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Interrogating Biology with Force: Single Molecule High-Resolution
Measurements with Optical Tweezers
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Sesto Fiorentino, Italy; National Institute of Optics, National Research Council, Florence, Italy; and YInternational Center of Computational
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ABSTRACT Single molecule force spectroscopy methods, such as optical and magnetic tweezers and atomic force
microscopy, have opened up the possibility to study biological processes regulated by force, dynamics of structural conforma-
tions of proteins and nucleic acids, and load-dependent kinetics of molecular interactions. Among the various tools available
today, optical tweezers have recently seen great progress in terms of spatial resolution, which now allows the measurement
of atomic-scale conformational changes, and temporal resolution, which has reached the limit of the microsecond-scale relax-
ation times of biological molecules bound to a force probe. Here, we review different strategies and experimental configura-
tions recently developed to apply and measure force using optical tweezers. We present the latest progress that has pushed
optical tweezers’ spatial and temporal resolution down to today’s values, discussing the experimental variables and con-
straints that are influencing measurement resolution and how these can be optimized depending on the biological molecule

under study.

INTRODUCTION

Force and mechanical stress act on biological systems at
very different length scales, from cells, down to single
molecules, and up to entire organisms. In the last few
decades, force has emerged as a fundamental regulatory
factor for cell life. It has been known for a long time
that external forces acting on muscles regulate their
contraction velocity and power output. Actually, it is well
established that physical activity regulates expression of
muscle proteins to adapt to changes in functional demands.
More generally, emerging evidence indicates that factors
such as the force applied or the rigidity of the extracellular
matrix determine the shape and function of cells and organ-
isms (1). Classically, the regulation of biological systems
is described through a series of biochemical signals and
enzymatic reactions that direct the processes and cell
fate. However, mechanotransduction, i.e., the conversion
of mechanical forces into biochemical signals, is at the
base of many biological processes fundamental for the
development and differentiation of cells (2), for their
correct function and for the development of pathologies
(3). At the molecular scale, force modulates enzymatic
activity, induces structural changes in proteins and nucleic
acids, alters kinetics of molecular bonds (4,5), regulates
motions of molecular motors (6,7), and has a role in
mechanical transduction and sensory functions (8). All
these processes are ultimately related to the capacity of
force to modulate lifetimes of molecular interactions and
transition rates in biochemical reaction cycles that involve
motion (9).
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The study of the molecular mechanisms underlying force-
dependent processes has been opened up by single molecule
force spectroscopy techniques. Over the past two decades, a
myriad of methods have been developed to apply and mea-
sure forces on single molecules. Among these, atomic force
microscopes, optical tweezers, and magnetic tweezers have
enabled the study of a wide range of molecular processes in
which force plays a crucial role (10). The last few years
have seen major improvements in spatial and temporal res-
olution of optical tweezers, which have extended the range
of measurable quantities and the biological systems that can
be interrogated with force.

After their invention by Ashkin et al. in 1986 (11), opti-
cal tweezers have become one of the most widely used
single molecule tools in biology (12). The capacity to
apply and measure forces from a few tens of femtoNewtons
to ~100 picoNewtons, which well overlaps with the range
of forces experienced by biological molecules in their
native environment, makes optical tweezers an ideal sin-
gle-molecule tool for biologists. Optical tweezers are easily
implemented in an optical microscope by focusing a laser
beam through the microscope objective. Dielectric micro-
particles are stably trapped near the beam focus owing to
the interaction between the laser light and the particle itself
(Fig. 1 a). A polystyrene or silica microsphere is usually
trapped and used as a handle to manipulate single mole-
cules bound to it. The force experienced by the bead (F)
points toward the trap center and grows with the distance
of the bead center from the trap center (Xpe.q). The trap
behaves as a Hookean spring for small distances (F =
—kirap¥pead> Where ki,p is the trap stiffness). Beyond the
linear region, a small zone of near-constant force follows
at the border of the potential well, after which the force
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FIGURE 1 Force exerted by optical tweezers. (a) A dielectric micro-
sphere is stably trapped near the laser beam focus. A lateral displacement
of the bead (xpeaq) is oOpposed by a restoring force F. (b) For small displace-
ments of the bead from the trap center (xpeaq), the force exerted by optical
tweezers grows linearly with xy,.,q. Beyond the linear region, a near-con-
stant force region follows, after which the force rapidly drops to zero.

rapidly drops to zero (Fig. 1 b) (13). The position of the
trapped bead can be measured using a variety of detection
schemes and the applied force is obtained from the bead
position and calibration of the trap stiffness. Several arti-
cles and reviews describe in detail the physics of optical
tweezers, instrument design considerations, and calibration
techniques (14-16).

