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Moving into the cell: single-molecule
studies of molecular motors in
complex environments
Claudia Veigel*‡ and Christoph F. Schmidt §

Abstract | Much has been learned in the past decades about molecular force generation.
Single-molecule techniques, such as atomic force microscopy, single-molecule fluorescence
microscopy and optical tweezers, have been key in resolving the mechanisms behind the
power strokes, ‘processive’ steps and forces of cytoskeletal motors. However, it remains
unclear how single force generators are integrated into composite mechanical machines in
cells to generate complex functions such as mitosis, locomotion, intracellular transport or
mechanical sensory transduction. Using dynamic single-molecule techniques to track,
manipulate and probe cytoskeletal motor proteins will be crucial in providing new insights.
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Molecular motors are machines that convert free energy,
mostly obtained from ATP hydrolysis, into mechanical
work. The cytoskeletal motor proteins of the myosin and
kinesin families, which interact with actin filaments and
microtubules, respectively, are the best understood. Less
is known about the dynein family of cytoskeletal motors,
which interact with microtubules. Cytoskeletal motors
power diverse forms of motility, ranging from the movement of entire cells (as occurs in muscular contraction
or cell locomotion) to intracellular structural dynamics
(as occurs in membrane trafficking or mitosis) and
mechanical signal transduction (as occurs in hair cells
of the inner ear 1). Such diverse functions are possible
because the structure and regulation of motors in each
family can vary largely, despite strong similarities in their
catalytic cores.
As discussed in detail in other Reviews in this series2–6,
myosin and kinesin motors contain a catalytic domain,
which includes a nucleotide-binding region and an actinor microtubule-binding site (FIG. 1A), and this is followed
by a neck region. The neck is followed by a tail domain,
which often contains an α-helical section (called a stalk
domain in kinesins) and ends in a cargo-binding domain.
Many motors dimerize by forming helical coiled-coils
through their tails or stalks. During the motor’s ATPase
cycle, nucleotide hydrolysis and the release of hydrolysis products at the nucleotide-binding site7–9 are coupled
to small movements within the catalytic domain, which
are amplified by mechanical elements connected to the
catalytic domain, specifically, the neck linker in kinesins10 and the α-helical lever-arm in myosins11. Structural

data suggest that during the force-generating conformational change, known as the power stroke, the lever
arm of myosins8,11 rotates around its base at the catalytic
domain11–17, which can cause the displacement of bound
cargo by several nanometres18 (FIG. 1B). In kinesins, the
switching of the neck linker (~13 amino acids connecting
the catalytic core to the cargo-binding stalk domain) from
an ‘undocked’ state to a state in which it is ‘docked’ to the
catalytic domain, is the equivalent of the myosin power
stroke10. Neck-linker docking propels the trailing head
and the cargo forward (FIG. 1C). Most molecular motors
produce directional movement; that is, a given class of
motors moves towards either the plus end or minus end
of the polarised actin filaments or microtubules.
Complementary approaches have provided insight
into the structure and function of motors. Bulk biochemical methods have revealed the kinetics of the
ATPase reaction cycle8,19,20 and X-ray crystallography
has delivered atomic-scale structures of motors in
different conformations, mainly using crystals of the
motors’ catalytic domains8,21,22. Less is known about
the atomic structure of the neck region of myosins23–25
and the cargo-binding tail domains of myosins and
kinesins. Electron microscopy (EM) has made it possible to image single motor molecules that have been
fixed or frozen in near-physiological conditions and to
characterize them in full-size, multimeric or bundled
states, or bound to their filament tracks. By providing
snapshots of individual states, EM studies have given
clues about the progression of motors through their
chemomechanical cycles10,16,26–32 and have revealed some
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Figure 1 | cytoskeletal motor structures and functions. aa | Myosin V works as a dimer to ‘processively’ transport
0CVWTG4GXKGYU^/QNGEWNCT%GNN$KQNQI[
intracellular cargo along actin filaments. Its functional segments are labelled. ab | ‘Non-processive’
dimeric myosin II has
similar functional domains to myosin V but assembles in a different manner. Several proteins associate through their tail
domains into bipolar filaments that can exert tension between actin filaments. ac | Kinesins and dyneins move along
microtubules. Kinesin-1 and cytoplasmic dynein (shown in the figure) are processive and move intracellular cargo.
Kinesins have a similar domain structure to myosins (functional segments are labelled). Dynein also acts as a dimer, but
it is structurally different from other cytoskeletal motors. B | Structural changes of a myosin II head during its power
stroke. The respective nucleotide state is indicated. The motor head starts in an unbound state (step 1), then binds to
actin with the products of ATP hydrolysis, ADP and inorganic phosphate (Pi), bound to the catalytic site (step 2). The
release of Pi is coupled to a first lever-arm rotation, which causes actin to move (step 3; actin movement is indicated by
the white arrow). Release of ADP causes a second, smaller rotation of the lever arm and additional actin movement
(step 4). ATP binding induces detachment of the motor (step 5). c | Structural changes of a dimeric Kinesin-1 during a
processive step, with nucleotide states indicated. ATP binding to the bound head (step 1) causes neck-linker docking,
which directs the unbound head forward to the next binding site along the microtubule (step 2). Binding at this site
causes ADP release (step 3). ATP hydrolysis followed by Pi release causes the now trailing head to detach (step 4). ATP
binding to the leading head again causes neck-linker docking, and the cycle repeats (step 5). Figures in parts B and c
are modified, with permission, from REF. 186 © (2000) AAAS.

principles of regulation; for example, by showing that
the cargo-binding tails fold backwards in some myosins
and kinesins, thereby inhibiting the catalytic domain33–37.
Studies of motors harbouring a missense mutation or
a large domain change, such as the addition of an artificial lever arm, have provided important insight into
the function of structural parts22. Imaging of single actin
filaments and microtubules in situ in cells is now within
reach with high-resolution electron tomography 38.
however, EM is a static technique. The dynamics of
intramolecular motion, domain folding and unfolding,
and the force generation and energy conversion of
motor proteins in physiological conditions, can only be
investigated by dynamic single-molecule techniques.

