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Influence of Fluorescent Tag on the Motility Properties of Kinesin-1 in
Single-Molecule Assays
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"Department of Biophysics and 2Department of Cell and Developmental Biology, University of Michigan, Ann Arbor, Michigan

ABSTRACT Molecular motors such as kinesin and dynein use the energy derived from ATP hydrolysis to walk processively
along microtubule tracks and transport various cargoes inside the cell. Recent advancements in fluorescent protein (FP)
research enable motors to be fluorescently labeled such that single molecules can be visualized inside cells in multiple colors.
The performance of these fluorescent tags can vary depending on their spectral properties and a natural tendency for oligomer-
ization. Here we present a survey of different fluorescent tags fused to kinesin-1 and studied by single-molecule motility assays
of mammalian cell lysates. We tested eight different FP tags and found that seven of them display sufficient fluorescence inten-
sity and photostability to visualize motility events. Although none of the FP tags interfere with the enzymatic properties of the
motor, four of the tags (EGFP, monomeric EGFP, tagRFPt, and mApple) cause aberrantly long motor run lengths. This behavior
is unlikely to be due to electrostatic interactions and is probably caused by tag-dependent oligomerization events that appear to
be facilitated by fusion to the dimeric kinesin-1. We also compared the single-molecule performance of various fluorescent
SNAP and HALO ligands. We found that although both green and red SNAP ligands provide sufficient fluorescent signal,
only the tetramethyl rhodamine (TMR) HALO ligand provides sufficient signal for detection in these assays. This study will serve

as a valuable reference for choosing fluorescent labels for single-molecule motility assays.

INTRODUCTION

Cytoskeletal molecular motors are enzymes that catalyze
the hydrolysis of ATP, converting the released energy into
mechanical work inside the cell (1). Some kinesin, dynein,
and myosin motors are dimeric, processive motors that
transport specific cargoes along cytoskeletal tracks. Kine-
sin-1, for instance, is a dimeric motor that walks hand-
over-hand in 8 nm steps along microtubules (2). After the
discovery of kinesin-1 in the 1980s (3,4), investigators
studied the motility properties of this protein by attaching
purified motors to large polystyrene beads that simulated
cellular cargoes (5). The subsequent development of total
internal reflection fluorescence (TIRF) microscopy allowed
scientists to visualize the motility of single kinesin motors
labeled by small organic fluorophores such as Cy3 and
Cy5 (6). The identification and optimization of fluorescent
proteins (FPs) (7,8) provided a powerful technique for
genetically labeling proteins, and allowed the single-mole-
cule properties of kinesin motors in cells to be directly
compared with their properties in vitro (9—11). Thus, there
is a growing demand for bright FPs of various output colors
that are applicable for single-molecule studies both in cells
and in vitro.

A large number of FPs are now available that are derived
from a variety of different organisms and display variable
spectral properties and biostability (8). Most FPs consist
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of either a green FP (GFP)-like fold (typically green emis-
sion) or DsRed-like fold (typically red emission) structure
consisting of an interior tripeptide chromophore that is
protected by an exterior (@-barrel, where the fluorescent
properties are defined by the chromophore structure and
local environment of the barrel interior (8). Although direct
comparisons of the spectral properties of various FPs have
been made, these properties can vary widely depending on
the excitation method (e.g., arc lamp versus laser excitation)
and experimental environment (12). Additionally, alterna-
tive methods for fluorescently labeling proteins have been
developed, such as SNAP (13) and HALO (14) tags, which
are engineered enzymes that link covalently to small fluo-
rescent ligands. However, relatively few studies have com-
pared and tested FPs and enzyme-based fluorophores
under the same experimental conditions, especially for sin-
gle-molecule applications.

Here, we tested 10 different fluorescent tags for single-
molecule imaging of a truncated dimeric form of kinesin-
1. We first confirmed the fluorescence intensities and
photostability in single-molecule motility assays, and then
compared the motility properties of each fusion protein as
obtained by kymograph analysis. We found that the fluores-
cent tags do not affect the velocity of the motor, but several
FPs (EGFP, mEGFP, tagRFPt, and mApple) lead to aber-
rantly long run lengths. We determined that this effect is
not due to electrostatic interactions, but rather reflects the
tendency of these FPs to oligomerize. In addition, we found
that the utility of enzyme-based tags such as SNAP and
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HALO depends on the fluorescent ligand, and these tags
do not outperform the FPs. Overall, this study provides
a valuable survey of fluorophores for single-molecule,
TIRF-based imaging.

MATERIALS AND METHODS
Plasmids

A truncated, constitutively active version of the kinesin-1 motor rat KIFSC
(aa 1-560; KHC(1-560) (9,10)) was used in this work. Different fluorescent
tags were genetically fused to the C-terminus via restriction digestion and
ligation. Most constructs were generated using Agel and BsrGI enzymes:
KHC(1-560)-HALO was generated using Agel and Mfel, and KHC(1-560)-
mNeGr was generated using Acc651 and BsrGI. Short linker sequences
situated between KHC(1-560) and the tag protein were from a multiple
cloning site: LVPGGGGGGGGGPVAT for EGFP-, mEGFP-, 2xmCh-,
mApple-, and tagRFPt-tagged motors; LVPRARDPPVAT for SNAP-,
HALO-, tdTom-, and mCit-tagged motors; and LVPRARDPLE for the
mNeGr-tagged motor. Plasmids encoding the HALO tag, SNAP tag, and
mNeonGreen were purchased from Promega (Madison, WI), New England
Biolabs (Ipswich, MA), and Allele Biotechnology (San Diego, CA) respec-
tively. mApple was obtained from Addgene (#54567; Cambridge, MA) and
the plasmid was provided by the laboratory of M. Davidson (Florida State
University) (15). A tandem dimer of mCherry was synthesized by DNA
2.0 (Menlo Park, CA). Plasmids encoding tagRFPt and tdTomato were gifts
from D. Cai (University of Michigan). A plasmid encoding EGFP was a gift
from J. Swanson (University of Michigan). Monomeric GFP (A206K) was
generated by QuikChange site-directed mutagenesis (Stratagene, La Jolla,
CA) of EGFP. All plasmids were verified by DNA sequencing.

