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ABSTRACT High-resolution tracking of gold nanoparticle-labeled proteins has emerged as a powerful technique for measuring
the structural kinetics of processive enzymes and other biomacromolecules. These techniques use point spread function (PSF)
fitting methods borrowed from single-molecule fluorescence imaging to determine molecular positions below the diffraction limit.
However, compared to fluorescence, gold nanoparticle tracking experiments are performed at significantly higher frame rates and
utilize much larger probes. In the current work, we use Brownian dynamics simulations of nanoparticle-labeled proteins to inves-
tigate the regimes in which the fundamental assumptions of PSF fitting hold and where they begin to break down. We find that
because gold nanoparticles undergo tethered diffusion around their anchor point, PSF fitting cannot be extended to arbitrarily
fast frame rates. Instead, camera exposure times that allow the nanoparticle to fully populate its stationary positional distribution
achieve a spatial averaging that increases fitting precision. We furthermore find that changes in the rotational freedom of the
tagged protein can lead to artifactual translations in the fitted particle position. Finally, we apply these lessons to dissect a standing
controversy in the kinesin field over the structure of a dimer in the ATP waiting state. Combining new experiments with simulations,
we determine that the rear kinesin head in the ATP waiting state is unbound but not displaced from its previous microtubule binding
site and that apparent differences in separately published reports were simply due to differences in the gold nanoparticle attach-
ment position. Our results highlight the importance of gold conjugation decisions and imaging parameters to high-resolution
tracking results and will serve as a useful guide for the design of future gold nanoparticle tracking experiments.

SIGNIFICANCE Tracking protein dynamics by attaching a nanoparticle to the protein and tracking the dynamics of the
particle is a widely used approach in single-molecule biophysics. However, with increasing spatiotemporal resolution, it is
important to understand the relationship between the position of the actual protein and the measured position of the
nanopatrticle. Here, we use simulations to understand tethered particle dynamics, and we carry out single-molecule
experiments on kinesin motor proteins in which one head is labeled at different positions by a gold nanoparticle. Through
our experiments and simulations, we resolve a conflict in the literature, and we describe best practices for design and
analysis of nanoparticle tracking experiments.

INTRODUCTION by fitting to the emission profile of point source fluorophores
(3-8), an idea now at the heart of multiple super-resolution
techniques. In the molecular motor field, this early work
spawned the Fluorescence Imaging with One Nanometer
Accuracy technique, in which the point spread function
(PSF) of a single fluorophore imaged under total internal
reflection fluorescence microscopy is fit with a two-dimen-
sional (2D) Gaussian to determine the particle center posi-
tion (9-12). Collecting ~10,000 photons per 500 ms
acquisition, the Selvin Lab used the Fluorescence Imaging

Single-molecule imaging has revolutionized the study of
biomacromolecules, allowing for the direct observation of
behaviors invisible at the ensemble level (1,2). Pioneering
work toward breaking the diffraction limit of light led to
the idea of nanometer-scale single-molecule localization
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with One Nanometer Accuracy technique to measure the
discrete step sizes of myosin and kinesin motor proteins
as they walked along cytoskeletal filaments, work that
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immediately informed the mechanisms by which these mo-
tors stepped (9,10).

For PSF fitting, there is a trade-off between localization
precision and temporal resolution that must be foremost in
the mind of the experimenter. The standard error of the
mean position determined by the Gaussian fitting method
has been shown theoretically and experimentally to be pro-
portional to 1/ /N, where N is the number of photons
collected (13). Hence, as the camera exposure time is
decreased to increase the frame rate, the localization preci-
sion decreases because of fewer photons being collected.
Many proteins such as molecular motors undergo conforma-
tional changes at 100 Hz or faster (14-16), meaning that
exposure times of 5 ms or less are necessary for proper sam-
pling. The limited photon flux of organic dyes means that N
will be too low at 5 ms exposure to achieve ~1-nm preci-
sion, limiting the effectiveness of PSF fitting in these
applications.

To address the limitations of total internal reflection fluo-
rescence microscopy-based PSF fitting, new techniques
with higher effective photon fluxes were sought out. Signif-
icant success was achieved by switching from fluorescent
probes to scattering probes, typically gold nanoparticles.
In 2001, Yasuda et al. used dark field microscopy to image
the rotations of F1-ATPase labeled with a 40-nm gold nano-
particle at 8000 frames per second, opening a new frontier in
fast, precise single-molecule tracking (17). Subsequently,
two techniques were developed, total internal reflection
dark field microscopy (TIRDFM) (18-22) and interfero-
metric scattering microscopy (23-27), which were able to
achieve 1-nm localization precision with exposure times
in the microsecond regime. These new techniques have
allowed for fast, single-molecule kinetics to be measured
for various nanoparticle-labeled biomacromolecules and
have been used to verify and quantify previously
undetectable structural intermediates (15,28-34). However,
TIRDFM and interferometric scattering microscopy both
ultimately rely on the same Gaussian fitting procedure
developed for fluorescence, bringing back into question
the assumptions of PSF fitting in the context of relatively
large probes and sub-ms camera exposure times.

An investigation into the assumptions of PSF fitting for
scattering-based single-molecule methods is particularly
relevant to the kinesin field, in which a recent conflict has
emerged on the structure of the ATP waiting state based
on gold nanoparticle tracking data. In our own lab, stepping
traces generated by tagging a single kinesin head with gold
showed an ATP waiting state that was not detectably
different from the two heads-bound state (15). Similar
tracking from the Tomishige Lab showed an ATP waiting
state with one head free and rapidly diffusing with a right-
ward bias (28). It has remained unknown whether the
different tracking results are due to differences in the kinesin
constructs, gold conjugation methods, buffer conditions, mi-
croscope types or settings, or some other source.
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In this work, we use Brownian dynamics (BD) simula-
tions to model the tethered diffusion of nanoparticles
attached to proteins. We generate and analyze artificial im-
ages for various labeling strategies, nanoparticle sizes, and
imaging parameters and test the fidelity of Gaussian PSF
fitting in each scenario. We assess what systematic biases
and artifacts may occur in the tracking of nanoparticle-
labeled proteins and suggest best practices for designing
and analyzing nanoparticle tracking experiments. Next, we
simulate kinesin stepping to test for differences between
real and observed outputs in similar scenarios. Surprisingly,
we find that seeing is not always believing and that changes
in the position and variance of nanometric tracking traces do
not in all cases report the true dynamics of the labeled pro-
tein. To verify our predictions, we carry out kinesin nano-
particle tracking experiments and use simulations to
interpret our data. We find that apparent differences between
the two studies result from differences in the attachment po-
sition of the gold nanoparticle to the kinesin head and
conclude that the studies are measuring the same underlying
behavior.

