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In support of the hypothesis that more motors help overcome roadblocks and reduce cargo 

pauses, we observed nine instances when a hindering kinesin is stuck at a roadblock while other 
kinesins keep driving the microtubule, causing the stuck kinesin to detach from the surface. As 
the hindering kinesin detaches from the coverslip, it starts moving with the microtubule, driven by 
a few other kinesins (Fig. 4a and Supplementary Movie S5). In Fig. 4a, at 64.8 seconds, 4 driving 
kinesins are pulling on a microtubule while one hindering kinesin is holding the microtubule back. 
The hindering kinesin is then ripped off of the glass-coverslip and the kinesin travels with the 
microtubule, as can be seen at 72 and the 84 sec. Presumably, the weakest link—in this case, 
the digoxigenin:anti-digoxigenin antibody bond for the DNA linker, is rupturing28.  

To test what the force is, and compare it to the force that a single kinesin can exert, ~6 pN, 
we then took the same 1.56 kb dsDNA and its linkages, and stretched it in an optical trap until the 
digoxigenin:anti-digoxigenin linkage ruptures (Fig. 4b; Supplementary Fig. S6; Supplementary 
Material Section 4). We pulled the dsDNAs at 10 nm/sec and 100 nm/sec loading rate (see 
Supplementary Fig. S5 for rationale) and found half of the tethers ruptured at 30 and 45 pN, 
respectively (Fig. 4c; Supplementary Material Section 5)29. These values are above the stall force 
of a single kinesin. Hence, the few kinesins (on average ~4) observed pulling on the detaching 
kinesin may exert additive forces beyond what a single kinesin can do. There is, however, an 

Fig. 4. Cooperative behavior of kinesin. a. Movie snippets from Supplementary Movie S5 of multiple 
kinesins rupturing a digoxigenin:anti-digoxigenin bond which attached one of the stuck kinesin to the 
coverslip. Yellow arrow shows the position the kinesin that was detached from the coverslip due to the 
force by multiple kinesins. b. Typical force extension curve of a single 1,565 kbp dsDNA obtained 
through a dual optical trap experiment. The digoxigenin:anti-digoxigenin rupture force in this example is 
~15 pN, when DNA extension is ~520 nm. c. Survival probability plot for rupture force for the DNA 
assembly. The force indirectly represents the force production by multiple motors. 
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important caveat to this argument: the unbinding may occurs at the occasional low-force end of 
the survival distribution, meaning it, in-fact, releases at < 6pN (see Supplementary Material 
Section 6). 

In conclusion, our results indicate that kinesins respond to forces in an asymmetric fashion, 
and multiple kinesins cooperate to allow uninterrupted cargo transport, despite the presence of 
numerous detours and roadblocks. Fig. 5 is an example of how this might work within a cell.  
When one kinesin moves slower than the cargo and becomes hindering (Fig. 5a), the assisting 
forces from the cargo tend to increase this kinesin’s speed or cause it to release rapidly, allowing 
the cargo to experience minimal drag force. Surprisingly, there appears to be 35% hindering 
kinesins, causing a continuous tug-of-war, which tends to maintain an appreciable tension 
between kinesins. Evolutionarily, this force asymmetry may have been tuned to increase cargo 
run-length (see Supplementary Material Section 7). Kinesins can rapidly switch between driving 
and hindering, leading to a fairly continuous and uninterrupted cargo motion forward. Against 
roadblocks, cooperative motion of multiple kinesins may lead to large forces, causing detachment 
of hindering kinesin from cargo or microtubule (Fig. 5b). Whether the tension embedded within an 
in vivo system, and whether other molecular motors such as dynein and myosin, have a similar 
cooperative behavior, remains to be seen.  

