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Abstract Optical trapping experiments of different complex-
ities are making a significant impact in biology. This review
seeks to highlight design choices for scientists entering the field
or building new instruments and to discuss making calibrated
measurements with optical traps. For specificity, this review
focuses on nucleic acid-based assays, but the discussion reflects
the general experimental design considerations of developing a
biological assay and an optical trap to measure it.

An optically trapped bead is used to mechanically stretch a
single DNA molecule.
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1. Introduction

At its core, optical trapping is simple. Direct a collimated
laser beam into a high-numerical aperture (NA > 1.2)
microscope objective and micron-sized objects, such as
polystyrene beads, can be stably held in three dimensions
at the laser focus in an aqueous environment [1]. Apply
a force and the bead will be displaced from the trap cen-
ter. Bead displacement (zpq) is linear in applied force (F')
near the trap’s center (~100nm). Thus, an optical trap
obeys Hooke’s law: F' = —Kirp - Tpd, Where ki is trap
stiffness. Bead displacement can be measured with atomic-
scale (0.1-nm) resolution at high bandwidth (>1kHz) [2-5].
Increasing laser intensity (/) leads to a linear increase in
trap stiffness (Kyap o I), leading to a wide range of forces
from 0.01 pN to ~100 pN. This broad range of forces cou-
pled with atomic-scale resolution makes optical traps very
appealing for single-molecule biophysics [6].

The complexity in optical trapping for single-molecule
biophysics lies in making repeatable, calibrated measure-
ments of biochemically active systems. Repeatability en-
ables statistical confidence in measuring the mechanical
properties of individual molecules and uncovers hetero-
geneity (subpopulations) in otherwise genetically identical
enzymes [7]. Calibrated measurements allow detailed study
of kinetics [8,9] and energetics [10—13] of biological sys-
tems. Most importantly, proper biochemical activity assures
the protein under study is unaltered by surface anchoring
or other bio-conjugation techniques.

Accurate and precise measurements with optical traps
require attention to numerous optical design details and
calibration protocols. The virtues and limitations of vari-
ous detection and beam-steering methods and their impact
on calibrations are well addressed in a pair of seminal re-
views [14,15] as well as in reviews discussing application
of optical trapping [16, 17]; anyone setting up a new instru-
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ment is strongly encouraged to read these reviews, as they
are a crucial guide to building sophisticated optical-trapping
instrumentation capable of performing state-of-the-art mea-
surements.

Given the two decades of technical development in opti-
cal traps, there are a wide variety of optical trap designs and
trapping geometries. The critical choice when developing a
new instrument is to match the instrument to the biological
system to be addressed. It is not simply a matter of techni-
cal sophistication; the importance of the scientific result is
not linked to the underlying complexity of the optical trap.
An exhaustive discussion of all single-molecule-trapping
assays and their trapping geometries is too broad and not
the goal of this review. Rather, I will discuss a biologi-
cal assay, its success, and variations on its theme. I will
next compare and contrast a number of different, success-
ful optical-trapping geometries used for those assays as
a guide to someone entering the field of single-molecule
biophysics. I will then review calibrating an optical trap for
quantitative measurements of biological molecules. Finally,
I will discuss the technical quest for real-time atomic-scale
measurements of biological molecules.

For specificity, I will focus on proteins that bind to
and enzymes that move along nucleic acids (DNA and
RNA). Enzymes that move are called molecular motors.
Single-molecule optical-trapping experiments have yielded
a wealth of information about translocation rates [7, 10, 11,
18-27], pauses [7,25,28], and step sizes of various molec-
ular motors [2,22]. Moreover, the application of force via
optical traps allows the motor’s motion to be measured
as a function of applied load [11, 18, 19,23, 27]. These
types of experiments yield insight into the mechanisms of
these molecular motors. Proteins that bind to DNA can
cause looping of the DNA [29, 30]; optical-trapping ex-
periments allow measurement of loop length, number of
loops, and force of unlooping. Furthermore, single-stranded
DNA [31,32] and RNA [12,13,33,34] can fold into com-
plicated three-dimensional assemblies whose structure and
unfolding dynamics can be explored by pulling on these
molecules with an optical trap.