Cell culture, transfection, lysis, and normalization
of motor concentration

COS7 cells were cultured, transfected, and lysed as described previously
(9,16). Briefly, COS7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) + 10% (vol/vol), Fetal Clone III (Thermo Fisher,
Waltham, MA), and 2 mM L-glutamine at 37°C with 5% (vol/vol) CO,. Cells
were transfected with 1 ug of plasmid DNA using Expressfect (Denville
Scientific, Metuchen, NJ). After overnight expression (16 h), the cells
were trypsinized and harvested by low-speed centrifugation at 1,500 x g
at 4°C. The pellet was washed once in DMEM and resuspended in 25 uL.
lysis buffer (25 mM HEPES/KOH, 115 mM potassium acetate, 5 mM sodium
acetate, 5 mM MgCl,, 0.5 mM EGTA, and 1% Triton X-100, pH 7.4) freshly
supplemented with 1 mM ATP, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitors (10 ug/mL leupeptin, 5 ug/mL chymostatin, 3 pg/mL
elastatinal, and 1 mg/mL pepstatin). After the lysate was clarified by centri-
fugation at 16,000 x g at 4°C, aliquots were snap-frozen in liquid nitrogen
and stored at —80°C. The amount of motor in the COS7 lysates was normal-
ized across constructs by a dot-blot in which increasing volumes of COS7
lysates were spotted onto a nitrocellulose membrane that was air-dried
and immunoblotted with a monoclonal antibody to kinesin-1 (MAb1614;
Millipore, Billerica, MA). The spots within the linear regime were quantified
to normalize the motor concentration across lysates.

SNAP and HALO ligand labeling

COS7 cells expressing KHC(1-560)-SNAP or KHC(1-560)-HALO were
labeled with cell-permeable SNAP or HALO ligands before lysis. The
indicated ligand (SNAP-Cell Oregon Green, NEB #59104S; SNAP-Cell
505-STAR, NEB #S9103S; SNAP-Cell TMR-STAR, NEB #S9105S;
HALOTag Oregon Green ligand, Promega #G2801; HALOTag diAcFAM
ligand, Promega #G8272; or HALOTag TMR ligand, Promega #G8251)
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was added to 1 mL of DMEM in a six-well, 35-mm plate per manufacturer’s
suggestion (5 uM for SNAP-Cell Oregon Green, 5 uM for SNAP-Cell
505-STAR, 3 uM for SNAP-Cell TMR-STAR, 1 uM for HALOTag Oregon
Green, 1 uM for HALOTag diAcFAM ligand, and 5 uM for HALOTag
TMR ligand). After a 30 min incubation, the cells were washed three times
in DMEM and incubated in DMEM for 30 min before lysis to remove
unbound ligand.

Single-molecule motility assays

All assays were performed as described previously (16) at room tempera-
ture in a narrow flow-cell (~10 uL volume) prepared by attaching a clean
#1.5 coverslip to a glass slide with double-sided tape. HiLyte-647-labeled
microtubules were polymerized from purified tubulin (Cytoskeleton,
Denver, CO) in BRB80 buffer (80 mM PIPES/KOH, 1 mM EGTA, and
1 mM MgCl,, pH 6.8) supplemented with 1 mM GTP at 37°C for
15 min. Polymerized microtubules were stored at room temperature after
addition of five volumes of prewarmed BRB80 containing 20 uM taxol
and an additional 15 min incubation at 37°C. Polymerized microtubules
were diluted in P12 buffer (12 mM PIPES/KOH, 1 mM EGTA, and
2 mM MgCl,, pH 6.8) containing 20 uM taxol and then infused into a
flow-cell and incubated for 5 min at room temperature to adsorb onto the
coverslip. Subsequently, 50 uL of blocking buffer (10 mg/mL bovine serum
albumin (BSA) in P12 buffer with 10 uM taxol) was introduced and
incubated for 10 min to prevent nonspecific binding of kinesin motors
onto the coverslip surface. Finally, lysates containing equal amounts of
motor proteins (typically 0.1-1.0 uL) were added to the flow chambers
in a motility mixture in either P12 buffer or physiological-salt buffer
(25 mM HEPES/KOH, 115 mM potassium acetate, 5 mM sodium acetate,
5 mM MgCl,, and 0.5 mM EGTA, pH 7.4). The ionic strength (IS) of each
buffer was calculated based on the molar concentration of each ion and its
counterion based on BioMol.net (http://www.biomol.net). Each motility
mixture also contained 2 mM ATP, 10 mg/mL BSA, 10 uM taxol, and
oxygen-scavenging components to reduce photobleaching (1 mM dithio-
threitol, 1 mM MgCl,, 10 mM glucose, 0.1 mg/mL glucose oxidase, and
0.08 mg/mL catalase). The motility data for each construct were obtained
from at least two independent protein preparations.

Image acquisition

Images for single-molecule motility assays were acquired using a Nikon
TiE/B microscope with a 100x 1.49 NA oil immersion TIRF objective
(Nikon, Melville, NY) equipped with three 20 mW diode lasers (488 nm,
561 nm, and 640 nm) combined into a single fiber and controlled via
AOTF (Agilent, Santa Clara, CA). Images were collected via an EMCCD
detector (iXon X3 DU897, 512 x 512, 16 um array; Andor, Belfast,
UK). For imaging in green and/or red, the microscope used a dual-band
laser polychroic mirror (ZT488/561rpc; Chroma Technology, Rockingham,
VT), a dual-band sputtered emission filter (ZET488/561m; Chroma), and a
dual-band sputtered cleanup filter (ZET488/561x; Chroma), and either a
488 nm (2 mW power, used for EGFP, mEGFP, mNeGr, mCit, SNAP-
OreGr488, SNAP-505-STAR, HALO-OreGr488, and HALO-diAcFAM)
or 561 nm (4 mW power, used for tdTom, tagRFPt, mApple, 2xmCh,
SNAP-TMR, and HALO-TMR) laser was used for TIR-based illumination.
Images were acquired continuously with 100 ms exposures, and image
acquisition was controlled by Nikon Elements software.

Kymograph analysis

To avoid complications arising from variation in the signal/noise ratio or
point spread function for different fluorescent tags, motility events were
analyzed by kymograph analysis. Maximum intensity projections were
generated to determine the location of microtubules, and kymographs
were generated (width = 5 pixels) along these tracks using Elements
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(Nikon). Only constant velocity events of at least five frames (500 ms) were
considered, and stalled events were ignored. Kymographs were generated
with distance on the y axis and time on the x axis. Run length was defined
as the vertical component of the kymograph, which is the distance traveled
along the microtubule, in micrometers. Dwell time was defined as the hor-
izontal component of the kymograph, which is the time spent in a constant
velocity segment, in seconds. Velocity was defined as the run length divided
by dwell time, in micrometers per second. The significance of the run length
and velocity differences between motor populations was determined by
Mann-Whitney-Wilcoxon tests in MATLAB (The MathWorks, Natick,
MA) (see Tables S2—-S5 in the Supporting Material).