Several measurement strategies have been implemented
to study very different biological systems. Here, we first
report, to our knowledge, some of the prototypical optical
tweezers configurations developed as of this writing, with
particular emphasis on recent biological applications. We
then discuss factors affecting spatial and temporal resolution
in the different configurations of measurement and recent
developments that allowed optical tweezers to reach unprec-
edented resolution.
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STRATEGIES TO APPLY AND MEASURE FORCES
ON SINGLE BIOLOGICAL MOLECULES

Static geometries

In the simplest geometry (the single bead or single trap
geometry), optical tweezers are kept at a fixed position
and a trapped bead monitors conformational changes and
movements of a protein that is linked to the bead (Fig. 2
a). This configuration has been largely used to investigate
processive molecular motors such as conventional kinesin
(17), which can move continuously along a microtubule
for up to several microns. The force applied to the proces-
sive motor increases as the protein displaces the bead
from the trap center while translocating along its track
(F = —kyapXpeaa)- When the maximum force that the motor
protein can develop is reached, the motor stalls. Stall forces
of kinesin (18), RNA polymerase (19), and many other
motors have been measured using the single bead geometry.

A reversed configuration (the three-bead assay) was
mainly used to investigate nonprocessive molecular motors
such as skeletal muscle myosin, which briefly interacts with
actin, displaces it by a ~5-nm conformational change (work-
ing stroke), and unbinds (20-22). In the three-bead assay, an
actin filament is suspended between two optically trapped
beads, and a single myosin molecule is bound to a third
bead stuck onto the coverslip (Fig. 2 b). The same assay
was recently applied to investigate actin-binding pro-
teins involved in mechanotransduction processes (23).
By replacing the actin filament with a microtubule, the
three-bead assay was adapted to study microtubule-based
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FIGURE 2 Configurations for the measurement of force and displacement with optical tweezers. (a) Single bead or single trap geometry. The trap is static
and the bead displacement xy,.,q measures protein displacement. (b) Three-bead assay. Both traps are static and the trapped beads displacement (xpe,q) mea-
sures protein displacement. (¢) Two-bead or double trap assay. The left trap is stationary and measures the force applied to the polymer. The right bead moves
in steps or ramps and, for each displacement, the forces applied to the polymer and its extension are measured. (d) Force-clamp or isotonic clamp. A feedback
system moves the trap to keep force on the bead constant. Trap displacements (x,p) measure protein displacements. (e) Position-clamp or isometric clamp.
The left bead detects movements of the dumbbell (xpe.q), Whereas the right bead moves using an AOD to oppose the detected movements. The right bead
measures the force applied by the motor protein (Fpoor)- (f) Dynamic force spectroscopy. The molecular bond is subjected to constant loading rates and

rupture forces and bond lifetimes are measured.
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molecular motors such as cytoplasmic dynein (24,25) or ncd
kinesin (26).

Double optical tweezers (the two-bead, double trap, or
dumbbell assay) or a single trap together with a micropipette
have been widely employed to investigate the mechanical
properties (force-extension curves) of single dsDNA and
ssDNA molecules (27), as well as single RNA molecules
(28). In this configuration, one of the two traps is held at a
fixed position and probes force applied to the polymer,
while the second trap or the micropipette is displaced to
stretch the polymer (Fig. 2 ¢). More recently, the same
approach was applied to investigate protein folding by using
dsDNA handles to tether the protein between the two beads
(4,29,30). The same geometry was used to demonstrate that
filamin A acts as a force-activatable mechanosensor (31).

Dynamic geometries

A more sophisticated geometry is the so-called force-clamp
or isotonic clamp (6,32) (Fig. 2 d). In active force-clamps,
the distance between the bead and the trap (xpeaq) 1S continu-
ously monitored through a position detector. As the distance
changes owing, for example, to the movements of a motor
protein, a feedback system rapidly moves the trap to keep
the distance, and thus the force, constant (x.,q = const. —
F = —kgapXveada = const.). In this configuration, trap move-
ments (Xq,p) accurately probe protein movements. Active
force clamps were extensively applied in a single bead geom-
etry to study processive molecular motors such as kinesin
(32), myosin Va (6), myosin VI (33), and RNA polymerase
(34), and in a double trap configuration, in which one trap
was stationary and the other one was force-clamped, to study
nucleic acids or protein folding (28,29,31,35). Despite the
higher complexity of implementing force-clamps, single
molecule data collected in this configuration allow a direct
measurement of force-dependence of conformational transi-
tion rates, thus enabling the reconstruction of the energy
landscapes of molecular structural states. Force-clamp
geometries also open up the possibility of measuring the
mechanical output of molecular motors, such as the working
stroke and the average distance traveled before dissociating
(run length), as a function of load. This configuration also
eliminates the complication of correcting the measured dis-
tances taking into account motor and linkage compliances,
which remain at a fixed length under force-clamp (see next
section and Eq. 3). Piezo- or motorized mirrors can be used
to steer the laser beam and move the trap, although much
faster response (us) can be reached using acousto-optic
deflectors (AODs) (36) or electro-optic deflectors (37).

