle
needs to be calibrated for use in force measure-
ment. The time resolution achieved by using a
microneedle can be up to ~1 ms by making it stiff
and short (Ishijima et al. 1996), but drag forces
imposed onto the needle make it inferior to other
methods described later in this chapter.

Kishino and Yanagida (1988) measured the
tensile strength of tetramethyl-rhodamine
phalloidin-stabilized actin filaments (~110 pN),
thin filaments (actin filaments decorated with
tropomyosin and troponin) (~120 pN), as well as
the force production by full-length rabbit skeletal
muscle myosin-2 and the subfragment-1 (S1)
actomyosin. They concluded that double-headed
(i.e., full-length) and single-headed proteins (i.e.,
S1) generated ~0.2 pN force per head/motor
domain. Note that these force values for individ-
ual motors were inferred from an ensemble
experiment, whereby the force was measured
with a microneedle attached to a single actin fila-
ment that was pulled by a “bed of myosins”. The
number of myosins attached to the surface in
these studies was estimated based on the concen-
tration used to coat the surface and used to calcu-
late an “average” force from an individual
molecule (Kishino and Yanagida 1988; Ishijima
et al. 1991). A variation of the glass microneedle
technique (Ishijima et al. 1994, 1996) was used
later to probe single molecules of myosin-2
incorporated inside a “synthetic filament” com-
posed of mostly tail domains of myosin-2.
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50=100 pm

Fig. 6.14 Glass microneedle: actin and myosin-2. (a)
Ilustration of a glass microneedle assay. A single actin
filament is attached to the end of the glass microneedle,
~50-100 pm long, and dragged along the myosin-2 coated
surface. (b) Image of the glass microneedle using a dark-

A zinc oxide (ZnO) crystal whisker scanning
probe (Kitamura et al. 1999) was used as an
improvement to the glass microneedle method,
where a 5-7 pm long crystal with a 15 nm tip
was used to attach a single S1 fragment of myo-
sin-2 (Fig. 6.15). Rather than attaching an actin
filament to a glass microneedle, actin was
attached to a glass surface of an experimental
chamber for this assay. This ZnO scanning probe
instrument was also coupled to a TIRF micro-
scope to allow a combination of force measure-
ment using the ZnO scanning probe and
fluorescence imaging to image the fluorescent
myosin. The latter was used to ensure that the

field microscope. (¢) Schematic diagram of the high-
resolution force and displacement measurement system
using a microneedle transducer. (Diagrams reproduced
from Ishijima et al. 1991, 1996. Copyright 1991 Nature
Publishing Group and copyright 1996 Elsevier BV)

force measurements were taken with a single
myosin on the tip. The study showed that a sin-
gle S1 fragment of myosin-2 could take multi-
ple, unidirectional, successive steps per actin
encounter, varying from ~5 to ~30 nm, with an
average step size of ~5.3 nm. These results indi-
cated the possibility that the myosin head may be
able to store energy from ATP hydrolysis and
later release it productively in several packets of
work. Measurements using an S1 fragment of
myosin-5 was shown to behave similarly to make
unidirectional, successive steps per actin encoun-
ter with an average step size of ~5.3 nm (Okada
et al. 2007).
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Single-molecule imaging

Fig. 6.15 ZnO whisker with myosin-2 subfragment-1
(S1) on tip. Scheme of the experiment is shown. A single
myosin-2 S1 fragment, which was biotinlylated and
labeled with a Cy3 dye, was attached to the tip of the ZnO
whisker attached to a glass microneedle. Under TIRF illu-
mination, the single myosin-2 S1 fragment can be manip-

More details on the glass microneedle and
ZnO crystal whisker scanning probe can be found
in this methods article (Yanagida et al. 2011).

6.6.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is another scan-
ning probe microscopy method that has been
used for decades for biophysical studies. AFM
can be used for measuring forces and imaging
molecules, as well as for manipulations.

In brief, AFM is dependent on the measure-
ment of interactions between the sample surface
and a probe, which is usually a thin tip. This tip is
attached to a flexible cantilever that is bent as the
tip interacts with the surface. There are different
modes of how the tip can be used to probe. It can
be brought into contact with the surface in order
to sense a repelling force depending on the height
of the surface. Alternatively, the tip can be held in
close proximity and will experience attractive
interactions. Another common method is to let
the tip oscillate above the specimen. Detection of

ulated onto the actin bundle while visualizing the Cy3
dye, and simultaneously, the ZnO whisker is used for
nanometry to measure the force generation of a myosin-
2 S1 in the presence of ATP. (Diagram reproduced from
Kitamura et al. 1999. Copyright 1999 Nature Publishing
Group.)

cantilever bending is detected via a laser focused
onto the back of the cantilever and imaging the
reflection of that laser beam on a photodiode.
Changes in the position of the reflected laser
beam on the photodiode are used to measure the
interaction of the tip with the sample.

A basic scheme of an AFM is illustrated in
Fig. 6.16 (Santos and Castanho 2004). The sam-
ple is attached to a piezo scanner, which can be
moved at angstrom levels in order to generate an
image of the surface topology at nm resolution.
The AFM setup is usually coupled to an optical
microscope for positioning the probe onto a field
of interest.

As the bending of the cantilever is propor-
tional to the interaction force between the tip and
its substrate, the technique can also be used to
measure forces. A traditional AFM detects forces
between 1077 and 107> N (Neuman and Nagy
2008).

The AFM is truly a useful method to measure
forces of molecular interactions, however, due to
the geometric constraints of how the AFM is set
up with an optical microscope, it is hard to mea-
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Fig. 6.16 Atomic force microscopy overview. A sche-
matic representation of the components for an AFM setup.
A cantilever with an “AFM tip” to probe the sample.
Bending or twisting of the cantilever is detected by focus-
ing a laser onto the cantilever face, opposite to the AFM
tip. The reflection of the beam is focused onto a photodi-
ode to detect forces in the range of 10~7to 10~'2N. Scanning
can be performed by moving the probe or the sample
using a piezo-scanner, and usually with some variation of
a feedback mechanism. Computer control is required for
scanning as well as detection. (Diagram reproduced from
Santos and Castanho 2004. Copyright 2004 Elsevier BV)

sure the mechanics or locomotion of a myosin.
However, the method has been used to compare
the elasticity of the tail domains of processive
and non-processive myosin-5 at the single-
molecule level (Nagy et al. 2009).

