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Abstract

Our understanding of molecular motor function has been greatly improved by the development of 

imaging modalities, which enable real-time observation of their motion at the single-molecule 

level. Here, we describe the use of a new method, interferometric scattering microscopy, for the 

investigation of motor protein dynamics by attaching and tracking the motion of metallic 

nanoparticle labels as small as 20 nm diameter. Using myosin-5, kinesin-1, and dynein as 

examples, we describe the basic assays, labeling strategies, and principles of data analysis. Our 

approach is relevant not only for motor protein dynamics but also provides a general tool for 

single-particle tracking with high spatiotemporal precision, which overcomes the limitations of 

single-molecule fluorescence methods.

1. INTRODUCTION

Single-particle tracking (SPT) is a powerful tool for studying micro-and nanoscopic motions 

of cells, organelles, and molecules. Since the advent of video microscopy, there has been a 

continuous improvement in sensitivity, speed, precision, and spatial resolution, leading to 

our current ability to track single molecules on millisecond timescales and with nanometer 

precision. Early video microscopes used optical density, phase, or interference to provide 

contrast for visualizing large cargoes and natural tracks for motor proteins, such as 

mitochondria, and microtubules (MTs) (Allen, Metuzals, Tasaki, Brady, & Gilbert, 1982; 

Horio & Hotani, 1986; Howard, Hudspeth, & Vale, 1989; Vale et al., 1985). To detect 

motions of individual proteins, polymer microspheres (beads) were attached to individual 

motor molecules and imaged (Schnapp, Gelles, & Sheetz, 1988) or stabilized within an 
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infrared optical trap (Rief et al., 2000; Svoboda, Schmidt, Schnapp, & Block, 1993). The 

average step size of kinesin-1, for instance, was determined to be 8 nm, matching the 

spacing of tubulin dimers along the MT axis (Svoboda et al., 1993). Optical trap experiments 

found that myosin-5a, which walks along actin filaments, exhibits ~36 nm steps (Mehta et 

al., 1999), the largest step size in the myosin superfamily.

In contrast to attaching beads, labeling single-protein molecules with fluorescent probes 

renders them clearly visible by fluorescence microscopy (Funatsu, Harada, Tokunaga, Saito, 

& Yanagida, 1995; Sakamoto, Amitani, Yokota, & Ando, 2000). The traditional spatial 

resolution limits in optical microscopy (including fluorescence) are related to diffraction of 

light, which results in the smallest objects producing an image whose size is equal to 

approximately half the wavelength of the light. This distance is much greater than the step 

size of molecular motors, such as the 8 nm steps of kinesin and the 5–40 nm steps, or power 

strokes, of myosin motors. Several investigators realized that when only one fluorescent 

object is present in the emitting volume, the center of the ~250 nm wide image of the single 

molecule, termed the point spread function, could be localized with very high precision 

(Thompson, Larson, & Webb, 2002; Yildiz et al., 2003). High-resolution tracking of 

myosin-5a and kinesin-1 (Forkey, Quinlan, Shaw, Corrie, & Goldman, 2003; Snyder, 

Sakamoto, Hammer, Sellers, & Selvin, 2004; Warshaw et al., 2005; Yildiz, Tomishige, Vale, 

& Selvin, 2004) found that these motors move in a “hand-over-hand” fashion, while recent 

studies on dynein showed comparatively erratic stepping behavior, demonstrating both 

“hand-over-hand” and “inchworm” mechanisms (DeWitt, Chang, Combs, & Yildiz, 2012; 

Qiu et al., 2012; Reck-Peterson et al., 2006).

As is apparent from the development of differential interference contrast and then 

fluorescence microscopy for SPT, continuous improvements to temporal and spatial 

resolution have led to deeper insights into the mechanisms of molecular machines 

responsible for cellular motion; many problems, however, remain unresolved. Outstanding 

questions in our understanding of molecular motor function include the details of myosin 

dynamics, while each step is being produced, how the two heads of kinesin coordinate their 

chemomechanical cycles to achieve processive stepping, and the determinants of dynein’s 

irregular stepping pattern. Here, we present detailed protocols for tracking different 

molecular motors by interferometric scattering microscopy (iSCAT), which enables orders 

of magnitude improved spatiotemporal resolution compared to single-molecule fluorescence 

and, thereby, provides a route to addressing questions such as those outlined earlier.

2. INTERFEROMETRIC SCATTERING MICROSCOPY

An iSCAT image results from the interference between a reference light, commonly 

provided by a weak reflection at the sample surface, and light scattered by an object in the 

medium. A typical iSCAT setup is based on an inverted microscope (Fig. 1A), where the 

sample is illuminated by a coherent light source passing through a beamsplitter, which 

enables any photons scattered or reflected by the sample (Fig. 1B) to be separated from the 

incident light beam and subsequently imaged onto a digital camera. As a result, the 

experimental setup is almost identical to those used for the various implementations of 

interference reflection microscopy (Curtis, 1964; Filler & Peuker, 2000), with the important 
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distinction that a coherent light source is used, which enhances the interferometric contrast 

(Dulin, Barland, Hachair, & Pedaci, 2014).

