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ABSTRACT 

 

Extreme-value analysis (EVA) deals with deviations of data from the median of probability distributions. It has 

been used for various purposes, such as predicting disasters and analyzing sports records. Herein, we extended 

the use of EVA to investigate nanoscale runners within cells. Motor proteins such as kinesin and dynein run 

along microtubules, which are protein-containing rails, to deliver cargo (material needed for cells). While the 

velocity of these runners is markedly affected by large cargos in viscous intracellular environments, the return-

level EVA plots showed that the velocity near no-load conditions disclosed the physical difference between the 

two runners, resulting from their load (force)-velocity relationships. The concave-up force-velocity relationship 

of dynein hampered the independent and identically distributed conditions for the retrograde velocity dataset 

and the abnormality of the return-level plot of EVA. Our findings underscore the importance of EVA 

for assessing the physical properties of proteins in vivo.   
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Introduction 

Extreme-value analysis (EVA) 1, 2 is a statistical tool that can retrieve information regarding the extreme values 

of observed data that deviate from the median of probability distributions. Extreme values are focused on a 

variety of topics in society, such as disaster prevention 3, 4, finance 5, sports 6, 7, human lifespan 8, and the recent 

pandemic9. Recently, its applications in the biological data analysis have become active 10.  

‘Motor protein’ is a general term for proteins that move and function using energy obtained from adenosine 

triphosphate (ATP) hydrolysis; these are elaborate nanosized molecular machines that function in our bodies. 

While myosin swings its lever arm to cause muscle contraction 11, 12, kinesin and dynein walk along the 

microtubules to transport intracellular materials 13, 14, and FoF1 synthase rotates to synthesize ATP molecules 15. 

The physical properties of motor proteins, such as force and velocity, have been investigated by in-vitro single-

molecule experiments, in which the functions of motor proteins consisting of minimal complexes were analyzed 

in glass chambers 16, 17, 18, 19, 20, 21. Mechanisms underlying the chemo-mechano coupling of motor proteins have 

been clarified by manipulating single molecules using optical tweezers 16, 17, 18, 19, 20, 21, magnetic tweezers 22, 23 

and electric fields 24, 25. Furthermore, because these manipulations render motor protein-based systems in a state 

of non-equilibrium, applications of non-equilibrium statistical mechanics to such systems have proceeded via 

in-vitro single-molecule studies 24, 26. However, motor proteins function fully in the intracellular environment 

and are equipped with accessory proteins. Thus, the investigation of motor proteins in vivo is as significant as 

in-vitro single-molecule experiments; however, it is difficult to manipulate proteins in complex intracellular 

environments. Despite this difficulty, we found that EVA successfully provides information regarding the 

physical properties of motor proteins in vivo noninvasively without the need for any manipulation.   

In the present study, we extended the use of EVA to investigate nanoscale phenomena associated with the 

action of motor proteins inside cells, focusing on the in vivo velocity of synaptic cargo transport performed by 
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the motor proteins kinesin (UNC-104 27, 28) and cytoplasmic dynein 29 in the axons of motor neurons of living 

Caenorhabditis elegans (C. elegans), a model organism in neuroscience. Because the axons of these worms are 

sufficiently long, this in vivo system is appropriate for investigating intracellular cargo transport. Synaptic 

materials packed as cargo are delivered to the synaptic region of the neurons by kinesin-mediated anterograde 

transport, and unnecessary materials accumulated in the synaptic region are returned to the cell body by dynein-

mediated retrograde transport (Fig. 1a). Since the worms’ bodies are transparent and their body movement is 

suppressed by anesthesia, the motion of fluorescently labeled synaptic cargos in living worms can be observed 

by fluorescent microscopy (Fig. 1b), using a previously described method 30. Velocities were measured using 

fluorescence movies. Applying EVA to the velocity data of the intracellular cargo transport, we aimed to 

investigate the force-velocity relationship for kinesin and dynein, because EVA was considered to show the 

properties of maximum velocity near no-load conditions, under which performing measurements in cells are 

generally difficult owing to the existence of a large viscosity load acting on the cargo.  

