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Kinesin’s Neck-Linker Determines its Ability to Navigate Obstacles on the
Microtubule Surface
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ABSTRACT The neck-linker is a structurally conserved region among most members of the kinesin superfamily of molecular
motor proteins that is critical for kinesin’s processive transport of intracellular cargo along the microtubule surface. Variation in
the neck-linker length has been shown to directly modulate processivity in different kinesin families; for example, kinesin-1, with
a shorter neck-linker, is more processive than kinesin-2. Although small differences in processivity are likely obscured in vivo by
the coupling of most cargo to multiple motors, longer andmore flexible neck-linkers may allow different kinesins to navigate more
efficiently around the many obstacles, including microtubule-associated proteins (MAPs), that are found on the microtubule sur-
face within cells. We hypothesize that, due to its longer neck-linker, kinesin-2 can more easily navigate obstacles (e.g., MAPs)
on the microtubule surface than kinesin-1. We used total internal reflection fluorescence microscopy to observe single-molecule
motility from different kinesin-1 and kinesin-2 neck-linker chimeras stepping along microtubules in the absence or presence of
two Tau isoforms, 3RS-Tau and 4RL-Tau, both of which are MAPs that are known to differentially affect kinesin-1 motility. Our
results demonstrate that unlike kinesin-1, kinesin-2 is insensitive to the presence of either Tau isoform, and appears to have the
ability to switch protofilaments while stepping along the microtubule when challenged by an obstacle, such as Tau. Thus,
although kinesin-1 may be more processive, the longer neck-linker length of kinesin-2 allows it to be better optimized to navigate
the complex microtubule landscape. These results provide new insight, to our knowledge, into how kinesin-1 and kinesin-2 may
work together for the efficient delivery of cargo in cells.
INTRODUCTION
Intracellular transport is a highly regulated bidirectional
process that is required for normal cellular function, partic-
ularly in neurons, where anterograde cargo is transported to
specific locations throughout the cell periphery and retro-
grade cargo is transported in the opposite direction (1,2).
Through specific adaptor proteins, cargos couple with an
ensemble of molecular motors, including members of the
kinesin, myosin, and dynein families. Different combina-
tions of these motors, even from the same family, modulate
cargo transport (3). For example, purified vesicles from
adult mouse brains have been shown to contain dynein,
kinesin-1, and kinesin-2, indicating an important regulatory
role for that ensemble and other potential motor combina-
tions in microtubule-based cargo transport (4). Similar
observations have been made for intraflagellar transport
(IFT) particles that contain two kinesin-2 family members
in cilia/flagella (5) and ribonucleoprotein (RNP) complexes
in Xenopus oocytes (6) that contain both kinesin-1 and
kinesin-2. Although models of bidirectional transport have
traditionally focused on two opposing motors, kinesin-1
and dynein, an unresolved question is why cargos need
two directionally similar motors to drive anterograde trans-
port. Presumably, different motor domains contribute to
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functionally distinct transport characteristics, but the signif-
icance of having at least two different plus-end-directed
kinesin motors on the same cargo within the cell is presently
unknown.

Kinesin-1 and kinesin-2 are two plus-end-directed micro-
tubule-based motors that are colocalized on the same cargo
in a number of different intracellular transport processes
(4,7,8). Although it is known that kinesin-1 is more proces-
sive than kinesin-2 due to differences in the contour length
of their neck-linker regions (9–11), the physiological rele-
vance of this difference is unclear given that many cargos
are bound to multiple motors, which minimizes any poten-
tial differences in processivity at the single-motor level
(12). We hypothesize that, even more important than its
effect on processivity, the neck-linker region contour length
in kinesin-1 and kinesin-2 (Fig. 1, A and B) determines
the efficiency in which specific kinesin family members
can navigate obstacles on the microtubule surface in the
crowded intracellular environment. Specifically, we expect
kinesin-2’s longer neck-linker region (17 amino acids) to
be more flexible than kinesin-1’s (14 amino acids), which
would allow it to more easily navigate the complex micro-
tubule landscape within the cell.

This landscape contains a number of different microtu-
bule-associated proteins (MAPs) that kinesin-1 and kine-
sin-2 must navigate to deliver the cargos to their target
destinations. Many cell types, including neurons, contain
microtubules decorated with Tau/MAP2/MAP4 family
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FIGURE 1 Experimental reagents. (A) Schematic of kinesin constructs

illustrating the N-terminal globular motor domains, C-terminal coiled-

coil stalk, and the random-coil neck-linker connecting the two motor do-

mains. The C-terminal end of Drosophila kinesin-1 was truncated at 559

and fused with an eGFP. The kinesin-2 construct contained two mouse

kif3A motor domains and their neck-linkers fused with the coiled-coil stalk

of the kinesin-1 construct, which has been shown to be functionally equiv-

alent to the wild-type kif3A/B heterodimer (9). (B) Primary amino acid

sequence of the neck-linker regions of all four kinesin constructs used in

the experiments. Kinesin-1’s 14 amino acid neck-linker was lengthened

to 17 (kinesin-1þKAL), and kinesin-2’s 17 amino acid neck-linker was short-

ened to 14 (kinesin-2PA_DDAL) as described by Shastry and Hancock (10).

(C) Linear schematic of 3RS- and 4RL-Tau isoforms containing an acidic

N-terminal region, a central proline-rich region (P1 and P2), and a micro-

tubule-binding region with three or four microtubule-binding repeats

(R1–R4). 4RL-Tau contains two additional N-terminal acidic inserts (I1

and I2) and one additional C-terminal microtubule-binding repeat (R2).

Tau isoforms were labeled with Alexa 546 at a single cysteine residue in R3.
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members, which have similar C-terminal microtubule-bind-
ing repeats and have been shown to impede kinesin-1motility
in vitro and in vivo (13,14). Tau is a highly expressedMAP in
the axon of nerve cells that decorates the microtubule surface
(15). There are six human isoforms of Tau (16) and they have
been shown to aid in polymerization and stabilization of
microtubules in vitro (17). 3RS-Tau is the shortest isoform,
containing three C-terminal microtubule-binding repeats
and no N-terminal acidic inserts, whereas the longest 4RL
isoform contains four C-terminal microtubule-binding re-
peats and two N-terminal acidic inserts (Fig. 1 C). Both iso-
forms were shown to impede kinesin-1 motility in vitro, with
3RS-Tau being more inhibitory than 4RL-Tau (18–20), but
the effect of Tau on kinesin-2’s motility is unknown. Intrigu-
ingly, nonmammalian kinesin-2 motor proteins have been
observed in vitro to be capable of sidestepping to adjacent
protofilaments on the microtubule surface, unlike kinesin-1
Biophysical Journal 106(8) 1691–1700
and mammalian kinesin-2, which have been shown to track
a single protofilament in their processive walk along the
microtubule surface (21).Wehypothesize that, at the expense
of its processivity, kinesin-2’s longer neck-linker region
allows this motor (even mammalian kinesin-2) to navigate
around obstacles such as Tau.