2. Magnitude of forces and displacement

Optical traps can measure force and displacement. Two
calculations help define the scale for these measurements:
the force of molecular motors and the pervasive effect of
Brownian motion on displacement. Forces generated by
molecular motors are fundamentally tied to the free energy
driving the reaction. In general, adenosine triphosphate
(ATP; with a stored energy of ~80pN-nm or 80x 102!
Joules per molecule) is the fuel for molecular motors. Thus,
the work (W = F Azper) done by the molecular motor
cannot exceed this free energy, where Axpoor i the step
size of the molecular motor. Remarkably, some molecular
motors can operate with a thermodynamic efficiency of 50%
or more [35,36]. Given that the motor step sizes ranges
from 1 bp (0.34nm) [2] to ~36nm [37], the maximum

achievable force of the motor, or the stall force, is 120 pN
down to 1pN, assuming this 50% efficiency. This force
range is ideally matched to optical traps which can exert
forces from 0.025 [38] to 300 pN [39].

Now let us calculate the positional noise on an optically
trapped bead due to Brownian motion. Interestingly, the
magnitude of this motion is independent of bead size and
the viscosity of the solution. Typically, one computes the
variance (02) using the Equipartition Theorem: (z;) =
o = kgT/ Kap, Where o, is the standard deviation in
position, kgis Boltzmann’s constant and 7" is temperature.
Thermal energy (kgT) is 4.1 pN-nm at room temperature.
A typical force in a single-molecule experiment is 10 pN
applied by a molecular motor and a typical displacement
is xp¢ = 70 nm, which yields a ki,p of 0.14 pN/nm. The
resulting standard deviation in the bead position using these
typical numbers is 5.3 nm. Thus, a single, instantaneous
measurement of bead position will yield a measurement of
70 & 5.3 nm (mean & SD).

This inherent Brownian motion is comparable to
the step sizes of the classic molecular motors kinesin
(8 nm) [40] and myosin-2 (5.5nm) [41] and very large
compared to the atomic-scale protein motions along DNA
(1 base pair = 0.34 nm). To improve spatial resolution, it is
necessary to average many independent measurements at
the expense of temporal resolution. Independent measure-
ments require taking measurements separated by at least the
autocorrelation time of the Brownian motion. While this
time varies with bead size (yq), fluid viscosity (7)), andkir,p,
a typical value is on the order of 1-10kHz. Thus, for preci-
sion measurements, the time-scale of the biological motion
must be long compared to the time necessary to average
this Brownian motion.

3. Biophysical assays for nucleic-acid-based
measurements

Proper integration of optical instrumentation with a single-
molecule assay is crucial for measuring and maintaining
biochemical activity. This assay, called a motility assay for
molecular motors, is often the most difficult and variable
part of a single-molecule biophysics experiment. For in-
stance, there are many ways to anchor proteins to a surface
(e.g. a cover slip or a bead). Yet, it is not attaching the
protein to the surface that is the signature of success; rather,
success is gauged by maintaining the original activity of the
enzyme. The pioneering optical-trapping experiment [10]
for DNA-based molecular motors is a surface-tethered as-
say [42]. In this assay, a surface-anchored RNA polymerase
(RNAP) which copies information from DNA into RNA
is bound to a single DNA molecule (Fig. 1a). A micron-
sized polystyrene bead, attached to the opposite end of this
DNA, is “tethered” to the surface by the DNA molecule.
The bead is captured and held under tension with an optical
trap, and its position is monitored by a laser [10]. The in-
troduction of ribonucleotide triphosphates — the monomers
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Figure 1 (online color at: www.lpr-journal.org) Measuring DNA
with an optical trap. (a) Cartoon of an often-used experimental
geometry (not to scale). A DNA molecule (green) is linked to a
glass cover slip directly or through a surface-anchored enzyme
(red). The distal end of the DNA is attached to a bead (blue)
held by the focused beam of an optical trap (pink) centered a
lateral distance zpna from the tether point and at a height zpq.
(b) Mechanical analog of a. Motion of xpna is not coupled 1:1 to
Zva because of the compliance of the DNA (kpna) and the trap
(Kuap)- (c) Elasticity measurement of the 2051-nm long double-
stranded DNA (dsDNA) tether (green) stretched up to 12 pN is
well described by a wormlike chain model [43,44,46] (black). The
elasticity of single-stranded DNA (ssDNA, purple) is significantly
different than dSDNA. When held at constant force, this difference
in extension can be used as the basis of a biophysical measurement
which monitors the fraction of ssDNA in real time to deduce
enzymatic motion [19].

