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Abstract

Background: Intracellular transport requires molecular motors that step along
cytoskeletal filaments actively dragging cargoes through the crowded cytoplasm. Here,
we explore the interplay of the opposed polarity motors kinesin-1 and cytoplasmic
dynein during peroxisome transport along microtubules in Drosophila S2 cells.

Methods: We used single particle tracking with nanometer accuracy and millisecond
time resolution to extract quantitative information on the bidirectional motion of
organelles. The transport performance was studied in cells expressing a slow chimeric
plus-end directed motor or the kinesin heavy chain. We also analyzed the influence of
peroxisomes membrane fluidity in methyl-B-ciclodextrin treated cells. The experimental
data was also confronted with numerical simulations of two well-established tug of war
scenarios.

Results and conclusions: The velocity distributions of retrograde and anterograde
peroxisomes showed a multimodal pattern suggesting that multiple motor teams drive
transport in either direction. The chimeric motors interfered with the performance of
anterograde transport and also reduced the speed of the slowest retrograde team. In
addition, increasing the fluidity of peroxisomes membrane decreased the speed of the
slowest anterograde and retrograde teams.

General Significance: Our results support the existence of a crosstalk between
opposed-polarity motor teams. Moreover, the slowest teams seem to mechanically
communicate with each other through the membrane to trigger transport.

Keywords
single particle tracking, molecular motors, intracellular transport, Drosophila S2 cells

Abbreviations

SPT, single particle tracking; KHC, Kkinesin heavy chain; MBCD, methyl-B-
cyclodextrin; GP, generalized polarization.



1. Introduction

Transport of vesicles, organelles and other cellular cargoes is central to a wide variety
of biological processes (reviewed in [1-3]). Intracellular transport relies on molecular
motors that step along cytoskeletal filaments actively dragging cargoes through the
crowded cytoplasm. Several neurodegenerative diseases such as Alzheimer’s,
Huntington’s and Parkinson’s involve failures on intracellular transport mechanisms [4-
9] emphasizing the relevance of understanding the rules of this active process. The
biophysical properties of motor proteins have been extensively studied with single-
molecule techniques (e.g. [10-13]) however these studies could not completely reveal
how transport develops in living cells.

Cargoes attach simultaneously dynein and kinesin motors which move toward the minus
and plus end of microtubules and define bidirectional trajectories with frequent switches
in direction [2]. Theoretical and experimental studies proposed that opposed polarity
motors compete with each other, those motors exerting more force win the tug of war
and determine the cargo direction (e.g. [10, 14-16]). Transport mechanisms in vivo seem
to be far more complex since the selective motor recruitment to specific cargoes [17]
and their interactions with several regulatory proteins (reviewed in [18]) may also bias
the natural tug of war and contribute to define the organelle directionality. In some
transport processes regulatory mechanisms prevail and cargoes present a sustained
unidirectional motion whereas tug of war is predominant in others leading to a more
erratic, saltatory motion (reviewed in [19]).

In this work, we explore how microtubule motors work together during peroxisome
transport in Drosophila S2 cells. These cells present large and rigid microtubule
processes after depolymerization of the actin network and thus they constitute an ideal
system for studies of microtubule motors in vivo. Kinesin-1 and cytoplasmic dynein
(hereafter referred to as dynein) drive peroxisome transport in this system [20-22];

In a previous work, Ally et al. [20] depleted S2 cells of either the plus-end or the minus-
end directed motors and replaced them with exogenous motors.They focused their
analysis on exploring peroxisomes distribution in the cells (e.g. whether they are in the
perinuclear region or the tips or shafts of the processes) and counted the number of
“vectors” defined as “the distance moved by a single peroxisome in 1 s” above a
threshold value of 0.2 um. Based on their observation, they proposed that these motors
require each other for sustained motion in either direction.

We now used this well-established cellular system to obtain mechanistic insights on the
coordination and competition among microtubule motors. With this aim, we employed
single particle tracking (SPT) with nanometer accuracy and millisecond time resolution;
these high temporal and spatial resolutions allow capturing hidden details of
bidirectional motion. We assessed the robustness of retrograde and anterograde teams
and included in the system a slow plus-end directed motor that competes with the
endogenous motors. We also confronted these experimental data with the predictions
obtained from numerical simulations of tug of war scenarios. Finally, we modified the
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organelles membrane fluidity to test the mechanical coupling among opposed motor
teams.

Our results demonstrate that peroxisome transport cannot be explained by simple tug of
war models and suggest that slow anterograde and retrograde teams mechanically
comunicate with each other through the organelle membrane. This comunication seems
necessary to establish the rapid motion of peroxisomes along microtubules.

2. Materials and methods

2.1 Cell culture and transfections
Drosophila melanogaster S2 cells were cultured as described in [23]. Cells were grown

in Schneider’s Media (Sigma-Aldrich) supplemented with 10% FBS. SPT experiments
were performed using a stable cell line expressing the peroxisomes signal peptide SKL
fused to EGFP [20].

The influence of exogenous motors on transport was studied in S2 cells expressing
either the dimeric version of Xenopus Eg5 (amino acids 1-513, referred as Eg5(513),
[20]) or the kinesin 1 heavy chain (amino acids 1-576, named as KHC576, [24]). The
cargo and autoinhibitory domains of the protein are removed in this truncated, KHC576
motor resulting in a constitutively active version of kinesin-1 [25-27].