In this Review, we focus on new developments in
dynamic single-molecule techniques, specifically atomic
force microscopy (AFM), single-molecule fluorescence
microscopy and optical tweezers. we discuss how they
can be used to study the basic mechanisms of cytoskeletal
motors, both in vitro and in cells, and what the application of these techniques has already shown us about the
mechanisms of cytoskeletal motor movement.

Why use single-molecule techniques?
About 25 years ago, the first gliding-filament assays
and bead assays were introduced to study cytoskeletal
motors39–42. In the gliding-filament assays, motors were
immobilized on a microscope cover slip and video
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Förster resonance energy
transfer
Non-radiative energy
transfer from an excited
donor fluorophore to an
acceptor fluorophore in the
immediate vicinity can be
used to measure nanometre
distances owing to the strong
distance-dependence of the
effect.

microscopy was used to observe how these motors could
move actin or microtubule filaments42. In bead assays,
the movement of micron-sized beads by single motor
proteins along immobilized filaments was monitored
(as in FIG. 1A but with the cargo replaced by a bead).
These assays revealed that ‘non-processive’ motors,
such as muscle myosin II18,43 and the Kinesin-14 Nonclaret disjunctional (NCD)44–46, perform isolated power
strokes: they transiently exert force or produce motion
and then unbind from their track (FIG. 1B). By contrast,
the ‘processive’ motors, such as homodimeric Kinesin-1
(REF. 47), myosin v48 and cytoplasmic dynein49–51, move
along their tracks for many successive chemomechanical
cycles by alternatingly keeping one head bound to the
track while moving forward with the other head. They
can thus take tens to hundreds of steps before detaching
(FIG. 1C). Many critical details of the basic mechanism
of chemomechanical energy transduction and, particularly, how it is regulated by cargo, load conditions and
intramolecular strain (‘gating’) are still not clear.
Continual technological progress made since the first
single-molecule mechanical experiments were designed
is described in recent reviews 52–54. Single-molecule
approaches have allowed us to determine many basic
parameters of the chemomechanical energy transduction of cytoskeletal motors, including step sizes18,43,47,55–57
and forces48,55,57–61. Sophisticated single-molecule experiments have shown that there is coupling between the
chemical and mechanical cycles62,63, and that the generation of force in mechanical sub-steps is tightly coupled to
biochemical transitions45,64–66 and is load dependent67–69.
For dynein, it was shown that helix sliding is involved in
allosteric signalling between catalytic sites and filamentbinding sites70. A hand-over-hand mechanism was firmly
established as the mode of locomotion of processive
kinesin and myosin motors71–74 (FIG. 1C) and, in elegant
experiments in which a single kinesin head was linked
to a bead by a DNA tether, the load-dependent forwardstepping of a single head could be directly observed75.
Furthermore, it was demonstrated that processive movement 76,77, and even the force-generating power stroke
itself, is reversible in direction67. The reversibility of the
power stroke while the motor is attached to the target
implies that there might be mechanical coordination or
synchronization of motors in the cell under load.
The dynamic single-molecule techniques we discuss
in this Review make it possible to gather complementary
types of information on molecular motors. AFM can
provide nanometre-resolution structural information
on the domain conformations of isolated and filamentbound motors in close to physiological conditions. For
AFM, the sample needs to be fixed to a surface, which
precludes imaging within cells. Fluorescence and other
light microscopy techniques can be used to localize single motor molecules and quantify their movement both
in vitro and in cells. one can even measure the conformational changes of molecular sub-domains dynamically with single-nanometre spatial and millisecond
temporal resolution using spectroscopic methods such
as Förster resonance energy transfer (FRET). Finally, optical and magnetic tweezers can measure displacements

and forces generated by single motor proteins. By characterizing the effects of load, it is possible to explore the
chemomechanical ‘free-energy landscape’ that motors
act in and to map out the activation energy barriers
between different biochemical and mechanical states in
the motors’ cycles.

single-molecule imaging using aFm
AFM can image moving biomolecules in buffer 78.
Positional resolution of several nanometres can be
achieved, but it typically takes hundreds of milliseconds
to record one image. Conformational changes of motors
occur in tens of milliseconds or less and thus cannot currently be resolved with this technique. AFM can be used
in force-spectroscopy mode or imaging mode. In imaging mode, a compliant mechanical lever arm (cantilever)
with a sharp tip is used to sample the height profile of an
immobilized structure (FIG. 2a). Biomolecules are often
adsorbed electrostatically to chemically derivatized
surfaces. Surfaces can be mica, silicon chips or polished
glass. Cantilevers have bending elastic constants (K) of
between 10 and 10,000 pN nm–1. Forces on the cantilever
tip are measured by its deflection. The smallest forces
that can be reliably measured are tens of piconewtons.
In force-spectroscopy mode, the molecule of interest
is positioned with one end fixed to a surface and the
other end attached to the cantilever tip, such that tension can be applied by moving the cantilever (FIG. 2b).
This approach has been used extensively to study the
dynamics of unfolding and refolding of a large range
of proteins and other biomacromolecules78. The forcedependent unfolding kinetics of the kinesin neck coiledcoil (the beginning of the region linking the two heads)
has been studied in this manner 79. The neck coiled-coil
is thought to be critical for mechanical communication
between the heads, and high-resolution experiments
showed that the neck linker forms an exceptionally stable
coiled-coil, which ensures efficient force transmission
between the heads.
In studies using imaging mode, the protofilament
substructure of microtubules was resolved80–82. Truncated
kinesins that were strongly bound to microtubules by the
non-hydrolysable ATP analogue AMP-PNP, which stops
motors on their tracks, were imaged with single-head
resolution (FIG. 2c). Even moving motors could be seen
transiently 83. The first AFM recording at video frame rate
(25 frames per second) of an entire, unlabelled motor
protein was achieved for myosin v motor proteins moving processively along an actin filament 84,85 (FIG. 2d). with
improvements in sample preparation and in the quality
and control of the AFM tip, it recently became possible
to resolve even the movement of individual protein subdomains, on the timescale of ~100 ms, in experiments
with single myosin v molecules moving along actin84.
single-molecule fluorescence microscopy
To localize and track single molecular motors and
cytoskeletal filaments using fluorescence microscopy,
more photons need to be collected from the motor
than from the background. This is typically achieved
by restricting the sample volume and by working at
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Figure 2 | using aFM to study single motor proteins. a | Schematic of high-speed atomic force microscopy (AFM) to
scan the height profile (z-axis) of single biomolecules at ~80 ms per frame. The sample0CVWTG4GXKGYU^/QNGEWNCT%GNN$KQNQI[
is mounted on a piezo actuator
(shown in green) that is attached to the microscope stage. The cantilever is driven to oscillate up and down near its resonance
frequency by the piezo actuator. The cantilever tip intermittently taps the sample surface as it scans over it. Interaction forces
between the tip and the sample deflect the tip. This is detected by a laser beam, which is reflected from the back of the AFM
tip and directed onto a position detector. b | Depiction of AFM force spectroscopy applied to study the unfolding of the
Kinesin-1 neck coiled-coil. Immunoglobulin G (IgG) domains are used as handles to link the two strands of the coiled-coil
to the substrate surface and to the AFM tip. By pulling the tip upwards and downwards, the coiled-coil is pulled apart and
released again. The force–extension curves of coiled-coil unfolding (green trace) and refolding (blue trace) were measured
and are shown in the graph. The cantilever pulling rate was 500 nm sec–1. c | An AFM image, recorded in tapping mode, of
microtubules with single Kinesin-1 motors attached in the presence of the ATP analogue AMP-PNP, which stops motors on
their tracks. d | A series of consecutive high-speed AFM images of myosin V, loosely attached sideways to the surface of the
experimental chamber and imaged stepping along actin over about 4 s. Frame times are indicated. Figure in part a is
modified, with permission, from REF. 187 © (2005) The Surface Science Society of Japan. Figure in part b is modified, with
permission, from REF. 79 © (2009) National Academy of Sciences. Figure in part d is reproduced, with permission, from
REF. 84 © (2010) Macmillan Publishers Ltd. All rights reserved.

