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Abstract 

Microtubule-dependent motors usually work together to transport organelles through the 

crowded intracellular milieu. Thus, transport performance depends on how motors organize on 

the cargo. Unfortunately, the lack of methodologies capable of measuring this organization in 

cells determines that many aspects of the collective action of motors remain elusive. Here, we 

combined fluorescence fluctuations and single particle tracking techniques to address how 

kinesins organize on rod-like mitochondria moving along microtubules in cells. This 

methodology simultaneously provides mitochondria trajectories and EGFP-tagged kinesin-1 

intensity at different mitochondrial positions with millisecond resolution. We show that kinesin 

exchange at the mitochondrion surface is within 100 ms and depends on the organelle speed. 

During anterograde transport, the mitochondrial leading tip presents slower motor exchange in 

comparison to the rear tip. In contrast, retrograde mitochondria show similar exchange rates of 

kinesins at both tips. Numerical simulations provide theoretical support to these results and 

evidence that motors do not share the load equally during intracellular transport. 
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1. Introduction 

Intracellular transport relies on molecular motors that actively step along cytoskeletal filaments 

dragging cargoes through the crowded cytoplasm (reviewed in [1-3]). Particularly, kinesins and 

dyneins move along microtubules toward the plus and minus ends of these filaments, 

respectively (reviewed in [4]). Transport impairment in many neurodegenerative diseases such as 
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Alzheimer’s, Huntington’s and Parkinson’s highlights the relevance of understanding how 

motors work in the cellular context [5-7].  

The properties of microtubule-dependent motors have been extensively studied with single-

molecule techniques that provided exquisite biomechanical information such as the stall force, 

step size and processivity; many of these determinations were done incorporating the motors in 

synthetic systems designed to mimic some of the features of the intracellular transport [8-17].  

Advances in fluorescence microscopy methods allowed the observation of single motor 

molecules in living cells. Different labeling strategies, including the use of relatively big 

fluorescent quantum dots [18] or tandems of fluorescent proteins [19, 20], were necessary to 

improve the signal to noise (S/N) ratio and reach the single molecule regime. Although the 

engineering of the motors resulted in their inability to bind natural cargoes, those works provided 

essential information on single motor performance in their natural environment and opened new 

questions on how motors work when dragging a cargo in the crowded intracellular milieu.  

Recent studies suggest that the spatial distribution of motors and their mechanical 

communication through the surface of the cargo may have an impact on transport. For example, 

Rai et al. [21] found that dynein motors cluster on raft-like domains of phagosome membranes 

and, as a consequence, improve their performance as a team. In vitro assays also indicated that 

the efficiency of collective transport is modulated by the fluidity of the membrane that controls 

the motors mobility [22, 23]. More recently, Kaplan et al. [24] pointed out that rotational motion 

of endosomes tagged with gold nanorods induced by motor activities correlate with the 

translational dynamics of the cargo. Taken together, these studies emphasize the relevance of the 

organization of motors on the cargo and stress the necessity of characterizing their dynamical 

distribution in living cells.  

In this work, we use a combination of single particle tracking and fluorescence fluctuations 

methods to assess the dynamics of kinesin molecules on organelles while they move along 

microtubules in Drosophila melanogaster S2 cells. These cells, generated from late stage 

embryos of OregonR Drosophila melanogaster [25],  present several advantages that make them 

ideal for the analysis of cellular processes [25, 26]. Briefly, culturing the cells and observing 

them in optical microscopy experiments is extremely simple since they grow at 25 °C and do not 

require injection of CO2 in the atmosphere allowing their observation for long periods of time at 

room conditions. They are highly transfectable making it easy to generate stable cell lines and to 

express proteins of interest tagged with fluorescent probes to be used in fluorescence microscopy 

experiments. Additionally, these cells are also very sensitive to RNAi treatments allowing an 

efficient knockdown of proteins of interest. Since these cells normally grow loosely attached, S2 

cells are usually spread onto coverslips coated with concanavalin A that promotes the attachment 

of the cells for microscopy observations. In this condition, S2 cells flatten and the thinner 

periphery becomes ideal for live-cell observations. After disruption of their actin network with 
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drugs such as cytochalasin D or latrunculin B, S2 cells produce long processes filled with 

uniformly polarized microtubules [27, 28] making them an excellent system to study 

microtubule-dependent transport [27-34].  

Importantly, Rogers et al. [35] showed that the morphology of the interphase microtubule 

network in S2 and other Drosophila cells is different from that observed in many mammalian 

cells (i.e. microtubules emanating from a centrosome located near the nucleus in a star-like 

structure with their plus ends pointing outward and growing toward the cell periphery [36]). 

Indeed, functional centrosomes in Drosophila cells are only present during mitosis whereas 

microtubules nucleate at specific sites in the cytoplasm during interphase [35]. Centrosomes 

were initially considered essential for the assembly of mitotic spindle in most animal somatic 

cells. The textbook mechanism indicated that these structures duplicate before the entry to 

mitosis, separate and recruit additional pericentriolar material that initiate more centrosome-

associated microtubules leading to spindle assembly [37, 38]. However, it is now well 

established that centrosomes are not essential for the assembly of the mitotic spindle (see for 

example, [39-41]).  

The versatility of Drosophila S2 cells allowed studying mitosis through a combination of 

techniques including genome-wide screening, RNA interference assays, fluorescence microscopy 

and, more recently, transmission electron microscopy [35, 42-61]. Particularly, Moutinho-Pereira 

et al [47]  showed that a same set of genes is involved in centrosome-dependent and independent 

pathway of spindle assembly in this cell line, with only a small number of genes required 

exclusively for acentrosomal assembly.  In the case of S2 cells, the centrosome-based nucleation 

is the dominant pathway but it is proposed to coexist with mechanisms involving chromosome-

based assembly and  recruitment of microtubules created at other sites [42]. The existence of 

redundant pathways for creating the spindle would improve the chances of a successful mitosis 

[37, 42].  

