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ABSTRACT We report the observation of kinesin driven quantum dots (QDs) trapped in a

%Microtubule loop
S M S Y

microtubule loop, allowing the investigation of moving QDs for a long time and an unprecedented e 2

% Quantum dot

,kinesin/i o

long distance. The QD conjugates did not depart from our observational field of view, enabling the \
tracking of specific conjugates for more than 5 min. The unusually long run length and the periodicity
caused by the loop track allow comparing and studying the trajectory of the kinesin driven QDs for
more than 2 full laps, i.e., about 70 «m, enabling a statistical analysis of interactions of the same
kinesin driven object with the same obstacle. The trajectories were extracted and analyzed from kymographs with a newly developed algorithm. Despite
dispersion, several repetitive trajectory patterns can be identified. A method evaluating the similarity is introduced allowing a quantitative comparison
between the trajectories. The velocity variations appear strongly correlated to the presence of obstacles. We discuss the reasons making this long

continuous travel distances on the loop track possible.
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by sophisticated motor proteins. In

axons, with the use of multiple motors
attached to the cargo and multiple tracks,’
the range of transportation can reach many
centimeters.2 Among those motors, kinesin-1,
hereafter referred to as kinesin, is character-
ized by its high processivity, i.e., its ability to
stay attached on its track after each 8 nm
displacement. Kinesin walks along a biopo-
lymer track, the microtubule (MT), a hollow
tube formed by 13 protofilaments, depend-
ing on the polymerization conditions. The
MT is characterized by the different growth
rate of its minus (slow) and plus end (fast).*
Kinesin moves toward the plus end and
follows the same protofilament.’ Yet, side-
ways steps can occur occasionally.® In vivo,
kinesin navigates in a highly crowded envi-
ronment and encounters many obstacles on
its way. It has been shown in vitro that
kinesin can stay attached and waits until
the obstacle leaves,” can detach or bypass
it Despite its high processivity, kinesin
eventually detaches after an average distance
of about 1 #m."® This limits its application

I ntracellular delivery of cargos is achieved
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for long-range transportation. However, the
run length can be increased by attaching
more motors to the cargo”' ' ' or by using
an array of MTs." Yet, the precise influence
of the number of MTs on the traveled dis-
tance is not known. Stochastic simulations
show that the traveled distance increased
exponentially with the number of bound
motors.'®> Theoretically, 7 motors working
cooperatively are enough to reach a tra-
veled distance in the centimeter range.'®
Experimentally, the precise effect of the
number of motor per cargo seems unclear.
For example, with 20 kinesins per cargo, a
resulting running length of only a few micro-
meters has been reported.'” Yet, in this con-
figuration, the number of kinesins pulling
together is not known. In parallel, a signifi-
cantincrease of run length (more than 8 um
with 2 motors) has been measured.® In this
experiment, the number of motors is deter-
mined by measuring the stall force. To be
certain of the number of pulling motors, it
is also possible to use a special antibody
or a DNA scaffold which binds to only
2 kinesins.'”?° It resulted in an average
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walking distance of 3 and 1.4 um, respectively. In all
these assays, the experimental conditions are not fully
equivalent. Thus, parameters other than the number of
motors are expected to influence the walking distance.
For example, the geometry of the kinesin-bead system
varies. Different kinesin chain lengths, bead sizes and
scaffolds are used. This results in various motor orien-
tations and spatial deformations which may alter the
binding rate. In any case, the limited length of a MT
does not allow the study of long-range cargo transport.
However, by forming loops, the path becomes unlim-
ited in principle. Moreover, this configuration allows
the monitoring of the same kinesin driven cargo during
consecutive laps. In this way, it becomes possible to
compare its behavior from one lap to another. Re-
cently, MT loop formation has been reported.?’ ~3 One
method consists in labeling tubulin with biotin and
triggering an active self-organization by inserting strep-
tavidin during a gliding assay.* Here, we show that loops
can be obtained by controlling surface treatment and
flow. As only the glass surface is treated, this method
allows to work with clean MT surfaces on which the
kinesin binding sites are fully available. Moreover, the
surface treatment helps at stabilizing the MT formations,
which facilitates the analysis of the motor motion along
the loops. Quantum dot (QD) assays performed on these
loops resulted in unexpected high running lengths allow-
ing the study of their trajectory for more than 2 laps. Thus,
this experiment allows identifying factors that influence
the behavior of a kinesin driven object. In this article, the
characterization of these trajectories is presented with
the aim to quantify the similarities from one lap to
another. In the first part, the MT loop and the trajectory
acquisition methods will be presented. Then, on the basis
of data extracted from the trajectories, the velocities of
the kinesin driven QD will be compared. The third part
deals with the correlation between visible obstacles and
velocity variation. On the basis of these variations, a
method aiming at quantifying the similarity between
trajectories is presented. Last, we discuss how such long
traveled distances can be achieved.