Piezo actuator
A piezoelectric crystal driven
by a DC voltage to perform
length changes in the
Ångström to micrometre range.

picomolar to nanomolar concentrations of fluorescent
molecules (FIG. 3). A priori knowledge (for example,
knowing that the imaged object is a single molecule)
makes it possible to obtain resolution beyond the conventional diffraction limit of the microscope86,87–91. high
dilution of the fluorophores can be a problem if the
required concentration of the interacting binding partner
of the single molecule is micromolar, as is the case for the

nucleotides that bind to motor proteins. This problem has
been addressed using arrays of ‘zero-mode waveguides’,
which consist of sub-wavelength holes in a metal film92.
Single fluorophores inside the holes can be detected in the
presence of micromolar concentrations of fluorophores
outside the holes. This approach has been used to study
DNA polymerase at the single-molecule level92 but it has
not yet been applied to cytoskeletal motors.
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Figure 3 | Single-molecule fluorescence microscopy to study motor proteins. a | Epi-illumination (left) and total
internal reflection fluorescence (TIRF) illumination (right) are shown. The excitation beam (shown in green) and
0CVWTG4GXKGYU^/QNGEWNCT%GNN$KQNQI[
backwards-emitted fluorescent light (shown in red) are separated by a dichroic mirror
in the case of epi-illumination, and
by a dichroic mirror or small mirrors at the edge of the objective in the case of TIRF illumination. An electron-multiplying
charged coupled device (EMCCD) camera is used for low noise imaging at low light levels (for example, for detecting
single fluorophores). b | TIRF concentrates the illumination light to a thin layer near the surface. Single fluorophores that
are attached to kinesins moving along surface-attached microtubules can be excited and imaged selectively while
fluorophores in the background, further away from the surface, remain unexcited. c | When applied to cells, TIRF only
illuminates a thin layer where cells are attached to the surface of the chamber. Again, only the fluorophores near the
surface of the chamber are excited and detected. Large numbers of motors are active in cells, as schematically
indicated, but only those near the surface will be visible. d | A two-dimensional intensity profile of an image of a single
deac-aminoADP (a fluorescent ADP analogue) attached to a cover slip. The maximum of the intensity clearly peaks
over the background noise. The centre of the maximum, and thus the location of the fluorophore, can be determined
with an uncertainty limited by the standard error of the mean of the distribution. a.u., arbitrary units. Figure in part d is
reproduced, with permission, from REF. 63 © (2008) Macmillan Publishers Ltd. All rights reserved.

Quantum dot
A nanometre-sized fluorescent
semiconductor particle, the
fluorescent properties of which
depend on its shape and size.

For the fluorescent imaging of single motors
in vitro and in cells, probes need to be attached to
motors. Probes can be synthetic fluorophores, fluorescent semiconductor nanoparticles (quantum dots)
or recombinant fluorescent fusion proteins, such as
green-fluorescent protein (GFP) and related proteins,
which are co-expressed with the motor molecules52,93.
Alternatively, non-fluorescent particles that scatter
light, such as colloidal gold or silver particles, can

be used94. Although non-fluorescent, scattering labels
can be imaged with dark-field microscopy 95,96, fluorescent probes are mostly visualized with total internal
reflection fluorescence (TIRF) microscopy 52,54,97 to reduce
background and improve the signal-to-noise ratio
(FIG. 3). Details of the resolution limit of fluorescence
microscopy and applications in the broader singlemolecule field have been discussed in recent reviews52,54
(see also BOX 1).
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Box 1 | resolution limits of single-molecule fluorescence microscopy
The trajectories of single fluorophores attached to motors in vitro and in cells can be
tracked with millisecond temporal resolution and nanometre spatial resolution using
lasers for excitation and charged coupled device (CCD) cameras for detection.
This resolution is sufficient to resolve the stepwise motion of single motor proteins.
However, there is still little information on motor dynamics at the sub-millisecond
timescale. A single fluorophore is imaged by the microscope as a diffraction-broadened
spot (FIG. 3d). The centre of this spot (δx) can, in principle, be determined with arbitrary
precision180 with a remaining uncertainty δx:
λ
δx
0#0
where λ is the wavelength of the emitted light, NA is the numerical aperture of the
microscope and N the number of photons counted. This applies when counting noise
from detecting photons is limiting181. The problem of the correct fitting routine to
describe the diffraction-broadened spot has been recently discussed in detail119. If, on
the other hand, background noise (for example, out-of-focus fluorescence or camera
readout noise) is limiting, the resolution scales with the inverse of the number of
photons. With controlled background fluorescence and optimized magnification
(when the pixel size of the detector is about equal to the width of the point spread
function181), positional and temporal resolution are mostly limited by the number of
collected photons at short timescales, and by baseline drift, the speed of moving
molecules and photobleaching at longer timescales54. The limitations to resolution are
thus well known, and these limitations are expected to be overcome, in part, when
brighter and more stable fluorescent labels are available.
What recent developments have occurred? Small synthetic fluorophores are
constantly being improved182 and often outperform recombinant fluorescent proteins.
Nanodiamonds can emit bright fluorescence at 550–800 nm183,184, they do not blink over
milliseconds, they show reduced photobleaching, they are non-cytotoxic and they can
be functionalized to bind to proteins or DNA. Single-walled carbon nanotubes are a
novel type of fluorescent probe and seem to be ideal labels, showing no bleaching, no
blinking and fluorescence in the infrared185.