Motors were cloned into CuSO4 inducible plasmids encoding the human peroxin family
protein Pex26 (amino acids 245-305) fused to mCherry (mCherry-Pex26) as an artificial
N-terminal motor tag to direct the motors onto peroxisomes [20].
Eg5(513)-mCherry-Pex26 was transiently transfected in a S2 cell line stably expressing
the peroxisome signal peptide SKL-EGFP. The experiments involving KHC576 were
performed in a S2 cell line stably expressing both the SKL-EGFP and KHC576-
mCherry-Pex26 [20].

Transfections were performed using Effectene (QIAGEN) following the vendor
instructions. The motors expression was induced adding to the medium 0.4 mM CuSO4
(final concentration) 24 hs before imaging.

2.2 Cells preparation for imaging experiments

For microscopy measurements, 25-mm round coverslips previously modified with 500
ug/ml of concanavalin A (Sigma-Aldrich) were mounted in a custom-made chamber
specially designed for the microscope. Cells were added to the chamber and incubated
in 0.5 ml of serum-free medium containing 10 mM of latrunculin B (Sigma-Aldrich) for
15 min to promote actin depolimerization.

2.3 Cholesterol depletion and membrane fluidity analysis

Cholesterol depletion from cell membranes was induced incubating the cells with 10
mM of methyl-B-cyclodextrin (MBCD) for 15 min [28].

Membrane fluidity was assessed incubating the cells with 50 nM C-Laurdan during 5
min [28]. This probe senses the polarity of its microenvironment through a spectral shift
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of its emission and informs on the local fluidity since loosely packed membranes
present a higher penetration of water molecules.

2.4 Confocal microscopy

Confocal images were acquired in FVV1000 Olympus confocal microscopes (Olympus
Inc, Japan). EGFP and mCherry fusion proteins were observed using a multi-line Ar
laser tuned at 488 nm and a solid diode laser of 543 nm as excitation source,
respectively. The laser light was reflected by a dichroic mirror (DM 405/488/543/635)
and focused through an Olympus UPlanSApo 60x oil immersion objective (NA = 1.35)
onto the sample. Fluorescence was collected by the same objective and split into two
channels set to collect photons in the range 500-525 nm (EGFP) and 650-750 nm
(mCherry). Fluorescence was detected with photomultipliers set in the photon-counting
detection mode.

C-Laurdan images were collected using a solid diode laser at 405 nm. The laser light
was reflected by a dichroic mirror (DM 405/488/543/635) and focused through an
Olympus UPlanSApo 60X water immersion objective (NA= 1.20) onto the sample.
Fluorescence of C-laurdan was collected into two independent detectors set to
simultaneously collect fluorescence in the range 430- 470 nm and 505-525 nm
(channels 1 and 2, respectively).

2.5 Generalized polarization (GP) imaging
GP images were obtained from these images computing the apparent GP at every pixel
as follows (Eq. 1):

— |43(F47O -G- I505r525 (1)

GP,.. =
1430470 + G- l505 525

app

where 1430470 and lsos-s525 correspond to the fluorescence intensity collected in channels
1 and 2, respectively. The G factor was determined using a solution 10 uM C-laurdan
in DMSO following a procedure similar to that described previously [29].

GP analysis was performed using the ImageJ software.

2.6 Tracking experiments

SPT experiments were carried out in a Nikon Eclipse TE300 fluorescence microscope
adapted for SPT using a 60X oil-immersion objective (NA: 1.35). A high-speed
electron-multiplying CCD camera (DVC 340 M, Thorlabs Inc) was coupled to the video
port of the microscope for imaging the cells. We recorded movies (2000 frames) of
individual fluorescent peroxisomes at a speed of 100 frames/s. The organelles
trajectories were recovered with an accuracy in the range of 3-5 nm using the pattern
recognition tracking algorithm previously described in [30].

Briefly, the program sets the initial coordinates of the peroxisome and generates an
intensity pattern that consists of the average intensity obtained from the first 10 frames
of a region containing the organelle image. This pattern is stored in the computer



memory to be used during the calculation of the peroxisome position through the image
stack.

To calculate the peroxisome position in the next frame, the algorithm compares the
intensity distributions of the pattern with that of five areas of the frame that have the
same size as the pattern, the first area is centered at the pattern and the others are shifted
* n pixels in the x (horizontal) or y (vertical) directions. In the experiments presented in
this work, n = 2, however, this number can be adjusted by the operator.

For each of these areas, the weighted deviation (8) is calculated as follows (Eq. 2):

8=/ (limage(is )~ Npattern (i, ) — B)? xW(i, ) (2)
1)

where 1(i,j) is the intensity at position (i,j), B is the difference between the average
backgrounds of the local image and the pattern, and w(i,j) is a weighting factor that
attributes more weight to points with higher contrast.

The values of & obtained for the areas in the x and y directions are interpolated with
parabolic functions. From the interpolations, a minimum value of & can be determined
in the x and y directions. Then, the center area is repositioned to the new coordinates
and the minimization routine is repeated as explained until the particle position is
determined with a given tolerance, typically 1/100 of a pixel. Since the minimum of the
parabolas can be located at fractional values of a pixel, the intensity of the image needs
to be interpolated at the overlapping positions; this operation is done with a bilinear
interpolation.

The number of analyzed trajectories in each experimental condition was 200-300,
obtained from ~200 cells.

2.7 Trajectories analysis

Peroxisomes trajectories were split and classified according to the direction of
movement into plus (toward the tip of a process) and minus (toward the cell center)
directed motion. These curvilinear sections of the trajectories were fitted with second
order polynomial functions to compute the traveled distance as a function of time; those
sections that present clear beginning and end positions were considered as a run and
included in the run length statistics. We restricted the analyses to regions of the
trajectories where the organelles traveled at speeds > 0.1 um/s for at least 0.45 um.