RESULTS AND DISCUSSION

Loop Formation. After MT insertion in the flow cell,
closed MT formations were occasionally found on the
poly-t-lysine (PLL) treated surface. This positively
charged polymer binds to the negatively charged glass
surface and to the MT allowing their attachment.?
During flushing of the flow cell, the weakly attached
part of the MT moved with the flow, making them
bend. If the MT is long enough and/or in contact with
other MTs, loops are occasionally seen to form. The
density of closed MT structures, i.e., an assembly of MTs
where periodic motion of QDs is possible, is estimated
atabout3mm™2at 2.5 ug mL™" tubulin concentration.
It reaches about 23 mm™2 at 10 ug mL™". This density
increases upon insertion of kinesin quantum dot
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Figure 1. Fluorescence microscopy images showing the
quantum dots translocating along the microtubule loop.
The tracking of the quantum dot is shown in red. The posi-
tions of the quantum dot are marked with red dots. Separa-
tion between adjacent markers is 3 s. The brightest immobile
quantum dots, identified using a minimum intensity image
of the video sequence, are labeled by blue dots. The full
perimeter of the loop is 27.8 um.

conjugates (see Table S1). Thus, the formation of the
closed structures is enhanced by the presence of
kinesin.

At 5 ug mL™" tubulin concentration, numerous loops
are incorporated in large MT networks. In this system,
the motor covered QDs help linking the MTs. Due to
the presence of PLL, active self-assembly is limited.
Therefore, the closed MT formations are thought to be
mainly caused by the flow during QD insertion. Among
40 studied closed MT structures, almost 50% were
found to enable unidirectional QD transport. This cor-
responds to the probability for a bundle of two MTs to
be polarity aligned and would indicate a random
formation of loops composed of two MTs. However,
in the case of a larger number of MTs, a preferential
alignment mechanism is necessary to explain this high
probability. While we do not understand the details of
this mechanism, the unipolar alignment may be
caused by the flow field applied during the insertion
of QD conjugates.®®

QD Assay Performed in a MT Loop. A QD assay was
performed on a MT loop. The motion of the QD has
been recorded for 5 min, allowing the completion of
more than 2 laps (cf. Movie S1). Figure 1 shows the
tracking of a QD completing one lap, i.e., 27.8 um, with
marker dots along the MT loop. The time between
sequential dots is constant (3 s). The distance between
sequential dots varies showing the changing speed of
the kinesin driven object. The QD seems to slow down,
but neither stops nor detaches, when encountering a
bright immobile QD obstacle on the track.

The QD trajectories were analyzed using a kymograph
performed on the whole loop. The spatial periodicity
allows the assembly of several identical kymographs in
order to obtain a convenient view of the full QD
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Figure 2. (a) Composite kymograph showing the trajec-
tories of quantum dots along the loop. Inset: fluorescent
microscopy image (intensity averaged from 3000 frames) of
the microtubule loop showing the selected path used for
the kymograph. The length of the path is about 27.8 um
(1 lap). (b) Trajectories detected by the virtual stepper (in
color) overlaid on the kymograph acquired along the loop.
(c) Histogram showing the distribution of the measured
angles on the lines.

trajectories (cf. Figure 2a). Vertical lines presumably
correspond to QD conjugates in which kinesin has
stalled. This may be caused by some deterioration of
the motor protein. The trajectories show that moving
QDs are sometimes slowed down when encountering
a stuck QD. The continuity of the lines points out that
the QDs did not leave the tracks. The trajectories
present large brightness heterogeneity. Progressive
fading due the presence of f-mercaptoethanol'” and
the possibility of clustering may be responsible for this
dispersion. Figure S1 displays the distribution of the
average intensity of the trajectories. It shows that the
majority of the moving objects emit a low intensity
light. Accordingly, the clusters constitute a minority of
the observable moving QDs. The obstacles do not
seem to prevent the motion of the kinesin driven QD.
This is consistent with other experiments in which
kinesin bypasses obstacles instead of leaving the
track.® The lines are all oriented from top left to bottom
right corner, indicating that the QD are moving in only
one direction. Thus, the loop is formed either by a
single spiraling MT or by several in unipolar orientation.

The data were extracted by hand and by using a
computational approach, which allows reducing
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acquisition mistakes and makes the process fast and
reproducible. This method consists of using a virtual
stepper walking along the lines. Its path is determined
by the average intensity of the next 3 pixels. It follows
always the maximum intensity and blackens its previous
step prints (see Materials and Methods for details).

Figure 2b shows the trajectories detected by the
virtual stepper. As traveling QDs cross several other
QDs along the path, some clustering may happen. To
check this, the intensity distribution of the detected
trajectories for three different times has been plotted
(see Figure S2). The distribution changes slightly over
time showing that some brighter objects appear. How-
ever, the general shape of the distribution does not
change, showing a majority of low intensity trajectories.