 
 

 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 8, 2019. ; https://doi.org/10.1101/544080doi: bioRxiv preprint 

https://doi.org/10.1101/544080
http://creativecommons.org/licenses/by-nc/4.0/


 11 

 

Fig. 5. Mechanism of multiple kinesin based transport. a. When working in group, different kinesins 
may have different velocities while starting. Red arrows represent the initial velocity values of different 
kinesins. Thick black arrows represent the cargo velocity direction. At “Time 1”, faster kinesins will drive, 
while slower kinesins will hinder the cargo. On average, one third of kinesins are hindering. Even though 
a hindering kinesin start slower, eventually it reaches the same velocity as driving kinesins as it feels 
forward tension. At “Time 2”, kinesins can detach and switch dynamically between driving and hindering. 
Blue kinesin has detached from its driving position and red kinesin has shifted from hindering to driving 
position. Hindering kinesin has shorter duration on the microtubule before detaching compared to driving 
kinesins. Overall, a hindering kinesin presents little resistance to the forward motion when there is no 
roadblock, as it detaches 33% faster than driving kinesins. b. In presence of roadblocks, kinesins can 
get stuck at the roadblock (blue kinesin at “Start” and “Time 1”). One kinesin (purple at “Time 1”) may not 
generate enough tension to cause detachment of hindering kinesin. However, additional kinesin(s) (red 
at “Time 2”) driving the cargo can generate enough force to rescue their stuck partner to resume the 
cargo transport. 
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Methods 

 
Protein purification 
Truncated kinesin with 888 amino acids (K888) from the mouse kinesin heavy chain (accession 
number BC090841) with a C-terminal biotin-tag and FLAG epitope, and mouse kinesin light chain 
(accession number BC014845) were cloned separately into the baculovirus transfer vector 
pAcSG2 (BD Biosciences) for recombinant virus production. Sf9 cells were infected with 
recombinant viruses, grown, harvested, lysed and purified using a published protocol for K888 
homodimer kinesin16. Briefly, infected cells in growth medium supplemented with 0.2 mg/ml biotin 
were harvested after 72 h and lysed by sonication in lysis buffer (10 mM imidazole, pH 7.4, 0.3 M 
NaCl, 1 mM EGTA, 5 mM MgCl2, 7% (w/v) sucrose, 2 mM DTT, 0.5 mM 4-(2-aminoethyl) 
benzenesulfonyl fluoride, 5 µg/ml leupeptin) prior to clarifying at 200,000 x g for 40 minutes. The 
supernatant was applied to a FLAG-affinity column (Sigma-Aldrich) and washed with 10 mM 
imidazole, pH 7.4, 0.3 M NaCl, 1 mM EGTA. Specifically-bound protein was eluted in the same 
buffer containing 0.1 mg/ml FLAG peptide. Fractions of interest were combined, concentrated 
with an Amicon centrifugal filter device (Millipore), dialyzed against 10 mM imidazole, pH 7.4, 0.2 
M NaCl, 1 mM tris(2-carboxyethyl)phosphine TCEP), 55% (v/v) glycerol,1 mM DTT, 1 µg/ml 
leupeptin, 50 µM MgATP, and flash frozen for storage at -80°C. 

Magnetic Cytoskeleton Affinity (MiCA) purification of kinesin-QD  
MiCA purification was performed to obtain one to one binding of biotinylated kinesin with 
streptavidin-QD 655 or 705. Briefly, kinesin K888 is mixed with 3x excess QD so that each QD 
has one or no kinesin bound 95% of the time. This reaction is allowed to incubate for >10 minutes 
on ice in a BSA-taxol buffer (1 mM THP (71194, EMD Millipore), 20 μM Paclitaxel (Cytoskeleton, 
Inc.) and ~30 nM ATP (Magnesium salt, A9187, Sigma Aldrich) in DmB-BSA (dynein motility 
buffer (30 mM HEPES, 50 mM KAcetate, 2 mM MgAcetate, 1 mM EGTA, pH 7.2) supplemented 
with 8 mg/mL BSA)) at 220 nM final K888 concentration and 660 nM final QD concentration. 
Excess QD is then removed through MiCA purification, which uses moderately positive magnetic 
beads (i.e. magnetic amine beads coated with PEG-amine to reduce highly positive amine 
charge) that bind to short microtubules to form MiCA capture beads. This is done by mixing 5 μL 
sonicated GMPCPP microtubule (1 mg/mL short microtubules prepared from 97% pure tubulin 
(HTS03-A, Cytoskeleton, Inc), stored at -80 °C and thawed right before use) with 8 μL PEG-amine 
magnetic beads (10 mg/mL, prepared as previously published16) with its buffer removed after a 
magnetic pull to leave only the pellet. After 5-minute incubation in an end-to-end rotator at room 
temperature, the MiCA capture bead is washed 2x with 8 µL BSA-taxol buffer and reconstituted 
in 1 µL BSA-taxol buffer to give ~1.5 µL final bead volume. Next, 6 µL kinesin-QD (220 nM kinesin) 
is mixed with the 1.5 µL MiCA capture bead and 1.2 µL AMP-PNP (8 mM), and the mixture is 
allowed to incubate for 5 minutes at room temperature in an end-to-end rotator. The AMP-PNP 
causes kinesin-QD to bind strongly to MiCA capture beads. The mixture is then washed 3x with 
8 µL BSA-taxol buffer and 8 µL elution buffer (2 mM ATP in BSA-taxol buffer) is added. After 5-
minute incubation in an end-to-end rotator at room temperature, the eluant is extracted, yielding 
approximately 80 nM kinesin-QD (assuming 50% purification yield). 