The limited bandwidth of the feedback loop can some-
times be restrictive (38), depending on the time constant
of the process under study relative to the response time of
the feedback loop. Alternative configurations were devel-
oped to overcome such limitation. For example, Nambiar
et al. (39) created a one-dimensional region of constant
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force extending over several micrometers by rapidly line-
scanning the trapping light and simultaneously modulating
its intensity. Greenleaf et al. (13) developed a passive all-
optical force-clamp exploiting the constant-force region of
optical tweezers near the border of the potential well
(Fig. 1 b). Such a clamp was successfully employed to
measure the force-velocity relationship for transcription
by RNA polymerase (40), as well as folding trajectories of
nucleic acids under constant force (41,42).

Opposite to force-clamp, where force on the protein is kept
constant and protein movements are measured, the position-
clamp (also called the isometric clamp) prevents protein
movements and measures the force that is developed. Molec-
ular isometric clamp was first developed by Finer et al. (20) to
measure forces exerted by single actomyosin complexes in
the three-bead geometry and subsequently refined by Takagi
etal. (43). In this latter implementation, one of the two beads,
termed the transducer bead, detected movements of the
dumbbell whereas the other bead, the motor bead, was moved
using an AOD to oppose the detected movements and
maintain the bead-actin-bead assembly at its initial position
(Fig. 2 e). Myosin isometric force measured from these ex-
periments was ~9 pN, close to that estimated from high-res-
olution fiber mechanics studies (44). The same assay recently
allowed the measurement of force-dependent interaction
between actin and different isoforms of myosin I (8,45,46).

Another strategy to probe the effect of force on molecular
bonds is dynamic force spectroscopy (DFS), in which the dis-
tribution of rupture forces of molecular bonds is measured at
different loading rates (47). Constant loading rates were
applied by moving the trapped bead at constant velocity
(dFldt = *ktrap ¢ (dxpeag/dt) = _ktrap * Vpead) (48-53)
(Fig. 2 f), or by clamping the position of the bead relative
to the optical trap (xpeaq = const.) and increasing the optical
power at a constant rate (dF/dt = —(dkiap/dr) * Xpeaa) (54).
Data collected with DFS can be converted, using appropriate
models, to get the kinetics of bond detachment under constant
forces (47,55). Such an approach is commonly used for weak
bonds, in which the kinetics are too fast to effectively work in
a force-clamp geometry; however, a proper conversion relies
on the accuracy of model assumptions. Among the many
reports, DFS was applied to study the interaction between
actin and skeletal muscle myosin (48,49) or titin (52), and
between lipid bilayers and myosin I (53). The binding of
the glycoprotein Iba (GPIba) subunit to the Al domain
of von Willebrand factor, which mediates the formation of
platelet plugs for arterioles and is associated with the
bleeding disorder von Willebrand disease, was recently
studied by DFS (50,56).

OPTICAL TWEEZERS WITH ANGSTROM SPATIAL
RESOLUTION

One of the key features of optical tweezers is the capability to
measure small conformational changes and displacements

Biophysical Journal 105(6) 1293-1303
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produced by single biological molecules. Such movements
range from several nanometers for cytoskeletal molecular
motors, down to one basepair (3.6 10\) for DNA and RNA
processing enzymes (57,58). High spatial resolution is,
thus, a fundamental requirement for the study of a wide range
of biological molecules. Molecular displacements can be
measured through different position detection systems that
monitor the position of the trapped bead. To date, the most
sensitive detectors, which are based on interferometry
(17,59,60), allow the detection of Angstrom movements on
a timescale of 1 ms or better. However, different sources of
noise deteriorate localization accuracy. A source of noise
that cannot be eliminated arises from Brownian fluctuations
of the trapped bead owing to thermal forces, which are
inherent in single molecule experiments performed in liquid
solution. Thermal noise, thus, sets fundamental limits on
single molecule force and position measurements.