We should emphasize that mitosis in S2 cells shows distinct characteristics with respect to 

other lines. Indeed, half of the cells present more than two centrosomes at the onset of mitosis 

and a clustering/fusion process occurs during spindle assembly [44]. This clustering process is 

occasionally incomplete consequently generating multipolar spindles during prometaphase. This 

fact increases the probability of misaligned chromosomes in metaphase [44, 51] resulting also in 

a relatively proportion of cells with atypical spindles [44, 45].  Several distinctive characteristics 

of S2 cells, including a cell cycle with other differences from those of mammalian cells (e.g. [43, 

56, 62, 63]), indicate that caution is required when extrapolating or generalizing experimental 

observations in this cell system to other cell lines. 

We focused our studies on mitochondria, organelles involved in the generation of ATP with 

key roles in lipid metabolism, calcium homeostasis and cell differentiation among many other 

processes [64, 65]. Molecular motors contribute to the regulation of their size and shape [66, 67] 
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which are essential aspects for the cell homeostasis [68]. It has been proposed that mitochondria 

bind kinesin-1, kinesin-3 and cytoplasmic dynein in neurons [69-71]; the interaction requires 

adaptor proteins such as the Miro-Milton complex and KBP that modulate the number of motors 

attached to the cargo and/or their activity [72].  

Our data reveal that the exchange of kinesin motors on single organelles during active transport 

in living cells is in the order of  100 ms.  Additionally, we verified that the dwell time at the 

leading and rear ends of mitochondria moving along microtubule bundles in cell processes 

depends on the transport direction. Particularly, anterograde organelles present slower exchange 

rates at the leading tip whereas retrograde mitochondria show similar rates at the leading and rear 

tips. These results agree with the predictions of a numerical model of kinesins collectively 

working against load and support that motors dragging a cargo do not share the load equally in 

living cells. Together our data provide valuable information on how molecular motors organize 

on cargoes moving along microtubules in the crowded cell cytoplasm.  

 

2. Materials and methods 

 

2.1 Molecular cloning 

Full-length Drosophila KHC (amino acids 1–975) contained in a pMT-KHC-RFP plasmid was 

subcloned KpnI-EcoRI into the CuSO4 inducible pMT-C (Invitrogen) to generate pMT-KHC. 

EGFP sequence from pEGFP-N3 (Clonech) was subcloned into the pMT-KHC using the EcoRI 

and NotI restriction sites obtaining the pMT-KHC-EGFP vector. The pMT-KHC-RFP plasmid 

was a kind gift from Dr. Vladimir I Gelfand (Northwestern University, Chicago, IL). 

 

2.2 Cells culture and transfections 

Drosophila S2 cells were cultured as previously described [29]. Cells were grown in 

Schneider's Media (Sigma-Aldrich) supplemented with 10% FBS. Transient transfections of 

KHC-EGFP or EYFP-mito [73] were performed using Effectene (QIAGEN) following the 

vendor instructions. KHC-EGFP expression was induced adding to the medium 0.4 mM CuSO4 

(final concentration) 24 h before imaging.  

EYFP-mito plasmid encodes the mitochondrial targeting sequence from subunit VIII of human 

cytochrome c oxidase fused to EYFP [74] and was a kind gift from Dr. Kristin White 

(MGH/Harvard Medical School, Charlestown, MA).  

 

2.3 Cells preparation for imaging experiments  
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For microscopy measurements, 25-mm round coverslips previously modified with 500 μg/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 depolymerize actin 

filaments. After the cells adhered to the coverslips, 100 nM of MitoTracker Deep Red FM 

(Invitrogen) was added to the incubation medium for mitochondria labeling. To depolymerize 

microtubules, cells were incubated 30 min at 0 °C with 10 μM nocodazole [75]. Intracellular 

ATP concentration was reduced by incubating cells during 60 min at 37 °C with 20 mM azide 

[76]. 

 

2.4 Isolation of mitochondria 

A suspension enriched in mitochondria was obtained following the procedure described in [77, 

78] with some modifications. Drosophila S2 cells grown in T-25 culture flask to 80-90 % 

confluency were collected by centrifugation at 500 g, washed with PBS, and suspended in 1 mL 

of cold (4 
o
C) lysis buffer (Hepes 10 mM pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 

and a protease inhibitor cocktail containing 10 g/mL aprotinin, 10 g/mL leupeptin, 1 mM 

PMSF). The cell suspension was passed through a 26-gauge needle to lyse the cells and 

centrifuged during 10 min at 1000 g to remove cellular debris. The supernatant was centrifuged 

20 min at 12000 g to obtain a pellet enriched in mitochondria that was washed and suspended in 

lysis buffer. 

 

2.5 Confocal microscopy 

Confocal images were acquired in a FV1000 Olympus confocal microscope (Olympus Inc., 

Japan). EGFP or EYFP fusion proteins and MitoTracker Deep Red FM were observed using a 

multi-line Ar laser tuned at 488 nm and a diode laser of 635 nm (average power at the sample, 2 

W and 0.2 W, respectively) as excitation source, respectively. The laser light was reflected by 

a dichroic mirror (DM 405/488/543/635) and focused through an Olympus UPlanSApo 60× 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 (green 

channel, EGFP or EYFP) and 650–750 nm (red channel, MTDR).  

The alignment of the channels was evaluated measuring the intensity profiles of small 

mitochondria (i.e. those with image sizes close to that expected for the Airy disk) in cells 

expressing EYFP-mito and labeled with MTDR (Supplemental Fig. 1). This approximation is 

valid since both fluorescent molecules localize in inner regions of mitochondria. We observed a 

slight shift between channels of 80 nm that is not expected to affect significantly the FCS 
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analyses of KHC-EGFP since the ACF curves are calculated after binning the intensity of 5 

contiguous pixels in the line as will be described below.  