The purpose of this work was to determine the role of the
neck-linker composition in kinesin’s ability to step along
microtubules in the presence or absence of MAPs known
to impede kinesin-1 motility (3RS-Tau and 4RL-Tau). We
compare and contrast the characteristic run lengths, average
velocities, and pause behavior for kinesin-1 and kinesin-2
constructs on different microtubule complexes in vitro,
including chimeras in which the kinesin-1 and kinesin-2
neck-linker regions are effectively switched. Our results
demonstrate the importance of kinesin’s neck-linker in its
ability to navigate around obstacles such as Tau on the
microtubule surface, and provide important new insight
(to our knowledge) into the role of multiple kinesin family
members in transporting single cargos through the complex
intracellular environment.
MATERIALS AND METHODS

Protein expression and purification

All kinesin constructs contained Drosophila kinesin-1 neck and stalk do-

mains (residues 346–559) fused with C-terminal eGFP and hexahistidine

tags, and were expressed and purified as previously described (10). Kine-

sin-1 constructs contained the N-terminal motor domain and neck-linker

fromDrosophilaKIF5 (residues 1–345), and kinesin-2 constructs contained

the motor domain and neck-linker from mouse kif3A (residues 1–359). The

kinesin-2pa_DDAL construct also included the deletion of the last three amino

acids (D, A, and L) and a single amino acid substitution (P355A) in the

kif3A neck-linker. The kinesin-1þKAL construct included the addition

of three amino acids (K, A, and L) between T344 and A345 of the

Drosophila KIF5 neck-linker.

Tauwas expressed from3RS- and 4RL-Tau plasmids (a generous gift from

Dr. Stephen King) in BL21-CodonPlus(DE3)-RP E. coli cells (Stratagene,

La Jolla, CA) using the isopropyl 1-thio-b-D-galactopyranoside-inducible

pET vector system (Novagen, Madison, WI) and purified as previously

described (20,22). The 4RL-Tau construct contained a single amino acid sub-

stitution, C291I, to limit the labeling to one binding site, and was created

using the QuikChange site-directed mutagenesis kit (Agilent Technologies,

SantaClara, CA).Tau concentrationwas determined using theBicinchoninic

Acid Protein Assay (Pierce, Rockford, IL) using desalted, lyophilized 3RS-

or 4RL-Tau as standards. Samples were dialyzed against BRB80 (80 mM

PIPES, pH 6.9 at room temperature, 1 mM EGTA, and 1 mM MgCl2).

Tubulin was isolated from bovine brain (obtained from Vermont Livestock

& Slaughter, Ferrisburgh, VT) using high-molarity PIPES buffer (1 M

PIPES, pH 6.9 at room temperature, 10 mM MgCl2, and 20 mM EGTA) as

previously described (23). Tubulin concentration was determined using the

Bradford Assay (Sigma-Aldrich, St. Louis, MO).
Fluorescent labeling of Tau

Tau protein was incubated with a 10-fold molar excess of dithiothreitol

(DTT) for 2 h at room temperature, and the DTT was removed using a

2 mL 7K MWCO Zeba spin desalting column (Pierce, Rockford, IL).

Tau was then incubated in a 10-fold molar excess of Alexa Fluor 546-C5
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maleimide (Invitrogen, Grand Island, NY) for an additional 2 h at room

temperature, and excess fluorophore was removed using a second desalting

column. The labeling efficiency of Tau was determined by comparing the

concentration of fluorophore with that of protein. Alexa Fluor 546 concen-

tration was determined using an extinction coefficient of 93,000 cm�1 M�1

at 554 nm in a NanoDrop ND-1000 spectrophotometer (Thermo Scientific,

Rockford, IL). The 3RS-isoform was labeled at C233 and the 4RL-isoform

was labeled at C322. Labeling efficiency was determined to be 79–85% for

both Tau isoforms.
Microtubule preparation and labeling

Tubulin was thawed on ice and centrifuged at 350,000� g for 20 min at 4�C
before polymerization. The tubulin was then supplemented with either

1 mM GTP (Sigma-Aldrich) or guanosine-50-[(a,b)-methyleno]triphos-

phate sodium salt (GMPCPP; Jena Bioscience, Jena, Germany), and unla-

beled tubulin was mixed with rhodamine-labeled tubulin (Cytoskeleton,

Denver, CO) at a 1:10 labeled/unlabeled ratio. For paclitaxel microtubules,

100 mL of 39 mM tubulin was incubated in BRB80 at 37�C for 20 min, fol-

lowed by addition of paclitaxel (Sigma-Aldrich) to a final concentration of

20 mM. For GMPCPP microtubules, 20 mL of 39 mMGMPCPP-tubulin was

incubated in BRB80 at 37�C for 20 min, followed by four additions of 20

mL of 39 mM GMPCPP-tubulin, each followed with a 20 min incubation

before the next addition (20). This process ensured sufficiently long micro-

tubules suitable for use in the single-molecule imaging experiments.

For experiments performed in the presence of Tau, tubulin polymeriza-

tion was performed as described above except that labeled tubulin was

excluded. Instead, stabilized microtubules were incubated with either Alexa

546 3RS- or 4RL-Tau at a 1:5 Tau/tubulin ratio at 37�C for an additional

20 min. The samples were centrifuged at room temperature for 30 min at

16,000 � g and the pellet was resuspended at 37�C in motility assay buffer

(MAB) (10 mM PIPES, pH 7.4 at room temperature, 50 mM potassium ac-

etate, 4 mMmagnesium acetate, 1 mMEGTA), 10 mMDTT, and an oxygen

scavenger system (5.8 mg/mL glucose, 0.045 mg/mL catalase, and

0.067 mg/mL glucose oxidase; Sigma-Aldrich). All solutions containing

paclitaxel microtubules were supplemented with 20 mM paclitaxel.
Single-molecule total internal reflection
fluorescence assay

Flow chambers were prepared by adhering ARTUS shims (ARTUS, Engle-

wood, NJ) with Norland optical adhesive (Norland Products, Cranbury,

NJ) to siliconized glass coverslips. Samples were prepared by incubating

the flow chamber with monoclonal anti-b III (neuronal) antibodies

(Sigma-Aldrich) at 33 mg/mL in MAB for 5 min. The chambers were

washed and blocked with 0.5 mg/mL of bovine serum albumin (BSA) in

MAB for an additional 2 min before addition of 1 mM of the desired

microtubule preparation, followed by incubation for another 12 min. The

chambers were washed with MAB, and 1 nM of the desired kinesin

construct along with 1 mM ATP was added just before image acquisition

for all experimental conditions examined. It should be noted that due to

differences in buffer conditions, the kinesin run-length data we obtained

in MAB differ from values previously measured in BRB80 with the

same constructs (10).

We performed total internal reflection fluorescence (TIRF) microscopy

at room temperature using an inverted microscope (Eclipse Ti-U; Nikon,

Melville, NY) equipped with a 100� plan apochromatic objective lens

(1.49 NA) and auxiliary 1.5� magnification. Kinesin-eGFP constructs

were excited with a 473 nm argon laser and imaged through an emission

525/50 band-pass filter. Alexa 546-labeled 3RS-Tau or 4RL-C291I Tau

and rhodamine-labeled tubulin were excited with a 532 nm argon laser

and imaged through an emission 605/70 band-pass filter. We obtained

images using an XR/Turbo-Z camera (Stanford Photonics, Palo Alto,

CA) running Piper Control software (v2.3.39). The pixel resolution was
95.0 nm and all movies were acquired at five frames per second, with the

exception of kinesin-2 GMPCPP data, which were acquired at 3.33 frames

per second. Representative movies of the single-molecule TIRF assay are

provided in the Supporting Material (Movies S1, S2, S3, and S4). Kinesin

photobleaching rate was determined to be 7.8 s (Fig S1).
Data analysis

Motility was measured using the MTrackJ plugin for ImageJ software,

version 1.46r (National Institutes of Health, Bethesda, MD), and track

lengths were measured using the segmented line tool in ImageJ. Average

velocity values from events were plotted in a histogram and fit to a Gaussian

distribution, and the mean and standard deviation (SD) were reported. Char-

acteristic run-length measurements were calculated as described by

Thompson et al. (24). In brief, run-length events were fit to a cumulative

frequency plot to determine the characteristic run length. A calculated char-

acteristic run length, Xexpected, was determined to minimize any track distri-

bution bias effects (error was the 99% confidence level of the resampled

data set repeated 1000 times). All reported characteristic run lengths are re-

ported as Xexpected. Lastly, a permutation resampling algorithm was used to

determine significance difference between two data sets (24).