Thermal noise

Understanding which parameters affect thermal noise is
crucial to optimizing spatial resolution in position measure-
ments with optical tweezers. Thermal noise amplitude can
be calculated from its frequency distribution, which de-
pends on the system stiffness and viscosity. In the single
bead geometry depicted in Fig. 2 a, a trapped bead is linked
to a motor protein, which is moving on its track bound
to the coverslip. The system has a combined stiffness k,
which comprises the trap stiffness (k.p) and the stiffness
of the molecule and linkages connecting the molecule
to the bead and to the coverslip surface (kporor); and a
drag coefficient mainly due to the solution viscosity and
the bead (Ypead, Fig. 3 a). The power spectrum (i.e., the
squared magnitude of the Fourier transform) of thermal
motion for a sphere of radius r constrained by an elastic
element of stiffness k, immersed in a fluid of viscosity 7
at temperature 7, is given by (10,61)

kgT

S(f) 7727bead (sz +f2)’ (1)
where Ypeaqa = 677 and f = k/2Tpeaq 1S the cutoff fre-
quency of the motion. The power spectrum is constant for
low frequencies (f << fc) and decreases as 1/f* for high fre-
quencies (f >> fc) (Fig. 3 ¢). The position variance o2 (the
square of the position fluctuation amplitude) is the area under
the power spectrum, which is given by ¢ = kgT/k. However,
the bead position is always measured over a finite frequency
interval or bandwidth Af, and the position variance is the area
under the power spectrum within the interval Af (for example,
the turquoise area in Fig. 3 c). This area can be easily derived
from Eq. 1 in the low-frequency approximation:

iV ;
— 4kBTl;Ybedd f (2)

Biophysical Journal 105(6) 1293-1303

Capitanio and Pavone

a b
k” ap Ybead kmolor 5
2
[e]
- - o

d ¢ A low freq
-Q Y —
: o £ high freq
%@% §%
= a <
Xyoag  Xmotor 82 k, > K, Y1
e oo
g
Imm@mﬂo% a

:

Frequency

FIGURE 3 Parameters affecting thermal noise and spatial resolution. (a)
kirap 1s the trap stiffness and kyo0r comprises the motor protein stiffness in
series with the stiffness of the linkages connecting the protein to the bead
and the coverslip surface. vpeqaq is the bead viscous drag coefficient. (b)
Position fluctuations. Drawing of the position signal of a bead linked to a
compliant (k;) or stiff system (k,). (¢) Power density spectrum of the bead
position. When the stiffness of the system increases (k, > k;), the noise
amplitude decreases at low frequencies (f << fc) (furquoise area), but it is
unchanged at high frequencies (pink area). When the viscous drag decreases
(2 < 71), the low-frequency noise decreases, whereas the high-frequency
noise increases. The area under the power spectrum stays constant (d) The
measured bead displacement (xpe,q) depends on the motor protein displace-
ment (Xot0r) and on the values of the trap and protein stiffness.

Stiffer systems and smaller beads, therefore, reduce the
position noise at a given bandwidth. When the bead is linked
to a stiffer element (Fig. 3, b and c, red curve), the total
amplitude of thermal noise is reduced. On the other hand,
a smaller bead does not change the total amplitude of ther-
mal motion, but changes its spectral distribution, leaving
less noise at the low frequencies in which measurements
are usually made (Fig. 3 ¢, green curve). Because molecular
stiffness is usually nonlinear and increases with the applied
tension, from Eq. 2 we also deduce that applying higher
force to a molecule is advantageous because it reduces the
fluctuations by increasing the system stiffness.

Care must be taken when measuring molecular move-
ments, because bead movements (Xpe.q) correctly report
molecular movements (Xmotor) ONly When Koy << kmotor-
In fact, referring to Fig. 3 d,

kmolor

kmo or
= xmomthv (3 )

Xpead = Xmotor
kmolor + ktrap

and the signal-to-noise ratio (SNR) is given by

Xbead — kmotnr-xmotor (4)
Ox VA4kpT Y peaa B

From Egs. 2—4 we see that increasing trap stiffness reduces
thermal noise, but it also reduces movements of the probe
relative to the real movements of the molecule, so that the
SNR is not changed. Eq. 4 is also valid in the force-clamp
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geometry (Fig. 2 d), where the trap stiffness is zero for a trap
that applies a constant force (61).

In the two-bead assay, a single molecule is tethered
between two microbeads trapped in optical tweezers
(Fig. 2 ¢). The added Brownian noise due to the second
microsphere deteriorates the SNR, which is always smaller
compared to the single-bead assay (62). However, Moffitt
et al. (62) demonstrated that, by detecting the positions of
both trapped microspheres (x1peaq and x2pe,q), correlations
in their motions could be exploited to maximize the SNR.
In fact, the difference coordinate (x_ = xlpeaq — X2bead)s
with appropriate choice of experimental parameters, dis-
plays a SNR that is always superior to that of the single-
trap geometry (62).