 
Force-gliding assay and roadblock experiment  

22 square millimeter coverslips were coated with polyethylene glycol (PEG) and biotin. Double 
sided tape pieces were sandwiched between a thoroughly washed glass slide and the coverslip 
to make the imaging channels. 600 nM streptavidin was flowed into the channel and incubated 
for 5 minutes. The channel was washed with DMB-BSA buffer (30 mM HEPES, 50 mM KAcetate, 
2 mM MgAcetate, 1 mM EGTA, 8 mg/ml BSA, pH 7.4). 10 nM biotinylated anti-digoxigenin 
(Abcam) was flowed into the chamber and incubated for 5 minutes followed by a subsequent 
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wash with DMB-BSA buffer to remove excess anti-digoxigenin-biotin. MiCA purified kinesin-QD 
was mixed with 8 times less DNA (IDT) to minimize conjugation of multiple DNA molecules to 
single kinesin-QD. The biotin end of DNA was conjugated with the kinesin-QD and the other end 
with digoxigenin remained free.  Kinesin-QD-DNA was flowed into the chamber and the 
digoxigenin end of the DNA was conjugated with the Anti-digoxigenin on the surface.  The 
chamber was incubated with excess biotin to saturate all the streptavidin binding sites in the 
chamber and subsequently washed with DMB-BSA. The number of kinesins on the surface were 
optimized such that they were sufficiently away from each other and could be tracked individually. 
Finally, the imaging buffer containing the polymerized microtubules, saturating ATP and 
deoxygenating agents (pyranose oxidase + glucose) was flowed in the imaging chamber and 
movies were acquired.  

For doing the roadblock experiments, biotinylated-microtubules were incubated with equal 
volume of streptavidin-QD605 (Thermo Fisher Scientific) solution of varying concentration (0 
nM, 30 nM, 100 nM QD605). Roadblock incubated microtubules were used in the imaging buffer 
for doing the roadblock experiments. 
 
Rupture force experiment with optical tweezer 

Double-stranded DNA was synthesized through PCR amplification of a 1.565-kbp segment of 
the pBR322 plasmid (New England Biolabs), using forward and reverse primers conjugated with 
a 5’ biotin and a 5’ digoxigenin, respectively (Integrated DNA Technologies) and a high-fidelity 
master mix (New England Biolabs). The PCR product was purified with a PCR cleanup kit 
(QIAGEN). 

For optical trapping experiments, 2 or 2.4 µL of 0.05 nM dsDNA were incubated for an hour 
at room temperature with 5 µL of 0.2% w/v streptavidin-coated beads (Spherotech). Beads were 
diluted in approximately 300 µL of buffer (100 mM Tris, 20 mM NaCl, 3 mM MgCl2, pH 7.6) for 
delivery to the optical traps through bead channels in a custom flow chamber30.  In the trapping 
channel of the flow chamber, dual-trap optical tweezers were used to trap a DNA-coated 
streptavidin bead in one trap, and a bead (Spherotech) coated with digoxigenin (Roche 
Diagnostics) in the other. The beads were repeatedly brought together until a DNA tether formed.  