Pause events were scored from kymographs generated from kinesin-1

and kinesin-2 motility in the presence or absence of 3RS-Tau on paclitaxel

microtubules using the multiple-kymograph plugin with ImageJ (see

Fig. 4). Pauses were further categorized as stepping after a pause (pause-

step) or terminating after a pause (pause-terminate). A pause was defined

as movement%5 pixels in the spatial direction and R0.4 s in the temporal

direction. (The estimated Rayleigh diffraction-limited spot for an eGFP flu-

orophore is 274 nm. The camera resolution was 95 nm/pixel and the spot

size was 2.9 pixels, but to be conservative the spot was widened to 5 pixels

or 475 nm.) A Z test was used to measure significance of proportions for all

pause data, and a Mann-Whitney U test was used to determine significance

for all pause dwell times.
RESULTS

Kinesin-2’s characteristic run length is not
affected by Tau

The single-molecule motility of both kinesin-1 and kinesin-
2 motors was observed by TIRF microscopy in the absence
and presence of the 3RS and 4RL isoforms of Tau on either
paclitaxel microtubules, representing a GDP nucleotide
state, or GMPCPP microtubules, mimicking a GTP nucleo-
tide state of the microtubule lattice. Although the presence
of 3RS- and 4RL-Tau or the GMPCPP nucleotide state of
the microtubule lattice was previously shown to reduce the
in vitro motility of kinesin-1 (18–20), its effects on kine-
sin-2 motility are currently unknown.

In the absence of Tau, kinesin-1’s characteristic run
length was observed to be 33% higher on paclitaxel micro-
tubules than on GMPCPP microtubules (1.535 0.27 mm vs.
1.15 5 0.30 mm, p ¼ 3 � 10�4; Figs. 2 A and 3 A; Tables 1
and 2), in agreement with previous results (20). Kinesin-2’s
characteristic run length was also increased by 26% on
paclitaxel microtubules relative to that observed on
GMPCPP microtubules (1.03 5 0.24 mm vs. 0.81 5 0.16
mm, p ¼ 1 � 10�3; Figs. 2 D and 3 D; Tables 1 and 2).

In both cases, the processivity was reduced going from a
GDP to a GTP-like microtubule state, demonstrating that
Biophysical Journal 106(8) 1691–1700



FIGURE 2 Characteristic run length comparison between kinesin-1 and

kinesin-2 on paclitaxel microtubules. (A–C) Cumulative frequency plots

of kinesin-1 in the absence or presence of 3RS- or 4RL-Tau. (D and E)

Cumulative frequency plots of kinesin-2 in the absence or presence of

3RS- or 4RL-Tau. Black dots represent the raw run-length data and the

gray curve is the observed cumulative frequency. The expected character-

istic run length, derived from the microtubule length distribution, is shown

within each graph. The error represents the 99% confidence interval and a

p-value of less than 0.01 was considered significant. *Represents a statisti-

cally significant difference from the characteristic run length observed in

the absence of Tau.

FIGURE 3 Characteristic run length comparison between kinesin-1 and

kinesin-2 on GMPCPP microtubules. (A–C) Cumulative frequency plots

of kinesin-1 in the absence or presence of 3RS- or 4RL-Tau. (D and E)

Cumulative frequency plots of kinesin-2 in the absence or presence of

3RS- or 4RL-Tau. Black dots represent the raw run-length data and the

gray curve is the observed cumulative frequency. The expected character-

istic run length, derived from the microtubule length distribution, is shown

within each graph. The error represents the 99% confidence interval, and a

p-value of less than 0.01 was considered significant.
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kinesin-2, like kinesin-1 (20), is sensitive to differences in
the nucleotide state of the microtubule lattice. This nucleo-
tide sensitivity may result from a structural change in the
microtubule’s motor-binding site, since it was recently
shown kinesin-1 preferentially binds to GMPCPP microtu-
bules (25). This preference is thought to be due to b-tubu-
lin’s C-terminal half of helix H4 being pushed toward
kinesin, as well as to helix H4 making longitudinal contact
with a-tubulin’s helix H11, which better positions the ca-
nonical kinesin-binding site to interact with kinesin-1’s
loop L11 (26). Repositioning of kinesin’s binding site on
the microtubule could change kinesin’s kinetics in the
weak binding (ADP) state. As processivity is controlled
by the race between front-head binding and rear-head
detachment from the microtubule, an accelerated detach-
ment on GMPCPP microtubules in the weak binding
(ADP) state should decrease kinesin’s run length, consistent
with our observations for both kinesin-1 and kinesin-2.

In the presence of Tau, both the 3RS- and 4RL-isoforms
reduced kinesin-1’s motility on paclitaxel microtubules, as
expected, with the 3RS isoform having a greater effect
than the 4RL isoform (0.99 5 0.24 mm, p ¼ 2 � 10�6 vs.
1.12 5 0.31 mm, p ¼ 5 � 10�4, respectively; Fig. 2, B
and C; Table 1) compared with bare microtubules (1.53 5
0.27 mm; Fig. 2 A). Interestingly, and contrary to kinesin-
1, neither Tau isoform impeded kinesin-2’s characteristic
Biophysical Journal 106(8) 1691–1700
run length (3RS-Tau: 1.16 5 0.27 mm, p ¼ 0.03; 4RL-
Tau: 1.08 5 0.34 mm, p ¼ 0.03; Fig. 2, E and F; Table 1)
on paclitaxel microtubules compared with bare microtu-
bules (1.03 5 0.24 mm; Fig. 2 D), indicating that unlike
kinesin-1, kinesin-2 is not sensitive to the presence of either
isoform of Tau on the microtubule surface.