Instrumental noise

Thermal fluctuations set a lower limit for high-resolution
position measurements, but many sources of instrumental
noise deteriorate spatial resolution in optical tweezers.
Instrumental noise originates from electronic noise in the
position detector, from mechanical oscillations, from ther-
mal expansion and contraction in the microscope (thermal
drifts), and from laser pointing and intensity instabilities.
Several strategies have been developed in the last decade
to limit instrumental noise and reach spatial resolutions
near the thermal noise limit, either using active or passive
stabilization strategies.

High-resolution measurements in surface-coupled geom-
etries (Fig. 2, a, b, and d—f) require stabilization of both the
trapping laser and the microscope stage. Active stabilization
of the microscope stage was obtained through a feedback
system that monitors movements of the stage using a fidu-
cial mark attached to the coverslip surface and compensates
such movements using piezo translators. Simple video
microscopy was used to monitor movements of a bead stuck
to a microscope coverslip and compensate thermal drifts
to <1 nm in three dimensions (63). Nanometer stability of
the trapping laser was achieved with a simple design to
minimize air turbulence and laser intensity fluctuations
(63,64). Steffen et al. (65) developed such a nanometer-sta-
bilized system to reveal the distribution of binding sites of a
single myosin molecule along an actin filament. A much
more complex approach is required to reach Angstrom sta-
bilization, which is necessary to measure single basepair
movements of nucleic acid processing enzymes. Carter
et al. (66) used a second laser source and back-focal-plane
interferometry to monitor the movements of a fiducial
mark microfabricated onto the chamber surface and thereby
correct thermal drifts using a piezo stage down to ~0.1 nm.
Stabilization of the trapping laser was achieved using an
optical fiber to convert laser pointing noise into intensity
noise and actively stabilizing it with a feedback loop
involving an acousto-optic modulator. Combining stabiliza-
tion of the sample and the trapping laser, they demonstrated
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sensitivity to single basepair steps in a surface-coupled
DNA assay (Fig. 4, a—c) (66,67).

An alternative approach consists of decoupling the bio-
logical system under study from the coverslip surface by
suspending it between two optical tweezers, which are sta-
bilized to the required accuracy level. Abbondanzieri et al.
(40) reduced laser pointing noise induced by air turbulence
by enclosing the laser path within a closed chamber filled
with a gas at low refractive index and temperature-stabiliz-
ing the experimental apparatus down to 0.1 K variation.
Reduction of instrumental noise to < 1A usi this approach
allowed them to probe single basepair stepping by RNA
polymerase (Fig. 4, d—f). Using similar double optical
tweezers, Cheng et al. (68) could measure single-basepair
unwinding of double-stranded RNA by the hepatitis C virus
NS3 helicase. In this experiment, the setup was temperature-
stabilized, employed a low-noise laser (69) and the differen-
tial detection described in the previous section (62).

OPTICAL TWEEZERS WITH MICROSECOND
TEMPORAL RESOLUTION

Optical tweezers are affected by various limitations in their
capacity to temporally resolve events; the term “temporal
resolution” can, thus, refer to different physical quantities
and vary depending on the molecule under investigation.
Position data can be sampled at high frequencies (hundreds
of kiloHertz), limited by the temporal response of the photo-
detector and electronics. Temporal resolution of the position
detector, however, is rarely the limiting factor in optical
tweezers measurements.

Relaxation time

A lower limit on temporal resolution of optical tweezers is
given by the relaxation time of the system. Let us consider
again the arrangement depicted in Fig. 3 a, where a micro-
meter-sized bead is trapped in optical tweezers and linked
to a biological molecule, immersed in a viscous solution.
When this system is perturbed from equilibrium, for
example by protein conformational changes or by trap dis-
placements, it moves exponentially to a new equilibrium
position with a time constant (relaxation time) 7 = ~/k
where v is the viscous drag coefficient and k the stiffness
of the system (9). Therefore, systems with high stiffness
attached to small probes exhibit fast responses to perturba-
tions. If the perturbation develops faster than 7, the bead
moves with the same relaxation time 7, filtering out all the
movements that occur on shorter timescales.

