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Abstract

Numerous microtubule-associated molecular motors, including several kinesins and cytoplasmic
dynein, produce opposing forces that regulate spindle and chromosome positioning during mitosis.
The motility and force generation of these motors are therefore critical to normal cell division, and
dysfunction of these processes may contribute to human disease. Optical tweezers provide a
powerful method for studying the nanometer motility and piconewton force generation of single
motor proteins in vitro. Using kinesin-1 as a prototype, we present a set of step-by-step, optimized
protocols for expressing a kinesin construct (K560-GFP) in Escherichia coli, purifying it, and
studying its force generation in an optical tweezers microscope. We also provide detailed
instructions on proper alignment and calibration of an optical trapping microscope. These methods
provide a foundation for a variety of similar experiments.
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1 Introduction

Cytoskeletal filaments and their associated molecular motor proteins generate a multitude of
forces that orchestrate the complex process of mitosis. While actin and myosin Il drive the
actual division of cells (the separation of the cytoplasm of the original cell into two new
cells), it is primarily microtubules (MTs) and their associated motor proteins, cytoplasmic
dynein and kinesins (composed of several distinct subfamilies) [1, 2], that govern the
intricate rearrangements of the mitotic spindle preceding cytokinesis [3].

Numerous MT-associated motors exert forces on the MT mitotic spindle [4-8]. For
example, during anaphase B, cytoplasmic dynein attached to the cell cortex walks toward
the minus ends of astral MTs, pulling the spindle poles away from each other and toward the
cell periphery [9]. The tetrameric, bipolar kinesin-5 (also called Eg5 or Kif11) likewise
drives the spindle poles apart by simultaneously moving toward the plus ends of antiparallel
interpolar MTs in the spindle midzone [10] (thereby sliding the oppositely oriented MTs
away from one another). Interestingly, however, dynein appears to antagonize the function
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of kinesin-5 [11-13]. Kinesin-14 family proteins (e.g., HSET, Ncd)—which are
homodimeric/unipolar, but nonetheless cross-link and slide antiparallel MTs—oppose the
forces produced by kinesin-5 [14-17]. The kinesin-14 motor domain is near the C-terminus,
and this motor walks in the opposite direction of most of its N-terminal kinesin relatives [1,
18, 19]. Thus, it pulls oppositely oriented MTs at the spindle midzone closer together as it
walks toward the MT minus end.

During all of these processes, the MTs themselves are highly dynamic, regulated in part by
members of the microtubulede-stabilizing kinesin-13 family [20-22]. In addition, separate
motors exert forces directly on chromosomes. The plus-end-directed kinesin-4 and
kinesin-10 (the so-called chromokinesins) attach to chromosomes and carry them away from
the spindle poles [1].

Despite growing knowledge, we are only beginning to understand how forces in mitosis are
generated and regulated. As discussed, numerous different molecules are involved. In vitro
single-molecule studies have proved useful in deciphering the functions of the various
constituent proteins in isolation [13, 16, 23-25]. Among these techniques, optical trapping
(also called optical tweezers; see refs. 26, 27 for excellent reviews) is particularly
informative, because it can measure and exert forces on the piconewton (pN)-scale
characteristic of molecular motors [28-32].

The basis for conventional optical trapping is the transfer of momentum from photons in a
focused laser beam to a small dielectric particle. In the simple ray-optics picture (see Note 1
for a more complete description), this occurs due to refraction of light by a microsphere
(“bead”) placed in a highly focused, near-infrared laser beam with a Gaussian intensity
profile [26]. Refracted photons experience a change in momentum—i.e., a force—associated
with their altered direction of propagation. Due to momentum conservation (or,
alternatively, Newton’s third law), the microsphere experiences an equal and opposite
change in momentum (force) in the opposite direction as that experienced by the refracted
photons. Near the laser focus, the geometry of the system (namely, the gradient of laser

IThe geometrical/ray-optics description offers an intuitive and reasonably accurate description of optical trapping for large particles,
for which the microsphere can be considered to be essentially a ball lens that refracts the incident light. However, this model applies
poorly to microspheres with diameters d much smaller than the wavelength A of the trapping beam (note that this regime is defined by
the wavelength of the laser in the sample medium ; for a 1,064-nm laser trapping a particle in aqueous buffer, this corresponds to A/
Nwater = 1,064 nm/1. 33 = 800 nm). Electromagnetic scattering theory provides a better description for this case. In this formulation,
the small dielectric particle in the trap is considered to be a point dipole (with a dipole moment induced by the electromagnetic field of
the trapping beam) that scatters light according to Rayleigh scattering theory. In the electromagnetic field of the trapping beam (due to
the intensity gradient imparted by focusing of the beam and its inherent Gaussian intensity profile), this dipole experiences a Lorentz
force (called the gradient force) that draws it toward the trap center. This balances the net momentum transfer in the axial direction of
the trap that results from Rayleigh scattering (since scattering is isotropic, net momentum is only transferred in the direction of beam
propagation, which tends to push the particle out of the trap; this is called the scattering force). The net result is a stable trap in three
dimensions (note: due to the scattering force, the position of the trapped bead is slightly shifted beyond the highest intensity of the
laser focus).

While refractive models apply well to particles with d >> )\, and Rayleigh scattering/Lorentz force models describe trapping of
particles d << A, neither theory applies well to the situation typically encountered in single-molecule optical tweezers studies, in which
d ~ A [72]. Over the last several years, a great deal of progress has been made in this area by employing the full Mie solution to
Maxwell’s equations (also called the Lorenz—-Mie, Mie-Debye, or Lorenz—Mie—Debye solution, or Mie scattering), which fully
describes the scattering of light by dielectric spheres of any size. This complex theory converges appropriately with the simpler
Rayleigh scattering (for very small particles) and geometrical optics (for large particles) descriptions. Nieminen et al. provide an
informative review [73] with useful references therein. For any such theory to be of practical use, it must also encompass the effects of
nonideal optical aberrations on optical trapping [74], particularly the spherical aberration and astigmatism. Recently, Dutra et al. [75]
extended the so-called MDSA (Mie—Debye spherical aberration) theory [76] to include these effects, finding good agreement with
experimental results.
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intensity surrounding the focus) causes the net force on the microsphere to pull it toward the
center of the focus (“trap center”) whenever it is displaced, thus “trapping” the particle in
three dimensions. Conveniently, for small displacements, the microsphere position can be
tracked with extremely high precision (a few nanometers or better), and the force exerted on
it is linear with this displacement [26]. This is analogous to the force F = — kAx predicted by
Hooke’s law for an ideal spring extended a distance Ax, where the constant k is referred to as
the “spring constant” or “stiffness” (for optical traps, k is directly proportional to the laser
intensity, but also depends on the diameter of the microsphere [33-35]). Therefore, by
linking motor proteins to optically trapped microspheres, one can measure both the motility
and force produced by these mechanoenzymes as they move along their cytoskeletal
filaments and thereby displace the trapped bead from the trap center (Fig. 1). In fact, even
some endogenous biological particles (e.g., endosomes) can be optically trapped, so that the
technique can be applied in vivo [36—38] (though calibration and interpretation of results are
more complicated).

Although optical trapping is still mainly a tool of specialists, its popularity and application
have grown significantly since its first application to motor proteins [39], and it is feasible
for nonexperts to build and use simple optical tweezers microscopes in their laboratories
(some commercial options are also available [40]). While establishing microsphere trapping
is relatively straightforward, accurately and precisely calibrating the instrument for force
measurement presents some challenges. Although there is rich literature on technical aspects
of optical trapping (see, e.g., [26, 27] and references therein), our own experience with
building and calibrating such an instrument convinced us of the importance of a
comprehensive, up-to-date resource addressing the many “handson” details and subtleties
involved. Our goal is to help bridge the gap between “qualitative” optical trapping and
research-quality force measurements.

In addition to details on instrumentation, we provide a simple system using optimized
biochemical conditions, with which to establish a basic optical tweezers assay. Not long
after its discovery over 25 years ago [41], kinesin-1 (also known as conventional kinesin)
was the first molecular motor studied by optical trapping [39], and it has since become
perhaps the best-studied MT-associated motor. As such, it serves as a well-characterized,
predictable standard for establishing optical tweezers assays that measure the dynamic
behavior of molecular motors. Here, we provide methods for isolating recombinant
kinesin-1 and studying its motility and force production in vitro as it walks processively
toward the plus ends of MTs. These optimized protocols provide a basis for a host of similar
experiments.

Below, we describe the recombinant expression in Escherichia coli (E. coli) of a GFP- and
polyhistidine-tagged construct (herein referred to as K560-GFP, or simply K560) containing
the first 560 amino acids of human kinesin-1 [42] (see Note 2). We then provide methods for
isolating functional kinesin motors to high purity by sequential steps of cell lysis,

2The kinesin-1 motor domain is N-terminal, so that the truncation in K560 occurs just after the first coiled-coil stalk. The second
(truncated) coiled coil is not required for heavy chain dimerization, or to produce motion [42] or force (see, e.g., supplemental
information of Gennerich et al. [31]). The polyhistidine (6xHis) and GFP tags are on the C-terminus of the construct, immediately
following amino acid 560.
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centrifugation, nickel-nitrilotriacetic acid (Ni-NTA), agarose affinity column purification
(via the K560 polyhistidine-tag), and MT pulldown with ATP-induced release. These
procedures yield functional K560 protein sufficient for a number of single-molecule
experiments, including optical tweezers assays.

Next, we describe how to measure the movement and force generation of single K560
molecules as they walk along MTs in vitro. This includes methods for (1) preparing optical
trapping beads (polystyrene microspheres) with covalently bound anti-GFP antibodies (see
Note 3), (2) attaching K560-GFP to these beads, and (3) measuring K560 motility and force
production as it pulls against the opposing load applied by an optical tweezers. We provide
the pertinent details of the design and calibration of a combined optical trapping and total
internal reflection fluorescence (TIRF) microscope capable of measuring nanometer- and
piconewton-scale displacements and forces. Figure 2 summarizes how the various
procedures come together to enable measurements of force production by single kinesins.

In addition to the procedures and accompanying figures, we have made extensive use of
notes to draw attention to important details and underlying principles. The reader is
encouraged to consult this section thoroughly before performing the protocols. We also wish
to direct the reader to our accompanying protocol for slide chamber preparation and MT
fluorescence labeling, polymerization, and surface immobilization (see Chap. 9). The
techniques in that protocol have wide applicability, but were specifically designed for use
with the optical trapping methods presented here.

By implementing the methods described, researchers will be able to design and carry out a
variety of assays for studying forces produced by MT-associated molecular motors.

2 Materials

2.1 Transformation of E. coli and Expression of the K560-GFP Construct

1. LB medium: suspend Difco™ LB Broth, Lennox (BD Diagnostic System, Cat. No.
DF0402-07-0), in ddH»0 to 20 g/L. Autoclave and store at room temperature.

2. Carbenicillin (100 mg/mL): dissolve carbenicillin disodium (Sigma) in ddH,0 to
100 mg/mL. Sterilize by filtration through a sterile 0.22 um Millex® GS filter unit
(Millipore). Store at —20 °C in the dark. The working concentration is 100 ug/mL
in this protocol.

3. LB/carbenicillin agar plates: suspend Difco™ LB Agar, Lennox (BD Diagnostic
System, Cat. No. DF0402-17-0), in ddH,0 to 35 g/L; then autoclave the solution.
When the solution cools to ~55 °C, add carbenicillin. Mix well and pour into the
plates. After solidification, store the plates at 4 °C.

3In the optical trapping field, there continues to be some variability in the surface-coupling techniques used to attach molecular motors
to microspheres. Techniques can be categorized broadly according to whether they employ specific vs. nonspecific and covalent vs.
non-covalent binding strategies. We advocate the use of specific binding to a known structure on the motor (preferably the tail), if
possible, so that there is a high degree of confidence regarding the orientation of the motor on the bead. For K560-GFP, the GFP tag
on the tail provides a convenient and specific target for coupling to the bead via high-affinity anti-GFP antibodies. We link the
antibodies to beads covalently to ensure strong association and block the remaining surface with covalently bound bovine serum

albumin (BSA).
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BL21(DE3) competent E. coli cells for protein expression (New England Biolabs).

Isopropyl B-o-1-thiogalactopyranoside (IPTG) (1 M): dissolve appropriate amount
of IPTG (Sigma) in ddH,0 to 1 M; then filter to sterilize. Store at —20 °C.

Plasmid DNA: K560-GFP-6xHis (pET17b) (gift from the laboratory of R. Vale,
University of California, San Francisco).

2.2 Ni-NTA Agarose-Based Protein Purification

For cell pellet from 1 L E. coli culture

1.

10.

11.

Phenylmethanesulfonyl fluoride (PMSF) (100 mM): dissolve PMSF (Sigma) in
isopropanol to 100 mM, and store at —20 °C (see Note 4).

-mercaptoethanol (BME) (Sigma) (see Note 5).

Mg?2*-adenosine 5'-triphosphate (Mg-ATP) (100 mM, pH ~7): dissolve ATP
disodium salt (Sigma) in ddH,O with equimolar MgSQOy,, and use NaOH to adjust
the pH to ~7 (see Note 6). Store at =20 °C in aliquots.

Imidazole (2 M, pH ~8): suspend imidazole (Sigma) in ddH,O, and then adjust pH
to ~8 with HCI. Store at =20 °C.

Lysozyme (50 mg/mL): dissolve lyophilized egg-white lysozyme powder (Sigma)
in ddH,0 at room temperature to 50 mg/mL, and then keep on ice until use.
Prepare fresh solution for each purification (see Note 7).

Lysis buffer (10 mL): 50 mM Tris, 300 mM NaCl, 5 mM MgCl,, and 0.2 M
sucrose, pH ~7.5.

Resin wash buffer (10 mL): 50 mM Tris, 300 mM NaCl, 5 mM MgCl,, 0.2 M
sucrose, and 10 mM imidazole, pH ~7.5.

Wash buffer (30 mL): 50 mM Tris, 300 mM NaCl, 5 mM MgCl,, 0.2 M sucrose,
and 20 mM imidazole, pH ~7.5.

Elution buffer (10 mL): 50 mM Tris, 300 mM NaCl, 5 mM MgCl,, 0.2 M sucrose,
and 250 mM imidazole, pH ~8.

Storage buffer (30 mL): 80 mM PIPES, 2 mM MgCly, 1 mM EGTA, and 0.2 M
sucrose, pH ~7.

Nickel-nitrilotriacetic acid (Ni-NTA) agarose for purification of 6xHis-tagged
proteins by gravity-flow chromatography (Qiagen).

4Alternatively| PMSF can be substituted by the combination of Pefabloc SC, leupeptin, and pepstatin (Roche), or the cOmplete
ULTRA EDTA-free Tablet (Roche), which are less toxic and more effective in long-term protease inhibition.

BME is toxic and flammable and should only be opened in a fume hood.
BKinesin requires divalent metal cations in order to hydrolyze ATP. M92+ is the most effective [77]. When preparing the ATP
solution, keep it on ice to limit ATP hydrolysis. For assays in which the ATP concentration is non-saturating and needs to be known
with precision, the weight of the ATP powder weighed should be corrected for water and residual solvent content (found by
examining the certificate of analysis from the supplier).

Lysozyme dissolves slowly at 4 °C; hence, it is best to dissolve it at room temperature and then keep the solution on ice. It is
preferred to add the imidazole after the lysis by lysozyme, since imidazole inhibits lysozyme activity [78]. Alternatively, other highly
specific, active lysozyme can be applied [79].

Methods Mol Biol. Author manuscript; available in PMC 2014 December 03.
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12. Poly-prep chromatography column (0.8 x 4 cm, BioRad).
13. Econo-Pac® 10DG Desalting Prepacked Gravity Flow Columns (BioRad).

14. Coomassie protein assay reagent (Thermo Scientific, based on Coomassie blue
G-250).

15. 10 % SDS-PAGE gel (Amersham ECL™ or similar).
16. SDS running buffer: 25 mM Tris, 192 mM glycine, and 0.1 % SDS (pH 8.3).

17. Ultrasonic homogenizer (Fisher Scientific, model F550 Sonic Dismembrator).

2.3 MT Binding-and-Release Purification of K560

1.

w

4,

~

10.
11.
12.

BRB80 buffer: 80 mM PIPES (Sigma P6757), 2 mM MgCl,, and 1 mM EGTA, pH
~7.

Bovine brain tubulin (10 mg/mL): dissolve one vial of 1 mg lyophilized powder
(Cytoskeleton) in 100 uL. BRB80 buffer (final concentration 10 mg/mL). Aliquot
and flash freeze. Store aliquots at —80 °C (see Note 8).

Paclitaxel (Taxol) (2 mM): dissolve one vial of lyophilized powder (0.2 umol per
vial, Cytoskeleton, Inc.) in 100 pL anhydrous DMSO. Store at —20 °C. The
working concentration is 10-20 pM.

Mg?2*-guanosine 5'-triphosphate (Mg-GTP) (25 mM): dissolve GTP sodium salt
(Sigma) with equimolar Mg2* in ddH,0. Aliquot and store at =80 °C.

Adenylylimidodiphosphate (AMP-PNP) (100 mM): dissolve AMP-PNP in ddH,0
to 100 mM and store at =80 °C (see Note 9).

Mg-ATP (100 mM): see Subheading 2.2, step 3.

Dithiothreitol (DTT) (1 M): dissolve DTT in ddH,0 and store at —20 °C. The
working concentration is 1 mM.

Release buffer: 80 mM PIPES, 2 mM MgCl,, 1 mM EGTA, and 300 mM KClI, pH
~7.

Glycerol cushion: 80 mM PIPES, 2 mM MgCl,, 1 mM EGTA, and 60 % glycerol
(VIv).

Sucrose (2 M): dissolve sucrose in the release buffer to 2 M.
Beckman Coulter Optima™ TLX Ultracentrifuge (120,000 maximum rpm).

Beckman TLA-120.1 fixed angle rotor (8 x 34 mm, 0.5-mL tube).

2.4 Coating Microspheres with Anti-GFP Antibodies

1.

Tabletop centrifuge (e.g., Eppendorf 5430R) cooled to 4 °C with rotor for 1.5-mL
microcentrifuge tubes.

8The vial should always be kept on ice, since the tubulin will polymerize at higher temperature.
AMP-PNP does not hydrolyze in aqueous solution. However, it becomes unstable at low pH.

Methods Mol Biol. Author manuscript; available in PMC 2014 December 03.
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2. Low-power bath sonicator (e.g., Branson B-3).

3. Carboxyl-modified polystyrene microspheres: ~1 um diameter (see Note 10), and
100 mg/mL suspension (Bangs Laboratories). Store at 4 °C.

4. Activation buffer: 100 mM NaCl and 10 mM MES (2-(N-
morpholino)ethanesulfonic acid). Adjust to pH 6.0 with NaOH.

5. Coupling buffer (100 mM sodium phosphate buffer): combine 77.4 mL 1 M
NayHPOy, 22.6 mL 1 M NaH,POy4, and 900 mL ddH,0. Adjust to pH 7.4 with
concentrated NaOH.