On GMPCPP microtubules, kinesin-1 was not impeded
by either isoform of Tau (3RS: 0.93 5 0.24 mm, 4RL:
0.92 5 0.27 mm; Fig. 3, B and C; Table 2), as their charac-
teristic run lengths were similar to that observed on bare mi-
crotubules (1.15 5 0.30 mm; Fig. 3 A; Table 2). Kinesin-2,
like kinesin-1, also was not impeded by either isoform of
Tau (3RS: 0.86 5 0.25 mm, 4RL: 0.82 5 0.25 mm;
Fig. 3, E and F; Table 2), as their characteristic run lengths
were similar to that observed on bare microtubules (0.81 5
0.16 mm; Fig. 3 D).
Kinesin-2 steps more frequently after a pause
than kinesin-1

To further explore kinesin-2’s uninterrupted characteristic
run length on Tau-decorated paclitaxel microtubules, we
counted the number of pauses for kinesin-1 and kinesin-2
in the absence and presence of 3RS-Tau. Kinesin-1 is known
to pause in its processive walk along the microtubule
(27,28), and such events are even more likely to occur
upon encountering an obstacle, such as Tau. Kinesin’s
response after a pause will be either to keep stepping or to



TABLE 1 Summary of kinesin motility on paclitaxel microtubules in the absence and presence of Tau

Tau isoform Xobserved (mm) N Lobserved (mm) N Xexpected (mm) p-Value Velocity (mm/s)

Kinesin-1 – 1.29 5 0.11 591 4.63 5 0.67 243 1.53 5 0.27 0.74 5 0.01

3RS 0.89 5 0.12 243 4.57 5 1.20 113 0.99 5 0.24 2 � 10�6 0.65 5 0.02

4RL 0.99 5 0.17 200 4.55 5 0.84 185 1.12 5 0.31 5 � 10�4 0.58 5 0.02

Kinesin-1þKAL – 0.79 5 0.14 182 5.74 5 0.63 387 0.86 5 0.25 0.64 5 0.03

3RS 0.65 5 0.12 165 5.97 5 0.81 298 0.70 5 0.21 0.06 0.55 5 0.03

4RL 0.64 5 0.11 191 4.66 5 0.90 204 0.69 5 0.20 0.05 0.55 5 0.03

Kinesin-2 – 0.92 5 0.13 300 5.02 5 0.75 268 1.03 5 0.24 0.31 5 0.01

3RS 0.92 5 0.12 325 2.57 5 0.21 1029 1.16 5 0.27 0.03 0.32 5 0.01

4RL 0.86 5 0.16 210 2.50 5 0.34 222 1.08 5 0.34 0.03 0.32 5 0.01

Kinesin-2PA_DDAL – 1.42 5 0.27 182 4.05 5 0.59 315 1.78 5 0.59 0.40 5 0.01

3RS 0.87 5 0.14 215 3.92 5 0.70 187 0.99 5 0.27 1 � 10�7 0.35 5 0.01

4RL 1.18 5 0.17 280 3.46 5 0.44 314 1.47 5 0.37 0.04 0.36 5 0.01

Xobserved is the measured characteristic run length, Lobserved is the characteristic microtubule track length, and Xexpected is the expected characteristic run

length to adjust for differences in the microtubule track length distribution. The error represents the 99% confidence interval and p-values were calculated

for the expected characteristic run length in the presence of Tau relative to that in the absence of Tau, where p < 0.01 was considered significant.

Kinesin Neck-Linker and Navigating MAPs 1695
dissociate from the microtubule track, terminating the proc-
essive run. Thus, we predicted that both kinesin-1 and kine-
sin-2 would be more likely to pause during their processive
runs along the microtubule in the presence of Tau than in its
absence. Furthermore, if kinesin-2 can navigate Tau obsta-
cles on the microtubule track but kinesin-1 cannot, we ex-
pected that kinesin-2 would be more likely to continue
stepping after a pause, whereas kinesin-1 would be more
likely to terminate its processive run. Observed pausing
events were categorized as either terminating after a pause
(pause-terminate) or stepping after a pause (pause-step;
Fig. 4). In the absence of Tau, kinesin-2 is 7% more likely
to pause than kinesin-1, but in the presence of 3RS-Tau, it
is 18% (i.e., more than twice as likely to pause than kine-
sin-1) (Table 3). Interestingly, the pause-step percentages
of kinesin-2 and kinesin-1 are similar in the absence of
Tau; however, in the presence of 3RS-Tau, kinesin-2 is
15% more likely to step after a pause compared with kine-
sin-1, which is significant (p ¼ 0.05; Table 3). Thus, kine-
sin-2 prefers to step rather than terminate after a pause, in
contrast to kinesin-1, which is more likely to terminate its
processive run after a pause, in the presence of 3RS-Tau
(Fig. 4). Kinesin-2’s ability to step more efficiently after a
pause is consistent with its unchanged characteristic run
length in the presence of either isoform of Tau. Similarly,
TABLE 2 Summary of kinesin motility on GMPCPP microtubules in

Tau isoform Xobserved (mm) N Lobserved (m

Kinesin-1 – 0.90 5 0.13 255 2.49 5 0.5

3RS 0.78 5 0.11 228 2.83 5 0.7

4RL 0.77 5 0.13 195 2.63 5 0.5

Kinesin-2 – 0.67 5 0.08 567 2.13 5 0.2

3RS 0.67 5 0.11 196 1.80 5 0.1

4RL 0.66 5 0.12 206 1.96 5 0.2

Xobserved is the measured characteristic run length, Lobserved is the characteristic

differences in the microtubule track distribution.
aRepresents a statistically significant difference from that observed on paclitaxel m

of less than 0.01 was considered significant.
kinesin-1’s characteristic run length decreases in the pres-
ence of Tau, which is consistent with its decrease in the
number of steps after a pause event.
Truncation of kinesin-2’s neck-linker confers
susceptibility to inhibition by Tau

Kinesin-2’s insensitivity to Tau on paclitaxel microtubules
could be due to changes in the biochemistry or mechanics
of the motor domain, or to differences in the neck-linker
length. We hypothesize that this difference in behavior be-
tween kinesin-1 and kinesin-2 originates in the neck-linker
composition of the two motors. To directly test this hy-
pothesis, we used a truncated neck-linker chimera that
was previously shown to mimic kinesin-1’s processivity
on paclitaxel microtubules (10), and sought to determine
whether these changes in the neck-linker length also
dictated sensitivity to the presence of Tau on the microtu-
bule surface. The chimera, kinesin-2PA_DDAL, contained a
proline-to-alanine switch (PA) to remove the kink and a
deletion of the C-terminal end of the neck-linker (DDAL),
mimicking the same number of amino acids as kinesin-1’s
neck-linker (Fig. 1 B). On bare paclitaxel microtubules,
the characteristic run length of the kinesin-2 neck-linker
chimera, kinesin-2PA_DDAL, increased by 75% compared
the absence and presence of Tau

m) N Xexpected (mm) p-Value Velocity (mm/s)

5 117 1.15 5 0.30 3 � 10�4a 0.68 5 0.02

6 104 0.93 5 0.24 0.04 0.64 5 0.02

3 138 0.92 5 0.27 0.04 0.66 5 0.02

5 355 0.81 5 0.16 1 � 10�3a 0.36 5 0.01

7 477 0.86 5 0.25 0.28 0.33 5 0.01

1 382 0.82 5 0.25 0.35 0.31 5 0.01

track length, Xexpected is the expected characteristic run length to adjust for

icrotubules. The error represents the 99% confidence interval and a p-value
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FIGURE 4 Representative kymograph images

of kinesin-2 pausing events observed during proc-

essive movement along paclitaxel microtubules.

(A) Uninterrupted processive movement (nonpause

event) in the absence of Tau. (B) Pause-termination

event in the presence of 3RS-Tau. (C) Pause-step

event in the presence of 3RS-Tau. Scale bars repre-

sent 2 mm. Animations in panels A–C are not

drawn to scale and are for visual effect. (D) Kine-

sin-1 and kinesin-2’s percentage of pause-step

events in the absence and presence of 3RS-Tau.

Kinesin-2, in the presence of 3RS-Tau, is more

likely to step after a pause relative to kinesin-1.