As mentioned above, an AFM can be used as a
molecular imaging technique rather than for
measuring forces between molecules. Technical
advances in scanning speed and probing mecha-
nism have led to the development of “high-speed”

107

AFMs that achieve imaging speeds close to video
rate. High-speed AFM has been used to directly
observe single molecules of myosin-5 as they
move on actin filaments, while actually resolving
the structure of the protein (Kodera et al. 2010;
Kodera and Ando 2018). The researchers in these
studies were capable of visualizing myosin-5
translocation at ~7 frames-per-second (FPS) of a
field-of-view (FOV) of ~100 x 100 nm?, with a
typical spatial resolution of ~2-3 nm in the lat-
eral direction and ~0.15 nm in the vertical direc-
tion (Ando et al. 2013; Ando 2018). This
incredible method, which is further discussed in
Chap. 7 of this book, can be applied to studying
many biomolecular systems, making it possible
to directly watch motion and interactions at a
molecular scale in action. It is a valuable tool that
will surely be in the spotlight for many years in
the single-molecule biophysics field (Ando 2014;
Uchihashi and Scheuring 2018).

6.6.4 Optical Trap Measurements

The optical-trapping technique, invented by
Arthur Ashkin in the mid 1970’s, has been used
widely in the biophysics field to study the detailed
force-generating mechanism of molecular
motors. Ashkin was one of three scientists who
were awarded the 2018 Nobel prize in physics for
creating groundbreaking tools from beams of
light. Ashkin discovered that the momentum of
light can be used as an extremely sensitive “trap”
or “tweezers” to manipulate small particles.
Optical trapping started as “optical levitation”
(Ashkin and Dziedzic 1975, 1985) whereby lig-
uid droplets or particles could be trapped in air
using the radiation pressure created by a laser
beam. This is due to the fact that photons possess
a momentum, p, that is dependent on their wave-
length, and can be expressed as
h
|pl= ©.9)
where h is the Planck constant. Thus, when a
beam passes through a dielectric particle, such as
a polystyrene bead with a refractive index (n)
greater than the surrounding medium, it is
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refracted away from the direction of the incident
beam with a corresponding change in momentum
of the laser. Due to conservation of momentum,
there is an equal change in the momentum of the
bead pointing into the opposite direction of the
change in momentum of the laser beam. The
momentum change leads to a force on the bead.
The geometry of a laser focus is such that the net
force on the particle directs it toward the center of
the focus, where it will be trapped.

Another way to describe this effect is based on
the particle’s polarizability y. The light’s electric
field induces an electric dipole moment p,,. in
the particle, expressed as

P = XE (6.10)

Thus, the force F on the particle in the electric
field gradient of the light is

F=p,VE=yEVE (6.11)

This means that small particles will be drawn
along the electric field intensity gradient, which
pulls them into the focus of the beam. By focus-
ing a beam of light to a diffraction limited spot,
i.e., with a high numerical aperture objective
lens, one can create a large electric field gradient
to effectively immobilize the particles.

Eventually, Ashkin found that this method
could also be used to optically “trap” a dielectric
particle in three dimensions in water (Ashkin
et al. 1986). Following this finding, he published
numerous papers putting forth the elementary
steps to using optical traps as a quantitative tool
to measure biological mechanics and kinetics. He
first showed that the optical trapping technique
could be applied to the trapping of viruses and
bacteria (Ashkin and Dziedzic 1987) using a spa-
tially filtered argon laser (wavelength = 5145 A).
He then changed the wavelength of the laser to an
infra-red regime (1.06 pm neodymium-doped
yttrium aluminum garnet, Nd:YAG) to minimize
optical damage to live specimens and showed
that the technique could be used to trap cells such
as yeast and red blood cells (Ashkin et al. 1986)
without altering their growth rate (for yeast), or
flexibility and shape (for red blood -cells).
Furthermore, Ashkin showed that organelles
inside the plant cytoplasm (Ashkin and Dziedzic

1989), as well as in amoebae (Ashkin et al. 1990),
could be trapped to perform “laser surgery” to
pick up structures inside cells or to measure
escape forces of organelles/mitochondria that
were suspected to move via microtubule-based
motors, such as kinesin and dynein. An illustra-
tion of the early custom-made optical-trapping
setup is shown as Fig. 6.17.

Apart from these cell-based applications, opti-
cal trapping allows for the manipulation of parti-
cles such as polystyrene or silica beads, which
can be used as handles for proteins or other mol-
ecules. Unlike the microneedle transducer
explained previously, the optical trap provides
more freedom to manipulate these particles giv-
ing versatility to the assay geometry. Furthermore,
the trapped particle with biomolecules attached
exerts substantially lower drag force than the
long microneedle due to the smaller particle size
(i.e. 1 pm polystyrene beads).

While optical traps are useful as tools for the
micromanipulation of small objects, they can be
used as a very sensitive force sensor, too. At its
simplest description, the optical trap functions as
a very weak Hookean spring, which confines a
particle within its three-dimensional potential
well. The force F exerted on a displaced particle
according to Hook’s law is

F=—k-x, (6.12)

where k is the spring constant/optical trap stiff-
ness and x is the displacement of the particle
from the center of the optical trap. The force
exerted on the trapped particle can be directly
measured through its displacement if the trap
stiffness is known. It is worth noting that this
relationship only works for small distances from
the trap center (~200-300 nm). Usually, either
the bead image or the laser scattered by the
trapped bead is monitored using a quadrant photo
diode (Visscher et al. 1996) (Fig. 6.18).

6.6.4.1 Optical Trap Force Calibration

As the trap stiffness, k, depends on many differ-
ent parameters like the objective’s numerical
aperture, the wavelength of the laser, the laser
intensity and the refractive indices of particle and
medium, its value is wusually determined
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Fig.6.17 Optical
trapping overview. A
schematic diagram of
the combined high-
resolution optical
microscope and

1.06 mm infra-red laser
trap for observing,
manipulating and
separating bacteria and
other organisms.