MATERIALS AND METHODS
BD simulations

We used BD with a 1-ns time step to simulate the diffusional motion of
overdamped spherical gold nanoparticles and the kinesin motor domain,
which was modeled as a 5-nm diameter sphere. Particle dynamics were
modeled using the overdamped Langevin equation, which describes the
Brownian, viscous, and tether forces on the objects (35):

=
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Here, v = 6mnr is the drag coefficient of a sphere with radius r diffusing
in a medium with viscosity 7 equal to that of water, f;,.,,, represents a zero-
mean Gaussian white noise process that describes the thermal fluctuations
of the particle (36), and (D = k,T/7) is Einstein’s diffusion coefficient
where &, T is Boltzmann constant times absolute temperature. F\vp,.,-ng repre-
sents the elastic properties of the tether, which are modeled as worm-like
chain entropic springs (37,38).
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Here, I, is the contour length, J,, is the persistence length, and x is the end-
to-end distance of the tether. Combining Eqs. 1 and 2 yields the following:
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This first order stochastic differential equation was numerically inte-
grated using a modified Euler method to obtain the dynamics of the free
head, as follows (36):
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Interaction forces were modeled using a hard wall potential, such that if
the distance between two interacting objects was less than the sum of their
radii, a collision was said to occur. To reconcile collisions, a modified
event-driven collision detection and resolution algorithm was used
(39,40). If a collision occurs, the minimal displacement is computed be-
tween the interjecting objects by assigning fictive velocities, ¥;, to the ob-
jects for the time step, 4t:

®)

The collision time, 7., is determined by solving for the good root of the
equation:
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where the variable Vj; is the relative velocity between the colliding objects,
Vij = ¥; — V. The collision is reconciled by mapping to the Brownian center
of mass frame and reflecting the incident velocities along the normal vector
between the objects and completing the remaining fraction of the time step
with the new, postcollision velocities. The postcollision velocities are
related to the precollision velocities, according to the diffusion coefficients
of the objects, D; and D, as follows (36):
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More explicitly, the postcollision positions of the interjecting objects are
calculated as follows (36):
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Artificial image generation

A stochastic photon emission process was used to generate artificial images,
and the images were compiled into videos. The first step was to simulate the
nanoparticle dynamics through the numerical integration of the Langevin
equation of motion for 1 ms of simulated time. Once a vector of particle po-
sitions was obtained, the (x, y) coordinates were subsampled to the desired
exposure window. The emission of photons from the diffusing nanoparticle
was assumed to be a Poisson process characterized by a mean number of
photons per 1-ns time step, determined such that the desired saturation
for the frame was accomplished by the end of the exposure time window.
The photons were then distributed to various positions on an artificial pixel
grid according to a normal random variable with SD calculated with the full
width half maximum (275 nm) corresponding to the PSF of the imaging
apparatus. Once the photons were distributed to their positions, the photon
counts were binned into a 30 x 30 pixel grid, with each pixel measuring
37.4 nm wide and the counts converted into a 16-bit image. We then added
photon shot noise and empirically determined Gaussian noise with an SD of
4000 (out of 65,535). The noised images were then analyzed using FIESTA
software (41) to extract fitted particle positions.

Constructs and protein preparation

Drosophila KHC truncated at amino acid 559 with an N-terminal AviTag
was biotinylated and purified as reported previously (15). To prepare human
constructs, a plasmid containing Cys-lite KIF5B (C7S/C65A/C168A/
C174S/C294A/C330S/C421A) was obtained from Addgene (#24430)

Kinesin Gold Nanoparticle Tracking

(Watertown, MA). Cysteines were placed at position S55 or E215 using
site-directed mutagenesis performed on demand by GenScript (Nanjing,
China). The N-terminal tag construct was made by adding the CAG
sequence to the N-terminus. All constructs had a C-terminal 6xHis tag.
The plasmids were transformed into BL21 (DE3) bacteria (New England
BioLabs, Ipswich, MA) for expression. Proteins were purified by affinity
chromatography and desalted into phosphate buffer saline (pH 7.0) with
10 uM ATP. Proteins were then mixed with maleimide-polyethylene glycol
(PEG2)-biotin (21901BID; Thermo Fisher Scientific, Waltham, MA) with a
two to tenfold molar excess of protein (to ensure low biotinylation) and
incubated on ice for 30 min before quenching with ~71.5 mM (-mercap-
toethanol and desalting into 25A200 (25 mM K-ACES, 2 mM Mg-Acetate,
2 mM K-EGTA, 0.1 K-EDTA, 1 mM @-mercaptoethanol, and 200 mM KCl
(pH 6.9)) plus 10 uM ATP. The biotinylation percentage was determined by
dividing the biotin concentration (measured using the Pierce Fluorescence
Biotin Quantitation Kit, 46610; Thermo Fisher Scientific) by the total pro-
tein concentration (measured at Agp). The biotinylation percentage was
11.2% for S55C, 7.0% for E215C, 8.4% for human N-terminal, and
20.0% for Drosophila N-terminal.