Error bars represent SE. *Represents significant

difference between the absence and presence of

3RS-Tau, p ¼ 0.05.
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with our kinesin-2 construct (1.78 5 0.59 mm vs. 1.03 5
0.24 mm, p ¼ 5 � 10�8; Fig. 5 D; Table 1), which indicates
an increase in processivity, consistent with previous results
(10). Interestingly, kinesin-2PA_DDAL also demonstrated an
isoform-specific sensitivity to the presence of Tau similar
to that observed for kinesin-1. In the presence of 3RS-Tau,
kinesin-2PA_DDAL’s characteristic run length fell by 44%
(0.99 5 0.27 mm, p ¼ 1 � 10�7), which was statistically
significant compared with kinesin-2PA_DDAL’s motility on
undecorated microtubules (Fig. 5 E; Table 1). In the pres-
ence of 4RL-Tau, the characteristic run length fell by
17%, which was not statistically significant compared
with undecorated microtubules (1.47 5 0.37 mm, p ¼
0.04; Fig. 5 F; Table 1).
Lengthening kinesin-1’s neck-linker abolishes its
sensitivity to the presence of Tau

Because the deletion of three amino acids in kinesin-2’s
neck-linker increased the chimera’s sensitivity to Tau, we
tested the corollary by lengthening kinesin-1’s neck-linker
by three amino acids to see if its sensitivity to Tau was abol-
TABLE 3 Summary of kinesin-1 and kinesin-2 pausing behavior on p

Kinesin-1

No Tau (N ¼ 392) 3RS

Number of pauses 81

% of total events 20.6

Dwell time (s) 2.79 5 0.45

Number of steps after a pause 24

% of pause events 29.6

Dwell time (s) 2.41 5 0.51

Number of terminations after a pause 57

% of pause events 70.4

Dwell time (s) 2.94 5 0.60

Significant differences in dwell times were calculated with a Mann-Whitney U te
aRepresents significant difference (p % 0.05) from the no-Tau condition.
bRepresents significant difference (p % 0.05) from kinesin-1 under the same Ta
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ished. The chimera, kinesin-1KAL, contained a three amino
acid (KAL) insert in the C-terminal end of its neck-linker
region (Fig. 1 B), and has been shown to have a similar char-
acteristic run length compared with wild-type kinesin-2
(10). On bare microtubules, kinesin-1KAL’s characteristic
run length was 0.86 5 0.25 mm (Fig. 5 A; Table 1) or
44% lower than kinesin-1 (1.53 5 0.27 mm; Fig. 2 A), as
expected from previous results (10). However, the kinesin-
1KAL chimera lost the sensitivity to Tau displayed by
wild-type kinesin-1, as the characteristic run length in the
presence of either 3RS-Tau (0.70 5 0.21 mm, p ¼ 0.06;
Fig. 5 B; Table 1) or 4RL-Tau (0.69 5 0.20 mm, p ¼
0.05; Fig. 5 C; Table 1) did not change appreciably from
that observed in the absence of Tau.
DISCUSSION

This study demonstrates that kinesin-1 and kinesin-2
are sensitive to the microtubule nucleotide state, as both
constructs have reduced processivity on GMPCPP micro-
tubules compared with paclitaxel microtubules (Figs. 2
and 3; Tables 1 and 2). In addition, Tau does not impede
aclitaxel microtubules in the absence and presence of 3RS-Tau

Kinesin-2

-Tau (N ¼ 245) No Tau (N ¼ 305) 3RS-Tau (N ¼ 295)

35 83 95

14.3a 27.2b 32.5b

3.84 5 0.60a 3.13 5 0.31b 2.38 5 0.31a,b

8 22 36

22.9 26.5 37.9a,b

3.03 5 0.87 3.01 5 0.41 1.88 5 0.18a

27 61 59

77.1 73.5 62.1a,b

4.09 5 0.73a 3.17 5 0.40b 2.69 5 0.49a,b

st. Histograms of dwell-time data found in the Supporting Material, Fig S2.

u condition. Dwell-time errors represent 95% confidence intervals.



FIGURE 5 Characteristic run length comparison between kinesin-1þKAL

and kinesin-2pa_DDAL on paclitaxel microtubules. (A–C) Cumulative fre-

quency plots of kinesin-1þKAL in the absence or presence of 3RS- or

4RL-Tau. (D and E) Cumulative frequency plots of kinesin-2pa_DDAL in

the absence or presence of 3RS- or 4RL Tau. Black dots represent the

raw run length data and the gray curve is the observed cumulative fre-

quency. The expected characteristic run length, derived from the microtu-

bule length distribution, is shown within each graph. The error represents

the 99% confidence interval and a p-value of less than 0.01 was considered

significant. *Represents a statistically significant difference from the char-

acteristic run length observed in the absence of Tau.
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the motility of kinesin-2 on paclitaxel microtubules, in
contrast to kinesin-1, which is impeded by Tau in an iso-
form-specific manner (Fig. 2) (18–20). Additionally, we
can rule out the possibility that these results are not depen-
dent on the Tau isoforms binding differently from each
other, or on different nucleotide states of the microtubule
lattice (20). This is corroborated by the pausing data, which
show that kinesin-2 is 15% more likely than kinesin-1 to
step after a pausing event in the presence of 3RS-Tau on
paclitaxel microtubules (Fig. 4; Table 3). Furthermore, we
have shown the family-specific differences in kinesin’s
neck-linker length play a critical role in kinesin’s ability
to bypass Tau obstacles on the microtubule surface. Kine-
sin-2’s neck-linker length is sufficient to allow for unin-
terrupted run lengths on paclitaxel microtubules in the
presence of either 3RS- or 4RL-Tau, whereas the shorter
neck-linker of kinesin-1 confers inhibition by Tau.

The loss of kinesin-2’s sensitivity to Tau on paclitaxel mi-
crotubules, contrary to that of kinesin-1, directly supports
our hypothesis that the flexibility of kinesin’s neck-linker
region determines its ability to navigate obstacles, such as
Tau, on the microtubule surface. There are multiple molec-
ular explanations for kinesin-2’s ability to bypass Tau obsta-
cles, which may not be mutually exclusive: 1), kinesin-2,
due to its shorter characteristic run length, does not
encounter Tau as frequently as kinesin-1; 2), kinesin-2,
due to its longer neck-linker length, may step over or around
Tau; and 3), kinesin-2, due to its slower velocity, may be
able to wait for Tau to move out of its way during its proc-
essive walk along the microtubule surface.

To ensure that kinesin-2’s loss of sensitivity to Tau was
not an artifact of its encountering fewer Tau molecules dur-
ing its processive walk along the microtubule surface due to
its shorter characteristic run length relative to kinesin-1, we
measured the average density of Tau on the microtubule sur-
face. We then determined the expected Tau encounter fre-
quency for each motor and the expected effect on the
observed run length in both cases (see Supporting Material).
Under our conditions, kinesin-1 and kinesin-2 will, on
average, take 49 8-nm steps before encountering a Tau
molecule along a single protofilament, which is a distance
of 0.39 mm. Given kinesin-2’s observed characteristic run
length in the absence of Tau, 0.92 mm, it should encounter
a Tau molecule 2.3 times per processive run (assuming it
tracks along a single protofilament). We believe this to be
an underestimate, as many of the shorter-lived Tau events
(%0.4 s) were hard to resolve in our kymographs. To further
validate kinesin-2’s loss of sensitivity to Tau on the micro-
tubule surface, we simulated the degree of 3RS-Tau inhibi-
tion on kinesin-1 as a 1:1 steric blocker and applied this to
kinesin-2’s motility, assuming that it too was sensitive to
3RS-Tau (see Supporting Material). From the simulation,
we calculated kinesin-2’s expected characteristic run length,
Xexpected, in the presence of 3RS-Tau and compared it with
the observed characteristic run length in the presence of Tau
to evaluate whether there was a significant deviation be-
tween these two groups. The simulation of Xexpected for
kinesin-2, unlike that for kinesin-1, using the simulated
theoretical curve derived from a data set of identical size,
indicated a significant deviation (p ¼ 5 � 10�3) from the
predicted, Xexpected, behavior of 3RS-Tau (Fig. S3, A and
B, and Fig. S4). This suggests that kinesin-2 has the ability
to bypass obstacles such as 3RS-Tau, and that this ability is
not merely a feature of it encountering less 3RS-Tau due to
its lower processivity.