6. PBSrinse solution: 137 mM NaCl, 2.7 mM KCI, 4.3 mM NayHPOy, and 1.47 mM
KH,PO,4. Adjust to pH 7.4 with concentrated KOH.

7. Quenching solution (30 mM hydroxylamine hydrochloride (NH,OH<HCI) in PBS):
dissolve 0.42 g NH,OHeHCI in 200 mL PBS rinse solution, and adjust to pH 8.0
with concentrated NaOH.

8. Water-soluble carbodiimide coupling reagent, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, hydrochloride (EDAC, Life Technologies),
and N-hydroxysuccinimidal stabilizing reagent, N-hydroxysulfosuccinimide,
sodium salt (NHSS, Life Technologies). Store both reagents desiccated (or under
argon) at —20 °C (see Note 11).

9. EDAC quencher: 14.3 M BME. Store at room temperature.
10. 100 mg/mL BSA solution. Store at —20 °C.
11. Anti-GFP antibody stock solution (1-4 mg/mL). Store at —20 °C.

2.5 Pyranose Oxidase/Catalase (POC) Oxygen Scavenger Preparation

1. Pyranose oxidase from Coriolus species, 250 U (Sigma Cat. No. P4234; see Note
12 and Swoboda et al. [43] regarding additional steps for experiments involving
double-stranded DNA). Store at —20 °C.

2. Catalase (Sigma, Cat. No. C40), store at 4 °C.

3. Tabletop centrifuge (e.g., Eppendorf 5430R) cooled to 4 °C with rotor for 1.5-mL
microcentrifuge tubes.

4. Ultrafree Centrifugal Filters (Durapore PVDF 0.1 pm, Cat. No. UFC30VV00).
5. POC storage buffer: 40 mM Tris, 30 % (v/v) glycerol, and 5 mg/mL BSA, pH 7.4.

lOMicrospheres of different diameter can be substituted with only slight modifications to this protocol. It is important that the trapping
beads be as perfectly spherical as possible and have a uniform and precise diameter, since irregularly shaped particles or deviations
from the expected diameter may lead to errors in trap stiffness determination and prevent the microspheres from tumbling uniformly
&therefore preventing certain portions of the surface area from contacting the MTs in the motor trapping assay).

1EDAC and NHSS are hygroscopic and sensitive to hydrolysis. Avoid any contact of the stocks with moisture or humidity. If the
powder forms clumps, it has absorbed water and should be replaced (if in doubt, always replace old stocks with fresh reagents to
ensure reactivity). When opening vials, allow them to warm to room temperature in a desiccator beforehand, in order to avoid
condensation of moisture from the air.

Methods Mol Biol. Author manuscript; available in PMC 2014 December 03.
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2.6 Optical Tweezers Setup, Alignment, and Calibration

1. Force-fluorescence microscope.

Immersion oil Type A (Nikon).

Slide chambers.

Trapping beads.

25 mg/mL bovine B-casein (see Chap. 9 for preparation instructions).

TetraSpeck™ microspheres, 0.1 um diameter (Life Technologies, Cat. No. T7279).

N o g ~ w DN

Analysis software. Typically, this software is custom written. However, published
software packages are available [44-47], some of which provide libraries that can
be used in other programs. Analysis methods to be implemented are described in
Subheading 3.8.

8. Optional: magnification calibration standard (e.g., MRS-4.1, Geller
MicroAnalytical Laboratory, Inc.).

12The POC “oxygen scavenging” system is used to eliminate molecular oxygen from solution. The problems caused by molecular
oxygen, and our choice of POC to prevent them, warrant discussion. In this assay, the presence of O2 leads the formation of a variety
of reactive species, particularly singlet oxygen (102) and molecular oxygen in the first (O2 (1Ag)) or second (02 (1Eg+)) excited
states above the ground state (O2 (°Xq™); see ref. 80 for a comprehensive review). These reactive oxygen species rapidly oxidize
nearby molecules, leading to protein damage [81, 82] and loss of organic dye fluorescence (simultaneous photobleaching and physical
destruction of fluorescently labeled MTs, and prevention of these phenomena by oxygen scavengers [83, 84], provide a dramatic
demonstration of both effects). The initial formation of 102 generally occurs as a photochemical reaction in which a “sensitizer”
molecule enters an excited triplet state and transfers its energy to O2 (3Zg‘), yielding O2 (1Ag) directly, or O2 (12 *+), which rapidly
converts to O (1Ag) [80] (the O2 (329') triplet ground state thus quenches the excited triplet state of the sensitizer). In single-
molecule experiments, the sensitizer is usually an organic dye excited by a laser, but a vast range of other molecules can participate as
well [85], and even polystyrene microspheres in optical trapping beams can act as sensitizers [86].

The typical approach for removing O2 is to add an oxygen “scavenger” (an enzymatic system that consumes oxygen) while sealing the
sample chamber to prevent additional O from entering. The traditional oxygen scavenger system is glucose oxidase/catalase (GOC)
in the presence of glucose, for both fluorescence [87—- 94] and optical trapping assays [31, 53, 95— 100]. Glucose oxidase (p-o-
glucose:oxygen-1-oxidoreductase, EC 1.1.3.4) [101 — 103] is a flavoenzyme that catalyzes the oxidation of glucose by O2, yielding
hydrogen peroxide (H2 O2, which is removed by the catalase) and p-glucono-6-lactone (which is converted to gluconic acid). The
more recent protocatechuic acid (PCA)/protocatechuate-3,4-dioxygenase (PCD) [104, 105] employs a single-step reaction in which
PCD catalyzes the cleavage of the PCA extradiol ring, incorporating one O2 molecule and yielding a muconic acid. This system has
several advantages, including that no reactive Hp O2 is produced. However, both GOC and PCA/PCD produce acid, significantly
lowering the pH of the assay solution [43, 90, 106] unless strong buffers are used. With GOC, we observe widespread casein
precipitation over long periods (>1 h), correlated with increased acidity and directly attributable to the presence of glucose oxidase
(casein itself is acidic and is highly insoluble near its isoelectric point of ~4.6 [107, 108]). This acidification also correlates, over
shorter periods, with unwanted and nonspecific sticking of trapping microspheres to glass and cytoskeletal filaments. Swoboda et al.
[43] recently introduced the pyranose oxidase/catalase (POC) system [109] to single-molecule fluorescence studies, replacing glucose
oxidase with pyranose 2-oxidase (pyranose:oxygen-2-oxidoreductase, EC 1.1.3.10) [110 — 113], which yields a stable 2-keto-o-
glucose that does not convert to an acid (see Fig. 7). This system behaves at least as well as PCA/PCD in single-molecule assays,
without acidification [43]. We have not rigorously compared the performance of oxygen scavenging by POC vs. GOC in the optical
trapping assay, but have observed no negative effects with POC, and qualitatively identical effects on fluorescence. Based on this and
the extensive characterization by Swoboda et al. [43], we employ POC in all our current assays.

It should be noted that for relatively high-power trapping beams, photobleaching is likely caused by multiphoton excitation and
subsequent dye ionization, rather than +O2 formation [114]. While elimination of 102 is still important (e.g., to prevent damage to
K560 motors), photobleaching in this setting is limited by addition of an antioxidant rather than an oxygen scaven%er [114].
Antioxidants are also known to inhibit triplet-state-induced fluorophore blinking under anaerobic conditions (O2 (°Xg™) is a triplet
quencher, as mentioned above, so its absence enhances population of the fluorophore triplet state). DTT serves this purpose in our
assay (in addition to its primary role in preventing unwanted protein disulfide bond formation). Other reducing agents such as pME
and tris(2-carboxyethyl)phosphine (TCEP) may also be beneficial, though ascorbic acid and the vitamin E analog Trolox® (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) exhibit superior performance in preventing blinking via triplet quenching
[104].
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2.7 Sample Preparation for Optical Tweezers Assay

1. Slide chamber containing surface-immobilized, Cy3-labeled MTs. We suggest
using the methods presented in Nicholas et al. (Chap. 9), but if another method is
preferred, it can be substituted.

BRB80 buffer (see Subheading 2.3).

25 mg/mL bovine p-casein (see Subheading 2.6).
Purified K560, store at —80 °C.

10 mM paclitaxel (Sigma) in DMSO.

100 mM ATP (see Subheading 2.2).

1 M DTT (see Subheading 2.3).

Pyranose 2-oxidase/catalase (POC, see Subheading 3.5).

© © N o o ~ w D

1 M glucose (Fisher), aliquot in ~5 pL volumes and store at —80 °C.

[EY
o

. Anti-GFP antibody-coated trapping beads (see Subheading 3.4).

[EEN
[N

. Low-power bath sonicator.

[y
N

. Pieces of filter paper cut into strips ~2 in. long and 0.5 in. wide.

13. Vacuum grease (see Note 13) and cotton-tipped applicator.

2.8 Optical Tweezers Measurement of Motility and Force Generation

1. Force-fluorescence microscope and calibration software.
2. Immersion oil Type A (Nikon).
3. Slide chamber prepared according to Subheading 3.9.

2.9 Force-Fluorescence Microscope Instrumentation

Decisions regarding instrument design depend on many factors, including the desired
precision, requirements for optical tweezers force feedback and beam steering, available
space and budget, and the number of required fluorescence channels. As a result,
instruments vary widely among laboratories, and we will therefore not attempt to give
detailed instructions for the design and construction of the optical tweezers/TIRF
fluorescence microscope. See, for example, Lee et al. [48] for a hands-on procedure for
building a simple optical trap on an inverted fluorescence microscope, Selvin et al. [49] for a
protocol for constructing a simple TIRF microscope, and Neuman and Block [26] and van
Mameren et al. [50] for excellent discussions of many relevant design considerations for
optical tweezers. Instead, we will outline a simplified version of the force-fluorescence
microscope in our laboratory and make note of some practically important design and

13slide chamber ends are sealed to prevent evaporation, ensure an anaerobic environment, and provide physical closure of the
chamber (assumed by the theory used for optical trap calibration employing periodic stage oscillation, Fig. 19b, although the theory
can be modified for a chamber with open ends [69]). As noted in Nicholas et al. (Chap. 9), vacuum grease is highly preferred over nail
polish or other organic solvent-based adhesives. Using these substances to seal the chamber can lead to protein precipitation and
nonspecific binding of trapping beads to glass and MTs, even in the absence of attached motors.
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construction details common to all such microscopes. For the protocol instructions, we
assume the optical tweezers setup in Fig. 3 and refer to components according to the labels
therein.

The illumination pathways consist of beams for trapping, back focal plane detection (see
Note 14), bright-field imaging, and TIRF microscopy. All optics should have antireflection
coatings for the appropriate laser wavelengths. The trapping laser (1,064 nm) passes
through a combined collimator and optical isolator (Ol, to prevent back-reflection into the
laser resonator via the glass fiber) and a variable beam splitter consisting of a computer-
controlled wave plate (WP) and polarizing beam splitter (PBS), allowing precise control of
the transmitted laser power (and therefore the trapping spring constant, k). The beam then
passes through a two-channel acousto-optic deflector (AOD), the (1, 1)-order diffracted
beam is selected using an aperture (A), and the beam is re-expanded to fill the rear entrance
pupil of the microscope objective lens (OL). The “pivot point” within the AOD is conjugate
telecentric to the back focal plane of the microscope objective, so that rotations of the
diffracted beam originating from the AOD plane produce translations of the focus in the
sample (front focal plane of the objective). The computer-controlled, piezo-electric-driven
mirror mount following the AOD (Pzt-M1) is positioned such that when it rotates, it mostly
translates the beam in the back aperture of the objective. Together, this mirror and the AOD
allow precise control of the position and angle of the trapping beam as it enters the objective
lens (note that this simplified diagram omits additional lenses required to achieve the
aforementioned AOD and Pzt-M1 optical mappings). The trap is turned on and off by means
of a simple mechanical shutter (S1). The half-wave plate (WP2) positioned directly before
the microscope allows rotation of the laser beam polarization (see Note 15).

4y principle, back focal plane detection of the microsphere position can be done with the same beam used to do the trapping itself.
However, this presents some limitations and challenges. The major limitation is that it is not possible to perform force-clamp (also
called force-feedback) experiments in which a constant force is applied by steering the trapping beam in real time to maintain a
constant bead-trap separation, since this would prevent detection of bead movement by the attached motor. This technique therefore
requires a separate detection beam. In addition, the separate detection beam allows convenient in situ position calibration of the
detection system by sweeping the trapped bead across the detection beam using the trap. This allows easy calibration for each trapped
bead. If only one beam is available, this sweeping must be done instead via the nanopositioning stage, using a bead stuck to the cover
slip. Not only is this more tedious, but the resulting calibration is likely to be less accurate (e.g., due to different proximity of the bead
to the cover slip, variations in bead sizes, and imprecision in positioning the stuck bead relative to the true trap center of the laser
beam). This problem can be circumvented using a technique (discussed in the Methods section) that calibrates the detector by
analyzing the response to oscillatory movement of the nanopositioning stage [69], but this technique confines the detection to the
range in which the detector response is linear. Finally, the high-power lasers typically used for trapping generally have wavelengths
>~850 nm. The poor absorption of light of these wavelengths by most silicon photodiodes can cause unwanted low-pass filtering of
the position data (called “parasitic filtering”) [115, 116] that complicates trap stiffness determination.

Although the geometry of the optical trap is radially symmetrical, the linear polarization of the laser introduces an inherent
asymmetry that can lead to asymmetry in the trap spring constants [34, 117, 118]. The basis for this effect can be understood fairly
simply in the ray-optics regime [119] by considering that the reflection and refraction of light at a dielectric interface (i.e., the Fresnel
coefficients at the bead surface) depend on polarization. In practice, the asymmetry can be largely removed by using a quarter wave
plate oriented at 45° to the laser polarization to produce circularly polarized light [34], and this effect is also minimized when d ~ A\
[34, 117]. It is important to understand, however, that it is not entirely straightforward to control the polarization in the focal plane of
the objective. First, mechanical stress on any of the optical elements in the pathway can partially orient the otherwise amorphous
structure of glass, thereby imparting a slight birefringence (the degree of which is usually spatially inhomogeneous) [120]. This effect,
known as photoelasticity or stress birefringence, may be significant in a long pathway containing many lenses and mirrors, due to
cumulative effects. Moreover, the dielectric layers on dichroic mirrors can be birefringent, in addition to enhancing or suppressing S
vs. P polarization modes depending on the orientation relative to the incident beam [121 — 123]. Finally, simply focusing light through
a high-NA objective can significantly alter the polarization state in the focal plane [122, 124, 125]. These effects can be compensated
for in order to achieve the desired polarization in the sample [123, 126]. In practice, we have found that the slight asymmetry in our
setup can be removed using the half-wave plate (WP2), by simply applying adjustments, checking the spring constant calibration, and
choosing the wave plate orientation at which ky = ky within reasonable precision.
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After beam expansion, the detection beam (830 nm) overlaps the trapping beam as it enters
the microscope. Two beam steering mirrors (Pzt-M2 and Pzt-M3) work as a pair to precisely
control the detection beam alignment. A neutral density filter (ND) on a computer-
controlled, motorized mount allows switching of the detection beam from low power (~40
MW, normal operation for detection) to higher power (~3 mW, for trapping and visualization
during alignment). Like the trapping beam, the detection beam is also shuttered (S2).

The TIRF laser (532 nm, for Cy3 excitation) is expanded in order to illuminate the entire
visible sample plane and focused by lens L9* (f = 500 mm) onto the back focal plane of the
objective. M2 and L9* are mounted on a translation stage that allows the laser focus to be
moved laterally (off-axis) in the rear aperture of the objective, thereby adjusting the angle of
the beam exiting the objective for total internal reflection at the cover slip surface.

The LED (470 nm) provides bright-field illumination. The detection pathways consist of
bright-field and fluorescence imaging (using a CCD and EMCCD, respectively) and back
focal plane detection of the trapped bead position relative to the detection beam (using a
quadrant photodiode, QPD). The bright-field and fluorescence images are separated using an
appropriate dichroic mirror (DM4) and filtered with band-pass filters at 470 and 580 nm,
respectively (primarily to block reflected laser light from the trapping beam). The images
are then relayed onto the appropriate detectors and can be viewed simultaneously in the
control software. Magnification should be chosen so that the effective pixel size of both
imaging systems (physical pixel size divided by magnification) is close to equal. This allows
the images to be easily registered and overlaid with minimal image processing.

The back focal plane detection arm collects the trapping and detection beams, filters out the
trapping beam, and uses a relay lens (RL) to image the back focal plane of the condenser
lens (CL) onto a QPD. The voltage signals from each quadrant are low-pass filtered at the
Nyquist frequency (half the data acquisition frequency used by the software) to prevent
aliasing.

Note that the polychroic mirror (PM) is a custom-designed element, which simultaneously
reflects all laser beams, while transmitting the bright-field and fluorescence images (in our
instrument, this mirror allows for simultaneous imaging of two fluorescence channels in
addition to the one shown here).

Components of interest:

1. Foundational components: thermally and acoustically isolated microscope room
(acoustic noise criteria, NC30 or 45; vibration criteria, VC-D or VC-E; temperature
stability, £0.2 °C or better), vibration isolation table (Technical Manufacturing
Corp., 24 in. thick, Part No. 784-37397-01), and optical pathway enclosure (Fig. 4)
with optical breadboard (Newport Corp., Part No. RG-26-4-ML) (see Note 16).

2. Inverted microscope body with illumination pillar (Nikon model Eclipse Ti-U). For
stability, the rubber feet on the base of the microscope are removed, and the body is
firmly bolted to the optical table using right-angle steel brackets.
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3. 100x oil-immersion, high-numerical aperture (NA), apochromatic microscope
objective lens (see Note 17), NA 1.49 (Nikon, model CFI Apo TIRF 100x Qil).

High-NA oil condenser lens, NA 1.4 (Nikon, model HNA-QIl).

Coarse-positioning stage (Physik Instrumente, Part No. M-686.D64; see Note 18).

o o &

Nanopositioning stage (Physik Instrumente, Part No. P-517.3CD).

7. 1,064-nm trapping laser: linearly polarized, diode-pumped CW Ytterbium laser
with 10-W maximum output (IPG Photonics, Part No. YLR-10-1064-LP; see Note
19) with polarization-maintaining, single-mode optical fiber output and combined
beam collimator/expander/optical isolator (Part No. ISO-1080-100).