The angle distribution measured at each pixel loca-
tion is displayed in Figure 2c. According to the histo-
gram, the average angle of the detected lines is 40°,
which corresponds to a speed of about 265 nm/s.
This is lower than previously measured.?” This can be
explained by the presence of obstacles slowing down
the cargos’ and by a crowding effect.?® As the loop is
closed, and due to the unusually long travel distance,
kinesin driven cargos do not leave the MT track. At the
same time, the loop keeps capturing QD available in
the environment, contributing to an increase of the
density of QD in the loop.

Study of Kinesin Driven QD Behavior along the Loop. Once
trajectories are acquired, comparisons can be made.
Figure 3a shows 6 QD trajectories manually acquired
that have been analyzed. The selected trajectories
were defined by the invariance of their brightness
and thickness in the kymograph. As the QDs traveled
in a loop, their spatial localization is periodic. Thus,
each trajectory can be cut at the end of each lap and
transposed to the origin of the plot allowing a direct
comparison between each cycle. Figure 3b displays all
the trajectories gathered in one single lap. Most of
them seem concentrated close to the same path. This
reveals qualitatively the similarity between the QD
trajectories. The overall speed, given by the slope, does
not seem to differ notably between each QD as the
trajectories are largely parallel.

Figure 3c shows the trajectories followed during
subsequent cycles of each QD. The loop allows com-
parison between laps. The speed, positions and velo-
city variations of the QDs are sometimes very similar
(QD1 and QDA4). Periodic abrupt changes of behavior
attributed to the presence of obstacles can be noticed,
for example, around 24 um.

To compare trajectories, velocities were averaged
on micrometer long sections. Then, for each micro-
meter, the velocities have been subtracted between
each cycle. The resulted velocity differences are dis-
played in Table 1.

Considering identical micrometer long sections, the
difference of QD average velocities can be as close as a
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Figure 3. (a) Quantum dot trajectories extracted from the kymograph. The dashed lines indicate a periodic variation of speed.
(b) Trajectories gathered in 1 loop cycle. (c) Self-comparison of the quantum dot trajectories. The dotted line indicates one of the
positions where the velocity changes abruptly. The length of the selected trajectories varies so they end at different locations.

few nm/s. On average the difference from one lap to
another (for the same QD), or from one QD to another is
about 75 nm/s, which represent about 25% of the
average velocity of the QDs on the loop.

Detailed Analysis of the Velocity Variation. To identify
stuck obstacles visible in the loop, we use a minimum
intensity profile. Along the loop, this profile keeps only
the minimum recorded intensity among all the frames
of the video. That way, we eliminate the influence of
the bright moving QDs. Figure 4a shows the minimum
intensity variation along the loop. The peaks corre-
spond to stuck QDs visible in the kymograph. This
intensity profile will serve as a reference for the posi-
tion of visible obstacles along the loop.

To visualize the influence of the topography on
the velocity, a density graph displaying the angle
variation as a function of the position has been plot-
ted (Figure 4b). Bright peaks match with the visible
obstacles on the loop. Angle fluctuations appear cor-
related with the variation of the intensity of the profile.

SIKORA ET AL.

To study the correlation between velocity variation
and obstacles, the average velocity has been calcu-
lated for each position along the loop. Figure 4c shows
the average velocity of all the acquired trajectories in
comparison with the minimum intensity profile of the
loop. Most of the local velocity minima are correlated
with the presence of an obstacle. About 14% of the
local minima are above the average velocity. Further-
more, the amplitude of the velocity variation seems
more important when the intensity of the peak is
large. Figure 4d displays the velocity as a function of
the “roughness”, i.e., the normalized minimum inten-
sity of the loop (see Figure 4a). The velocity seems to
decrease with the “roughness”. Assuming a similar
brightness within the QD, we can consider that the
intensity is correlated to the size of a cluster of
immobilized QDs and/or by the QD density on the
MT. Thus, this trend can be explained by the longer
time necessary to bypass one large or several con-
secutive obstacles.
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TABLE 1. Average Velocity Differences between Cycles

Ve — Vez (nm/s) Ve — Vs (nm/s) Ve, — Vi (nm/s)

mean AV min AV max AV mean AV min AV max AV mean AV min AV max AV mean AV (nm/s)