The determination of the organelle speeds from the trajectories requires the evaluation
of the distance traveled by the organelle in a time interval; since the velocity is not
constant along the trajectories the speed values always depend on the evaluated time
window. The "arbitrary" selection of time intervals for speed determinations is widely
used in the organelle- transport literature (see for example [9, 23, 35]). In this work,
segmental speeds were obtained by splitting the sections of directed motion into
segments of 40 points, each segment was fitted with a linear equation; the slope, that
corresponds to the velocity, was computed in the segmental velocity statistics when the
chi-squared value is higher than 0.9 or discarded otherwise. This constraint restricts the
analysis to trajectory segments where peroxisomes are moving at approximately
constant speed. We selected a 400 ms- time window since shorter intervals introduce



high-speed artifacts due to thermal jittering and longer intervals may include short
reversions on the direction that result in lower speed values.

The number of plus and minus segments analyzed in each experimental condition
ranged 1500-2700.

The trajectories analysis was performed using algorithms programmed in IDL
(Interactive Data Language).

2.8 Numerical simulation

We used a tug of war model [14, 31, 32] similar to that described previously [33, 34]
with the parameters described in Supplemental Table 1. In this scenario, the cargo is
driven by opposed-polarity motors (i.e. kinesins and dyneins), which act as parallel
springs with elastic constant ko. The motors move stochastically in discrete 8-nm steps
along an unidimensional track, with load-dependent probabilities of stepping and
detachment. Detached motors can rebind the track with a constant probability. The
biophysical parameter of Eg5(513) motors were similar to those of kinesin with the
exception of the velocity at zero load, which was considered 10-fold lower than that of
kinesin [35].

Cooperation among dynein motors in the asymmetric model was included as a stepwise
increment of the attachment probability dependent on the number of motors already
bound to the microtubule.

After each simulation step, we computed the number of kinesin and dynein motors
attached to the track which were further defined as active motors. These configurations
do not change significantly within 10-ms time window (Supplemental Fig. 1) and thus,
we speeded up the analysis assigning the motor configuration determined at the end of
each 10 ms time interval as representative of the whole interval.

The simulated trajectories (time step = 10 us) were resampled to 10 ms (i.e. the
experimental sampling time) and analyzed following the procedures previously
described for those obtained experimentally.

The simulation algorithm  runs within a MATLAB environment and can be
downloaded from the website http://www.gdti.df.uba.ar/

2.9 Statistical analysis.

The speed distribution was analyzed using a Gaussian mixture model [36] that considers
the data as a combination of samples obtained from K normal distributions.

Since this method avoids fitting of histograms, it strength lies in the robustness of the
determination of the parameters characterizing the underlying functions These mixture
models allow making statistical inferences about the properties of the sub-populations
given only observations on the pooled population. Moreover, the method does not
require information regarding the sub-population identities.

Speed distributions analysis was performed assuming that K subpopulations are present,
each of them distributed normally with mean vk (k = 1,...,K). Similarly to a previous



work [30], we considered a common standard deviation (o) since the experimental
noise, the tracking error and most important, variations in the rheological properties of
the organelle”s microenvironment are expected to spread out similarly every peak of the
speed distributions. We should mention that other works (e.g. [9]) have also analyzed
segmental speeds distributions using a multi-gaussian approach with different waists;
both models provide empirical descriptions of the speed distributions and most
important, allows detecting changes in the distribution when the transport system is
perturbed.

The distribution f(v) is then represented as (Eq. 3):

_1[V—Vk 2

K
f(v)=;pkdécye2 ) )

K
where pk (k = 1,...,K) represents the relative size of the k-subpopulation with Zpk =1
k=1

The center vk of each subpopulation is a local maximum of the density distribution, and
are named modes of the multimodal distribution.

The maximum likelihood estimators of the parameters (o, vk, px with k = 1,.., K) were
obtained through the Expectation-Maximization algorithm previously described in [37]
and the model was selected following the Bayesian information criterion (BIC, [36,
38]).

The parameters” errors were computed by a bootstrap procedure, a widely used
technique for estimating standard errors (SE) and confidence intervals, among other
properties of the distribution of an estimator [39]. The method only assumes that the
sample distribution is a good approximation to the population distribution, i.e. that the
sample is representative of the population. Briefly, the bootstrap procedure generate M
new data sets (i.e. bootstrap samples) by randomly sampling with replacement from the
observed data to obtain new samples of the same size. The SE is then computed as
indicated in Eq. 4. It can be demonstrated that the bootstrap method approximates the
standard error of the estimator when the number of bootstrap samples M is large.

SE= = 3 (Kt —Xones)?) (4

where i is the data set number, M is the number of data sets and X,,.q the mean of
Xmed,i-

Run length median values were compared using the statistical test described in [34]. We
used this parameter since it is more robust than the mean when the distribution of data is
asymmetric [18]. The variance was estimated through the bootstrap procedure [39]
described before.



In order to test whether the medians of different data groups are significantly
different, we performed a hypothesis test with p-values obtained as follows (Eg. 5):

|med(gy)-med(gy)|

————= || (9)
Var(gl) +var(g2)

where F is the standard normal distribution and var(gl) and var(g2) represent the
variance of each data group.

p-value =2 |1-F

Statistical data analysis was performed using the R software.

Wilcoxon rank-sum test [40] was used to compare the distributions of apparent GP
values obtained under control conditions and MBCD treatment.
The statistical analyses were performed using the software.