for the polymeric RNA and thus the fuel for RNAP as a
molecular motor — leads to the generation of RNA. The
resulting translation of the RNAP along the DNA short-
ens the length of the DNA between the surface-anchored
RNAP and the bead. This shortening leads to an increase
in the force within the taut DNA molecule and therefore a
displacement of the bead in the optical trap. Since both the

optical trap and the DNA are elastic (Fig. 1b), such measure-
ments rely on a quantitative description of the elasticity of
DNA (Fig. 1c) [43—46]. Once established, this assay allows
RNA polymerase’s motion to be studied in great detail, re-
vealing steps [2], back-tracking [47], sequence-dependent
pauses [28], and heterogeneity in otherwise genetically
identical enzymes [7,48].

3.1. Maintaining unaltered biochemical activity

Difficulties in maintaining the proper biological activity
of single molecules in optical-trapping assays slow the
application of these techniques to more complicated bio-
logical systems. The gold standard for these experiments
is that the average of the single-molecule measurements
(molecular-motor velocity, protein-binding kinetics, RNA-
unfolding length, etc.) should agree with known biochemi-
cal properties. In pioneering work with RNA polymerase,
the enzymes were passively adsorbed onto a glass surface
(Fig.2a) [10, 49]. Passive adsorption is scientific termi-
nology for uncontrolled sticking; proteins, beads, and the
DNA itself adhere to freshly cleaned glass. The orienta-
tion of the protein on such surfaces is variable and often
leads to alteration in shape and activity, resulting in only
a fraction of active protein (Fig. 2a, gold cones). Thus, the
challenge in surface-coupled assays has two parts: (i) retain
normal activity of the anchored proteins and (ii) prevent
uncontrolled sticking of everything else. This is laborious,
time-consuming, and often very sensitive to the subtleties
of surface treatment.

However, the single-molecule-biophysics community
is becoming more sophisticated in assay development. The
two main efforts in surface-coupled assays are better han-
dles to specifically anchor proteins to surfaces and better
surface treatments to decrease nonspecific sticking. In par-
ticular, genetically cloneable handles are being used [50].
Such handles are an additional integral part (or domain) of
the protein. Thus, no additional chemistry is necessary to
modify the protein after purification. These handles can take
many forms, including small epitope tags (his-tags [50]),
slightly more complex tags (biotin [51]), or even whole
proteins (green fluorescent protein, GFP, [52]). This more
sophisticated surface anchoring increases the fraction of
active enzymes with the added benefit of knowing where
along the amino-acid chain the protein is being anchored.
Furthermore, the activity can be evaluated as a function
of the anchoring site which allows for minimally invasive
anchoring (e.g. anchoring well away from an active site(s)
of the enzyme).

In parallel with this effort for improved molecular han-
dles, researchers are trying to minimize nonspecific sticking
to surfaces. The first level of sophistication is a sacrificial
protein layer. This layer of protein coats most of the glass
and helps minimize sticking of any additional proteins. The
proteins in this base layer might be an antibody that binds to
the enzyme (Fig. 2b), or a biotinylated bovine serum albu-
min (bio-BSA), which is BSA with a chemically attached
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Figure 2 (online color at: www.lpr-journal.org) Anchoring pro-
teins to surfaces. (a) Adsorption of a helicase (cones) onto bare
glass leads to different orientations. Only a fraction of the ad-
sorbed helicases, a protein that unwinds DNA, will be active (gold
cones). (b) Antibodies (magenta) adsorbed to bare glass orient
randomly. A fraction of those antibodies can bind to the target he-
licase and correctly orient it. (c) Biotinylated-BSA, bovine serum
albumin (grey) with an attached biotin molecule, can be adsorbed
to glass. When the biotin (red dor) is correctly positioned, it is
bound by streptavidin (green). Since streptavidin has four binding
sites, it can also bind to the biotinylated helicase. (d) Polyethylene
glycol (PEG) (yellow) is covalently linked to a cover glass. A frac-
tion of the PEG molecules are terminated in biotin which allows
for a controlled density of streptavidin and thus the helicase.