QD 70 + 56 18 210 49 £ 39 12 130 69 £ 47 18 170 63
QD2 60 + 60 6.8 290 90 + 82 19 26 67 £ 43 15 140 72
QD3 68 + 55 6.7 210 91+ 110 10 360 7£9 6.7 330 79
QD4 80 + 54 19 210 83 +37 19 130 61 19 180 61
QD5 110 £ 86 3.0 300 100 £ 37 64 150 98 £ 80 17 190 100
QD6 62 + 66 28 280 74+ 90 10 266 62 £ 70 6.2 230 74
AVG 75 3.8 250 75 18 177 72 8.1 210 75
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Figure 4. (a) Kymograph and minimum intensity profile of the loop. (b) Density graph of the angle of the lines digitized using
the stepper algorithm on the kymograph (cf. Figure 2b); 90° corresponds to no motion. The brighter the pixel, the more
numerous are the recorded angles. The minimum intensity variation displayed in (a) is represented in a density graph on the
bottom. (c) Average velocity extracted from the data acquired using the stepper algorithm in comparison with the minimum
intensity profile of the loop. The dashed lines indicate the positions of the obstacles. The dotted line points out the average
velocity. (d) Velocity as a function of the “roughness” extracted from the minimum intensity profile. The red line shows the
average of the velocity calculated within each 0.1 range of “roughness” values. In both graphs, the shadowed area
corresponds to the standard deviation.

The behavior of the kinesin driven QDs has been of the obstacle, the QD's velocity is either locally

compared when they encountered a visible obstacle, minimized, decreasing or increasing. Figure 5 shows
resulting in three categories of behavior. At the level the velocity variation of QD1 and QD4 in comparison
A N N
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Figure 5. Velocity (black line) as a function of the position on the loop for the three cycles of the QD 1 and 4. The minimum
intensity profile along the loop is shown in red and each visible obstacle on the loop is labeled in blue. The green dashed lines

indicate the positions of the obstacles.

TABLE 2. For Each Mode of Trajectory Acquisition,
Average Behavior, Average Similarity and Correspond-
ing Average Probability of Finding the Same Similarity”

acquisition  minimum (%) (%) (%) probability (%) similarity (%)
manual 28 47 25 1M+£90 50 £ 16
algorithm 46 32 23 14+72 3B+

“Individual data for QD1 to 6 are available in Table S3.

with the labeled visible defects. Each cycle is charac-
terized by the number of minima, decreasing and
increasing points. The data for QD1 and 4 are available
in Table S2 and the averaged results are displayed
in Table 2. Knowing this behavior for each QD, it is
possible to compare the cycles and enumerate the
number of similitudes. For each cycle comparison,
a similarity index, defined by the ratio between the
number of similitudes g and the number of common
defects N, can then be calculated. Similitudes can
occur for a random behavior. Thus, the probability
P(g,N) to get g similitudes in N locations has been
calculated (see Materials and Methods for details),
allowing us to know if such a similarity is likely to
occur.

When encountering an obstacle, the velocity seems
to be predominantly either minimized (locally) or in a
decreasing phase. Visible obstacles do not necessarily
impose a dramatic decrease of the velocity (about 25%
of the events). Both acquisition methods show that
the trajectories are highly similar. Certain comparisons
have the same number of common defects (N). Thus,
we can estimate the proportion of comparisons for
which their similarity is higher than a given value
and compare that to the probability of occurrence
in a random behavior. For example, there are 6

SIKORA ET AL.

TABLE 3. Minimal Similarity between Cycles in the Case of
32 and 9 Common Defects, Number of Comparisons, Pro-
portion of Comparisons Presenting a Higher Similarity,
and Probability To Get More than This Similarity

N similarity number of comparisons proportion (%) P(i > q) (%)
32 40 6 100 14
9 33 4 100 35

comparisons with 32 common defects (cf. Table S3).
Each of these comparisons has more than 40% simi-
larity. However, for this amount of common defects,
the probability P(I > g) to get more than 40% similarity
is about 14%. Table 3 shows the similarities and the
occurring probabilities in the case of 9 and 32 common
defects. For 32 (9) common defects, the probability
to get respectively more than 40% (33%) similarity
reaches 14% (35%). Yet, 100% of the comparisons
display a higher similarity than 40% (33%). For both
32 and 9 common defects, the measured probability
(100%) is much higher than the calculated one (14 or
35%). Therefore, the similarity between trajectories
does not result from a random behavior.

Run Length. In our experiment, the traveled distance
achieved by the kinesin driven QDs reaches at least
70 um (end of recording). Such a distance cannot be
achieved with a single-MT QD assay. One lead susceptible
to explain that phenomenon is the number of kinesins
per cargo. In this experiment, the ratio is estimated to
about 8 motors per cargo, based on the molar concentra-
tions. A similar experiment showed that for a ratio of 6, the
run length reaches about 3 um.” According to the extra-
polation of these data, at least 24 motors are required to
attain 70 um (see Figure S3a). Yet, the surface of the QD
allows a maximum of 10 streptavidins. Assuming that
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Figure 7. (a) Minimum intensity image extracted from the recorded video sequence. Profiles shown in (b) are represented
by yellow lines. Contrast and luminosity have been adjusted to enhance the visibility. (b) Intensity profiles extracted from
(a); 5 and 6 are assumed to be profiles of single microtubule (see text) and are considered as references. The parameters

extracted from the Gaussian fits are available in Table S4.

only 1 site on 4 per streptavidin is available for kinesin
binding due to the geometrical configuration, these QD
cannot allow the binding of 24 motors.