L =lens; BS = beam
splitter; WI

OBJ = 1.25 N.A. water
immersion objective
lens; CL = condenser
lens. I = illuminator;

E = eye piece;

VC = video camera;

P = trapping beam
focused at point P.
(Diagram reproduced
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Copyright 1987 Nature
Publishing Group)
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empirically for a given particle/trap speci-
men. This procedure is referred to as a force
calibration.

The simplest way of calculating the trap stift-
ness from a sample record of the statistical posi-
tion fluctuations of a bead in a trap works through
considering the equipartition theorem (Neuman
and Block 2004), which predicts that the transla-
tional freedom of a particle in one dimension
based on thermal fluctuations is Y2k, T, where k;, is
the Boltzmann constant and T is the absolute
temperature. Without external perturbations, a
bead in an optical trap will therefore fluctuate
within the spring potential ¥2 k < x*> > up to values
of Y2k, T.

Bacteria

%kxz =%ka

(6.13)

(6.14)

The trap stiffness k can thus be directly calcu-
lated from the bead’s mean squared displacement
<x%>. The disadvantage of this simple method is
that the value of the trap stiffness depends on the
accuracy of the displacement measurements,
which are themselves determined through a cali-
bration. Moreover, additional noise sources (e.g.,
localization noise, read noise from the position
detector, drift) contribute to the value of <x>> and
lead to an underestimation of the trap stiffness.
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Optical axis

Refraction of light interacting with a
bead near the focus of a laser beam

Fig. 6.18 Optical trapping ray diagrams and detection.
(a) Ray optics sketch of light rays within a focused laser
light illustrated in a red gradient. The laser is refracted
through the bead that is trapped showing the three differ-
ent gray light paths. The width of the gray arrows indi-
cates the strength of the light intensity, which is highest
through the optical axis. (b) Deflection of each photon
results in a momentum change and a transfer of that
momentum onto the bead. The arrows between the origi-
nal photon momentum (solid lines) and the deflected pho-

Due to these shortcomings, it has become
more common to determine the trap stiffness
using the power spectrum of a bead’s position
fluctuations (Visscher et al. 1996; Gittes and
Schmidt 1998; Neuman and Block 2004). This
method does not require absolute position values
to determine the trap stiffness. The Fourier trans-
form or power-spectrum of the position fluctua-
tions of an optically trapped bead usually shows
a flat distribution at low frequencies (Fig. 6.19),
which reflects the particle’s restricted motion in
the focused laser beam. The particle is not
restricted by the trap at high frequencies resulting
in an exponential decay of the power spectrum as
usual for a freely diffusing particle (Fig. 6.19).
This behavior is commonly described with a
Lorentzian function.

D

= (6.15)
71'2 (fcz +f2)

S(f)

where D = k,T/y is the diffusion coefficient for a
spherical particle with the drag coefficient
y = 6nnr, the viscosity of the surrounding liquid,
1, and the radius of the particle, r. The cut-off
frequency (also called corner or roll-off fre-
quency), f., is a characteristic frequency that
describes where the spectrum drops off and

Momentum transfer on each photon

~——— 40D position
—=a detector

RL: i Condenser

Fz

Total force h;

E 1

ch;mber

Index-matching
immersion oil [

Microscope
objective

Total force on the bead I Trapping
laser

ton momentum (dashed lines) illustrate the momentum
transfer for each photon. (¢) The total momentum transfer
over time on all deflected photons from the three rays
equals the force exerted onto the bead, shown in blue. (d)
Position and force detection by back-focal-plane interfer-
ometry using a quadrant photodiode (4QD) placed after
the microscope condenser so that it collects the deflected
laser light and detects angular shifts in the transmitted
trapping light. (Diagram reproduced from Veigel and
Schmidt 2011. Copyright 2011 Nature Publishing Group)

depends on the trap stiffness, k, in the following
way:

k

= 6.16
¥ (6.16)

The cut-off frequency, and thus the trap stiff-
ness, can be determined by fitting the Lorentzian
in Eq. (6.15) to an experimental power spectrum
of the bead/trap combination that is meant to be
calibrated.

The Lorentzian in Eq. (6.15) is an approxima-
tion that only holds when the sampling rate of the
detection system is considerably higher than the
cut-off frequency of the trapped bead, which
ensures that the power spectrum can be deter-
mined reliably over a sufficient spectral fre-
quency range. This may not be fulfilled when
operating at high trap stiffness and the simple
Lorentzian will systematically underestimate the
cut-off frequency and thus the trap stiffness.
Berg-Sgrensen and Flyvbjerg (2004) have intro-
duced an improved expression for the power
spectrum that takes into account the frequency
dependence of viscous drag on the particle and
the effects of the sampling frequency and signal
filtering during acquisition on the resulting
experimental power spectrum. They provide a
MATLAB routine that can be used to fit data
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Fig. 6.19 Optical trap calibration. Power spectrum of a
trapped bead. Power spectrum of a 0.5 pm polystyrene
bead trapped 1.2 pm above the surface of the trapping
chamber recorded with a position-sensitive detector (gray
dots). The raw power spectrum was averaged over 256-Hz
windows on the frequency axis (black circles) and fit
(black line) to a Lorentzian function [Eq. (6.15)] corrected
for the effects of the antialiasing filter, frequency-
dependent hydrodynamic effects, and finite sampling fre-
quency, as described by Berg-Sgrensen and Flyvbjerg

based on these more complicated considerations
(Hansen et al. 2006). Figure 6.19 shows a com-
parison between a power spectrum fitted with a
simple Lorentzian and the optimized routine.
This method in general provides a more accurate
estimate of the trap stiffness and has been imple-
mented by more laboratories in the field in recent
years.

6.6.4.2 Single-Bead Assay

In the late 1980’s/early 1990’s, the “bead motil-
ity” assay described earlier in this chapter was
used to study the processive motion of single
kinesin motors with an optical trap (Block et al.
1990; Svoboda et al. 1993). The concentration of
the kinesin was titrated down to a regime where
beads were very rarely bound with a single kine-
sin. This “single-bead” optical trapping assay
(Fig. 6.20a) allowed the characterization of bead
motion in an optical trap, such that the measure-
ment was an output of the kinesin motion and
force (Svoboda et al. 1993; Coppin et al. 1996).