16Because the MTs along which the kinesin walks are attached to the cover slip, the trapping bead is (indirectly) mechanically
coupled to the microscope and optical table during experiments. Even miniscule mechanical vibrations will therefore affect the bead
position and produce unwanted noise and artifacts in the trapping data. Therefore, trapping microscopes should be built in the most
acoustically and vibrationally isolated environment available. Where possible, all components that generate vibrations (e.g., any
equipment with a cooling fan) should be placed in a separate room, with laser beams and electrical signals transmitted via appropriate
optical fibers and cables, respectively. In addition, the optical pathway the trapping beam follows should be as mechanically stable as
possible, to prevent the trapping beam from drifting (and therefore moving the beam focus/trap center). Optical posts should be thick
(we use 1-in.-diameter posts) and of fixed height (not adjustable). We also use an optical breadboard on top of our main table for the
majority of our pathway, in order to limit the length of the posts needed to raise the input beams to the height of the microscope’s rear
port. Temperature fluctuations should also be minimized, since they will cause mechanical elements to expand and contract. Ideally,
even the person working with the instrument should be isolated from it during experiments. On our instrument, we have two identical
monitor displays and keyboards inside and outside the microscope room, so that after the initial setup, experiments can be conducted
from outside.

Air currents within the room should be minimized. In our customized microscope room (approximately +0.01 °C maximum
fluctuations), we use a valance cooling system (essentially a system of chilled-water heat sinks along the perimeter of the room) to
control the temperature without the need for air flow. Even in this environment, we have found that small air currents can lead to
relatively substantial instabilities in the optical trap position (approximately £15-nm drift over a few seconds), especially if a person is
moving anywhere in the room. This is attributable to (a) beam scattering off any particulate matter moving through the air (i.e., dust)
and (b) beam refraction due to air turbulence that causes local, dynamic fluctuations in air density and, therefore, the index of
refraction. Both effects reduce the pointing stability of the trapping laser as it travels along the optical pathway leading to the
microscope. These problems are minimized by building an acrylic glass (poly(methylmethacrylate), PMMA) airtight enclosure around
the optical pathway (this enclosure also adds to thermal stability). In our experience, such an enclosure is absolutely necessary in order
to obtain short- and long-term trap stability of better than ~10 nm (even better stability can be attained under these conditions by
systematically eliminating sources of mechanical instability in the microscope body, e.g., by replacing the filter turret and objective
nosepiece with solid blocks, or even replacing the entire commercial microscope body completely). A more economical version of this
enclosure can be made using a combination of optical posts and air-filled plastic packing material (“bubble wrap™) as the walls. Other
groups have improved stability further by replacing the atmosphere in the enclosure with helium gas (its index of refraction is very
nearly that of vacuum, so that air density fluctuations have smaller effects) [127] or tracking cover slip fluctuations and correcting for
them in real time using the nanopositioning stage [128, 129]. Controlling temperature fluctuations of the objective (which are caused
in part by the incident laser and are therefore unavoidable) with a feedback control system can also significantly reduce long-term drift
of the trap, especially in the axial direction [130].

To overcome the scattering force and trap the microsphere in the axial direction requires a tightly focused laser beam and therefore
a microscope objective of high NA (this is also a requirement for the objective-based TIRF illumination). To obtain the steepest
gradient (tightest focus), the incoming beam must take advantage of the entire NA, i.e., illuminate the entire rear entrance pupil of the
lens. Since Gaussian beams have very low intensity toward the edges, it is common practice to “overfill” the objective (expand the
input beam to be slightly larger than the entrance pupil). However, it should be noted that the marginal rays in high-NA illumination
do not contribute to trapping, due to total internal reflection at the glass—buffer interface (the same phenomenon used for TIRF
illumination), and therefore represent wasted energy. This energy (and the wasted energy blocked by the back aperture of the
objective) can serve only to produce unwanted heating of the objective and slide chamber. Mahamdeh et al. [35] provide a detailed
analysis that concludes that under-filling the objective to obtain an effective NA of ~1.25 leads to the most efficient use of laser power
(lowest input power to achieve a given spring constant). This should be taken into account when designing the illumination pathway
leading to the objective.

In principle, a computer-controlled coarse positioning stage is not required. However, most standard stages with manual
micrometer-based positioning are highly unstable on the nanometer scale and thus undermine the stability of the entire instrument. We
use the M-686.D64 stage because, although it has a very long range of movement that allows exploration of the entire sample
chamber, it is highly mechanically stabile when not in motion.

To achieve practically useful spring constants requires only ~10-50 mW to enter the microscope objective. However, a much
greater laser power is required due to losses in the optical fiber and in diffraction by the AOD. In addition, maximal power output
often decreases over the lifetime of a laser, so that having “reserve” power is desirable. The extra power can also be used to create
additional, separately controlled traps.
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8. 830-nm detection laser with polarization-maintaining, single-mode optical fiber and
beam collimator (Qioptiq, Part No. iFLEX-P-10-830-0.7-50-NP).

9. Shutters and shutter controllers (Thorlabs, Part Nos. SHO5 and SC10, respectively).

10. Picomotor™ piezo-controlled mirror mounts (New Focus/Newport Corp., model
8821; see Note 20).

11. High-capacity beam dump for trapping laser (Thorlabs, Part No. BT510).
12. Acousto-optic deflector (IntraAction Corp., Part No. DTD-274HD6; see Note 21).

13. Quadrant photodiode (QPD) and power supply (Electro-Optical Systems, Inc., Part
Nos. S-078-QUAD-E4/1IMHZ and PS1, respectively) with 1 MHz bandwidth and
near-maximal output (~0.55 A/W) at 830 nm.

14. Two dual-channel low-pass filters (Stanford Research Systems, Inc., SR640), one
channel for each QPD quadrant signal (see Note 22).

15. Digital acquisition board (National Instruments, Part No. 6281).

16. 532-nm laser for Cy3 TIRF excitation (MeshTel/INTELITE, Inc., Part No.
GM32-100GSA-P10) with polarization-maintaining, single-mode optical fiber and
integrated collimator (Qioptiq).

17. Achromatic doublet lens with antireflection coating for visible wavelengths, for
TIRF illumination (f = 500 mm; diameter = 50.8 mm; Newport Corp., Part No
PAC091AR.14).

18. kineMATIX fiber manipulators (Qioptiq) for laser collimator alignment (see Note
23).

19. Polychroic mirror (Chroma Technologies, custom Part No.
zt488/532/633/830/1064rpc; see Note 24).

20Computer-controlled mirror mounts for beam positioning are more or less required since the optical pathway is enclosed in the
isolation box. This also saves a tremendous amount of time during adjustment and allows precise mirror movements that are not
possible by hand. It is important that the positioning system be stable when not in motion and also that it allows very small steps in
positioning. The Picomotor™ system is ideal because it has excellent resolution and uses a piezo element to turn an adjustment knob
that is otherwise stationary when no voltage is applied.

Depending on the application, electro-optic deflectors (EODs) may be preferable to AODs given their superior transmittance (which
is also essentially independent of beam position), deflection-angle precision [131], and speed. EODs can be substituted for this
protocol. Advantages of AODs over EODs are the larger deflection range, ease with which the power of the transmitted beam can be
modulated, and the generally cheaper price.

High-quality electronic digital filters are expensive. Although they are very convenient, low-pass filtering can also be done in
software (i.e., after data acquisition), if necessary. This is done by acquiring data at a sample rate well above the final desired one,
low-pass filtering, and then decimating the data to the desired sample rate (no more than twice that of the filter frequency).

Particularly for the detection and trapping beams, stable mounting of the fiber output collimator is crucial. The kine-MATIX
manipulators are particularly convenient because they allow very precise adjustment in combination with highly stable locking of the
final position. This also allows the removal of additional mirrors from the pathway that would otherwise be needed to adjust the beam
angle and position.

The custom polychroic mirror, the spectrum of which is available from Chroma Technologies, will need to be fabricated on request,
which can take a few months. For applications not requiring multiple fluorescence channels, a simpler mirror can be substituted. Using
a polychroic mirror in the microscope body (PM in Fig. 3) removes the need to switch elements in the microscope filter turret (in fact,
the filter turret can be completely removed and the mirror rigidly mounted for added stability). This allows simultaneous trapping and
fluorescence imaging and prevents slight misalignments that occur due to the filter turret not returning to precisely the same position
each time it is rotated.
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20. Dichroic mirrors designed for laser beam combination (Chroma Technologies or
Semrock, Inc.; see Note 25).

21. Piezo-driven rotation stage (Newport Corp, Part No. AG-PR100) for half-wave
plate rotation.

22. LED (Thorlabs, Part No. M470L2) for bright-field imaging.
23. CCD for bright-field imaging (The Imaging Source, Part No. DMx 31BUO03).

24. EMCCD for MT visualization (Andor Technology, model Luca S 658; see Note
26).

25. Trap control and analysis software (programmed in-house using a combination of
National Instruments LabView and MathWorks MATLAB; see Note 27).

3 Methods

3.1 Transformation of BL21(DE3) Competent E. coli Cells and Expression of the K560
Construct
This protocol describes E. coli-based expression of K560-GFP [42]. Steps 1-7 describe
BL21(DE3) competent E. coli cell transformation with the K560-GFP plasmid, and
subsequent steps describe cell growth for protein expression.

1. Take out two plates per transformation from 4 °C storage, and set them on the
bench for 0.5 h to allow them to rise to room temperature. Place plates upside-
down to prevent condensation of water on the agar, and label them.

2. Thaw one vial (50 pL) of E. coli competent BL21(DE3) cells on ice for 10 min (see
Note 28).

3. Add 1-5 pL plasmid DNA (=1 ng) into the tube; gently flick the solution 4-5 times
to mix cells and plasmid (do not vortex).

4. Incubate on ice for 30 min (do not mix) (see Note 29).

25\When purchasing dichroic mirrors, it is crucial to check that the substrate on which the dielectric coating is applied be designed for
use with lasers. Dichroic mirrors for routine fluorescence microscopy have insufficiently flat surfaces for use with coherent laser light
and will give rise to interference that significantly degrades the Gaussian beam profiles of reflected lasers. In addition, it is imperative
that the dichroic mirrors be mounted with no stress or torque whatsoever on the glass (the resultant bending will also lead to
interference effects that ruin the beam profile). This precludes the use of virtually all mechanical means of mounting and even the use
of most glues (which contract as they dry). We apply 732 RTV multipurpose silicone sealant (Dow Corning) with a syringe in a small
bead along the perimeter of the mirror (not on the optical surface, but along the edge). This holds the glass very securely to the mount
without deformations, but remains pliable enough to be removed if necessary.

The Luca series EMCCDs are not ideal for single-molecule imaging, but are relatively cheap and provide a very wide field of view
for MT visualization. For instruments intended for combined trapping and single-molecule imaging, a higher-quality detector will be
needed (e.g., the Andor Technology iXon series EMCCD), either in addition to or in place of the Luca EMCCD.

We highly recommend custom-writing the software to control the instrument, as this is virtually the only way to integrate control of
all components into a single user interface and affords the ability to alter/add capabilities as needed. We have found that this initial
investment of time was well worth the enhanced efficiency of a customized program. While LabView offers rapid interface
development and contains built-in support for controlling a wide array of cameras and other hardware, we find it to be somewhat
cumbersome for data analysis (e.g., trap spring constant calculation) compared to MATLAB. However, the two programs can share
data in real time.

It is not recommended to refreeze competent cells, which decreases the competent efficiency of the cells. If several transformations
are to be performed, prechill several 2-mL micro-centrifuge tubes on ice, and divide cells into tubes. 50 pL of cells can be used for
several transformations.

If time is limited, this step can be omitted. However, expect twofold decrease in efficiency for every 10-min reduction in incubation
time (see NEB website, http://www.neb.com).
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5. Heat shock the cells at 42 °C in water bath for exactly 10 s; do not mix (see Note
30).

6. Put the tube on ice for 5 min (do not mix).

7. Spread 2 pL cells with 98 uL LB on one plate evenly, and the rest onto another
plate. Seal the plates with Parafilm and incubate them at 37 °C overnight. Colonies
should appear after 12 h.

8. Pick asingle colony and inoculate it in 5 mL LB/carbenicillin in a test tube. Shake
vigorously at 37 °C overnight.

9. Check the optical density of the overnight culture at wavelength of 595 nm
(ODsggs). Inoculate an appropriate amount into 50 mL LB/carbenicillin such that the
starting ODsg5 =~ 0.1. Incubate culture at 37 °C for ~2-3 h with vigorous shaking.
ODsg5 should reach ~0.6-1.

10. Inoculate the 50-mL culture into 1 L LB/carbenicillin for ~2-3 h until ODsggg
reaches ~0.8-1 (see Note 31).

11. Cool culture on ice until temperature is <20 °C. Reserve 10 uL for gel. Add IPTG
to final concentration of 0.1-0.2 mM. Shake vigorously overnight at 18 °C (see
Note 32).

12. Harvest cell culture by centrifugation at 6,000 rpm (4,000 rcf) for 15 min at 4 °C.
Discard the supernatant. Store the cell pellet in a 50-mL Falcon tube at —80 °C (see
Note 33).

3.2 Ni-NTA Agarose-Based Protein Purification

This is the first step in purifying the K560-GFP construct expressed above. It utilizes the
polyhistidine tag included in the construct and is based on methods given by Bornhorst and
Falke [51] and Stock and Hackney [52] (see Fig. 5).

1. Chill all the buffers on ice; add BME (final 5 mM) and Mg-ATP (final 50 uM) to all
the buffers right before purification. Add protease inhibitor PMSF into lysis buffer
to 0.5-1 mM (see Note 34). Add dissolved lysozyme into lysis buffer to 1-2
mg/mL.

2. Keep the pellet at room temperature until it is almost completely melted. Add 10
mL lysis buffer to the pellet, and gently invert the tube several times until the

30pifferent competent cells require different heat shocking times—adjust accordingly. The 10-s heat shock time here is for
BL21(DE3) competent E. coli cells from NEB.

3lcheck ODso5 frequently after 2-h growth. After the lag phase, E. coli replicates every 20 min, which can easily lead to an
overgrown culture.

Long kinesin constructs such as K560 tend not to fold properly and form inclusion bodies at 37 °C induction temperature [52].
Stability of the GFP in the K560 construct also decreases dramatically above room temperature [52, 132]. Therefore, an induction
temperature <20 °C is recommended for this expression.

SWith the GFP tag, the cell pellet should be bright green. It is recommended to subject the pellet to a cycle of freezing and thawing
to assist cell lysis, even if cell harvest and protein purification are performed in the same day [133].
34ATP, BME, and PMSF should be as fresh as possible, since at pH 7, ATP is prone to hydrolysis, BME can be oxidized and form
disulfide bonds in solution when exposed to air, and PMSF has a short half-life (110 min) in water solution at 25 °C [134].
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solution is homogenous. Incubate on ice for 30 min. The solution will become
viscous due to the release of DNA from the cells.

To lyse the cells, sonicate the solution at 35 % power for 20 cycles of 30 s pulsing
with 2.5-min rests between pulses (see Note 35). Keep the container holding the
solution in contact with ice all the time.

Supply the lysate with 10 mM imidazole and 0.5 mM PMSF after sonication.
Clear lysate by centrifugation at 30,000 rcf for 30 min at 4 °C.

Wash 2 mL Ni-NTA agarose with 10 mL resin wash buffer in a BioRad column,
and transfer the agarose to a prechilled 50-mL Falcon tube.

Add cleared lysate (reserve 2 uL for SDS-PAGE gel analysis) to Ni-NTA agarose,
and nutate the mixture at 4 °C for 1 h in the dark.

In a4 °C cold room, pour the mixture into a BioRad column; reserve 2-uL flow-
through for gel.

Wash the resin with 3 x 10 mL wash buffer; collect 2 pL from each wash fraction
for gel.

When the solution is almost drained, cap the column tightly. Add 1 mL elution
buffer, resuspend the resin, and incubate for 5 min. Elute 0.5 mL into a chilled 1.5-
mL microcentrifuge tube. Hereafter each time add 0.5 mL elution buffer, incubate
for 5 min, and then elute 0.5 mL.

Estimate eluted protein concentration on a 96-well plate. Basically, add 1-2 uL
eluent from each fraction to 200 pL Coomassie blue reagent, mix well, and identify
the wells with the most intense blue color.

Wash a BioRad desalting column with 2 x 10 mL storage buffer.

Combine fractions that are most concentrated (typically ~4-6 fractions), and load
the solution onto the desalting column.

Allow the solution to sink into the desalting column, and discard the first 2-mL
flow-through.

Each time add 0.5 mL storage buffer and collect 0.5 mL. Estimate protein
concentration on the 96-well plate, and combine concentrated fractions. Determine
bulk protein concentration using Bradford assay (see Note 36). Run a SDS-PAGE
gel to estimate purity and yield.

Aliquot and flash freeze the solution. Store at —80 °C. For further purification via
MT binding and release, 100 uL aliquots are recommended.

35The settings given here are appropriate for the Fisher Scientific model F550. Other ultrasonic homogenizers may require different
seftings to achieve the same results.

This is the bulk protein concentration, which overestimates the real concentration of full length K560, since there are fractions of
truncated protein and other contaminants. Detailed methods in determining protein concentration are described in [135].
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3.3 MT Binding-and-Release Purification of K560

Ni-NTA agarose-based purification isolates all proteins with a polyhistidine tag and native
proteins with intrinsic high affinity for Ni. Here, we further purify this fraction to isolate
“full-length,” functional (non-degraded/cleaved) kinesins (see Note 36). Steps 1-7 describe
how to polymerize tubulin to form MTs, while the subsequent steps describe kinesin
purification via MT-mediated pulldown and nucleotide-induced release (Fig. 5).

1.

10.

11.

12.

13.

14.

Calculate the amount of tubulin needed. Three- to fourfold excess molar amount of
tubulin over kinesin is recommended. For example, for 100 pL of 1 mg/mL kinesin
solution, use 400 pg tubulin.

Add 0.4 pL of 100 mM Mg-GTP (1 mM) and 0.4 pL of 0.1 M DTT (1 mM) to 40
uL of 10 mg/mL tubulin. Incubate at 37 °C for 15 min.

Add 4 pL of 0.2 mM paclitaxel (final 20 uM paclitaxel and 10 % DMSO), and
incubate at 37 °C for 15 min (see Note 37).

Add 3 pL of 2 mM paclitaxel (final 20 uM) and 0.3 uL of 1 M DTT (final 1 mM) to
300 pL glycerol cushion and to 300 uL BRB80 buffer. Pipette up and down gently
to mix well. Transfer the glycerol cushion to a clean 0.5-mL TLA-120.1 tube. Lay
the polymerized tubulin solution on top of the glycerol cushion.

Use TLA-120.1 rotor to spin the MTs through the glycerol cushion for 10 min at
80,000 rpm (227,000 rcf average; k-factor 18.3) at room temperature.

Rinse top of the solution with 100 uL of BRB80 buffer. Carefully take off the
supernatant, and then wash the pellet with 100 uL of BRB8O0.

Gently resuspend the pellet in 40 uL of BRB8O0 to render ~10 mg/mL MTs.