Single-molecule experiments

Kinesins tagged with gold nanoparticles were tracked using a
custom-built total internal reflection dark field microscope, as previously
described (21,29,42). Images were recorded using a Basler Ace acA640-
750um complementary metal-oxide-semiconductor camera (1000 frames
per second, 945 us exposure). Flow cells were prepared as previously
described (42). All experiments were done in the following imaging so-
lution: 0.5 mg/mL casein, 10 uM taxol, 20 mM glucose, 20 pg/mL
glucose oxidase, 8 ug/mL catalase, 0.2 mg/mL bovine serum albumin,
1:200 B-mercaptoethanol, and 2 mM MgATP in BRB8O (80 mM
K-PIPES, 1 mM EGTA, and 1 mM MgCl, (pH 6.8)). Substoichiometri-
cally biotinylated kinesin motors (8-20% biotinylation) were incubated
with a 3- to 10-fold molar excess of 30-nm diameter streptavidin-coated
gold nanoparticles (BBI Solutions, Crumlin, U.K.; ratio of biotin/gold)
on ice for 20-30 min. The gold nanoparticles were then spun down at
20,000 x g for 4 min (to remove all nonbiotinylated motors) and resus-
pended in imaging solution at ~300 pM gold. Motor position over time
was determined using FIESTA software (41). 2D step-size histograms
were built by applying a modified version of the Tdetector step-finding
algorithm (43) with 99.9% confidence intervals to the three-frame me-
dian-filtered Y axis (along microtubule axis) data. X axis (perpendicular
to microtubule axis) step sizes were determined by calculating the differ-
ence in mean plateau values between change points detected by the algo-
rithm along the Y axis.

RESULTS

Fidelity of the PSF fitting process falls if too few
photons are collected in each exposure

To test how well the assumptions of PSF fitting hold for
gold nanoparticle-labeled proteins, we developed a BD
simulation regime for generating an artificial position
versus time data for gold nanoparticles diffusing on a
polypeptide tether (see Materials and Methods). We
then generate artificial videos by stochastically emitting
Gaussian-distributed photons from the nanoparticle center
every 1 ns and bin the emitted photons into pixels to
generate a grayscale image. Artificial images are then
analyzed using FIESTA software (41), the same PSF fitting
tool that we use to analyze our experimental nanoparticle
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data. The particle positions fit by FIESTA are then
compared to true particle position to test the fidelity of
the PSF fitting process.

To address conditions under which positional informa-
tion determined by PSF fitting becomes unreliable, we
began by varying the photon count, analogous to altering
the excitation intensity (13). We performed BD simulations
of a tethered gold nanoparticle with a constant tether con-
tour length (l.), tether persistence length (l,), and gold
nanoparticle size (Dgq19), varying only the number of pho-
tons per second collected from the gold. Artificial images
were then generated, keeping a constant 600 us exposure
time and 1000 frames per second frame rate, and the im-
ages were analyzed in FIESTA to extract fitted particle po-
sitions over time. To simulate our gold nanoparticle-labeled
kinesin results, we modeled the tether as a worm-like chain
with a 1 nm persistence length and 11.4 nm contour length,
corresponding to kinesin N-terminal cover bundle plus

AviTag and the gold nanoparticle as a 30-nm diameter
sphere (15,29,42,44). Example artificial images and corre-
sponding nanometric tracking data for three different
photon fluxes are shown in Fig. 1 B. To quantify the
tracking fidelity, we calculated the SD of fitted particle po-
sitions for different photon fluxes. As expected, the rela-
tionship between photon count and tracking fidelity
scaled as 1/N in the photon-limited regime in which back-
ground noise was significant and then transitioned to a
1/+/N law at higher photon counts in which background
noise became negligible (Fig. 1 B; (13)). Interestingly,
the PSF fitting process continued to work optimally even
at very high photon fluxes in which our artificial images
became saturated. Indeed, a saturated center pixel slightly
decreased the trace-wise SD (Fig. 1 B). Overall, these re-
sults recapitulated the well-known breakdown of the PSF
fitting process at low photon counts (13), providing a qual-
ity check for our BD and image generation process.
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FIGURE 1

PSF fitting fidelity falls if too few photons are collected or if the exposure time is too small. (A) Shown is a diagram of simplified tethered

gold diffusion system simulated with Brownian dynamics to create simulated images. The tether represents the conjugation system used to attach the
gold nanoparticle to the protein of interest. BD simulations are run with a 1-ns time step, and photons are collected during a defined exposure time to generate
an image frame that is then analyzed by PSF fitting. (B) Artificial images and PSF-fitted positions for BD simulations are run with I. = 12 nm, I, = 1 nm,
Dgota = 30 nm, texpose = 600 s, and f = 1000 frames per second. Only the number of photons emitted per second by the nanoparticle was changed between
simulations. The three example images (fop to bottom) show photon emission rates of 0.3, 0.6, and 1.5 photons per nanosecond, respectively. Black line shows
fitto§ + \% + ¢, where the first and second terms represent contributions of background noise and photon counting, respectively (R* = 0.994). Nanometric
tracking fidelity was quantified as the SD of the position over the entire 100 ms trace. The vertical red line indicates where at least one pixel in the
artificial images was saturated. (C) Artificial images and PSF-fitted positions for BD simulations are run with 1. = 11.4 nm, 1, = 1 nm, Dgeq = 30 nm,
f = 1000 frames per second, and the photon flux is optimally set to nearly saturate the artificial images. Only the camera exposure time was changed
between simulations. The three example traces (top to bottom) show exposure times of 1, 10, and 950 us, respectively. The vertical red line indicates the
critical exposure time, defined as the exposure time for which the SD was within 10% of its asymptotic value. Image scale bars in (B) and (C) represent
250 nm. (D) The critical exposure time is measured from simulated data for tethers with varying persistence lengths. All used a 30-nm nanoparticle.
(E) The critical exposure time is measured from simulated data for tethers with varying contour lengths. All used a 30-nm nanoparticle. (F) The critical
exposure time is measured from simulated data for tethered gold nanoparticles with varying diameters. All used a 1-nm persistence length. To see this figure
in color, go online.
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Fidelity of PSF fitting falls at low exposure times
even when the photon count is very high

We next asked whether the PSF fitting process is able to
work at arbitrarily high frame rates. To test this, we reran
the BD simulations but, this time, varied the camera expo-
sure time used to generate artificial images. We adjusted
the photon generation rate such that the center pixel satu-
rated for each image regardless of the exposure time (red
line in Fig. 1 B, center panel), providing an optimal image.
We tested a wide range of exposure times and found a robust
trend that the SD of tracked particle positions increased at
very short exposure times despite optimal photon collection
(Fig. 1 C). In observing the dynamics of the tethered gold
particle, we noted that the cause of this failure was under-
sampling—if the stationary distribution of nanoparticle teth-
ered diffusion positions is not filled out in a given exposure,
then the nanoparticle effectively becomes a time-varying
point source, and tracking fidelity decreases (Fig. S1). To
characterize this phenomenon, we identified the critical
exposure time, t.., defined as the exposure time for which
the SD of the fitted particle position rises above 10% of
its baseline value (Fig. 1 C). The existence of this critical
exposure time demonstrates that, independent of the number
of photons collected, the PSF fitting process cannot be
extended to arbitrarily high frame rates because the diffu-
sion of the particle comes into play.

