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Abstract

Single-molecule optical-trapping experiments are now resolving the small-
est units of motion in biology, including 1-base-pair steps along DNA. This
review initially concentrates on the experimental problems with achieving
1-Å instrumental stability and the technical advances necessary to over-
come these issues. Instrumental advances are complemented by insights in
optical-trapping geometry and single-molecule motility assay development
to accommodate the elasticity of biological molecules. I then discuss general
issues in applying this measurement capability in the context of precision
measurements along DNA. Such enhanced optical-trapping assays are re-
vealing the fundamental step sizes of increasingly complex enzymes, as well
as informative pauses in enzymatic motion. This information in turn is pro-
viding mechanistic insight into kinetic pathways that are difficult to probe by
traditional assays. I conclude with a brief discussion of emerging techniques
and future directions.
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RNAP: RNA
polymerase

AFM: atomic force
microscope

DNAP: DNA
polymerase
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INTRODUCTION

One of the hallmarks of life is motion. At the smallest level, this motion is performed by molecular
motors. Kinesin walks along microtubules for vesicular transport, and myosin pushes on actin fila-
ments for muscle contraction. A less obvious, but still critical, molecular motor is RNA polymerase
(RNAP), which moves along DNA as it makes RNA. Indeed, many of the enzymes involved in
the central dogma of molecular biology are molecular motors (e.g., helicases, polymerases, the
ribosome). Such directed motion necessarily consumes energy. In general, these molecular mo-
tors utilize the energy stored in nucleotide triphosphates (NTPs) to move along their underlying
template (Figure 1a). Traditional biochemical and biophysical studies have taught us numerous
critical facts about each of these systems, including their kinetic rates and critical residues necessary
for catalysis (5).

To fully understand how these motors work, we need to answer additional questions, such
as the following: What is a motor’s step size? How much force does it generate? To answer
these and other important questions, scientists have spent the past two decades increasing the
precision of a variety of physical techniques to probe single molecules (32, 60, 71), including
single-molecule fluorescence, single-molecule fluorescence resonance energy transfer (FRET),
magnetic tweezers, atomic force microscopy (AFM), and optical traps. Although each of these
techniques has its own strengths and limitations, optical traps have proven particularly well suited
to studies of molecular motors.

Two early triumphs in the field were resolving the individual steps of the canonical motor
proteins, kinesin and myosin. The measured step size of kinesin was 8 nm, corresponding to the
fundamental repeating unit of the microtubule (82). The initial step size of myosin was ∼10 nm
(27), but it was quickly revised to ∼5 nm using improved analysis (55).

Early trapping work also focused on DNA. Researchers investigated questions in polymer
physics by manipulating and visualizing individual DNA molecules (20, 65–67, 77). Single-
molecule studies of DNA-based molecular motors were also developed. Initial investigations
focused on RNAP (91, 96), DNA polymerase (DNAP) (94), and RecBCD, a DNA helicase
(6).
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Figure 1
Measuring the motion of individual molecular motors. (a) A simplified kinetic diagram of a molecular motor showing an off-pathway
pause. (b) Record of RNA polymerase (RNAP) motion along DNA showing 1-bp (0.34-nm) steps. Panel adapted with permission from
Reference 1. (c) Record of ribosomal motion along RNA showing 1-codon steps (3 nucleotides), which in this assay are amplified to
2.7-nm steps (see Figure 6b). Panel adapted with permission from Reference 93. (d ) Record of the DNA packaging motor from
bacteriophage ϕ29 pulling in the DNA in 2.5-bp steps. Panel adapted with permission from Reference 52. (e) Record of ClpX, an
adenosine triphosphate (ATP)-powered protease, moving along a protein substrate in discrete translocations of four to eight amino
acids per step. Panel adapted with permission from Reference 3. ( f ) Record of RNAP motion along DNA showing forward steps
interspersed with a long pause associated with 1 bp of backwards motion. Adapted from Reference 1. High-bandwidth data ( pink) are
smoothed to generate traces with improved spatial precision (dark purple) at the loss of temporal resolution. Abbreviations: N, position
index of the molecular motor along its polymeric substrate; kc, catalytic rate for forwards translocation; k1 and k−1, kinetic rates into
and out of a paused state, respectively NTP, nucleotide triphosphate.
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bp: base pair

Resolution:
a localization precision
often used in the
context of “resolving”
steps of molecular
motors, distinctly
different than
diffraction-limited
resolution

An immediate question arose: Could one resolve the stepping of an individual enzyme moving
along DNA? The fundamental building block of double-stranded (ds) DNA is the base pair (bp),
which is 3.4 Å in length along DNA’s helical backbone and much smaller than the Brownian
motion and the drift in these early instruments. To confidently measure a step this small, an
optical trap with ∼1-Å precision and stability was needed. However, achieving such spatially precise
measurements in liquid at room temperature posed a significant instrumental challenge. After a
decade of insight and instrumental advancement, Abbondanzieri et al. (1) successfully measured
the stepping of individual RNAP (Figure 1b). The techniques developed in this pioneering work
are being extended and improved upon (17, 53) to observe individual steps of an increasingly
wide range of molecular motors, including ribosomal motion along RNA (93) (Figure 1c), DNA
packaging into bacteriophage capsids (Figure 1d ) (52), and force-induced protein unfolding by
proteases moving along proteins (Figure 1e) (3, 49). Extended pauses in molecular motion are
also detected with 1-bp spatial precision (Figure 1f ) (1).

This review focuses on several developments needed to make Ångström-scale measurements
with optical traps and on general issues that arise in applying this measurement capability. There
are numerous methods to build and calibrate traps, which have already been well reviewed (45,
54, 59, 62, 80, 86). Additionally, there are excellent reviews on biological insight derived using
high-resolution optical traps on diverse single-molecule systems (4, 14, 15, 35, 37, 85, 97, 100).
For specificity, I focus on nucleic acid–based molecular motors.