Add 1 pL of 0.1 M AMP-PNP (final 1 mM) and 1 pL of 2 mM paclitaxel (final 20
UM) to 100 pL of motor solution. Incubate on ice in the dark for 5 min.

Warm the motor solution to room temperature; then add 40 uL of prepared MTs.
Incubate at room temperature for 15 min in the dark (reserve 1 uL for gel).

Add DTT and paclitaxel to 300 pL glycerol cushion, 200 pL BRB80, and 100 pL
release buffer (final 1 mM and 20 pM, respectively).

Add the glycerol cushion to TLA120.1 tube, carefully lay the mixture on top, and
spin at 80,000 rpm (227,000 rcf average; k-factor 18.3) for 12 min at room
temperature (reserve 1 pL of supernatant for gel).

Wash top of the cushion with 100 uL BRB80, remove supernatant, and then wash
pellet with 100 pL BRB8O0 (be careful not to disturb the pellet).

Resuspend pellet in 100 uL release buffer with 5 mM Mg-ATP (reserve 1 L for
gel), and incubate at room temperature for 5 min.

Spin at 80,000 rpm (227,000 rcf average; k-factor 18.3) for 10 min at room
temperature.

37612 % DMSO enhances tubulin polymerization [136].
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15. Transfer supernatant (which contains released kinesin) to a prechilled 1.5-mL
microcentrifuge tube on ice, and add 33 uL prechilled 2 M sucrose (reserve 1 uL
for gel).

16. Aliquot the solution into small tubes in 3 pL volumes (or appropriate amount for
future experiments), flash freeze, and store at —80 °C.

17. Run a 10 % SDS-PAGE gel to determine the released fraction (see Note 38).

3.4 Coating Microspheres with Anti-GFP Antibodies

In this procedure, microspheres are coated with anti-GFP antibodies and BSA (Fig. 6).
These coated microspheres will bind K560-GFP in the optical trapping assay. The protocol
given here is similar to the one we reported previously [53]. See ref. [54] for a detailed
discussion of the relevant chemistry.

1. Briefly vortex microsphere stock suspension to evenly distribute the microspheres.
Pipette 100 L of the microsphere stock into a 1.5-mL microcentrifuge tube. Add
900 pL activation buffer to the microspheres and mix well using the pipette.

2. Centrifuge at 1,200 rcf for 15 min at 4 °C. Carefully remove and discard the
supernatant (do not remove any microspheres), and resuspend with 1 mL of
activation buffer. VVortex and sonicate for 10-20 s in the low-power bath sonicator
to ensure there is no aggregation (see Note 39).

3. Repeat step 2 two more times. During the last centrifugation, obtain the EDAC and
NHSS from the freezer. Allow them to equilibrate to room temperature before
opening (see Note 11).

4. In aseparate 1.5-mL microcentrifuge tube, weigh 5 mg of EDAC and 10 mg of
NHSS and immediately add the 1 mL bead suspension to activate the beads. Mix
well and sonicate for 10 s. Incubate for 30 min at room temperature while gently
mixing on a rocking platform.

5. Optional: add 1.4 pL of 14.3 M BME (20 mM final concentration) to quench the
EDAC reaction (see Notes 5 and 40). Invert gently back and forth by hand for ~30
S.

38Especially after the first K560 purification, it is advisable to perform standard assays for single-molecule function in addition to
optical trapping and to rule out protein aggregation, in order to ensure that the motor is “well behaved” and functions as expected.
Brouhard [137] provides a very useful approach to quality control for motor proteins in single-molecule studies.

The purpose of rinsing the microspheres is to remove surfactants (included to prevent aggregation during storage), soluble
polystyrene-carboxyl synthesis byproducts (which could react with cross-linkers), and any other contaminants present in the stock
solution. MES activation buffer is used because it does not contain amines or carboxyls that would interfere with the reaction. The
slightly acidic pH is chosen to increase the fraction of protonated carboxyl groups (i.e., -COOH rather than -COO™) that will react
with EDAC.
40Quenching of the EDAC reaction is done to eliminate any free cross-linking reagents that could react with protein in subsequent
steps. However, since (a) the microspheres are subsequently washed and (b) the reactive intermediates hydrolyze fairly quickly to
regenerate the carboxyl groups on the microsphere surface, this quenching step can usually be omitted.
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6. Repeat step 2 three times, using coupling buffer in place of activation buffer (see
Note 41) and using 250 L for the final resuspension. During the final
centrifugation, thaw the BSA and antibody solutions and place them on ice.

7. Inaseparate tube, mix 55 pL of 100 mg/mL BSA with a volume of antibody
corresponding to ~0.2-0.5 mg (~6 mg total protein). Add coupling buffer to bring
the total volume to 500 pL. Mix well. Then add the microsphere mixture to the
protein solution, mixing rapidly, but gently with the pipette (see Note 42). Sonicate
briefly (3-5s).

8. Allow the mixture to react for 2—4 h at room temperature (or overnight at 4 °C)
with constant nutation.

9. Repeat step 2 twice using PBS rinse solution in place of activation buffer. After the
final centrifugation, resuspend in 1 mL of quenching solution.

10. Incubate in quenching solution for 30 min at room temperature (or overnight at 4
°C; see Note 43).

11. Repeat step 2 three times using PBS rinse solution in place of activation buffer.
After the final centrifugation, resuspend in 100 L of PBS or assay buffer. Add 0.5
pL of 100 mg/mL BSA, mix, and store at 4 °C (see Note 44).

3.5 Pyranose Oxidase/Catalase (POC) Oxygen Scavenger Preparation

The procedure below yields a solution of approximately 600 U/mL pyranose oxidase and 18
kU/mL catalase, which work together to deplete oxygen from the sample chamber in the
trapping assay (Figure 7 demonstrates the basis for oxygen removal and compares POC to
the conventional system using glucose oxidase; see Note 12). This is diluted 200x in the
trapping assay, to yield 3 and 90 U/mL pyranose oxidase and catalase, respectively.

1. Remove catalase from refrigerator, invert bottle several times to suspend contents
evenly, and transfer 75 pL to a 1.5-mL microcentrifuge tube on ice.

2. Centrifuge at 20,000 rcf for 5 min at 4 °C. Remove the supernatant (which contains
antimicrobial thymol preservative), estimate its volume with the pipette, and
discard. Resuspend the pellet in 200 uL ddH,O.

41Coupling is done in a non-amine-containing buffer and at alkaline pH to promote deprotonation of the primary amines in lysine
i.e., -NH> rather than -NH3*; note that the pKg for this amine is ~10).

The amount of total protein (BSA plus antibody) used here is significantly higher than the theoretical amount required to produce a
monolayer on the microsphere surface (approximately 0.2 mg). However, we have found that at lower protein concentrations, the
microspheres are more likely to aggregate due to multiple microspheres binding the same protein. This is also avoided by adding the
beads to the protein, and not vice versa, because it effectively increases the ratio of protein-to-microsphere concentrations. If problems
with aggregation occur, possible solutions are (a) to add a small amount of non-ionic surfactant and (b) to use a lower ionic strength
coupling buffer (ions can shield the negative charge of the carboxylate ions on the microsphere surface, thereby minimizing ionic
repulsion between the microspheres, and allowing attractive hydrophobic forces to dominate). The Bangs Laboratories website

www.bangslabs.com) has extensive technical notes on this subject.

3The amine-containing quenching solution reacts with any remaining reactive groups on the microsphere surface. Because these
groups are short-lived, this incubation can be shortened (or perhaps even skipped).

4Microspheres retain GFP-binding activity for months when stored at 4 °C (never freeze the microspheres). Store in the smallest
available tube to prevent evaporation over time, and wrap the mouth of the tube in Parafilm. When choosing the storage buffer, keep
in mind that this buffer will enter the final assay in a roughly 1:20 dilution. For example, if studying enzymatic effects of phosphate in
the final assay, PBS may be a poor choice. The protein-coated microspheres are stable over time in a variety of buffers.
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3. Centrifuge again at 20,000 rcf for 5 min at 4 °C. Discard the supernatant.
Resuspend the pellet in POC storage buffer in a volume equal to that of the
supernatant removed in step 2. Keep on ice.

4. Remove the pyranose oxidase from the freezer and place the vial on ice. Add 350
uL of POC storage buffer to dissolve the pyranose oxidase. Pipette up and down
gently, avoiding bubbles and dissolving all protein in the vial. The solution will
have a bright yellow color owing to the flavin adenine dinucleotide (FAD)
prosthetic group in the enzyme.

5. Transfer the pyranose oxidase solution to a clean 1.5-mL microcentrifuge tube, and
add 22 pL of the catalase solution. Measure the volume with the pipette.

6. Using a sufficient volume of POC storage buffer to bring the POC solution to 415
UL total, rinse the pyranose oxidase vial, and add the rinse to the POC solution.

7. Spin filter the solution two times using the same centrifuge settings as above (split
the solution between two different spin columns for the first centrifugation to avoid
clogging the filter).

8. Aliquot in 3 pL volumes in the smallest plastic tubes available, snap freeze in liquid
nitrogen, and store at —80 °C.

3.6 Optical Tweezers Setup

Here we describe the initial adjustments and calibrations necessary to perform guantitative
experiments with the optical tweezers. These procedures need only be performed once
during initial instrument setup, but it is good practice to check the adjustments periodically.
The aims of these steps are to (a) align the axes of the AOD, CCD, and nanopositioning
stage, (b) determine the AOD heam deflection in response to applied voltage, and (c) align
the bright-field and fluorescence images. As a starting point, we assume that the trapping
laser is coupled into the microscope and coarsely aligned along the optical axis and that
TIRF imaging is established. The lateral position of the trapping beam focus should be
recorded and displayed in real time on the CCD image as a point of reference (e.g., as a
crosshair superimposed on the image).

Steps 1-4 describe the thermal equilibration of the instrument and initial focusing, as
required whenever the instrument is used. For these adjustments, use a high trap power
(~100 mW entering the back aperture of the objective) in order to reduce bead diffusion.

1 Turn on the trapping and detection lasers and all associated electronics, QPD
last. Set the output power of the trapping laser to 100 % (or whichever setting
exhibits the best power stability). Open shutters S1 and S2, and allow the trap to
thermally equilibrate for at least 30-45 min (see Fig. 8 and Note 45).

Wyt is important that the instrument be given sufficient time to equilibrate to a stable configuration. The instrument typically “settles”
at a configuration very close to that of its previous use (Fig. 8), so that this “warm-up” period constitutes a type of self-alignment of
the instrument. If adjustments are made as soon as the instrument is powered on, the system will continue to drift, thus misaligning the
instrument again. The equilibration time will depend on the instrument, and an analysis similar to that shown in Fig. 8 is advisable.

Methods Mol Biol. Author manuscript; available in PMC 2014 December 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nicholas et al.

Page 21

Place a drop of immersion oil on the objective lens. Fix the slide chamber
securely on the nanopositioning stage, cover slip side down, and raise the
objective to contact the center of the cover slip. On the top of the slide chamber,
apply approximately 0.2 mL of immersion oil, and lower the condenser to make
contact with the oil (see Note 46).

Turn on the bright-field LED and observe the CCD image. Raise the objective
until microspheres come into focus. Then use the fine focus to move the
objective down until new beads stop coming into focus, and the visible beads
appear white. These beads are diffusing into the cover slip surface, just slightly
above the focal plane. Move the objective upward just until these beads appear
dark.

Close the field diaphragm almost completely. Adjust the condenser height until
the edges of the diaphragm come into sharp focus. This achieves Kéhler
illumination. Lock the condenser position and open the field diaphragm to just
beyond the field of view.

The following steps align the CCD, nanopositioning stage, and AOD axes (see Note 47).

5

10

Prepare a slide chamber and flow in 15 puL of trapping beads diluted ~1:1,000
from stock in BRB80. Incubate for 15 min to allow the beads to bind the
surface, and flow in 20 pL of 1 mg/mL casein in BRB80. Incubate 5 min, and
flow in 15 pL of trapping beads diluted ~1:1,000 from stock in the 1 mg/mL
casein solution. Seal the chamber ends with vacuum grease, and place the
chamber on the microscope (follow steps 2—4 above).

Focus on the stuck beads so they appear dark, and move one to the marked focal
position of the trapping beam (this should be the center of the CCD field of
view). Move the stage in a 3 um x 3 um grid pattern with 200-nm steps, centered
at the trapping beam mark. Record an image with the CCD at each position (this
process should be automated).

Create a minimum projection image for the stack of images acquired in the
previous step (either in the trap software itself or using an analysis program such
as NIH ImageJ 55, 56). This will form a dark square.

Draw a box around the square to determine the rotation of the CCD relative to
the stage. Carefully rotate the CCD to correct this rotation.

Repeat steps 6-8 until there is no observable rotation of the CCD relative to the
stage.

Trap a bead, and move it close to the cover slip surface (~100 nm above the
point of bead—cover slip contact, as judged by eye). Apply appropriate voltages

46 Avoid bubbles, which will interfere with bright-field imaging and back focal plane detection. Spread the oil evenly in a thin pool
agproximately the diameter of the condenser. This helps prevent bubble formation when the condenser contacts the oil.

47\When building the instrument, take care to position all components carefully so that the microscope body and stages are aligned
with the optical axis of the illumination pathway. In practice, it is difficult to align the stages with the pathway to better than about 1-
2°. Since the stage rotation cannot be finely adjusted, we take the approach of using it as a reference to which the CCD and AOD are

then aligned.
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to the AOD driver frequency modulation inputs to step the bead in a similar grid
to that used in step 6, again recording images at each position.

Create a minimum projection image, as in step 7. Overlay this image with the
final image formed after adjusting the CCD (step 9). Draw lines along the edges
of each square to determine the angle of rotation 0 (in radians) of the AOD axes
relative to the stage axes (see Note 48). The sign of 0 is positive if the AOD is
rotated clockwise relative to the stage and negative otherwise.

Apply a counterclockwise rotation transformation (in the software) to the
voltages sent to the AOD, of the form

Axr = Ax0 t+ (Ax = Ax,0)cos(0) = (Ay = Ay o)sin(b) and
Ary=Ayo+ (Ay = Ay o) cos(0) + (A = Ay o) sin(b),

where Ay and Ay are the original voltages in the x and y directions, respectively,
A0 and Ay o are constant offsets (if any) applied when the beam is in its center
position, and Ay x and Ay are the corresponding voltages after rotation (see Note
49).

Recheck the rotation of the AOD axes relative to the stage, following steps 10
and 11, while applying the rotation in step 12 to each point. If the rotation is
corrected, the transformation in step 12 should be applied henceforth to all beam
steering by the AOD.

The following steps determine the distance moved by the trap in response to voltage applied
to the AOD:

14

15

Determine the effective pixel size of the CCD. Using the same sample chamber
as in the previous steps, move the bead by several known distances, saving an
image at each position (see Note 50). Track the bead position, and determine the
separation in pixels Dpy between subsequent bead positions. Divide the known
distance moved Dpm by Dpy to find the effective pixel size in nanometers Py, =
Dnm/Dpx- Repeat this measurement several times and take the average. Optional:
repeat the computation of P, using a magnification calibration standard such as
the MRS-4.1. The answers from both methods should agree to within ~2 nm/
pixel or less.

Trap a bead. Apply known voltages to the AOD driver frequency modulation
inputs (while applying the rotation transformation determined above), in order to
step the bead in various lines, saving an image at each position. Track the bead
centroid position (in pixels) in each image, and plot the x and y pixel positions

48The most precise way to align the two sets of axes is to track the bead centroid in each image, thereby creating a grid of precise
bead positions. Lines can then be fit to various regions of each grid to determine the exact degree of rotation between the two sets of
axes. This procedure will also reveal any non-linearity in the AOD or stage movements.

For small angles (0 < ~0.07 rad, or ~4°), the approximations sin(6) ~ 6 and cos(0) ~ 1 - 0212 may be used. This reduces
computational requirements with essentially no effect on the calculated positions.

Use distances of ~2—10 pm, near the center of the field of view. Distances that are too small will be more affected by errors in bead
localization, while very large distances that involve placing the bead far off-axis are more susceptible to errors arising from any
aberrations in the imaging pathway (e.qg., curvature of field).
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vs. the applied voltage. Fit a line to these data to determine the distances in
pixels moved per volt applied (see Note 51), i.e., the line slopes Ly px and Ly px
for x and y, respectively.

Calculate the conversion factor W needed to determine the voltage required to
move the trapping beam by a given distance: Wy = Phm % Ly py (and identically
for the y direction). For a desired displacement Ax, a voltage Ay = Ax/ Wy must
be applied to the AOD. Save these conversion factors and apply them
permanently in the trap control software.

The following steps align the CCD and EMCCD:

17

18

19

Prepare a slide chamber (using a clean, but non-silanized cover slip) with
fluorescently labeled 100-nm TetraSpeck beads in 1 M NaCl solution (this will
cause the beads to stick to the glass surface) and place it on the microscope
(follow steps 2—4 above).

Bring the beads into sharp focus in the bright-field image, and move a bead to
the center of the CCD image. Turn on the 532-nm laser and observe the
fluorescence channel. Identify the fluorescent spot corresponding to the bead in
the center of the CCD field of view, and carefully adjust the position of the
image on the EMCCD (by moving the EMCCD itself and/or using the
appropriate mirrors in the imaging pathway) so that the spot is also centered on
the EMCCD.

Move to a region where there are several beads visible on both cameras. Overlay
the CCD and EMMCD images in software, applying any scaling or translation
necessary for the images of the beads to overlay perfectly. Rotate the EMCCD
slightly, if necessary. Focus on the central region of the field of view, ignoring
any slight misalignments in the peripheral regions.

3.7 Optical Tweezers Alignment

These procedures comprise a systematic, reproducible method for properly aligning the
trapping and detection beams. This procedure is typically done once at the beginning of a
series of experiments. After initial adjustment, for a trap that is in frequent use, adjustment
on subsequent days typically requires only minute corrections, and in practice, the coarse
adjustment can often be skipped. During these procedures it is useful to recall the simple
optical diagrams in Fig. 9, which demonstrate the consequences of tilting vs. translating the
trapping beam entering the objective lens. Refer to Fig. 3 regarding the location of optical
components in the pathway.

The following steps coarsely align the trapping and detection lasers:

1

Prepare a sample slide chamber as described in Nicholas et al. (Chap. 9), but
using a clean cover slip (non-aminosilanized). Fill with 1 mg/mL of B-casein in

51The overall displacement of the bead is highly linear with voltage applied to the AOD, so that simply measuring the distances
between pairs of points is theoretically acceptable. However, because AODs exhibit “wiggles” in their position response on the order
of a several nanometers [131], fitting a line to the overall data is more reliable.
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BRB80, and incubate 1 min to block the cover slip surface. Dilute trapping
beads ~1:1,000 in 30 uL of the 1 mg/mL B-casein solution. Flow the bead
suspension into the chamber and seal it with vacuum grease.