Once a dsDNA tether was formed, a force-extension curve was collected by moving one trap 
away from the other at a constant rate (10 nm/s or 100 nm/s) over a pre-set distance, then 
returning at the same rate to the initial position. Most tethers ruptured during the force ramp. 
Rupture is expected to occur primarily at the linkage between digoxigenin and anti-digoxinenin, 
as rupture forces previously reported for this linkage (under different buffer conditions) have been 

lower than for the biotin-streptavidin linkage28,31. Each resulting force-extension curve was fitted 
to the extensible worm-like chain model32,33 to verify that only one molecule was present and that 
it behaved correctly (Fig. 4b). The maximum forces experienced by the single dsDNA tethers 
were determined and plotted as a survival distribution (Fig. 4c). 

The optical trapping experiments were conducted in a microfluidic flow chamber30, in a 
channel containing trapping buffer consisting of 76% DmB-BSA (30 mM HEPES, 5 mM MgSO4, 
1 mM EGTA, pH 7.0 and 8 mg/ml BSA), 10 µM biotin, 100 µM ATP, 100 µM THP, 2 µM Paclitaxel, 
and an oxygen scavenging system34,35 (final concentrations in buffer: 32 mg/mL glucose, 0.58 
mg/mL catalase (from Aspergillus niger: Millipore Sigma, formerly EMD Millipore, 219261-100KU, 
5668 U/mg), 1.16 mg/mL pyranose oxidase (from Coriolus sp.: Sigma P4234-250UN, 12.2 U/mg), 
400 µM TrisHCl and 2 mM NaCl). 
 
Image Acquisition  
Total Internal Reflection Fluorescence Microscopy (TIRFM) was performed with an inverted light 
microscope (Olympus IX71) equipped with two EMCCD cameras (iXon DU-897E), a TwinCam 
(Cairn Research) to split two colors into two separate cameras, a 100x magnification oil immersion 
objective (Olympus UPlanSApo, NA 1.40), and a green laser (10 mW power, Coherent OBIS 532 
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nm attenuated with a neutral density filter with optical density of 1.0. The excitation light was 
reflected with a 556 long-pass dichroic (T556lpxr-UF3 UltraFlat, Chroma) and cleaned up with 
532 nm long-pass filter (BLP01-532R-25, Semrock). Fluorescence from QD and microtubule were 
split with a 685 nm long-pass filter (T685lpxr-UF3, UltraFlat, Chroma) in TwinCam. QD655, 
QD705 and a combined QD625 and HyLite 488 Microtubule emission were filtered using a 655/40 
nm, 710/40, and 600/80 nm (BrightLine, Semrock) band-pass filter, respectively. Images were 
recorded with 0.2 seconds exposure time for all experiments, except for the experiment shown in 
Fig 2, where 0.1 seconds exposure time is used. An EM-gain between 10 and 300 was used, 
adjusted to maximize the signal collected without saturating the camera. No additional 
magnification was used for all experiments, except one shown in Fig. 1c-e, where 1.5x additional 
magnification is used. The pixel size for each image is thus 16,000 nm (the actual camera pixel 
dimension) / 100x objective magnification = 160 nm for most images, and 16,000 nm / 150x total 
magnification = 106.7 nm for those with 1.5x additional magnification. 

 
Image Registration and Analysis  

Fluorescent images obtained from the two channels of TwinCam were mapped onto each 
other using a transform file obtained from a set of nanohole images as previously described16. 
The 512 x 512 pixels of combined image were visualized in Fiji (plugin-rich package of ImageJ) 
and gliding instances of every microtubule were cropped and saved. Point locations of all kinesin-
QD were detected with TrackMate36, a plugin within Fiji, using a Laplacian of Gaussian (LoG) 
detector, with estimated blob diameter of 4 pixels (160 nm/pixel), threshold of 50, and sub-pixel 
localization turned on. Simple LAP (Linear Assignment Problem) algorithm within TrackMate was 
used to track all detected spots, with maximum distance for frame-to-frame linking of 4 pixels, 
maximum distance for track segment gap closing of 4 pixels, and maximum frame gap of 20 
frames. All spots detected and tracked were then saved as a csv file for subsequent analysis in 
Matlab. See Supplementary Movie S6 for detailed tutorial. 