Cooperative transport can also be considered. In this
case, the motors, if they are able to bind to the MT
simultaneously, work together. This has been modeled
using two main methods. In the first one, the transition
rate model, it is assumed that the motors share the load
equally."® In the second method, the run length of the
multimotor driven cargo is estimated using a stochastic
approach.?® In both cases, 5 motors should allow a run
length exceeding 70 um (see Figure S3b). However, the
small size of the QD and the short length of the truncated
kinesin barely allow simultaneous binding of 2 motors
(see Figure 6a). A third motor cannot reach the micro-
tubule surface. Thus, cooperative transport cannot fully
explain the high run length measured in this system.

Another way to increase the apparent run length
consists in widening the microtubule track.' As the
top right and left-hand of the loop show at least 2 MT,

SIKORA ET AL.

the loop is surely formed by several MT. The resolution
of the microscope does not allow us to distinguish
adjacent MTs. Yet, it is possible to exploit the light
intensity in order to estimate the number of MTs.
Therefore, the intensity has been measured at different
spots of the loop and compared with the signal where
the MT is thought to be single, due to their low
intensity and the unidirectional transport of QD along
them. Figure 7a displays the locations of the different
intensity profile realized in these spots. A minimum
intensity image of the video sequence is used in order
to eliminate the signal of moving or blinking QDs.
The profiles are plotted in Figure 7b. The measured
intensity is much higher in the loop than for the
MT references, confirming the presence of a bundle.
Assuming that the intensity increases linearly with the
number of (nonsuperposed) MTs, it is possible to esti-
mate their number. On average, the intensity in the
bundle is about 3 times the intensity from the reference,
indicating that the loop might be formed by 3 MTs.
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Considering the possibility of QD clustering, multi-
motor transport is conceivable. For example, a cluster
of 3 QDs in diameter will allow 6 simultaneous kinesin
bindings on a single MT and therefore would be
enough to enable long run lengths. Movie S1 shows
large moving asymmetric objects that presumably are
constituted by several QDs. Nevertheless, they seem to
represent a minority of the visible kinesin driven
objects. Dynamic Light Scattering (DLS) experiments
on QD solutions have been performed in order to
check this observation. Moreover, we tried to identify
what could be responsible for the clustering. Thus, we
compared the size distribution in the presence of
kinesin, casein and PLL. The QDs alone show a size
distribution between 15 and 60 nm with a maximum
near 25 nm (Figure 8a). According to the manufacturer,
the individual size should be distributed around

SIKORA ET AL.

20 nm. Thus, it confirms that most of the objects are
constituted of a single QD, while it does not exclude
the presence of small clusters (2 to 3 QDs in diameter).
The addition of casein seems to reduce the size
(Figure 8a,b). As this protein is well-known to inhibit
protein adsorption,* this is consistent with expectations.
The addition of kinesin slightly increases the size as
expected for a QD grafted with proteins (Figure 8c).
However, we observed a widening of the size distribu-
tion in the presence of casein (Figure 8d). The small
diameter objects are presumably constituted by casein
micelles3! The increase of the size, nonetheless, does
not seem significant. We also tested the effect of PLL, a
highly cationic polymer susceptible to bind to nega-
tively charged proteins. Its contribution is not clear as
we observed both an increase and a decrease of the
size distribution depending on the PLL concentration
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(Figure 8e,f). However, regardless of the composition of
the solution, the size distribution does not exceed 100 nm.

MT loops allow the comparison of trajectories giv-
ing access to the motion mechanisms of kinesin driven
QDs. The results show that the velocity is correlated
with the topography. Within 2 cycles, the velocity
difference can be as low as a few and as large as a
few hundred nanometers per second (nm/s). In the
same manner, at the level of a given obstacle, the
kinesin driven cargo can accelerate or decelerate.
This may be explained by a change of path. A bundle
of MTs offers several available protofilaments allowing
the kinesin driven QDs to switch during travel.

The proportion of comparisons presenting high
similarity exceeds the level expected for a random
trajectory. It confirms the influence of the topography
on the behavior of the kinesin driven QD. It would be
interesting to check if the similarity increases in the case
of a track offering less possible paths along the loop.

A bundle formed by a few MTs seems sufficient to
achieve long traveled distances of kinesin driven car-
gos. In the case of a MT array, this is caused by the
possibility for a large cargo to bind simultaneously
to several MTs, decreasing the chance of complete
unbinding.'® In this loop experiment, the small diame-
ter of the QD (about 20 nm) and the short length of the
kinesin may allow only the simultaneous binding with
2 MTs (cf. Figure 6b). A third one may be involved if the
MTs are packed in a specific configuration, although it
is unlikely that this specific packing is maintained along
the whole loop. According to the geometrical con-
straints, and assuming that the kinesin is flexible
enough, a total of 4 kinesins may attach simultaneously
to 2 MTs. With 4 motors, the run length reaches in
theory 65 um.'® This configuration seems insufficient
for travel length in excess of 70 um. Therefore, other
factors should be considered.