 

2.6 Fluorescence Correlation Spectroscopy  

FCS measurements were performed in an Olympus FV1000 confocal microscope set in the 

pseudo photon-counting mode. The lasers power was set to 9.7 µW (488 nm) and 3.5 µW (635 

nm), respectively.  

The autocorrelation function was calculated as: 

2
I(t)

)I(tI(t)
)G(





  (1) 

where I(t) represents the fluorescence intensity at time t, the brackets indicate average values 

over the time-course of the experiment, and δI(t)=I(t)-<I(t)> represents the fluorescence intensity 

fluctuation at time t.  

The point-FCS data was collected at a frequency of 10
5
 Hz during 3 min. These data was 

fitted with a model that considers two populations of molecules diffusing in different time scales 

[79]: 

G(τ) =
γ

N
⌊ffast (1 +

τ

τD,fast
)

−1

(1 +
τ

ω2τD,fast
)

−1/2

+ fslow (1 +
τ

τD,slow
)

−1

(1 +
τ

ω2τD,slow
)

−1/2

⌋

 (2) 

where N is the average number of KHC-EGFP molecules within the detection volume,  is a 

geometric factor set to 0.35 for a confocal setup,  is the ratio between the axial (z) and 

equatorial (x,y) radii of the observation volume and D,fast(slow) is the characteristic diffusion time 

of fast (slow) molecules. This last parameter is related to the diffusion coefficient (D) of the 

molecules as follows: 

τD,fast(slow) =
ωxy

2

4Dfast(slow)
 (3) 

where Dfast(slow) is the diffusion coefficient of the fast(slow) molecules. 

The mean cytoplasmic concentration of fluorescent KHC-EGFP was estimated using the value 

of N determined from the fit of the point-FCS correlation curves with Eq. 3 and considering the 

confocal observation volume as V= 
3/2
x,y

 2
z/√8 [80] which was calibrated as previously 

described [81].  

In line-scanning FCS experiments, the lasers simultaneously and repetitively scanned 10
4
 lines 

along the process (pixel size = 41 nm, line length range = 5-10 m). The line acquisition 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

8 
 

frequency was in the range of 250-500 Hz. EGFP and MTDR fluorescence were collected as 

indicated above and these data were used to generate green and red kymographs, respectively. 

We analyzed rod-like mitochondria with image lengths longer than 900 nm unless explicitly 

indicated. 

 

2.7 Kymograph analyses 

We selected regions in the red-kymograph showing persistent, unidirectional motion of 

mitochondria for > 1.5 s, recovered the mitochondrion position in each line of the kymograph 

segment [82] with  10 nanometer accuracy as assessed in control experiments with fixed cells 

and used this data to generate new green and red kymographs centered at the organelle central 

position. Intensity fluctuations of KHC-EGFP at different mitochondrion positions were 

computed selecting simultaneously the positions in the centered red and green kymographs. 

These fluctuations were analyzed through an autocorrelation analysis as described below.  

FCS analyses at the mitochondria extremes were performed selecting regions of 5 pixels (205 

nm) in the centered kymographs that included either the rear or the leading tip of the organelles. 

The green-channel intensity at these regions was calculated as a function of time adding up the 

counts registered in the pixels included in these regions line-by-line. 

The autocorrelation function was calculated using the SimFCS program (LFD, Irvine, CA, 

USA) and fitted with the following equation: 

G(τ) =  A[ e
−τ

τr⁄ ] + G∞ (4) 

where r is the characteristic residence time of the fluorescent molecules in the confocal 

volume, A is a constant related to the mean number of fluctuating fluorescent molecules and G 

is the residual autocorrelation [83], this last parameter may be slightly different from zero due to 

limited statistics. 

This expression is derived from [84] and considers randomly diffusing fluorescent molecules 

that slowly bind to immobile targets. In addition, the model assumes that the characteristic 

diffusion time is smaller than the sampling time as described in the text. 

 

2.8 Trajectories analyses 

We selected sections of mitochondria trajectories presenting both, processive motion and 

defined beginning and end positions. These runs were classified according to the direction of 

movement into anterograde (toward the tip of a process) and retrograde (toward the cell body) 

motion. The organelles speed, run length and run time were computed from a linear fit of the 

distance vs. time plot. 
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2.9 Numerical simulations 

Numerical simulations of organelles transport along microtubules were based on stochastic 

models previously described in the literature [28, 85-87] with the parameter values compiled in 

Supplemental Table 1.  

Briefly, we assumed a cargo driven along a 1D track by a team of 10 kinesin motors acting as 

parallel springs with elastic constant κ0. The motors move stochastically in discrete 8-nm steps 

along the track, with probabilities of stepping and detachment depending on the load [85, 88, 

89]. Motors do not diffuse when anchored to the microtubule to resemble their interaction to 

membrane domains with constrained motion [21, 24]. Unbound motors can rebind to the track 

with a constant probability or diffuse along the cargo membrane with a diffusion constant of 0.5 

m
2
/s; this value is in the order of those determined for proteins anchored or attached to 

biological membranes (e.g. [22, 90]).  

We considered periodic boundary conditions for the diffusing motors, i.e. motors reaching the 

tip of the cargo are replaced by new motor molecules at the opposite tip. 

The simulations also assumed that the cargo moves in a viscous environment introducing a 

velocity-dependent drag on the cargo. Particularly, the viscosity value was set at 500xH2O with 

H2O corresponding to the viscosity of water, since the gel-like structure of the cytoplasm hinders 

the motion of particles [91] and therefore the apparent cytoplasmic viscosity depends on the 

particle size. Previous studies in different cell lines reported citoplasm values ranging from 

30xH2O (probe size 25nm, [91]) to 2500xH2O (probe size 1 m, [92]). 