The most critical aspect to iSCAT performance is the precise measurement and removal of 

any static imaging background, as it determines imaging sensitivity and precision. When 

controlled appropriately, iSCAT has been shown to detect and image single, unlabeled 

proteins (Ortega Arroyo et al., 2014; Piliarik & Sandoghdar, 2014) and to track 20 nm gold 

labels at up to 500 kHz frame rates with nm precision (Andrecka et al., 2015; Lin, Chang, & 

Hsieh, 2014; Mickolajczyk et al., 2015). Interferometric detection leads to a lesser drop in 

scattering contrast with decreasing particle size compared to dark-field microscopy, 

simplifying the detection of very weak scatterers. In comparison to fluorescence, iSCAT 

suffers from much poorer background rejection ability, but in exchange can completely 

remove the need for any fluorescent labeling, including labeling of actin filaments and 

microtubules, which themselves generate clear iSCAT signals (Andrecka, Arroyo, Lewis, 

Cross, & Kukura, 2016; Ortega Arroyo et al., 2014). As a result, the relevant single-

molecule assays are in many instances easier to implement as they require fewer labeling 

steps. Most importantly, however, iSCAT provides access to experimental approaches and 

timescales that are inaccessible to single-molecule fluorescence-based studies, either due to 

the underlying photophysics or due to the difficulty associated with removing fluorescence 

background (Arroyo & Kukura, 2016; Ortega-Arroyo & Kukura, 2012).

3. METHODS AND PROTOCOLS

3.1 Flow Cell Preparation

In all experiments described later we used the same type of flow cell, which is common in 

studies of molecular motors with a variety of methods. Briefly, we clean a 50 × 25-mm, 

#1.5, coverslip (VWR) by washing with ultrapure water (MilliQ) followed by ethanol and 

again MilliQ water. After drying, passing the coverslip through a blue flame removes dust 

and moisture. Proper washing is important to remove any dirt adhered to the coverslip 

surface, which generates iSCAT signal. Importantly, however, iSCAT detection does not 

require special substrates, such as quartz glass, and the cleaning procedure is straightforward 

compared to single-molecule fluorescence measurements, where special care must be taken 

to minimize any residual fluorescence background. The final flow channel consists of the 

cleaned microscope slide and a 25 × 25-mm coverslip connected by double-sided sticky 

tape. The volume of the chamber is on the order of ~15–20 µL.

3.2 Preparation and Immobilization of Cytoskeletal Filaments

One of the strengths of iSCAT in the context of molecular motor studies is its ability to 

visualize cytoskeletal filaments such as actin or microtubules without the need for any 

labels. When illuminated with blue light (<500 nm), an actin filament generates ~1% iSCAT 

contrast, while a single microtubule produces ~8% contrast, comparable with a 20-nm gold 

nanoparticle (Andrecka et al., 2016; Ortega Arroyo et al., 2014). Complete immobilization 

of actin and microtubules on the glass surface is paramount to success when running single-

molecule motor assays with high spatiotemporal precision. Poorly immobilized filaments 

will introduce additional fluctuations, which can reduce the ability to detect steps. In this 
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section we describe how actin filaments and microtubules are obtained and attached to the 

glass surface.

3.2.1 Actin

Required materials

• Globular (G) actin can be prepared as described (Pardee & Spudich, 1982) 

or purchased from Cytoskeleton

• Polymerization buffer: 10 mM imidazole pH 7.3, 50 mM KCl, 1 mM 
MgCl2, 2mM DTT, 3 mM ATP, 1 mM EGTA

• Motility buffer (MB): 20 mM MOPS pH 7.3, 5 mM MgCl2, 0.1 mM 
EGTA

• Phosphate-buffered saline (PBS buffer) pH 7.4

• Bovine serum albumin (BSA)

• Poly(ethylene glycol)–poly-L-lysine branch copolymer (PEG–PLL) from 

Surface Solutions SuSoS, Switzerland

To polymerize and immobilize actin

1. Prepare 20 µM filamentous (F) actin in polymerization buffer and incubate 

on ice for 2 h.

2. Rinse the chamber (prepared as described in Section 3.1) with 1 mg/mL 

solution of PEG–PLL dissolved in PBS and incubate for 30 min.

3. Wash the chamber with MB before adding actin solution.

4. Dilute actin 20–50 times in MB, load into the chamber, and incubate for 

2–5 min. Inspect the chamber under the iSCAT microscope and add more 

actin if necessary.

5. Wash the cell with MB and then block with BSA (2 mg/mL in MB) for 5 

min.

NOTE: This procedure includes a minor modification of an established method 

(Dunn&Spudich, 2011). The polymer (PEG–PLL) is usually used to passivate the surface. In 

this protocol, however, PEG–PLL provides weak interactions with glass that immobilize 

actin. Additional blocking with BSA is required to avoid nonspecific binding of myosin and 

gold to the surface. Alternative methods, such as actin binding to nitrocellulose, are not 

recommended due to high iSCAT background of the nitrocellulose. Using biotinylated actin- 

and neutravidin-coated surfaces fails when gold nanoparticles are attached to myosin using 

the same moiety.