3. Results

3.1 A slow plus-end directed motor affects anterograde and retrograde transport of
peroxisomes

We first explored the interplay between opposed-polarity microtubule motors during
peroxisome transport in Drosophila S2 cells stably expressing the peroxisome targeting
peptide SKL fused to EGFP [20]. With this aim, we treated the cells with latrunculin to
depolymerize the actin network and recorded image stacks at 100 frames/s. The
uniformly oriented bundles of microtubules, forming the core of processes generated by
the cell in the absence of the actin network [23] simplify the assignation of the overall
transport direction. Moreover, processes can be considered static in the time window of
the experiments (Fig. 1A) as assessed by tracking the processes with a tracking routine
that we have developed to track single filaments [41]. The algorithm shows the absence
of significant motion of processes within the time window of the tracking experiments.
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Fig. 1. Trajectory analysis and temporal evolution of the peroxisomes speed.
Representative image of D. melanogaster S2 cell coexpressing mCherry-a-tubulin and
the peroxisome signal peptide SKL-EGFP (A). The arrows indicate cellular processes.
Scale bar: 5 um. Image-stacks of a region (inset) were acquired as a function of time
and the cellular process was tracked as a function of time with a filament-tracking
routine. Representative trajectory obtained for a peroxisome (B). Trajectories were
divided into unidirectional and uninterrupted paths (runs) corresponding to the motion
towards the minus- (blue) or plus- (red) end of microtubule (MT). Scale bar: 0.5 um.
These runs were further analyzed as described in Materials and Methods to obtain the
distance traveled as a function of time (red line) and the segmental speeds (®). The
values of speeds were color-coded according to the organelle direction and relative
speed values (0.1-0.7 um/s, 0.7-1.0 um/s and >1.0 um/s) and represented as a function
of time (C). The highest speed modes are shown in blue (retrograde) and red
(anterograde). Those regions of the trajectories in which the speed could not be
determined or it was lower than the threshold value (0.1 um/s) were color-coded in
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black. Each row of the matrix corresponds to a single trajectory (Nrajectories=78 from 67
cells). A cartoon illustrating the data analysis is shown in the left panel.

The relatively high data acquisition frequency allowed extracting detailed information
regarding the local dynamics of organelles that can be missed when only considering
low resolution or mean parameters [42]. These movies were analyzed with a pattern-
recognition algorithm [30] to obtain peroxisome trajectories with a precision of 3-5 nm.

Peroxisome trajectories show periods of anterograde and retrograde transport
interspersed with pauses or fluctuations in the transport direction (Fig. 1B). We split the
trajectories into minus-end and plus-end directed runs and focused our analyses on two
parameters, the segmental speed, proposed to be related to the configuration of motors
that actively move the organelles [43, 44], and the run length, that informs on the
mechanisms of deactivation of motor teams [42].

We qualitatively analyzed the temporal sequence of velocities in every trajectory and
observed that fast and slow segments are interspersed in the trajectories (Fig. 1C)
suggesting that there are not distinct populations of slow and fast organelles. This figure
also shows a very low probability of reversions from a highest-speed retrograde to a
highest-speed anterograde states (i.e. 4 of 42 reversions) and viceversa (2 of 47
reversions) suggesting that these fast states require the previous engagement of slower
teams to switch the peroxisome direction of motion.

The multimodal velocity distributions of anterograde and retrograde organelles (Fig.
2A-B) suggest that multiple teams of motors are responsible for transport in either
direction [43]. In contrast, simplified motor systems in vitro present single-peak
distributions (e.g. [45, 46]). Therefore, the speed distribution provides a richer
description than the analysis of the mean speed and could help us to reveal certain
aspects of in vivo transport.

Anterograde and retrograde runs (Fig. 2, C-D and Table 1) presented characteristic
median lengths of 991 + 110 nm and 1064 + 70 nm, respectively. These values are in
the order of those measured for organelles and single motors moving in cells (e.g. [27])
and lower than those determined in vitro for teams of kinesin [47] and for dynein-
dynactin-cargo adapter complexes [48] suggesting a different mechanism for the in vivo
inactivation of motor teams.

11



N
< ‘ <
S S
%) %)
c 5+ c 5-
[} o
> >
o (on
£ £
O T T 0 T T 1
00 05 10 15 20 25 00 05 10 15 20 25
anterograde speed (um/s) retrograde speed (um/s)
C s0; D 30,
20+ 204
z z
10- 10-
0+ mma oo Iﬂ : 1 0 1 ] : :
0 4 8 12 0 4 8 12
anterograde run length (um) retrograde run length (um)

Fig. 2. Distributions of peroxisomes segmental speed and run length. Peroxisomes
trajectories with nanometer precision were analyzed to recover the distribution of
segmental speed (A-B) and run lengths (C-D) of anterograde and retrograde
peroxisomes. The speed distributions were quantitatively analyzed as described in
Section 2.9 considering a mixture of Gaussian functions (Eq. 3, black lines) with three
modes (blue lines).

Next, we included in the cell system a deficient plus-end directed motor that competes
with the endogenous cytoplasmic dynein and kinesin-1. Specifically, we used a
construct that encodes the head, neck-linker, and first coiled-coil domains of the Eg5
motor fused to a peroxisome-signaling tag mCherry-Pex26 [20]. Eg5 is a
heterotetrameric motor involved in microtubule motion during cell division [49, 50]; the
dimeric version of the motor preserves many functional properties of the tetramer [35,
51]. Dimeric Eg5(513) is characterized by its low processivity (~ 70 nm) and speed (<
100 nm/s). Previous works also showed that the stall force of this motor [35, 52] and
the kinetic constants of disociation from and association to microtubules [53-55] are
similar to those of kinesin-1.
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In a previous work, replacement of endogenous kinesin-1 by Eg5(513)-mCherry-Pex26
induced the clustering of peroxisomes in the perinuclear region [20]. In contrast,
expression of this mutant in the wild type background showed peroxisomes in other
cellular regions (Supplemental Fig. 2). The proportion of cell processes containing
peroxisomes was identical to that determined in the wild type condition (~60 %)
suggesting that the extra-motor does not drastically perturb the system.