Since opposed-polarity motors may also pull the organelle, we modeled the force introduced by 

the opposed team (i.e. dyneins) as: a) an additional, constant load or b) incorporating to the 

model 10 opposed-polarity motors that undergo a tug of war with the kinesin team. 

After each simulation step (time step = 50 μs), we computed the kinesin motors’ positions 

along the microtubule and generated a matrix containing the position of the motors along the 

simulated organelle as a function of time. These data sets were used as the input for the FERNET 

software [93] set in the line scanning mode (line time= 4 ms, pixel size= 42 nm) to obtain 

simulated intensity kymographs that were analyzed similarly to the experimental data.  

 

2.10 Statistical analysis 

To compare the median values (med) of different data sets, we used a hypothesis test 

computing the p-values as follows [87]: 
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𝑝-value = 2 [1 − F (
|med(g1)−med(g2)|

√σ(g1)
2 +σ(g2)

2
)] (5) 

where F is the standard normal distribution and σ
2 

(g1) and σ
2
 (g2) represent the variance of 

each data group.  

The parameters' errors and variance were computed by a bootstrap procedure [94]. When 

residuals did not follow normal distribution and homogeneity of variance, transformation of data 

[95] was applied to meet both assumptions. Statistical data analysis was performed using the R 

software. 

 

3. Results 

 

3.1 Line-FCS experiments allow capturing the dynamics of motor molecules on actively 

transported organelles 

In order to explore the dynamics of kinesin motors during mitochondria transport, we 

transfected Drosophila S2 cells with a plasmid encoding the full-length kinesin heavy chain 

(KHC) fused to EGFP. These cells were treated with latrunculin to generate cell processes 

containing microtubule bundles, labeled with Mitotracker Deep Red FM (MTDR) to stain 

mitochondria and imaged through confocal microscopy.  

Fig. 1A shows that KHC-EGFP partitions between free and microtubule-associated pools as 

observed with other kinesin constructs [20]. It has been demonstrated that free KHC molecules 

are in an inactive, folded conformation [96-102]. This inactivation is achieved through an 

autoinhibitory mechanism that involves the interaction between the QIAKPIRP sequence of the 

tail domain and the Switch I region in the head of the KHC chain [100] and is released by 

interaction with the cargo (reviewed in [103]). The inactive motor has a low probability of 

binding to microtubules and thus the autoinhibitory mechanism avoids futile ATP consumption 

and guarantees a correct distribution of kinesin molecules within the cell [96, 103]. Therefore, 

the free KHC-EGFP pool probably consists of inactive molecules whereas the microtubule-

associated pool corresponds to KHC-EGFP molecules also attached to a variety of intracellular 

cargoes. 

Microtubules in S2 cells extend toward the cell periphery with their plus ends oriented to the 

cell periphery [35, 104]; microtubule bundles in the cell processes generated after 

depolymerization of actin also present a similar polarization as described before.  

Time-lapse imaging indicates that mitochondria actively move along cellular processes in the 

transfected cells (Fig. 1B). We tracked mitochondria as described in Materials and Methods to 
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analyze if KHC-EGFP affects their transport and found that the expression of the motor did not 

modify their median speed, run time and run length (Supplemental Table 2).  

Fig. 1C includes two snapshots of a representative time-lapse movie and plots of the intensity 

collected in the green (KHC-EGFP) and red (MTDR) channels along the process. The intensity 

profiles show a higher concentration of KHC-EGFP at mitochondrial positions suggesting that 

the fluorescent motors attach to these organelles. To confirm this result, we labeled the 

transfected cells with MTDR and prepared a suspension enriched in mitochondria as described in 

Materials and Methods. Confocal images of this sample showed a clear colocalization of KHC-

EGFP molecules with mitochondria (Fig. 1D). This result agrees with previous observations 

showing that isolated mitochondria preserve kinesin motors on their membrane [70, 105, 106] 

and suggests that EGFP-labeled motors have a high affinity for these organelles. We should also 

mention that other organelles also show strong motor-organelle interactions. For example, a 

variety of purified organelles including melanosomes [107] phagosomes [108, 109] and lipid 

droplets [110] move directionally along microtubules adsorbed onto a coverslip indicating that 

motors remain anchored to organelles and preserve their activity. Optical trapping experiments 

of organelles in living cells also support this statement [110-112]. 

Next, we designed a fluorescence correlation spectroscopy (FCS) based approach to explore the 

dynamical organization of KHC-EGFP on mitochondria during their active motion along 

microtubule bundles in cell processes.  

For the studies described below, we selected those cells expressing relatively low levels of 

fusion proteins since the amplitude of the correlation function depends inversely on the local 

concentration of fluorescent molecules [113]. Additionally, the mean cytoplasmic concentration 

of KHC-EGFP was estimated by point-FCS experiments (see Materials and Methods) obtaining 

a value of 820  80 nM (Ncells= 7) which is in the order of the concentration estimated for 

endogenous kinesin in other cellular systems [114]. Importantly, the preservation of the overall 

cellular morphology and of relevant mitochondrial transport parameters (Supplemental Table 2) 

indicates that these levels of fluorescent kinesins do not produce aberrant transport behaviors.  

The confocal microscope was set to run repetitive line-scans along single cell processes and to 

register simultaneously the fluorescence of KHC-EGFP and MTDR in independent detectors. 

This methodology allows collecting the fluorescence intensities at every position of the process 

with millisecond resolution in contrast to the second-scale resolution achievable by standard 

imaging. Fig. 2A shows a representative example of an intensity kymograph recovered from the 

red channel showing a mitochondrion that presents periods of active transport, reversions and 

pauses.  

We focused our analyses in regions of the kymograph showing unidirectional motion and 

assigned the organelle direction according to the relative positions of the cell body and tip of the 

process. Then, the position of the organelle center was recovered with nanometer precision as 
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described in Materials and Methods and used to re-center the kymograph at the position 

determined for the organelle centroid; Supplemental Fig. 2 schematizes this procedure. The same 

transformation was applied to the kymograph obtained in the green channel. This transformation 

allowed recovering the intensity of KHC-EGFP at different mitochondrion positions as a 

function of time while the organelle moves directionally along the track.  