TIP: If actin binding is insufficiently strong, plasma cleaning the cover glass before 

assembling the flow cells improves the attachment.

Andrecka et al. Page 4

Methods Enzymol. Author manuscript; available in PMC 2016 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2.2 Microtubules

Required materials

• Free tubulin can be extracted from bovine or porcine brain as previously 

described (Ozeki et al., 2009) purchased directly from commercial sources 

(Cytoskeleton), or expressed in yeast cells (Johnson, Ayaz, Huddleston, & 

Rice, 2011)

• Full-length Drosophila KHC R210A rigor mutant (see later)

• BRB80 buffer: 80 mM PIPES pH to 6.8 with KOH, 1 mM EGTA, 1 mM 
MgCl2

• Casein (Sigma Aldrich, Cat. No. C7078)

• Taxol (Sigma Aldrich, Cat. No. T1912) dissolved in DMSO

To polymerize microtubules: 

1. Prepare a solution of 1.6 mg/mL free tubulin, 4 mM MgCl2, 1mM GTP, 

and 1:25 DMSO in BRB80 buffer, and incubate at 37°C for 30 min.

2. Stabilize by adding taxol to 10 µM.

3. Dilute to working concentration (~1:80) in BRB80 plus 10 µM taxol and 

0.5 mg/mL casein.

Recent work has shown that a rigor form of kinesin-1 (full-length Drosophila KHCR210A) 

is highly effective in microtubule immobilization (Mickolajczyk et al., 2015). The tail 

domain of full-length kinesin binds strongly to casein-treated surfaces, while the head 

domains bind tightly to microtubules. Rigor kinesin binds microtubules more tightly than 

tubulin antibodies, improving microtubule immobilization. Cross-linking microtubules with 

glutaraldehyde is another effective method for immobilizing microtubules, but it greatly 

reduces the number of kinesin landing events likely due to damage to the microtubules 

(Turner, Chang, Fang, Cuomo, & Murphy, 1996).

To immobilize microtubules

1. Create a flow cell as described in Section 3.1.

2. Prepare casein solution (final 0.5 mg/mL in BRB80) and flow into the 

flow cell. Let sit for 5–10 min.

3. Dilute rigor mutant to 200 nM in casein solution plus 1 µM ATP, and add 

to the flow cell, washing out the previous solution. Incubate for 5 min to 

adsorb motors to the surface.

4. Wash any unbound rigor mutant out of the flow cell using casein solution.

5. Load diluted microtubules (see earlier) into the flow cell. Incubate for 5 

min.

6. Wash excess microtubules out of the flow well using casein solution and 

observe microtubules under the iSCAT microscope.
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NOTE: The rigor mutant requires at least 1 µMATP with equimolar MgCl2 at all times for 

proper function.

TIP: If there are multiple overlapping microtubules or clumps, then a further microtubule 

dilution is necessary. If microtubules appear to wobble, a higher concentration or a new 

preparation of rigor kinesin may be necessary.

3.3 Labeling Motor Proteins With Gold Nanoparticles

Attachment of nanoparticle labels to kinesin, myosin, and dynein motors has to date been 

achieved via biotin–streptavidin chemistry (Andrecka et al., 2015; Dunn & Spudich, 2007; 

Isojima, Iino, Niitani, Noji, & Tomishige, 2016; Mickolajczyk et al., 2015; Schneider, 

Glaser, Berndt, & Diez, 2013; Schneider, Korten, Walter, & Diez, 2015). One method of 

introducing biotin into kinesin is to create a cysteine-lite mutant, in which solvent-exposed 

cysteines are mutated out of the motor domain and a single cysteine is kept to take advantage 

of sulfhydryl chemistry for attaching a maleimide-functionalized label. This method has the 

advantage of direct, covalent attachment of the biotin and a minimal linker size, but has the 

disadvantage that cysteine-lite kinesin mutants exhibit markedly different mechanochemistry 

from wild type (Andreasson et al., 2015). For myosin-5a, a native or engineered cysteine 

residue in purified calmodulin can be labeled with a dye or gold nanoparticle and then 

exchanged for endogenous calmodulin in the myosin-5a (Dunn&Spudich, 2007; Sakamoto 

et al., 2000). However, in this method, it is difficult to control which of the six possible 

calmodulins is labeled. Since many existing constructs of kinesin and myosin possess an N- 

or C-terminal GFP moiety, another option is to use biotinylated anti-bodies against GFP 

(Andrecka et al., 2015; Schneider et al., 2013).

An alternative way of attaching a gold nanoparticle, which was used for the kinesin and 

myosin work here, is to fuse an Avi-Tag (GLNDIFEAQKIEWHE) to the motor and to 

biotinylate the protein with the biotin ligase BirA (Avidity) (Schatz, 1993). The constructs 

used to efficiently attach gold nanoparticles are described later.