We next sought to identify the primary physical determi-
nants of the critical exposure time for a generalized teth-
ered particle system. To do this, we ran BD simulations
using varying tether persistence lengths, tether contour
lengths and gold nanoparticle diameters, and quantified
the dependence of t.; on these physical parameters
(Fig. 1, D-F). We tested contour lengths from 2.91 nm,
representing a short chemical tag, to 30 nm, longer than
the length of an antibody tag. Similarly, we tested persis-
tence lengths from 0.2 nm, approximating a lower bound
of polymer tags, to 2 nm, approximating the persistence
length of single-stranded DNA (45,46). We found that the
contour length and nanoparticle diameter had the largest
impacts because of their direct control over how rapidly
the nanoparticle explores the tethered diffusion space; tc
depended less strongly on the tether persistence length.
These results point to the fact that smaller nanoparticles
and tighter protein-nanoparticle conjugations are the best
methods for enabling high-fidelity nanometric tracking at
very high frame rates.

Short tethers lead to more collisions between
protein and the attached nanoparticle

The results in Fig. 1 indicated that using the tightest possible
conjugation method, particularly by reducing the tether con-
tour length, allowed for higher experimental frame rates for
single-molecule tracking. We wondered, however, if there

Kinesin Gold Nanoparticle Tracking

were any drawbacks to using such a tight tether. To investi-
gate this question, we ran BD simulations on a double-teth-
ered diffusion system, in which a protein of interest
(modeled as a 5-nm diameter sphere) was tethered to the
glass surface, and a 30-nm gold nanoparticle was tethered
to the protein (Fig. 2 A). This system represents the tagging
of a single protein domain that is attached to another domain
via an unstructured region (for example, the one head-bound
state of kinesin) (15). In this system, the nanoparticle can
collide with the protein, in which case, the position of
each was corrected assuming the conservation of energy
and linear momentum (39,40) (see Materials and Methods).
Thus, the attached particle is able to alter the position of the
protein, which may introduce experimental artifacts. Exam-
ples of the stationary distributions of both the protein and
the nanoparticle are shown in Fig. 2 B. As expected from
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FIGURE 2 Tethers with shorter contour lengths lead to more frequent
collisions between the gold nanoparticle and the tagged protein. (A) (Top)
Shown is a diagram of the double-tethered diffusion system. The tether be-
tween the glass and the protein has a constant 1, = 1 nm and 1. = 10.4 nm.
The tethers between the protein and the gold have 1, = 1 nm and
I = 2.91 nm (short) or 11.4 nm (long). (B) Stationary distributions of
both the protein (red) and the nanoparticle (black) for short (fop) and
long (bottom) tethers are generated in BD simulations. Collisions between
the nanoparticle and the protein were allowed in the left column but not the
right column. (C) The number of detected collisions between the nanopar-
ticle and the protein as a function of tether contour length is shown. Error
bars represent mean = SEM for n = 30 measurements. To see this figure in
color, go online.
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both the double tether and the larger radius of the particle,
the distribution of particle positions is significantly broader
than the distribution of protein positions. To test the influ-
ence of the protein-nanoparticle tether length, simulations
were run for both a short tether (2.91 nm, corresponding
to a biotin-PEG-maleimide linkage) and long tether
(11.4 nm, corresponding to the 31 amino acids comprising
the N-terminal cover strand and AviTag of kinesin-1)
(15,47). As a baseline for comparison, we simulated a
case in which collisions were not allowed, and the protein
and nanoparticle were free to diffuse through each other.
Allowing collisions did not significantly change the shape
of the stationary distributions (Fig. 2 B), reinforcing that
gold nanoparticle-labeling in general does not strongly per-
turb protein dynamics. To understand the nanoscale dy-
namics of the system, we also quantified the number of
collisions between the particle and protein domain. Longer
protein-nanoparticle tethers resulted in a collision roughly
every 20 ns, but this rate increased steeply as the tether
length was shortened (Fig. 2 C). Hence, although shorter
tethers have the benefit of enabling higher frame rates
to be used in gold nanoparticle tracking experiments,
they have the drawback of leading to higher collision
frequencies.

Changes in the rotational freedom of the gold-
labeled protein can lead to apparent translations
in fitted particle positions

We next investigated the effect of fixing the protein-nano-
particle tether position in the double-tethered diffusion
model. Having the tether fixed to one side on the surface
of the protein is akin to the protein lacking the ability to
freely rotate. Hence, switching back and forth between a
side-fixed and centered (freed) protein-nanoparticle tether
position on the surface of the protein is akin to the protein
losing and gaining rotational freedom. An example of this
is a single nanoparticle-labeled motor domain in a proces-
sively stepping kinesin dimer—when the motor domain
binds to the microtubule, it is rotationally constrained, fixing
the protein gold tether position with respect to time, whereas
when the motor domain detaches and undergoes its own
tethered diffusion, the tether position rotates along with it.
To investigate this system, we ran BD simulations for a
5-nm protein tagged with a 40-nm nanoparticle and set the
tether position either on top of the protein or fixed to one
side (Fig. 3 A). For both cases, we used a contour length
of 2.91 nm, a persistence length of 0.38 nm, a camera expo-
sure time of 100 us, and a frame rate of 1000 frames per sec-
ond. Example stationary distributions of protein and gold
positions are shown in Fig. 3 B. When the tether was fixed
to the right, we observed a systematic rightward bias in
the gold position. We quantified the bias by running BD sim-
ulations, in which the system switched between freed and
fixed tether position every 100 ms, and performing PSF
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fitting analysis on the resulting artificial images. Example
nanometric tracking data is shown in Fig. 3 C. Clear jumps
in the X direction are seen for the tracked position despite
the fact that the true protein position was constant over
time. Hence, changes in the rotational freedom of a dou-
ble-tethered diffusion system is sufficient to create apparent
translations in the tracked position of nanoparticle-tagged
proteins.