biotin (Fig.2c). BSA is a cheap, relatively inert protein
that is often used in surface passivation. Biotin is a small
molecule commonly used to anchor biomolecules because
it binds tightly and specifically to streptavidin, a protein.
As a result, biotin-streptavidin linkages are often used as
molecular “Velcro”. Strepavidin’s usefulness is enhanced
because it has four binding sites. Thus, streptavidin can
bridge two different biotinylated molecules. For example,

a biotinylated helicase can be anchored to a streptavidin-
coated surface built upon a layer of bio-BSA [51]. The
next level in sophistication in terms of minimizing sticking
and retaining activity is polyethelene-glycol-coated (PEG-
coated) surfaces. PEG surfaces have achieved a >1,000-
fold reduction in nonspecific protein sticking over BSA-
coated surfaces (Fig. 2d) [53]. However, PEG surfaces are
labor intensive because they involve covalent modification
of glass surfaces. Sticking is also minimized by adding
compounds into the aqueous buffers. Again, a sacrificial
protein, typically BSA, is added. Its role is to bind to any
remaining “sticky” spots. In addition, low concentrations
of weak, nonionic detergent, such as 0.1% Tween-20, can
significantly reduce unwanted sticking.

Once proper biochemical activity at the single-molecule
level is established, optical trapping allows individual
molecules to be studied with near atomic-scale resolution.
These measurement capabilities provide a unique window
for observing a biophysical system. Moreover, force pro-
vides a new control parameter to perturb the enzyme or
biochemical system.

3.2. Variations on a theme

In the original RNAP assay, there is a direct molecular tug-
of-war between the enzyme and the optical trap (Figs. 1la
& 3a). At forces larger than 25 pN, the velocity of RNAP
rapidly diminishes and eventually stalls [11]. Similar di-
rect measurements of displacement along DNA have been
used for a variety of DNA-based enzymes [21, 23, 25].
While direct tug-of-war measurements offer several ad-
vantages, a wide variety of signals based upon different
biophysical properties have been developed to study dif-
ferent DNA-based molecular motors and DNA-binding
proteins (Fig. 3a-g).

The difference in elasticity between single-stranded (ss)
and double-stranded (ds) DNA can be used to monitor en-
zymatic activity (Fig. 1c). The conversion of dsDNA to
ssDNA or of ssDNA to dsDNA is measured by holding
a molecule under constant tension, and recording the dis-
tance between the end points (Fig. 3b). For DNA-based
molecular motors which perform such conversions, there
are several such assays [18, 19,22, 54,55]. A simple cal-
culation based on this distance difference then gives the
fraction of ssDNA as a function of time and thus a mea-
surement of enzymatic rate [19]. This conversion assay
infers enzymatic displacement. Also, the tension within the
DNA molecule does not directly oppose enzymatic motion.
Thus, interpreting the effects of force is more complicated,
but manageable. Historically, such conversion assays have
been noisier than direct tug-of-war measurements, but at
significant simplification in the assay development. Specif-
ically, enzymes in this assay are not coupled to surfaces
which is highly desirable given the discussed complexities
of anchoring proteins.