The relatively high signal/noise ratio of the green-kymograph allows detecting a dimmer region 

in its central part. This result is similar to that obtained for an outer-membrane mitochondrial 

protein in a different cell system [115] and could be explained considering that fluorescent KHC 

molecules distribute on the surface of these organelles but not in their interior. Since the laser 

moves along the mitochondrial major axis, the beam center only intersects the outer membrane at 

the organelle tips showing relatively higher fluorescence intensities at these positions in 

comparison to the observed at regions in which the laser is mainly centered at the mitochondrial 

matrix. To test this proposition, we used the combination of CellBlender 1.1, MCell 3.2.1 [116-

118]  and FERNET 1.4 [93] to run simulations of line-scanning experiments in which the 

observation volume moved along an elongated organelle with a minor axis similar to those 

reported for mitochondria (in the range of 0.5-1 m, [119]) and decorated with fluorescent 

molecules that diffused on its surface.  Supplemental Fig. 3 shows that these simulations also 

predict a dimmer central region in the kymographs agreeing with the experimental observations. 

Fig. 2B exemplifies the intensity trace and the autocorrelation function measured at a position 

close to the leading end of a mitochondrion; the correlation decays with the lag time indicating 

that KHC-EGFP dynamically exchanges during the active transport of the mitochondrion. We 

should mention that the number of data points included in the autocorrelation analysis is limited 

by the duration of anterograde and retrograde runs (3 s, Supplemental Table 2); this natural 

constraint increases the noise of autocorrelation function and limits the temporal window of our 

observations.   

As a control, we ran similar experiments in Drosophila S2 cells expressing EYFP-mito, an 

EYFP construct specifically targeted to the inner membrane of mitochondria. Single molecule 

tracking experiments showed that these mitochondrial proteins are almost immobile or present 

very small diffusion coefficients (data compiled in [120]). Supplemental Fig. 4 shows that the 

intensity collected for EYFP-mito diminished as a function of time. As EYFP-mito molecules are 

continuously illuminated, they photobleach and cannot be replaced by bright molecules within 

the time window of our experiments introducing the decay in the intensity trace, in agreement 

with the extremely slow and constrained motion expected for this protein [120, 121]. 

Consequently, the autocorrelation function does not relax and detrending routines are required to 

remove the photobleaching from the intensity traces (Supplemental Fig. 5). These results show 

that molecules anchored to mitochondria and with slow diffusion do not produce autocorrelation 

curves as those observed with fluorescent KHC which is then involved in different dynamical 

processes. 
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Fig. 2C schematizes the processes that might introduce KHC-EGFP intensity fluctuations in 

our experimental system. Particularly, motors may diffuse on the organelle membrane (i), bind 

and unbind from this membrane (ii), diffuse in the intracellular milieu (iii) or transport a cargo 

(iv). As mentioned before, free KHC molecules are in an autoinhibited conformation and do not 

interact with microtubules. Different experimental evidences allowed ruling out some of these 

processes as source of intensity fluctuations in our experimental conditions.  

First, Fig. 1D shows that KHC-EGFP has high affinity for mitochondria supporting the absence 

of exchange of motors between organelles and the cytoplasmic pool (ii in Fig. 2C) within the 

temporal window of the FCS experiments. Second, most of the autocorrelation curves collected 

on mitochondria with optical sizes in the range 500-800 nm, i.e. similar to the dimensions of the 

confocal volume, did not decay to zero (65 %, N = 37) suggesting that KHC-EGFP molecules 

remain within the observation volume in the studied temporal window.   

On the other hand, the expected size of the fluorescently labeled motor [122] and the 

intracellular viscosity [123] suggest that the millisecond time resolution of line-FCS experiments 

does not allow observing the diffusion of free KHC-EGFP molecules (iii in Fig. 2C). To evaluate 

this statement, we ran point-FCS experiments in cells expressing KHC-EGFP. These data could 

be fitted with a simple two-component diffusion model [79] suggesting the presence of at least 

two populations of molecules with different mobility (Fig. 2D); the slowest motion probably 

arises from KHC-EGFP molecules attached to intracellular targets whereas the fast component 

(characteristic time  2 ms, Eq. 2 and 3) is compatible with the time scale expected for the 

diffusion of the labeled molecules. Supporting this statement, Supplemental Fig. 6 shows that 

microtubule depolymerization modified the dynamics of the slow component but did not affect 

the fast component as would be expected if this term were caused by the diffusion of free KHC-

EGFP molecules. We should also mention that microtubule depolymerization is not expected to 

affect significantly the viscosity of the cytoplasm [124] and thus the diffusion of relatively small 

molecules. Indeed, the comparison of Fig. 2C and 2D indicates that this fast component could 

not be observed with the lower temporal resolution of line-FCS experiments. Also, ACF analyses 

presented no correlation at line positions that did not show mitochondria or other organelles 

detectable in the transmission image collected simultaneously in the confocal microscope 

(Supplemental Fig. 7A). We cannot discard the presence of other organelles that could interact 

with KHC-EGFP; these organelles are not labeled with fluorescent probes and may not be 

observed in our experimental conditions. We also performed line-FCS experiments in ATP-

depleted cells; organelle transport stops in this condition since molecular motors require ATP to 

step along the track. Supplemental Fig. 7B showed that no correlation is observed at positions in 

which organelles were not detected also supporting that the diffusion of unbound motors is faster 

than the time resolution of our experiments.   
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To analyze if KHC-EGFP intensity fluctuations are related to mitochondrial transport, we 

compared the dynamics of KHC-EGFP on stationary and relatively slow organelles (speed < 50 

nm/s) with that observed in fast, anterograde organelles (speed > 50 nm/s).  