Fig. 3A,C,G and Supplemental Table 2 show that Eg5(513)-mCherry-Pex26
significantly reduces the speed of anterograde peroxisomes with a redistribution of the
populations toward the lowest-velocity mode (k=1); herein defined as the slowest
population. The parsing algorithm used in our work considers that organelles are
actively moving when their speed exceeds 100 nm/s. Since this threshold is similar to
the in vitro speed of Eg5(513), we do not expect to detect pure Eg5(513)-mCherry-
Pex26 teams dragging plus-end directed peroxisomes.

On the other hand, the speed distribution of retrograde organelles shows that the slowest
population decreased by 18 % of its characteristic speed (Fig. 3D,F,H and Supplemental
Table 3). In addition, Eg5(513)-mCherry-Pex 26 expression reduced the run lengths of
both, anterograde and retrograde peroxisomes (Table 1). These observations show that
anterograde motors also influence the retrograde teams performance.

The number of reversions per trajectory observed in the presence of Eg5(513) was not
significantly different to that measured in the wild type condition (1.8 £ 0.1 vs. 1.80 £
0.08) suggesting that the mutant motor introduces pauses and does not trigger switches
in the transport direction.

3.2 KHC targeted to peroxisomes preserves many motility properties of the
endogenous Kinesin motor

To further explore whether the motor-organelle coupling strategy influences the
performance of anterograde and retrograde teams we used the kinesin construct
KHC576-mCherry-Pex26 [20] encoding amino acids 1-576 of Drosophila KHC fused
to the mCherry-Pex26 linker used in the previous section. The overall organization of
peroxisomes in the cytoplasm is conserved in the presence of the mutant since 60 % of
processes presented organelles (Supplemental Fig. 2).

We run SPT experiments to follow the motion of SKL-EGFP labeled peroxisomes in S2
cells expressing KHC576-mCherry-Pex26 and computed the speed and run length
distributions of anterograde and retrograde organelles. Fig. 3E,F,H and Supplemental
Table 3 show that the multimode speed distribution of minus-end directed organelles is
insensitive to the presence of Pex-targeted KHC576 motor whereas slow plus-end
directed organelles reduce their speed (Figure 3B,C,G and Supplemental Table 2). This
result is unexpected since the single-motor performance of the construct is similar or
even better than that of the full-length motor according to in vitro and in vivo assays
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[56, 57]. Thus, the artificial linker and/or truncation in KHC576-mCherry-Pex26 may
affect the communication and thus the performance of anterograde teams which are
probably constituted by at least two motor molecules. In line with this hypothesis,
Bieling et al. [58] proposed that motors within kinesin teams mechanically
communicate with each other and showed that a stiffer coupling reduces the cargo
velocity.

On the other hand, the invariance of retrograde speeds distribution suggests that the
endogenous and KHC576-mCherry-Pex26 motors contribute similarly to retrograde
transport. In addition, KHC576-mCherry-Pex26 did not affect the median values of
plus and minus-end directed run lengths (Table 1) and the number of reversions in the
trajectories (1.8 + 0.1 reversions/trajectory).

Overexpression of peroxisome-tagged KHC may introduce a higher concentration of
plus-end directed motors in each organelle. In addition, truncation of kinesin molecule
probably affects some of the regulatory mechanisms of the motor function e.g. those
depending on KHC-KLC interactions [18]. Moreover, Pex26 linker prevents the
detachment of KHC576 motors from the organelle. Thus, the invariance of run lengths
with the expression of KHC576-mCherry-Pex (Table 1) suggests that retrograde and
anterograde run terminations do not depend on these regulatory interactions or on
kinesin attachment/detachment from the organelle.

In addition, a simple tug of war scenario predicts that a higher concentration of plus-end
directed motors leads to more frequent switches from minus to plus-end directed runs
resulting in a reduction of the lenghts of minus-end directed runs with a parallel increase
of run lengths in the opposite direction ([15, 59], Supplemental Fig. 3). Thus, the
invariance of anterograde and retrograde runs (Table 1) with the expression of
KHC576-mCherry-Pex26 suggests that the number of plus-end directed motors
involved in the active teams is similar to those observed in wild type cells. We
hypothesize that the team size could be limited by geometrical constrains presented
when motors attach simultaneously to the organelle and the microtubule [1] and/or by
the interference among motors described for kinesin teams [60].
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Fig. 3. Influence of Eg5(513) and KHC576 on peroxisomes transport. Single
particle tracking experiments of EGFP-labeled peroxisomes were performed in cells
expressing the deficient motility motor Eg5(513)-mCherry-Pex26 or the kinesin-1 like
motor KHC576-mCherry-Pex26. Peroxisomes trajectories were further analyzed to
obtain the distributions of anterograde (A-C) and retrograde (D-F) segmental speeds.
These data were analyzed as described in Section 2.9 considering a mixture of 3
Gaussian functions (Eq. 3). Blue lines show the contributions of the individual
Gaussians to the predicted overall distribution (black line). The mode speeds (vk) and
their relative contribution (p«) to the overall distributions were compared with those
obtained in the wild type condition (G,H) these parameters are also summarized in
Supplemental Tables 2-3. The error bars represent standard errors of each parameter.
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3.3 Tug of war scenarios do not completely explain peroxisome transport in S2
cells