EXPERIMENTAL TECHNIQUES AND ADVANCES

In the following sections, I briefly review the basic components of a modern high-performance
optical trap, how to measure the length of biopolymers using optical traps, and how Brownian
motion affects their spatiotemporal resolution. Finally, I discuss the challenges and technical
advances in achieving Ångström-scale precision and stability in optical traps.

Optical traps typically consist of a high–numerical aperture (NA) microscope objective, a
condenser lens, an electronically controllable piezoelectric (PZT) translation stage, and a laser
(Figure 2a). The high-NA objective tightly focuses the laser beam to a diffraction-limited spot.
The condenser collects the forward-scattered light and projects it onto a position-sensitive

ObjectiveObjective

PZT
stage

CondenserCondenser
a

b

Figure 2
(a) Schematic of an optical trap showing the laser beam being focused by a high–numerical aperture
objective and a condenser lens collecting the transmitted (forward-scattered) light. A three-axis
nanopositioning piezoelectric (PZT) translation stage facilitates high-precision positioning of the sample
relative to the trap. (b) Enlarged inset showing the optical trap measuring the motion of a surface-bound
enzyme along DNA. Both the trap and the surface can undergo unwanted motion, degrading high-precision
measurements of enzymatic motion.
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QPD: quadrant
photodiode

nt: nucleotide

aa: amino acid

Extension: the
end-to-end distance of
a stretched polymer;
extension is a
force-dependent
property for which
higher forces lead to
higher extensions

Worm-like chain
(WLC) model: A
polymer physics model
that describes the
elasticity of
biopolymers and is
used to deduce L from
F and xDNA

Contour length (L):
the force-independent
distance along a
polymer’s backbone
that is proportional to
the number of
monomers in the
polymer

detector, often a quadrant photodiode (QPD). The PZT stage provides for precise control of the
sample relative to the trap in three dimensions (3D), typically with subnanometer precision.

Although most high-resolution optical-trapping studies are now decoupled from the surface (1,
16, 52, 78, 98), the original assays for studying myosin, kinesin, RNAP, and DNAP were coupled
to the surface, either through a cover slip (27, 82, 96) or a bead held in a micropipette (94).
For specificity, I focus on the tethered-bead assay developed for studying DNA-based molecular
motors, such as RNAP (95). As shown in Figure 2b, mechanical studies of motor proteins are a
molecular tug of war. One of the major milestones in the application of optical traps to biology was
determining the force–velocity (F–v) relationship for RNAP (91), kinesin (81, 89), and DNAP (94).

Mechanically Measuring the Length of a Single Molecule

To be broadly useful, the motions of enzymes along various kinds of substrates need to be
characterized in their natural units. For velocities along DNA, RNA, and protein, these would be
base pairs (bp), nucleotides (nt), and amino acids (aa) per second, respectively. However, the raw
measurement is a voltage (Vx) determined by the light landing on a QPD (Figure 3). A series of
steps are needed to convert Vx to the number of monomers in the chain. One first converts Vx to
bead position (xbd) and then converts xbd into a polymer extension (xDNA). A sensitivity calibration
maps Vx into xbd. This conversion is simplified when the calibration curve is insensitive to small
displacements of the trapping beam, a benefit of back-focal-plane (BFP) detection (88); BFP
detection measures xbd relative to the laser focus, not an external reference frame. Electronic
normalization of Vx by the total light falling on the QPD further improves the measurement
precision by suppressing the effects of intensity fluctuations.

The geometry of the assay is critical to converting xbd into the extension of the DNA (xDNA)
(Figure 3). Extension is force dependent, so geometric considerations are particularly important
when computing xDNA and F along the stretching axis of a surface-coupled assay (92). Biopolymers
are nonlinear springs with a force–extension curve well described by the worm-like chain (WLC)
model (8, 50, 92) (Figure 3). This nonlinearity leads to most high-resolution measurements being
done at higher forces (F > 6 pN) for a more precise determination of the force-independent length
of a polymer, called its contour length (L). A pair of experimental measurements (F, xDNA) leads to
a unique value of L via the WLC model and the DNA’s persistence length, its bending stiffness.
The persistence length of dsDNA is ∼50 nm (33) at physiological salt concentrations, but this
length can appear smaller when analyzing shorter DNA molecules with the traditional WLC
model (74). Finally, the contour length is converted into the number of monomers in the chain
based upon the rise per monomer (0.34 nm bp−1) for dsDNA (Figure 3).

Brownian Motion Limits Spatiotemporal Resolution

What prevented early studies from measuring the step size of RNAP? The key issue was not
the sensitivity of laser-based detection of bead motion; Denk et al. (25) demonstrated a spatial
sensitivity to bead motion of 0.01 Å Hz−0.5 in 1990. Rather, the limit was developing Ångström-
scale stability over sufficiently long times to average the large Brownian motion of an optically
trapped bead (Figure 4a). The lack of long–time scale stability was a well-documented problem.
Indeed, the sensitive instrument developed by Denk et al. (25) was limited by drift that was three
orders of magnitude larger at 1 Hz than the reported spatial sensitivity at higher frequencies.