2 Trap a bead. Raise the nanopositioning stage to bring the cover slip into contact
with the bead, and continue raising it until the bead starts to be pushed out of the
trap (the bead will start to appear white).

3 Turn off the LED and increase the exposure time on the CCD. Remove filter
BPF2 in order to view the retro-reflected trapping beam on the CCD (Fig. 10;
see Note 52). Adjust the focus, if needed, in order to view the cross shape
clearly at the center of the beam.

4 Zoom in to the center of the pattern on the image display. If the focal spot is not
already centered on the marked position of the trap center, move it there using
the AOD, and save this position as the new AOD center position (Ay o and Ay o
in Subheading 3.6, step 12).

5 Zoom out on the image display so that the whole pattern is visible, and observe
whether it is symmetrical. It is useful to move the nanopositioning stage up and
down while observing the pattern (Fig. 10b). If the pattern is not symmetrical,
use mirror Pzt-M1 to correct this.

6 After step 5, the center position of the pattern may have shifted slightly. If so,
repeat steps 4 and 5 until the trapping beam pattern is centered and symmetrical
(Fig. 10c). The step size of the movements will need to be decreased as the
target position is approached.

7 Close shutter S1 to block the trapping beam. Open shutter S2 and move filter
ND out of the path to increase the detection beam power.

8 Observe the center position and symmetry of the detection beam. Use mirrors
Pzt-M2 and Pzt-M3 to correct the center position and symmetry of the pattern as
done for the trapping beam. Begin by using mirror Pzt-M2 to adjust the
symmetry of the pattern (important: see Note 53), and then use Pzt-M3 to center

52The aberrated “cross” shape of the retroreflected beam pattern on the CCD may be somewhat unexpected (e.g., as opposed to a
small circular spot or concentric rings). The pattern arises as a consequence of the laser beam polarization and the combined effects of
the high NA of the objective and the lower index of refraction of water than of oil, which lead to total internal reflection of the
marginal rays at the glass/water interface. This causes a phase shift of the wave components undergoing total internal reflection, and
as a result, the apparent reflection point is displaced, leading to the aberrated reflection pattern. Novotny et al. have analyzed this
phenomenon in detail [138]. Note that the orientation of the pattern depends on the angle at which the beam is linearly polarized (and
can thus be changed by rotating WP2).

3The mirror farther from the microscope should be used to adjust the pattern symmetry, since the major effect of this mirror is to
move the beam in the back aperture of the objective, thereby changing the angle of the output beam (Fig. 9a), while tilting the nearer
mirror has a greater effect on the angle of the input beam, and therefore the position of the focal spot (Fig. 9b). By using the mirrors in
combination, any position/angle can be achieved, even if there are drifts in the overall system over time. On our instrument, we have
the four controls for each mirror (up, down, right, left) configured so that adjustments to Pzt-M2 translate the beam in the opposite
direction of the button pressed (e.g., pressing the down button shifts the beam in the +y direction in the image). Conveniently, this
means that the intensity within the pattern shifts in the same direction as the button pressed, so that when adjusting the pattern
symmetry, one needs only to press the buttons in the direction in which intensity needs to be shifted to make the pattern symmetrical.
Pzt-M3, which is used to adjust the focus position, is configured oppositely, so that the beam moves in the same direction as the button
pressed. This opposite configuration of the two mirrors is convenient because it means that when aligning the detection beam position/
symmetry, the adjustments for both mirrors are always made in the same direction (both for adjustments of using back-reflections and
with the QPD signal, later in the protocol).

Methods Mol Biol. Author manuscript; available in PMC 2014 December 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nicholas et al. Page 25

the pattern. Repeat this process iteratively until the detection beam is centered
and symmetrical (Fig. 10d). The trapping and detection beams should now be
fairly precisely overlapped (Fig. 10e).

The following steps refine the alignment of the trapping beam:

9 Close shutter S2. Turn the LED on and adjust the CCD exposure for bright-field
imaging. Focus on the beads near the cover slip surface and trap one. Turn down
the LED power until the laser back-reflection off the bead becomes visible (with
the bead still visible in bright field, Fig. 11b). By turning the LED off
momentarily, this back-reflection will appear clearer (Fig. 11b). If the preceding
adjustment was done correctly, it will appear quite symmetrical (see Note 54).

10 Move the stage up (+z direction) slowly, approximately 0.75 pm past the
position at which the bead begins to appear bright (Fig. 11a). The bead will
likely be displaced radially (Fig. 11c), and the back-reflection will become
asymmetrical, with intensity concentrated on one side of the bead.

11 Use mirror Pzt-M1 to adjust the beam so that the back-reflection becomes
symmetrical again, and the bead returns to the trap center position (Fig. 11d).
Adjust in small increments (see Note 55). It is useful to switch the LED off
periodically to examine the back-reflection more carefully.

12 Move the nonpositioning stage upward by 50-100 nm, and repeat step 11. If no
adjustment is needed, move an additional 50-100 nm upward.

13 Move the cover slip away from the bead so it is not in contact anymore, and
observe the bead position (the adjustments using Pzt-M1 may have small
unintended effects on the position). If it is no longer centered at the trap center
marked on the CCD, move it back to the center using the AOD, and save the
new center positions. Repeat this 2—-3 times. When finished, the bead should
remain centered with a symmetrical back-reflection, even when the stage presses
against it and displaces it axially from the trap center (Fig. 11e).

14 Replace filter BPF2.

The following steps refine the alignment of the detection beam, using back focal plane (BFP)
detection signals calculated from the QPD voltages. Figure 12 presents BFP detection and
the associated equations for the QPD x and y normalized voltage signals:

15 Close shutters S1 and S2, and completely block the QPD from the light. Set the
acquisition frequency for the QPD data to 3 kHz and the low-pass filter

S41f after repeated attempts to adjust the back-reflection symmetry and position, the trapped bead position is not on the center position
marked on the CCD, or the retroreflection from the bead does not appear symmetrical, it is likely that the marked position on the CCD
is not truly on the optical axis. In practice, there is a range of positions for which the retroreflected beam pattern can look acceptable,
but some will result in trapping at a different position in the x-y plane. If this occurs, experiment with centering the back-reflection at
a different position (and readjusting the symmetry) and then trapping a bead and observing its position relative to the new center
position. If the alignment is worse, move the back-reflection in the opposite direction. If it is better, move the back-reflection further
and repeat. By iterating through this process, a position can be found such that the back-reflection center and trapped bead position
coincide in the x—y plane. This position should then be saved as the new reference point for aligning the beam.

If the adjustments to Pzt-M1 are too large, the asymmetry will “flip” and the bead will be displaced from the trap center in the
opposite direction. If this happens, move in smaller increments in the opposite direction.
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frequency to 1.5 kHz. For each preamplifier (preamp) gain setting on the low-
pass filters, acquire a few seconds of data, take the average for each quadrant,
and save these values in the software as offsets to be subtracted automatically
from the corresponding quadrant when using the specified preamp gain (see
Note 56).

Repeat step 15 for 65,536-Hz sampling rate (and any other sampling rates to be
used).

Open shutter S2, close shutter S1, and remove filter ND. Set the preamp gain on
the filters to 0 dB. Trap a bead using the detection laser. If it is not aligned with
the marked center position, adjust its position using mirror Pzt-M3. Alternate
between trapping with the trapping beam and the detection mean during the
adjustment. Adjust Pzt-M3 so that the bead stays in essentially the same position
by eye when switching between the two lasers.

Steps 18 and 19 can often be skipped if the instrument is already in fairly good alignment:

18

19

20

21

22

Close both shutters S1 and S2. Adjust the QPD positioner and the QPD relay
lens (RL) to positions near the center of their ranges. Move the cover slip well
above the focal plane of the objective, and open S1 so that the trapping beam
scatters microspheres away from the optical axis (this minimizes fluctuations in
the QPD signals).

Open shutter S2. Adjust lens RL so that both the x and y signals (Vporm x and
Vnorm,y» respectively) are zero. This centers the detection beam on the QPD.

Close shutter S1. Move the stage back downward so the beads come into focus
and trap one with the detection laser. Adjust the position of the QPD so that
Vhorm,x and Vyorm y fluctuate around zero (often no adjustment is needed at this
step).

Reinsert filter ND to reduce the power of the detection beam. Open shutter S1
and trap a bead within roughly 50-100 nm of the cover slip surface. Observe the
normalized QPD signals and use mirror Pzt-M3 to center them at zero (see Note
57).

Using the AOD, sweep the trapped bead in a triangle-wave pattern along the x
axis with amplitude ~1.2 pm peak-to-peak (i.e., £600 nm) and a period of ~2 s
(Fig. 13).

6l switching of filter frequencies and gains should be done automatically via RS-232 communication between the trap software
and the low-pass filters. The purpose of this step is to account for offsets caused by the dark current of the photodiode and/or voltage
offsets introduced by other components. In practice, the offsets are different for each setting on the filters and also vary somewhat
from day to day (presumably due to temperature changes at the QPD itself, which alter the dark currents). It is important to correct for
these offsets mostly because the trap calibrations are not done at the same filter settings as data acquisition. Without subtracting the
offsets, the normalized voltages calculated for the same bead displacements may be different during calibration vs. data acquisition,
leading to subtle errors in position detection and/or spring constant measurement. Note that preamplifier gain should be used rather
than output gain, because the filter adds some very low-voltage artifacts to the high-frequency components of the input signal. If the
input signal is preamplified, these artifacts are negligible relative to the true signal, whereas if the amplification occurs at the output,
they are not and will hinder power spectrum analysis during calibration.

Using the control configurations mentioned in Note 53 for Pzt-M3, up/down = +/-y and right/left = +/-x.
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23 Observe the QPD response signals, focusing on the axis along which the bead is
moving. The objective is to make this response symmetrical and centered about
the origin (Fig. 13b, panel 4). For our instrument, this corresponds to a
maximum deflection of £0.4 V,orm in each channel (see Note 58). Start by using
Pzt-M3 to move the overall signal in the direction required to center it about
zero (Fig. 13b, panel 2). This will significantly perturb the symmetry of the
response waveform, which is then reestablished using Pzt-M2 (Fig. 13b, panel
3), moving it in the same direction as Pzt-M3 (up, down, right, or left buttons,
configured as described in Note 53). Repeat this process until the response
waveform is symmetrical and centered at zero (Fig. 13b, panel 4).

24 Stop the sweeping of the bead, and re-zero both QPD signals using Pzt-M3.

25 Repeat steps 22-24 for the y axis. Adjustments to one axis may initially perturb
the response in the other axis. Iterate between the two axes until the response in
both axes is symmetrical and zero centered.

26 During the early rounds of iterating steps 22-24 for the two axes, there may be
considerable “crosstalk” between the x and y QPD signals (displacements in the
signal of the non-sweeping axis correlated with the displacements in the
sweeping axis). After multiple rounds of adjustment, the crosstalk should be
negligible. If not, it may be symptomatic of an improperly rotated QPD (see Fig.
14 and associated legend). Correct this by sweeping the bead along one of the
axes and carefully rotating the QPD around the optical axis until the crosstalk is
minimized.

3.8 Optical Tweezers Calibration

BFP detection (Fig. 12) [57-61] measures the separation between the detection beam and a
trapped bead to within nanometers at a rate of many kilohertz. If the spring constant for the
trap is known, these displacements are converted easily into forces. Thus, two calibrations
must be performed: one to characterize the QPD detector response to bead displacements
(“position calibration”) and another to determine the spring constant (“force calibration”).
Both calibrations involve measurements of microsphere displacements, either known
displacements induced by the experimenter or natural fluctuations due to Brownian motion.
Several types of calibration should be done when the optical trap is initially constructed and
checked for a reasonable degree of consistency before conducting experiments. Detailed,
automated calibration analysis should also be integrated into the trap control software, since
it can be very useful in assessing instrument performance during daily use and when
diagnosing problems.

Because both force and position calibrations depend on the separation between the bead and
the cover slip (see below), the first step is to determine the bead—cover slip distance. This is
done by moving the nanopositioning stage in the axial (z) direction, finding the point of

58 the optical trapping literature, the QPD response signals are often said to be in units of volts. While this is conceptually useful
(e.g., when considering conversion of the QPD signal to nanometers), the x and y QPD signals are in fact normalized by the total QPD
voltage and are therefore unitless. As a compromise, we refer to the units of the QPD signal in “normalized volts,” Vphorm.
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bead—cover slip contact (Fig. 15), and correcting the measured distance for the effective
focal shift [62, 63] (Fig. 16).

For position calibration, the most straightforward method is to simply sweep the bead across
the detection beam focus in known increments (Fig. 17), by either steering the trap or, with
the nanopositioning stage, using a bead stuck to the cover slip (see Note 14). In the central
region (£~100 nm), the calculated QPD response signals (Xynorm and Yynorm) are linear
with bead displacement and may be converted to physical positions by multiplying with the
inverse slope: x= Xnm = Bx Xvnorm (See also Fig. 12). Beyond this central region, the
response function is nonlinear, but the useful range can be extended to the entire region for
which the response function is single-valued by fitting it with a third-degree polynomial,
rather than a line (Fig. 17; see Note 59). Some less direct methods employing spectral
analysis (see below) or rapid sweeping of the AOD [64] have also been used (see Note 60).

Force calibration is usually done after position calibration, either by analyzing the Brownian
motion of a trapped bead or by applying a known force to the bead and measuring how far it
is displaced from the trap center as a result. The simplest method is equipartition analysis
(Fig. 18a and c), in which the spring constant is calculated as ky= kg T/<x2> (and similarly
for ky) [26], where kg is the Boltzmann constant, T is the absolute temperature (in Kelvin),
and <x2> is the variance of the distribution of bead positions over time (see Note 61). The
advantage of this method is that essentially no specific information about the system (e.g.,
bead size, solution viscosity, distance of the bead from the cover slip) is required, and it is
very easy to compute k. However, the value of the variance is inflated by any drift or other
artifacts (e.g., electronic noise) in the optics or detection system (since the variance depends
on the square of the displacement, even if artifacts average to zero, they increase the
computed value). Therefore, the equipartition method tends to underestimate k.

A related method for force calibration, also employing a statistical mechanical analysis of
trapped microsphere fluctuations, directly computes the trapping potential U(x) [65]. From

59The useful range of the QPD response function can be extended even further, for example, by taking into account the unavoidable
crosstalk that occurs between the lateral and axial response functions when the bead is significantly displaced [139], or by limiting the
effective NA of the objective for the detection beam [140], in order to create a larger focal spot. In addition, for experiments in which
accurate two-dimensional position detection is needed over a wide range, the full two-dimensional detection area can be scanned and
fit with a two-dimensional, fifth-degree polynomial [141]. This is generally unnecessary for experiments in which the motion is
directed along an MT that is well aligned with one of the microscope axes.

Calibration in the axial direction is also possible [26, 60-62, 142, 143], but the QPD sum signal is not normalized, so laser power
fluctuations cannot be easily distinguished from axial displacements. In this protocol, measurement of axial position is far less
important than that of lateral position, especially since the bead-surface separation is adjusted with fairly good precision at the
beginning of each experiment (see Fig. 15). There is generally a trade-off between axial and lateral position detection sensitivity,
depending on the effective NA of the condenser lens (adjustable using the aperture diaphragm): higher NA increases lateral position
detection sensitivity, with the opposite effect for axial position detection [60, 61]. We generally use the maximum NA (aperture
diaphragm fully open), though for very large or small beads, one should be aware that high NA of the detection system can produce
unintended effects [61].

lAssuming the trap behaves as a spring that applies force Fy = —kyX, then the associated potential energy is U(x) = [ kyxdx =% kxxz.
The average value is < U(x)> = <Vzkxx2> = 1/zkx<x2>, where the brackets (“<...>") denote the average and <x2> is thus the variance of
the distribution of bead positions over time. In classical statistical mechanics, the so-called equipartition theorem states that, for each
degree of freedom for which an associated energy has quadratic dependence, the average of that associated energy at equilibrium is
Yok T [144]. Thus, < U(x)> = 1/zkx<x2> =%kpgT, i.e., kx = kB T/<x2>. It is worth noting, however, that the more generalized theorem
[145] simply states that the energy is equally partitioned between the degrees of freedom. Boltzmann’s law gives the probability of a
particle having a particular energy/position: P(x) = exp(= U(x)/kB T)/ Zp, where Zp is a normalization constant known as the “partition
function.” Computing < U(x) > = [ P(x) U(x)dx gives the associated average energy, which is only kg T if U(x) is quadratic in x, i.e.,
if the potential is harmonic. Thus, the equality kyx = kB T/<x2> does not apply if the trap potential is not harmonic in the region in
question.
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the Boltzmann law, P(x) = exp(= U(x)/kgT)/Z, (see Note 61 for symbol definitions). We can
compute the potential as U(x) = —kgT In(P(x) Zp) = =kgT In(P(x)) = kgT In(Zp), where the
last term is a constant offset that is ignored. P(x) Z, is simply the (non-normalized)
histogram of position fluctuations of the trapped microsphere (Fig. 18c). Assuming that U(x)
= Yk,x2 + b (Where b is a constant offset), this model can be fit to the potential calculated
from the histogram in order to find k, (Fig. 18d). This method has the added benefit of
creating a map of the trapping potential, even if it is not in fact harmonic. However, only a
fairly limited range near the trap center is mapped, and like the equipartition method, this
analysis can be hindered by unwanted noise sources.

Spectral analysis offers a useful alternative to statistical analysis (Gittes and Schmidt [66]
provide a very accessible introduction), whereby the Fourier transform is used to evaluate
the power spectral density S(f) of the bead motion (see Note 62), where f is frequency.
Considering the thermal motion of the bead in the trap as that of a damped harmonic
oscillator driven by a (random) Langevin force [67], the power spectral density takes the
form of a Lorentzian, Sy(f) = kg T/[12y (f:2 + f2)], where vy is the hydrodynamic drag for the
bead, and the “corner” or “roll-off” frequency is f; = k/2ny (frequency at which the power
spectral density reaches half the maximum value of 4vkg T/k?). Thus, by computing the
power spectral density and fitting this function with a Lorentzian, the spring constant can be
determined from the corner frequency found by the fit (Fig. 19a), i.e., k = 2myf,, (see Note
63).