To get further insights into the molecular mechanisms involved in peroxisome transport,
we confronted the experimental data with numerical simulations of two established tug
of war scenarios. Specifically, the asymmetric model considers the competition of
multiple dyneins with a reduced number of kinesins [15, 61]. The teams' asymmetry
accounts for the different biophysical properties of the motors including the higher stall
force of kinesin-1 with respect to mammalian and Dictyostelium dyneins [12, 61, 62]
and the different response of the motors to opposing forces [61]. On the other hand, we
also studied the predictions of a symmetric tug of war model that takes into account
recent findings showing that dynactin and Bicaudal-D2 increases the speed and stall
force of dynein [10]. This strong dynein complex resists kinesin-1 during tug of war
[10].

These tug of war models include 14-15 parameters, many of them estimated from in
vitro experiments and thus the agreement of their predictions with the experimental data
does not prove the validity of the models [1]. Therefore, we focused our analyses on an
overall qualitative comparison of the main transport properties predicted from these
models with those observed in S2 cells.

In the simulations, inactive motors move randomly on the surface of a cargo with a
diffusion coefficient of 0.1 um?/s, i.e. in the order of those observed for membrane-
associated proteins [63]. This consideration takes into account experimental and
theoretical results showing that motor mobility within the membrane affect transport
properties [64, 65]. Plus- and minus-end directed motors may stochastically attach to
the microtubule, step along the track and detach from it. The parameters and equations
characterizing these probabilities are comparable to those proposed in the literature
(Supplemental Table 1, [15, 31, 34, 66-71]).

The simulated cargo trajectories were then resampled to 10 ms (i.e. the experimental
sampling time) and analyzed similarly to the experimental data to recover the speed and
run lengths distributions for cargoes moving in either direction. To better understand the
output of the simulations, we also computed the number of motors attached to the track
as described in Materials and Methods.

In order to set the total number of plus and minus-end directed motors in each scenario,
we first run control simulations with increasing numbers of motors and selected the
smallest values that generate trajectories compatible with those obtained experimentally.

Fig. 4, A-B and Supplemental Tables 4-5, show that a symmetric tug of war consisting
of 4 kinesins competing with 4 strong dynein complexes qualitatively reproduced the
multimode speed distributions of anterograde and retrograde peroxisomes. We
described in Materials and Methods and also exemplified in Supplementary Fig. 1 that
the simulation routine allows obtaining the motor configuration (i.e. the number of
active dyneins and kinesin) at each sampling time. Then, we can correlate the motor
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configurations and the segmental velocities measured at every 400-ms interval of the
trajectories.

Fig. 4C shows that the speed distributions of the different motor configurations are
partially overlapped. Teams with a high number of kinesin copies or highly enriched in
dyneins contribute to the high-velocity modes. Low velocity anterograde and retrograde
modes arise from configurations with low numbers of kinesins or mixed tug of war
states with similar numbers of kinesin and dynein motors.

We also explored how a plus-end directed motor with the properties of Eg5(513)
(Supplemental Table 1) modulates the symmetric tug of war. Importantly, we did not
include in the model the back-stepping probability of this motor since it is expected to
be low [35]. For these simulations, we assumed the number of motors in a plus-end
directed team to be approximately constant as discussed above and replaced one kinesin
by an Eg5(513)-like motor.

The simulations predict that plus-end directed organelles reduce their speed in the
presence of Eg5(513) (Fig. 4A); in agreement with our experimental observations (Fig.
3A, 3G). On the other hand, the simulations do not predict any modifications on the
speed of minus-end directed organelles (Fig. 4B); in contrast, the experimental data
showed that Eg5(513) reduces the speed of the slowest minus-end directed organelles
(Fig. 3H, data corresponding to k= 1). Taken together, these results suggest that the
simulations do not reproduce the experimental behavior of minus-end directed
organelles in the presence of Eg5(513).

The model also predicts a small reduction on the relative population of the slowest plus-
end directed organelles (Fig. 4A) which was not observed in the experiments (Fig. 3A,
3G).

This redistribution depends on the relative amount of Eg5(513) to kinesin arbitrarily set
in the simulations which may be very different to the relative amount of motors attached
to peroxisomes.

Fig. 4D shows that Eg5(513) generated many new anterograde and retrograde mixed-
states (i.e. teams that include different types of motors). Retrograde teams containing
Eg5(513) presented similar velocities to equivalent teams with kinesins explaining the
invariance of retrograde speed distribution. In contrast, anterograde teams slowed down
when Eg5(513) replaced kinesin. The speed distributions of Eg5(513)-containing states
were also narrower in agreement with the smaller widths observed experimentally in the
presence of the deficient motor.

The symmetric tug of war scenario predicts that Eg5(513) reduces the characteristic
length of anterograde runs and increases the retrograde lengths (Table 2), in
disagreement with the experiments (Table 1).

We also tested an asymmetric tug of war scenario consisting of 4 weak dyneins
competing with 2 strong kinesins. To account for dynein team tenacity against opposing
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loads [72], we considered that the attachment probability of the motor increases when
multiple dyneins engage to the microtubule.

Supplemental Fig. 4 shows that this asymmetric model could not qualitatively
reproduce the multimode speed distribution of retrograde peroxisomes even after
relaxing constrains on the parameter values or increasing the number of motors
involved in the tug of war. For example, a model with 12 dyneins and 6 kinesins shifted
the whole anterograde and retrograde speed distributions toward higher values
(Supplemental Fig. 5).