Based on in in-vitro single-molecule studies using optical tweezers, the force-velocity relationship of 

mammalian dynein is known to be concave-up 19, 31, while that of kinesin is concave-down 16. The difference in 

convexity reflects the different mechanisms underlying the walking behavior of motor proteins in the 

microtubules. Thus, the present study aimed to confirm whether such differences could also be measured in an 

intracellular environment by using EVA, in which the application of optical tweezers is difficult.  

 

Results 

Transport velocity of synaptic cargos.  

The fluorescence images of green fluorescence protein (GFP)-labeled synaptic cargo transported by motor 

proteins were captured using a 150× objective lens and an sCMOS camera at 10 frames per second (see 

methods). The body movement of C. elegans worms was suppressed by anesthesia, and synaptic cargo transport 
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was observed in one of several worms. For the motionless worms, kymograph analysis of the recorded images 

was performed using the ‘multi kymograph’ module in ImageJ 32 (Fig. 1b). Velocity values were calculated as 

the slopes of the trajectories of the fluorescently labeled cargo in the kymograph images. Typically, a cargo 

exhibits moving motion at a constant velocity and pauses, and rarely reverses its direction (Fig. 1c). The 

histograms of the measured velocities "�$%	 ( � = 1,ï , �  where � =2091 for anterograde transport 

and	�=1113 for retrograde transport) are shown in Fig. 1d. The mean velocities were 1.57±0.45(SE) µm/s 

and 1.78±0.72(SE) µm/s for anterograde and retrograde transport, respectively. The retrograde velocity 

was slightly higher than the anterograde velocity. The velocity values show a large variety, mainly 

because of the cargo size difference (Fig. 2), whose effect influenced to decrease transport velocity in a 

high-viscosity intracellular environment. Here, the probability distribution of the cargo size can be estimated 

from the distribution of the fluorescence intensity (FI) of the cargo (Fig. 2a) through the relation FI	 ? 4��3 

(r: radius of cargo), assuming that the fluorescent proteins labeling a cargo are uniformly distributed on its 

surface. It is observed that cargo sizes are largely distributed, which masks the physical properties of motor 

proteins from the velocity data. Another load other than the viscous load from a large cargo may be a load from 

the opposing motor caused by the tug-of-war between the two motors, kinesin and dynein 33; however, the fact 

that the directional reversal is a rare event (Fig. 1d) indicated the presence of only a few tug-of-war events, as 

supported by the “motor coordination model,” in which adaptor proteins that connect motors with cargos 

deactivate opposing motors 29.  

 

Application of EVA to assess transport velocity data. 

Under the circumstances where the opposing loads were acting on the moving cargo and they generated a large 

variety in transport velocity, EVA discloses the differences in velocity between the motor types because it can 

evaluate velocity values under a condition similar to the no-load condition without cargos. Cargo size 
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differences and the existence of opposing motors are the demerits of physical measurement in complex 

intracellular environments, unlike the case for a controlled situation in single-molecule experiments; however, 

in the present study, the unique difficulties observed in vivo were overcome through the use of EVA.  

    Although we observed 562 worms in total, the velocity values of moving cargo during constant-velocity 

segments were collected from 232 worms; this reveals that transport velocities were not observed in most of the 

worms because of body movement and obscurity of fluorescence movies. Approximately 5–20 velocity values 

were observed for each worm, from which the largest value (�456$ ) was selected. Using "�456$ % (� = 1,ï ,� 

where �=228 for anterograde transport and	�=217 for retrograde transport), the return-level plot, which is the 

typical analysis of EVA, defined as 821/log	(�/(� + 1)), �A456$ B, was investigated (Figs. 3a, b), where "�A456$ % 
is the rearranged data of "�456$ %, such that �A456C f �A4563 f ï f �A456E . The two axes of the return-level plot 

represent the return period and return level. The return-level plot indicates that the measured value (return level) 

occurred for the first time in the time period (return period). The strong point of the plot is that values close to 

the rarely occurring extreme value can be enhanced owing to the logarithmic expression of the x-axis. Because 

the return-level plot for anterograde transport shows a typical convergent behavior (Fig. 3a), a property specific 

only to a Weibull distribution, �456 was proved to exist and was estimated to be 3.95±0.4 µm/s using the 

following equation: 