The power spectral density can also be used for position calibration. It can be shown [26, 58,
68] that the product Sy(f) f2 asymptotically approaches the limit C = kg T/n2y for f >> f,
(Fig. 19c¢). Assuming a linear conversion By between detector response (Vnorm) and
displacement (nm), then Sy, (f) = Bx? Syv(F), and By= Sxx() F2/Syyyx() 2 = [kg T/(w2y
Suxvx(M)]Y2 for f >> f;. Alternatively, if By is known, this method can be used to determine
v. i€, v = kg T2 B2 Syxvy ()-

Force calibration via power spectral density analysis has the advantage that low-frequency
drift and other noise sources are easily visible in the spectrum and can be disregarded during
the fitting procedure. It is complicated, however, by the need to know v. In bulk solution, for
a sphere of diameter d, the drag coefficient is y = 3 wdn), where 1 is the viscosity of the
solution. There is usually some degree of uncertainty in the bead diameter, and r depends on

621 the literature, the power spectral density is often referred to simply as the “power spectrum.” Although the two are related, they
are not precisely the same: the power spectral density describes the power per unit frequency (units of displacement squared/Hz),
while the power spectrum simply measures power (units of displacement squared). This simply amounts to a difference in scaling, but
using the power spectrum instead of the power spectral density may lead to errors in the parameters extracted from fits. A good way to
tell if the spectrum has been scaled properly is to check that the following is true (Parseval’s theorem): the integral of the power
spectral density (i.e., total power) should be equal to the variance of the original position data. Both MATLAB (via the function
“pwelch”) and LabView (via the “FFT Power Spectral Density” virtual instrument) have functions to directly calculate the appropriate
quantity, and fast Fourier transform (FFT) functions that can also be used for explicit calculation. In either case, it is the single-sided
(frequencies greater than zero) spectrum that should be calculated, multiplied by 2 in order to maintain the total power in the original
spectrum.

Note that larger k implies larger fc. As a result, measurement of spring constants for traps with increasing stiffness requires
increasing the bandwidth of the measured spectrum to include higher frequencies. Note also that fc decreases for larger v (larger bead
size or greater solution viscosity), so that the bandwidth requirements also depend on the experimental conditions. Larger k and y both
decrease the overall amplitude of the power spectral density, though for constant k, the total area under the curve is constant (and
equal to the variance in position data; see Note 62), since decreases in y (thus reducing the amplitude) are balanced by corresponding
increases in f¢ (increasing the area under the curve).
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the composition of the solution and the temperature. More importantly, v is strongly
influenced by the proximity of the bead to the cover slip surface, according to Faxén’s law
(Fig. 19d) [67], v/vo = vo/[1 — 9/16R + 1/8 R3 — 45/256 R* — 1/16 R®]. Here, vo is the drag in
bulk solution (3wdn), R = d/(d + 2Zg), and Zg is the distance from the surface of the cover
slip to the surface of the bead (see Note 64). The value used for y must therefore be scaled
according to the bead-surface separation. Our approach is to estimate y from the power
spectrum (Fig. 19c¢, and see above) and also by directly measuring the bead—cover slip
separation (Figs. 15 and 16) and computing y via Faxén’s law. We then use these values as
initial guesses in the Lorentzian fit to the power spectral density and fit with both y and f; as
free parameters (Fig. 19a).

A more conceptually straightforward method for force calibration relies on Stokes’s law for
the viscous drag force exerted on a sphere subjected to continuous fluid flow. In this
method, fluid flow past the trapped microsphere is created by moving the slide chamber with
the nanopositioning stage. The drag force on the bead is Fgrag = YVstage, Where vgtage is the
velocity at which the stage moves (Fig. 20a; see Note 65). This force displaces the bead by a
distance yvstage/k from the trap center. Thus, assuming vsage and y are known, k may be
calculated directly from the observed bead displacement. Moreover, the bead displacement
should be linearly related to vstage, With slope v/k (Fig. 20d), allowing a more precise
calculation of k than using a single value of vstage. Any nonlinearity (e.g., at bead
displacements more than 100-200 nm) indicates deviation from a harmonic potential. The
ability of this technique to detect such nonlinearity and map the trapping potential over a
wide range of displacements represents a major advantage compared to other techniques.
However, similar to the power spectrum method, v must be known precisely and is likely to
change as the stage is moved, since the cover slip surface is never perfectly perpendicular to
the optical axis (see Note 66). Likewise, vstage Must be known to high precision, and
measurements should only include data for which the stage has achieved a constant, steady
velocity. This calibration method can also be cumbersome since it is relatively time-
consuming, and multiple beads can often be accidentally caught in the trap as the stage
moves over relatively long distances.

A “hybrid” method of calibration [63, 69] (Fig. 19b), combining the power spectrum and
viscous drag analyses, allows simultaneous position and force calibration, without the need
to know the drag coefficient (in fact, this method has been used to measure the drag
coefficient and solution viscosity [63, 70]). During the data acquisition, the nanopaositioning
stage oscillates in a sinusoidal pattern with known amplitude and frequency, fgive, adding a

64The obvious approach to the problem of drag dependence on bead-surface distance is to simply move the bead far from the surface
during calibration. However, refraction at the glass—water interface (Fig. 16) induces spherical aberration in the beam focus that
increases progressively as the beam is focused deeper into the sample, thereby weakening the trap strength. Thus, the spring constant
measured with the bead far above the surface is significantly different from that very close to the surface. The calibration must
therefore be done at the same axial position as the experiment.

The method presented here moves the stage intermittently, but the same principle can be applied for sinusoidal or triangle-wave
stage motion; see, e.g., Neuman and Block [26]. Another related method involves observing the response to “instantaneously”
stepping the trap [26]. The bead will return to the trap center in an exponentially damped manner with time constant © = y/k (i.e., the
trap pulls the bead toward the center with force proportional to k and is resisted by a force proportional to y, which slows it down).

In principle, by measuring the bead-surface separation at the extrema of the stage motion, any tilt in the cover slip can be calculated
and accounted for in the stage movement (i.e., moving not just in x or y but also in z), thereby maintaining a constant value during the
calibration.
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small (almost imperceptible) driven oscillation to the bead motion, in addition to the thermal
“noise.” This gives rise to an isolated “spike” in the power spectrum (Fig. 19b), the total
power of which (i.e., area under the curve) is determined by f, the conversion factor used to
convert the QPD response to distance in the linear region of the response (Fig. 12d). This
feature is used to directly determine the position calibration, while a Lorentzian fit (as
described above) is used to find f; and vy in order to calculate k (theoretical details of this
method are presented in detail in ref. 69). This method is of particular utility because it does
not require an AOD or other beam steering device for position calibration and also does not
require a separate detection beam. Note that the position calibration is only valid within the
linear response range of the QPD. This method also takes somewhat longer than the
aforementioned power spectral density analysis, since the x and y spring constants must be
determined by separate experiments. Like the simple viscous drag calibration method, this
hybrid method can in principle be used to map the trapping potential by using very large
amplitude oscillations [69].

Below we give instructions for calibrating via each of the methods discussed, assuming a
well-aligned instrument as the starting point. The vast majority of these steps should be
automated.

The following steps determine the “height” Zg of the trapped bead (bead—cover slip
separation) and adjust it to the desired position for calibration and experiment, Zarget:
1 Set the QPD sampling rate to 3 kHz.

2 Trap a microsphere, and move the cover slip upward using the nanopositioning
stage until the bead is clearly in contact (bead will appear white in the image and
may also be displaced).

3 Move the nanopositioning stage downward by ~150 nm more than the desired
Zg.
4 Step the nanopositioning stage axially over a large range (at least 5Zg in each

direction around the current position) in 1-10-nm steps. At each position, record
the average value of the QPD sum signal over 50-200 samples.

5 Plot the averaged sum signal vs. stage position. Fit a line to the data on the left
side of the curve (stage positions before the inflection point; see Fig. 15b), and a
third-degree polynomial to the data on the right side (stage positions after the
inflection point; see Note 67).

6 Find the position (in nm) of the intersection of the fit line and polynomial. This
is the nominal position of the bead-surface contact, Zs. Due to the effective focal
shift (Fig. 16b), this must be corrected to find the true Zg = EFS x Z;, where for
an oil-water interface, EFS ~ 0.82 [62, 63], i.e., Zg~0.82 x Z,.

67Determining the precise location of the inflection point can be somewhat arbitrary and can influence the final result of calculations.
For the purpose of this protocol, the most important issue is reproducibility of the measurement (i.e., precision rather than accuracy).
Since the width of the “peak” in the response signal is very consistent, we use this as our “landmark’” when fitting the data. We first
find the maximum in the response and fit the polynomial in a fixed region surrounding it (chosen initially by trial and error in order to
get the best fit for the region near the inflection point and then set as a fixed value for future fits). We then fit the line from the
beginning of the data set until ~100 nm before the beginning of the region fit by the polynomial.
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7 If Zg#Ziarget, move the stage by (Ziarget — Zp)/0.82, and repeat steps 1-7 until
the height of the bead is within the desired range of Zirget.

The following steps calibrate the position detection (Fig. 17):

8 Use the AOD to sweep a trapped bead across the detection beam focus in the x
direction, with a range of £250 nm (or whatever range over which the response
signal Xynorm IS single-valued) and a step size of 5 nm. At each position, record
the average of 100-200 values of Xynorm- Repeat for the y direction (Fig. 17, top
left inset).

9 Fit a line to the central region of each curve (£~100 nm) and determine the slope
(Fig. 17, lower right inset, and Fig. 12d). The inverse of this slope, B, can be
used to quickly convert the QPD response signal to physical bead position: X,
= Bx Xvnorm (and identically for y). This also serves as a useful check for
comparison to [3 obtained by other calibration methods.

10 For each recorded curve, fit a third-degree polynomial of the form p(x) = ag +
apx + apx2 + agx® (and identically for y) to the entire range. This considerably
extends the useable detection range (important: see Note 68). To convert Xynorm
to Xnm, compute the following:

M1 = (ag = Xvnorm)/(2a3).

M, = a,3/(27a3°).

M3 = (a1a)/(6a3?).

My = a;/(3a3) — ay2/(9ag?).

Ms = My + My — M3.

M = [(M4® + Mg?)!2 ~ Mg] .

Xnm = Re{Ma/2Mg — ay/3a3 — Mg/2 + (32)i/2(Mg + M4/Mg)}.

68Although the range of position detection can be extended considerably beyond the region in which the QPD response signals are
linear (see also Note 59), it is very important to realize that displacement may not be linear with applied force in regions far from the
trap center. On the one hand, the optical trapping “potential energy well” is not infinitely wide, so that at large displacements/high
forces, it must “flatten out” and allow the bead to escape. In this region, the spring constant is different from that at the trap center
(and will eventually become negative [146-148]). Assuming the same spring constant at these positions will therefore yield a
significant overestimate of the applied force. On the other hand, trap stiffness may initially increase as the bead is displaced [146—
148], so that forces would be underestimated. These effects are generally more significant for beads of large diameter (>1 um) [147,
148], but should be considered for any size microspheres when working far from the center of the trap. The range in which force is
linear with displacement can be determined by mapping the potential of the optical trap, e.g., via the viscous drag force calibration
method [146, 148] (Fig. 20d), or by using one strong trap (operating exclusively in its linear range) to calibrate a weaker one by
displacing the two traps by known distances [147]. A related method employs the AOD to rapidly switch between two positions,
effectively creating two separate traps [149], without the need for two separate beams. If the potential has not been fully mapped at
large distances, then the spring constant should be adjusted such that the behavior of interest occurs only within the region in which
the restoring force is linear with displacement. For the experiments described here, we avoid working at bead-trap separations >~160
nm, and even smaller separations are generally recommended.

Interestingly, recent work [147, 150] (see in particular Farré et al. [150] for a detailed theoretical discussion, including extensive
background on BFP detection) has demonstrated that while the QPD response signals are linear with position over only a relatively
narrow range, they are linear with force over a much broader one. This is essentially a manifestation of the fact that the direction
signals measured by the QPD amount to changes in photon momentum and therefore the force exerted on the bead [150, 151]. In
principle, this relationship can be used to accurately measure force even at large displacements and, combined with the
aforementioned methods for extending the range of positional detection, could allow the trap to be used over a much wider range.
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where Re{...} indicates the real part of a complex humber and i is the square
root of 1.

The following steps calibrate the force via the equipartition method:
11 Set the QPD sampling rate to 65,536 kHz or higher (see Note 69).

12 Collect data for several seconds. Decimate the data by an appropriate amount so
that each point is separated by at least 3y/k (see Note 70).

13 Optional: subtract low-frequency drift from the position data (see Note 71).

14 Convert the raw QPD data into a time series of position data using the
calibration procedures above (Fig. 18a). Compute the variance <x2> of these
data in nm2. Optional: plot the data in a histogram (Fig. 18c), fit a Gaussian
function in order to determine the standard deviation, and square this quantity to
find <x2>. The two answers should agree very closely for a large data set.

15  Calculate ky = kg T/<x2>, where kg T = 0.013807 x (T¢ + 273.15) pN nm; T¢ is
the magnitude of the temperature in °C. At 25 °C, kg T = 4.116 pN nm.

The following steps describe force calibration by computing the trapping potential:
16 Complete steps 11-13 above (including the optional part of step 13).

17 From the histogram P(x), compute the potential U(x) = —kgT In(P(x)), and fit
this with the equation U(x) = ¥2k,x2 + b, where b is an arbitrary constant (Fig.
18d). Use the value calculated for ky via the equipartition method as an initial
guess. Repeat for the y direction.

18 Optional: create a two-dimensional histogram of positions, and plot the data as
an image (Fig. 18b). This image gives a reasonable measure of the symmetry
and homogeneity of the trap potential (at least over the narrow region sampled).

69 principle, data collection for equipartition analysis can be done at the same time as that for power spectrum analysis (i.e., the
same data set can be use for both methods). We use 65,536 Hz (2:L6 Hz) for the “hybrid” calibration method (because using a
sampling rate that is a power of 2 ensures that the spike at fgrjve = 32 Hz falls exactly on a single data point in the resulting spectrum
[69]) and therefore use the same sample frequency for all calibration methods. However, if using data that have been low-pass filtered
for equipartition analysis (as required for power spectrum analysis), it is very important that the data be sampled at a rate as high as
possible (i.e., low-pass filters are set at high frequency). Otherwise, the filters remove a significant amount of power from the signal,
thereby reducing the variance and artificially increasing the calculated spring constant. Wong and Halvorsen [152] provide a very
detailed analysis of the effects of low-pass filtering/finite detection bandwidth on optical tweezers calibration.

0y = v/k is the characteristic “autocorrelation time” for the trap [153]. At times equal to or shorter than this time scale, bead positions
cannot be considered statistically independent (i.e., if the position at one time is known, the position a very short time afterward
depends on the initial position and is not random). To obtain an accurate equilibrium measurement of <x2>, data points must therefore
be separated by a few t. The number of data points to discard depends on the trap stiffness (the weaker the trap, the longer the time
required between points) and can be predicted based on the input laser power and previous characterization of the expected spring
constant (Fig. 21). In practice, discarding correlated values does not have a substantial effect on the computed variance.

Low-frequency fluctuations (e.g., due to thermomechanical fluctuations in the optical pathway) can increase the variance of the

position data and thereby artificially decrease the calculated spring constant. If these fluctuations can be filtered out, the calculated
spring constant will therefore be more accurate. The easiest method for doing this is to take a moving average with a fairly wide
window (e.g., 0.2-0.5 s). For a signal without drift, this moving average will be essentially zero, whereas for a signal with slow drift,
the resulting average will essentially plot this drift. By subtracting this signal from the original data, the drift can thus be removed.
However, this method inevitably leads to inaccuracies (though this may be acceptable if the artifacts introduced are smaller than the
original drift). Another method (with essentially the same underlying principle) is to high-pass filter the data (e.g., at ~2 Hz), although
this will likewise remove power from the signal, and some of this power may be due to true thermal motion of the bead. Wong and
Halvorsen offer a more robust method (see Fig. 4 of ref. [152]), in which the data are high-pass filtered at several different cutoff
frequencies, and the results are used to extrapolate the variance at 0 Hz cutoff frequency (i.e., no filter).
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The following steps describe force calibration via power spectral density analysis. Analysis
steps given for the x direction are identical for the y direction:

19
20

21

22

23

24

Complete steps 11-13 above.

Split the time series data into several series of equal length. Compute the one-
sided power spectral density Sy(f) (in nm2/Hz; Fig. 19a) for each series, and
average the results to compute the final spectrum (see Note 72).

Use Faxén’s law to estimate the drag coefficient, v, based on the bead-surface
separation:

R =d/(d + 2Zg),
vo = 3mdn (see Note 73),
(vlvo) = vol[1 — 9/16R + 1/8R3 - 45/256R* - 1/16R?],

Y =0 % (v/v0)-

Optional : estimate y from the power spectrum itself. Compute Sy (f) f2(in nm?
Hz) and fit a flat line to the high-frequency region in which the curve
approaches a constant value C4(Fig. 19c). Then compute y = kg T/[Cy7?] (note
that in Fig. 19¢, the curve is calculated in V2,;m Hz, and thus the conversion
formula in the legend includes the conversion factor f3).

Fit the equation Syy(f) = kgT/[n2y(f:2 + )] to the power spectral density
function (Fig 19a). Use the estimate of v as an initial guess and f. = k/2my as the
guess for f;, using the value of k determined from the equipartition method
(important: see Note 74). We typically fit the region from f = 50-100 Hz and
above, excluding the region containing low-frequency drift (Fig. 19a).

Compute the spring constant ky = 2myf.. Check that the value for v is reasonable
given Zg.

The following steps calibrate the trapping force using the ““hybrid”” method [69] combining
viscous drag and power spectral density analysis:

25

With a trapped bead, oscillate the stage with a known amplitude Agyive (We use
Adrive = 100 nm) in a sinusoidal pattern at fyjye = 32 Hz (see Note 75), with a
QPD sampling frequency of 65,536 Hz.

728y the nature of the fast Fourier transform used to compute the power spectral density, the frequency resolution &f is inversely
proportional to the measurement time, 8f = 1/tmsr. Therefore, dividing the original data set into more subsets will diminish the
frequency resolution, but will simultaneously decrease the amplitude of the noise via averaging. This can also be done by block-
averaging the final spectrum [26].

For water near room temperature, the viscosity n can be calculated to very good approximation [154], in units of pN sinm?, as n=
(AT@+ BT +CTC+ DTrd)X1O_12, where Ty = (T¢ + 273.15)/300 (T being the magnitude of the temperature in °C), and A =
280.68, B =511.45, C = 61.13, D = 45.90 x 10_2, a=-19,b=-7.7,¢=-19.6, and d = —40.0. For example, at 25 °C, n = 8.9 x
1010 pN sinm? . Since the presence of 1 mg/mL casein contributes only minutely to the solution viscosity [155], we disregard this

when making initial estimates.

Several experimental issues can lead to a non-Lorentzian power spectral density function in this calibration procedure [156],
including aliasing and unintended frequency filtering by the QPD for near-infrared illumination [115, 157] (see also Note 14) and
crosstalk between the QPD response signals. We have taken the approach of experimentally minimizing these artifacts. However, they
are well understood theoretically and may be accounted for in the fitting procedure if necessary. Reference [46] provides a free
software package to accomplish this. See also ref. [158] regarding rigorous parameter estimation from least-squares fitting of power

spectra.
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26 Record the QPD response signals Xynorm and Yynorm, and compute (and
average) the power spectral density Syyyy (f) for each (in VZ,o;m/Hz) similarly
to step 20 above (do not block average, as this would alter the height of the
spike). Whereas the power spectral density for the axis orthogonal to stage
oscillation is essentially unaffected, a clear spike at fyyjye Will be visible in the
power spectral density for the axis parallel to the oscillation (Fig. 19b).