Brownian motion has a zero mean, so the key tradeoff in all high-resolution optical-trapping
measurements is to compromise temporal resolution for improved spatial precision by averaging
(Figure 4b). For simplicity, I discuss measuring an isolated trapped bead before discussing coupled
systems incorporating biological molecules. The standard deviation (σ x) in xbd is set by ktrap via the
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Figure 3
An overview showing how optical traps are used to determine the mechanical length of a DNA molecule, in particular, and a
biopolymer, in general. The laser light is detected by a quadrant photodiode (QPD). This light is converted into a voltage (Vx). Prior
calibration of the QPD to bead displacement (xbd) enables conversion of Vx to xbd via a calibration curve (line). The geometry of the
assay—shown here as either a surface-coupled assay or a dual-trap assay—is necessary to determine the extension of the DNA (xDNA).
A quantitative description of the elasticity of the DNA by the worm-like chain model (line) enables the conversion of xbd and the
applied F to a force-independent length, called the contour length (L). Finally, this contour length, measured in nm, is converted into
biologically relevant units: base pairs (bp), nucleotides (nt), or amino acids (aa), depending on the individual assay. Abbreviations:
dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.
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Figure 4
(a) Trace showing the significant Brownian motion on an isolated optically trapped bead (ktrap = 0.11 pN nm−1). The high-bandwidth
data ( pink, 15 kHz) were smoothed to 10 Hz [ purple, 20 data points s−1 (based on the Nyquist frequency)]. The high-bandwidth data
have a standard deviation of 5.9 nm. (b) Positional precision increases by averaging over longer periods. Technically, this panel plots the
Allan variance (79). The gray dashed line has a slope consistent with averaging Brownian motion. Deviations away from this slope at
longer averaging times shows instrumental noise limiting the ability to improve spatial precision at the cost of temporal resolution (23).
(c) Record of DNA length in a surface-coupled optical-trapping assay showing the problem of resolving 1-bp motions, even in an
environmentally regulated room, without additional steps (1, 12). Panel adapted with permission from Reference 12. (d ) Two lasers
form an optically based reference frame. The central idea is that common-mode motion is suppressed by making a differential
measurement based upon the distance between the laser foci. (e) Record of two lasers (red and blue) measuring the same bead stuck to a
cover slip. The difference between these two measurements (black) is stable to ∼0.5 nm over 1 min and does not show the rapid
transient motions seen in the individual position measurements. ( f ) Stage motion (blue) obscures detection of 4-Å steps of one laser
(red ). By computing the difference between the two (black), these 4-Å steps are clearly resolved. Traces displaced for clarity. Panel
adapted with permission from Reference 61.

equipartition theorem: σ 2
x = kBT /ktrap. For a typical ktrap (0.11 pN nm−1), σ x is ∼6 nm, 60 times

larger than the 1-Å precision needed to resolve 1-bp steps. Averaging reduces Brownian motion,
but the precision improves slowly, with the same scaling relation as the standard error in the
mean has to the standard deviation σ SEM

x = σx/
√

n, where n is the number of independent mea-
surements. To be independent, such measurements must be separated by at least the correlation
time of the bead motion. This time depends on ktrap and the bead radius; a typical time is ∼0.5 ms.
Thus, it takes ∼2 s to achieve a 1-Å spatial precision, a time over which even modern highly
stable optical-trapping instruments suffer from drift (Figure 4c) in the absence of additional
drift-reduction techniques (1, 12). Instrumental drift is, therefore, a critical issue limiting the field.
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Optically based
reference frame:
a differential
measurement scheme
where the distance
relative to two laser
foci is measured rather
than an absolute
position

Instrumental drift is a general problem that can arise from a host of different causes, such as
temperature fluctuations, electronic noise, and mechanical drift. At significant effort and cost,
leading groups designed acoustically quiet, temperature-regulated rooms in the basements of
buildings to addresses these issues. Moreover, they increased the stiffness and stability of the
optical-trapping instruments themselves. Such next-generation surface-coupled optical traps in
these specialized rooms showed subnanometer stability along DNA (58, 63), but they occasionally
displayed spurious high-frequency motion with an estimated noise of 1.4 nm (4 bp) (64). The
jump to measuring 1-bp motion along DNA awaited a set of additional insights.

Eliminating Mechanical Drift Using an Optically Based Reference Frame

The main limitation with surface-coupled assays is the stability of the surface. More generally, the
surface and the optical trap can move relative to each other. Shaevitz et al. (75) solved this problem
by decoupling the assay from the surface, similar to earlier work that visualized the polymer modes
of taut DNA (67). In this dual-trap, or dumbbell, assay (Figure 3), two beads are trapped in two
different traps; the RNAP is coupled to one bead, and the DNA is anchored to the other. As the
RNAP moves along the DNA, the beads are pulled together. This assay led to enhanced long-term
stability, achieving near base-pair resolution that led to insight into the pausing and backtracking
of RNAP.

The central idea of the dual-trap assay is that the differential stability between two laser beams
is significantly higher than the stability between one laser beam and a surface (Figure 4d ). In
this optically based reference frame, the motion of a common lens causes both beams to move an
equal amount so that the distance between the trapped beads remains fixed and the perturbation
is suppressed. This suppression is possible because, as discussed above, BFP detection measures
the bead relative to the laser beam, not its absolute position in the microscope’s field of view.

The stability of an optically based reference frame is probed by using two lasers to measure a
common object (Figure 4e, inset). My lab demonstrated the use of a polystyrene bead melted to
a cover slip as a fiducial mark to measure the motion of the surface. Both measurements showed
the sample drifting at a rate of 0.1 nm s−1, with occasional rapid jumps. This record is typical for a
highly stable microscope in an acoustically quiet, temperature-regulated room (Figure 4e). The
key result is that the difference between the two laser beams was stable to better than 0.5 nm over
60 s. More generally, this “two-beam, one-bead” assay is an excellent diagnostic tool for tracking
down non-common-mode noise. Such non-common-mode noise is critical because it limits the
stability of measurements relying upon an optically based reference frame.