Cumulative distribution functions

Cumulative distribution functions (CDFs) of velocities and run lengths
were generated via MATLAB and mean values were obtained as described
previously (17). CDFs were used for statistical analysis because they are
continuous and do not introduce subjective binning. Using MATLAB,
run-length CDFs above a minimum 7o = 0.5 um were fit to the hypothetical
CDF for an exponential distribution using a nonlinear least-squares fit with
the free parameter 7.
CDF(x) = 1 —eo/"

The mean run length was then determined by adding the minimum run
length 7o to t. Errors were estimated by the bootstrap technique (17).
Each distribution was resampled 200 times and fit to the appropriate
equation. The standard deviation of the fitted parameter over the resampled
data sets was taken as the error for each fitted quantity.

Velocity CDFs were fit to the hypothetical CDF for a normal distribution
using a nonlinear least-squares fit with the free parameters u (mean) and o
(standard deviation).

CDF(x) = %{1 +erf<i/27’:)}

Photobleaching assays

Quantitative photobleaching assays were performed as described previ-
ously (16). Small volumes of COS7 lysates (~1:20 dilution from motility
conditions) containing equal amounts of FP-tagged motors were diluted
in blocking solution (15 mg/mL BSA in P12 buffer) and flowed into an
empty chamber. The motors were allowed to incubate for 2 min to nonspe-
cifically adsorb to the glass surface. Then, 50 uL of blocking solution was
introduced to remove nonadsorbed motors. The surface-bound motors were
imaged in TIRF with increased laser power (10 mW for 488 nm; 6 mW for
561 nm). The fluorescence intensity profile of ~200 motors from two
independent protein preparations for each construct was then plotted as a
function of time, and the number of discrete photobleaching steps was
counted and displayed as a histogram for the population.

Calculation of landing rates

The landing rate [Events/(um x s x nM)] for each construct was deter-
mined from the single-molecule motility data by counting the number of
motility events and dividing by observation time, microtubule length, and
motor concentration as described previously (18,19). Time was defined as
the recording time (in seconds) and microtubule length was determined
by measuring the length of the HiLyte-647-labeled microtubule in the
640 nm channel (in micrometers). Motor concentration (in nanomolars)
was determined by comparing the amount of KHC in each lysate with a
known amount of purified KHC-FLAG via quantitative western blotting
with a monoclonal antibody to kinesin-1 (MAb1614; Millipore, Billerica,
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MA). The number of motility events was determined for least four different
microtubules for each construct from two independent experiments.

Estimating the fraction of run lengths above a
certain threshold

The probability distribution function (PDF) for a run-length distribution is
calculated as follows, where the mean of the distribution is defined as P

PDF(x) = de™

The probability of x falling between 3 um and oo is the definite integral of
this function, where A = 1 to reflect a mean run length of 1 um:

©

/e”‘dx = 0.0498, or 4.98%.

3

RESULTS

The fluorescent tag can influence the kinesin-1
run length in single-molecule motility assays

To determine whether different fluorescent tags can affect
kinesin motility properties, we fused a variety of fluorescent
tags to the C-terminus of a constitutively active version of
the kinesin-1 motor KIF5C(1-560) (Fig. 1 A). We tested
10 fluorescent markers: four green FPs, four red FPs, and
two enzyme-based tags that can be labeled with cell-perme-
able small organic fluorophores (Table 1). These fluoro-
phores represent a wide range of potential tags in the
green-red spectrum, were derived from different organisms,
and are well-characterized in terms of oligomeric state
(20,21).

To examine the motility properties of each fluorophore-
tagged KHC(1-560), we transfected COS7 cells with the
construct of interest, harvested cell lysates, and performed
single-molecule motility assays using TIRF microscopy
(16) (Movies S1, S2, S3, and S4). The motility of each
construct can be analyzed in a kymograph where run dis-
tance is displayed vertically and time is displayed horizon-
tally (Fig. 1, B and C). An important parameter for imaging
at the single-molecule level and determining motility prop-
erties via kymographs or automated tracking software is the
brightness of the fluorophore. In our hands, mApple was
barely detectable above the background fluorescence, mCi-
trine and tagRFPt provided relatively weak fluorescent sig-
nals, and EGFP, mEGFP, mNeGr, tdTom, and 2xmCh
provided significantly brighter signals (Fig. 1, B and C;
Movies S1 and S2). For all of the FP-tagged motors tested,
the majority of the processive events terminated abruptly
rather than being preceded by a loss in signal, indicating
that the rate of photobleaching was significantly slower
than the typical off-rate of a motile event (Fig. 1, B and C).

For the enzyme-based tags, KHC(1-560) was labeled
with either SNAP or HALO proteins and the indicated
fluorescent ligand was added before cell lysis (Fig. 2 A;
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FIGURE 1 A survey of FPs for labeling kinesin-1 in single-molecule motility assays. (A) Schematic. A dimeric, constitutively active kinesin-1 motor
(KHC(1-560), blue) was tagged at the C-terminus with single or tandem FPs. (B and C) Lysates of COS7 cells expressing the indicated KHC(1-560)-FP
motors were analyzed in single-molecule motility assays via TIRF microscopy. Representative kymographs were generated from the movies for KHC(1-
560) tagged with the indicated (B) green FPs or (C) red FPs. Time is on the x axis (scale bar, 1 s) and distance is on the y axis (scale bar, 1 um). To see

this figure in color, go online.

Movies S3 and S4). For the SNAP tag, the TMR ligand pro-
vided the strongest signal, whereas the green fluorescent
ligands (OreGr-488 and 505-STAR) were significantly
weaker (Fig. 2 B). For the HALO tag, the TMR ligand pro-
vided sufficient signal for tracking at the single-molecule
level, whereas the OreGr488 signal was much weaker and
no labeling was detected for the diAcFAM ligand (Fig. 2 C).
Similar to what was observed for FP-tagged motors
(Fig. 1, B and C), SNAP-505-STAR, SNAP-TMR, and
HALO-TMR showed minimal photobleaching under our
experimental conditions (Fig. 2, B and C).