Unzipping of dsDNA leads to new ssDNA between the
anchor point and the bead (Fig. 3c) [56]. This added ssDNA
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Figure 3 (online color at: www.Ipr-journal.org) Comparison of different biophysical signals (a—g) and optical-trapping geometries
(i—vii) used to study nucleic acids and nucleic-acid enzymes. (a) A “tug-of-war” signal between the biological molecule and the trap
develops as an anchored protein (gold cone) moves along a nucleic acid (red and green) pulling the bead (blue sphere) in an optical
trap (pink). (b) A ”conversion” signal uses the conversion from dsDNA (red and green) to ssDNA (green), or the reverse, to change
the elastic properties of the tether and thereby measure enzymatic motion. (c) Opening of a nucleic-acid hairpin (through increased
force, enzyme motion, or protein melting) leads to more single-stranded nucleic acid under tension and, therefore, motion of the trapped
bead. (d) A “popping” signal occurs when sequestered nucleic-acid segments are released as the force in the trap is increased. This
signal can be used to measure binding or looping of a protein (purple). (e) Fluorescent tracking of the motion of an enzyme (red cone)
either by dye (green halos) displacement or a small fluorescent particle (green sphere) attached directly to the enzyme under study.
(f) Fluorescence-resonance energy transfer (FRET) of two nearby fluorophores (D and A, donor and acceptor) leads to emission of red
(acceptor) light if the fluorophores are close together. If the strands were separated by force or enzymatic motion, the FRET efficiency
would change. (g) A torsional signal (enzyme rotational movement, nucleic-acid supercoiling) can be obtained by using birefringent
particles (grey cylinder) and an optical trap which measures torque. (i) The nucleic acid is stretched between an anchor point on the
surface and the trapped bead in the surface-coupled geometry. (ii) A micropipette holds one bead via suction while the other bead
is optically trapped. (iii) Fluid flow (arrows) extends DNA attached to an optically trapped bead. (iv) Two traps holding two beads
connected by a nucleic-acid molecule, often called a “dumbbell” geometry. (v) Vertical stretching of a nucleic acid, similar to (i), but
pulling straight up. (vi) A double dumbbell geometry, or “quad” trap, allows precise manipulation and measurement of two nucleic-acid
molecules for studying a protein (purple) which binds the two molecules together. (vii) Pulling a DNA molecule through a nanopore
using an optical trap. Figures are schematic representations from references found in the main text. The biophysical signals shown can be
measured through a variety of trapping geometries. For example, the enzyme moving along a nucleic acid which creates the “tug-of-war”
signal could be anchored to a cover slip (i), a bead held by a micropipette (ii), or a second optically trapped bead (iv).
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stretches and leads to a predictable reduction in force. A
long double-stranded DNA helix is progressively unzipped
as long as the force is maintained [57]. Historically, such
unzipping has probed the average thermal stability of a long
DNA duplex [57], proteins that bind to DNA [54,58], and
helicases (enzymes that unwind the DNA helix) [22, 59],
as well as structures of RNA [12, 13] and DNA [31, 32].
Proteins bound to DNA stabilize the DNA helix and there-
fore locally increase the force needed to unzip. Points of
stabilization correspond to protein-binding sites, and the
rupture force reveals the energetics of protein-DNA bind-
ing [58]. Helicases are measured by the introduction of the
new ssDNA they create [22]. An added benefit for studying
helicase activity with an unzipping assay is a threefold-
larger change in extension than for motion along pure ds-
DNA in a direct tug-of-war assay. This larger extension
change makes monitoring small motions (e.g. steps) signifi-
cantly easier, but at a cost of applying force that destabilizes
the helix as opposed to a force that directly opposes (or
assists) enzymatic motion. Unfolding small, well-defined
RNA or DNA structures leads to an abrupt increase in ss-
DNA [13]. Such structures are of intense biological interest.
RNA’s growing repertoire of activities (catalysis, genetic
control, etc.) is based upon its ability to fold into compact
three-dimensional structures [60]. The stability and dynam-
ics of these structures can be studied by single-molecule
techniques [13, 33, 34]. To satisfy geometric constraints,
unzipping assays usually have double-stranded “handles”
that flank a section of DNA (or RNA) to be studied [12,31].
The flanking handles provide a link between the two anchor
points (e.g. a bead and a surface) which help accommo-
date the trapping geometry. One important benefit which
the unzipping assay shares with the conversion assay is
that the proteins under study are not bound to a surface.
Additionally, both assays can study proteins which bind
only for a short time, or molecular motors, such as the NS3
helicase [22], which only stay bound for a few steps (low
processivity).

A conceptually similar assay measures “popping” or
abrupt increases in dsDNA (Fig. 3d). This dsDNA can be
stored in the form of tight loops of dsDNA around a protein
core [55,61] or as large loops of DNA brought together
by proteins bound to distant sites along the DNA [30]. In
either case, there is an abrupt change in the end-to-end
length of the dsDNA at a characteristic force. This rupture
force is deduced by monotonically increasing the force,
analogous to measuring the elasticity (Fig. 1c). For example,
histones wrap DNA around a cylindrical-shaped protein
core [55, 61] for packaging DNA in the nucleus. These
protein-DNA assemblies unravel at a tension of ~20 pN
with a corresponding increase in length of 25 nm, consistent
with approximately 80 base pairs of DNA being tightly
wound about the protein core [55]. These “popping” assays
are a great method for probing protein-protein interactions
among DNA-binding proteins.