In Matlab, kinesin-QD locations from TrackMate were imported, along with cropped images of 
microtubule and kinesin-QD. The Matlab code, FFGTraceGenerator.m, along with other 
necessary codes, are provided in Supplementary Material. Kinesin-QDs exhibiting driving and 
hindering were manually picked, and their on-axis displacements parallel to the microtubule axis 
were calculated after manual input of microtubule backbone. Variation in fluorescent intensity 
along a microtubule allows a microtubule kymograph to be generated. Edges in the kymograph 
were detected using the ‘edge’ command in Matlab with the ‘canny’ detection method. Manual 
clean-up and patching of the edges were then done to make sure microtubule movements were 
captured for every frame. Next, all kymograph edges were converted into velocity and averaged 
to obtain the microtubule velocity over time. Microtubule displacement over time was then 
calculated from the velocity. See Supplementary Movie S7 for detailed tutorial. 

Kinesin-QD on and off-axis displacements along a microtubule were plotted and their 
equilibrium positions were manually identified. Drive and hinder instances were then picked with 
the following criteria: 1) there must be at least two points with displacements more than 100 nm 
or larger than 2 standard deviations from the noise at equilibrium, and 2) Traces with more than 
5 seconds of missing data points are removed. All drive and hinder instances were then saved, 
containing information such as the duration and kinesin-QD displacement over time. Microtubule 
length over time was then obtained by manually identifying the microtubule backbone at select 
frames. 

Once all the drive and hinder instances were identified for every cropped image, we compiled 
statistics including: the average kinesin drive-to-drive and drive-to-hinder transitions; duration, run 
length, and force histograms; average kinesin velocity relative to microtubule over time; bulk 
microtubule velocity; and microtubule velocity for specific number of kinesins attached. Force was 
calculated from the kinesin-QD-DNA displacement by fitting an extensible Worm-Like-Chain 
(WLC) model with double stranded DNA contour length of 532 nm and persistence length of 50 
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nm. A distance offset of 20 nm was subtracted from the kinesin-QD-DNA displacement to account 
for the size of QD, proteins, and PEG and to arrive at the DNA extension length.  
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Supplementary Material 

 
Supplementary Material Section 1 

In our force-gliding assay, two-color Total Internal Reflection Microscopy is used to minimize 
background. Great care is taken to ensure that only one QD and one DNA are attached to each 
individual kinesin molecule, in part by employing a magnetic purification method16 and in part by 
carefully optimizing the concentrations of kinesin, DNA and QDs (see Methods section). Non-
specific binding of unlabeled quantum dots and also unlabeled kinesins on the surface are 
minimized through polyethylene-glycol (PEG) coating of the glass surface, and the use of bovine 
serum albumin (BSA) for blocking in all buffers. 

Theoretically, in our assay, if we can calculate the forces exerted by all the individual kinesins 
driving the microtubule, we can find the total force by just summing them up. However, in our 
assay this is not yet feasible. First, the forces have a magnitude as well as direction and must be 
vectorially added. Second, there is significant uncertainty in calculating the maximal force of any 
given kinesin because a small uncertainty in the displacement measurement gives rise to a large 
uncertainty in the corresponding force calculation. Consider the force-extension curve for the 
1565 bp dsDNA (Fig. 4b). The extensible worm-like chain model fits the force-extension curve 
very well; however, at an extension of 500 nm, for example, the slope of the DNA/WLC extension 
is ~1 nm/pN. Hence, a small displacement error, e.g., 10 nm would yield a possible error of 10 
pN. 