To investigate the physical determinants of the biased par-
ticle positions seen in Figs. 3 B and 4 C, we reran the BD
simulations with tether point switching and varied the
persistence and contour length of the protein gold tether
and the nanoparticle diameter. We observed that changing
the persistence length only weakly changed the magnitude
of the apparent translation measured via PSF fitting when
the system gained or lost rotational freedom (Fig. 3 D). In
contrast, long contour length tethers strongly diminished
rotation-driven artifactual translations observed via PSF
fitting (Fig. 3 E). Reducing the gold diameter similarly
diminished the apparent translation—shrinking the gold
down below the size of a fluorescent protein nearly abol-
ished artifactual translations (Fig. 3 F). Overall, these re-
sults emphasize that PSF fitting of gold-tagged proteins
can produce apparent translations when the protein gold
tether point rotates—displacements that can easily be misin-
terpreted as true movement of the protein. The best way to
alleviate these artifacts is to use very small nanoparticles or
to use tethers that are longer but still act as worm-like
chains.

Different label positions lead to different apparent
kinesin stepping patterns in experimental
nanometric tracking data

We next experimentally explored the transition of the mo-
lecular motor kinesin from the two heads-bound state that
completes a stepping cycle to the ATP waiting state that be-
gins the next stepping cycle. A conflict has arisen in recent
years as gold nanoparticle tracking data from different labs
has yielded apparently different stepping patterns. Kinesin
has long been shown to take 16.4-nm steps when one head
is tracked (10), but with gold nanoparticle tracking, different
substep patterns have become apparent (15,28). Tracking
data from our own lab, in which we attached the gold nano-
particle at the N-terminus of one head, yielded a transition to
the ATP waiting state that did not cause any apparent trans-
lation (15). Tracking data from the Tomishige Lab, in which
the gold nanoparticle was attached at the back center of the
head, yielded a transition to the ATP waiting state that was
accompanied by an apparent forward and rightward transla-
tion (28). In an accompanying supporting figure of the
article, traces in which the nanoparticle was attached at
the front center of the head showed an apparent backward
and rightward translation during the transition to the ATP
waiting state (28). The authors suggested that a rotation of
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the head caused these apparent translations, a point that our
simulations (Fig. 3) quantitatively confirm as a possible
explanation. We thus sought to clarify through experiments
and simulations whether any translation of the rear head
actually occurs during the transition to the ATP waiting
state. A forward displacement to a state in which the teth-
ered head is free to diffuse is predicted by models in which
ATP binding causes a forward displacement of the tethered
head via a ratchet type of mechanism in which neck linker
docking involves passive diffusion and stabilization of the
neck linker in a cleft (28.,48). In contrast, if transition to
the ATP waiting state involves no displacement of the teth-
ered head, this implies that ATP binding causes a power
stroke that physically removes the rear head from its previ-
ous binding site. Resolving this question is critical for
defining the fundamental structural changes that underlie
ATP-driven stepping of kinesin.

We tracked all three kinesin constructs previously used in
our own and the Tomishige Lab’s experiments with the same
experimental setup, a custom-built TIRDFM (29,42,49). All

kinesin-tracking experiments were carried out under iden-
tical conditions—10 uM ATP, BRB80 buffer, 22-23°C,
30-nm gold nanoparticles, bovine microtubules immobi-
lized via rigor kinesin, casein surface blocking, and 1000
frames per second imaging with a 945 us exposure time.
The only difference was the kinesin construct used, with
each having a different tether connection point. The S55
construct of human Cys-lite kinesin had the nanoparticle
attached by a biotin-PEG-maleimide tether to the back cen-
ter of the kinesin head (Fig. 4 A). The E215 construct of hu-
man Cys-lite kinesin had the nanoparticle attached by a
biotin-PEG-maleimide tether to the front-center of the kine-
sin head (Fig. 4 B). Finally, the K560-AviN construct of
Drosophila melanogaster kinesin had the nanoparticle
attached via an N-terminal AviTag to the center right
of the kinesin head (Fig. 4 C). As a control for the
human versus fly kinesin, we also created an N-terminal,
biotin-PEG-maleimide-labeled human Cys-lite construct
(Fig. S2). Stepping data for the S55 construct (rear label)
showed a rightward and forward displacement during the
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position. (A) Shown is Cys-Lite with a cysteine introduced at S55, positioning the gold nanoparticle at the rear- enter of the kinesin head. Example traces and
step size distributions (n = 554 steps from 18 traces) show a forward (along microtubule axis, ¥) and rightward (perpendicular to microtubule, X) transition to
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gold at the right side of the kinesin head. Example traces and step size distributions (n = 295 steps from 17 traces) show no detectable transition to the ATP
waiting state. The narrow 2D density distribution, which contrasts with the other constructs, shows that minimal movements perpendicular to the microtubule
were detected. All dark colored traces are downsampled with a median or SD boxcar from 1000 to 333 frames per second. Sudden spikes in SD are sudden
losses in tracking precision to free-diffusing gold nanoparticle overlapping with the walking kinesin. Shown is the crystal structure of human kinesin in the
no-nucleotide state on microtubules (Protein Data Bank [PDB]: 3j8X) from Shang et al. (51). Gold not to scale. Additional example traces are shown in
Fig. S2. To see this figure in color, go online.

transition to the ATP waiting state (Fig. 4 A; Fig. S2). by an ~8 nm forward and ~5 nm leftward movement to
Observing example traces and a 2D histogram of step sizes complete a full ~16 nm step. Because the 2D histogram
in the Y (along microtubule axis) and X (perpendicular to in Fig. 4 A includes all detected transitions, the distribution
microtubule axis) directions, this transition appears as appears as a density at +8 nm that is laterally symmetric.
~8 nm forward and ~5 nm rightward movement, followed Stepping data for the E215 construct (front label) showed
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a rightward and backward displacement during the transi-
tion to the ATP waiting (Fig. 4 B; Fig. S2). This is seen in
the 2D step size distributions as weight in positive X and
negative Y that is not present for the other constructs.
Finally, stepping data for the N-term (right side label) fly
and human showed no displacement in any direction during
the transition to the ATP waiting state (note the narrow step
size distribution relative to the other constructs in the 2D
distribution; Fig. 4 C; Fig. S2). Hence, these results repli-
cated all existing experimental data on the same setup in
the same conditions, isolating the tether position as the
only possible cause for the differences in the apparent step-
ping patterns.