Single-molecule optical-trapping assays can be com-
bined with fluorescence to deduce both motion [62] and
local changes in structure [63,64]. Position measurements

using fluorescence rely on either enzymatically induced
dye displacement [62] or tracking small (40-nm) fluores-
cent spheres attached to single molecules [65]. Fluorescent
tracking simplifies construction and assay development,
but at the cost of applying a well-controlled force (Fig. 3e).
In this assay, the measurement variable is not the posi-
tion of the bead in the optical trap. Rather, the length of a
fluorescent-labeled DNA molecule or a fluorescent point
is imaged with a sensitive CCD camera. Like several other
assays mentioned above, a dye-displacement assay does not
require the enzyme to be anchored. The enzyme binds to
the DNA in a fluid away from any surface. Thus the elimina-
tion of potential distortion of the enzyme or sticking of the
enzyme to the surface significantly aids assay development.
The tradeoffs are decreased spatiotemporal resolution, the
inability to systematically vary force, and the necessity to
prove that the dye (which inserts into the DNA helix) does
not alter the enzyme kinetics. In contrast, the simultane-
ous measurement of force and single-molecule fluorescence
resonance energy transfer (FRET) is among the most techni-
cally challenging experiments performed (Fig. 3f) [63, 64].
A single fluorophore has a photon flux about fifteen orders
of magnitude less light than what is used to trap [63]. More-
over, the trapping laser, if co-incident, leads to accelerated
photobleaching. High-frequency interlacing of the trap and
the fluorescence-excitation lasers substantially reduces this
trap-induced photobleaching [66]. Thus, while a techni-
cally challenging experiment, single-molecule fluorescence
combined with optical trapping provides simultaneous com-
plementary types of information. For instance, researchers
are very interested in measuring the time delay between
the arrival of fluorescent ATP molecules and the resulting
mechanical translocations of molecular motors [67].

DNA-based molecular motors generate torque as well
as force as they translate along the helical DNA [68]. Opti-
cal traps can apply and measure this torque [69-71]. The
torsional properties of DNA are also of significant biologi-
cal interest [72,73]. Traditionally, single-molecule studies
of torque have used magnetic tweezers [72, 73], but an
all-optical solution was developed to enable more precise
control and much higher bandwidth for biological applica-
tions [69]. Whatever the mechanism of torque generation,
the DNA must be rotationally constrained not to spin. This
constraint requires multiple bonds between the DNA and
both the bead and the surface (Fig. 3g). Defects in the back-
bone of DNA (“nicks”) or single bonds allow free rotation.
One current drawback for optical-torque measurements is
the lack of uniform, micron-sized quartz particles required
for precise, reproducible measurements. Nanofabricated
quartz disks are an excellent, but not commercially avail-
able, solution [71].

This wide array of assays based on different types of
biophysical signals is impressive. Its development has been
driven by the desire to study different types of molecular
motors (processive versus nonprocessive), DNA binding
proteins, and RNA structures. Other types of assays exist
(e.g. a “three-bead assay” similar to the original myosin
assay [74]) but for conciseness, they are not reviewed here.
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4. Optical-trapping geometries using
nucleic acids

There is no universal, best optical-trapping design; most
optical traps and trapping techniques in single-molecule
biophysics are specialized to a single biophysical assay or
a set of similar assays. Thus, the design of a new optical-
trapping instrument needs to be driven by properties of the
biological system and the question to be addressed. Here
I review a number of successful trapping geometries used
to measure nucleic-acid structures and elasticity as well as
proteins that interact with nucleic acids.

Historically, the most widely used optical-trapping ge-
ometry involves a surface-coupled biological molecule (e.g.
RNA polymerase [10], kinesin [40], or myosin [9]) attached
directly or through a filament to a bead held in an optical
trap (Fig. 31). This geometry is straightforward to set up and
uses only one optical trap. In this geometry, the DNA (or
any other mechanical connection) links the trap to a surface-
anchored enzyme. Motion of the enzyme is deduced from
motion of the bead, after correcting for the compliance of
the system (Fig. 1b). For automation and precision, either
the surface or the optical trap is often moved to keep the
force constant. A variety of means are used, including PZT
stages [25,75,76], PZT mirrors [5], acousto-optical de-
flectors [77], or electro-optic deflectors [78]. The potential
drawbacks of this geometry are several: (i) Anchoring en-
zymes to any surface (bead or cover slip) can reduce their
activity. (ii) Unwanted motion between the trap center and
the surface (e.g. mechanical drift, laser-pointing instabil-
ity) directly couples into the measurement. (iii) Biological
molecules often stick to surfaces, so unwanted sticking
can be problematic. (iv) Surface-coupled assays may ex-
ert a lateral and a vertical force, so a 2D geometry with
appropriate calibrations should be used [45]. (v) The possi-
bility that the initiation of biological assays (like the RNA
polymerase) will start all the molecules on the cover slip
moving at the same time. Thus, each new measurement may
involve mounting a new cover slip/slide flow cell. (Note
such replacement is dependent on the biological assay; for
kinesin moving on microtubules, hundreds of data runs can
be taken on a single slide [35]).