For each fluorescently tagged KHC(1-560) construct, the
run lengths and velocities of individual motility events were
determined from the kymographs and plotted as a histogram
for the population (Figs. 3, A-C, and S3). The mean run
lengths and velocities were then determined by fitting
each distribution to its corresponding cumulative distribu-
tion function (CDF) (Figs. S1 and S2). The mean velocities
were similar across the different fluorescently tagged
KHC(1-560) constructs (Figs. 3 E and S3; Table Sl1),
although the slightly decreased velocities of tagRFPt-
and mApple-tagged motors were found to be statistically
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different (Table S2). In contrast, the mean run lengths
were highly variable between the different fluorescently
tagged constructs, ranging from 0.76 * 0.02 um for
KHC(1-560)-tdTom to 1.81 £+ 0.09 um for KHC(1-560)-
mApple (Figs. 3 D and S3; Table S1). These variations in
run length were statistically significant (Table S3) and did
not correlate with the photostability, published oligomeric
state, or source organism of the fluorescent tag (Table 1),
suggesting that these factors did not contribute to the
observed FP-dependent run lengths.

FP-specific oligomerization influences the
kinesin-1 run length independently of
electrostatics

Analysis of the run-length histograms indicated that the
kinesin-1 constructs with the longest mean run lengths
displayed a significant fraction of events with a run
length > 3 um (rightmost bins in Fig. 3, A-C). For events
characterized by an exponential run-length distribution
with a mean of 1 um, the probability of a motile event with
a run length > 3 um is <5% (see Materials and Methods).
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TABLE 1 Properties of the fluorescent tags used in this study
Excitation” Emission” Source organism
Fluorescent protein (nm) (nm) Brightness* Photostabilityd Oligomeric state (original protein) Reference
Enhanced GFP (EGFP) 488 507 34 174 weak dimer A. victoria (GFP) (35,36)
Monomeric EGFP (mEGFP) 488 507 34 150 monomer A. victoria (GFP) (23)
Monomeric NeonGreen (mNeGr) 506 517 94 158 monomer B. lanceolatum (LanYFP) (26)
Monomeric Citrine (mCit) 516 529 59 49 monomer A. victoria (GFP) (23.30)
Tandem Tomato (tdTom) 554 581 95 98 tandem dimer Discosoma sp.(DsRed) 37
Tag RFP-t (tagRFPt) 555 584 33 337 monomer (12) or E. quadricolor (eqFP578) (12,38)
weak dimer (29)
Monomeric Apple (mApple) 568 592 37 4.8° monomer Discosoma sp.(DsRed) (12)
Tandem monomeric 587 610 32" unknown tandem dimer Discosoma sp.(DsRed) 37)
Cherry (2xmCh)
SNAP tag ligand monomer H. sapiens (O°-alkylguanine- (13)
dependent DNA alkyltransferase)
HALO tag ligand monomer Rhodococcus sp. (14)
dependent (haloalkane dehalogenase)

“Major excitation peak.
"Major emission peak.

“Product of extinction coefficient and quantum yield as reported in reference cited for each fluorophore, in (mM x cm)~'. Brightness values originally sum-

marized in Shaner et al. (21).

9Defined as the time for bleaching from an initial emission rate of 1,000 photons/s down to 500 photons/s under arc lamp illumination.
“mApple shows much higher photostability under confocal illumination; see Shaner et al. (12).

Defined as twice the reported value of single mCherry in Shaner et al. (12).

However, the percentage of motile events > 3 um was 7.6%
for KHC(1-560)-EGFP, 11.5% for KHC(1-560)-mEGFP,
11.0% for KHC(1-560)-tagRFPt, 12.3% for KHC(1-560)-
mApple, and 7.5% for KHC(1-560)-SNAP-TMR. Thus, the
increased number of run lengths > 3 um appears to be the
defining feature that distinguishes fluorophores that influence
kinesin-1 from those that do not.

A SNAP/HALO Dye
KHC(1-560) Tag

N Tl ¢ e

@
—

SNAP-OreGr-488 @

SNAP-505-STAR @

C

SNAP

KHC(1-560)

N:

HALO-OreGr-488 @

C

HAIO

KHC(1-560)

N

SNAP-TMR @

We speculated that differences in surface charge between
FPs may influence the motor’s run length due to interactions
of the FP with the negatively charged microtubule surface.
That is, charge-based interactions between specific FPs
and the microtubule could anchor the motor and increase
the run length without affecting the velocity under no-load
conditions (22). To investigate this possibility, we carried

FIGURE 2 Survey of enzyme tags and fluores-
cent ligands for labeling kinesin-1 in single-mole-
cule motility assays. (A) Schematic. A dimeric,
constitutively active kinesin-1 motor (KHC(1-
560), blue) was tagged at the C-terminus with an
enzyme (SNAP or HALO) tag that covalently links
to a fluorescent dye. (B and C) Enzyme-tagged
KHC(1-560) motors expressed in COS7 cells
were labeled with the indicated dyes before cell
lysis and analysis by TIRF microscopy. (B and C)
Representative kymographs were generated from
the movies of (B) KHC(1-560)-SNAP and (C)
KHC(1-560)-HALO motors in cell lysates. Time
is on the x axis (scale bar, 1 s) and distance is on
the y axis (scale bar, 1 um). To see this figure in
color, go online.
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FIGURE 3 Motility properties of fluorescently tagged KHC(1-560) motors in P12 motility buffer. (A—C) The run lengths and velocities for individual
KHC(1-560) motors tagged with (A) green FPs, (B) red FPs, or (C) enzyme tags were determined via kymograph analysis and then plotted as histograms
for the population. The mean run length and velocity values (insets) were obtained by fit to the CDF (see Figs. S1 and S2). Error is reported as the standard
deviation from bootstrapping. (D and E) Comparison of the mean (D) run length and (E) velocity values for each motor as determined by CDF fit. Data are
presented as the mean = SD from bootstrapping. To see this figure in color, go online.

out single-molecule motility assays for each fluorescently
tagged KHC(1-560) motor under physiological IS and pH
conditions (IS = 145 mM, pH 7.4; Fig. 4). Similar to
what was observed for motility in standard P12 motility
buffer IS = 28 mM, pH 6.8; Fig. 3), the fluorescent tag
had minimal effects on the mean velocity values (Fig. 4 E;
Table S4) but caused significant changes in the motor’s
run length in a fluorophore-dependent manner (Fig. 4 D;
Table S5). Importantly, KHC(1-560) motors tagged with
EGFP, mEGFP, tagRFPt, mApple and SNAP-TMR still
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displayed an increased number of run lengths > 3 um in
the physiological buffer (rightmost bins in the run-length
histograms in Fig. 4, A—C). These results indicate that the
influence of the fluorescent tag on the motor’s run length
is likely not due to electrostatic interactions between the
fluorescent marker and the microtubule.