According to the cooperative transport model,
the run length depends on the binding rate of the
kinesin, a parameter “difficult to measure”.'® This
parameter affects dramatically the average run length
(cf. Figure S6). In the case of 4 motors, a slight increase
is enough to exceed 70 um. Thus, the high run length
measured in this experiment can be explained assum-
ing that the cargo can be pulled simultaneously by
4 motors and by adjusting slightly the mean-field
model. A longer recording of the phenomenon will
allow the validation of this theory.

The apparent long run length might be composed
of several shorter runs, which is more in accordance

MATERIALS AND METHODS

Probability of Similarity. Two trajectories are compared in N
different locations. At each location, one character among
three (increasing, decreasing, or local minimum) is conferred.

SIKORA ET AL.

with the theory. To keep its motion, the kinesin driven
QD has to eventually switch from one MT to another.
This is unavoidable when it reaches a MT end. A QD assay
performed on a bundle of antiparallel MTs shows this
phenomenon (cf. Movie S2 and Figure S4). The average
distance traveled between each MT switch (about 1 um)
is more in accordance with the theory and the reported
measurements’ in the case of a low ratio between kinesin
motors and QD (~1 under the experimental conditions
of Movie S2). The maintenance of the close range may be
explained by electrostatic interactions.>?

The achievement of long travel distances along a
bundle of MTs is consistent with performances achieved
in vivo. The motors switch from one MT to another and,
in this way reach the extremities of axons. Nevertheless,
the systems differ in their dimensionalities and the
ability for the motor to dissociate from the cargo. In
cells, MTs are spatially organized. Therefore, a detached
motor can diffuse in any direction and reattach. In
addition, full length kinesins and larger cargos allow
more simultaneous bindings, dramatically increasing
the run length. In our experiment, the conditions are
less favorable, but they still suffice to achieve long travel
distances. If we fully control the formation of loops,
further trials may allow the identification of the minimal
conditions required for long-range transportation.

CONCLUSION

Loops made of MTs constitute unlimited paths for
kinesin driven cargos. QD trajectories along a loop
have been analyzed. On average, considering micro-
meter segments, the difference of velocity between
QDs is estimated to about 25% of the average velocity.
The velocity variations seem highly correlated to the
presence of obstacles but a dramatic decrease does
not seem mandatory due to the presence of mul-
tiple parallel paths. The trajectories were found to be
highly similar from one lap to another. The long travel
distances may be explained by multiple short runs of
the QD. This assay shows that such distances can
be achieved by the multiple-motor driven transport
using a bundle of a few MTs arranged in unipolar
orientation. It may be interesting to continue the long-
range transport study on artificially organized MTs.
Among different approaches, one can use metallic
glass microwires®® or circular metallic patterns®* as
electrodes to arrange the MTs. Reduction of the elec-
trode width, using for example dielectrophoretically
aligned carbon nanotubes,®> may allow the elabora-
tion of single MT loops.

Thus, the comparison of 2 trajectories can be assimilated
to the comparison of 2 rows of a N columns table in which
3 kinds of item can be inserted (see Figure S5 for the analysis
of QD1).
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For a table of N columns and 2 rows, the 3 kinds of item can
be inserted in 3°" possible ways.

When the item is identical in 1 column, there is a similitude.
g is the number of similitudes. The number of configurations in
which there are g similitudes, i.e., the number of ways to put
g items in N locations, is yCq = [NV/g!(N — q)!].36

In these g columns, the 3 kinds of items can be organized in
39 different ways.

There are N — g remaining columns in which 2 different
items must be inserted. There are two lines so the number
of configuration can be doubled. Therefore, the remaining
columns have (2 x 3C2)N’q possible configurations.

Thus, the probability P(g,N) of finding g similitudes in a table
of N columns and 2 rows can be written as follows:

C392,0"
PlaN) = = ;;N : (1)

The probability P(/ > g,N) to get more than g similitudes at
N locations is 551 P(i,N).

MT and Kinesin. A 7:3 mixture of nonlabeled/rhodamine
labeled tubulin was polymerized from commercially available
porcine tubulin (Cytoskeleton, USA) according to a protocol
described elsewhere.”

