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a b s t r a c t

The mechanisms involved in bidirectional transport along microtubules remain largely unknown.
We explored the collective action of kinesin-2 and dynein motors during transport of melanosomes
in Xenopus laevis melanophores. These motors are attached to organelles through accessory pro-
teins establishing a complex molecular linker. We determined both the stiffness of this linker and
the organelles speed and observed that these parameters depended on the organelle size and cargo
direction. Our results suggest that melanosome transport is driven by two dissimilar teams: whereas
dynein motors compete with kinesin-2 affecting the properties of plus-end directed organelles,
kinesin-2 does not seem to play a similar role during minus-end transport.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction end of microtubules [8] posing the question about how these
Molecular motors hydrolyze ATP to step along microtubules
and actin filaments in eukaryotic cells. These molecules are
responsible for the transport of a wide variety of cellular compo-
nents and thus are essential for the intracellular trafficking and
organization (reviewed in [1,2]).

Single particle/molecule techniques applied to isolated motors
[3] or cellular systems [4–7] have provided valuable information
about the biophysical properties of these nanomachines. These
studies firmly demonstrated that organelles attach many copies
of different motors [4–7]. In particular, the opposed-polarity
microtubule motors kinesin and dynein are both simultaneously
present on organelles actively moving toward the plus or minus
motors work together during transport. Understanding the collec-
tive behavior of identical and opposed polarity motors is essential
to get insight into the rules regulating the intracellular organiza-
tion in both physiological and pathological conditions.

Two models were postulated to address multimotor behavior:
the coordination model which proposes that there is a mechanism
that switch on/off different sets of motors [9–11], and the
tug-of-war model that postulates a competition between
opposed-polarity motors, the stronger team wins the competition
and defines the direction of the cargo [8,12]. Whereas there are
evidences supporting both models, it is currently accepted that
there is a complex interplay between local tug-of-war interactions
on the cargos and larger regulatory events that bias the output of
the tug-of-war (for a recent review see [13]).

Melanophore cells are one of the most widely used cellular sys-
tems for the study of intracellular transport [14]. These cells have
pigmented organelles called melanosomes that can be easily
observed using brightfield microscopy. Melatonin and MSH trigger
signaling cascades that lead to the aggregation of melanosomes
within the perinuclear region or their dispersion through the cyto-
plasm, respectively [15–21]. To achieve these configurations, mel-
anosomes are transported along microtubules by action of the
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cytoplasmic dynein [22] and kinesin-2 [23], whereas myosin V is
responsible for actin dependent transport [24].

It is well known that certain properties of melanosome trajecto-
ries change during aggregation and dispersion (e.g. [7,25,26]).
However, we still do not have a complete view on the molecular
mechanisms involved in this regulation of transport that may
include chemical modifications of the motors such as phosphoryla-
tion [18], changes on the motor interactions with adaptor or scaf-
folding proteins (reviewed in [27]), changes in the number of
motor engaged in the transport [7,28] and modifications in the
microtubule tracks [29].

Cargoes actively transported by motors experience a viscoelas-
tic drag in the cytoplasm [30–35]. In this sense, small vesicles are
expected to move faster, present higher run lengths and direction-
ality. However, several experimental evidences suggest that these
transport properties are also influenced by the number of active
motors attached to the organelle [26,36,37]. Particularly, we have
recently found that the tortuosity of the trajectories of melano-
somes depends inversely on the organelle size [26]. We hypothe-
sized that this effect could be explained considering that bigger
organelles linked more motors and thus are less prone to detach
from the track. This effect was more relevant in the case of
minus-end directed organelles since dyneins easily detach from
the track [12,38].

As we mentioned before, molecular motors are attached to
organelles through accessory proteins which also play a relevant
role in their function (reviewed in [20,39–42]). Dynactin seems
to be a key player on defining microtubule-dependent transport
of melanosomes. It links both, cytoplasmic dynein and kinesin-2
to the organelles through its p150Glued subunit and its disruption
inhibits plus- and minus-end transport [43]. This complex is fun-
damental for the processivity of both dynein (reviewed in [44])
and kinesin-2 [45]. Dynactin improves dynein performance by
increasing the average forward-step size, suppressing backward
steps, and decreasing the overall probability of motor detachment
from the microtubule per step [46]. Unfortunately, we do not have
a detailed description regarding the influence of dynactin on
kinesin-2 transport properties.

The motor linker established between organelle and micro-
tubule has its characteristic stiffness and influence the transport
behavior i.e. a stiff linker determines that the motion of the motor
and organelle are highly correlated contrary to what it would be
expected for a flexible linker.