We then speculated that oligomerization of the fluores-
cent tags might play a role in aberrant kinesin-1 run lengths.
To examine this possibility, we compared the run-length
values for KHC(1-560) motors tagged with EGFP, which
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FIGURE 4 Motility properties of fluorescently tagged KHC(1-560) motors in physiological salt conditions. (A—C) The run lengths and velocities for in-
dividual KHC(1-560) motors tagged with (A) green FPs, (B) red FPs, or (C) enzyme tags were determined via kymograph analysis and then plotted as histo-
grams for the population. The mean run length and velocity values (insets) were obtained by CDF fit (see Figs. S1 and S2). Error is reported as the standard
deviation from bootstrapping. (D and E) Comparison of the mean (D) run length and (E) velocity values for each motor as determined by CDF fit. Data are
presented as the mean = SD from bootstrapping. To see this figure in color, go online.

is susceptible to weak dimerization, with the run-length
values of motors tagged with mEGFP, whose A206K muta-
tion abolishes FP dimerization (23). Surprisingly, fusion of
mEGFP resulted in a higher percentage of KHC(1-560)
motile events > 3 um (11.0% for mEGFP versus 7.6%
for EGFP; Fig. 3 A) and led to a statistically significant
run-length increase under physiological buffer conditions
(1.53 £ 0.09 um for mEGFP versus 1.34 = 0.08 um for

EGFP; Fig. 4 A; Table S5). These results suggest that simple
dimerization of FPs is not the underlying cause of kinesin-
1’s increased run length.

Since fusion of the FPs to dimeric proteins such as
KHC(1-560) could cause proximity-induced interactions
that were not observed in previous ensemble assays of
FP dimerization (24), we directly measured the oligomeric
state of seven of the fluorescently tagged motors using
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single-molecule photobleaching assays. We were unable to
perform these assays on KHC(1-560)-mApple because the
signal was too weak, or on the SNAP- and HALO-tagged
motors due to complications from incomplete labeling.
Importantly, the KHC(1-560)-FP constructs that showed
aberrantly long run lengths (EGFP, mEGFP, and tagRFPt;
Figs. 3 and 4) also showed a significant portion of molecules
with more photobleaching steps than the expected value for
a dimeric kinesin motor (Fig. 5). This was particularly strik-
ing for KHC(1-560)-mEGFP and KHC(1-560)-tagRFPt,
where three or four photobleaching steps were frequently
observed (Fig. 5), although just two steps are expected
for a dimeric motor, suggesting that this oligomerization
was tag dependent. Overall, the strong correlation between
KHC(1-560)-FP oligomerization and run length suggests
that a number of FPs can undergo unanticipated homo-
interactions when brought into close proximity upon fusion
to a dimeric protein.

FP tags can also influence the motor’s
landing rate

While analyzing the motility properties of KHC(1-560)
motors tagged with different fluorophores, we noticed that
the number of motility events also seemed to vary between
constructs. To quantify this, we normalized the amount of
each tagged KHC(1-560) motor across constructs and
quantified the landing rate of each motor as the number of
motility events per unit time per unit microtubule length
per nanomolar of motor. As reported previously (6), the
landing rate depended only weakly on IS, with most motors
showing a slightly decreased affinity for the microtubule
under physiological salt conditions (Fig. 6). For the green
FPs, mNeGr appeared to positively influence the landing

Norris et al.

rate of kinesin-1, as more motility events were observed
for KHC(1-560)-mNeGr than for other motors at the same
concentration (Fig. 6). This construct also appeared stickier
in our experiments, typically decorating the imaging surface
more than other constructs (horizontal lines in Fig. 1 B and
data not shown). For the red FPs, little difference in landing
rate was observed between the constructs (Fig. 6), although
fusion to mApple caused a decrease in kinesin-1 motility
events, perhaps due to detection issues due to weaker signal
(Fig. 1 C). Since equal amounts of FP-, SNAP-, and HALO-
tagged motors were added to the assay, the landing rate
provides an estimate of the labeling efficiency of each
SNAP- and HALO-ligand. For both SNAP and HALO
tags, the TMR ligand was more efficient at labeling (we es-
timate that up to 80% of motors were labeled with at least
one TMR ligand) than any of the green dyes (Fig. 6). It is
interesting to note that all of the FP-labeled motors in these
assays displayed higher landing rates than that determined
for a purified, bacterially-expressed KHC(1-555)-GFP mo-
tor (19), perhaps due to the higher activity of motors ex-
pressed in mammalian cells.

DISCUSSION

In this study, we compared the performance of 10 different
fluorescent tags (eight FPs, SNAP, and HALO) in single-
molecule motility assays when fused to dimeric kinesin-1.
We found that mNeGr and mCit provide the best green FP
tags for imaging of kinesin-1 motors, whereas EGFP and
mEGFP have a high tendency to oligomerize. Although
mNeGr is preferable for its brightness with 488 nm excitation,
this FP appeared to be stickier in our single-molecule assays.
We found that, based on its well-behaved motility properties
and low oligomerization tendency, mCherry provides the

180 180 18
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FIGURE 5 Quantification of oligomeric state by single-molecule photobleaching analysis. (A and B) The amount of (A) green FP-tagged or (B) red FP-
tagged KHC(1-560) motors in cell lysates was normalized by western blot. Equal amounts of motor were immobilized on a glass surface and the fluorescence
intensity over time was recorded with high-intensity laser excitation. The number of photobleaching steps was quantified for individual molecules and the
population data were plotted as histograms. (Expected) denotes the expected number of photobleaching steps for a dimeric motor. To see this figure in color,

go online.
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FIGURE 6 Landing rates of fluorescently tagged
KHC(1-560) motors. The amount of fluorescently
tagged KHC(1-560) motors in cell lysates
was normalized, equal amounts of motor were
added to single-molecule motility assays, and the
landing rate was quantified as the number of
events per micrometer microtubule per second per
nanomolar of KHC(1-560). Error is provided as
the mean + SE. At least four different microtu-
bules from two different experiments were quanti-
fied for each construct. To see this figure in color,
go online.