We fitted the experimental autocorrelation curves with Eq. 4 and recovered the characteristic 

residence time of KHC-EGFP molecules (r) from this fitting (see Materials and Methods). Fig. 

2E shows that r was significantly smaller for fast-moving organelles suggesting that kinesin 

motors exchange faster when mitochondria actively move along microtubules. This result could 

be explained considering that motors attached to slow moving organelles are in a tie tug-of-war 

condition and thus they remain anchored to a position of the microtubule for longer periods of 

time [86, 125].  

Therefore, we conclude that r could sense changes in the dynamics of motors stepping along 

the microtubule carrying the cargo (iv in Fig. 2C) that may also detach from the track and diffuse 

on the organelle membrane (i in Fig. 2C).  

FCS provides dynamical information with diffraction-limited spatial resolution (200 nm 

lateral and 1 m axial, [126]). When the system is simple enough, it is possible to fit the 

experimental data with an equation derived from a theoretical model accounting for the 

mechanism involved in the fluctuations and obtained quantitative information of this mechanism. 

Unfortunately, this approximation is not valid for complex processes as that studied in our work. 

On the other hand, the dimensions of cell processes and mitochondria are similar to the confocal 

observation volume and thus the autocorrelation data critically depends on certain geometrical 

parameters such as the width of the cell processes [127] and the size and shape of mitochondria. 

Therefore, Eq. 4 only provides an estimation of the residence time of KHC-EGFP in the sampled 

region of the organelle but does not inform on quantitative parameters such as binding/unbinding 

rates to the microtubule. In spite of these limitations, the results showed in this section indicate 

that the correlation analyses allow sensing the motor dynamics at actively moving organelles and 

its relation to the transport. 

 

3.2 KHC dynamics at the tips of motor-driven mitochondria depends on the transport 

direction 

We next asked if KHC-EGFP dynamics on mitochondria actively moving along microtubules 

is similar at different organelle regions. This behavior would be expected when motors share the 

load equally [128] whereas a different dynamics at the organelle tips is predicted otherwise. 

We tracked relatively long (1-2.5 m) anterograde and retrograde mitochondria as described 

previously; Fig. 3A shows a representative autocorrelation matrix obtained by performing a 

pixel-by-pixel autocorrelation analysis in a region including a mitochondrion. This datum 
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suggests variations on the autocorrelation function and thus on the dynamics of KHC-EGFP at 

different regions of the organelle.  

To improve the S/N ratio in the autocorrelation calculation at the organelle extremes, we 

selected regions of 5 pixels of the centered kymographs each one of them including the leading 

or rear end of the organelle. The observation volumes included in these regions did not overlap 

as inferred from the organelle lengths and the size of the confocal volume. We added up the 

intensity registered at the pixels included in each of these regions and obtained intensity traces at 

the leading and rear end of the mitochondria as a function of time. These traces were examined 

through an autocorrelation analysis (Fig. 3B).  

Fig. 3C shows that the dynamics of KHC-EGFP at the leading edge of mitochondria was 

significantly slower than that observed at the rear end during anterograde transport. In contrast, 

the exchange of motors at the leading and rear ends were similar when the organelles moved in 

the opposite direction.  

We also calculated the ratio between r values measured in the same mitochondrion at the 

leading and rear tips; this quotient is expected to be very robust since it removes the inter-

mitochondria variability. Fig. 3D shows that the quotient was > 1 for anterograde mitochondria 

whereas it was not significantly different from 1 for retrograde organelles in line with the results 

showed in Fig. 3C. 

 

3.3 Numerical simulations predict slower exchange of motors at the leading tip during 

anterograde runs 

To explore the predictions of a simple model that includes an elongated cargo transported by 

molecular motors that also diffuse on the organelle membrane (processes i and iv in Fig. 2C), we 

performed numerical simulations of kinesin motors attached to a one-dimensional, elongated 

cargo in the presence of increasing loads. 

In these simulations, motors undergo one-dimensional diffusion on the cargo, attach to a linear 

track, step on it and detach with different probabilities. In line with previous observations [89] 

we considered that the detachment probability increases with both, resisting and assisting loads. 

Additionally, we assumed that each motor reaching a tip of the cargo is replaced by a new motor 

molecule in the opposite tip. Organelles in living cells are decorated with several motor 

molecules diffusing on its membrane. Thus, this periodic boundary condition resembles the 

natural injection of motors through diffusion at both organelle extremes.  

We generated intensity kymographs from the simulated motor trajectories using the software 

FERNET [93] set in the line-scanning mode with parameters similar to those used in the 

experiments. These data were analyzed similarly to the experimental kymographs (Fig. 4A). In 

agreement with the experimental results, the simulated autocorrelation curves could be fitted 
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with an exponential decay function (Fig. 4B) also allowing the calculation of a characteristic 

residence time (r,sim). 

Fig. 4C shows simulated cargoes trajectories and the mean autocorrelation curves obtained at 

the leading and rear positions of the cargo. The quantitative analysis of these data indicates that 

both r leading,sim and r rear,sim decrease with the load with an initial steeper slope in the leading tip 

(Fig. 4D). Simulations of a tug of war scenario leading to retrograde transport, also predict 

similar r,sim values at the leading and rear regions (Supplemental Fig. 8).  

We also ran simulations similar to those described in Fig. 4 but considering reflecting 

boundaries (i.e. motors that reach the farthest positions of the cargo bounce back). Despite these 

conditions generate some artifacts in the ACF analyses (Supplemental Fig. 9A-B), these 

simulations lead to results similar to those observed in Fig. 4 (Supplemental Fig. 9C-D).   

To summarize, the numerical simulations agree with the experimental data and show that the 

exchange of motors at the leading and rear regions of the cargo depends on the transport 

direction. 