3.3.1 Myosin—Mouse myosin-5a HMM was expressed in the presence of calmodulin and 

purified as described (Wang et al., 2000). The N-terminus was modified by the addition of a 

nucleotide sequence encoding an Avi-Tag peptide (Andrecka et al., 2015). Myosin was 

biotinylated at 4°C, overnight and dialyzed against 10 mM MOPS pH 7.3 buffer containing 

0.1 mM EGTA, 1 mM DTT, and 100 mM KCl to remove excess of biotin. Before labeling, 

the myosin sample was diluted in MB containing 40 mM KCl, 5 mM DTT, 0.1 mg/mL BSA, 

and 5 µM calmodulin. Gold nanoparticles conjugated with streptavidin were purchased from 

BBI (UK) and directly mixed with biotinylated myosin-5a in a 4:1, gold particle to myosin 

molecule ratio, consistent with one or zero myosin molecules per gold particle and only one 

motor domain labeled per myosin dimer. The mixture was incubated on ice for at least 15 

min (sample volume 50 µL, final concentration of myosin 300 pM). The myosin–gold 

conjugate sample was then diluted in the MB: 20 mM MOPS pH 7.3, 5 mM MgCl2, 0.1 mM 
EGTA supplemented with 20 mM KCl, 5 mM DTT, 0.1 mg/mL BSA, 1–1000 µM ATP and 

loaded into the flow cell prepared as described earlier.

Andrecka et al. Page 6

Methods Enzymol. Author manuscript; available in PMC 2016 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3.2 Kinesin—Kinesin-1 (Drosophila KHC truncated at 560) was prepared with an N-

terminal Avi-Tag and coexpressed with BirA in BL21(DE3) bacteria, which resulted in in 

vivo biotinylation of the motor (Mickolajczyk et al., 2015). Motors were purified by affinity 

chromatography using a C-terminal His-tag. The biotinylation percentage was kept low by 

waiting until 6 h after induction by isopropyl β-D-1-thiogalactopyranoside before adding 

biotin to avoid doubly biotinylating the homodimer motor. The extent of biotinylation was 

quantified using the colorimetric HABA assay (ThermoFisher, Cat No. 28005). Motors were 

diluted in imaging solution (0.5 mg/mL casein, 10 µM taxol, 20 mM glucose, 20 µg/mL 

glucose oxidase, 8 µg/mL catalase, 0.2 mg/mL BSA, 1:200 β-mercaptoethanol, 2 mM ATP-

MgCl2 in BRB80) and mixed with streptavidin-coated 30 nm gold nanoparticles 

(Mickolajczyk et al., 2015).

NOTE: In order to ensure the presence of only one biotinylated motor per bead, a titration 

experiment was performed where the number of landing events per linear micron of 

microtubule is measured as a function of molar ratio of motors to nanoparticles (NPs). The 

assumption is that one motor is sufficient for a particle to bind to a microtubule and more 

motors on a bead do not increase the probability of binding. By Poisson statistics, this plot 

will be linear if there is truly one motor per NP (Block, Goldstein, & Schnapp, 1990), and 

will plateau when there are multiple motors per bead. Thus, any motor:gold ratio from the 

linear regime is acceptable for single-molecule assays. In our experiment we used the single-

molecule landing rate which showed a linear relationship up to 6:1 motor-to-gold ratio, 

justifying the use of these molar ratios with the expectation of only one motor per 

nanoparticle. Kinesin concentrations are often obtained through absorbance at 280 nm; 

however, only a subset of total protein is active kinesin, and only a further subset is active 

and biotinylated, meaning that there is actually a superstoichiometric amount of gold in the 

linear regime. Each new batch of kinesin will have a different linear regime for the number 

of landing events per micron of microtubule.

3.3.3 Dynein—Tail-truncated (331 kDa) dynein mini-dimer (GST dimerized) from 

Saccharomyces cerevisiae (Reck-Peterson et al., 2006) was biotinylated in vivo at AAA5 

and AAA6 by inserting biotinylation sites at A3666 and P4032 in the dynein ring (Kulman, 

Satake, & Harris, 2007). Dynein was diluted in dynein lysis buffer (30 mM HEPES pH 7.4, 

2 mM Mg acetate, 1 mM EGTA, 10% glycerol, 1.25 mg/mL casein, 1 mM DTT, 20 µM 
taxol) and mixed with streptavidin-coated 30 nm gold nanoparticles in a 1:5, gold particle to 

dynein molecule ratio. The mixture was incubated on ice for at least 15 min. The dynein–

gold conjugate sample was then diluted in the lysis buffer supplemented with oxygen 

scavenger system (300 µg/mL glucose oxidase (Sigma), 120 µg/mL catalase (Sigma), 0.4%, 

w/v glucose) and loaded into the flow cell.

3.4 Data Acquisition and Analysis

3.4.1 Image Operations: Flat-Fielding and Background Subtraction—The raw 

images from an iSCAT microscope contain static features resulting from nonuniform 

illumination, nonuniform pixel response, fixed-pattern noise, spurious back reflections, 

unwanted interference between back reflections, and imperfections of optical elements. 