Total internal reflection
fluorescence
Excitation of fluorescence by
the evanescent light field of a
laser beam that is totally
internally reflected at an
interface between a medium
of higher and one of lower
index of refraction.

Point spread function
The point spread function
characterizes the diffractive
properties of an imaging
system and is equal to the
image of a point source of light
through this imaging system.

Epi-illumination
Microscope illumination
through the objective,
commonly used for
fluorescence excitation.

Centroid tracking of single fluorophores. TIRF-microscopy
data can be evaluated by centroid tracking, which refers
to the reconstruction of the trajectory of the centre of the
blurred image of a single fluorophore from a recorded
video. This approach provided the first direct demonstration of the hand-over-hand processive stepping
mechanism of single myosin v and Kinesin-1 molecules
(FIG. 1C). with ~104 photons collected per second from
a single cyanine dye, Cy3, attached to one head of the
dimeric motors, the head could be localized with ~0.5 s
temporal and ~1 nm spatial resolution over time periods of ~1 min72,73,98. variations of this method have been
introduced to further characterize the movement of single motors along their tracks in vitro. with two different
cyanine dyes or quantum dots attached to the two heads
of myosin v, heads could be colocalized with ~6–10 nm
accuracy, providing further support for the hand-overhand mechanism of processive movement 74,99. In a similar
approach, the broadly distributed step size of myosin vI
was attributed to a mixture of large and small steps with
narrow distributions100. Rotational movement of the
myosin v motor heads during processive movement was
shown in TIRF microscopy experiments in which the
motor was fixed at the cargo-binding domain and a fluorescently labelled actin filament was transported by the
motor heads. During each 36 nm step, the actin filament
was found to randomly rotate by 90 ° both clockwise and
counter-clockwise, consistent with a thermal twist in the
myosin v neck during processive movement101.

Fluorophores eventually photobleach, which means
that they become non-fluorescent through light-induced
chemical modification. This limits the time over which
single fluorophores can be followed. however, photobleaching can be exploited to accurately localize single
fluorophores in close proximity 102,103. By sequential
bleaching, distances of ~10 nm between single fluorophores attached to the heads of artificially dimerized
myosin vI104 could be resolved without the need for distinguishable colours. Single-molecule FRET (smFRET52)
was similarly used to detect distances of <10 nm between
donor dye (Cy3) and acceptor dye (Cy5) attached to the
two heads of Kinesin-1 (REF. 105). In this experiment,
the sensors were attached either to both kinesin heads
at the neck linker or to one head at the tip and the other
head at the base of the catalytic domain. The results suggest that Kinesin-1 has both heads bound to the microtubule at saturating ATP concentrations; at low ATP
concentrations, when nucleotide binding becomes rate
limiting, the motor is attached to the microtubule with a
single head until ATP binds.
Spatial orientation of single fluorophores. Fluorescence
can also be used to determine the spatial orientation of a
fluorophore and the labelled molecule. when out of
focus, the observed fluorescence-intensity pattern depends
on the fluorophore’s three-dimensional (3D)-orientation106.
This fact was exploited to monitor the orientation of
the myosin v lever arm during processive movement. The
image plane was toggled between focused, for measuring
motor head position, and defocused, for determining
lever-arm orientation107. The lever arm was shown to
rotate by about 70 °, consistent with the 36 nm steps of
the motor. orientation and rotation of motor subdomains
can also be studied at high time resolution if the polarizations of the excitation and emission beams are evaluated52.
The fluorophore must be rigidly attached to the protein,
and it is not possible to measure the orientation of the
fluorophore along the axes orthogonal to the polarization
direction of the excitation beam52. Full 3D orientation
can be measured by switching beam direction and using
polarization in epi-illumination or TIRF mode. To study
Kinesin-1, the fluorophore bis-sulphorhodamine (BSR)
was attached at two points to the catalytic head domain,
and the excitation beam was polarized alternatingly along
four polarization axes108. This showed that the head of
Kinesin-1 is most mobile when ADP is bound. These
experiments were inspired by earlier studies on muscle,
where native myosin light chains were partly exchanged
for BSR-labelled ones to study the 3D orientation of the
skeletal muscle myosin lever arms during fibre contraction109. Polarization studies on BSR-labelled light chains
on the myosin v lever arm revealed that the latter tilts
between two discrete angles during processive movement110. For these studies, the probes were excited successively by an evanescent wave in four different polarization
states and the orientation of the probe was characterized
in all three orthogonal spatial axes. The results provided
direct 3D evidence for lever-arm rotation and were consistent with the hand-over-hand walking mechanism.
A further possible method for monitoring orientation is
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Figure 4 | optical tweezers to study single motor proteins. a | Ray optics sketch of light rays within the laser light
cone (shown in red) that impinge from different directions (indicated by light, medium
and dark grey arrows) and are
0CVWTG4GXKGYU^/QNGEWNCT%GNN$KQNQI[
refracted through a bead trapped in optical tweezers. The bead is positioned slightly off the optical axis, and below the
focus of a strongly focused laser. The width of the arrows indicates the light intensity, which is highest on the optical axis
(as represented by the thickest arrow). b | The deflection of each photon results in a momentum change and a transfer of
momentum onto the bead. The length of the arrows corresponds to the magnitude of momentum. As wavelength does
not change, the magnitude of the momenta is unchanged by the deflection event (as indicated by the equal length of
arrows). Arrows between solid (original photon momentum) and dashed (deflected photon momentum) arrows show
the momentum transfers for individual photons out of the three rays of light, drawn in colours corresponding to part a.
c | The total momentum transfer per time on all deflected photons in the three rays equals the force exerted on the bead
(indicated by the blue arrow), which is the sum of the forces produced by the three rays. The gradient of intensity in the
laser cone implies more photons per time impinging near the optical axis, that is, the dark grey arrow is longer. Here, the
length of the arrows corresponds to the magnitude of force. d | The principle of high-bandwidth position and force
detection by back-focal-plane interferometry using a quadrant photodiode (4QD position detector). The 4QD position
detector is placed directly behind the microscope condenser so that it can collect the deflected laser light and detect
angular shifts in the transmitted trapping light.