The asymmetric model predicts that minus-end directed transport mostly relies on pure
dynein teams (Supplemental Fig. 4). In contrast, cargoes moving toward the plus end
are mainly driven by either a single kinesin or a Kkinesin-dynein mixed team
(Supplemental Fig. 4). Kinesin replacement by Eg5(513) produced similar effects to
those observed with the symmetric model: it does not modify the speed distribution of
minus-end directed teams but slowed down plus-end directed transport (Supplemental
Fig. 4). On the other hand, plus-end directed run lengths decreased in the presence of
the deficient motor whereas minus-end directed runs did not significantly change
(Supplemental Table 6) as also expected in the symmetric tug of war scenario.

Taken together, the numerical simulations show that neither the symmetric nor the
asymmetric scenario predicts the crosstalk between motors in the slowest teams
observed in the experiments. The results support a higher level of complexity in the
communication between these teams that is not included in simple tug of war models.
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Fig. 4. Numerical simulations of a symmetric tug of war model. The wild type
scenario (4D4K) includes 4 dyneins (D) and 4 kinesins (K). One of the kinesins was
replaced by an Eg5(513)-like motor (named as Eg5) in the 4D3K1Eg5 scenario. The
parameters of the model are detailed in Supplemental Table 1. The simulated
trajectories (Ntrjectories=250) were analyzed similarly to the experimental data to obtain
the segmental speed distributions of anterograde (A) and retrograde (B) cargoes. The
speed data (circles) was analyzed as described in Section 2.9 considering a mixture of 3
Gaussian functions (Eqg. 3, lines) obtaining the vk and pk also summarized in
Supplemental Tables 4-5. The error bars represent standard errors of each parameter.
The motors configurations were obtained for each trajectory segment and correlated
with the segmental speeds (C-D). The speed distribution of each motor configuration is
represented in pseudocolor, the x-axis details the number of active motors. To facilitate
the analysis, the figure only includes the most-probable configurations; the complete
data can be found in Supplemental Figs. 6-7. Dotted lines show the characteristic vk
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values obtained in the corresponding scenario. The right panels exemplify the speed
distribution of selected configurations.

3.4 The fluidity of peroxisome membrane affects transport

Motors may mechanically communicate with each other through the cargo’s membrane
and associated proteins. Nelson et al. [64] demonstrated that the fluidity of the bilayer
affects the velocity of myosin teams synthetically anchored to phospholipid vesicles. On
the other hand, dyneins cluster into raft-like microdomains on phagosomes improving
their performance as a team [73]. These previous works show that the cargo membrane
plays a relevant role on the performance of motor teams.

We then asked whether the membrane-mediated mechanical coupling influences the
performance of anterograde and retrograde teams during peroxisome transport.

We treated S2 cells expressing Eg5(513)-mCherry-Pex26 with methyl-B-ciclodextrin
(MBCD). This drug removes cholesterol from raft and non-raft domains of the plasma
membrane and alters the distribution of cholesterol between plasma and intracellular
membranes [74].

Since the effects of MBCD on the membranes organization depend on the cell type and
specific treatment [74], we used the polarity sensitive probe C-laurdan [28] to evaluate
the overall effect of MBCD on S2 membranes (Fig. 5, A-C). Fig. 5D shows that GP
values decreased after the treatment suggesting an increase on the fluidity of cellular
membranes after the treatment. We identified red-labeled peroxisomes in the images
and observed that MBCD also increases their membrane fluidity (Fig. 5D).

To explore whether the membrane fluidity affects peroxisome transport, we tracked
these organelles in MBCD-treated S2 cells expressing SKL fused to EGFP. Fig. 5, E-F,
shows that anterograde and retrograde organelles presented multimode speed
distributions. The characteristic speed of the first mode of these distributions decreased
after MBCD treatment suggesting that the fluidity of the membrane influences the
mechanical coupling among motors in the slowest teams.

The median run lengths of both anterograde and retrograde organelles did not change
after MBCD treatment (Table 1) showing that this drug does not affect the mechanism
of deactivation of active teams.
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4. Discussion

Organelle transport in living cells relies on the action of molecular motors. Dynein,
kinesin and myosin activities are modulated by adaptor and regulatory proteins [75]
through mechanisms that are generally poorly understood. In addition, microtubules and
actin filaments are far from being passive tracks since their intrinsic dynamics, chemical
properties and interactions with other proteins affect transport [27, 47, 76, 77].
Moreover, the cytoplasm imposes a drag to motor-cargo complexes that have to find
their way through this overcrowded milieu [78]. This complex interplay between
different biochemical and physical properties of the intracellular milieu determines that
transport cannot be understood by only considering the in vitro properties of the motors.

In this work, we explored how microtubule motors work together during organelle
transport scrutinizing the properties of peroxisome trajectories obtained with high
spatial and temporal resolutions.

The comparison between experimental and simulated data obtained in simple tug of war
scenarios showed that models incorporating strong dynein motors with properties
compatible to those measured for the dynein complex with dynactin and Bicaudal [10]
recapitulates many but not every property of peroxisome transport. Importantly, the
model could explain the multimode speed distributions of retrograde and anterograde
peroxisomes also observed for other organelles in living cells [30, 43]. Nevertheless,
our observations do not allow ruling out other models with higher levels of regulation.
For example, Reis et al. [43] showed that APP vesicle also present velocity distributions
with high speed modes that depended on the amount of kinesin-1. The authors suggest
that opposed-polarity motors assemble in stable teams and control both, the speed and
direction of the vesicles through dynein intermediate chain. This example shows that
it might be possible that the relative amount of fast organelles and their speed may
result from a combination of a tug of war and unknown regulatory mechanisms.