Similarly, surface-based noise could be subtracted out in real time by making a differential
measurement with a precision of 1 Å in 1 ms (61). To simulate enzymatic steps along DNA,
we moved one laser beam in a series of 4-Å steps relative to the other. In the uncorrected
record (Figure 4f ), no steps were resolved. But, when the surface noise was subtracted, the
resulting differential measurement showed well-resolved steps with a signal-to-noise ratio of 25
(Figure 4f ). This work highlights the challenge of surface-based assays, as well as a path forward
to achieving 1-bp resolution in such assays. More generally, it shows that Ångström-scale
short-term precision can be complemented with excellent long-term stability.

Compliance Correction and Its Elimination

Interpreting high-resolution measurement of biological molecules requires understanding the
effects of their elasticity upon mechanical measurements. Both the trap and the biomolecule act like
springs. Moreover, their extensions are coupled during a measurement. When a DNA molecule
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Compliance
correction:
a correction to the
measured bead
displacement to yield
the actual biological
motion, after
compensating for the
elasticity of the
biomolecule and the
optical trap

Force clamp:
a process by which the
force applied across a
biological molecule or
assay is held constant,
typically by active
feedback

is stretched, the force increases, and both xDNA and xbd change (Figure 5a). This has important
consequences. For instance, if ktrap is made very stiff to decrease Brownian motion, then most of the
stretching occurs in the softer spring, the DNA. The net result is that �xbd, the actual observable,
changes very little. Indeed, it is straightforward to show that increasing ktrap does not improve the
ability to resolve steps along DNA, assuming a linear spring for the optical trap (12, 53).

This complication is called compliance. The original kinesin stepping paper incorporated a
compliance correction of 19%, yielding a step size of 8.3 ± 0.2 nm, but this result required knowing
the elasticity of kinesin (82). Visscher et al. (89) circumvented the compliance problem by moving
the optical trap to maintain a constant xbd using a fast feedback loop. This feedback maintained a
constant force across the kinesin. As a result, kinesin’s extension remained constant. In such a force
clamp, the motion of the trap is then equal to the step size of the protein. This improved assay
also yielded an 8-nm step size and facilitated F–v analysis by allowing long records at constant F
(89). Force clamps are now widely used in high-resolution stepping assays.

Compliance is still an issue within the update cycle of a force-clamp feedback loop, and the
reduction in �xbd remains. Moreover, because a micron-long DNA molecule is much more elastic
than a single kinesin, the attenuation in �xbd is much larger for measuring RNAP motion along
DNA. Quantitatively, this attenuation is given by kDNA/(kDNA + ktrap) where kDNA is the effective
stiffness determined by the slope of the force–extension curve at a given F.

Greenleaf et al. (31) developed a novel solution to this problem called a passive force clamp.
They pulled a bead out to the maximum F exerted by the optical trap (Figure 5b). At this maximum,
small variations in xbd leave F unchanged. Hence, ktrap is equal to 0 even though a significant F
is applied. This trapping geometry eliminates the compliance correction and leads to the largest
�xbd per step—an important issue when trying to measure very small steps.

The final hurdle to measuring 1-bp steps of RNAP was further suppression of low-frequency
(<0.3 Hz) noise. This suppression was achieved by replacing the air surrounding the optics with
helium to minimize beam pointing fluctuations caused by air currents (1). The tenfold reduction
in the difference between the index of refraction of the gas and that of a vacuum led to a more
than tenfold reduction in the integrated positional noise at 0.1 Hz. With this improved perfor-
mance, Abbondanzieri et al. (1) resolved 1-Å steps of a trapped bead that stayed in register over
approximately eight steps (Figure 5c). They next showed their ability to resolve 1-bp steps when
using a DNA stretched to a high force (27 pN) (Figure 5d ). The strong trap was moved in a series
of 3.4-Å steps while monitoring xbd in the weak, constant-force trap. The signal-to-noise ratio
for detecting these larger steps is nominally identical to that for detecting 1-Å steps of a trapped
bead alone. In other words, steps in a biological assay were threefold harder to resolve than for a
trapped bead. The additional elements, such as the DNA, protein linkages to the beads, and the
other optical trap, add compliance and complexity. The important lesson is that showing that an
isolated trapped bead can resolve 3.4-Å motion is necessary but not sufficient for resolving 1-bp
steps in a biological assay.

There are an increasing number of instruments around the world that can measure at or near
resolutions of 1 bp (12, 17, 22, 53, 76). These instruments do not use a helium buffer gas. To
reduce low-frequency noise, they decrease the fraction of the beam path over which the lasers are
not colinear. However, the long-term stability of the helium system is still unrivaled in a biological
assay. Long pauses of RNAP can be stable to 1-bp over time periods as long as ∼30 s (Figure 1f ).
Further advances in instrumentation are ongoing and include analyzing the differential motion
between beads in the dual-trap assay for improved temporal resolution (53) and changing the
trapping laser wavelength to decrease thermal heating and photo-induced damage (17). Ångström-
scale noise at low frequencies (<0.3 Hz) still limits most instruments and remains challenging to
eliminate.
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ssDNA:
single-stranded DNA

dsDNA:
double-stranded DNA

Different Biological Assays Yield Different Size Signals

Helicases unwind DNA and RNA. DNA polymerase converts single-stranded (ss) DNA to
double-stranded (ds) DNA. Researchers are exploiting these different enzymatic functions to
measure enzymatic motion using novel biological assays. The resulting measured step size is assay
dependent.

The standard molecular motor assay is a tug-of-war assay in which the enzyme is anchored to
one surface (bead or cover slip), and the distal end of the DNA is attached to a bead. In this assay,
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Processive:
a molecular motor that
takes a number of steps
before disengaging
from its substrate

a 1-bp motion along DNA leads to a �L of 3.4 Å (Figure 6a). Helicases can be studied using the
same geometry (64). A larger signal can be achieved using a hairpin-unwinding assay because one
base pair of enzymatic motion leads to two nucleotides being stretched (Figure 6b), similar to the
assay for unfolding single RNA molecules (48). The total increase of L in this assay is 10.8 Å, more
than threefold larger than the 3.4-Å increase in L in the tug-of-war assay. This amplification arises
because two nucleotides are released, and the rise per nucleotide (5.4 Å) is larger than the rise
per base pair (3.4 Å). Dumont et al. (26) implemented this geometry to study the RNA helicase
NS3 and detected discrete steps in its motion. More generally, the unwinding assay is an excellent
method to study helicases, some DNA polymerases (56), and even the ribosome (93), as long as
the enzyme can initiate unwinding without access to a free end of the DNA or RNA.