We have recently shown that this mechanical property can be
estimated in living cells by analyzing the organelle jittering per-
pendicular to the microtubule axis, e.g. the jittering amplitude is
higher for more flexible linkers [47]. Moreover, numerical simula-
tions showed that this intrinsic flexibility is very relevant to pre-
vent the fast detachment of motors in a tug of war context [48].

In this work, we use this analysis tool to measure the mechan-
ical properties of the motor linker attaching melanosomes of dif-
ferent sizes in order to understand the regulation of organelle
transport driven by multiple copies of motors.

2. Materials and methods

2.1. Cell culture and sample preparation for imaging

Immortalized Xenopus laevis melanophores were cultured as
described in [49]. Cells were grown in 70% L-15 medium (Sigma–
Aldrich) supplemented with phenylthiourea [25] to reduce the
amount of melanosomes for tracking experiments. For microscopy
measurements, cells were plated for 2 days on 25-mm round cov-
erslips placed into 35-mm dishes in 2.0 ml of complete medium.
Before observation, the coverslips were washed in serum-free
medium and mounted in a custom-made chamber specially
designed for the microscope where the cells were incubated with
10 mM of Latrunculin B (Sigma–Aldrich) for 30 min to depolymer-
ize actin filaments. Subsequently, hormonal stimulation for aggre-
gation or dispersion was performed using 10 nM melatonin or
100 nM MSH, respectively [25]. Samples were observed during
15 min after stimulation.

2.2. Tracking experiments

Single particle tracking experiments were carried out in a Nikon
Eclipse TE300 fluorescence microscope adapted for SPT using a
60� oil-immersion objective (NA: 1.35). A high-speed 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 melanosomes at a speed of 300 fra-
mes/s and recovered the trajectories of the organelles with an
accuracy in the range of 4–7 nm using the pattern recognition
tracking method previously described [7].

2.3. Measurement of the motor linker stiffness

The determination of the effective elastic constant (j) was per-
formed following a spring-like-interaction model based on the
generalized Langevin equation [47] with some modifications.
Briefly, curvilinear sections of trajectories were selected and
divided into segments of 0.39 s of duration (130 data points).
These segments were fitted with a second order polynomial func-
tion to obtain the position fluctuations perpendicular to the main
transport direction (y?).

The mean squared displacement of motion perpendicular to the
transport direction (MSD?) was calculated as:

MSD?ðsÞ ¼< ðy?ðt þ sÞ � y?ðtÞÞ
2
> ð1Þ

where t and s correspond to the absolute and lag times, respectively
and the brackets indicate the time average.

We computed the asymptotic MSD (1) by averaging MSD? in
the interval 0.12 s < s < 0.27 s and calculated the elastic constant
j as:

j ¼ 2KBT

MSDð1Þ � 2d2 ð2Þ

where KB and T corresponds to the Boltzmann constant and the
absolute temperature (298 K), respectively and d is the error in
the determination of melanosome position.

These routines were programed using IDL (Interactive Data
Language).

2.4. Statistical analysis

For each data group g, we computed the median med(g) since
the data distributions were asymmetric (Fig. S1) and thus the med-
ian was a more robust parameter than the mean [27]. The variance
r2(g) was estimated through a bootstrap procedure [50] based on
1000 bootstrap replications.

In order to test if the medians of different data groups were sig-
nificantly different, we performed a hypothesis test. The P-values
are obtained as follows:

P-value ¼ 2 1� F
jmedðg1Þ �medðg2Þjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2ðg1Þ þ r2ðg2Þ
p

 !" #
ð3Þ

where F is the standard normal distribution and g1 and g2 represent
the data groups.

Statistical data analysis was performed using the R software.



M.C. De Rossi et al. / FEBS Letters 589 (2015) 2763–2768 2765
2.5. Numerical simulations

Numerical simulations were run using a tug-of-war model
[48,51–55] as described in Supplementary Data. Briefly, the model
considers a cargo driven by teams of opposed-polarity motors (i.e.
kinesins and dyneins). The interaction of the motors with the cargo
is assumed to be elastic, i.e. the motors and associated adaptor
proteins act as parallel springs with elastic constant Ko. The motors
move in discrete 8-nm steps along the microtubule, with
load-dependent probabilities of stepping and detachment.
Detached motors can stochastically rebind the microtubule track.
The parameters used in these simulations were those described
in Table S1.