Back-focal-plane
interferometry
Laser interferometric detection
of the displacement of optically
trapped particles from the
focus; uses imaging of the back
focal plane of the microscope
condenser, typically onto a
quadrant photodiode.

Blinking
The switching of single
fluorophores between bright
and dark states, which hinders
their use in time-resolved
experiments.

the use of visibly elongated probes. The rotation of the
myosin v lever arm could be visualized by attaching short,
rhodamine-labelled microtubules to its neck domain111.
The results suggest that the forward swing of the neck of
the leading myosin v head biases the random motion
of the lifted head so that it eventually lands on the next
binding site in the direction of motion.
A fundamental question about the basic mechanism of
cytoskeletal motors, which can also be addressed by single-molecule fluorescence, concerns the coupling between
the biochemical ATPase cycle and the mechanical conformations of the motor. The binding and dissociation of
nucleotide from dimeric myosin v was visualized using
the fluorescent nucleotide analogue deac-aminoATP112.
The stepping of the motor along actin was simultaneously
observed using Alexa-labelled calmodulin (the neck of
myosin v binds light chains of the calmodulin family)63.
The results showed that ADP dissociation from the trailing head is followed by ATP binding and a synchronous
36 nm step. Even at low ATP concentrations, the motor
retained ADP in the lead head position when moving.
Single-molecule fluorescence is therefore a very powerful
tool, not only for the study of the global motion of motors
but also for the tracking of intramolecular conformational
changes and nucleotide binding.

particles (FIG. 4) (see below). The technical challenge in
combining fluorescence imaging and optical tweezers is
the detection of a minuscule fluorescence signal in the
presence of the strong laser light needed for optical trapping. The trapping laser can cause background fluorescence of the trapped probe and enhanced photobleaching
of the fluorophore. These problems were avoided by separating the trapping laser and the fluorophore in the focal
plane by several micrometres when viewing the binding
and release of fluorescently labelled nucleotides from
single myosin II motor heads simultaneously with the
mechanical interactions of these heads with actin113. These
experiments showed that it is technically possible to monitor biochemistry and mechanics in a single experiment.
This experiment is feasible even when the fluorophore is
directly exposed to the optical-trap laser light if the dyes,
laser wavelengths and filters are chosen carefully 114,115.
Photobleaching occurred in this situation mainly through
the absorption of an infrared photon out of the excited
state114. Enhanced photobleaching can also be avoided if
trapping and fluorescence lasers are interlaced in time116.
owing to the technical challenges of combining fluorescence and optical tweezers, very few groups use this
approach and many details of the chemomechanical
coupling of molecular motors remain unexplored.

Combining fluorescence and optical tweezers. Chemomechanical coupling can be studied by combining the
use of fluorescence with optical tweezers. optical tweezers
exert piconewton forces and can be used to measure forces
and displacements of the trapped microscopic probe

Light-scattering-based techniques. The problems of
bleaching and blinking encountered with dyes can be
avoided using colloidal silver or gold nanoparticles96. These
particles scatter light efficiently and appear as bright spots
against a dark background in dark-field illumination, such
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that they can be tracked with sub-millisecond time resolution. Gold nanoparticles of ~40 nm in diameter were
attached to the lever arm of myosin v and tracked during
the motor’s hand-over-hand processive forward movement with a time resolution of ~300 μs95. The results suggest that the unbound head rotates freely about the lever
arm junction during a forward step, which might facilitate the motor’s movement through dense actin meshworks. Another approach, called travelling-wave tracking
(TwT)66, uses a rapidly moving pattern of laser interference fringes to illuminate and track small polystyrene
beads. Phase and amplitude of the regularly blinking scattered light can be detected so accurately that nanometre
spatial and microsecond temporal resolution is possible.
This technique was used to track polystyrene beads
bound to dimeric myosin v66, and revealed small axial
and radial motions during the motor’s processive forward
steps along a surface-immobilized actin filament. Smaller
probe sizes would improve temporal resolution, but particles need to exceed ~40 nm diameter to be distinguishable
from the background117. Gold particles with diameters of
2–3 nm can, however, be tracked using a photothermal
imaging technique117 that is insensitive to the scattering
background. Absorption of laser light, even by very small
gold particles, gives rise to an increase in temperature
around the illuminated particle. This can be detected by
polarization interference contrast117. This technology for
single-molecule localization with nanometre-sized probes
is especially attractive for imaging over long periods of
time but has yet to be applied to motor proteins.

analysis tools for motor tracking
To understand how ensembles of molecular motors cooperate in cells, it is useful to start with in vitro experiments
that go beyond the single-molecule level and analyse the
movement of dimers or small ensembles of motors. Data
must typically be analysed statistically, and this requires
automated analysis tools to deal with large data sets.
Polarization interference
contrast
A technique that is similar to
differential interference
contrast and that allows the
sensitive detection of slight
optical phase changes, induced
by local heating owing to an
absorbing nanoparticle, by
interference with a slightly
offset reference beam.

Kymograph
A graphical representation of
movement along one axis over
time, assembled by laterally
adjoining linear slices out of
consecutive video frames.

Gaussian bell curve
The most common probability
density function of a random
variable, defined by
1 (x – μ)2
2πσ2 2σ2
where μ is the mean and σ2 is
the variance of the distribution.