Measurement of enzymatic motion can also be based on the difference between the elastic
properties of ssDNA and dsDNA (Figure 6c). Wuite et al. (94) exploited this difference to measure
the enzymatic activity of DNAP. In this assay, the formation of 1 bp from 1 nt leads to a �L of 2 Å.
This assay enabled the measurement of the F–v relation of T7 DNAP, although it has yet to be
used to resolve individual steps of DNAP. One limitation of this assay is its low sensitivity near 6
pN, the force at which the force–extension curves of ssDNA and dsDNA cross. As instrumentation
continues to improve, I see no fundamental reason why this assay will not lead to the detection of
individual steps of DNAP, as T7 DNAP maintains kinetic activity at high template tensions (F >

20 pN).
Both the hairpin-unwinding and the ssDNA-to-dsDNA conversion assays share an important

extra benefit: The enzyme under study does not need to be anchored to a surface. Hence, there is
no potential perturbation of enzymatic activity associated with surface immobilization, a common
concern in surface-coupled assays. These assays also excel at studying molecular motors that
are not highly processive. The tug-of-war assay takes time to assemble and is significantly more
challenging to implement if the complex is not stable for at least a few minutes.

These benefits come at a cost of increased complexity in interpreting the measured dynamics
and energetics, as the applied force no longer directly opposes enzymatic motion. For instance,
helicase dynamics can depend on the specific geometry of the unwinding assay (69). Moreover,
subtle entropy reductions due to restricted angular orientation can affect the interpretation of
DNAP experiments (30).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
The elasticity of biopolymers affects optical-trapping measurements. (a) A schematic showing a DNA
molecule being stretched by an optical trap. For small displacements, the bead moves in the parabolic
potential energy (U) well of an optical trap. When the DNA is stretched, both the extension of the DNA
(xDNA) and bead position (xbd) change in a coupled fashion depending on their associated stiffness (kDNA and
ktrap). (b) A schematic showing a dual-trap assay used to stretch DNA. In this setup, the strong trap is
operated in the linear regime, allowing for precise measurements of force. Position measurements are done
using the weak trap. By pulling the bead out to the maximum in force, small displacements of the bead
(�xbd) do not alter the applied force, F. In other words, the local stiffness of the trap is zero (ktrap = 0). In
this innovative geometry, the maximum �xbd is achieved because there is no compliance correction. (c) A
trace of 1-Å steps of an isolated bead held in a stiff optical trap (ktrap = 1.9 pN nm−1) in which the optics for
the trap were surrounded with helium to reduce beam-pointing noise. (d ) A record of resolving 1-bp steps by
measuring bead motion in the weak trap when the stiff trap is displaced by 3.4 Å. Tension in the DNA was
27 pN. Note the similarity between the signal-to-noise ratio of 1-Å steps of an isolated bead and that of 1-bp
steps along DNA. The added complexity and compliance of a bead-DNA-bead system lowers the precision
of the assay. Panels b, c, and d adapted with permission from Reference 1.
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Dwell time: the time
between steps, analysis
of which offers a
window into enzymatic
kinetics beyond just
the average rate

Quantifying Steps

Analysis of the steps of individual molecular motors yields a wealth of biologically relevant
information; the most obvious of which is the step size. The time between steps, or the dwell
time, is also informative. It is linked to the kinetics of the system under study. For an enzyme
with one rate-limiting step per mechanical step, the dwell times are exponentially distributed
(Figure 7a,b). The distributions become more peaked for systems with multiple rate-limiting
steps per mechanical translocation (Figure 7c,d ). Such distributions are described by a gamma
distribution, tN −1exp (−kt), where k is the kinetic rate and N is the number of rate-limiting kinetic

ΔL = 0.34 nm bp–1

ΔL = 1.1 nm bp–1

ΔL = 0.2 nm nt–1

a

b

c

Δxbd

Δxbd

Δxbd
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steps per observed mechanical step. Similar analyses have been performed with two unequal
kinetic steps (72). For experiments trying to resolve steps along DNA, the rate-limiting kinetic
step is typically the arrival of adenosine triphosphate (ATP) or another NTP because the motor
is intentionally slowed down to facilitate averaging of Brownian motion.

As the quality and the quantity of stepping data increases, it is important to develop statistically
robust ways to detect and analyze steps (13). The best known analysis is the pairwise distance
distribution (29). More recently, Kerssemakers et al. (42) introduced an algorithm that is widely
used, and increasingly sophisticated algorithms continue to be developed (2, 40, 83).

Interestingly, the determination of the effective number of rate-limiting steps is not limited
to records in which steps are observed. An extension of earlier work on ion-channel recordings
(21) shows that given a sufficiently large number of steps, stochastic fluctuations in dwell times
lead to variance in displacement records after a fix time that varies inversely with the number of
rate-limiting steps (Figure 7a) (72, 81).

A limitation of this class of kinetic analyses is that the individual enzymes need to exhibit
the same kinetic parameters. For enzymes that show different kinetic rates for different individual
molecules [e.g., RNAP (58)] or for enzymes with kinetic parameters that change slowly or discretely
in time [e.g., RecBCD (64)], the analysis should be done on records that exhibit the same kinetic
parameters. Simulations are a fruitful way to test the limits of these assumptions.