The simulated trajectories (time step = 10 ls) were resampled
to 3 ms and analyzed following the procedures previously
described for those obtained experimentally.
Fig. 1. Analysis of trajectories. Molecular motors and accessory proteins attached to
the melanosome established a spring-like interaction with the microtubule (a). The
trajectories of organelles were split into curvilinear segments of 0.39 s which were
fit with a second order polynomial function to define the transport direction (b).
The segments were decomposed into parallel (x//) and perpendicular (y?) motion
with respect to the direction axis to study the melanosome dynamics.
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Fig. 2. Dependence of j and speed on melanosomes size. The trajectories of
melanosomes were registered during aggregation (d) or dispersion (d) and
analyzed as described in the text to compute the values of the effective elastic
constant (j) and the speed. The radii data were grouped in bins of 100 nm and the
median value of j (a) and speed (b) obtained for each bin was plotted as a function
of the mean radius in each interval (Ndata = 150–600 for each bin). The error bars
represent the standard error.
3. Results and discussion

To study the mechanical properties of the motor-complex linker
attaching melanosomes of different sizes, we treated melanophore
cells with latrunculin to depolymerize the actin network and stim-
ulated the cells for either aggregation or dispersion. In a previous
work [4], we showed that 74% of the organelles move toward the
microtubules plus-end during dispersion while this population is
reduced to 40% in aggregation. Also, plus-end directed melano-
somes were more prone to switch their direction reflecting the dif-
ferent performance of dynein and kinesin-2 motors during
melanosome transport. In that previous work we also showed that
the reversion probability for dynein-driven organelles increased
during dispersion (from 0.17 to 0.25) whereas it slightly decreases
for kinesin-2 driven organelles (from 0.46 to 0.41).

We performed SPT experiments and obtained trajectories of
melanosomes with high temporal and spatial resolution (3 ms
and 4–7 nm, respectively), Fig. 1 schematically shows the method-
ology applied to determine j. Briefly, we extracted regions of the
trajectories showing processive motion and split them into seg-
ments of 130 data points (390 ms). These segments were fitted
with a second order polynomial function to define the main trans-
port axis and were further decomposed into parallel (x//) and per-
pendicular (y?) motion with respect to the transport axis (Fig. 1b).
This last component was used to determine the effective elastic
constant of the motor linker while x// was used to compute the
organelle speed.

In addition, we determined the optical radius (rop) of melano-
somes as described in [26]; in that previous work we also showed
that rop is linearly related to the organelle radius within the
assayed range.

Fig. 2a–b shows the median values of speed and stiffness
(regardless of the overall direction of the organelles in the seg-
ments) obtained during aggregation and dispersion as a function
of the organelle size. The figure shows that the stiffness of the lin-
ker increases with the organelle size while the speed followed the
opposite behavior. Moreover, the stimulation condition affects
these behaviors indicating that they are influenced by the motors
involved in the transport and thus could not be only assigned to
the drag introduced by the media. Supporting this conclusion,
we run numerical simulations and also found that an increasing
drag reduces the speed of the organelles but it does not affect
the value of j (Fig. S2). The values of speed determined in this
work are in the order of those reported for the motors in
in vitro conditions (0.7 lm/s and 0.58 lm/s for dynein–dynactin
and kinesin-2, respectively [45,56]) and for purified melanosomes
(1.15 lm/s and 0.65 lm/s for minus and plus directed organelles,
[49]).
We have previously mentioned recent evidences suggesting
that the transport of bigger organelles require the action of multi-
ple copies of motors. In this context, our results could be explained
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considering that each of these active motor-complexes contributes
as parallel springs to the value of j In the same direction Efremov
et al. [36] observed that the position fluctuations of peroxisomes
(inversely related to j) transported by kinesin motors decreases
when more motors are recruited to their surfaces and engaged in
transport. Numerical simulations also confirmed that the stiffness
of the linker increases with the number of motors (Fig. S2). Despite
our data does not provide direct information regarding the number
of motors attached to different-sized organelles, it suggests that
this dependence is not linear. We can hypothesize that the curva-
ture radius of organelles may impose some geometrical restrictions
to this dependence. A higher curvature (i.e. smaller organelle)
would imply that fewer motors will be close enough to the micro-
tubule to attach to it (Supplementary data).

In order to understand the relative contributions of dynein and
kinesin motors to the observed behavior we classified the trajec-
tory segments according to the main transport direction – i.e.
toward the cell nucleus or away from it – in both stimulation con-
ditions and analyzed the behavior of the subpopulations of the rel-
atively small (400–600 nm) and big (700–900 nm) organelles. This
classification was done taking into account the apparent different
behavior of these populations observed in Fig. 2a and our previous
work showing that the tortuosity of melanosome trajectories
decreases with the organelle size reaching a constant value for
organelles with rop > 600 nm [26].