For a surface-coupled geometry, the stiffness of the sur-
face-coupled molecule and the stiffness of the optical twee-
zers act in parallel and sum with each other (k = ki.p +
kmotor in Fig. 3 a). Therefore, rigid molecules also display
fast temporal responses even in the presence of weak traps.
In principle, relaxation times of ~2 us can be reached on

Biophysical Journal 105(6) 1293-1303
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FIGURE 4 Strategies to reduce instrumental noise. (a) Active stabilization of a surface coupled assay (67). A laser beam (green) was focused on a fiducial
mark (transparent cylinder) bound to the coverslip to measure stage drifts, which were compensated by a feedback system driving a piezo stage. (b) To
demonstrate the resolution of the system illustrated in panel a, the stage was moved in 0.34-nm increments (blue) such that the apparent DNA contour length
changed. A step-fitting algorithm found steps (black) at 0.33 = 0.08 nm. Data filtered at 5 Hz (light green) and 0.2 Hz (dark green). (c) A pairwise distance
distribution of the 0.2-Hz data from panel b show a peak at 0.31 = 0.09 nm. (d) Passive stabilization via a suspended double-trap assay. The picture represents
the experiment by Abbondanzieri et al. (40), in which a single molecule of RNA polymerase (blue) was attached to the left bead held in the trap and tethered
via the upstream DNA to the right bead held in a second trap. (¢) Representative records from Abbondanzieri et al. (40) for single molecules of RNAP tran-
scribing <18 pN of assisting load, median-filtered at 50 ms (pink) and 750 ms (black). Horizontal lines (dotted) are spaced at 3.4 A intervals. (f) In Abbon-
danzieri et al. (40), the position histograms for 37 segments derived from transcription records for 28 individual RNAP molecules were computed and the
autocorrelation function was calculated for each of these. The power spectral density of the averaged autocorrelation function showed a peak at the dominant
spatial frequency, corresponding to the inverse of the fundamental step size, 3.7 = 0.6 A

rigid molecules (1 pN/nm) using small beads (200-nm diam- series, and this combined elastic element acts in parallel
eter). In practice, the rigidity of molecules and linkages to with the second trap. As a consequence, even for very rigid
the beads are nonlinear and usually require high tensioning molecules, the system stiffness & is always smaller than the
to reach stiffness values of ~1 pN/nm. Moreover, the force combined stiffness of the traps (2k.p), and the relaxation
exerted by optical tweezers and the resolution of the posi- time is dictated by the trap stiffness.

tion detector both decrease with bead size (15), making
the use of small beads difficult. Nishiyama et al. (70) devel-
oped a dark-field position detection scheme with increased
SNR that allowed them to use 200-nm diameter beads in Relaxation time constitutes a lower limit to time resolution in
an optical trap. By applying tension to a single kinesin optical tweezers, but usually thermal fluctuations pose a
motor proceeding along a microtubule to increase its stiff- more severe limitation on the time resolution achievable in
ness, they obtained a response time 7 < 20 us at forces position measurement. In fact, as discussed in the previous
above 3 pN. The high temporal resolution allowed them section, to distinguish single basepair steps with sufficient
to detect 4-nm substeps within the 8-nm step of kinesin. SNR, a sufficiently small bandwidth has to be chosen to
Uemura et al. (71) used the same assay to study the stepping  reduce thermal noise (Eq. 4). A compromise between spatial
of myosin Va at high spatio-temporal resolution, revealing and temporal resolution is thus necessary. For example, in the
two pathways for the 36-nm steps, one of them composed conditions reported by Abbondanzieri et al. (40) (r =350 nm,
by 12- and 24-nm substeps. A modified setup was used by kiap = 1.9 pN/nm, Af= 100 Hz), from Eq. 2 we get a thermal
Iwaki et al. (72) to tether a single-headed myosin VI to an  position noise of ~0.5 A, close to the ~1 A position noise
optically trapped 200-nm bead and rapidly scan the bead  reported. Therefore, the capacity to measure subnanometer
along an actin filament. Using this assay, they could observe displacements from single molecules requires averaging
weak and strong binding of myosin VI heads to actin, and over several tens or hundreds of milliseconds, thus reducing
they found that strong binding was greatly enhanced when measurement bandwidth and temporal resolution.
backward strain was applied.