2004. The cut-off frequency is 2.43 kHz, corresponding to
a stiffness of 0.08 pN/nm. For comparison, the raw power
spectrum was fit to an uncorrected Lorentzian function
(dashed line), which returns a cut-off frequency of
2.17 kHz. Whereas the discrepancies are on the order 10%
for a relatively weak trap, they generally become more
important at higher cut-off frequencies. (Diagram repro-
duced from Neuman and Block 2004. Copyright 2004 AIP
Publishing)

The kinesin attached to the bead was brought into
close proximity of the microtubule and allowed
to bind, then take multiple catalytic steps against
the force of the optical trap until it either detached
or stalled under force. These early experiments
showed that kinesin is a processive motor that
takes ~8 nm steps on microtubules. For myosins,
it was not until the late 1990’s/early 2000’s that
the single-bead optical trapping assay was used
to characterize the mechanics and Kkinetics of
myosin-5 (Rief et al. 2000), which was the first of
the processive myosins to be discovered in 1993
(Cheney et al. 1993).

This single-bead assay to study the mechanics
and kinetics of a processive molecular motor,
such as kinesin, was useful since at least one of
the motor domains of a processive motor is
always attached to the track during its transloca-
tion process. However, this assay does not work
well for non-processive motors, which briefly
detach from the track. In the beginning, when
optical trapping was used for myosins in the early
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Fig.6.20 Single-bead and three-bead assay schemes. (a)
In a single-bead/trap configuration, the trap is static and
the bead displacement, shown as X, allows measure-
ment of the molecular motor moving against the trap
along a surface-bound track. If the optical trap force is
higher than the stall force of the molecular motor, the pro-
tein will detach from the track and return back towards the
center position of the trap. The single-bead configuration
is useful for determining the mechanics of processive
molecular motors. (b) In a three-bead assay, both optical

1990’s, the only type of myosins discovered were
non-processive ones. In order to study these non-
processive myosins, a new geometry for the opti-
cal trapping assay needed to be developed.

6.6.4.3 Three-Bead Assay

Historically, for single-molecule actomyosin
interactions, the “three-bead” assay (Finer et al.
1994; Molloy et al. 1995; Guilford et al. 1997)
was developed to study the interactions, i.e., the
power stroke and forces of non-processive myo-
sins (Fig. 6.20b). Since non-processive myosins,
such as skeletal muscle myosin-2 (Finer et al.
1994; Molloy et al. 1995; Guilford et al. 1997) or
smooth muscle myosin-2 (Guilford et al. 1997;
Lauzon et al. 1998; Tanaka et al. 2008), briefly
detach from the actin filament every time they go
through their enzymatic cycle, it would not be
possible to use the single-bead assay (Block et al.
1990) as for processive motors, which can take
multiple catalytic steps while at least one motor
domain stays attached to the track. To overcome
this limitation, the three-bead assay positioned
the actin filament, suspended between two
optically-trapped beads (a so-called actin fila-
ment “dumbbell”), above a third, usually larger,
surface-bound bead sparsely coated with myo-
sin used as a pedestal. In this geometry, when the
myosin undergoes its enzymatic cycle and
detaches briefly from the actin filament, the fila-

Three - bead

Xbead

Xbead
- -

( PSSR TG, :I
) ¢ \

traps are static with a track such as an actin filament in
tension attached between the two beads. The molecular
motor will exert motion against the track to displace the
beads either closer to or further away, by X, from the
center of the trap due to the direction of force generation.
The three-bead assay can be used to study the mechanics
of both processive and non-processive molecular motors.
(Diagram reproduced from Capitanio and Pavone 2013.
Copyright 2013 Elsevier BV)

ment will remain in close proximity to the myo-
sin such that it will quickly find the actin filament
again. Data collection therefore becomes easy
since many attachment/detachment processes of
non-processive actomyosin interactions can be
monitored within a short period of time.
Parameters such as the size of the power stroke
and the dwell/attachment times of unitary acto-
myosin interactions can be measured using this
technique (Knight et al. 2001). Many studies
have used the three-bead assay to measure the
mechanics and kinetics of processive myosins as
well (Mehta et al. 1999; Moore et al. 2001; Rock
et al. 2001; Veigel et al. 2002, 2005; Purcell et al.
2005; Kad et al. 2008; Norstrom et al. 2010;
Sellers and Veigel 2010; Watanabe et al. 2010;
Takagi et al. 2014; Hundt et al. 2016; Gardini
et al. 2018).

6.6.4.4 Load-Dependent Mechanics
and Kinetics Using the Three-
Bead Assay
Another beneficial attribute of the optical trap
assay is that a load can be applied to the studied
molecule in a controlled manner. Accordingly,
measurements of how the kinetics of the motor’s
conformational transitions are altered by external
force, or load, can be directly examined. Most
optical trapping experiments are performed using
a low stiffness (~0.01-0.03 pN/nm), so that the
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displacement caused by an actomyosin interac-
tion is measured under low load. This also greatly
increases the signal-to-noise ratio of the detached
versus the attached states of the actomyosin inter-
actions, facilitating the separation of these states
based on the variance or co-variance of the bead
position signals.

In one variation of the experiment, the load on
the myosin is altered using a “dynamic feedback™
once an interaction between the myosin and actin
filament is detected. This can be achieved by a
fast change in laser power, which changes the
trap stiffness, or by moving the actin filament
with respect to the myosin.

Initial experiments using a dynamic feedback
consisted of increasing and decreasing the laser
power to mimic a situation whereby the myosin
is undergoing a near-isometric condition (Finer
et al. 1994; Molloy et al. 1995). An isometric
condition in a single-molecule assay is one in
which the relative positions, or strain, of single
interacting myosin and actin molecules remain
fixed by maintaining the position of one of the
beads in a fixed position to reduce its motion.
These methods revealed a distribution of isomet-
ric forces between 1-7 pN, with peaks centered
around 2-3 pN.

Soon after these initial experiments, it was
apparent that the end-compliance of the bead-
actin attachments for the dumbbell assembly was
highly non-linear (Dupuis et al. 1997; Mehta
et al. 1997; Veigel et al. 1998) in the range of
forces (~2 pN) previously applied. The problem
with the three-bead assay is that if there is insuf-
ficient tension on the bead-actin connections in
the dumbbell, the bead displacements and forces
measured can be large underestimates of the
actual displacements and forces produced by the
molecular motor because some of the myosin
motion is damped by the actin-bead-link compli-
ance. Studies were performed to determine the
connection stiffness of the bead-actin linkages by
either looking at the limited correlated diffusion
between motion of the two optically-trapped
beads attached to the ends of a single actin fila-
ment (Mehta et al. 1997), or by moving one of the
positions of the bead via the optical trap con-
trolled by an electro-optical device (Dupuis et al.