�456 = � 2 �/�,                                (1) 

where �, �, and � are the parameters of a Weibull distribution  

�(�456) = ��� O2P1 + � Q�456 2 �� RSTC/UV.																																																																	(2) 
The error of �456  consisted of the fitting errors of � , � , and �  (see Supplementary Table 1 for the 

calculation), and �(�456)  obtained from the experimental data was fitted using the ‘ismev’ and ‘evd’ 

packages in R 34. Note that the return-level plot within the black dotted lines (Fig. 3a), representing the reliable 

section, indicates the validity of the analysis. On the other hand, the return-level plot of retrograde transport 
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(Fig. 3b) shows a peculiar behavior, with a two-step convergence. This return level plot, showing the peculiar 

behavior, does not belong to any of the Weibull, Fre�chet, and Gumbel types. This abnormality suggests that the 

assumption imposed during the use of EVA, i.e., that the data were independent and identically distributed 

(i.i.d.), seemed to be violated. Indeed, when the retrograde data were separated into two datasets with regard to 

the change point (� = �Z), as shown by the black arrow in Fig. 3b, both "�A456$ % (� = 1,ï , 	�Z) and "�A456$ % 
(� = 	�Z + 1,ï ,�) showed the typical Weibull-type behavior (Fig. 3c, d). Because each separated data is 

considered to meet the i.i.d. condition, the retrograde �456 was estimated to be 6.53±0.99 µm/s, based on Eq. 

(2). 

Figures 3e and f show the probability distributions �(�456) (= �(�456)/d�456) for anterograde and 

retrograde transport. In the case of retrograde transport, �(�456) was separated at the change point (� = �Z) 
by two functions: �C(�456) and �3(�456).	Note that the block sizes (representing the number of worms) 

from which �456$  was selected (Supplementary Fig. S1) and bootstrapping analysis of the data "�456$ % 
(Supplementary Fig. S2) were investigated to validate the aforementioned results.  

 

Construction of a simulation model using force–velocity relationship.   

We considered the abnormal behavior of the return-level plot for retrograde transport (Fig. 3b), showing the 

violation of the i.i.d. condition of the velocity data, from the viewpoint of the force-velocity relationship of 

motor proteins. In other words, we would like to find the features of the force-velocity relationship of motor 

proteins that lead to the violation of the i.i.d. condition.  

According to the results of previous studies using single-molecule experiments, two regimes exist in the 

force-velocity curves of motor proteins: the load-sensitive and load-insensitive regimes 35 (red lines in Figs. 4a, 

b). In the first case, the velocity changes rapidly with an increase in the load (�), whereas in the other case, the 

velocity changes only slightly with an increase in the load. In vitro single-molecule experiments revealed that 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 9, 2022. ; https://doi.org/10.1101/2021.12.29.474400doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.29.474400
http://creativecommons.org/licenses/by-nc-nd/4.0/


the force-velocity curve of kinesin was concave-down (Fig. 4a) 16, whereas that of dynein (except yeast dynein 

17, 18) was concave-up (Fig. 4b) 19, 20, 31. This mechanical difference in the force-velocity relationship can be 

explained as follows: kinesin keeps moving at a distance of 8 nm along a microtubule (the interval of the 

microtubule structural unit) per hydrolysis of single ATP molecule even when a low load is applied, which 

makes its force-velocity relationship load-insensitive, resulting in a concave-down force-velocity curve. 