Decoupling the assay from the surface offers the poten-
tial for DNA-based molecular motors to have substantially
higher throughput together with reduction of unwanted
sticking to the surface (Fig. 3ii). The Bustamante lab pi-
oneered the use of a micropipette holding one bead as a
replacement for the cover slip [79]. This now widely used
geometry allows a weak vacuum applied to the micropipette
to hold one bead while an optical trap holds the other bead.
As a consequence of these two different mechanisms for
holding the two beads, the beads can be held quite close
together without both beads jumping into the same op-
tical trap [80]. This geometry allows short DNA or RNA
molecules (300 nm) to be studied [13]; the benefit of shorter
DNA molecules is that they are stiffer and thus offer the
prospect of higher time resolution. By coupling this geome-
try with a simple flow cell, the assay is assembled inside the

microscope directly before use, and buffers can be rapidly
exchanged. There are several potential drawbacks for this
geometry: (i) Mechanical noise due to the micropipette is
large, though it can be partially mitigated by using a lens
mounted to the pipette’s external frame [81]. (ii) There is
an inability to precisely determine the location of the DNA-
anchor point on the bead held in the micropipette, since
the bead does not rotate. (iii) The macroscopic size of a
micropipette requires trapping deep in water where spheri-
cal aberration decreases trap stiffness. This limitation can
be overcome with a water immersion objective [79] and/or
a pair of counter-propagating optical traps [81]. (iv) The
associated mechanical linkages due to fluidic connections
cause additional mechanical noise.

When measurements do not require high spatiotemporal
resolution, optical traps can be coupled with fluid flow
to exert a force rather than a second anchoring surface
(Fig. 3iii). In this assay, the DNA is attached to an optically
trapped bead and extended in a strong flow (>1pm/s) to
near its full extension [82]. By monitoring the displacement
of a fluorescent dye embedded in the DNA [62] (or a small
fluorescent sphere [65]), enzymatic rate can be determined.
The two primary benefits of this assay are not anchoring
the enzyme to a surface and the ability to measure many
molecules by rapidly changing buffers using simple laminar
flow microfluidic channels. The drawbacks are: (i) There is
poor spatiotemporal resolution due to the Brownian motion
of the DNA, the disturbances caused by high-fluid-flow
rates, and the comparatively low spatio-temporal resolution
of fluorescence microscopy. (ii) Force cannot be used as a
control parameter — the hydrodynamic drag on the enzyme
is very small. (iii) Random particles fall into the trap. The
more fluid flow that goes by the trap (or the longer the
measurement), the more likely micron-scale particles (e.g.
cells, dirt, protein clumps, etc.) are trapped, if not always
stably held. Filtering solutions with a 0.2-pm filter is always
recommended for any trapping assay to reduce the number
of unwanted particles and to sterilize the solutions.