1997; Veigel et al. 1998). From these experi-
ments, it was determined that for the three-bead
assay, it should be a routine to apply 4-6 pN of
tension to the dumbbell to minimize measure-
ment errors.

The method for determining the actin-bead
link stiffness was also used to perform measure-
ments on the stiffness of the actomyosin cross-
bridge (Veigel et al. 1998). By driving one optical
trap in a large-sinusoidal wave while keeping the
other bead stationary (Fig. 6.21), it was possible
to disentangle the stiffness of the myosin-actin
link from that of the actin-bead connections. This
way, crossbridge stiffnesses for single actin-
myosin-2 interactions have been determined in
the range of 1-2 pN/nm (Smith et al. 2001;
Capitanio et al. 2006; Takagi et al. 2006; Lewalle
et al. 2008). The method has also been used to
determine the stiffness of other myosins such as
myosin-5a (Veigel et al. 2002) and myosin-10
(Takagi et al. 2014).

Consequently, application of oscillations to
the dumbbell complex in the three-bead assay has
been a useful technique to also decrease the tem-
poral limitation of detecting events (Veigel et al.
1998, 1999; Sellers and Veigel 2010; Nagy et al.
2013; Takagi et al. 2014; Hundt et al. 2016). The
detection strategy of events, as described briefly
earlier in this section, was based on the difference
in thermal fluctuations between the detached and
attached states. An initial attempt of this oscilla-
tory method was a procedure using a small ampli-
tude, 1 kHz sine wave onto one of the traps with
an AOD to artificially increase the positional
noise, or variance, which can then be detected at
the other sensor bead. Due to the larger signal
variance created, the relative decrease in the vari-
ance when the myosin attached to the actin fila-
ment was more pronounced and easier to detect.
Using this method, binding events were therefore
detected within ~1 ms. Furthermore, in combina-
tion with this oscillatory technique, a range of
assisting and resisting loads was applied to a uni-
tary actomyosin interaction within ~3 ms after
detecting a binding event. This technique created
a new avenue for both detection and load applica-
tion using the three-bead assay in the studies of
many myosins (Veigel et al. 1999). In recent
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Fig.6.21 Measuring the myosin stiffness using the three-
bead assay. (a) The three-bead geometry scheme shown
allows the manipulation of a taut actin filament strung
between two optically-trapped beads to be positioned over
the myosin, which is attached on a third larger bead on the
surface of an experimental chamber. In this scheme, the
position of the two beads, X and X, are monitored using
a quadrant photodiode/detector. The three-bead geometry
can be represented as a system of springs and masses, i.e.,
a mechanical system, as shown in (b). When a myosin
attaches to the actin, the cross-bridge stiffness, K, is in
series with the actin-to-bead connection stiffness, K.
These springs are also in parallel with the optical trap stift-
ness, Ky, The actual cross-bridge power stroke, dyy,
depending on the stiffness of these different springs, can be
taken up by their compliance, and thus, the bead displace-
ment observed (d,,) could be an underestimate of the
actual power stroke. A mechanical system allows interpre-
tation of how the system reacts to different external loads,

years, this method has been used to show that
non-muscle myosin-2A requires a resisting load
to be an efficient processive motor (Hundt et al.
2016), showing predominantly 5 nm forward
steps and stall forces of ~4 pN.

As a variation of the three-bead assay with
oscillations, a recently developed method called
“Harmonic Force Spectroscopy” (HFS) (Sung
et al. 2015) automatically and randomly applies
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displacements and stiffnesses and can be a useful method
to understand the mechanics of the three-bead assay. (c)
The stiffness of a myosin-10 was measured using the out-
put of the two quadrant photodiodes monitoring the two
different optical traps. A large amplitude triangular wave
(100 nm; 10 Hz) was applied to drive one of the optically-
trapped beads back and forth, while simultaneously mea-
suring the bead position at both ends of the actin filament.
The difference in position between the bead held in the
driven trap and the trap centroid was used to calculate the
applied force, while the position of the bead on the other
end of the actin filament allowed distortion of the acto-
myosin-10 complex. Following a mathematical correction
for the actin-bead connection compliance, force-extension
diagrams were plotted. Force extension data in (d) show a
stiffness of ~0.38 pN/nm for a single acto-myosin-10 com-
plex. (Diagram reproduced from Veigel et al. 1998 and
Takagi et al. 2014. Copyright 1998 Elsevier BV and copy-
right 2014 National Academy of Sciences, USA)

sinusoidally varying loads to a single actomyosin
interaction by moving the dumbbell complex
with respect to the stage when attached to the
myosin (Fig. 6.22). Published methods of har-
monic force spectroscopy have applied sinusoids
with an amplitude of 30-50 nm and frequencies
between 100 and 200 Hz using a piezo-electric
stage, while the actin dumbbell undergoes cycles
of myosin binding and unbinding. Force-
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Fig.6.22 Harmonic
force spectroscopy
(HFS). Using a standard,
static, three-bead assay
in concert with a simple
harmonic oscillation
introduced by the
piezo-stage, HES can be
used to measure the
load-dependent kinetics
of molecular motor
interactions without
intricate feedback loops.
(Diagram reproduced
from Sung et al. 2017.
Copyright 2017 Elsevier
BV)
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Piezo stage

dependent kinetics of many p-cardiac myosin-2
mutation constructs have been studied in the past
few years using this method (Liu et al. 2018).
This technique appears to be a very useful varia-
tion to the three-bead assay, whereby this method
also can be incorporated by moving the dumbbell
complex using an electro-optical device, rather
than the stage.