ƒ(x) =

Tracking cytoskeletal motors in vitro. To analyse the
movement of single and multiple motor proteins labelled
by fluorophores in complex environments, specialised
data analysis tools have been developed. Examples
include the construction of kymographs, which monitor
the time course of fluorescence intensities along a single
axis in space, and the automated 2D or 3D tracking of
single fluorophores by fitting 2D Gaussian bell curves to the
diffraction-limited intensity distributions recorded from
them118,119 (FIG. 3d). The diffusive motion of several kinesins,
including Kinesin-13 (REF. 120), Kinesin-3 (REFs 121,122)
and Kinesin-1 (REF. 123), and of myosin motors124,125 has
been observed using these types of data analysis tools,
as has the length-dependent microtubule depolymerization carried out by Kinesin-8 (Kinesin-8 diffuses along
microtubules to depolymerize their ends)126. Furthermore,
tracking of microtubule-crosslinking proteins and other
motors has provided new insight into how these proteins
move along, and regulate, microtubules. Tracking the
yeast microtubule-crosslinking protein anaphase spindle
elongation 1 (Ase1) made it possible to follow its diffusion
and microtubule-crosslinking activity 127. In the mitotic

spindle, kinesins of opposite directionality act between
overlapping microtubules and create a ‘push–pull-muscle’.
The homotetrameric Kinesin-5 was shown to crosslink
microtubules in the mitotic spindle128, preferentially in
an antiparallel orientation129, and to move the antiparallel
microtubules apart. Single-molecule trajectories revealed
that Kinesin-5 moves along microtubules in a directional,
ATP-dependent mode, and a diffusive, ATP-independent
mode130,131. The transition from diffusive to directional
movement in physiological buffer conditions was shown
to be triggered by binding between two microtubules; this
implies a possible regulatory mechanism for Kinesin-5 in
the mitotic spindle132.
Tracking cytoskeletal motors in live cells. To monitor
single motor proteins in live cells, several problems must
be overcome. one is the background noise that is introduced by the presence of cellular autofluorescence resulting from flavinoids133. Another is that motors are found in
high local concentrations and move quickly and in three
dimensions. To overcome these problems, it is necessary
to determine the trajectories of individual motors with
at least millisecond time resolution. The resolution limits
in the detection of single fluorophores are discussed in
BOX 1. The various forms of super-resolution microscopy
that are being developed86 are typically not fast enough to
follow motors or are based on the stochastic switching of
fluorophores between excited and dark states, which also
prevents tracking.
however, single fluorophores can be imaged in cells,
in a thin layer near the surface, using TIRF microscopy.
Trajectories recorded in TIRF mode have been analysed
manually, frame-by-frame134, which is time consuming
and prone to bias. The methods used for the automated
tracking of single molecules in vitro can also be used in
cells118,119. They have revealed, for example, the on-rate,
detachment-rate and the average residency-time of
myosin X tail domains in the plasma membrane135. very
limited movement of the membrane-bound myosin X
tail domains was found, suggesting that these domains
are either bound to the cytoskeleton or corralled in a lipid
compartment.
The problem of background noise can be overcome by
using clusters of fluorophores. Single organelles, such as
peroxisomes, that were labelled with ~1,000 fluorescent
GFP molecules, or endocytosed vesicles containing many
quantum dots, could be tracked as the cargo of molecular
motors in vivo136,137. In these experiments, evidence was
reported for steps of 8 nm, which is typical for a single
kinesin or dynein motor in vitro. however, even in vitro,
cargo movement by multiple motors has been found to
involve fractional steps; in other words, variable step
sizes that are smaller than 8 nm138. Thus, the question of
whether or how multiple motors coordinate their steps
during cargo movement remains open.
In addition to fluorescent-protein-based labelling,
external probes with superior photophysical properties
have been introduced into cells. Quantum-dot-labelled
myosin v motors were incorporated into heLa and
CoS-7 cells by spontaneous endocytosis. Subsequent
osmotic shock treatment was required to break up the
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encapsulating vesicles139,140. The movement of most of the
quantum dots was random in direction, which could be
the result of motors moving processively along random
actin networks140. Another approach used genetically
engineered tandem citrine tags, with high quantum-yield
and stability and low bleaching, to label single kinesin
molecules inside cells. Citrine is derived from enhanced
yellow fluorescent protein (EYFP). Tracking individual
citrine-tagged Kinesin-1 motors in cells showed that their
speed and processivity agreed well with in vitro results141.
Thus, the first steps necessary to perform single-molecule
experiments with motors in cells have been taken, but
further advances are necessary to be able to broadly apply
this approach.

Isometric force
The force that is generated by
a muscle contracting without
changing length.

Trap force
The force that is imposed by
optical tweezers on a trapped
particle.

Viscous drag
The frictional force on objects
moving in a viscous fluid.
The viscous drag force is
proportional to the velocity of
the moving object. For small
spherical objects moving slowly
through a viscous fluid (that is,
at a low Reynolds number)
the viscous drag coefficient is
β = 6πηr, where r is the stokes
radius of the particle and η the
viscosity of the fluid.

This problem can be avoided when one bead is used to
measure force and the other bead is kept at a fixed position151, ensuring that sufficient pre-tension on the actin
filament is maintained148.

studying motors with optical tweezers
optical tweezers are an all-optical non-contact tool,
based on a strongly focused laser beam, that can be combined with high-resolution light microscopy to measure
piconewton forces and nanometre displacements of
micron-sized refractile objects after they are trapped near
the focus of the laser light. This parameter range is suitable for quantitatively studying the production of force by,
and movement of, motor proteins142.
The fundamental principles and the technical implementations of optical tweezers to study single proteins or
nucleic acid molecules are well established and extensively
reviewed53,54,143,144. In the following sections, we remind the
reader of some of the fundamental limitations of optical
tweezers, in terms of spatial and temporal resolution, that
must be kept in mind when performing single-molecule
mechanical experiments on motor proteins. we also
discuss recent developments and technological refinements in the use of optical tweezers that bring about new
opportunities to investigate molecular motors in vitro, and
in vivo in cells or whole organisms.