It should be noted that the motors are likely able to walk
on different protofilaments, and because of the cylindrical
geometry of the microtubule, different protofilaments will
result in different observed lateral displacements. Our mi-
croscopy approach does not detect information in the Z di-
rection; therefore, data are pooled without knowledge of
whether the motors are walking along the top protofilament
(which provides the largest signal from any lateral fluctua-
tions) or a lateral protofilament (in which lateral motor fluc-
tuations are reduced or are invisible to us). The scatter in the
2D position distributions is thus expected based on the ge-
ometry of the experiment.

Kinesin Gold Nanoparticle Tracking

Simulated kinesin traces show that the ATP
waiting state is rotationally free but undisplaced
longitudinally from the previous binding site

The experimental data shown in Fig. 4 may be explained by
three different models for the ATP waiting state (Fig. 5 A) as
follows: 1) In the unbound-displaced model, transition to the
ATP waiting state results in the rear head moving forward
into a true one head-bound state with rotational freedom;
2) in the unbound-undisplaced model, the rear head has rota-
tional freedom but is not significantly translated from the
rear binding site in the longitudinal direction; and 3) in
the bound-undisplaced model, the rear head is fully attached
to the rear binding site and thus rotationally constrained. To
differentiate between these three models, we performed BD
simulations of a labeled kinesin head, approximated as a
5-nm diameter sphere, bound to a microtubule, and modeled
as a 25-nm cylinder. We ignored collisions of the labeled
head with the second (unlabeled) head, as it led to complex
collisional behavior not seen in experimental data (Fig. S3).
Motors were stepped along the top-most protofilament. We
tested kinesin with a 30-nm gold nanoparticle attached at the
S55, E215, and N-terminal locations via a short tether with
l. = 291 nm and 1, = 0.38 nm, corresponding to the
biotin-PEG-malemide linker used in the experiments. The
S55, E215, and N-terminal constructs were modeled by
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FIGURE 5 Simulated kinesin stepping best supports an unbound-undisplaced ATP waiting state. (A) Schematic shows the position of the tracked head in
three different potential head configurations during the ATP waiting state. (B) Shown is the simulated tracking data for the S55, E215, and N-terminal labeling
positions at low ATP and assuming the corresponding configuration for the ATP waiting state from (A). Gray shading indicates that the labeled head is un-
bound from the microtubule. Only the unbound-undisplaced model matched the experimental data for all three tag positions. To see this figure in color, go

online.
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positioning the tether attachment point at the rear, front, and
right sides, respectively, of the unlabeled (bound) head.
Stepping was simulated by stochastically switching the
gold-labeled kinesin head between a bound state in which
it is rigidly attached to the microtubule and an unbound state
in which it is tethered to the right-hand surface of the
second, microtubule-bound head through their neck linker
domains (modeled as a 28 amino acid polypeptide with
lc = 10.4 nm and 1, = 1 nm (36)). In the bound state, the ki-
nesin gold tether point was fixed (at the front, back, or side
of the bound head, depending on the construct), correspond-
ing to the head having no rotational freedom. In the unbound
state, the tether point on the unbound head was freed, corre-
sponding to the head having full rotational freedom.
To simulate a rotationally free state (without explicitly
modeling the rotation of rigid bodies), the tether attachment
point was assumed to lie on the minimal translational vector
between the center of the nanoparticle and the center of the
unbound head. We then simulated the three models for the
ATP waiting state as follows. For the unbound-displaced
model, the head was translated forward 8.2 nm and had
complete rotational freedom. For the unbound-undisplaced
model, the head was not translated along the microtubule
but had complete rotational freedom. For the bound-undis-
placed model, the head was not displaced and was rigidly
attached. Because the ATP waiting state dominates the

Bound
Unbound

Bound
Unbound
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hydrolysis cycle at 10 uM ATP (15), we did not include
the ATP-independent posthydrolysis state (15,28,42,50) in
any of the three models. Completion of the step was
modeled by translating the head forward either 8.2 or
16.4 nm to the next binding site and having it rigidly
bind there. During all unbound states, we displaced the
free kinesin head laterally to the right because the simulated
traces did not replicate the experimental data otherwise
(Fig. S4). The head was moved to a position equivalent to
the adjacent protofilament of a 13 protofilament microtu-
bule, 6.97 nm to the right and 0.78 nm down. This lateral
translation is not unreasonable because the neck linker con-
necting the two heads emerges from the right side of the
bound (unlabeled) head (see Discussion) (51).

In comparing the simulated stepping data in Fig. 5 B to
the experimental stepping data in Fig. 4, only the un-
bound-undisplaced model agrees with the experiments
(Fig. 6; Table 1). For the unbound-displaced model, the
simulated S55 and E215 constructs showed little net move-
ment along the microtubule axis during the ATP waiting
state. The simulated N-terminal construct meanwhile
clearly displayed the forward transition to the ATP waiting
state—a feature never seen in the experimental data. For the
bound-undisplaced model, both the simulated S55 and E215
constructs failed to show rightward motion, inconsistent
with the experimental data. The unbound-undisplaced data

Bound
Unbound

FIGURE 6 Characteristic stationary distribu-
tion of the nanoparticle during several steps of
the model unbound-undisplaced kinesin stepping
pattern. Red circles denote the successive loca-
tions of the labeled kinesin head when bound to
the microtubule. White arrows denote translations
of the nanoparticle stationary distribution. The (A)
S55 labeling position (rear of head) shows a clear
rearward bias in the 2HB state, with a transition
forward and to the right as the head enters the
ATP waiting state, whereas the (B) E215 labeling
position (front of head) shows a clear forward
bias in the 2HB state, with a transition backward
and to the right as the head enters the ATP waiting
state. (C) The N-term labeling position (right side
of head) has a rightward bias throughout the step
of the kinesin. The rightward transitions of the
labeled head are counteracted by the inherent
rightward bias of the N-term label in the 2HB
state. Each data point represents 1 us. To see this
figure in color, go online.
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TABLE 1 Summary of the Apparent Position of the Rear Head in the ATP Waiting State for Multiple Tagging Strategies
S55 (Back) E215 (Front) N-term (Right Side)
Y X Y X Y X
Experimental Forward Right Backward Right None None
Bound-undisplaced None None None None None None
Unbound-undisplaced Forward Right Backward Right None None
Unbound-displaced Forward Right None Right Forward None

Only the unbound-undisplaced simulated data matched the experimental data.

perfectly replicated all the key features observed in the
experimental data: simulated S55 moved forward and right-
ward during the transition to the ATP waiting state, E215
moved backward and rightward, and N-terminal showed
no displacement. Hence, the kinesin ATP waiting state is
best described as being unbound and undisplaced, and the
apparent differences in experimental tracking data (Fig. 4)
can all be explained by differences in the labeling position.