OreGr- diAcFAM TMR
488

SNAP

best red FP tag for imaging, and one can augment its low fluo-
rescence intensity by generating a tandem dimer. Importantly,
we found that a subset of the fluorophores (EGFP, mEGFP,
tagRFPt, mApple, and SNAP) caused aberrant run lengths,
presumably due to oligomerization. These results emphasize
that FPs are not inert tags and can influence the behavior of
their fusion partner. In most single-molecule studies of kine-
sin motors, one can ignore the aberrant run lengths generated
by the FP partner by excluding the longest bin of motile
events, as this leads to only relatively small reductions in
run length after mean analysis (25). Aberrant run lengths
due to FP oligomerization are more likely to influence the
interpretation of motor behavior when run length is used as
a measure of motor output.

Essentially all FPs exist in nature as either tight dimers or
tetramers driven by interactions between their barrel exte-
riors, and thus most FP-fusion proteins have a tendency to
oligomerize (21). For many experimental applications, these
oligomeric tendencies can be alleviated by mutagenesis of
the dimer interface, at least when examined using biochem-
ical techniques such as size-exclusion chromatography (26)
and analytical ultracentrifugation (23). Although most of
the FPs used in this study (mEGFP, mNeGr, mCit, tagRFPt,
and mApple) were previously found to be monomeric in
solution, the FPs may be prone to oligomerization artifacts
when a high local concentration is generated by fusion to
oligomeric proteins (24). For example, tagRFP and EGFP
were susceptible to oligomerization when fused to the cyto-
plasmic face of a resident endoplasmic reticulum membrane
protein (27). Similarly, superfolder GFP, mCherry, and to a
lesser extent tagRFPt formed aberrant foci when expressed
as fusion proteins to oligomeric Clp protease in E. coli (28).
Additionally, many red FPs have been found to cause artifi-
cial puncta formation when used to label secretory pathway
components (29). This FP oligomerization likely depends
on the location of the fluorescent tag. In the case of our
KHC(1-560) motors, for instance, fusion of the FPs to the
coiled-coil stalk of the truncated motor likely facilitates

HALO

FP oligomerization, whereas placement of the FPs N-termi-
nal of the motor domains or C-terminal of the tail domains
may be less likely to cause aberrant interactions. These
results emphasize the need to independently confirm the
oligomeric state of each fusion protein, especially as FPs
continue to evolve (8).

It is interesting to note that this tendency of FPs to oligo-
merize when fused to a multimeric protein does not seem
to be conserved among FPs derived from the same source
protein. We find, for example, that EGFP and mEGFP
seem to be prone to oligomerization, but mCit does not,
although only a handful of amino acids differ among these
FPs. mCit differs from mEGFP by the amino acid changes
L64F, T65G, V68L, Q69M, S72A, and T203Y, and all of
these mutations are on the interior of the barrel. A previous
study showed that GFPmut3, which shares the T65G and
S72A mutations with mCit, is substantially less likely to
form oligomeric artifacts in E. coli, suggesting that these
residues on the interior of the barrel can unexpectedly influ-
ence oligomerization (28). Additionally, cysteine residues
C48 and C70 of GFP variants have been shown to cause
oligomerization via formation of disulphide bonds, and
mutations in adjacent residues, such as Q69M, could inhibit
this behavior (30,31). Together, these results suggest that
small perturbations on either the surface or the interior of
the FP can greatly influence these oligomeric tendencies,
and a predictive trend is difficult to identify.

In this study, we also assessed the relative effectiveness
of various cell-permeable SNAP and HALO ligands for
single-molecule imaging of kinesin-1 motors. We found
that for both SNAP and HALO tags, the TMR ligand
consistently provided the brightest fluorescence signal in
single-molecule motility assays (Fig. 2) and the highest
efficiency of labeling as determined by the motor landing
rate (Fig. 6). The HALO tag and TMR ligand were recently
used to label dynactin subunits expressed in COS7 cells for
single-molecule analysis of dynein motility (32). We also
found that kinesin-1 motors tagged with SNAP-TMR and
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HALO-TMR showed different run lengths in single-mole-
cule motility assays (Fig. 3), suggesting that, like the FPs,
the SNAP tag can undergo oligomerization. Indeed, long
run lengths were also observed for motors labeled with
505-STAR, whereas the dim fluorescence of the OreGr488
ligand led to short detectable runs. For the SNAP tag, one
could improve the labeling efficiency by using proteins
with improved kinetics, such as the SNAPf tag (33). A recent
comprehensive analysis of various cell-impermeable SNAP
ligands in single-molecule studies also showed high vari-
ability in the effectiveness of the dyes for single-molecule
imaging (34). These results emphasize that fluorescent dyes
need to be tested under specific experimental conditions.

CONCLUSIONS

Here, we compared 10 fluorescent tags used to label kinesin-
1 motors in single-molecule motility assays and found that
a subset of these tags (EGFP, mEGFP, tagRFPt, mApple,
and SNAP-TMR) are susceptible to low-order oligomer
formation, which can introduce aberrant behavior of the
kinesin-1 motor. Thus, these proteins should be avoided
when they need to be fused to an oligomeric partner or in
an integral membrane fusion where the local concentration
is very high. Additionally, we compared the fluorescent
tags in terms of single-molecule imaging quality. Of the
green FPs studied, mNeonGreen provides the best imaging
quality and has a relatively low susceptibility to oligomeri-
zation, but appears to stick to other proteins and the glass
surface. mCitrine appears to be the most well-behaved
of the green FPs, but is not optimized for 488 nm excitation.
Of the red FPs studied, tandem mCherry provides the best
imaging quality without compromising native motor pro-
perties. SNAP and HALO tags provide great versatility for
imaging in multiple colors, but typically are not brighter
or more photostable than FPs in single-molecule studies.
Overall, this study should serve as a valuable reference for
designing single-molecule experiments in multiple colors.