Displacement measurements of molecular motors. Pure
displacement measurements are made with force clamps.
The displacement of the bead with respect to the centre
of the optical tweezers (x) is held constant by feedback,
so that a constant trap force is balanced by a constant force
that is exerted by the motor on the trapped bead. This is
achieved by rapid (microsecond) steering of the tweezers
beam using acousto-optic18,152 or electro-optic modulators153. Force clamps have been applied to accurately measure the force–velocity curves of motor proteins and to
study mechanochemical coupling for processive kinesins
and myosin v in ‘single-bead assays’75,77,154–157 (FIG. 5a), as
well as for measuring RNA polymerase processing on
a DNA template158. An all-optical force clamp, which
avoids any electronic feedback and opposes strong and
weak optical tweezers, has been developed by the Block
laboratory 159. In this method, two beads that are coupled,
for example, by a strand of DNA, are held so that the bead
in the weaker tweezers is pulled to the top of the trapping
potential, where the force levels off and becomes constant.
In this manner, the energy landscapes of DNA and RNA
folding were accurately mapped160–162.
An elegant force-clamp experiment was used to test
whether one or both heads of Kinesin-1 are bound to the
microtubule in-between processive steps (FIG. 5a). one of
the heads was tethered by a stretch of DNA to a trapped
bead. This bead was used to apply rapidly alternating
hindering and assisting loads on the motor head. The
displacements of the bead indicated that the linked head
alternated between a bound and an unbound state during
processive stepping 75.

Measuring the force of molecular motors. Feedbackenforced position-clamping in optical tweezers experiments has been used to measure the isometric forces of
myosin motors. This was first introduced for the ‘threebead assay’ (FIG. 5), which was used to measure the power
strokes of non-processive skeletal muscle myosin II18,43,145.
A myosin three-bead assay consists of two beads held in
tweezers and used to suspend an actin filament while a
substrate-attached third bead is used as a pedestal for
a myosin motor. Initially, the same bead that was used
to measure bead position, and thus the myosin power
stroke, was also used to measure force. This geometry
cannot provide truly isometric conditions as there are
compliant linkages between the motor and the beads146–
149
. The linkage between the actin filament and the beads
at either end is especially crucial. The linkage compliance can be measured both by detecting correlated thermal fluctuations between the beads147 and by oscillating
one bead and observing the other 149. The compliance
was found to be highly nonlinear, and it can be very
soft unless substantial pre-tension is put on the bead–
filament–bead ‘dumbbell’148,150. with all of these linkage
compliances, the motor will move even if the bead used
to measure position and force is kept at a fixed position.

Temporal resolution of optical tweezers assays. In discussing the physical limits of time resolution, one needs
to distinguish two experimental scenarios — that is, the
investigation of processive motors and of non-processive
motors. For processive motors, details such as the conformational changes of the motor head in the attached
state (for example, sub-steps in the processive motion)
need to be resolved. For non-processive motors, the
instant that the motor binds to the actin or microtubule
needs to be detected before details of conformational
changes can be looked at. In addition, when applying
feedback loops to control the position of the optical
tweezers, one needs to know how fast the feedback can
be engaged. Generally, the viscous drag and the elastic
stiffness of the tweezers and the molecules involved
determine the response time of the trapped bead163,164.
In the case of the highly processive and comparably stiff
motor Kinesin-1, time resolution of ~15 ms could be
achieved154, and this made it possible to prove that there
is tight coupling between ATP hydrolysis and motor
steps. An even higher time resolution of ~1 ms has been
achieved using small (200 nm diameter) beads in the
tweezers. This helped to detect sub-steps in the motion
of the processive myosin, myosin v65.
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Methods for detecting the binding of non-proces0CVWTG4GXKGYU^/QNGEWNCT%GNN$KQNQI[
sive motors in three-bead
assays were pioneered in
studies on muscle myosin43,149. Binding of the motor
to the filament causes a change in the overall stiffness of
the system (κ) which can be monitored as a change in
displacement variance of the trapped beads (<x 2>) with
the Boltzmann constant kB:
1
2

Boltzmann constant
This constant relates the
average thermal energy of
a microscopic particle to
temperature.

κ x2 =

1
2

kBT

because the two quantities are directly related to each
other via the temperature (T). Early experiments with
myosin achieved a time resolution of tens of milliseconds
and showed that the power stroke of myosin was only

Figure 5 | optical tweezers to study movement of
dimeric motors and power strokes of single motor heads.
a | ‘Single-bead assay’ to study the ‘processive’ stepping of
Kinesin-1, with a load applied to one of the kinesin heads.
One head is tethered by a DNA linker to a bead held in an
optical trap. The displacement traces (recorded with an
assisting load of 1.7 pN) show the position of the trapped
bead and the 16 nm stepping pattern of the tethered head.
Traces can be interpreted with the help of the schematic
sequence of motor states shown in steps 1–4. The starting
position (step 1) shows the tethered head without
nucleotide (indicated by an asterisk) and strongly bound to
the microtubule, just before the binding of ATP. ATP binding
causes neck-linker docking and brings the ADP-bound
trailing head forward. ADP release from this head follows
after binding to the microtubule (step 2). This all occurs
without bead movement. Detachment of the tethered head
from the microtubule and its forward movement then
actually generates bead displacement ‘overshoots’ (step 3),
marked by orange vertical bars above the traces, before the
head rebinds to the microtubule in the recovery step
(step 4), marked by purple bars above the traces. This
demonstrates the ‘hand-over-hand’ stepping mechanism
of Kinesin-1. With this approach, the effect of load on a
single head during processive stepping of Kinesin-1 can be
studied. b | The ‘three-bead assay’ uses two optical traps,
each holding a bead, to suspend an actin filament over
a single myosin V motor head that is attached to the
third bead. Position detectors record individual power
strokes, which are bi-phasic in the case of myosin V.
The displacements of the trapped beads from the trap
centres indicate the position of the actin filament. The
displacement data show intervals of decreased variance
that indicate myosin binding to actin and the two
consecutive power strokes (dashed arrows). The bigger
sub-step of the power stroke is coupled to inorganic
phosphate (Pi) release and the smaller one is coupled to
ADP release, as shown in the schematic. c | Here, real-time
detection of myosin binding is used to control the position
of the traps and to rapidly apply load to myosin following
the binding event. This design has been used to provoke
reversals of the main power stroke of myosin V (as
indicated by the arrows on the displacement records)
and to demonstrate reversibility in the chemomechanical
cycle of myosin. 4QD, quadrant photodiode. Figure in
part a is modified, with permission, from REF. 75 © (2009)
Macmillan Publishers Ltd. All rights reserved. Figure in
part b is modified, with permission, from REF. 61 ©
(2002) Macmillan Publishers Ltd. All rights reserved.
Figure in part c is modified, with permission, from REF. 67
© (2010) Macmillan Publishers Ltd. All rights reserved.