The kinesin used in the QD assay consists in the 400 first
amino acids of Neurospora crassa's kinesin-1 (NCkin) fused
with a biotin carboxyl carrier protein (BCCP),*® a short linker®®
and a hexahistidine tag. NCkin's DNA was purchased from Life
Technologies. To insert the NCkin's gene, the pRA2 expression
vector was digested with Ncol and Sacll enzymes. The NCkin's
gene was ligated to the pRA2 vector using a DNA Ligation Kit
Mightly mix (TaKaRa Co., Ltd.). The gene sequence was checked
with a 3130xl Genetic Analyzer (Applied Biosystems). The gene
was then expressed in Escherichia coli following a standard
protocol.*

QD Assay. In this assay, all the solutions are made with
BRB8O buffer.*' First, a regular flow cell®® was filled with a
PLL solution (0.01% w/v) and incubated for 30 min in order to
fix the MT on the surface.?® After the flow cell was washed with
40 uL of BRB80, a microtubule dispersion (tubulin concentration:
2.5 ug/mL) was injected and incubated for 5 min. As a way
to prevent QD adsorption on the surface, the chamber was
then flushed with a 0.5 mg/mL casein solution complemented
with taxol (10 M) and antifade (20 ug mL™" glucose oxidase,
8 ug mL™" catalase, 20 mM glucose), and incubated for 5 min.
Meanwhile, streptavidin coated QDs (about 20 nm in diameter,
100 nM, Invitrogen Ltd. Qdot 655-streptavidin conjugates) and
kinesin (0.8 «M) were incubated in a 0.2 mg/mL casein solution,
complemented with 1 mM ATP. To finish, a 100x dilution of the
QD/kinesin mix in a 0.2 mg/mL casein solution complemented
with taxol (10 uM), antifade and 5 mM ATP was injected. After it
was sealed with VALAP (1:1:1 vaseline/lanolin/paraffin) to avoid
drying, the flow cell was mounted on the microscope stage. The
assay was performed at room temperature.

Fluorescence Microscopy. The flow cell was mounted on an
inverted microscope 1X71 (Olympus, Japan) equipped with a
digital CCD camera (Hamamatsu, ImageEM) and a rhodamine
filter set (Omega Optical, Inc., XF204). Images were acquired and
processed using Metamorph and ImageJ.

Dynamic Light Scattering. DLS measurements were performed
5 times for each sample, using a Zetasizer Nano-ZS (Malvern,
UK.). Samples were composed of 1 nM QD dispersed in 1 mL of
BRB80 buffer and mixed with various amounts of kinesin, casein,
and PLL.

Trajectory Acquisition Using a Stepper Algorithm. To systematically
find and analyze QD trajectories along the microtubule loop in
kymographs, we developed our own software. First, a kymo-
graph is constructed from the recorded movie and converted
into an n x m matrix K. Each matrix element Kj; represents the
light intensity measured in frame i at position j along the loop.
Both i and j are integer numbers corresponding to the pixel
coordinates in the kymograph, which can be converted to time
and distance scales, knowing that frames are recorded at
10 frames/s, and a pixel in the j-axis corresponds to a length
of 100 nm. The intensity is also normalized so that 1 is the

highest recorded brightness. We then interpolate the matrix K
and obtain a continuous intensity surface /:

IX) = Iix;y) = bilin(K; ) v

where X is a point in kymograph space, at time x and position
along theloopy, and the bilin is the bilinear interpolation function.
Periodic boundary conditions are enforced along the spatial axis.

The main idea of the software is to walk on the kymograph
in the direction where the intensity is highest, as seen in Figure
S7. The algorithm scans the kymograph until it finds a bright
point X; = (x4; y1) where I(X;) > 0.1 is found. Below this threshold,
the image is too dim to safely assume the presence of a QD
track, and the analysis is not reliable. To find the direction of the
track, the brightness of the kymograph has to be estimated
along all possible directions e, starting from X;. We define such
an intensity factor as

S0, v) = /ﬂxw,v,/(s) ds @)

The integration path y(X;, v) is the straight line segment
along the unitary vector e, starting at X;:

y(X1,v) = Xi + sey, SE[0, Smax] 4)

where s« = 3 pixels is chosen so that y(v) is always within the
thickness of a QD track. Each direction e, in kymograph space
corresponds to one particular velocity of the QD. It can be seen
that the intensity factor S quantifies the kymograph brightness
along a specific direction, and the integral smoothens the noise.
All results were calculated also for smax = 5, but no significant
change was observed. After S(X;,v) is computed for all v €
[0; 1000] nm/s with a resolution of 1 nm/s, we find the direction
Vmax that maximizes S, and take a step to X, = X; + e,. After
stepping to the new position X, all pixels in the kymograph
laying behind the path, i.e., where x, — 5 <x<xcand yy — 5 <
y < yk are painted black, to avoid walking multiple times on the
same trajectory. The path detection continues as long as S(X;
Vmax)/Smax > 0.1, i.e., there is a sufficiently bright direction, and X
is within the time range of the kymograph. When a trajectory
ends, all positions x;and velocities v; are saved, and the program
looks for a new starting point.
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Movie 1: Kinesin driven QDs moving along a MT loop. The ratio between kinesin and QDs
was 8. Final concentrations: 8 nM for kinesin, 1 nM for QDs. Real time duration: 5 mn. Replay

rate: 5 times normal speed. Size: 9.7 x 13.3 pm.