Detection and Stabilization to One Ångström in Three Dimensions

Decoupling the biological assay from the surface is the most popular method for high-resolution
optical-trapping assays. Its usefulness extends beyond molecular motors to include protein folding
(78, 98) and DNA-unzipping (19, 70) assays. My lab has focused on an alternative technique,
actively stabilizing the surface in 3D with sufficient precision to resolve 1-bp steps. This technique
brings Ångström-scale precision to a host of widely used surface-coupled assays. The core concept
is similar to that of noise-cancelling headphones: Measure the environmentally induced motion
and cancel out that motion in real time.

As a first step, Carter et al. (11) demonstrated stabilization of an optical microscope to 1 Å in
3D over 100 s (�f = 0.01–10 Hz) using forward-scattered light, as is typically done in optical-
trapping assays (Figure 2a). Two laser beams were critical to this demonstration: One stabilized
the sample, and the other independently measured the stability. Researchers need to avoid erro-
neous conclusions about stability based on the analysis of the in-loop error signal. For instance,
in this assay, the feedback loop transfers laser pointing noise to the stage position, resulting in a
decrease in stability that is not reported by an in-loop monitor.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 6
Three different assays for measuring molecular motion along DNA lead to three different measured step
sizes per 1-bp step of enzymatic motion. (a) The standard tug-of-war assay, in which enzymatic motion is
directly opposed by the tension in the DNA, yields a 3.4-Å step size. (b) A hairpin-unwinding assay, which
leads to an approximately threefold mechanical amplification of one base pair of unwinding because the
length of the taut polymer increases by two nucleotides (nt), and the rise per monomer is greater for ssDNA
than for dsDNA. (c) The elasticity of ssDNA differs from that of dsDNA. Thus, the extension at a given F
can determine the fraction of ssDNA (as long as the applied load is not near 6 pN, the force at which the
extensions of ssDNA and dsDNA are the same). In this assay, the formation of one base pair from one
nucleotide results in �L = 2 Å. Although they have been drawn in a surface-coupled geometry, all three of
these assays can be implemented in dual-trap setups.
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Figure 7
The time between steps yields insight into the kinetics of the enzyme beyond its average translocation rate. (a) Three simulated records
of a stochastic stepping enzyme with one ( purple), two (blue), and three (red ) rate-limiting kinetic steps per observed mechanical step.
The rate constant for each simulation was chosen so the average velocity of each record was the same. The dwell time is defined as the
time between the steps. Shaded regions represent one standard deviation away from the mean position (black line), determined from
1,000 records for each kinetic condition. (b–d ) Histograms of the dwell times calculated from 30 (dark color) or 1,000 (light color) dwell
times for one, two, and three rate-limiting steps. Fitting the data to the gamma distribution—tN −1exp (−kt) where k is the kinetic rate
and N is the number of rate-limiting kinetic steps per observed step—can be used to determine N for each data set. Fits to the larger
data set are shown (black). The resulting determination of N matched the simulated conditions. Best fit values and 95% confidence
intervals are 0.96 (0.89, 1.04), 2.03 (1.88, 2.21), and 3.13 (2.88, 3.41) for one, two, and three rate-limiting steps, respectively. However,
care must be taken when fitting only a limited number of dwell times.

Carter et al. (10) also demonstrated sample stabilization to 1 Å in 3D over a slightly higher
bandwidth (�f = 0.1–50 Hz) using back-scattered light. Back-scattered detection simplifies the
mechanical design because highly stable optical components are necessary on only one side of the
instrument. Churnside et al. (18) extended this work by improving the rate of feedback such that
they were able to achieve sub-Ångström stabilities over 100 s [σx = 0.3 Å; σy = 0.2 Å; σz = 0.6 Å
(�f = 0.01–10 Hz)] (Figure 8). More generally, Ångström-scale detection and stabilization with
back-scattered light is useful in assays with limited optical access, such as atomic force microscopy
(see sidebar, A Laser-Guided Ultrastable Atomic Force Microscope).

Finally, Carter et al. (12) demonstrated 1-bp stability and precision using a traditional surface-
coupled optical-trapping assay at a relatively modest F (6 pN) (�f = 0.03–2 Hz). This work
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Figure 8
Active stabilization of an optical microscope in three dimensions with back-scattered detection using a
field-programmable gate array to achieve a faster feedback rate. Position versus time records, as monitored
by an out-of-loop measurement, are shown for x (red ), y ( purple), and z (blue). These records show
sub-Ångström stability over 100 s (0.3, 0.2, and 0.6 Å, for x, y, and z, respectively; �f = 0.01–10 Hz). The
larger noise in z is most likely caused by the sensitivity of the z measurements to the total laser intensity.
Data smoothed to 10 Hz. Traces displaced for clarity.

A LASER-GUIDED ULTRASTABLE ATOMIC FORCE MICROSCOPE

Atomic force microscopes (AFMs), similar to optical traps, suffer from drift that hinders a range of applications
in biology and, more generally, in nanoscience (43). My lab applied the ideas of three-dimensional (3D) optical
detection developed for optical traps to AFM. This led to King et al. (43) demonstrating an ultrastable AFM. As in
optical traps, two lasers established a local, differential reference frame that is stable to 0.2 Å in 3D (10). We next
scattered one laser off the apex of a commercial AFM tip to detect and thereby stabilize its position in 3D. Similarly,
we stabilized the sample using the second laser. This merger of optical-trapping technology with AFM led to a
tip-sample stability of 4 Å over 80 min, a hundred-fold improvement prior state of the art at ambient conditions.
More generally, the 3D position of the AFM tip can now be directly measured, allowing the conjugate variables of
force and position to be independently measured.

also discusses the importance of controlling intensity fluctuations of the trapping laser and laser-
induced temperature effects that adversely affect high-resolution measurements.