The quest for real-time atomic-scale measurements of
biological motion has led to a resurgence of interest in
dual-beam optical traps (Fig. 3iv) [2, 3, 28], since they re-
move the noise associated with surface-coupled assays [5].
The original trapping assay for myosin-2, the molecular
motor responsible for muscle contraction, used two opti-
cal traps [9]. Two traps were also used to stretch DNA
and image transverse fluctuations in the taut DNA to ad-
dress questions in polymer physics [83]. It was almost a
decade later that such a dumbbell assay, coupled with a
number of important technical improvements, was used to
successfully measure the 1 base-pair (0.34-nm) step size of
RNA polymerase [2]. To date, the dual trap offers the best
achieved spatial resolution [2,3]. However, there are several
drawbacks to this geometry. (i) It takes finesse to trap and
hold the two beads connected by a short DNA molecule
in separate optical traps. (ii) One of the traps must be un-
der precise control for high precision assays. (iii) Rapid
changes in buffer can lead to losing beads or having un-
wanted beads (or other particles) fall into the traps.
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Pulling DNA vertically reduces sticking of the bead or
the DNA to the surface (Fig. 3v). Such a vertical geometry
also allows using very short tethers (100-500 nm) which
would be difficult using the standard surface-coupled ge-
ometry (Fig. 3i). Again, short tethers can offer enhanced
spatiotemporal resolution because they are stiffer. Addi-
tionally, shorter tethers have less total DNA. So, sequence-
dependent binding proteins with short (and therefore com-
mon) recognition sequences can be studied. This vertical-
trapping geometry is also used for applying controlled
torque using an optical torque wrench [71]. The difficulties
with this assay are: (i) Trap stiffness and detector sensitivity
vary as a function of depth [45, 84]. This vertical depen-
dence can be overcome with careful, but involved, calibra-
tions [85]. (i1) Trap stiffness is typically sixfold less verti-
cally than laterally, so substantial vertical forces are difficult
to apply. (iii) Vertical position sensitivity to bead motion
is substantially less than horizontal sensitivity and more
prone to errors. However, feedback-stabilized lasers cou-
pled with appropriate electronic amplification can achieve
0.1-nm vertical sensitivity [86].

As biophysicists explore a broader range of biological
systems and questions, new trapping geometries are con-
stantly being developed. Two recent innovations are: the
double dual-beam or “quad” trap (Fig. 3vi) [87,88] and the
integration of nanopores with optical traps (Fig. 3vii) [89-
91]. Why are four traps useful? Such a trapping geometry
elucidates the interaction of proteins which bind two DNA
molecules together and, unlike most holographic traps [92],
includes the high-bandwidth force detection crucial for bio-
physical measurements. This unique optical design was
integrated with microfluidics and with three traps under
computer-based positional control. Such a trapping ge-
ometry shows the way for a wide range of more compli-
cated biophysical studies. Integration of optical traps with
nanofluidics or nanopores offers another exciting recent de-
velopment [89-91]. Such traps can provide measurements
of force and deterministically translate DNA through such
pores. Pulling RNA hairpins or more complicated structures
through a pore would more closely mimic the unfolding
pathway generated by an enzyme translocating along the
RNA in contrast to unfolding the RNA by a force across
the molecule.

For researchers moving into single-molecule optical-
trapping experiments, the choice of which assay and which
optical trap design is crucial. The design choices made
early on in development can have lasting ramifications.
One is always reluctant to tear down an existing working
apparatus to add a new feature. Creating flexibility is help-
ful, but building a “state-of-the-art-everything” microscope
with single-molecule fluorescence, atomic stability, and mi-
crofluidics can lead to a never-ending construction project
as that state-of-the-art evolves. Thus, I recommend build-
ing instrumentation towards a biological goal. A careful
review of the biological goals, questions to be asked, and
equipment necessary to make the measurement is helpful
at the outset of a new project. The construction, calibration,
and initial validation of an optical trap represent a substan-

tial investment in both time and money. But once made,
watching single molecules move and mechanically unfold
is very rewarding.

5. Calibrating optical traps

Accurate and precise measurements with optical traps rely
on measuring both the position of the bead in the optical
trap and the force applied to that bead. While it is possible
to directly measure force in specialized dual-beam—counter-
propagating optical traps with low numerical aperture ob-
jectives [81], most researchers measure position and then
multiply by the trap stiffness to calculate the trap force
(F" = —FKyapTvead)- This technique requires a calibration
of both kirap and Zpeaq. Calibration techniques will now be
briefly reviewed.

5.1. Trap stiffness calibration

There are three common methods to calibrate optical trap
stiffness: equipartition, power spectrum, and hydrodynamic
drag [14]. Each method has its own set of assumptions and
limitations. They are most powerful when used in combina-
tion to reveal hidden problems. I will illustrate this power
by analyzing the trapping of gold nanoparticles.

Equipartition-theorem method: The equipartition theo-
rem is the simplest method for determining Ki,,. Changes
in trap stiffness lead to changes in the magnitude of Brown-
ian motion (Fig. 4a). The equipartition theorem states that
each degree of freedom has %kBT of energy. Mathemati-
cally this is expressed as

LkpT = Lhap (284) - ¢))

To be accurate, the equipartition method requires (i) a har-
monic trap, (ii) adequate electronic bandwidth, (iii) accurate
p