 

 

4. Discussion 

The in vitro behavior of molecular motors does not explain many properties of intracellular 

transport emphasizing the relevance of studying how these biomolecules work in their natural 

environment. Particularly, many evidences indicate that motors require working together to drag 

large cargoes in living cells and thus the transport performance depends on the motors 

disposition on the cargo and their communication, probably mediated by adaptor proteins and the 

organelle membrane [21, 23, 28].  

Here, using a combination of single particle tracking and fluorescence fluctuations techniques 

we explored how motors organize on mitochondria while they move along microtubule bundles 

in cell processes in Drosophila S2 cells. These bundles provide almost rectilinear tracks for the 

transport and can be observed through line-scanning approaches which are faster than standard 

confocal imaging. In addition, the rod-like structure of mitochondria at processes simplifies both, 

tracking the organelles and studying the dynamics of the motors at different organelle regions. 

For this study, we engineered an EGFP-tagged kinesin-1 heavy chain that includes the motor 

domains and that binds to adaptor proteins on cargoes directly or through a light chain [129]. The 

fusion protein interacted with both, microtubules and mitochondria and did not affect relevant 

properties of mitochondria transport. Winding et al. [130] performed KHC knockdown 

experiments followed by transient expression of KHC fused to a blue variant of GFP and showed 
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that the expression of this protein results in the recovery of both, the motor-dependent transport 

performance and the morphology of the microtubule network. 

Two-color line scanning experiments along cell processes provide the position of MTDR-

stained mitochondria with nanometer precision and simultaneously inform on KHC-EGFP 

intensity with millisecond resolution at different organelle positions. The temporal 

autocorrelation analysis of these intensity traces allows recovering quantitative information on 

how motors dynamically organize on the organelles while they actively move along 

microtubules.  

This approach showed that the exchange of kinesin motors at the mitochondria surface during 

transport occurs in a temporal window of 100 ms. Since directional runs last longer ( 3 s, 

Supplemental Table 2), the processive motion of mitochondria probably requires the continuous 

replacement of those active motors that detach from the track and diffuse away on the organelle 

membrane. In line with this proposition, Leduc et al. [131] and Campas et al. [132] postulated a 

treadmilling mechanism to explain how kinesins anchored to the lipid bilayer work together 

during nanotubes extraction from giant unilamellar vesicles. According to this model, bulk 

motors diffusing in the nanotube replace those leading motors that stochastically detach from the 

microtubule track.  

Our data also revealed that the relative dynamics of kinesin motors at the leading and rear 

regions of the mitochondria is different for anterograde and retrograde organelles. Specifically, 

retrograde organelles showed similar motor exchange rates in these regions whereas kinesin 

motors located at the tip of anterograde organelles remained anchored for longer periods of time 

in comparison to trailing motors. These results agree with in vitro observations showing that 

trailing myosin motors detach faster from the actin track when carrying synthetic lipid vesicles 

[23]. Based on numerical simulations, Nelson et al. [23] proposed that trailing motors experience 

assistive loads triggering their fast detachment from the track. In spite of the different 

characteristics of kinesin and myosin motors, assisting loads also increase the detachment 

probability of kinesin-1 [89] and could also explain the comparatively faster detachment of 

trailing motors verified during anterograde mitochondria transport. In addition, numerical 

simulations also predict that leading kinesins remain anchored to the track for longer periods of 

time than rear motors [133].  

In line with this hypothesis, our numerical simulations of elongated-cargoes transport predict 

that leading motors spend longer periods of time bound to the track in comparison to rear motors 

during anterograde motion. Besides, these simulations also showed similar dwell times for 

kinesin motors at the leading and rear tips of the cargo during retrograde motion either caused by 

a high and constant load or by a winning opposed-polarity team. We must remind that in these 

simulations we considered a constant mechanical communication between motors only due to an 

elastic motor-organelle linker and a non-deformable cargo.  
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Our results could also be explained if the diffusion of motors on the organelle membrane is 

different at the leading and rear extremes of anterograde organelles and depends on the organelle 

speed. However, as far as we know, there are no experimental data evidencing heterogeneities at 

the level of organelle´s membrane that could support this model.   

In recent years, it has been demonstrated that microtubules present several post-translational 

modifications (PTMs) that depend on the cell type, impact on several cellular functions [134-

136] and are implicated in many diseases [137, 138]. PTMs and the different isoforms of 

tubulins are considered as a "tubulin-code" that generates microtubules with different properties 

allowing them to adapt to specific functions in essential cell processes [139-141].  

The tubulin code is changing our view of intracellular transport. Initially considered as inert 

tracks, microtubules are now recognized as key elements for defining and controlling the 

asymmetrical distribution of organelles and other cargoes. Several PTMs affect the velocity and 

processivity of motors along microtubules [142]; relevantly, the modulation depended on the 

motor type. Particularly, the motility of kinesin-1 is affected by tubulin PTMs both in vitro and 

in cells [20, 143-146]. For example, Cai et al. [20] showed that this motor preferentially moves 

along acetylated and detyrosinated microtubules in cells whereas KIF17 and KIF1A are not as 

selective in their tracks. In neurons, the modulation of kinesins motility by different PTMs is 

central for the polarized sorting of cargoes [146, 147]. As far as we know, PTMs have not been 

explored in Drosophila S2 cells neither their relation to transport. In future works, it will be very 

interesting to address how different PTMs affect organelle transport in this cell line and asses if 

these modifications modulate the dynamics of teams of kinesins carrying together a cargo.  