We next considered how kinesin-2’s neck-linker contrib-
utes to its ability to step over or around Tau. There is elec-
tron microscopy evidence for Tau binding both across (29)
and along (29,30) protofilaments, but ultimately it is not
clear how Tau lies along the microtubule lattice. Kinesin-
2’s neck-linker is three amino acids longer than kinesin-
1’s (17 vs. 14 amino acids, respectively; Figs. 1 B and
6 A). The longer length of kinesin-2’s neck-linker may allow
it to step over Tau if the latter is lying across multiple pro-
tofilaments. Tau binding has been shown to be centered on
a-tubulin (29), which may limit interference with kinesin’s
binding site on b-tubulin and allow kinesin to step over Tau
given a sufficiently flexible neck-linker region. If Tau lies
along a protofilament and blocks kinesin’s forward binding
site, then kinesin is more likely to sidestep to an adjacent
protofilament than to step over Tau. Nonmammalian
Biophysical Journal 106(8) 1691–1700
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kinesin-2 family members have been shown to be capable
of switching protofilaments in the absence of MAPs
such as Tau (21). However, Brunnbauer et al. (21) also
observed that mammalian kinesin-2, Mmkif3A/B, predomi-
nantly tracks along a single protofilament like kinesin-1.
Mmkif3A/B is similar to the construct we used in this study
(Fig. 1 A). Our construct contains two kif3A motor domains
(kif3A/A) and neck-linkers fused to a Drosophila kinesin-1
coiled-coil (see Materials and Methods), which is function-
ally equivalent to the kif3A/B heterodimer as demonstrated
by Muthukrishnan et al. (9). Our results suggest that, given
the opportunity, even mammalian kinesin-2 can sidestep to
an adjacent protofilament to navigate around an obstacle
(e.g., Tau) on the microtubule surface. Additionally, Bor-
muth et al. (31) demonstrated that kinesin-8, which like
kinesin-2 has a 17 amino acid neck-linker, is capable of
sidestepping to an adjacent protofilament. To further explore
this possibility, we modeled the probability of our kinesin-1
and kinesin-2 constructs sidestepping to an adjacent protofi-
lament as a function of neck-linker contour length (see Sup-
porting Material). The probability for kinesin-1’s front head
to bind to the next available binding site along the protofila-
ment is 99.6%, which is as expected because kinesin-1 is
known to track along a single protofilament (Fig. 6 B;
SupportingMaterial, Table S1) (32), whereas the probability
FIGURE 6 Probability of kinesin sidestepping as a function of neck-

linker contour length. (A) Force-extension curves of kinesin-1 and kine-

sin-2 (kif3A/A) neck-linker regions determined assuming a worm-like

chain model (41–43). Kinesin-2’s longer neck-linker allows for a longer

reach at the same force and thus an increased probability of stepping to

an off-protofilament binding site. (B) Probability of kinesin stepping to

nearby binding sites. Black dots represent binding sites for a 13-protofila-

ment microtubule. Kinesin-1 only steps along a single protofilament,

whereas kinesin-2 is predicted to sidestep left to the adjacent protofilament

2.1% of the time. The animation is not drawn to scale and is for visual

effect; see Supporting Material for further details about the modeling.
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to sidestep is 0.41%, counterclockwise. For wild-type
kif3A/B, the probability of the front head stepping forward
along the protofilament is 98.9% and the probability of
sidestepping is 1.1%, counterclockwise (see Supporting
Material). For our construct, kif3A/A, the probability of
forward stepping along the protofilament is 97.7% and
the probability of sidestepping is 2.1%, counterclockwise
(Fig. 6 B). The modeling suggests that the wild-type may
not be able to sidestep as frequently as our construct; how-
ever, kif3A/B is still twice as likely to sidestep compared
with kinesin-1. Thus, for an undecorated 13-protofilament
microtubule, our kinesin-2 construct is likely to take a side-
step a little over 2% of the time. This small but significant
probability provides kinesin-2 the opportunity to sidestep
to an adjacent protofilament when challenged by an obstacle
(e.g., Tau) during its processive walk along the microtubule.

We also considered how kinesin-2, with its slower veloc-
ity, might be able to wait for Tau to move out of the way
before continuing its processive march along the microtu-
bule. The velocity of kinesin-2 is about half that of kine-
sin-1 (Table 1), which potentially translates into the rear
head spending twice as much time bound to the microtubule.
This would give the front head more time to diffusively
search for an available off-protofilament binding site when
there is an obstacle in front of it. Alternatively, kinesin-2
may be able to pause long enough before taking its next
step to allow a Tau obstacle on the microtubule surface to
dissociate or diffuse away, as suggested by Xu et al. (33),
rather than stepping around or over it. Although we cannot
completely rule out this possibility, the average time be-
tween steps for kinesin-2 (0.008 mm/step / 0.31 mm/s ¼
0.026 s/step) is significantly shorter than the mean dwell
time for 3RS-Tau on the microtubule surface (21.6 s) (34).
Another consideration in this analysis is Tau’s multivalent
interaction with the microtubule lattice. Tau contains either
three or four microtubule-binding repeats (Fig. 1 C) depend-
ing on the Tau isoform. Individually, the binding repeats
interact weakly with the microtubule lattice, but when com-
bined they have a much stronger affinity to the microtubule
(35). These binding repeats interact transiently with the lat-
tice on the scale of milliseconds, which may rapidly sample
the lattice in different orientations (35). It is plausible that
during these transient interactions the binding repeats, and
thus Tau can move out of kinesin-2’s path. Currently, this
is untestable because we lack a more detailed understanding
of Tau’s interaction with the microtubule lattice. Finally, it is
possible that kinesin-2 undergoes extended pausing at obsta-
cles such as Tau compared with kinesin-1. However, the
average pause duration for kinesin-2 is slightly shorter
than in the absence of Tau or for kinesin-1 in the presence
of 3RS-Tau (Table 3). Interestingly, kinesin-1’s dwell time
increases in the presence of 3RS-Tau, which suggests there
might be an interaction between kinesin-1 and 3RS-Tau, or
that it simply waits longer before detaching because its for-
ward binding site is blocked. Conversely, kinesin-2’s dwell
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time decreases in the presence of 3RS-Tau, indicating that
3RS-Tau may assist kinesin-2 in bypassing Tau or restricts
kinesin-2’s access to the next forward binding site, thereby
directing it to sidestep to an adjacent protofilament.
CONCLUSIONS