DISCUSSION

In this study, we used BD simulations to explore the abilities
and limitations of high-resolution nanometric tracking of
proteins with gold nanoparticle labels. We found that the
contour length of the protein-nanoparticle tether, the nano-
particle size, and the camera exposure time all strongly in-
fluence PSF fitting fidelity. We further showed that
changes in the rotational freedom of gold nanoparticle-
labeled proteins can lead to apparent translations in nano-
metric tracking data, even when the protein itself has not
moved. Finally, we explored a standing dispute in the kine-
sin field and found that all reported experimental results are
correct and that differences between reports in the literature
are simply due to differences in the protein gold tether
position.

Advantages and disadvantages of single-
molecule tracking with increasingly faster frame
rates

Optimal nanometric tracking of a tagged protein inherently
relies on two key assumptions. The first assumption is that
the probe emits a sufficient number of photons during a
given exposure time to overcome the 1/v/N (N = photon
number) proportionality of the image localization error.
The second assumption is that the probe is a positionally
constant point source of radiation. If either of these assump-
tions do not hold, then PSF fitting yields noisy positional
data. Gold nanoparticle tracking circumvents the temporal
limitation of traditional fluorophores by relying on light
scattering, but the relatively slow particle diffusion may
lead to noisy data if the exposure time is too short (Fig. 1
O). It is therefore prudent to carefully choose the exposure
time used for every particular gold nanoparticle tracking
experiment. Choosing the smallest possible exposure time

and, hence, the fastest possible frame rate will always yield
the most possible information, particularly because tracking
data can be averaged in postprocessing to obtain cleaner
traces. However, if an exposure time shorter than the critical
exposure time (Fig. 1 C) is used, then the new information
gained will be about the dynamics of the gold and the tether
not about the dynamics of the protein itself. This informa-
tion may be of interest in certain cases in which the physical
nature of the tether is of biological interest (for instance, in
tethered particle motion) (52). However, for single-mole-
cule tracking experiments in which the gold is meant to be
a reporter of protein position, no new useful information
about the protein is obtained in most cases. Also, very
high frame rates often necessitate smaller fields of view
and shorter total video durations. Hence, imaging a tagged
protein beyond the critical exposure time may offer dimin-
ishing returns when trying to characterize the positional dy-
namics of the protein itself. The data provided here in Fig. 1,
D-F serve as a good starting point for determining the crit-
ical exposure time for a given experimental system.

Observed positional changes in nanometric
tracking data do not always correspond to true
positional changes of the labeled protein

Unlike fluorescent dyes, which at several angstroms are sub-
stantially smaller than the proteins they label, gold nanopar-
ticle probes are substantially larger than the proteins they
are labeling. The small size of fluorescent probes means
that the PSF of the probe is an accurate reporter of the pro-
tein position, whereas the large dimensions of gold nanopar-
ticles opens the possibility that the position reported for the
nanoparticle is not an accurate reflection of the protein po-
sition. Therefore, in interpreting image data, it is crucial
to consider the effects that the large particle diameter have
on any observed displacements. For many processive en-
zymes, the major mechanochemical states in their cycles
consist of transitions from a highly constrained, ordered
(bound) state to a more disordered (unbound) one (2,15).
When the protein is in an ordered state, the tether attach-
ment point and geometry play key roles in determining
the search space of the gold nanoparticle, especially when
the tether has a shorter contour length, or the gold nanopar-
ticle is large. These effects can lead to a systematic bias in
the gold nanoparticle position relative to the protein position
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(Fig. 3). If the protein itself gains or loses rotational
freedom, then this systematic bias can be transferred from
the Z positional distributions, which PSF fitting is blind to,
to the XY positional distributions, which PSF fitting can
directly detect. Hence, if a protein switches its conforma-
tional state and undergoes any type of rotational change,
PSF fitting will report a positional change of a magnitude
related to the probe size and tether contour length, even if
the protein itself does not move (Fig. 3). This phenomenon
has been observed directly in gold nanoparticle tracking of
myosin (30), and the effects of rotational relaxation have
similarly been seen in trapping studies, in which the probes
are a further order of magnitude larger (53). The important
point is that with gold nanoparticle tracking, seeing is not
always believing; apparent abrupt changes in position over
time data are certainly indicative of the labeled protein
changing its conformational state, but they do not neces-
sarily mean that the protein itself has changed position. In
light of this phenomenon, different nanoparticle attachment
positions and strategies on the same protein can lead to
completely different nanometric tracking data.

The rear head of kinesin does not move forward
upon transitioning to the ATP waiting state