Innovative methods to incorporate a feedback
system into the three-bead assay in order to
decrease the end-compliance and to apply forces
in different directions relative to the power stroke
of the myosin have been developed over the
years. In the previously described methods for
measuring isometric forces, the actin filament
moved significantly, and due to the limited ten-
sion applied to the dumbbell, the isometric forces
measured were most likely an underestimate. To
decrease the end-compliance, as well as to mea-
sure the isometric force, a feedback system that
includes the whole dumbbell component in the
feedback was developed (Takagi et al. 2006). In
this feedback mode, an approach was taken to
reduce and adjust the extent of actin motion at the
moment of myosin binding. This method incor-
porated a procedure where one of the beads in the
dumbbell was fixed in force by using an AOD
while changing the position of the other bead. In
this manner, the effective stiffness of the trap is
increased, enabling testing of the effect of the
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stiffness on the developed force (Fig. 6.23b). The
results showed that the force developed by uni-
tary skeletal muscle actomyosin-2 interactions is
considerably increased when the dynamic stiff-
ness of the actin presented to the myosin mole-
cules is increased. The authors showed that using
this feedback mode, termed “isometric force
clamp”, the rate of load application can be
altered, as fast as in the range of milliseconds or
slower. Using a high gain feedback with a reac-
tion time to apply dynamic load within ~1 ms,
myosin-2 was shown to produce a range of forces
between 2.5 pN and 17 pN with an average of
~6 pN, which was significantly higher than the
earlier estimates in the 1-4 pN range (Finer et al.
1994; Molloy et al. 1995; Guilford et al. 1997).
This single-molecule measurement of skeletal
muscle myosin-2 force seems compatible with
high-resolution muscle fiber measurements,
which reported an estimate of ~6 pN per acto-
myosin crossbridge (Piazzesi et al. 2007).
Application of this method has also revealed
novel features of myosin-1. In the presence of
small loads, ~2 pN, the detachment of this myo-
sin from actin filaments decreases by >75-fold,
demonstrating that myosin-1 can transition from
a low (<0.2) to a high (>0.9) duty ratio motor,
supporting the motor’s role as a molecular force
sensor (Laakso et al. 2008). Furthermore, load-
dependent kinetics differences within different
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Fig. 6.23 Optical trapping feedback schemes. (a) Using
a single-bead trapping geometry, a force clamp can be
performed. In this case, a feedback loop is used to move
the optical trap and keep the force on the trapped bead
constant. The trap displacement, X, measures the
molecular motor motion under a force clamp. (b) A posi-
tion clamp, also known as the isometric clamp, is per-
formed by using the left bead as a “sensor” bead to detect

myosin-1 isoforms have been studied (Greenberg
et al. 2012) as well as the role of the N-terminal
domain in this load-dependence behavior of
myosin-1s (Greenberg et al. 2015).

To measure force-dependent actomyosin
kinetics and mechanics even faster than ~1 ms
time resolution as achieved by the previously
mentioned methods, ultrafast force-clamp spec-
troscopy has been used to apply constant loads
with only a delay of ~10 ps (Capitanio et al.
2012; Capitanio and Pavone 2013). This system
utilizes two separate AOD-driven feedbacks, one
for each optical trap, to force-clamp the two
beads at two different forces. Thus, within this
feedback, a net constant force of +AF is applied
to the dumbbell assembly, where the clamped
force for one of the beads is —F, and the other
F + AF. Different from previous methods, the
dumbbell therefore moves against viscous drag at
a constant velocity when the actin filament is not
attached to the myosin, and by altering the direc-
tion of the net force, the dumbbell complex can
move in a triangular wave, of ~+/—200 nm. Since
the ultrafast force clamp is supposed to maintain
the force between the dumbbell complex in the
absence and presence of an attachment, the con-
stant force of +AF is transferred to the myosin
when it attaches to the actin, with a concomitant
“stop” of the dumbbell movement (Fig. 6.24).
Using this method, the Capitanio group showed
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- >
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the movement of the dumbbell and moving the right bead
using an AOD to oppose the detected motion of the sensor
bead, keeping it at its pre-determined position. The right
bead therefore measures the actual force, F,,,,, output by
the molecular motor under isometric condition. (Diagram
reproduced from Capitanio and Pavone 2013. Copyright
2013 Elsevier BV)

that under resistive loads, ~5-10 nm power
strokes usually followed binding after a short
dwell time (0.2-1 ms). However, particularly
short events (< 1 ms) did not exhibit any substan-
tial power stroke. Furthermore, using a detailed
analysis on the effect of applied load, a premature
(< 5 ms) dissociation pathway was shown to be
more populated as the force was increased, result-
ing in a working stroke that decreased with
amount of load.

6.7  Simultaneous Methods

Some of the single-molecule methods described
in this chapter have been combined to measure
multiple parameters of myosin output, simultane-
ously. A couple of these attempts, which used a
combination of different single-molecule tech-
niques, are discussed as examples.

6.7.1 Optical Trapping

and Fluorescence

The strengths of displacement and force mea-
surements using optical trapping has been cou-
pled to a single-molecule fluorescence detection
scheme to visualize the nucleotide occupancy
relative to motion of a single myosin (Ishijima
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Fig. 6.24 Ultrafast force-clamp spectroscopy overview.
(a) Schematic of the ultrafast force clamp spectroscopy
relies on using two separate feedback systems to apply -F
on the left optical trap and F' + AF on the right optical trap
such that molecule B, i.e., an actin filament, is under a
total force of AF. Feedback operates on monitoring the
force using a quadrant detector photodiodes (QDP), while
moving the optical traps with an acousto-optic deflector
(AOD). (b) Illustration of AF on the left (black) and right

et al. 1998). This tour de force article coupled an
optical trapping microscope capable of perform-
ing a modified three-bead assay together with a
TIRF microscope (Fig. 6.25). In order to visual-
ize a uniform TIRF image, glass surfaces were
chemically etched to microfabricate “flat” pedes-
tals that were ~ 7 pm wide and 1 pm deep. This
study measured the force and displacement of a

40 50 60 70 80

Time (ms)