The ability of kinesin-2 to efficiently navigate obstacles
such as Tau on the microtubule surface is likely to be impor-
tant for its role as a molecular motor in a number of different
intracellular transport processes. The results from this work
are most directly relevant to fast axonal transport in neurons,
in which microtubules are known to be heavily decorated
with Tau (15). The extent to which Tau inhibits kinesin
motility in the axon is dependent on a number of factors,
including the isoform of Tau involved (18–20), the structural
state of the microtubule lattice (20), and, as shown here, the
kinesin family member involved. Evidence from in vivo
studies is mixed as to whether Tau is inhibitory to axonal
transport (36) or not (37,38). Both kinesin-1 and kinesin-2
are involved in axonal transport, and kinesin-2, through its
extended neck-linker region, may be optimized to transport
cargos around obstacles such as Tau in the crowded axonal
landscape at the expense of its processivity relative to kine-
sin-1. Indeed, the ability to navigate obstacles on the micro-
tubule surface may be of more value than single-molecule
processivity in a crowded intracellular environment in
which most cargos are bound to multiple anterograde mo-
tors anyway. Furthermore, although many axonal cargos
are specifically transported by a particular motor protein,
it is interesting to note that many cargo complexes are bound
to multiple molecular motors, including kinein-1, kinesin-2,
and cytoplasmic dynein (4,7,8). Although the benefit of hav-
ing both a plus-end-directed (e.g., kinesin-1) and a minus-
end-directed (e.g., cytoplasmic dynein) motor on the same
cargo for bidirectional transport is obvious, the reason for
having two plus-end-directed motors on the same cargo is
less clear. Kinesin-1 is known to preferentially target cargos
to specific microtubule tracks within the axon (39,40), but
once in the axon, kinesin-2 bound to the same cargo could
help kinesin-1 navigate the microtubule surface more effi-
ciently in the presence of many potential obstacles, such
as Tau. The ability of kinesin-2 to coordinate with another,
more processive plus-end-directed motor is not limited to
the neuronal axon, as RNPs in Xenopus oocytes are known
to be complexed with both kinesin-1 and kinesin-2 (6), and
IFT particles in the cilia of C. elegans sensory cells are
known to contain both kinesin-2 and OSM-3, a faster,
more processive member of the kinesin-2 family. The role
of kinesin-2 in intracellular transport and its coordination
with other kinesin family members on the same cargo
require further understanding, but to our knowledge, the
results presented in this work shed important new light on
novel functions of the kinesin neck-linker in navigating
around obstacles on the microtubule surface.
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SUPPORTING MATERIAL 

Determining the Rate of Kinesin Photobleaching 

 

To determine the bleaching time of the dual eGFP tagged kinesin constructs, we strongly bound 

kinesin-2 to paclitaxel microtubules with AMP-PNP, a non-hydrolyzable analog of ATP that 

mimics the strongly bound ATP nucleotide state.  Samples were prepared exactly as if performing 

a single molecule motility assay except 1mM ATP was replaced with 1mM AMP-PNP. 

 

Data was analyzed by generating kymographs of microtubules with the MultipleKymograph plug-

in for ImageJ software, version 1.46r (National Institutes of Health, Bethesda, MD) and the 

duration of emitted light from the eGFP tag on the kinesin constructs was measured.  A cumulative 

frequency plot was generated and fit with 𝐶(𝑥) = 1 − 𝑒
𝑥

𝑥0, where 𝑥0 represents the average 

bleaching time (Fig. S1). 

 

 

 

FIGURE S1  Cumulative frequency plot (black curve) of kinesin-2 eGFP photobleaching events (blue dots), where 

the average photobleaching time was 7.8 ± 1.5 s.  Kinesin-2 was diluted to single molecule concentrations and then 

incubated with 1mM AMP-PNP and pipetted into the flow cell in a manner identical to that used in the motility assays.  

The theoretical distance the kinesin constructs could move before photobleaching was an average of 4.5 times farther 

than their observed characteristic run lengths as calculated below: 

(
velocity of kinesin (

nm

s
)∗bleaching time (s)

Characteristic Run Length(nm)
). 
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Histograms for Kinesin Pausing Data 

 

 
 
FIGURE S2  Histograms for kinesin-1 and kinesin-2 pausing data in the absence and presence of 3RS-Tau.  (A) 

Histograms of total pause data, (B) pause-step data, and (C) pause-terminate data.  The x-axis represents time, where 

the bin width is 2 seconds for every kinesin/Tau condition. 
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Discussion of 3RS-Tau and Density of 3RS-Tau on the Microtubule Surface 

 

Tau has previously been shown to be either static or diffusing on the microtubule surface (1) (2).  

3RS-Tau has more stationary events (78%) than diffusive compared to 4RL-Tau (55%) and resides 

longer on the lattice, 21.6 s versus 6.2 s, respectively (2).  The shift between these two states may 

be regulated by phosphorylation as modification at the N-terminus of Tau increases the diffusive 

events seen in vitro (unpublished data).  Post-translational modifications such as these may help 

regulate Tau’s static-to-diffusive behavior and its ability to inhibit kinesin-1 motility in vivo, an 

interesting future direction to explore. 

 

3RS-Tau was selected over 4RL-Tau for the analyses below as it has a higher ratio of static to 

diffusive events, has a longer dwell time on the microtubule surface as seen in vitro, and acts as a 

better inhibitor of kinesin motility (2). To calculate the number of Tau per unit length of 

microtubules, we prepared 3RS-Tau decorated microtubules, as if performing a single molecule 

motility assay, but without kinesin present (see Materials and Methods).  Stabilized microtubules 

were incubated with 3RS-Tau at a ratio of 1:5 Tau to tubulin, where the ratio of Alexa 546-labeled 

3RS-Tau to unlabeled 3RS-Tau was 1:600 to facilitate the imaging of individual Tau molecules at 

a final concentration of 300 nM total 3RS-Tau.  Microtubules (1 µM) were imaged by TIRF 

microscopy as described above for the single molecule motility assay except that the acquisition 

rate was 10 frames / second for 100 seconds. 

 

Data were analyzed by generating kymographs with MultipleKymograph plug-in for ImageJ 

software, version 1.46r (National Institutes of Health, Bethesda, MD).  The number of labeled Tau 

molecules along the microtubules were counted at 4 different time points along the kymograph (t0, 

t25, t50 and t75 seconds) during a 100 second movie, where 38 microtubules were analyzed totaling 

112 labeled Tau events.  The total Tau (labeled Tau plus unlabeled Tau) was calculated per kinesin 

step for a 13 protofilament microtubule:  

 
(# of labeled Tau)(600 fold excess unlabeled Tau)

(unit length of microtubule (nm))
∗ (

8 nm

1 kinesin step
) ∗ (

1 

13 protofilmaents
). 

 

The four time points were averaged and a final value of 2.03 x 10-2 Tau / kinesin step / 

protofilament (or 49.33 steps / Tau / protofilament) along a single protofilament.  Additionally, it 

was calculated, per unit length of microtubule, one Tau molecule per 30 nm.  (Note: Tau binds 

non-uniformly along the microtubule surface (Movies S2 and S4), but, for simplicity to find an 

estimated average value for Tau decoration, our analysis assumes an even distribution along the 

microtubule surface.) 