27 Estimate vy as done in steps 21 and 22 above (in this case, Cy will be in V2,5rm
Hz, and thus v = kg T/[Cy (1t By)?]; By can be estimated from previous
calibrations).

28 Determine f; and vV "' via fitting a Lorentzian to the power spectral density,
as done in step 23 (Fig. 19b). If the fitted region includes fgyjye, remove the data
constituting the spike when fitting the curve. Note that the unit of length for
¥V oM s \/, orm rather than nanometers.

29  Compute the quantity Wi, = A2grive/[2 (1 + f:2/frive)], the theoretical value of
the power in the spike (area under the curve).

30 Compute the quantity Wey = [Syxvx (farive) = S™vxvx (Farive)l/tmsr. the
experimentally determined value for the power in the spike (see Note 76), where
Svxvx (farive) is the value of the computed power spectral density at fyyive (i-€.,
the absolute amplitude of the spike), Sfity,vx (Farive) is the value of the fit at fyive
(i.e., the “thermal background” to which the spike is added), and tyg, is the
measurement time for the data set from which the power spectral density was
computed.

31 Compute By = (Win/Wey)Y2 and y = vV "O'™M/8, 2 Check that both values are
reasonable based on the alternate calibration methods and previous calibrations.

32 Compute ky = 2 yfe.
33 Repeat the calibration for the y direction.
The following procedure uses the viscous drag method to calibrate the trapping force:

34 With a bead in the trap, move the stage at a known velocity Vgtage OVer its entire
range (£~50 um). The periods of constant velocity will produce “steps” in the
position trace for the bead (Fig. 20b). Move many times in both directions
(positive and negative) along the given axis.

75The motion must be as perfectly sinusoidal as possible (otherwise harmonics—i.e., additional spikes—will appear in the spectrum,
and the theory will not be applicable). This precludes, for example, “stepping” the stage by repeated commands from the computer
control software. Instead, as smooth a sinusoidal waveform as possible should be sent to the stage with a command to follow the
pattern until a stop signal is sent. Wait for a few periods of oscillation before collecting data, so that any initial transients have
subsided. The amplitude and frequency of oscillation must be confirmed by recording the stage movement and analyzing it (e.g., via
power spectral density analysis of recorded position data) after the oscillation has completed (rather than just assuming the
commanded values). Typically, the actual amplitude is somewhat smaller than the commanded amplitude, and the stage motion lags
the commanded movements (i.e., there is a phase lag). The latter is unimportant given the nature of the spectral analysis used to find
the spring constant.

6[5VxVx(fdrive) - Sf't\/x\/x(fdrive)] can be interpreted as the height of the spike, while 1/ tmsy, which is related to the separation
between neighboring data points in the spectrum, is the width.
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Repeat step 34 for a number of different stage velocities, recording the data for
each.

For each stage velocity, plot the position data in a histogram (Fig. 20c). Remove
the central peak and fit a Gaussian (Fig. 20c, inset) to the two remaining peaks
to determine their center positions (i.e., bead displacement for the given stage
velocity).

Plot the bead displacement vs. the stage velocity, and fit a line to the data (the fit
should be forced through the origin).

Estimate v based on Zg (step 21 above) or one of the other calibration methods.
Divide vy by the slope of the line fit in step 37 to determine k.

Observe any major deviations from the linear fit at large displacements. This
indicates a nonlinear force—displacement relationship at these positions. Poor
overlay of points acquired via sweeping in one direction vs. the other along the
given axis may indicate an asymmetrical trapping potential.

The following steps establish the linearity of trap strength with laser power and provide a
useful calibration for adjusting trap strength during experiments:

41

42

For a range of laser powers from ~2 to 60 mW (measured at the back aperture of
the objective lens), measure the spring constant at the bead—cover slip separation
typically used for experiments.

Plot the spring constant vs. the input laser power, and check that the data are
well described by a line (Fig. 21). This graph serves as a useful measure of trap
performance and can be used to precisely adjust laser power for the desired
spring constant in future experiments.

3.9 Sample Preparation for the Optical Tweezers Assay

The procedure below describes how to prepare a sample for measurement of K560 motion
and force generation in the optical trap, starting with a slide chamber with immobilized Cy3-
labeled MTs on the surface (see Chap. 9 for preparation instructions). Trapping
microspheres are incubated with K560, which binds to the antibodies on the microsphere
surfaces (Fig. 1). The beads are then introduced to the MT-containing, surface-passivated
chamber in the presence of ATP. The slide chamber is then sealed and taken to the
instrument. Final assay concentrations are as follows: 1 mM ATP, 10 uM paclitaxel (see
Note 77), 1 mg/mL B-casein, 10 mM DTT, 3 U/mL pyranose oxidase, 90 U/mL catalase, and
22.5 mM glucose.

Prepare the following freshly at the beginning of a set of experiments:

77Many in vitro protocols use a higher paclitaxel concentration. We have found that MTs are stable using the concentrations given
here. Paclitaxel is very poorly soluble in water [159] and can form asters and bundles similar in appearance to MTs [160, 161], which
we observe often at higher concentrations. These structures can interfere with the optical trapping assay by diffusing into the trap and
presumably also deplete the soluble fraction of paclitaxel available for MT binding. After more than ~3 h, paclitaxel-containing
solutions should be made fresh from paclitaxel dissolved in DMSO.
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1 “BRB/CS”: 96 L of BRB80 and 4 uL of 25 mg/mL B-casein. Keep on ice.

2 “POC/CS”: thaw a POC aliquot freshly and mix 16 uL of p-casein, 2 uL of POC,
and 2 uL of BRB80. Keep on ice (see Note 78).

3 “BRB/Tx"”: 350 pL of BRB80 and 0.5 pL of 10 mM paclitaxel. Keep at room
temperature.

4 Motility mix: 141.5 uL of BRB/Tx, 4.5 L of 1 M glucose, 2 pL of 100 mM
ATP,and 2 uL of 1 M DTT. Keep on ice.

5 Trapping beads: dilute 1 pL trapping bead stock solution in 50 pL BRB80. Mix
thoroughly and sonicate in the low-power bath sonicator for 5-10 s (never
sonicate the main stock solution). Keep on ice. These trapping beads can be
stored at 4 °C for days to months without significant loss of activity.

Do the following for each experiment:

6 Prepare a flow chamber by incubating fluorescence-labeled MTs in a
glutaraldehyde-functionalized flow chamber (see Chap. 9).

7 During the MT incubation, prepare the K560 and trapping microspheres. Thaw
an aliquot of K560 and pre-dilute it in BRB/CS as needed (typically 10,000—
50,000x%; see Note 79).

8 Mix 4 pL of pre-diluted motor with 4 pL of trapping beads and incubate for 10
min, so that the MT incubation in the slide chamber and motor-bead incubation
end at the same time.

9 About 1 min before the end of the incubations, flush the flow chamber with 40
pL of casein blocking solution (see Chap. 9).

10 When the incubations end, add 2 pL of POC/CS to the motor-bead mixture,
followed by 30 pL of motility mix. Pipette up and down gently to mix.

11 Immediately flow the entire assay solution into the flow chamber. Dry the ends
with a Kimwipe, wiping away from the center of the chamber and taking care
not to suck solution out of the chamber itself. Seal the chamber with vacuum
grease as described by Nicholas et al. (Chap. 9).

78pOC/CS can be stored in the refrigerator at 4 °C overnight if it is not used during one set of experiments. For critical experiments,
however, fresh POC should be used.

For processive motors such as K560, if 30 % of beads tested in the optical trapping assay exhibit motility, then there is a 95 %
chance that any given bead has no more than one motor attached (this probability is derived under the assumption that the number of
motors bound to each bead obeys Poissonian statistics) [71]. In fact, given the small likelihood of two motors bound to a microsphere
being close enough to engage the MT simultaneously [31, 71, 162], the probability of motion arising from two or more motors under
these conditions is well below 1 %. Thus, the condition of 30 % or fewer moving beads is generally regarded as the requirement to
attribute observed motility to single molecules. The motor dilution required to achieve this condition varies from one purification to
the next and is found by trial and error, starting with an educated guess based on past experience. It should be noted that, especially for
a previously uncharacterized motor, it is not valid to assume processivity, and for a nonprocessive motor (by definition), any extended
motility events must be due to two or more motors simultaneously engaging the MT. To distinguish between these two cases, the
motor concentration is varied over several experiments in which the microsphere concentration is kept constant, and the motile
fraction of beads is recorded. Plotting the motile fraction P vs. the relative motor-to-bead ratio C, one then attempts to fit the data with
one of two Poissonian probability models, P = 1 — exp(- AC) or P = 1-exp(— AC) — (-)exp(- AC), respectively, where X is a fitting
parameter that can be interpreted as the fraction of motors competent to bind microspheres and contribute to motility. If the data are
more consistent with the first model, this suggests that the motor is processive, while if the latter model fits the data more closely, the
motor is likely nonprocessive. See, for example, the supplement of ref. [31].
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3.10 Optical Tweezers Measurement of Motility and Force Generation

1.

Turn on the optical tweezers microscope and follow the protocol in Subheadings
3.7 and 3.8 to align and calibrate it using a test slide.

Prepare a sealed sample chamber containing surface-bound MTs and K560 bound
to trapping beads according to Subheading 3.9.

Mount the slide chamber on the microscope and adjust for Kéhler illumination, as
done during the alignment procedure.

Turn on the 532-nm fluorescence excitation laser, and observe the MTs on the
EMCCD. This may require changing focus with the nanopositioning stage. Use the
minimal excitation power that still permits visualizing the MTs (use EM gain on
the camera).

Find an MT oriented perfectly along the y axis (use a vertical line drawn on the
EMCCD display to check), preferably separated from other MTs by a few
micrometers. Move the nanopositioner so that the MT is directly under the cross
that marks the trap center on the display. Save the xy position of the nanopositioner
in the software, and then move to a spot on the cover slip with no MTs. Turn the
532-nm laser and EMCCD imaging off.

Follow the steps in the calibration protocol (Subheading 3.8) to obtain a bead in the
trap separated from the cover slip surface by ~50-70 nm (see Note 80), and
measure the spring constant. For K560, an appropriate spring constant is
approximately 0.05-0.07 pN/nm (adjust if necessary). Record the spring constant
and polynomial coefficients determined for the QPD position response. Save the z
height of the nanopositioner in the software. Set QPD data acquisition rate to 3 kHz
and the low-pass filters to 1.5 kHz with 20 dB preamp gain.

Move the stage back to the xy position saved in step 5, keeping the z position the
same as in step 6.

Observe the microsphere for 2-3 min as it diffuses in the trap above the MT (see
Note 81). Watch both the x and y signals and the QPD sum signal (z signal)
simultaneously. When a motor binds the MT, the fluctuations in all three signals
will decrease. Often, the change in the z signal will be the most noticeable initially,
though K560 moves fast enough in the presence of 1 mM ATP that there is usually
no noticeable delay between binding and movement of active motors. If the bead
moves, record the data and score it as a motile bead. If the bead does not move,
score it as immotile (see Note 79), and trap a new bead.

Move the nanopositioner to a spot on the cover slip with no MTs, and repeat steps
6-8 for at least ten beads. If the fraction of motile beads is significantly larger than

80The MT has a diameter of 25 nm, whereas the antibody GFP-K560 complex extends a distance of ~20-40 nm from the bead surface
[163]. Thus, a ~50-70-nm separation between the cover slip and the bead surface allows the bead to diffuse freely, while allowing
interaction between the motor and the MT.

During the observation period, the stage z position can be adjusted in small (~10 nm) increments in order to promote binding to the
microtubule. Once binding and movement are observed, the stage should be moved slowly back near the original position (the one at
which the spring constant was measured).
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30 %, repeat the experiment using a higher motor dilution during the sample
chamber preparation. This ensures that the motility observed is due to single
molecules [71].

10. For each raw data set, convert the QPD responses to bead—trap separations (in nm)
using the recorded polynomial coefficients. Next, to obtain the corresponding force
data (in pN), multiply the position data by the spring constant (F = - kx). Figure 22
presents typical data obtained from this assay for K560.
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Fig. 1.
Optical tweezers assay for kinesin motility and force production (not to scale). A

polystyrene microsphere covalently bound to anti-GFP antibodies binds a single kinesin
K560-GFP dimer, and is trapped by a near-infrared optical trapping beam focused via a high
numerical aperture microscope objective lens. The trap holds the microsphere directly above
a MT that is covalently linked to the glass surface of the cover slip. When the kinesin binds
to and moves along the MT in the presence of ATP, it pulls the attached microsphere with it.
The trap resists this motion, exerting a force F = —kxAx on the microsphere-motor complex,
where k is the trap stiffness (force per displacement) and Ax is the distance from the trapping
beam longitudinal (z) axis ("trap center”) to the center of the microsphere. The detection
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beam—uwhich overlaps the trapping beam, but does not contribute to trapping—is used to
measure Ax via back focal plane interferometry. This figure was prepared with VMD [164]
(using PDB entries 3KIN, 1GFL, and 1IGT) and the Persistence of Vision Raytracer (POV-
Ray www.povray.org)
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Fig. 2.

Protocol summary. Each pathway (a—d) summarizes the major steps in preparing reagents
and instrumentation for the final assay: (a, b) purifying kinesin and attaching it to optical
trapping microspheres bound to antibodies; (c) preparation of a slide chamber with
immobilized, Cy3-labeled MTs (see Chap. 9, this issue); (d) aligning and calibrating the
optical tweezers instrument. These tools are combined to precisely measure force production
and motility of single kinesin molecules
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detection
laser

laser

TIRF ) -

F

Fig. 3.
Force-fluorescence microscope (see text for description). A aperture; AD aperture

diaphragm; AOD acousto-optic deflector; BD beam dump; BPF band-pass filter; C beam
collimator; CCD charge-coupled device (for bright-field detection); CL condenser/collection
lens; CPS coarse-positioning stage; DM dichroic mirror; EMCCD electron-multiplying CCD
(for fluorescence detection); F single-mode, polarization-maintaining optical fiber; FD field
diaphragm; IP image plane; L lens; L* lens mounted on a translation stage for fine focus
adjustment; LED light-emitting diode; M mirror; MB microscope body; ND neutral density
filter; NPS nanopositioning stage; Ol optical isolator; OL objective lens; PBS polarizing
beam splitter; PM polychroic mirror; Pzt-M piezo-driven mirror mount; QPD quadrant
photodiode; RL relay lens; S shutter; TL tube lens; TS translation stage; WP half-wave plate
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LED
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Fig. 4.
Force-fluorescence trapping microscope. Note the optical pathway elevated on an optical

breadboard and enclosed in an airtight box. The friction break [165] consists of an optical
post or other rigid element bolted firmly to the table and pressed against the microscope
fine-focus knob to prevent drift of the objective over time. The region demarcated by the red
dashed line (back focal plane imaging arm) is shown in greater detail in Fig. 12. Refer also
to Fig. 3
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/HiS6
®—His,

AMP-PNP
0/

MT binding

K560 purification. The full-length motor is first purified from other proteins and incomplete
fragments by nickel-nitrilotriacetic acid (Ni-NTA) chromatography, isolating only those
proteins with the polyhistidine (Hisg) tag (marked by the asterisk; note the inset photograph
showing the elution with intense green color due to GFP). Next, Hisg-containing fragments
(degradation products) and motors incompetent to bind MTs are removed by MT binding
and sedimentation in the presence of AMP-PNP. Motors unable to release MTs in response
to saturating concentrations of ATP are then removed, and the purified, functional K560 is

aliquotted, flash-frozen in liquid nitrogen, and stored
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Fig. 6.
Coupling antibodies to optical trapping microspheres. First, a microsphere bearing surface

carboxyl groups reacts (a) with the carbodiimide EDAC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) to form an unstable O-acylisourea intermediate. This
short-lived species is reactive toward primary amines and thus capable of forming stable,
covalent amide bonds with lysyl residues on the antibody surface (b) and yielding an isourea
byproduct (not shown). However, this O-acylisourea is also readily and rapidly hydrolyzed,
yielding the original carboxyl group (c). Adding NHSS (3-sulfo-N-
hydroxysulfosuccinimide) to the reaction greatly enhances microsphere—antibody coupling
efficiency by forming a relatively water-stable, but amine-reactive NHSS ester (d) that can
likewise bind antibodies (e). BSA (not shown) is added with the antibody and also binds via
its surface lysines, thus blocking the remainder of the microsphere surface. After antibodies
and BSA are bound, any residual NHSS esters are removed by adding hydroxylamine (f),
which reacts with the ester to form hydroxamic acid
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Fig. 7.
Pyranose 2-oxidase (P20) oxygen scavenging system, with comparison to glucose oxidase