(red) beads. Within the ultrafast force-clamp feedback, the
force is switched back and forth between +AF and -AF so
that the bead-actin-bead complex oscillates within a con-
fined distance of 200 nm. When molecule A binds to B,
the constant force is transferred to B, stopping the dumb-
bell motion as illustrated between the dotted black lines.
(Diagram reproduced from Capitanio et al. 2012.
Copyright 2012 Nature Publishing Group)

unitary, single-headed skeletal muscle myosin-2,
while simultaneously observing a fluorescent
nucleotide (Cy3-ATP) colocalized near the point
of the acto-myosin interaction. Cy5 dyes were
also used to visualize the actin filament within
the three-bead assay, as well as the artificial thick
filament made with a 1:1000 ratio of single-
headed skeletal muscle myosin-2:skeletal muscle
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Fig. 6.25 Simultaneous optical trap/TIRF microscopy
scheme. (a) Illustration of the assay at the specimen plane.
Using a three-bead assay geometry an actin filament was
brought into contact with a synthetic single-headed

myosin-rod co-filament (myosin: rod ratio = 1:1000)
attached to a pedestal microfabricated on the surface of
the coverslip. TIRF microscopy was used to visualize
Cy3-ATP as it associates and dissociates while the myosin

myosin-2 rods. This strategy of labeling both the
actin filament and the synthetic co-filament of
myosin-2 and rods, made controlling the angle of
contact between the two individual filaments pos-
sible (~30°). This was done because previous
studies had suggested that forces and displace-
ments were strongly dependent on the angle
between an actin filament and the myosin
(Ishijima et al. 1994; Tanaka et al. 1998).

Interestingly, these measurements showed that
force generation can happen several hundred mil-
liseconds after the release of ADP from the myo-
sin head, as if the myosin has a prolonged
hysteresis or memory effect. This was an unusual
finding which does not seem to fit any of the con-
ventional kinetic mechanisms for myosin. Since
nobody else has performed these simultaneous
optical trapping and fluorescence measurements
for myosins, it would be interesting to see if oth-
ers obtain similar results in the future, and
whether similar effects are observed with other
classes of myosins.
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undergoes its enzymatic cycle. (b) Optics layout of the
optical trap/TIRF microscope. D = dichroic lenses;
BS = beam splitter; BF = barrier filter; BP = band pass
filters; II SIT = image intensified silicon intensifier target
camera. More details can be found in the original article.
(Diagram reproduced from Ishijima et al. 1998. Copyright
1998 Nature Publishing Group)

6.7.2 Single-Molecule Fluorescence
and iSCAT

A fluorescence channel has also been coupled
into an iSCAT experiment in order to visualize
two domains of myosin motors simultaneously.
This, in practice, is a relatively simple modifica-
tion in which a dichroic mirror is added into the
illumination pathway. A blue laser is focused
through a 500 mm lens into the back focal plane
of the objective steered by two adjustable mir-
rors. The beam position can be displaced laterally
by mounting one of the mirrors onto a translation
stage in order to switch between epi-illumination
and TIRF. Another dichroic mirror will separate
the red-shifted emission from the illumination
channel, and the image is passed through a filter
and is focused onto an EMCCD. By using a red
wavelength for the iSCAT channel, a fluores-
cence detection window in the green region can
be used, ideal for molecules labelled with
GFP. Using standard experimental techniques,
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Fig. 6.26 Simultaneous iSCAT/TIRF microscopy of
myosin-5a. One head was labeled with a 20 nm
streptavidin-functionalized gold particle (red) and the
other with a fluorescent quantum dot (blue). Reported val-
ues correspond to the standard deviation, o, in the position
of the bound state (nm) and the shaded regions encompass

the two channels can be temporally synchronized
and spatially registered in order to achieve two
truly correlated images.

This technique has been used effectively by
the Kukura laboratory (Andrecka et al. 2015) to
further understand the structural motion of myo-
sin-5a (Fig. 6.26). Similar to the dual Qdot label-
ing strategy (Warshaw et al. 2005) employed
previously for SHREC, they labelled both motor
domains, one with a gold nanoparticle for scatter-
ing imaging and one with a Qdot for fluores-
cence imaging. Andrecka et al. observed that the
spatially constrained transient state of the motor
domain (discussed in detail in Chap. 8 in this
book) occurred on the same side of the actin. This
was the first evidence for a spinning compass-
like gait of myosin-5a. This gait model would
suggest that the cargo of myosin-5a should also
rotate with each stride, or that some swivel in the
myosin’s structure alleviates the torsional strain
that would be generated. Such a rotation has been
measured before by the orientation of quantum
rods attached to the myosin-5a tail, although in
this work the source of the rotational movement
was thought to be thermal (Ohmachi et al. 2012).
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an area of 3c. The traces are colored according to the label
colors in the inset. ATP concentration: 10 pM. Scale bar:
100 nm. Imaging speed: 500 frames/s. (Diagram repro-
duced from Andrecka et al. 2015. Copyright 2015 eLife
Science Publication)

The compass-like spinning motion may be an
indication of how myosin-5a’s structure helps
facilitate and control the motion of the unbound
head in a 1-dimensional arc to achieve a high
specificity in finding the desired binding site, aid-
ing unidirectional motion.

Andrecka et al. also simultaneously tracked one
myosin-5a motor domain with the stalk domain.
The motor domain was labelled with a gold
nanoparticle and a C-terminal GFP was conjugated
with a GFP booster nanobody as reported in Ries
et al. 2012. The results showed that both the trans-
location of labeled motor domain and the small
rotation of the N-terminus on the bound motor
domain (again, discussed in more detail in Chap.
8) occurs synchronously with the translocation of
the stalk. This provides evidence that the small-
scale N-terminus transition observed is representa-
tive of the pre- to post-power stroke transition, a
process previously unobserved. These experiments
show that simultaneous observation of scattering
and fluorescence can be a useful method to track
the different domains of a molecular motor, facili-
tating understanding of how motions of different
domains are coupled to each other.
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6.8 Commercially Available
Microscopes/Parts

from Companies

Implementing single-molecule techniques into a
laboratory with no previous background on the
subject is a difficult and demanding task. The
field is often very technology-driven. It therefore
helps to understand and follow the trends and
information relevant to single-molecule tech-
niques in order to be innovative. However, single-
molecule techniques are just a set of tools that
can be used to answer the right question, if set in
the right context.

The fact that many microscopes and instru-
ments are commercially available these days
helps newcomers to implement single-molecule
measurements into their research. In this section,
we list a number of companies and information
(available in 2019) about “where to start” if one
were interested in learning more about commer-
cially available systems. Only a subset of existing
companies is listed in this section.