In addition, we cannot also rule out that longitudinal sliding of microtubules [76] has a
minor contribution to the speed distributions. This process may also explain some of the
divergences between the experimental distributions and the predictions of the
symmetric tug of war model.

In this work, we expressed in the cells plus-end directed motors tagged to peroxisomes;
their competition with the endogenous cytoplasmic dynein and kinesin-1 allowed
detecting some important features of bidirectional transport along microtubules.

Expression of Pex-targeted KHC576 did not modify retrograde transport (Fig. 3H and
Supplemental Table 3) whereas it slightly slowed down plus-end directed organelles
(Fig. 3G and Supplemental Table 2) without affecting their run lengths (Table 1). These
observations have two relevant implications. First, the number of kinesin motors
engaged in active teams seems to be independent on the density of kinesins on the cargo
in line with previous works [60]. In addition, we speculate that the performance of
Kinesin in peroxisome transport seems to be independent on regulatory mechanisms
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depending on KLC or the C-terminal portion of KHC which is not present in our
mutant kinesin motor. The interaction between kinesin light chain and the intermediate
chain of dynein [79] was previously proposed to coordinate kinesin and dynein during
amyloid precursor protein vesicles transport in neurons [43]. Our observations suggest
that this mechanism might not play a determinant role during peroxisome transport.

Peroxisome transport was affected by the slow plus-end directed motor Eg5(513)-
mCherry-Pex26. Anterograde peroxisome transport significantly slowed down in the
presence of E@5(513)-mCherry-Pex26 in line with previous gliding assays and
numerical simulations showing that Eg5 slows down microtubules carried by kinesin-1
[80]. Unexpectedly, retrograde transport was also perturbed by Eg5(513)-mCherry-
Pex26 since both, the speed of the slowest teams and the characteristic run length
decreased in the presence of this motor. These results could not be explained with our
simple tug of war scenarios and suggest a crosstalk between anterograde and retrograde
motors.

In addition, increasing the fluidity of peroxisome membranes with MBCD reduced the
speed of slow anterograde and retrograde peroxisomes that are likely undergoing a tug-
of-war suggesting that the membrane plays an relevant role on the performance and
possibly on the mechanical communication among motors in these slow teams.

The interdependence of opposed-polarity teams has been reported in other in vivo
transport systems and explained through different mechanisms including the
coordination of teams by regulatory proteins, the microtubule tethering model and the
mechanical coupling of opposed teams (reviewed in [1]) . Specifically, the second
model considers that opposing motor teams remains in weak binding state tethering
cargo to the microtubule. In this context, the reason why inhibiting one motor
diminishes cargo transport by the opposing motor is that the tethering of the cargo to the
microtubule is reduced, and the cargo then tends to dissociate from the microtubule. The
last model postulates that motors are predominantly in an inactive state at low load
forces and forces generated by opposing motors bound to the same cargo pull the motor
out of this inhibited state, freeing it for active motion. Thus, the model proposes that
the activation of a motor is regulated by forces generated by the opposed-polarity
motors.

Our data could not be explained through microtubule tethering since Eg5(513) should
provide the same weak interaction with the track as the endogenous motors and thus
should not affect retrograde transport. Slow anterograde and retrograde teams probably
communicate mechanically through the membrane and/or other unknown regulatory
proteins.

Recently, Reddy et al. [81] showed that an opposed force facilitates the interaction of
dynein with LIS1 and NudE/L generating stronger teams. If this were the case during
peroxisome transport, a deficient plus-end directed motor and/or partial decoupling of
teams through a more-fluid membrane could interfere with this mechanism reducing the
speed of the slow retrograde team. We could also hypothesize that the shorter retrograde
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run lengths observed in the presence of Eg5(513) are explained by an inefficient
coupling between opposed teams triggering the release of the cargo from the track.
Whereas no molecular mechanism has been proposed for the mechanical activation of
kinesin, organelles such as lipid droplets moving toward the plus or minus-ends have
shown to preserve some memory on their directionality after brief stalls [82]. This
result suggests that some relatively stable and cooperative assembly among motors is
required for initiating both, anterograde and retrograde transport.
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TABLES

.. retrograde runs anterograde runs
condition
(nm) (nm)
wild type 1064 + 70 991 + 110
+ Eg5(513) 822 + 84 (%) 833 + 50 (*)
+ KHC 576 1087 + 77 1058 + 103
+MBCD 1083 + 96 1057 + 109

Table 1. Anterograde an retrograde peroxisomes run lengths. The data is expressed
as median + standard error. Asterisks denote significant differences between values (p-
value<0.05).

. . retrograde runs anterograde runs
simulation
(nm) (nm)
4D-4K 684 + 19 885 + 27
4D-3K-1E@5 736 + 11 (*) 727 £22 (%)

Table 2. Run lengths obtained in the symmetric tug of war simulations. Eg5 stands
for Eg5(513). The data is expressed as median + standard error. Asterisks denote
significant differences between values (p-value<0.05).
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Highlights

We studied the properties of peroxisomes transport driven by kinesin-1 and
dynein

Speeds of anterograde and retrograde organelles were statistically analyzed
Expression of slow chimeric plus-end directed motor influenced peroxisome
transport

The fluidity of organelles membrane modified the speed of motors teams
Opposed-polarity motors mechanically communicate with each other
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