These features are time invariant, do not change with lateral sample displacements, and can 
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therefore be removed. We call the process of isolating and subsequently removing these 

signatures “flat-fielding” (Arroyo, Cole, & Kukura, 2016). First, the sample is translated 

laterally while recording a stack of 100 images. Second, a median image is generated by 

computing the median for each pixel across the stack of acquired images. Any subsequently 

recorded images are divided by this median image to account for illumination 

inhomogeneities.

TIP: The focus position of the sample must remain constant during acquisition of the flat-

field stack of images, as some background signatures are focus dependent. In addition, the 

sample must be translated sufficiently quickly so that constant sample features are not 

imprinted onto the median image.

NOTE: Flat-fielding can only correct for truly static background features as the median 

image is acquired over several seconds.

Despite the “flat-fielding” process, intrinsic sample features still contribute to the scattering 

background that limits the achievable signal-to-noise ratio (SNR). In the case of motor 

proteins, such background originates from actin filaments or microtubules, along with any 

inactive motors and other surface-bound objects. This scattering background can overwhelm 

the signal of interest, especially for microtubules, which produce ~8% iSCAT signal, 

comparable to 20 nm gold nanoparticles (Fig. 3). If the scattering background remains 

constant, however, it can be removed by background subtraction, as follows: from a recorded 

stack of images, a single median image is generated by averaging the entire stack (Figs. 2 

and 3, insets). This median image contains only static features intrinsic to the sample 

(background). Subtracting this median image from each image in the acquired stack yields 

an image stack dominated by shot noise and the signal of the gold-labeled translocating 

motor.

NOTE: If a motor protein tends to pause or stops altogether, the median filter approach will 

fail unless static images are removed during the median image processing. The background 

image should only contain immobile filaments, therefore, it is necessary to select a substack 

of images before a particle binds to a filament or after it detaches. In this case a median (or 

average) image can be calculated and subtracted from the remaining stack to reveal a 

moving particle.

3.4.2 Fitting Diffraction-Limited Spots—From the processed images, diffraction-

limited spots can be identified by a sequence of pattern recognition operations that output 

the location of a candidate feature to the nearest integer pixel value. First, each image is 

filtered using a Gaussian kernel with a size defined by the full width at half maximum of the 

diffraction-limited spots (~200 nm). This Gaussian blurring step artificially enhances the 

SNR of such features by smoothing out high-frequency noise caused by shot statistics. Next, 

a nonmaximum suppression algorithm identifies the local extrema within the optical 

resolution of the imaging system (Neubeck & Van Gool, 2006). In practice, selecting only 

pixel values exceeding twice the standard deviation of the entire image in the absence of 

outliers removes local maxima attributed to noise. Finally, candidate particles are segmented 

into regions of interest corresponding to approximately 1 µm2.
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Subpixel localization information can be obtained from the candidate features, present in 

each segmented region of interest, by a nonlinear least square fit to an elliptical 2D Gaussian 

with a constant offset expressed by the following functional form:

where C represents the iSCAT contrast, xo and yo the center of mass location along each 

axis, sx and sy are proportional to the width of the Gaussian along each axis, and B a 

constant baseline. The nonlinear least square fit is performed by the iterative Levenberg–

Marquardt algorithm, which requires an adequate initial guess for each of the adjustable 

parameters. This can be determined by a faster localization algorithm developed by 

Parthasarathy, termed radial symmetry centers (Neubeck & Van Gool, 2006). The advantage 

of this approach over iterative ones is that it is model free and requires a single iteration, 

which leads to an improvement in the execution time by two orders of magnitude, all while 

achieving similar performance to model-based techniques.

NOTE: The above fitting routine represents only one possible tracking algorithm. We also 

used open-source Fluorescent Image Evaluation Software for Tracking (FIESTA) to track 

gold-labeled kinesin (Ruhnow, Zwicker, & Diez, 2011).

3.4.3 Step-Finding Algorithms—Traditional step-finding algorithms analyze time vs 

distance traces in order to find time points where instantaneous and significant distance 

changes (steps) occur. In order to turn XY trajectories into time–distance traces that are 

amenable to step-finding analysis, the trajectory can simply be rotated such that the standard 

deviation in a given direction is minimized (Mickolajczyk et al., 2015). This rotation 

changes the coordinate system from XY axes to filament longitudinal and lateral axes and 

allows for more direct interpretation of how a motor is moving along the known structure of 

the filament.

Step-finding algorithms can broadly be split into two classes, model free and model 

dependent. Model-free algorithms make no assumptions about the data and simply perform 

significance testing to determine points where statistically significant changes in the data 

occur (Chen, Deffenbaugh, Anderson, & Hancock, 2014; Deffenbaugh, Chen, Anderson, & 

Hancock, 2015; Kalafut & Visscher, 2008). This class of algorithms is preferable when the 

goal of the study is to directly measure the size or number of steps present within a trace. A 

drawback of model-free algorithms is that they can suggest the existence of nonexisting step 

data if the significance level is set too low, and can miss steps if the significance level is set 

too high. The model-free detector algorithm, developed for counting the number of steps in 

GFP photobleaching data (Chen et al., 2014), has been applied with success to molecular 

motor data (Mickolajczyk et al., 2015). Model-dependent algorithms incorporate known 

information (a model) into the decision-making process for step finding (Kerssemakers et 

al., 2006; Milescu, Yildiz, Selvin, & Sachs, 2006a, 2006b; Mullner, Syed, Selvin, & 

Sigworth, 2010; Syed, Mullner, Selvin, & Sigworth, 2010). Example models might be the 

known lattice spacing of the filament or the known number of steps in a trace. Model-
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dependent algorithms are less-prone to over-fitting and are often the better choice when the 

goal of the study is to measure steps duration rather than step sizes. However, it is critical to 

justify the use of a model-dependent algorithm with prior experiments.