 

Calculating Kinesin-1 and Kinesin-2’s Stepping Probability 

 

The Worm-Like Chain Model was used to model the neck-linkers non-linear force-extension 

relationship (3-5): 

F(x) =
KBT

p
(

1

4
(1 −

x

L
)

−2

−
1

4
+

x

L
) 

where KB is Boltzmann’s Constant, T is absolute temperature, p is the persistence length and L is 

the contour length.  We used three different persistence lengths for calculating the stepping 

probability: 1nm, 1.2nm and 1.4nm as this was determined to be an acceptable range (Table S1) 
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(5).  The contour lengths of the kinesin neck-linkers were calculated by multiplying the number of 

amino acids by 0.365 nm / residue (6) and then by 2 as there are two neck-linkers per kinesin.  

Each cis-proline present shortens the neck-linker by 0.548 nm (7). Neck-linker contour lengths, L: 

kinesin-1:  (14 amino acids ∗ 0.365
nm

amino acid
) 2 = 10.22 nm 

kif3A/A: (17 amino acids ∗ 0.365
nm

amino acid
− 0.548

nm

proline
∗ 1proline) 2 = 11.31 nm 

kif3A/B: (17 amino acids ∗ 0.365
nm

amino acid
− 0.548

nm

proline
∗ 1.5proline) 2 = 10.77 nm 

 

The elastic energy stored within the two neck-linkers is: Ei = ∫ F(x)dx
x

0
 

The probability, qi, for kinesin reaching a possible binding site (out of a possible five sites) on the 

microtubule lattice as well as the kinesin binding site distances were obtained from (8, 9).  The 

values were calculated by: qi = (∑
qk

qi
k )

−1

 where 
qk

qi
= e

−(
Ek−Ei

KBT
)
 (9). The start of the diffusional 

search of the kinesin front head was 4 nm in the plus-end direction and 0.5 nm to the left (10).  All 

calculations were completed in MATLAB version R2012b (The MathWorks, Natick, MA). 

TABLE S1  Probability of Kinesins Side-Stepping as a Function of Neck-Linker Contour 

Length with Different Persistence Lengths  

 
Percent probabilities of kinesin-1 and kinesin-2’s front head binding to available microtubule binding sites using three 

different persistence lengths (p) for the neck-linkers (5).  Kinesin-2, for each persistence length, has a higher 

probability of stepping off its protofilament counterclockwise compared to kinesin-1 during its diffusional search 

(shown in red brackets). (Animation is not drawn to scale and is for visual effect.) 

 

Stochastic Modeling of Tau Inhibition 

 

3RS-Tau-decorated microtubule tracks were simulated in Mathematica (Version 9, Wolfram 

Research) by generating large, two-dimensional sparse arrays (i.e. arrays containing mostly 0-

valued cells) with an x-axis representing 8-nm steps along a microtubule protofilament and a y-

axis corresponding to the length of time between each step, which effectively represents a 

kymograph.  The y-axis of each array was scaled according to the mean velocity of the motor of 

interest, thus enabling all motility to occur along diagonal elements of the array.  The array was 
4 
 



stochastically populated with 3RS-Tau (1-valued cells), characterized by an exponentially 

distributed dwell time (mean value = 21.6 s (2)) and an on-rate calculated as follows: we assumed 

that the presence of Tau as a 1:1 steric blocker effectively shortens the microtubule track length 

distribution, characterized by a parameter we denote as Leff.  Based on our previous work relating 

the observed microtubule track length distribution (Lo)  and the observed characteristic run length 

(Xobserved) (11), the distance that kinesin would be expected to move (Xexpected) along the 

microtubule surface in the presence of Tau is given by: 

Xexpected = Xobserved (1 −
Xobserved(Leff + 2Xobserved)

2(Leff + Xobserved)2
) 

A landing rate of 4x10-6 nm-1s-1 was found to produce a Leff value consistent with the observed 

effect of 3RS-Tau on kinesin-1 motility (Fig. S3). 

 A.                                                                          B. 

 

FIGURE S3  Model calibration using the observed 3RS-Tau inhibition of kinesin-1 and demonstrating kinesin-2 is 

able to navigate Tau obstacles.  (A) The kinesin-1 characteristic run length in the absence of 3RS-Tau (Xexpected) and 

the observed behavior in the presence of 3RS-Tau and track distribution effects (Xobserved) (black dot) was used to 

calibrate the appropriate 3RS-Tau on-rate to yield agreement between the simulation of 1:1 3RS-Tau inhibition for 

kinesin-1 (black curve) over the range of potential Xexpected values.  (B) Experimental data for kinesin-2 (red dot) show 

significant deviation from the simulated behavior if 3RS-Tau acted as a 1:1 inhibitor (red curve).  Utilizing the 

simulation curve and the experimental Xexpected value for kinesin-2, a predicted value for Xobserved obeying the 

simulation results (black dot) was generated with an equal number of points (N=325, Table 1) to account for sampling 

uncertainty.  This predicted value, Xobserved, was found to be statistically significant from the experimental value (p-

value = 5 X 10-3) via permutation resampling (11), indicating that kinesin-2 both encounters 3RS-Tau in these 

experimental conditions and is able to bypass it.  Error bars represent the 99% confidence intervals for the respective 

datasets. 

Simulated motility experiments were performed by stochastically selecting a starting point on the 

array, followed by selection of both  a motility event, a microtubule track length and a track landing 

point from the experientially derived run length and track length distributions as described 

previously (11).  After adjusting the motility event length for any track termination effects, the 

motility event length was used to sample a diagonal strip of the matrix. If the sampled strip was 

empty (full of zeros), the run length was un-changed. If the strip contained a 1-value (due to the 

presence of a 3RS-Tau), the run length was adjusted to the number of steps preceding the 3RS-

Tau site. Periodic boundary conditions were implemented to prevent motility events from being 

terminated by the edges of the array (Fig. S4).   
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FIGURE S4  Representative simulation of a 3RS-Tau decorated protofilament.  Two-dimensional sparse arrays were 

populated with Tau (vertical black lines) according to the measured 3RS-Tau dwell time and an on-rate that was 

calibrated with kinesin-1 motility results.  The dimensions of the array are scaled such that the size of each bin 

represents an 8nm step and the amount of time between steps for the appropriate kinesin family member for the x- and 

y-axes, respectively.  Simulated motility is represented by the red arrows, which occur along diagonal elements due 

to the dimensional scaling. Motility events that reach an edge of the array wrap around to the opposite side due to 

periodic boundary conditions.  

 

Movie Legends 

 

MOVIE S1  Representative eGFP-kinesin-1 data stepping along rhodamine-labeled paclitaxel 

microtubules in the absence of Tau.  Recorded at 5 frames per second (95 nm / pixel).  Playback 

speed is 10 X the frame rate. 

 

MOVIE S2  Representative eGFP-kinesin-1 data stepping along a single rhodamine-labeled 

3RS-Tau decorated paclitaxel microtubule at a 1:5 Tau:tubulin dimer ratio.  Recorded at 5 

frames per second (95 nm / pixel).  Playback speed is 10 X the frame rate. 
 

MOVIE S3  Representative eGFP-kinesin-2 data stepping along rhodamine-labeled paclitaxel 

microtubules in the absence of Tau.  Recorded at 5 frames per second (95 nm / pixel).  Playback 

speed is 10 X the frame rate. 
 

MOVIE S4  Representative eGFP-kinesin-2 data stepping along a single rhodamine-labeled 

3RS-Tau decorated paclitaxel microtubule at a 1:5 Tau:tubulin dimer ratio.  Recorded at 5 

frames per second (95 nm / pixel).  Playback speed is 10 X the frame rate. 
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