about 5 nm43,149. The various elastic compliances in the
three-bead myosin assay system were later quantified
and pre-tension was used in the suspended actin filament to increase time resolution149. In later three-bead
assays with the Kinesin-14 NCD45, the time resolution
was estimated by numerical simulations to be ~15 ms.
Theory showed that time resolution for detecting motor
binding is limited by the ratio of the variances before and
after binding 165. with careful optimization, a resolution
of ~5 ms was reached in a myosin assay 165. using the same
approach, ~300 μs resolution was achieved for a muscle
myosin assay 166. By moving both tweezers back and forth
with a constant velocity in a myosin three-bead assay, all
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Figure 6 | optical tweezers used to measure force fluctuations of cells. a | Sketch of
0CVWTG4GXKGYU^/QNGEWNCT%GNN$KQNQI[
a cell suspended between two optically trapped beads,
with the internal force-generating
structures of actin and myosin depicted. Force measurements on suspended cells make it
possible to measure the total force that is generated by a single cell. b | Time trace of the
force fluctuations exerted on bead 1 and bead 2. Data were recorded from an MLO-Y4
osteocyte using beads of 4 μm diameter. The forces exerted on both beads appear to
largely balance each other. This suggests that intracellularly generated forces, that is, forces
generated by the cytoskeleton, are predominant. 4QD, quadrant photodiode. Figure in
part b is modified, with permission, from REF. 178 © (2009) The American Physical Society.

of the compliances that attenuate amplitudes and limit
time resolution could be quantified167.
For less stiff motors, such as non-muscle myosins,
time resolution can be improved by applying smallamplitude forced oscillations in the khz range on one of
the trapped beads64. with a resolution of ~1 ms, using an
ensemble-averaging technique, it was found that myosin
class I produces a working stroke in two sub-steps, which
are probably coupled to the release of inorganic phosphate and ADP64. Similar observations have since been
made for other myosin isoforms, specifically classes I, II,
v and vI61,68,69,166,168,169. Fast detection of myosin binding
can also be used to trigger a rapid application of load, subsequent to binding, by moving the optical tweezers67–69.
Combined again with ensemble averaging, the loaddependence of the two sequential phases of the working
stroke could be resolved for smooth muscle myosin II
and myosin v68,69. Recently, it was also directly shown
that the myosin v power stroke is reversible under a large

enough load67. observing such events was made possible
by rapid detection of attachment, which then triggered
application of load. Further evidence for power-stroke
reversal comes from the finding of asymmetric rupture
forces of the motor from actin170, whereas off-axis loads
have little effect on rupture forces and ADP affinity 171.
Asymmetric rupture forces — different forces required
to detach a motor from its track when the motor is pulled
in a forward or backward direction — were also reported
for dimeric Kinesin-1. In these experiments, it was shown
that the affinity of kinesin for ADP is regulated by loading
direction172. These characterizations of motor mechanics
under load in vitro are crucial for understanding how
motors perform in the cellular context, when their cargo
is exposed to constantly changing forces.
Using optical tweezers in cells. The selective and controlled
optical trapping of particles, vesicles or organelles inside
cells is difficult because of the high index of refraction
of many intracellular objects that will indiscriminately
assemble in the trap. A further complication for a quantitative application of tweezers is the fact that calibration of
force and displacement are not as straightforward in cells
as they are in buffer. Ashkin et al.173 trapped mitochondria in the amoeba Reticulomyxa spp. in the early days of
optical tweezers and roughly estimated the force generated by a single motor to be ~2.7 pN, which is remarkably
close to the true force. For mechanical characterization
of motors in cells using optical tweezers, it seems best to
use either distinctive indigenous cellular particles with a
high index of refraction, such as lipid droplets, or injected
or ingested particles that are clearly identifiable, such as
gold beads. The tracking and trapping of lipid droplets
revealed that the motors that transported these droplets
in basal and apical directions in early Drosophila melanogaster embryos had unitary stall forces of ~1.1 pN174.
The tweezers were calibrated approximately by extracting
droplets from the embryos and comparing trap force to
viscous drag for a given droplet size. The initial force
estimate was revised to ~2.6 pN in a later report on the
same system175.
The use of gold, or other particles that can resonantly
absorb light of a certain wavelength, to investigate motor
mechanics in cells still needs to be explored but is promising for two reasons. First, such particles are strongly
scattering. when they are too large or are illuminated
exactly at resonance, these particles will absorb light, will
not be trappable and will heat up rapidly. Second, when a
wavelength near, but not on, resonance is used, the trapping force is predicted to be up to 50-fold enhanced176.
This effect, which should occur near any sharp resonance, might make it possible to trap particles specifically
inside cells.
Motors can, in some cases, also be studied by optical
tweezers ‘reaching through’ the cell membrane, with
the trapped bead on the outside of the cell, such that
calibration is not a problem. The anterograde and retrograde movements of beads attached to the outside of
Chlamydomonas spp. flagella were observed in this manner 177. when beads are attached to the outside of cells,
single motors cannot normally be detected, but one can
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record the sum of the activity of the many motors inside
the cell. If one suspends a cell by two attached beads, the
collective motor activity typically results in negatively
correlated random fluctuations of the beads (FIG. 6).
Interestingly, it was found that the force transmitted to
the beads increases significantly with increased trap stiffness178. very similar behaviour had been observed before
in an actin–myosin in vitro model system179. Although
optical tweezers have thus been a very powerful tool to
characterize motor proteins in vitro, their use in cells has
delivered promising results but still poses challenges.

Concluding remarks
Since the first single-molecule experiments over 20 years
ago, there has been a dramatic development of the field.
The single-molecule approach has made it possible to
study the basic mechanisms of many cellular machines,
in particular the motors of the cytoskeleton, and also
DNA- and RNA-based motors involved in transcription
and translation, as well as the rotary motor F1-ATPase.
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