4. APPLICATIONS

4.1 Revealing the Motion of the Detached Head of Myosin-5a

For the movement ofmyosin-5a along actin, a body of biophysical work has led to a hand-

over-hand stepping model in which the two heads alternate in leading, an average 

displacement of the striding head is 74 nm, and the detached head reaches the next binding 

site after Brownian rotation around a free joint at the head–head junction (Beausang, 

Shroder, Nelson, & Goldman, 2013; Dunn & Spudich, 2007; Forkey et al., 2003; Sakamoto, 

Webb, Forgacs, White, & Sellers, 2008; Veigel, Wang, Bartoo, Sellers, & Molloy, 2002; 

Warshaw et al., 2005; Yildiz et al., 2003). The last decade of research has been focused on 

understanding how unidirectional movement is achieved in the presence of random motion 

of the detached head (Karagiannis, Ishii, & Yanagida, 2014; Sellers & Veigel, 2006; Vale, 

2003). Despite the variety of techniques with which myosin’s motion has been 

characterized, it has remained beyond reach to directly visualize individual head stepping in 

real time.

In order to resolve the detached head movement a 20-nm gold label was attached to the N-

terminus of the myosin-5a head and we tracked its motion in an iSCAT microscope. 

According to the Brownian search model, we expected do detect periods of increased 

positional fluctuations of the labeled head between the 74 nm steps, which were previously 

interpreted as a signature of Brownian search (Dunn & Spudich, 2007). Surprisingly, instead 

of random motion of the bead between the two binding sites, we revealed a transient state 

with a center of mass just over half way between the two binding sites and offset by 40 nm 

perpendicular to the actin filament (Fig. 4A and B). The myosin head repeatedly moved 

back and forth between the transient state and the next actin-binding site (Andrecka et al., 

2015). An important implication of our data is that the appearance of the transient state 

seems inconsistent with a purely rotational diffusion type of search. The position of the 

transient state, together with signatures of constrained diffusion, suggests that myosin side-

steps along actin in a combined twisting and leaning motion, much more like a drawing 

compass rather than a freely jointed swivel (Fig. 4C).

4.2 Microtubule Motors

4.2.1 The Kinesin-1 Mechanochemical Cycle—The kinesin superfamily includes 45 

genes in humans and is responsible for a huge diversity of tasks in the cell, including vesicle 

transport, microtubule dynamics control, and mitotic spindle organization (Hirokawa & 

Takemura, 2004). We recently applied iSCAT to solve long-standing questions regarding 

kinesin mechanochemistry by directly visualizing the dynamics of each step of the canonical 

kinesin-1 motor (Mickolajczyk et al., 2015). Attaching 30 nm gold nanoparticle to a single-

motor domain of processive kinesin-1 dimers (Fig. 5A) enabled us to follow the motion of 

the motor over time. By identifying and quantifying the amount of time that kinesin-1 spent 

with one head bound vs two heads bound at various ATP concentrations, we determined the 
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order and rates of mechanochemical transitions (Fig. 5B). We found the ATP-waiting state to 

be most similar to a two-heads-bound state, and the one-head-bound state duration was 

found to be ATP independent with a lifetime of about 8 ms. By using the slowly 

hydrolyzable ATP analog ATPγS, we further determined that hydrolysis precedes exit from 

the one-head-bound state, consistent with recent optical trapping studies (Milic, Andreasson, 

Hancock, & Block, 2014).

4.2.2 Dynein—We also applied iSCAT tracking to the microtubule motor, cytoplasmic 

dynein from S. cerevisiae, brewer’s yeast. In contrast to kinesin-1, dynein walks toward the 

minus end of microtubules (Paschal & Vallee, 1987) and has an irregular stepping pattern, 

taking both forward and backward steps of variable size as well as moving laterally, 

switching between different protofilaments that make up the microtubule wall (Reck-

Peterson et al., 2006). Dynein has been shown to use both a hand-over-hand stepping 

mechanism, where the leading head alternates with each step, and an inchworm-like 

mechanism where either the front or rear head steps without passing the other head (DeWitt 

et al., 2012; Qiu et al., 2012). iSCAT provides the opportunity to characterize in detail this 

unusual and highly variable stepping mechanism and the events that take place during each 

step.