APPLICATIONS TO SELECT MOLECULAR MOTORS

Pauses in Motion Are as Informative as Steps

The music is not in the notes, but in the silence between.
—Attributed to Mozart

In music, the pauses between notes can be as poignant as the notes themselves. For DNA-based
molecular motors, in general, and for RNAP, in particular, the detection of pauses in motion is
having a much larger biological impact than is the resolution of 1-bp steps (24, 28, 35, 47, 58, 99,
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100). Pauses in RNAP motion were detected in traditional gel assays and in early trapping studies
(91, 96). Pauses were initially a hindrance to determining pause-free velocities for F–v analysis (91).
However, the advent of high-stability optical traps enabled mechanistic insight into the dynamics
of an individual RNAP relative to the DNA during a pause (58, 75). Different duration pauses
were associated with a different level of motion of the RNAP relative to the template (47). For
instance, longer backtracking pauses of Escherichia coli RNAP are associated with ∼5 bp of motion
(75), whereas ubiquitous pauses are not (58). These ubiquitous pauses are sufficiently short that
they were not detected using ensemble assays. One particularly interesting class of pauses are
sequence-specific regulatory pauses, which may facilitate cotranscriptional folding of the RNA
(44).

The primary measurement problem in optical-trapping studies of sequence-dependent pausing
is an issue not of precision but of accuracy. The radius of the bead (rbd) is used in determining L.
Thus, variations in rbd lead to variations in L, making accurate correlation between the value of L
and a specific sequence challenging. Beads with 2% variation in rbd are considered very uniform
in size. But, for a rbd of 300 nm, this uncertainty leads to an 18-bp uncertainty along the DNA
(63). This effect is magnified in a dual-trap assay using two beads. In a surface-coupled assay,
Perkins et al. (63) demonstrated a direct correlation between a strong sequence-dependent pause
of lambda exonuclease and a specific sequence; this accuracy required subtracting out the average
stage drift during the experiment, aligning traces via a dominant pause, and averaging over many
beads. Different sequences had different pause strengths (as determined from the probability of
pausing and the pause duration). Notably, these single-molecule studies determined a myriad of
sequence-dependent pauses that were undetected using the traditional gel analysis (63).

Herbert et al. (36) introduced a more useful assay that requires precision instead of accuracy.
Their insight was to repeat the same sequence multiple times within the DNA molecule
(Figure 9a). The resulting records showed repetitive pauses (Figure 9b) for which the analysis
(Figure 9c) required only a measurement of the relative distance. Computational alignment and
adjustment in this case leads to 1-bp precision. Although repetitive sequences are challenging to
make, such substrates hold great promise for increasing precision and statistics in single-molecule
studies. The same individual enzyme interacts with the same sequence multiple times, enabling
variations in the individual enzyme’s response to be probed.

Mechanistic Insight from Improved Spatiotemporal Resolution

While new insights into the kinetic pathway of RNAP are derived from analyzing pauses (99, 100),
step-size determination is providing exciting mechanistic conclusions in an increasing number of
other systems. Moreover, improvements in spatiotemporal resolution to sub–base pair levels are
leading to nonintuitive models, particularly for helicases (16) and DNA packaging into bacterio-
phage capsids (52).

Optical-tapping studies of the RNA helicase NS3 showed large steps of 11 ± 3 bp, equal
to a 22-nt increase in L in the hairpin-unwinding assay (26). By slowing down the stepping
of NS3, Dumont et al. (26) observed smaller substeps (3.6 ± 1.3 bp) within these large steps
(Figure 10a). The precision of this assay was limited to ∼2 bp, most likely because of the mechani-
cal motion of the micropipette used in this assay. The combination of a large step with smaller steps
suggested an inchworming mechanism. Subsequent single-molecule FRET studies confirmed a
3-bp step (57). Interestingly, dwell time analysis showed three rate-limiting steps per observed
step, consistent with three ATPs binding per 3-bp step. The authors put forward an ATP-driven
internal conformational change not probed by the position of the FRET dye pair. Improvements in
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Figure 9
A repetitive DNA template facilitates the analysis of sequence-dependent pauses. (a) Schematic of a DNA template for RNA
polymerase (RNAP) that contains multiple repeats of the same sequence. This construct simplified the connection of enzymatic
dynamics with the underlying DNA sequence because correlating the absolute location on the DNA template (L) is much harder than
measuring precise changes in L (�L). This difficulty is primarily caused by small variations in the bead radii. (b) Traces of RNAP
motion along this template show sequence-dependent pausing. Pause-inducing sequences are located every 227 bp ( gray dashed lines),
but these do not produce the strongest pauses in the repeated region. (c) A histogram of dwell time versus template position assembled
from each of the repetitive segments highlights strong sequence-specific pauses. Figure adapted with permission from Reference 36.

stability afforded by the dual-beam assay (1), as well as improvements in spatiotemporal precision
(17, 53), allowed Cheng et al. (16) to resolve these anticipated 1-bp steps of NS3 within the larger
11-bp steps (Figure 10b, left panel ). The real mechanistic surprise was the presence of 1.5-bp steps,
or, more precisely, a 3-nt increase in L (Figure 10b, right panel ). The authors interpreted these
steps as an unwinding of the RNA duplex by one base pair during which the helicase released three
nucleotides; the extra nucleotide was sequestered by the NS3 during a previous unwinding cycle.

The importance of being able to confidently resolve half-integer step sizes is not limited
to helicases; it extends to the portal protein of bacteriophage ϕ29. Similar to NS3, this protein
showed a large step size (10 bp). Given its pentameric structure, the most parsimonious explanation
would be a series of five 2-bp steps. However, in a remarkably precise experiment, Moffitt et al. (52)
showed that the dwell time histograms of these 10-bp steps were consistent with four rate-limiting
steps, a conclusion confirmed by measuring sets of four 2.5-bp steps (Figure 1d).