 

 
Supplementary Material Section 2 
An interesting point in Fig. 2g is that at about 1 second, the driving and hindering kinesin velocity 
actually crosses as they approach the microtubule velocity (~830 nm/s). This is due to the 
hindering and driving kinesin returning back to equilibrium, as shown in Fig. 2c with points labeled 
3'. This return to equilibrium causes hindering kinesin to increase in velocity, and driving kinesin 
to decrease in velocity, as shown in Supplementary Fig. S3b,d, leading to the cross-over. This 
cross-over takes place at an earlier time for shorter kinesin traces and a later time for longer 
kinesin traces. 
 
Supplementary Material Section 3 
Side-stepping, which is cited as another possibility, involves detachment then reattachment26, and 
thus appears as a detachment event in our assay. We find that we are more likely to observe 
detachment events when we lower ATP concentration to 40 µM. At 1 mM, we mostly observe 
pausing events, likely because the microtubule is moving fast enough that kinesin is pushed to a 
hindering position and stalls microtubule progress before it detaches, or the event takes place so 
fast that detachment appears as a pause. 
 
Supplementary Material Section 4 
For the optical trap assay, once a tether is formed, one trap was moved away from the other at a 
constant rate (10 nm/s or 100 nm/s) over a pre-set distance, then allowed to return at the same 
rate to the initial position. For choosing the pulling rates for the optical trap experiment, we picked 
9 instances of kinesin during forced detachment events. We calculated the kinesin velocity just 
before the forced detachment for all 9 cases (See Supplementary Fig. S5). The kinesin velocity 
varied between 7 nm/s to 450 nm/s, with an average of 150 nm/s. We tested 10 nm/s and 100 
nm/s pulling speed in the optical trap assay to find the lowest force needed to rupture the DNA (in 
general, the lower the pulling velocity, the lower is the force needed to rupture the digoxigenin:anti-
digoxigenin interaction). More than 50% of tethers remain at the highest force pulled (45 pN), 
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indicating that most of the digoxigenin:anti-digoxigenin linkage may take more than 45 pN to 
rupture. 

 
Supplementary Material Section 5 
Using the force to which half of the tethers survive gives a more accurate description of what the 
trapping experiments measure than using the average rupture force. This is because a 
considerable fraction of the tethers that were pulled did not rupture, but survived through a pulling 
and relaxing cycle. Given that the rupture value for digoxigenin:anti-digoxigenin linkage yields 
approximately 30 pN and 45 pN for 10 and 100 nm/s pulling rate, it is clear that the force exerted 
on the extracted kinesin (Fig. 4a,b) must arise from more than one kinesin pulling on it. This shows 
that a group of kinesins driving a cargo can exert forces much greater than a single kinesin, and 
thus help in smooth cargo-transport despite the presence of roadblocks. 
 
Supplementary Material Section 6 
On the survival probability plot in Fig. 4c, there is small proportion of digoxigenin:anti-digoxigenin 
bonds which rupture at 6 pN or less (~2-4%). We attempt to estimate the proportion of the 9 
detaching kinesins over the entire population, keeping in mind that there may be more detaching 
kinesins which we miss. We find that there are 221 hindering kinesins that do not detach, which 
have similar force conditions (DNA extension > 500 nm and loading rate of <450 nm/s) as the 9 
detaching kinesins. This means that the 9 detaching kinesins constitute 4% of the entire kinesin 
population, meaning there is a high probability that the detaching kinesins rupture at forces below 
6 pN. Thus, even though we are confident that the detaching kinesin are pulled by multiple driving 
kinesins (on average 4), we are less certain that the forces these driving kinesins exert on the 
detaching kinesin are compounded beyond single kinesin stall force of 6 pN to break the 
digoxigenin:anti-digoxigenin bonds. 
 