(GO). Both flavoenzymes contain flavin adenine dinucleotide (FAD) prosthetic groups that
are reduced by glucose, thereby generating FADH, and removing two hydrogens from the
sugar. Whereas GO removes hydrogens from the C1 position (green), P20 acts on C2
(magenta), yielding o-glucono-6-lactone and 2-keto-o-glucose, respectively. Whereas 2-keto-
o-glucose is stable, in the presence of water, o-glucono-8-lactone hydrolyzes to gluconic
acid, thereby acidifying the reaction solution. The reduced enzymes (FADH, forms) are
oxidized by O,, regenerating the original enzymes and producing H,O,, which is converted
by catalase to H,O and O». In the net reaction, for each O, removed, two glucose molecules
are consumed, and for GO, two gluconic acid molecules are generated. Although p-o-
glucose, the substrate for GO, is shown, P20 has no anomeric preference and can also
catalyze the oxidation of a-o-glucose [43, 111]
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Tr?ermal equilibration of the optical tweezers laser pathway. When the optical trapping laser
is initially powered on, the trap center is typically offset from its previous stable position
(left-hand image; the cross to the upper left of the bead is the stable position to which the
bead moves after the optical elements in the pathway expand due to heating by the trapping
laser). The new position is typically very close (tens of nanometers) to the stable position
during the preceding use of the instrument (right-hand image). The graph shows a
representative example of microsphere movement over time as the optical pathway
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thermally equilibrates. The position traces were obtained by tracking the trapped
microsphere in images acquired every second for 60 min, using a simple centroid-finding
algorithm. The paths shown are followed fairly consistently each time the instrument is
powered on before experiments. The instrument requires approximately 45-60 min to fully
stabilize
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Fig. 9.
Important optical relationships for focusing a collimated beam. BFP, back focal plane; FFP,

front focal plane. Solid rays represent a beam perfectly aligned with and centered on the
optical axis. (a) Pure translation of the beam in the back aperture leads to tilting of the beam
as it focuses in the FFP, but does not change the position of the focus. This induces
asymmetry in intensity pattern of the retroreflected beam. (b) Pure tilting of the beam in the
BFP leads to translation of the focus in the FFP, essentially without affecting the beam angle
as it approaches the FFP. This shifts the position of the intensity pattern of the retroreflected
beam, with minimal effects on the intensity distribution
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Coarse alignment using the retroreflected trapping and detection beams. (a) Diagram of

retroreflected beam detection. The input beam (trapping or detection, solid rays in the
diagram) reflects off a dichroic mirror with high reflectivity at the laser wavelength and
passes through the microscope objective lens to be focused on the cover slip. When the
focused beam strikes the interface between the cover slip and the aqueous solution of the
sample chamber, a small proportion of the intensity is reflected back into the objective,
traveling a reverse path through the system (dashed rays). Despite the high reflectivity of the
dichroic mirror, a small fraction of this light is transmitted to the imaging optics to form an
intensity pattern on the CCD. The size and shape of the pattern depend on the distance &z
between the glass—solution interface and the focal plane of the objective (8z is negative
when the focal plane is below the interface). (b) Images of the retroreflected trapping beam
intensity pattern for various values of 6z (adjusted by moving the nanopositioning stage
holding the slide chamber), for well-aligned (top row) and poorly aligned (bottom row)
beams. The well-aligned beam passes directly through the center of the objective, parallel
with the longitudinal axis of the lens (optical axis), forming a symmetrical pattern at each
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stage position. The poorly aligned beam, which may be displaced, tilted, or both relative to
the well aligned beam, forms an asymmetrical pattern that changes (and may shift position
in the image) depending on 8z. Note that when 8z = 0 (near perfect focusing on the glass—
solution interface), both patterns look very similar, and it is only when the beams are
“defocused” that the differences become apparent. After proper alignment of the (c) trapping
beam and (d) detection beam, the two patterns appear much more symmetrical and are
concentric with each other (e, composite image: detection beam pseudocolored green, and
trapping beam magenta). Scale bars in (c—€) are 2.25 um
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Fig. 11.
Refinement of trapping beam alignment. (a) The trap holds the microsphere above the cover

slip with a distance Zg between the glass and the surface of the microsphere (left, not to
scale; Zg is measured as the axial stage position minus the height of the bottom surface of
the bead at its normal trapped position). As the nanopositioning stage moves the cover slip
upward, the magnitude of Zg progressively decreases. Once the cover slip moves high
enough, it displaces the bead axially from its equilibrium trapped position (right, at this
point, Zg is negative). (b) Following coarse adjustment using retroreflections, with Zg ~ 0.5
um, the microsphere is well centered, and the reflected laser light forms a fairly symmetrical
concentric pattern around it (left). With the bright-field illumination turned off and the CCD
gain increased, it is easier to view the reflected light (right). (c) After moving the stage
upward (Zg ~ —0.75 pm), the microsphere position deviates laterally (left) and the reflected
light pattern is asymmetrical and off-center (right), indicating a slight misalignment of the
laser beam. (d) After readjustment, the microsphere is centered (left) and the reflection
pattern is more symmetrical and centered. (e) Following multiple rounds of minor
adjustments, the microsphere remains well centered and the retroreflection symmetrical,
over a wide range of stage displacements
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Fig. 12.
Back focal plane detection of microsphere position. (a) Optical configuration for back focal

plane detection. The bright-field illumination (gray, exiting the field diaphragm (FD) from
above) and detection beam (yellow) propagate in opposite directions through the system.
After exiting the objective lens on the inverted microscope, the detection beam enters the
slide chamber fixed to the nanopositioning stage (NPS), interacts with the trapped
microsphere, and is collected by the condenser lens (CL), which is confocal with the
objective. The detection beam is then redirected toward the quadrant photodiode (QPD)
detector by a short-pass dichroic mirror (DM) that reflects the 830-nm detection beam, but
transmits the 470-nm bright-field illumination. The trapping beam, which follows the same
path, is blocked by an 830-nm band-pass filter (F). The relay lens (RL) is positioned such
that it images the aperture diaphragm/back focal plane (AD/BFP) of the condenser lens onto
the QPD (in this case, the lens is placed three focal lengths from the AD/BFP and 1.5 focal
lengths from the QPD, respectively, to achieve a magnification of %2). A support post (SP)
with vibration-dampening foam on top helps stabilize the QPD detection arm and eliminate
unwanted movements. (b) The nature of the interaction of the detection beam with the bead
depends somewhat on its size. Very small (<1 um) particles act as scattering point sources.
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In this case, the pattern in the back focal plane arises due to interference between the
unscattered portion of the detection beam (which essentially propagates without interacting
with the particle) and the light scattered by the particle (left, solid and dashed lines represent
optical wave fronts). Larger particles may significantly alter the path of the detection beam
via refraction of the light as it passes through the microsphere (right), causing the entire
pattern in the back focal plane to shift. (c) Examples of the patterns observed by replacing
the QPD with a CCD camera. The dark regions with sharp edges in each corner are images
of the aperture diaphragm (located at the back focal plane of the condenser and visible here
because it has been partially closed). The left and right columns correspond to 500- and 920-
nm-diameter beads, respectively. Approximate bead—trap separations for each set of images
are given on the right side. Note that the larger particle has a more pronounced effect on the
overall beam position. (d) The voltage signals from the four quadrants of the QPD (labeled
Va, Vg, Ve, and Vp, respectively) are used to calculate response signals in three dimensions
(normalized by the total voltage for the x and y directions). The response signals each have
similar shapes and are linear with displacement near the center of the detection beam (solid
black line, slope = 1/B). In this region, the QPD response Xynorm Can be directly converted to
displacement AX = By Xynorm (and identically for AY)
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Alignment of the trapping and detection beams by sweeping the trapping beam in a triangle-
wave pattern. (a) A trapped bead is swept transversely across the detection beam (along
either the x or y axis) by using the AOD to move the trap position in a triangle-wave pattern.
This modulates the normalized QPD position signals, Xynorm and Yynorm. The objective of
adjustment is to position the detection beam so that the response in each channel is
symmetrical about the origin. (b) After coarse alignment of the trap and detection beams, the
QPD position signal (red trace, Vporm) for each channel is very nearly zero. However, when
the trap position is modulated in a triangle-wave pattern (solid black line), it is clear that the
response is not symmetrical about the origin (but rather around another position, in this case
one slightly negative), indicating the detection beam and trapping beam do not overlap (step
1, the dashed lines through 0 Vporm and £0.4 Vorm can be used as landmarks to help guide
the eye). The center position of the sweep pattern is moved toward the origin using mirror
M1 (see Fig. 3), with the consequence that the symmetry of the response is lost (step 2).
Adjusting M2 restores the symmetry, while reversing some of the movement toward the
origin (step 3). However, the net result is that the response is symmetrical and that the center
of the pattern is closer to the origin. Performing steps 2 and 3 repeatedly yields the desired
response (step 4). This process is repeated iteratively for each channel, until both exhibit
symmetrical responses centered at the origin
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Identification and correction of erroneous QPD rotation. After aligning the instrument as
precisely as possible, when the trap sweeps a bead back and forth across the detection beam
in the in one axis (y in this example), the QPD signal (Xynorm) for the non-sweeping axis
exhibits substantial displacements if the QPD is rotated relative to the axes of the
microscope (left). This example is exaggerated for clarity, and in practice, the “crosstalk”
between channels is usually much subtler. Correcting the QPD rotation decreases excursion
in the non-sweeping axis, and when the axes are aligned (right), the signal for the non-
sweeping axis is virtually unaffected even by large displacements in the orthogonal
direction. For counterclockwise (as judged when looking toward the face of the QPD
detector) rotations relative to the microscope axes, y sweeping produces deflections of the
same sign in Xynorm and Yynorm (as shown in the figure), whereas x sweeping produces
deflections of the opposite sign in Xynorm and Yynorm- FOr clockwise rotations, the situation
is reversed
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Determination of bead—cover slip separation. (a) The stage is swept over a £1,200 nm range
in the axial (z) direction. First, a bead strongly stuck to the cover slip is carefully centered on
the detection beam so that the x and y QPD signals are zero. Sweeping the bead through the
trapping beam induces the characteristic response in the QPD sum signal (solid black line).
If the same experiment is performed with a trapped bead (green dots), essentially no
response is produced until the cover slip makes contact with the bead surface and pushes it
out of the trap (at which point it follows the same trajectory and induces the same QPD
signal as the stuck bead). Note that while the position (in nm) at which the contact point
occurs depends on the distance between the cover slip and bead, the QPD voltage at which
this happens depends on the position of the detection beam focus relative to the trapped bead
(i.e., the trapping beam focus). In this example, the focus of the detection beam is slightly
below the trapped bead, since the two curves overlap beyond the central voltage value for
the stuck bead. (b) To find the bead—cover slip separation during an experiment, the position
of the inflection point (where the sum signal for the trapped bead turns upward and follows
the path of the signal for the stuck bead) is determined by finding the intersection of a line
fit to the initial segment and a third-order polynomial fit to the peak, in this case 65 nm.
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Note that this value must be corrected to account for the focal shift (see Fig. 16), so that the
true initial separation was actually ~0.82 x 65 = 53 nm. The periodic modulation observed in
the sum signal as the cover slip comes very close to the bead is expected behavior and arises
because the surfaces of the bead and cover slip essentially form a miniature Fabry—Pérot
interferometer [62], as shown in the inset. Light backscattered/reflected from the bead (red
dashed rays) reflects off the cover slip and interferes with forward-propagating (unscattered/
forward-scattered) light (solid black rays) at the detector. The constructive/destructive
nature of the interaction depends on the bead—cover slip distance and oscillates with a spatial
frequency dependent on the wavelength of the detection beam
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Fig. 16.
The focal shift and its effects on bead—cover slip separation. (a) Ray diagram for a

collimated beam focused by an oil immersion microscope objective. Although the indices of
refraction are closely matched between the objective, immersion oil, and cover slip (ngjj ~
Nglass ~ 1.51), the refractive index of the sample buffer is significantly smaller (npygfer ~
Nwater = 1.33). This causes the rays to refract at the interface, bringing the actual focus
position (Zagp, measured relative to the cover slip surface) closer to the objective than the
nominal focus position (Zyrp) expected if the refractive indices were equal (dashed rays).
Zarp depends on the indices of refraction and on the distance the beam travels in each
medium (glass/oil vs. buffer), which is determined by the separation between the cover slip
and objective. A change AZ in this separation (due to movement of the objective or cover
slip) induces a corresponding change AZagp in the actual focus position, which is linear with
AZ over several micrometers. The proportionality constant relating AZagp to AZ is referred
to as the focal shift, FS (which is defined differently by some authors, as the difference
[Znep — Zapp])- Using high-NA oil-immersion objectives and aqueous buffer, a full
electromagnetic treatment of the problem gives FS ~ 0.75. (b) In optical tweezers, the figure
of interest is not the focal shift per se, but rather the effective focal shift (EFS), defined
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analogously, though in reference to the trapped bead position, h, rather than to the focus
itself. EFS ~ 0.82 is slightly greater than FS for aqueous solutions, but still significantly
different from unity. This must be accounted for when moving the objective or the
nanopositioning stage holding the cover slip in the axial direction. Moving the stage toward
the trapped bead by 100 nm decreases the separation not by 100 nm, but rather by ~82 nm.
Truly reducing the bead—cover slip separation by 100 nm requires moving the stage by ~122
nm instead
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Fig. 17.
QPD position calibration. The trap is used to step a bead across the detection beam

separately in each axis by a known distance, in this case 250 nm (the inset in the upper left
shows the sweep in the y axis). For the central region (approximately £100 nm), the
response is linear (the lower right inset shows this region for the y axis), but exhibits
curvature for larger displacements (see Fig. 13). At each step (every 5 nm in this example),
many samples of the QPD response signal are recorded and averaged (weaker traps require
more samples because the bead is less confined; in this example, with k ~ 0.06 pN/nm, 100
samples were averaged at each point). These values are then plotted against the position and
fit with a third-degree polynomial. The coefficients from this fit are then used to determine
the bead position from the QPD signal during experiments
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Fig. 18.
Mapping of bead diffusion and determination of the trap spring constant. (a) Y position trace

for a trapped bead over a period of 20 s (dashed lines are xstandard deviation, o = 7.6 nm).
The variance of the positions is 02 = 57.4 nm2, which for a value of kgT = 4.116 pN nm (T =
25 °C) yields ky = 0.072 pN/nm by the equipartition method. (b) For the same experiment as
in (a), plotting a two-dimensional histogram of bead positions provides a useful method for
determining the shape of the trapping potential (limited to the central region in which the
bead can diffuse) and identifying any irregularities or asymmetries. (c) The data from (a) are
plotted in a histogram (50 equally spaced bins of ~1.3 nm width) and fit with a Gaussian
function P (Y), also yielding o = 7.6 nm (agreement between o calculated “blind” and by
fitting shows that the data are Gaussian distributed and do not require fitting to determine o).
(d) Given the (non-normalized) probability distribution in (c), it is possible to calculate the
potential U (Y), which, assuming a harmonic potential, can be fit by the parabola %2k Y2 +b,
where b is a constant. This procedure yields ky, = 0.071 pN/nm, in good agreement with the
equipartition method. The good fit of the parabola to the calculated potential shows that the
trap potential is indeed harmonic (like a Hookean spring) near the center
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Fig. 19.
Power spectrum analysis for optical trap calibration. For (a — c) the separation Zg between

the bead and cover slip is ~70 nm, and the sample rate for the data is 65,536 Hz (216 Hz). (a)
Log-log plot of the x and y power spectral densities for a trapped bead, with Lorentzian fit
to the frequencies above 100 Hz (x, dashed line; y, solid line; note that the x power spectrum
and dashed-line fit are only partially visible because they almost exactly overlap the y
spectrum). The inset shows the entire spectrum, which exhibits non-Lorentzian character at
very low frequencies (this is attributable to slow, long-term drift and is minimized by
enclosing the optical pathway and otherwise stabilizing the instrument). The parameters
extracted from the fit (for x and y, respectively) are corner frequencies (f;) 683 and 685 Hz
and effective drag coefficients 2.23 X yyater aNd 2.22 X yyater, Yielding spring constants ky =
ky = 0.074 pN/nm (compared to ky = 0.074 pN/nm and ky = 0.072 pN/nm calculated by the
equipartition method). (b) Power spectrum analysis for forced oscillations (sinusoidal
nanopositioning stage movement at fy,ive = 32 Hz) of the same bead as in (a). In this
example, the stage oscillates in the y direction with 98 nm measured amplitude (see Note
75), giving rise to a sharp peak at fgrive ONnly in the y channel (note that the spatial units here
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are V2,orm rather than nm2). The amplitude of this peak is used to calculate B (the Vorm-to-
nm conversion factor for the linear region of the QPD response signal). A Lorentzian fit
(black line) to the block-averaged y data above 100 Hz (white trace) yields f = 696 Hz, By =
474 nm/NVnom, Yy = 2.22 X Yyater, and Ky = 0.073 pN/nm, in very good agreement with the
standard power spectrum analysis in (a) and with the AOD-based QPD calibration (B, = 478
nM/Vnorm; NOt shown). The x and y power spectra apparently overlap somewhat less than in
(a); however, this is attributable to the small difference in 3 between the two channels (By =
434 nm/V o), rather than a difference in physical motion. (c) For frequencies much greater
than f;, the product of frequency squared times the power spectral density approaches a
constant value C, such that v = kgT/[C (r B)2]. Thus, if v is known, C can be used to find p
and vice versa. Given 3 from the AOD-based calibration of the QPD response, we use this
phenomenon to generate an initial guess for vy in our Lorentzian fits of the power spectra in
(a) and (b). The data shown here (from the same underlying position data as the power
spectrum in (a)) give Cy = 0.122 V2o Hz and Cy = 0.102 V24 Hz, yielding vy = 2.31 x
Ywater @Nd vy = 2.22 X yyater, in relatively good agreement with the values used in the final
fit. (d) The drag y experienced by a sphere in close proximity to a surface is significantly
larger than that experienced in bulk solution, yg, and is approximated by Faxen’s law. The
ratio y/yq is plotted for different bead diameters as a function of the bead-surface—cover slip
surface separation, Zg
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Fig. 20.
Viscous drag determination of trap stiffness and mapping of trap potential. (a) With a bead

in the trap, the stage is moved in the y direction at a constant velocity, Vstage. This pulls the
solution in the chamber past the bead, thus inducing a viscous drag force yVstage that pulls
the bead away from the trap center and is balanced by the restoring force of the trap, kyAy.
(b) Example data, showing bead displacements during constant-velocity stage movement,
interspersed with periods of pausing. For this experiment, the 920-nm-diameter bead was
approximately 500 nm above the cover slip, the stage velocity was 0.3 mm/s, and ky was
measured to be 0.076 pN/nm via equipartition and power spectrum, with y /& 1.5 y\yater- The
predicted Ay for these parameters is ~46 nm, in very good agreement with the 43 nm
measured (red dashed lines; see (c)). (c) Measurement of Ay. The positions from the data in
(b) are plotted in a histogram (100 equally spaced bins), with a major peak at 0 nm due to
the pauses between movement. The inset shows fits to the two side peaks, with data from
+20 nm discarded, yielding means of £43 nm. (d) Repeating these processes at many
different velocities allows the mapping of the trapping potential in regions far from the
center, in order to test the validity of trap linearity in these regions, and provides a more
robust estimation for ky, as determined from the slope of a line fit to the data. During the
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course of the experiment, k, was measured to be ~0.070 pN/nm on average (via equipartition
and power spectrum), with y & 1.5 yyater- The fit is consistent with a linear force—
displacement relationship for displacements of at least 150 nm, and the calculated slope of
1.7 x 107* s yields ky = 0.068 pN/nm, in reasonably good agreement with the standard
methods
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Fig. 21.
Linear dependence of lateral trap stiffness (spring constant) on the trapping laser power

demonstrated for the x dimension. Laser power was measured at the entrance pupil of the
objective lens, using a weakly focusing lens to ensure complete collection of the entire
beam. Each measurement of the spring constant was obtained as an average between the
equipartition and power spectrum analyses. Each point represents the mean of five different
measurements taken over several minutes (error bars are + standard deviation), and the line
is a least-squares fit (weighted by the inverse variance of each point) through the origin;
slope = (1.90 + 0.02) x 103 pN nm~2 mw~1. Identical analysis for the y dimension (not
shown) essentially overlaps with the data here, with the fit yielding an identical slope
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Fig. 22.
K560 motility and force generation in the optical tweezers. The force/motion trace shows

repeated force generation events in the trap in the y direction (ky = 0.07 pN/nm). The motor
repeatedly stalls at ~6 pN backward load. As it approaches stalling, the velocity slows
considerably, and ~8-nm steps are clearly resolvable. Occasionally, the motor detaches from
the MT before stalling (asterisk). Although the bead displacement is almost entirely
monotonically increasing, the motor occasionally takes backward steps when it stalls
(double asterisk)
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