Trap and molecular stiffness sum up differently in sur-
face-uncoupled geometries such as the two-bead assay
depicted in Fig. 2 ¢ and Fig. 4 d. Here, the stiffness of the In general, the above considerations apply when measuring
molecule and the stiffness of one of the two traps act in steps of molecular motors and conformational changes or

Thermal noise

Dead time
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folding trajectories of single molecules. However, addi-
tional temporal limitations arise when observing weak
molecular bonds or nonprocessive motors, which are char-
acterized by short interaction lifetimes. Nonprocessive
motors bind to their track for just one ATP cycle that, under
physiological conditions, has a duration on the order of mil-
liseconds. Protein conformational changes or working
strokes of motor proteins are usually associated with the
formation of molecular bonds and follow binding on the
submillisecond timescale. Therefore, an efficient strategy
for the detection of brief interaction events and rapid appli-
cation of loads is necessary to allow the investigation of the
kinetics and mechanics of these biological processes.

Methods for the detection of interactions of nonproces-
sive motors were first developed in studies on muscle
myosin in the three-bead geometry (Fig. 2 b). The detection
strategy was based on the variation of thermal noise upon
binding, which, in turn, depends on the variation of system
stiffness upon binding, as described by Eq. 2 in the low-fre-
quency region (f << f;) (21,73,74). When myosin binds to
actin, the system stiffness increases and thermal fluctuations
at low frequencies consequently decrease (as represented by
the turquoise area under the blue and red power spectra in
Fig. 3 ¢). The SNR between thermal noise in the unbound
and bound states ¢, """ /g Pound — k- Kunbouna CaN be
as high as ~25 by using weak traps (kunpound ~ Zkirap ~
0.04 pN/nm) and by high pretensioning of the actin filament
(kbound ~ kmyosin ~ 1 pPN/nm) (22,73). However, if the posi-
tion variance is measured at f > f., the SNR decreases
with frequency and eventually vanishes (as represented by
the pink area in Fig. 3 ¢, which is the same for the blue
and red power spectra). For this reason, position variance
in this kind of experiment was calculated using time win-
dows At > 5 ms (73), and events with durations below
this value could not be detected. This strategy, therefore,
sets a temporal limit Az (the dead time) for detection of mo-
lecular interactions.

Veigel et al. (75) developed a technique to decrease the
dead time to ~1 ms. The idea was to artificially increase
the position noise at a high frequency by oscillating one
trap at 1 KHz and detecting the amplitude of oscillation at
the other bead, which was greatly reduced upon myosin
binding. This method enabled them to detect the onset of
each binding event within ~1-2 ms. By monitoring the
amplitude of this signal using an analog electronic detection
circuit, they were also able to apply a range of loads to a sin-
gle myosin head with a time delay of ~3 ms after detection
of attachment. They investigated the effects of load on
the kinetics of smooth muscle myosin (76) and myosin Va
(77). These experiments made a great contribution to
contemporary understanding of how load regulates myosin
motors function and how it plays a role in coordination of
the two motor domains in processive motors. The several-
millisecond delay of this technique, however, did not allow
the study of load-dependence of faster processes, such as the
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myosin working stroke. Moreover, techniques capable of
clamping force on nonprocessive motors and weak molecu-
lar bonds were still lacking.

Ultrafast force-clamp spectroscopy

A different approach, named ultrafast force-clamp spec-
troscopy, recently allowed application of constant loads
between a single intermittently interacting biological poly-
mer and a binding protein with a delay in application of
the load of only ~10 us (78).

A sketch of the operational principle of the method is
shown in Fig. 5 a, in which A is the binding protein, and
B is the polymer. A net constant force (Fio, = +AF) is
applied to the bead-polymer-bead complex (dumbbell)
through two feedback systems that clamp the force on the
two beads to two different values (—F on the left bead,
F+AF on the right bead). The dumbbell, thus, moves
against viscous drag at constant velocity (v = F/v)
when molecules A and B are not bound. The net force is
alternated in direction, so that the dumbbell oscillates in a
triangular wave fashion within a limited spatial interval
(Fig. 5 b). When A binds to B, the force Fy is transferred
to the surface-coupled molecule A; because the system
was designed to maintain a constant force, the dumbbell
movement stops, except for possible conformational
changes of the molecules after binding.

The time taken to transfer the force from the viscous
solution to molecule A and stop the dumbbell is the relaxa-
tion time of the molecular complex (78). When applied
to the interaction between fast skeletal muscle myosin
and actin using highly pretensioned actin filaments and
500-nm diameter beads, the transfer time was ~10 us. For
lactose repressor interactions with a weakly tensioned
DNA (=3 pN), the transfer time was ~100 us (Fig. 5, ¢
and d). This time is very short compared to the duration
of typical protein interactions which, thus, occur under a
real force-clamp configuration. Any conformational change
occurring after the formation of the molecular bond is also
performed under the same constant load (Fig. 5 e). Using
this system, Capitanio et al. (78) directly measured load-
dependence of the amplitude of myosin working stroke.