Our experimental and simulated data show that the ATP
waiting state of kinesin-1 is best described as a loose two
heads-bound state in which the read head is unbound but un-
displaced. Upon transition to the ATP waiting state, the rear
head gains rotational freedom, and because the particle
radius is six times the protein radius, these rotations can
lead to large apparent translations (Figs. 4 and 5). For the
S55 and E215 constructs, the tether position is along the
microtubule axis, hence causing the artifactual translation
to appear in the direction of stepping (Figs. 4 and 5).
Thus, both of these constructs are unreliable reporters of
the true head position along the microtubule axis when a
large (30-nm) gold nanoparticle is used. The E215 construct
has previously been used in nanometric tracking experi-
ments with small fluorescent probes, and no translations
were observed upon transition to the ATP waiting state
(10,54,55). This is fully consistent with our claim of an un-
bound-undisplaced ATP waiting state because smaller
probes have diminished artifactual translations due to rota-
tion (Fig. 3 F) but still accurately report true translations
of the tagged protein. These constructs do accurately report
positions perpendicular to the microtubule, however, with
the rightward movements of the head leading to the conclu-
sion that the head is at least partially unbound. In contrast,
N-terminal tagged kinesins have the tether attached to the
right side of the head, meaning that artifactual translations
caused by rotation only occur in the direction perpendicular
to the microtubule. As such, these constructs are accurate re-
porters of protein position along the microtubule axis,
regardless of probe size. We hence remain confident in
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our previous claims that the posthydrolysis one head-bound
intermediate is forward displaced by 8 nm and that the ATP
waiting state can transition to a true unbound-displaced one
head-bound state at longer timescales (15). These unbound-
displaced states, not examined in the current study, are
critical for determining kinesin processivity (42) and side-
stepping probability (44,56). The unbound-undisplaced
ATP waiting state suggested from our results is consistent
with previous molecular dynamics studies, which show
that the trailing head can hover near its previous binding
site before neck-linker docking in the front head (57,58).
An important implication of this ATP waiting state is that
ATP binding in the front head drives complete detachment
of the rear head, consistent with a mechanically gated power
stroke-like stepping mechanism at physiological ATP
(59,60) and with the necessity of a backward-oriented
neck linker for interhead coordination (61,62).

The idea that the tethered head is free in the ATP waiting
state originated from nucleotide half-site experiments by
Hackney (63), who found that, upon collision with a micro-
tubule, a dimeric kinesin loses only one of its two bound
ADP molecules. This property argues for a state in which
one head is bound to the microtubule, and the other is teth-
ered and unable to interact with adjacent tubulin subunits.
Howeyver, it should be remembered that this initial collision
complex is an entry point into the normal ATP hydrolysis
cycle that is not necessarily visited during normal stepping
in saturating ATP. One question that was not fully answered
from this tethered head model was, if the two neck linkers
are disordered polypeptides, what prevents the tethered
head from interacting with one of its adjacent tubulin sites?
This question was clarified for the trailing binding site from
the finding that docking of the neck linker, which would
likely be necessary for the trailing head to attach to the
rear tubulin, traps the bound nucleotide and hence would
not trigger ADP release (64).

There is structural support in the literature for the ATP
waiting state involving the trailing head remaining behind
the bound head, near its previous binding site. In the original
Rice et al. article that laid out the neck linker docking para-
digm for kinesin-1, cryo-electron microscopy (cryoEM) im-
ages under no nucleotide conditions show neck linker
positions in both a forward position and a backward right
position (48). In more recent cryoEM structures of kine-
sin-1 and kinesin-3 in no nucleotide, the proximal segment
of the neck linker is pointed rearward, although the distal
portion of the neck linker is disordered (65). In agreement
with an undisplaced rotationally free trailing head in kine-
sin-1, single-molecule Forster resonance energy transfer
suggested a trailing orientation of the neck linker in the
ATP waiting state (66), and single-molecule fluorescence
polarization microscopy found that the tethered head was
rotationally disordered in the ATP waiting state (67). There
is strong evidence for a backward and rightward neck linker
orientation in other kinesin families as well. For kinesin-5



under no nucleotide conditions, a backward facing neck
linker has been seen in both x-ray crystallography of iso-
lated heads (68,69) and cryoEM of microtubule-bound mo-
tors in the apo state (70). And in the kinesin-6, Zen-4,
specific residues in the neck linker initial segment were
shown to form a backward-oriented § strand with conserved
sequences in the catalytic core; furthermore, swapping this
short sequence into kinesin-1 resulted in an increase in the
kinesin-1 run length (71). Thus, there is a preponderance
of evidence that in the ATP waiting state, the tethered
head is not freely diffusing centered on the bound head
but instead is constrained to remain in its trailing position
by the neck linker of the bound state (leading) head.

The kinesin head swings to the right during
stepping

In our previous work using D. melanogaster K560 with an
N-terminal AviTag, we did not observe a consistent right-
ward bias during stepping (15). This contrasted work from
the Tomishige Lab, which reported substantial rightward
movements for both the S55C and E215C constructs (28).
Here, we experimentally replicated all three of these results
(Fig. 4). BD simulations showed that these apparent step-
ping patterns can be explained by differences in the tether
attachment position (Fig. 5). Because S55C and E215C
have the gold nanoparticle on the front and rear, respec-
tively, they are both capable of accurately reporting transla-
tions of the kinesin head perpendicular to the microtubule.
The N-terminal construct, however, has its tether on the
right side of the head. Hence, when kinesin transitions to
the ATP waiting state, the head simultaneously gains rota-
tional freedom (leading to a leftward translation of the
gold) and is itself displaced rightward (leading to a right-
ward translation of the gold). These two translations cancel
out, leading to no apparent rightward motion of the gold. We
conclude that, just as the S55C and E215C constructs are
unreliable reporters of head position along the microtubule
axis, the N-terminal construct is an unreliable reporter of
head position perpendicular to the microtubule axis. Right-
ward motion of the head during each step is consistent with
recent measurements of torque being generated by kinesin
held in an optical trap (72). Overall, both our work and
the Tomishige Lab work are fully correct, and the apparent
differences were merely due to tether position and
nomenclature.

Gold nanoparticle tracking experiments utilizing
PSF fitting have led to numerous advancements in
understanding how molecular motors such as kinesin
(15,20,28,29,33,42,49,73), myosin (30,31,34), dynein (26),
the bacterial flagellar motor (18), and F1-ATPase (17,19)
function. However, the fast frames rates and relatively large
gold nanoparticle sizes introduce new caveats to the PSF
fitting process which to date have not been wholly appreci-
ated. We emphasize here that PSF fitting only works opti-

Kinesin Gold Nanoparticle Tracking

mally if the tethered nanoparticle has sufficient time to
explore its entire stationary distribution of positions, mean-
ing that gold nanoparticle tracking cannot practically be
done at arbitrarily high frames rates even if a sufficient num-
ber of photons are collected per exposure. We further
emphasize that conformational changes in proteins may
lead to rotations in the protein-nanoparticle tether connec-
tion point, causing apparent translations in nanometric
tracking data, despite the fact that no translation of the pro-
tein actually occurs. These lessons were used to immedi-
ately clarify a standing debate in the kinesin field and
will continue to be valuable to biophysicists using gold
nanoparticle tracking to investigate protein conformational
dynamics.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.06.010.
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