SUPPORTING MATERIAL

Three figures, five tables, and four movies are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(15)00125-3.
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Supplementary Figure S1. Cumulative Distribution Functions (CDFs) for Run Length Distributions. (A-C) Run

length CDFs for green FP-labeled KHC(1-560) motors (A), red FP-labeled KHC(1-560) motors (B), and SNAP-
TMR-labeled KHC(1-560) motors (C). A least-squares fit was performed in MATLAB (overlaid as a black dotted
line) to determine mean run lengths (inset). Data are presented as the mean * the standard deviation from

bootstrapping.
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Supplementary Figure S2. Cumulative Distribution Functions (CDFs) for Velocity Distributions. (A-C) Velocity CDFs for
green FP-labeled KHC(1-560) motors (A), red FP-labeled KHC(1-560) motors (B), and SNAP-TMR-labeled KHC(1-560)
motors (C). A least-squares fit was performed in MATLAB (overlaid as a black dotted line) to determine mean run lengths
(inset). Data are presented as the mean + the standard deviation from bootstrapping. Gaps in velocity CDFs represent duplicate
velocity data points, which are a result of pixel-limited kymograph analysis.
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Supplementary Figure S3. Characterization of different SNAP and HALO ligands. (A-B) Motility properties for
various SNAP (left) and HALO (right) ligands were compared in standard P12 motility buffer (A) and under
physiological buffer conditions (B). The mean run length and velocity values (insets) were obtained by CDF fit (see
Supp. Fig. S1-S2). Error is reported as the standard deviation from bootstrapping. SNAP- and HALO-Oregon
Green ligands were barely detectable at 488 nm excitation, likely leading to shorter run lengths than other SNAP-
ligands, and HALO-diAcFAM was not detectable at 488 nm. SNAP-505-STAR, SNAP-TMR, and HALO-TMR
ligands were readily detectable at 488, 561, and 561 nm excitation, respectively



Supplemental Table S1. Compiled data for fluorescently-tagged KHC(1-560) motors.

vVelocit Landing Motor
. y RL (pm) + rate oligomeric
FP lonic (um/s) = n y f
dye) Strength®  Bootstrap Bootstrap (events) [events/( state from
(dy SE S.E. pm*s*nM)] photo-
o + S.E.M. bleaching
EGFP Low 0.84+0.01 1.33%£0.05 460 0.35+0.03 Mostly dimer
EGFP Phys.  0.78+001 1.34+008 207 0.26 % 0.02
mEGFP Low  0.85+001 151+006 461 0.43+0.03 E'mer -
etramer
mEGFP Phys.  0.83+001 153 0.09 242 0.30% 0.03
mNeGr Low  083+001 1.03+004 510 0.51+0.03 Dimer
mNeGr Phys.  0.83+001 100004 555 0.58 +0.05
mCit Low  0.84+001 0095+002 492 0.48+0.03 Dimer
mCit Phys.  0.82+001 100+003 494 0.44 +0.04
tdTom Low  084+001 076+002 326 0.31+0.03 Dimer
tdTom Phys.  0.86+0.01 0.72%0.02 288 0.31+0.05
tagRFPt Low  0.80+001 153+007 291 0.33+0.03 E'mer "
etramer
tagRFPt Phys.  0.81+001 1424006 352 0.30 £ 0.02
mApple Low  081+001 1.81+009 211 0.18 +0.01
mApple Phys.  0.80+0.01 1.650.09 196 0.21+0.05
2xmCh Low 084001 0096+003 326 0.33+0.03 Dimer
2xmCh Phys.  0.84+001 0.89+003 332 0.27 £ 0.02
SNAP
L 084001 110+£004 223 0.18+0.01
(OreGr4ss) ow
SNAP
Phys.  0.84+001 1.07%0.06 144 0.12 % 0.02
(OreGr4gs) ys
SNAP
(505- Low  0.83+001 1.46+0.09 194 0.14 £ 0.02
STAR)
SNAP
(505- Phys.  0.84+001  1.41+0.09 208 0.16 +0.03
STAR)
SNAP
Lo 083+001 145+006 268 0.33+0.04
(TMR) W
SNAP
Phys.  0.82+001 142008 256 0.32+0.06
(TMR) ys
HALO 0.024 +
Lo 083001 1.05+0.08 63
(OreGr4gs) W 0.005
HALO 0.005 +
Phys.  0.82+004  0.8+0.2 13
(OreGrasg) ys 0.002
HALO
Lo 084001 093+004 215 0.25+0.03
(TMR) W
HALO
Phys.  0.84+001  1.01%0.05 197 0.20 £ 0.02
(TMR) ys

“Low ionic strength (1.S.) buffer: 12 mM PIPES/KOH, 1 mM EGTA, and 2 mM MgCl,, pH 6.8, I.S. = 28 mM. Physiological
(Phys.) ionic strength buffer: 25 mM HEPES/KOH, 115 mM potassium acetate, 5 mM sodium acetate, 5 mM MgCl,, and 0.5
mM EGTA, pH 7.4, 1.S. =145 mM.



Supplemental Table S2. Statistical significance of differences in velocity between fluorescently-tagged KHC(1-560) motors in low ionic strength buffer®.

FP EGFP  mEGFP mNG mCit tdTom  tagRFPt  mApple  2xmCh SNAP- SNAP- SNAP-— HALO-— HALO-
OreGr  505STAR TMR OreGr TMR

EGFP

mEGFP n.s.

mNG n.s. n.s.

mCit n.s. n.s. n.s.

tdTom n.s. n.s. n.s. n.s.

tagRFPt *kk *kk Hkk Fkk *kk

mApple * Fkk * Fkk * ns.

2xmCh n.s. n.s. n.s. n.s. n.s. ke *

SNAP-

OreGr n.s. * n.s. * * n.s. n.s. n.s.

SNAP-
505STAR n.s * n.s * * * n.s n.s n.s

SNAP-

TMR n.s * n.s * n.s * n.s n.s n.s n.s

HALO-

OreGr n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

HALO-

TMR n.s. n.s. n.s. n.s. n.s. Fxk * n.s. n.s. n.s. n.s. n.s.

®Low ionic strength (1.S.) buffer: 12 mM PIPES/KOH, 1 mM EGTA, and 2 mM MgCl,, pH 6.8. Mann-Whitney-Wilcoxon test was used to compare each velocity data set, where
each indicated data set on the vertical axis is compared to the indicated data set on the horizontal axis. *** denotes p < 0.001, * denotes p < 0.01, n.s. denotes not significant (p >
0.01).



Supplemental Table S3. Statistical significance of differences in run length between fluorescently-tagged KHC(1-560) motors in low ionic strength buffer?.