Supplementary Material Section 7 
The 35% hindering kinesin (and ~65% driving kinesin) is a consequence of the asymmetric 
response of kinesin to force, with hindering kinesin detaching faster than driving kinesin at the 
same force. We propose that the strategy yielding 35% hindering kinesin is an evolutionarily 
optimal strategy to increase cargo run length. Without force asymmetry, hindering kinesin will 
detach at a rate equal to driving kinesin (a strategy yielding 50% hindering kinesin and 50% driving 
kinesin). In this case, faster kinesin is not favored over slower one, and the cargo run length will 
be less than the 35% hindering kinesin strategy. With extreme force asymmetry, hindering kinesin 
will detach immediately, giving 0% hindering kinesin (and 100% driving kinesin). This strategy will 
also yield lower cargo run length, since once the driving kinesin detaches from the microtubule, 
the cargo will be completely detached from microtubule. 
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Fig. S1 | Nomenclatures for forces exerted on or by kinesin. From the load perspective, there are two 
types of load that can be exerted on kinesin, one is hindering load, which is in the direction opposite cargo 
movement, and another is assisting load, exerted in the direction of cargo movement. From the motor’s 
perspective, a driving kinesin exerts an equal but opposite force as the hindering load. Likewise, a hindering 
kinesin exerts an equal but opposite force as the assisting load. 
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Fig. S2 | Walking velocity of single kinesin: Single kinesins were labeled with QD705 and their motion 
was observed in immobilized microtubules under saturating ATP concentration. Kinesin moved with a 
speed of 1148 ± 281 nm/sec. 
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Fig. S3 | Deriving mean kinesin velocity relative to microtubule. a. The mean kinesin displacement 
over time is shown for three groups of kinesin sorted based on the duration of it driving (blue) or hindering 
(red). The shortest group has a duration up to ~2 s, followed by the second longest group with duration up 
to ~4 s, and the longest group stays attached to microtubule up to ~40 s. Light blue and red shading for all 
graphs refer to the standard error of the mean. b. The mean kinesin absolute velocity over time is the first 
derivative of the mean kinesin displacement over time shown in a. Notice that all the graphs in b cross the 
zero velocity line at the turning point of the graphs in a. c. Mean microtubule velocity over time for all the 
three driving and hindering groups. The microtubule velocities range between 800 – 900 nm/s and the mean 
of the groups are approximately constant over time. d. The mean kinesin velocity relative to microtubule 
over time is calculated by subtracting the microtubule velocity over time (c) with the mean kinesin velocity 
over time (b). 
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Fig. S4 | Kinesin either pauses or immediately detaches upon encountering roadblocks. A roadblock 
disrupts driving instances, causing driving kinesin to transition to hindering (drive-to-hinder) when pausing, 
or back to equilibrium before attempting another instance of driving (drive-to-drive) or hindering (drive-to-
hinder) when detaching from the microtubule. a. Detachment and pausing events result in the increase in 
drive-to-drive and drive-to-hinder transitions as roadblock concentration increases from 0 to 100 nM. b. 
Kinesin run length decreases for both driving and hindering kinesins when the roadblock concentration 
increases. This is because detachment and pausing instances due to roadblock terminate driving and 
hindering runs. c. The trend for driving/hindering duration differs from that for run length. Driving duration 
decreases from 0 to 100 nM while hindering duration increases from 0 to 100 nM. This is because pausing 
instances affect driving and hindering duration differently. Pausing decreases driving duration, since driving 
kinesin will transition into hindering during a pausing event, prematurely ending the driving run and thus 
duration. Hindering kinesin, on the other hand, will stay bound to microtubule during a pausing event and 
remain registered as hindering, increasing the hindering duration. 
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Fig. S5 | Forced detachment traces and velocities. a. Nine pulling traces right before forced detachment 
of kinesin-QD, rupturing supposedly the weakest link in the coverslip-DNA-QD-kinesin interaction, which is 
the digoxigenin:anti-digoxigenin interaction. b. The velocities of the last five frames before the forced 
detachment for all nine traces. The velocities (of kinesin relative to the glass coverslip) vary from 7 nm/s to 
427 nm/s. 
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Fig. S6 | Dual optical trap assay to measure the rupture force for digoxigenin:anti-digoxigenin interaction. 
Two polystyrene beads are bound to the opposite ends of 1,565 bp DNA through biotin-streptavidin linkage 
and digoxigenin:anti-digoxigenin linkage, which is the weaker of the two. The beads are captured in optical 
traps and are pulled away from one another until the digoxigenin:anti-digoxigenin linkage ruptures. 
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