Movie 2: Kinesin driven QDs moving along an antiparallel bundle of MT. The ratio between
kinesin and QDs was 1. Final concentrations: 1 nM for kinesin and QDs. Real time duration:

150.5 s. Replay rate: 15 times normal speed. Size: 16.6 x 18.4 um
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Figure S1. Average intensity distribution of the detected trajectories. The red and black vertical lines

show the limits where the cumulative distribution reaches 50% and 95% of the total number of
trajectories, respectively.
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Figure S2. Averaged intensity distribution of the detected trajectories for three different times. The 5
minutes duration of the experiment has been divided into 10 slices. The intensity of a trajectory has
been averaged along one slice. The total length of each bar corresponds to the sum of 3 datasets (slices
1, 5and 10).
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Figure S3. a) Average run length as a function of the ratio between kinesin and QD
concentration.' Data from Seitz and Surrey have been fitted with an exponential function using
Origin Pro software. b) Evolution of the run length with the number of pulling motors according
to the equation d = 6"'/5N, with d the run length and N the number of pulling motors, coming

from the cooperative model.>
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Figure S4. a) Average intensity image of Movie 2 showing the motion of kinesin driven QDs
along an antiparallel bundle of MT. The arrow indicates the starting point of the path, which
corresponds to the left side of the kymograph. The path (yellow line) is 17.4 um long. b)

Kymograph extracted from the movie 2. Bidirectional motion can be seen on the left side.
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Figure S5. Example of similarity calculation based on the data from QD1. For each obstacle, the

QD velocity is either increasing (red), decreasing (blue) or minimized (green). The cycles are

compared by enumerating the number of similitudes. For example, considering obstacle “a”, the

QD velocity is minimized in cycle 2 and 3. This counts as a similitude. The similarity between

two cycles is then given by the ratio between the number of similitude ¢ and the number of

common obstacles N. The probability to get g similitudes in N locations has been calculated in

the case of a random behavior, i.e. for each obstacle, the QD has a 1/3 probability to be in an

increasing phase, decreasing phase or in a state of minimized velocity (see text).
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Figure S6. Average run length as a function of the binding rate for a cargo pulled by N =2, 3
and 4 kinesin motors, according to the mean-field theory.” Used parameters: velocity v=1 pm s

! unbinding rate e = 1 5™
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Figure S7. Schematic representation of the analysis algorithm. The kymograph intensity is
evaluated along different directions y(v), and a step is taken along the brightest one. Afterwards,

the square area behind the new point is deleted to prevent further walking along the same path.
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Table S1. Density of closed MT structures before and after insertion of QD conjugates.

Tubulin concentration
- 2.5 5 10
(ng mL™)
.Dens1t).7 bef01.'e QD , 3 11 73
conjugates insertion (mm™)
DenSIt.y afte.r QDb c01_12jugates 66 MT network formation
insertion (mm™)

Table S2. For each visible obstacle, probabilities of the velocity to be a local minimum (Min), to

be in a decreasing phase () or to be in an increasing phase ().

Min

(0/0) pY (0/0) 7 (%)

C1 43.75 34.38 21.88

QD1 C2 31.25 40.63 28.13

C3 37.5 50 12.5

C1 37.5 28.13 34.38

QD4 C2 31.25 43.75 25

C3 44.44 2222 33.33

AVG | 37.62 36.52 25.87
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Table S3. Similarity between QD trajectories. N is the number of defects where the comparison

has been made. ¢ is the number of defects where the behavior is identical. The probability

estimates the chance to get the same configuration.

QD# | Comparison | N q Prolz;ob)ility Similarity (%)
cl/c2 32 13 9.8 41
1 C1/C3 16 7 14 44
C2/C3 16 7 14 44
Cl/c2 32 17 1.0 53
2 Cl1/C3 9 3 27 33
C2/C3 9 5 10 56
Cl/C2 32 | 20 0.050 63
3 Cl1/C3 17 6 20 35
C2/C3 17 7 15 41
Cl/C2 32 14 6.7 44
4 C1/C3 18 7 17 39
C2/C3 18 11 1.1 61
cl/c2 32 14 6.7 45
5 C1/C3 4 3 9.9 75
C2/C3 4 3 9.9 75
Cl/c2 32 13 9.8 42
6 C1/C3 9 3 27 33
C2/C3 9 7 0.73 78
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Table S4. Gaussian fit parameters (width w, standard deviation o, full width at half maxiumum

and height) extracted from Figure 7b.

Profile | w (nm) | ¢ (nm) | FWHM (nm) |Height (nm)

1 318 159 375 39.8

2 341 170 401 25.5

3 332 166 391 354

4 320 160 376 39.8

5 305 152 359 7.22

6 295 147 347 13.3

7a 305 153 359 333

7b 431 215 507 14
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