Previous single-molecule fluorescence tracking studies of dynein with TIRF microscopy 

used low ATP concentrations (between 4 and 12 µM) to slow the stepping rate sufficiently to 

enable detection of individual steps (DeWitt et al., 2012; Qiu et al., 2012; Reck-Peterson et 

al., 2006). The high spatial and temporal resolution of iSCAT enabled us to track dynein at 

near saturating ATP concentrations (100 µM), which results in a mean velocity of 36.7 

± 20.4 nm/s.

As described in the protocol, we labeled yeast cytoplasmic dynein with 20–40 nm gold 

nanoparticles. As in earlier studies (DeWitt et al., 2012; Qiu et al., 2012), we observed a 

wide distribution of step sizes when we tracked the position of the particle on the dynein 

motor domain (Fig. 6). With the high spatial and temporal resolution of iSCAT, 16 and 24 

nm steps were easily resolved as clusters of points in the lateral position of the tracked gold 

nanoparticle (Fig. 6), as well as smaller 8 nm steps. Yeast cytoplasmic dynein is highly 

processive (Gennerich, Carter, Reck-Peterson, & Vale, 2007), and we frequently observed 

runs >2 µm during the entire 40 s period of recording.

A prominent feature of many of the recordings was large off-axis motion, seen as changes 

perpendicular to the microtubule axis greater than 50 nm, followed by a return to the original 

axis of motion (Fig. 6). In some cases dynein appeared to transition between sequences of 

straight steps and off-axis steps. Off-axis steps were often correlated with substantial 

changes in iSCAT contrast, presumably due to z-axis motions with protofilament switching. 

Conversely, traces without off-axis stepping tended to have more constant contrast levels 

(not shown).

Our results indicate that during processive stepping along microtubules, dynein moves not 

only parallel to the microscope slide (x and y motions) but also closer and farther away from 

the slide (in z), consistent with changes to microtubule protofilament and azimuthal position 
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around the microtubule. Further iSCAT studies should be valuable toward understanding the 

detailed motions of dynein’s puzzling transport mechanism.

5. OUTLOOK

We have shown how iSCAT coupled with nanoparticle labels can be used to produce nm-

precise and highly time-resolved tracks of several processive motor proteins moving along 

their tracks in vitro. In addition to the capabilities presented here, there are numerous 

opportunities for both improving the capabilities of iSCAT for SPT and broadening the 

scope of iSCAT more generally.

In terms of improving the capabilities for SPT, there are three relatively straightforward 

avenues: (i) increasing localization precision for smaller labels; (ii) increasing imaging 

speed; and (iii) 3D tracking. Label size is important for two reasons. First, as imaging speed 

increases beyond the ms threshold, the observed motion will increasingly be affected by the 

drag or fluctuations of the bead. Thus, even though nominal localization precision may be on 

the order of a few nm, the positional fluctuations of the particle will be much larger, as the 

motions of the label itself are resolved. This effect is minimized for smaller labels, both 

because the positional fluctuations themselves become smaller and because the label moves 

more rapidly, causing any such fluctuations to average out until much higher imaging speeds 

are achieved. This distinction is also important when comparing dark field with 

interferometric scattering (Isojima et al., 2016), which have similar theoretical SNRs for the 

same incident power and scattering properties (Ortega-Arroyo & Kukura, 2012). Even 

though the nominal spatiotemporal precision can be very high (Isojima et al., 2016), large 

particle sizes require time averaging to remove localization noise caused by label motion, 

lowering the effective achievable localization precision and imaging speed. Thus, achieving 

true sub-ms and nm-level precision simultaneously will invariably require the use of labels 

with diameters of 20 nm or smaller.

Ideally, labels on the order of single fluorescent proteins would be desirable, with the 

smallest possible linker length. For instance, the high spatiotemporal precision for low 

incident power for 20 nm labels shown in Fig. 1C would translate into similar imaging 

performance with 5 nm silver labels and a moderate increase of illumination intensity. The 

major challenge associated with using labels with diameters on the order of 10 nm or less is 

purely one of convenience—they become difficult to detect outright due to the rough 

imaging background generated by microscope cover glass, however, in dynamic 

measurements where labeled motors bind to their tracks, move, and unbind, this background 

can be efficiently subtracted, paving the way for future studies with smaller labels and 

higher imaging speeds without any loss in localization precision. The ultimate limits are 

likely to be determined by light absorption and the resulting sample heating, although this 

could be alleviated by pulsed excitation, for example.

Beyond label size, extending localization from two to three dimensions would be valuable 

for many applications. There is precedent for using iSCAT for 3D tracking, although the 

precise calibration of the 3D response has generally been challenging and a clear 

methodology has yet to be developed (Andrecka et al., 2015; Goldfain, Garmann, Jin, 
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Lahini, & Manoharan, 2016; Krishnan, Mojarad, Kukura, & Sandoghdar, 2010). The 

interferometric nature of the technique, however, lends itself well to very high localization 

precision along the optical axis on the length scale of a few tens of nm.