In conclusion, our work provides a detailed dynamical view of how kinesin motors organize 

during active transport of a cargo. This study also opens new questions on collective transport in 

living cells. Particularly, it would be relevant to explore (using, for example, the methodology 

designed in our work) how the fluidity of the organelle membrane, the cargo stiffness and its size 

affect the mechanical communication and therefore the dwell time of motors on the cytoskeletal 

track. This information could shed light on how motors and cytoskeleton work together during 

the translational and/or rotational motion of large intracellular cargoes.  
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FIGURES CAPTIONS 

 

Fig. 1. KHC-EGFP binds to mitochondria and microtubule tracks in Drosophila S2 cells. (A) Confocal 

images of a S2 cell transfected with the pMT-KHC-EGFP vector (green) and incubated with MTDR (red). 

The green image was obtained by averaging a 200-image stack collected at 0.3 frames/s whereas the red 

image corresponds to the first image of the stack (top panel). Zoom-in region of the same cell showing the 

enrichment of fluorescent motor molecules in microtubule-like filaments (bottom panel). Scale bar: 5 m. 

(B) Snapshots of a movie illustrating the active motion of a mitochondrion (arrow) along a process. Scale 

bar: 3 m. (C) Snapshots obtained from the time-lapse stack of a cell process (yellow rectangle in A) 

showing the green (top) and green-red merged (bottom) images. The right panels show the intensity 

profiles along the process; arrows indicate the positions of the organelles determined from the MTDR 

signal. Scale bar: 3 m. (D) Confocal images of a mitochondria-enriched suspension. Colocalization of 

the KHC-EGFP and MTDR appears in yellow in the merge image. Scale bar: 3 m.  

 

Fig. 2. The combination of line-FCS and single particle tracking allow studying KHC-EGFP dynamics 

during mitochondria transport. (A) The confocal microscope was set to repetitively scan the laser in a 

linear pattern along a process presenting a mitochondrion (left panel). Example of the kymograph 

obtained for the red channel showing a processive retrograde run (dotted yellow box in the right panel). 

The mitochondrion position obtained line-by-line by a sub-pixel tracking routine was used to generate 

centered red (MTDR) and green (KHC-EGFP) kymographs as detailed in Supplementary Materials. Scale 

bar: 2 m. (B) Representative intensity trace and the autocorrelation curve obtained at a position close to 

the leading end of a mitochondrion. The continuous line represents the fit of Eq. 4 with r =150  20 ms. 

(C) Schematic representation of the dynamical processes involving EGFP-labeled motor molecules. 

Motors (blue) may diffuse on the organelle membrane (i), bind/unbind from the organelle (ii), diffuse in 

the intracellular milieu in a folded, autoinhibited conformation (iii) or carry an organelle along the track 

(iv). The red oval represents a mitochondrion actively transported along a microtubule; the small red dots 

on the organelle correspond to biomolecules mediating the binding of motors to the organelle. The green 

shape represents the laser beam of the confocal microscope. (D) Representative autocorrelation function 

curve (black line) obtained in a single point FCS experiment run in a S2 cell expressing KHC-EGFP. The 

gray and blue lines show the fast and slow components obtained from fitting the data with a two-

component diffusion model (Eq.2). (E) Residence time of KHC-EGFP (r) determined for slow and fast 

anterograde mitochondria. Data are presented as median ± S.E. (Nslow=51 and Nfast=102). Asterisk denotes 

significant differences between values (p-value0.05).  

 

Fig. 3. KHC-EGFP exhibits different dynamics at the leading and rear regions of mitochondria. (A) 

Overlay of centered green and red kymographs obtained after tracking a mitochondrion during an 

anterograde run. The autocorrelation of KHC-EGFP intensity was calculated pixel-by-pixel within a 
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region of the green kymograph and represented in pseudocolor. The black line on top of the matrix 

represents the intensity collected in the red channel along de organelle. Scale bars, 1 m. (B) 

Representative examples of the autocorrelation functions calculated at the leading (blue) and rear 

(magenta) end of an organelle during the anterograde run. (C) Characteristic dwell time at the leading 

(blue) and rear (magenta) edge of mitochondria during anterograde (dark colors) and retrograde (light 

colors) runs. Data are presented as median ± S.E. (anterograde: Nleading = 68 and Nrear = 62, retrograde: 

Nleading = 64 and Nrear = 73). Asterisk denotes significant differences between values (p-value0.05). (D) 

Quotient between r values measured in single mitochondria at the leading and rear tips during 

anterograde (a) and retrograde (r) transport. The dotted line indicates a ratio equal to 1. ‡ indicates that 

leading /rear is significantly higher than 1. Data are presented as mean ± S.E (Nanterograde = 41 and Nretrograde = 

43). Statistical analysis was performed using the one-sample t-test (p-value  < 0.05). 

 

Fig. 4. Numerical simulations reveal a different motor exchange at the mitochondria opposed edges 

during transport. (A) Output of numerical simulations showing the positions of the simulated motors 

(colored lines) and the cargo (black line) as a function of time. The dotted gray lines represent the cargo 

extremes. These data were re-centered at the cargo mean position and used as input in the software 

FERNET to generate a green kymograph. (B) The data were analyzed to obtain autocorrelation functions 

curves at cargo positions; the continuous black line indicates the fit of Eq 4 (top panel). Residuals 

obtained from the fitting are also shown (bottom panel). (C) Normalized autocorrelation functions (top 

panels) and trajectories (bottom panels) of the cargo recovered at leading (blue) and rear (magenta) 

regions at different loads. (D) Characteristic residence times at the leading (blue) and rear (magenta) 

extremes as a function of the load. The farthest pixels were not included in the analyses due to the slight 

deviations of the ACF data at these positions described in Supplemental Fig. 9. Data are presented as 

median ± S.E.  
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Graphical abstract 

 

 

 

Highlights 

 

De Rossi, MC et al 

 

Molecular motors actively transport organelles through the crowded cytoplasm 

Kinesins dynamics at organelles was studied by fluorescence correlation spectroscopy 

Our data reveals that motors exchange faster when organelles move at higher speeds 

The exchange of leading and trailing motors depends on the transport direction 

This study provides insights on the dynamical organization of motors on organelles 
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