These new mechanistic insights, and others, motivate the ongoing need to improve the spa-
tiotemporal precision of optical traps. Most high-resolution studies are done at high force and
subsaturating levels of NTPs. High force makes the whole system stiffer, decreasing the magni-
tude of Brownian motion and enabling more rapid averaging of the remaining motion. Both high
force and low ATP lead to slower steps. Ideally, these high-resolution studies will be extended to
less perturbative conditions of lower force and saturating levels of NTPs.
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Figure 10
Stepping of the RNA helicase NS3 studied using the hairpin-unwinding assay. (a) Record of enzymatic motion measured using a
combination of an optical trap and a micropipette. This surface-coupled assay revealed discrete steps, monitored by the increase in
stretched DNA and measured in nucleotides (nt) [2 nt are equal to 1 base pair (bp) of unwinding]. Adapted with permission from
Reference 26. (b) Enzymatic motion measured using a dual-trap assay improves mechanical stability. (left) Record showing 2-nt
increases in contour length, L, which are consistent with 1-bp steps. (right) Record showing 3-nt increases in L, which are consistent
with 1-bp steps and the release of 1 nt held by the enzyme. Panel adapted with permission from Reference 16.

EMERGING TECHNICAL ADVANCES AND NEXT STEPS

Currently, assays using optical traps with Ångström-scale precision are leading to important bio-
logical insights. Their utility can be expanded by further technical enhancements, including im-
proved spatiotemporal resolution, improved stability, and integration with other single-molecule
techniques.

Improved spatiotemporal resolution will facilitate step detection of molecular motors operating
at or near saturating levels of NTPs. Two fruitful avenues of research are better beads and stiffer
handles. Better beads would be smaller, enabling faster averaging of Brownian motion, and would
have an increased ktrap relative to typical beads (polystyrene or glass) at a fixed laser power. This
increased ktrap is necessary because significantly smaller standard beads cannot exert the 10–20 pN
needed for high-resolution studies at biologically useful conditions. Gold nanoparticles initially
looked promising (34), but they suffered from too much heating for these assays (73). More
recently, Jannasch et al. (39) made titania core–shell microspheres that were 1 μm in diameter and
that exhibited a threefold increase in ktrap.

Stiffer handles—the total compliance between the two attachment points—make the whole
system stiffer, increasing the temporal resolution. One possibility is using very short linkers be-
tween the beads. Although this possibility is attractive, one quickly runs into crosstalk and even
hopping of the bead between traps in a dual-trap setup (51), unless rather large beads are used (70),
which decreases the temporal resolution as a result of hydrodynamic drag. In most high-precision
stepping assays, most of the DNA is not traversed during the experiment. Rather, the DNA is be-
ing used to space the beads far enough apart to avoid crosstalk. Kauert et al. (41) provide evidence
for an interesting idea: using DNA origami to make stiff handles.
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Resolving an extended series of steps with 1-bp precision remains a difficult problem. The
current standard in the field is to show 6–8 records of 8–10 steps. The skeleton in the closet is that
large sections of the data do not show clearly resolved steps. Improving the stability of the instru-
ment and the mechanical linkages in the assay should enable high-precision analysis of an increased
fraction of each record. Moreover, these enhancements will also increase the confidence in in-
terpretations of data showing non-step-like protein motion that arises from changes in molecular
conformation. Prospects for improved low-frequency stability include more compact optical paths
with increased common-mode elements (10), lock-in detection (84), and FPGA-based control for
more sophisticated real-time feedback (18, 90).

Mechanical measurements offer just one way to probe a molecule. A more complete picture is
generated by combining multiple techniques. The combination of high-resolution optical traps
with single-molecule fluorescence (22, 76) in general, and with single-molecule FRET (38, 46)
in particular, is an increasingly important tool. A critical technical advance is interlacing of the
trapping beam with the fluorescence excitation to minimize photobleaching (7). The success-
ful three-way integration of dual-beam traps, single-molecule fluorescence, and microfluidics is
proving fruitful (9). The challenge going forward is to achieve 1-bp stability in a microfluidic
device.

SUMMARY

High-resolution optical-trapping experiments are technically demanding, but they enable a
tremendous amount of science. At a more personal level, it is satisfying to watch individual pro-
teins move or unfold in real time with Ångström-scale precision, the scale of individual atomic
bonds. The technical underpinning of this impressive feat is an optically based reference frame.
The ultimate stability is limited by the differential pointing stability of two laser beams, which is
currently ∼0.2 Å (10). Understanding the compliance of biological molecules and moderating its
impact has been an important factor in advancing high-resolution studies. Future improvements
in both areas will be important as multiprotein assemblies such as the replisome (87) are studied.

For brevity, this review has focused on a particular set of applications, DNA-based motor pro-
teins, but the powerful advancement in instrumentation described herein can benefit large areas
of biophysical research. For instance, broad classes of enzymatic activity lead to conformational
changes. Such Ångström-scale motion is now detectable with an optical trap; this work is concep-
tually similar to earlier work using an AFM to study the conformational dynamics of lysozyme
(68) but has the added assurance of long-term instrumental stability. This and many other excit-
ing applications will be aided by increasing the reliability and throughput of optical traps with
Ångström-scale precision and stability.

SUMMARY POINTS

1. Optical traps can resolve molecular motion in real-time with 1-Ångström precision.

2. Long-term stability is enabled by an optically based reference frame established by two
lasers with very low differential pointing stability.

3. Additional elasticity of the biological assay degrades instrumental precision.

4. Advances in optical-trapping geometry, assays, and templates improve the precision and
range of systems that can be studied.

5. Pauses in motion can be as informative as step-size determination.
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