In many cases, it is highly advantageous to perform iSCAT and fluorescence experiments 

simultaneously (Andrecka et al., 2015; Kukura et al., 2009). The compatibility of iSCAT 

with single-molecule fluorescence imaging makes it possible to use well-established, 

fluorescent assays and combine them with the advantages of iSCAT imaging. Furthermore, 

multilabel experiments, where simultaneous tracking is performed, can be achieved with an 

iSCAT and fluorescence imaging modality (Andrecka et al., 2015). Such approaches could 

be of particular value for initial experiments on cell surfaces, which may be possible on 

cellular features that are particularly thin and produce little background scatter, such as 

filopodia, as opposed to cell bodies.

Finally, it is worth noting that there are ample opportunities for using iSCAT in a completely 

label-free manner. We initially demonstrated label-free tracking of myosin-5a (Ortega 

Arroyo et al., 2014), but such approaches could be of particular interest also for dynein 

tracking, which has a greater molecular weight and thereby produces a stronger iSCAT 

signal. The advantages here are that the center of mass of the protein can be tracked with 

very long observation times.
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Fig. 1. 
Principles and performance of iSCAT for single-particle tracking. (A) Experimental setup. 

OBJ, microscope objective; PBS, polarizing beam splitter; QWP, quarter-wave plate. 

Illumination shaping refers to different schemes for illuminating the sample without 

generating excessive speckle such as slim field (Piliarik & Sandoghdar, 2014) or rapid beam 

scanning (Kukura et al., 2009). (B) Operating principle of iSCAT detection. Light reflected 

at the sample/glass interface is collected along with any scattered light from the object of 

interest. Ei, incident electric field; Er, reflected electric field; Es, scattered electric field. (C) 

Localization of 20 nm gold particles in the shot-noise-limited regime. Left: flat-field-

corrected iSCAT image of 20 nm gold nanoparticles immobilized on a glass coverslip in 

water. Scale bar: 1 µm. The bottom trace shows the fluctuation in the distance between two 

nanoparticles as a function of time sampled at 1000 frames per second, caused solely by shot 

noise in the measurement. Right: localization precision as a function of illumination 

intensity for 20 nm gold nanoparticles. An increase in illumination intensity improves the 

localization precision for a given exposure time. Open and filled circles: localization 

precision in x and y, respectively. The line depicts the expected behavior for shot-noise-

limited imaging.
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Fig. 2. 
iSCAT assay for gold-labeled myosin-5a tracking. Flat-field-corrected image showing actin 

filaments and some 20 nm gold-labeled myosin-5a molecules bound to actin. Inset: zoom of 

the indicated region showing 20 nm gold-labeled myosin-5a bound to actin (left) and the 

same region after background subtraction, which removes all static features including the 

actin filament and any immobile particles (right). Scale bars: 1 µm.
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Fig. 3. 
iSCAT imaging of gold-labeled dynein. 30 nm gold-labeled dynein bound to a microtubule. 

In this assay, a gold label produces a positive iSCAT contrast when placed into focus (bright) 
due to the increased distance between the label and the coverglass surface, in contrast to 

myosin-5a head-labeled gold, which invariably appeared dark (Fig. 2). Scale bars: 1 µm.
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Fig. 4. 
Myosin-5a head motion during processive stepping. (A) iSCAT tracking results: distance 

traveled as a function of time for a single-motor domain labeled with a 20-nm gold particle 

at its N-terminus and the corresponding 2D-trajectory, which is shown to the right of the 

time trace. The arrows indicate ~40 nm off-axis side position of the unbound motor domain 

(transient state). Inset: schematic of myosin-5a labeling and movement. Imaging speed: 

1000 frames per second. (B) Contour map of a two-dimensional histogram with a 10 × 10-

nm2 bin width obtained from the transient state of the unbound head x–y trajectories 

(number of steps=486). All contributing steps were aligned and those to the right of the 

filament when viewed in the direction of motion were mirrored. (C) The data lead to a hand-

over-hand spinning model (shown schematically), in which each step proceeds via a single, 

spatially constrained transient state of the detached head (Andrecka et al., 2015).
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Fig. 5. 
Example results of kinesin tracking with iSCAT. (A) Schematic showing detectable 

transitions in the two-step cycle of kinesin with only one motor domain tagged. The entire 

step (including both one- and two-head-bound durations) of the unlabeled head as well as 

the two-heads-bound duration of the labeled head precedes the first translocation of the bead 

(black), and the one-head-bound duration of the labeled head precedes the second 

translocation of the bead (red). (B) Example XY trajectory for kinesin-1 at saturating ATP. 

The amount of time that the motor spends on the microtubule and off the microtubule is 

easily determined. Black and red coloring corresponds to (A). Vertical lines show available 

microtubule-binding sites. Imaging speed: 1000 frames per second (Mickolajczyk et al., 

2015).
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Fig. 6. 
iSCAT tracking of dynein. Example x–y plot of cytoplasmic dynein position along a 

microtubule exhibiting side deviations from the track (Δy). The schematic presents one 

possible explanation of the observed trace where the dynein molecule switches microtubule 

protofilaments. Dynein was tracked at 200 frames per second using a 20-nm gold 

nanoparticle bound to AAA domains 5 and 6 (indicated by orange and red circles, 

respectively).
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