Another advantage of this system is that interaction events
are detected through variations in the dumbbell velocity,
which display a high SNR. The variation of velocity upon
binding grows with the applied force and decreases with
the beads size (Vunbound = Frot!Y> Vbounda = 0). The dead
time for the detection of actin-myosin binding was ~100
us at ~5 pN, using 500-nm diameter beads, which allowed
the detection of weak binding events (detachment ~5 x
10° s7' at 5 pN; Fig. 5 f), and premature detachment of
myosin from actin (~1 x 10* s~ ' at 5 pN). On Lac repressor
DNA, short-lived interactions (dissociating at ~1 x 107!
at 4 pN), which are probably involved in a Lac repressor-
facilitated diffusion mechanism (79,80), were detected.
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FIGURE 5 Ultrafast force-clamp spectroscopy. (@) Schematic of the operational principle of the method illustrating constant F,, = AF applied to molecule
B through two feedback systems clamping the force on the left to —F and on the right bead to F+AF. The force is measured using quadrant detector
photodiodes and kept constant by moving the traps via AODs. (b) Position of the dumbbell. The net force is switched between +AF and —AF to keep
the dumbbell within a confined spatial interval (=200 nm). The dumbbell stops when A binds to B. (¢) Mechanical model for actin-myosin and DNA-
Lacl interaction. (d) Relaxation times calculated from the models in panel ¢ using 500-nm diameter beads (78). (¢) Actin-myosin interactions longer
than 1 ms showed that the myosin working stroke is developed 0.2-1 ms after attachment. (Filled arrowheads pointing down) Myosin working stroke.
(f) Submillisecond single actin-myosin interactions detected with ultrafast force-clamp spectroscopy. (Filled arrowheads pointing up) Actin-myosin binding.

(Open arrowheads pointing down) Actin-myosin detachment.

Ensemble averages

Ensemble averaging is a useful technique when high spatial
and temporal resolution are both required (81,82). This
method enabled distinguishing two steps in the working
stroke of myosin Va (81), smooth muscle myosin (76),
and skeletal muscle myosin (22) and excluded the presence
of substeps in kinesin (83). Instead of time-averaging posi-
tion data of single events to reduce thermal noise, as pre-
scribed by Eq. 2, in ensemble averaging N interaction
events are synchronized at the beginning or at the end of
the interaction and averaged point-by-point. Position noise
thus scales as 1/v/N and can reach the /okngstrom level for
N ~ 1000 (22). Temporal resolution for this kind of average
is determined by the accuracy in detecting the time of the
beginning or end of the interaction (g4). Such accuracy
can be evaluated through simulated data (22,83) or theoret-
ical considerations (78). For the interaction between fast
skeletal muscle myosin and actin, g4 ~ 300 us can be
obtained using a classic three-bead assay (22), and in the
range 10-50 us with ultrafast force-clamp spectroscopy
(78). Methods have been developed to interpret the kinetics
after an ensemble average and extract the rate constants of
the different reactions within a biochemical cycle (82).

CONCLUSIONS AND PERSPECTIVES

The spatial and temporal resolution improvements by opti-
cal tweezers in recent years have opened new opportunities
for investigating the effects of force on biological processes.
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Many issues about the mechanisms of function and regula-
tion of molecular motors and mechanoenzymes still need to
be elucidated (57). The sophisticated technologies that
are now available will enable the study of molecular inter-
actions, strength of molecular bonds, and protein and
nucleic acid folding with unprecedented resolution. Sin-
gle-molecule in vitro techniques are just starting to be
applied to proteins involved in mechanotransduction, using
purely mechanical measurements (23,31,84) or combining
mechanical control of a protein and fluorescence detection
of its binding partners (85). A growing set of tools for the
combined manipulation and localization of single molecules
has been developed (64,86-88) and applied mainly to the
study of nucleic acid structure (89,90) and DNA binding
proteins and processing enzymes (91,92).

Novel tools are moving high-resolution measurements
from in-vitro assays to living cells. Among these, molecular
tension sensors based on Forster resonance energy transfer
(93-95), spectral emission changes due to proximity (96),
and fluorescence quenching (97) enabled pN-sensitivity
measurements of intramolecular tension. Direct manipula-
tion and force measurement in living cells with optical
tweezers have also seen great progress recently, thanks to
developments in calibration methods taking into account
any variations among cargoes and local viscoelastic proper-
ties of the cytoplasm (98-102). All such advancements will
be crucial toward providing new insights into the mecha-
nisms of the myriad biological processes that are directly
regulated by force or connected to the mechanical condi-
tions in the cell and its surrounding environment.
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