. SNAP- SNAP- SNAP- HALO- HALO-
FP EGFP mEGFP mNG mCit tdTom tagRFPt mApple 2xmCh
OreGr 505STAR TMR OreGr TMR
EGFP
MEGFP n.s.
mNG **k* **k*
mCIt *k*k *k*k *
thOm **k* *k* *kx *kx
tagRFPt n.s. n.s. Fxx Fxx Fkx
mAppIe **k* *k* *kx *kx **k* **k*
2meh *k*k *k*k * ns *k*k *k*k *kx
SNAP- * * Kk k Kk k *kk * Kk k *kk
OreGr
SNAP- S. n.s. **k%k *k%k *k*k n.s. *k%k *k*%k **k*%k
505STAR
SNAP- * n.s. * Kk *kk **k*% n.s. *kk **k*% **k*% n.s.
TMR
HALO- * * * n.s. *k*k * k)% n.s. n.s. k)% k)%
OreGr
HALO- **k*% **k*% * n.s. **k*% **k*% * Kk n.s. **k*% * Kk * Kk n.s.
TMR

®Low ionic strength (1.S.) buffer: 12 mM PIPES/KOH, 1 mM EGTA, and 2 mM MgCl,, pH 6.8. Mann-Whitney-Wilcoxon test was used to compare each run length data set,

where each indicated data set on the vertical axis is compared to the indicated data set on the horizontal axis. *** denotes p < 0.001, * denotes p < 0.01, n.s. denotes not significant

(p >0.01).



Supplemental Table S4. Statistical significance of differences in velocity between fluorescently-tagged KHC(1-560) motors in physiological buffer?.

FP EGFP  mEGFP mNG mCit tdTom  tagRFPt  mApple  2xmCh SNAP- SNAP- SNAP-— HALO-— HALO-
OreGr  505STAR TMR OreGr TMR
EGFP
mMEGFP *
mNG S n.s.
mCit * n.s. n.s.
tdTom *kk * Hkk Hokk
tagRFPt * * * n.s. ke
mApple n.s. €5 & & CERS n.s.
2xmCh ke n.s. n.s. * * ok ek
SNAP-
OreGr Fxk n.s. n.s. * n.s. * Fxk n.s.
SNAP-
505STAR Frk n.s. n.s. n.s. * * Fxk n.s. n.s.
SNAP-
TMR * n.s. n.s. n.s. Fxk n.s. * n.s. n.s. n.s.
HALO-
OreGr n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
HALO-
TMR Fxk n.s. n.s. n.s. * * Fxk n.s. n.s. n.s. n.s. n.s.

®Physiological buffer: 25 mM HEPES/KOH, 115 mM potassium acetate, 5 mM sodium acetate, 5 mM MgCl,, and 0.5 mM EGTA, pH 7.4, |.S. = 145 mM. Mann-Whitney-
Wilcoxon test was used to compare each velocity data set, where each indicated data set on the vertical axis is compared to the indicated data set on the horizontal axis. ***
denotes p < 0.001, * denotes p < 0.01, n.s. denotes not significant (p > 0.01).



Supplemental Table S5. Statistical significance of differences in run length between fluorescently-tagged KHC(1-560) motors in physiological buffer?.

SNAP- SNAP- SNAP- HALO- HALO-
FP EGFP mEGFP mNG mCit tdTom tagRFPt mApple 2xmCh
OreGr 505STAR TMR OreGr TMR

EGFP
MEGFP *

mNG KKk KKk

mCit *kk KAk *

tdTom *kk *kk Fkk Hkk
tagRFPt ns. ns. *kk *kk Kk
mApple *kk n.s. Fkk Fkk *kk *

2xmCh *Kkk *Kkk n.s. * *Kkk *Kkk KKKk

SNAP-

n.s *kk Fkk * *kk * Fkk *kk
OreGr e
SNAP-
*kk *kk Kk * Hkk *
5055TAR n.s. n.s. n.s.

SNAP-

TMR n.s. n.s. Fkk Fkk *kk n.s. * *kk *kk n.s.
HALO-

OreGr n.s. * n.s. n.s. * * * n.s. n.s. * *
HALO-

TMR *kk *kk * n.s. *kk *kk Fkk * n.s. Fkk Fkk n.s.

®Physiological buffer: 25 mM HEPES/KOH, 115 mM potassium acetate, 5 mM sodium acetate, 5 mM MgCl,, and 0.5 mM EGTA, pH 7.4, |.S. = 145 mM. Mann-Whitney-
Wilcoxon test was used to compare each run length data set, where each indicated data set on the vertical axis is compared to the indicated data set on the horizontal axis. ***

denotes p < 0.001, * denotes p < 0.01, n.s. denotes not significant (p > 0.01).



Movie S1. Representative movies of kinesin-1 motors labeled with green fluorescent proteins.
Lysates of COS7 cells expressing KHC(1-560) labeled with green fluorescent proteins in
standard P12 motility buffer were imaged by TIRF microscopy at room temperature (Ti-E/B;
Nikon). Frames were acquired continuously with 100 ms exposure. Top panel, KHC(1-560)
labeled with EGFP; second panel, KHC(1-560) labeled with monomeric EGFP; third panel,
KHC(1-560) labeled with mNeGr; bottom panel, KHC(1-560) labeled with mCit. Scale bar = 5
pm.

Movie S2. Representative movies of kinesin-1 motors labeled with red fluorescent proteins.
Lysates of COS7 cells expressing KHC(1-560) labeled with red fluorescent proteins in standard
P12 motility buffer were imaged by TIRF microscopy at room temperature (Ti-E/B; Nikon).
Frames were acquired continuously with 100 ms exposure. Top panel, KHC(1-560) labeled with
tdTomato; second panel, KHC(1-560) labeled with tagRFPt; third panel, KHC(1-560) labeled
with mApple; bottom panel, KHC(1-560) labeled with 2xmCh. Scale bar =5 pm.

Movie S3. Representative movies of SNAP-tagged kinesin-1 motors labeled with various SNAP
ligands. Lysates of COS7 cells expressing ligand-labeled KHC(1-560)-SNAP in standard P12
motility buffer were imaged by TIRF microscopy at room temperature (Ti-E/B; Nikon). Frames
were acquired continuously with 100 ms exposure. Top panel, KHC(1-560)-SNAP labeled with
SNAP-OreGr488; middle panel, KHC(1-560)-SNAP labeled with SNAP-505-STAR; bottom
panel, KHC(1-560)-SNAP labeled with SNAP-TMR. Scale bar =5 pm.

Movie S4. Representative movies of HALO-tagged kinesin-1 motors labeled with various
HALO ligands. Lysates of COS7 cells expressing ligand-labeled KHC(1-560)-HALO in
standard P12 motility buffer were imaged by TIRF microscopy at room temperature (Ti-E/B;
Nikon). Frames were acquired continuously with 100 ms exposure. Top panel, KHC(1-560)-
HALO labeled with HALO-OreGr488; middle panel, KHC(1-560)-HALO labeled with HALO-
diAcFAM; bottom panel, KHC(1-560)-HALO labeled with HALO-TMR. Scale bar =5 um.
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