Commercial Microscope Companies: Rather
than building a microscope from scratch, it is
sometimes beneficial to use a platform that
already has a variety of imaging modalities built-
in. The more established and well-known micro-
scope companies have a variety of different types
of microscopes that can be used to custom-build
an instrument specific to your single-molecule
investigations and needs. Furthermore, many of
these companies also have “turn-key” solutions
for single-molecule studies — for example, TIRF
microscopes capable of single-molecule detec-
tion that have both hardware and software already
pieced together to work effectively. Additionally,
discussions with the application scientists and
engineers from these companies with a thorough
background and understanding of different
microscopy techniques is a great way to learn
about what types of microscope platforms are
available from each company and which may be
suitable for the single-molecule experiments one
would like to perform.

Leica: https://www.leica-microsystems.com/
Nikon: https://www.microscope.healthcare.
nikon.com/Products

Y. Takagi et al.

Olympus: https://www.olympus-lifescience.
com/en/
Zeiss: https://www.zeiss.com/microscopy/us/

solutions/life-sciences.html

Single Molecule Microscope Frames: If one
chooses to build a microscope from scratch,
there are companies such as Edmund Optics,
(https://www.edmundoptics.com/), Newport
(https://www.newport.com/), OptoSigma
(https://america.optosigma.com/?redirect_
to=optosigma_us) and Thorlabs (https://www.
thorlabs.com/) that sell both optics and opto-
mechanical parts. An alternative is to start with a
versatile microscope frame as a scaffold that can
be modified according to the user’s needs. These
are usually compatible with other off-the-shelf
components offered from the companies, mak-
ing it possible to assemble a microscope like a
LEGO-set.

Applied Scientific Instrumentation (ASI) - RAPID
AUTOMATED MODULAR MICROSCOPE
SYSTEM (RAMM): http://www.asiimaging.
com/products/complete-system-solutions/rapid-
automated-modular-microscope-ramm-
system/

Mad City Labs - RM21™: http://www.madcity-
labs.com/singlemolecule.html

Sigma Koki - Core Unit for Microscopy: https://
www.global-optosigma.com/en_jp/Catalogs/
pno/?from=page&pnoname=CUMS-
GUIDE&ccode=&dcode=

Single Molecule Fluorescence
Imaging: Companies, such Oxford Nanoimaging,
also have built-in turn-key solutions to many
types of single-molecule fluorescence tech-
niques. The system called Nanoimager can be
configured to perform single-molecule fluores-
cence imaging and single-molecule fluorescence
resonance energy transfer (SmFRET) micros-
copy. In addition, the system has imaging modal-
ities that can be used for super-resolution imaging
of cells, such as PALM, direct STORM, and
structured illumination microscopy (SIM). The
hardware system from Oxford Nanoimaging is
packaged with data acquisition software, as well
as a suite of analysis software.
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https://www.edmundoptics.com/
https://www.newport.com/
https://america.optosigma.com/?redirect_to=optosigma_us
https://america.optosigma.com/?redirect_to=optosigma_us
https://www.thorlabs.com/
https://www.thorlabs.com/
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http://www.madcitylabs.com/singlemolecule.html
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Oxford Nanoimaging (ONI): https://oni.bio/

Interferometric Scattering Microscopy: For
scattering-based  single-molecule techniques
such as iSCAT microscopy, Refeyn Ltd. has a
turn-key system (Refeyn One™P) that is capable
of interferometric scattering mass photometry
measurements. For dark-field scattering experi-
ments, many of the large microscope companies
provide dark-field condensers which are com-
mercially available for their microscopes.

Refeyn Ltd.: https://www.refeyn.com/

Optical Trapping: A number of companies
exists that provide commercial units specific for
optical trapping. Some are fully integrated units,
some are components that can be used to bolt
onto existing microscopes, and some are modular
kits that can be built to your specific optical-
trapping needs.

Elliott Scientific: https://www.elliotscientific.
com/Optical-Tweezers

IMPETUX: https://www.impetux.com/

JPK/Bruker: https://www.jpk.com/products/
force-sensing-optical-tweezers-and-optical-
trapping

LOT-QuantumDesign GmbH: https://lot-qd.de/
en/products/life-sciences/optical-tweezers/
product/optical-tweezers/

Lumicks: https://lumicks.com/
Meadowlark Optics: https://www.meadowlark.
com/optical-tweezers-cube-p-120?mid=12
Molecular Machines & Industries (MMI): http://
www.molecular-machines.com/single_cell_
sorting_products/mmi_cellmanipulator_-_
optical_tweezers/technology_55

Thorlabs Inc.: https://www.thorlabs.com/new-
grouppage9.cfm?objectgroup_id=12442  or
https://www.thorlabs.com/newgrouppage9.
cfm?objectgroup_id=3959 or

https://www.thorlabs.com/newgrouppage9.
cfm?objectgroup_ID=6966

AFM: Atomic force microscopes are also
commercially available. Some come as stand-
alone units, and some can be attached/combined

to a light microscope for simultaneous imaging
modes.

JPK/Bruker: https://www.jpk.com/products/
atomic-force-microscopy

Nanosurf: https://www.nanosurf.com/en/

Oxford Instruments/Asylum Research: https:/
afm.oxinst.com/

Research Institute of Biomolecule Metrology
Co., Ltd. (RIBM): https://www.ribm.co.jp/

6.9 Conclusion
In this chapter, we discuss some of the single-
molecule techniques that have been used to study
myosins over the last three decades. Single-
molecule techniques are truly advantageous tools
that make it possible to decipher the molecular
mechanisms of enzymatic activity and directed
force production by molecular motors that cannot
be easily assessed with ensemble techniques.
Many questions about different types of myo-
sins have been challenged and answered using
single-molecule approaches with considerable
agreement among many laboratories. However, at
the moment there is also considerable disagree-
ment in the field concerning many of the myosins.
Perhaps further enhancement of both the temporal
and spatial resolution, as well as new ways of
studying external parameters, such as load, with
these single-molecule techniques may help
resolve some of these experimental differences.
Other single-molecule techniques such as mag-
netic tweezers (Seol and Neuman 2018), which
have been used to study other molecular motors,
but which have not been used to study myosins,
may pave new avenues of myosin research and
advance our understanding about these well-stud-
ied, yet still mysterious, molecular motors.
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