Fig. 3 shows that whereas the overall dependence of both j and
speed on the organelle radius is similar to those observed in Fig. 2,
dynein and kinesin-driven organelles present a very different
behavior.

Organelles moving toward the plus-end present higher values
of j in aggregation with respect to dispersion (Fig. 3a). These
results suggest that dynein motors – more active during aggrega-
tion – link the organelle to the microtubule even if the cargo is
moving toward the microtubule plus-end. The involvement of
these motors in a tug-of-war with kinesin also slows down small
cargoes transported toward the plus-end in aggregation (Fig. 3b).
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Fig. 3. Stiffness and speed of melanosomes transported by kinesin-2 and dynein. Kinesin
bars) were analyzed and divided into small and big organelles as described in the tex
represents the standard error of the j and speed determination in each group.
On the other hand, kinesin motors do not seem to affect the
motion of minus-end directed organelles since the dependence of
their speed and stiffness with the radius was the same in both
stimulation conditions (Fig. 3d). These results suggest that either
kinesin-2 is inactive during minus-end transport or its activity
remains constant in aggregation and dispersion.

Fig. 3 also shows that the speed of big organelles were insensi-
tive to the stimulation condition suggesting that the drag limits
their motion during both plus and minus-end directed transport.
According to previous works, it is expected that a relatively large
number of motors pull the cargo against the opposing force when
the drag is high [57,58].

The dissimilar behavior of dynein and kinesin-driven organelles
indicate that these motors play a different role in transport:
whereas the presence of dynein clearly affects the evaluated prop-
erties of kinesin-driven organelles, the opposite does not seem to
be true.

In a recent work Blehm et al. [59] measured the in vivo stall
forces of lipid droplets and found that cytoplasmic dynein is active
during both minus- and plus-end directed motion whereas kinesin
is only active in the plus-end direction. Also, Schroeder et al. [60]
measured the biophysical properties of kinesin-2 and showed that
this motor is less processive and more prone to detach than
kinesin-1 under load even though their stall forces were similar
(�5 pN). Despite these experiments were not performed in
melanophores cells, they provide evidences supporting a model
in which kinesin-2 is not engaged to the microtubule during
minus-end transport.

Our results could be explained with the model depicted in
Fig. 4. This figure includes possible, mean configurations of plus
and minus motors attached to either relative small or big orga-
nelles during aggregation and dispersion. We should point out that
this scheme is speculative since, as far as we know, the number of
motors attached to melanosomes remains unknown. Moreover, the
proposed simplified model does not include higher levels of trans-
port regulation that may affect motor properties and the different
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Fig. 4. Schematic representation of microtubule transport of small and big melanosomes during aggregation (left panel) and dispersion (right panel). The scheme represents
different configurations of motors attached to small and big melanosomes moving toward the minus (top panels) or plus-end (bottom panels) of the microtubule. The motors
depicted in the drawing do not represent the real number of motors engaged in melanosome transport.
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motor configurations resulting from the local tug of war in each
condition.

We considered evidences described in the literature suggesting
that cargoes are transported by several dynein copies against a sin-
gle kinesin [12]. In that previous work, cargoes were driven by
cytoplasmic dynein and DdUnc-104 kinesin, thus we cannot assure
that kinesin-2 behaves similarly when transporting melanosomes.
The scheme also shows that big organelles attach more motor
copies agreeing with previous results [26]. In addition, we consid-
ered that the number of motors attached to melanosomes do not
change with the stimulation condition as determined by Gross
et al. [25] whereas the number of motors engaged in transport is
affected by hormone treatment.

According to our simplified model, kinesin disengaged from the
track during minus-end runs whereas dynein motors remain
attached to the microtubule during plus-end runs.

During aggregation, the minus-end transport of melanosomes is
achieved by the increased activity of dyneins (e.g. more dyneins
attached to the track). The stochastic attachment of kinesin-2
results in an asymmetric tug-of-war between these
opposite-polarity motors; when force exerted in the plus-end
direction is higher the organelle revers its movement direction.
We hypothesize that the linker stiffness increases with the number
of motors anchored to the microtubule and thus j increases for
plus-end moving organelles.

On the other hand, the mean number of dynein motors attached
to the track decreases during dispersion and thus the probability of
plus-end runs increases. As a consequence, j values determined for
plus-end organelles are smaller than those measured during aggre-
gation. Also, the speed of small plus-end moving organelles
increases due to a lower dynein-drag.

In conclusion, our results suggest that dynein motors compete
with kinesin-2 during melanosome transport affecting the
properties of plus-end directed organelles whereas kinesin-2 does
not seem to affect minus-end transport.
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