However, dynein, which can assume variable step sizes of 8–40 nm under no-load conditions 17, 19, 21, 31, slows 

down rapidly by decreasing the step size even when a low load is applied, resulting in a rapid velocity decrease 

and a concave-up force-velocity curve.    

The simplest model of the force-velocity curve can be characterized by the changing point (�Z, �Z) (Figs. 

4a, b) between the load-sensitive and load-insensitive regimes; in the following sections, we aim to find the 

most probable values (�Z7 and �Z7) that reproduce the return-level plots shown in Figs. 3a and b by performing 

numerical simulations. Note that in the following simulation, the axes of the force-velocity relationship are 

normalized as (�/�̂ , �/�(� = 0)), where �̂  is the stall force of a motor protein 16, 17, 18, 19, 20, 21, which is the 

maximum force generated by the motor against an opposing load. Since the absolute values of in vivo force 

could not be measured in living worms, �̂  is not yet known. 

    A simulated value of the transport velocity (�^`4) is generated stochastically using the force-velocity 

models (Fig. 4). A slope � of the black straight line � = �� (representing Stokes’ law) is generated based on 

the equation 	� = �/� , where �  is a constant and 1/�  is stochastically generated based on the gamma 

distribution of 1/:FI (Fig. 2b). Note that the stochasticity of the slope � of the line � = �� represents the 

variety of cargo sizes according to Stokes’ law. Here, the proportional constant � was determined such that the 

distribution of the simulated velocity (�^`4) matches that of the experimentally measured velocity (�) (Fig. 1d). 

The grey lines in Fig. 4 represent the 95% confidence intervals of �; for a given value of �, a simulated velocity 

value �^`4  can be obtained as the intersection between the black line and force velocity curve (Fig. 4). 
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�^`4,456$  was chosen from among the 10 values of �^`4. This procedure was repeated 200 times (i.e., � =
1,ï ,� where �=200).   

 

Outline of force-velocity relationships decided by the comparison between the results obtained from the 

experiment and simulation.  

The simulated probability distributions, �Ĉ`4 and �3̂`4, were calculated from dataset "�^`4,456$ % (note that 

�3̂`4 	did not exist for anterograde transport). Here, the extreme value dataset "�A^`4,456$ % is the rearranged data 

of "�^`4,456$ %, such that �A^`4,456C f �A^`4,4563 f ï f �A^`4,456E . Comparing the extreme value distributions 

�Ĉ`4  and �3̂`4  with the experimentally obtained distributions �Cand �3  (Figs. 3e, f), the error function 

�(�Z, �Z	), is defined as follows: 

�(�Z, �Z	) = 1�Ze	"�C8�A^`4,456$ B 2 �Ĉ`48�A^`4,456$ B%3Ef
$gC

											 
																																												+ 1� 2 �Z e "�38�A^`4,456$ B 2 �3̂`48�A^`4,456$ B%3E

$gEfhC
,														(3) 

where �3̂`4  does not exist and �Z = 1  for anterograde transport. Note that �Z  and �Z  are the model 

parameters and that the datasets "�A^`4,456$ % were generated	numerically and repeatedly ten times for each 

(�Z, �Z	). Then, �(�Z, �Z) was plotted as the mean of the trials (Figs. 5a, b).	�(�Z, �Z) was calculated using the 

steepest descent method (‘SciPy’ package in Python). In the anterograde transport, the red region, which 

indicates the set of (�Z, �Z	) showing small values of �(�Z, �Z), exists above the diagonal line (Fig. 5a); this 

region exists below the diagonal line in the case of retrograde transport (Fig. 5b). These results indicate that the 

force-velocity relationship for the anterograde transport was concave-down, and that for the retrograde transport 

was concave-up.  

The most probable value of �Z7 (or �Z7) was defined as the mean of {�Z} (or {�Z}) belonging to the top 

10% minimum values of �(�Z, �Z). (�Z7, �Z7)=(0.61 ± 0.20(SE),0.96 ± 0.05(SE)) for anterograde transport 
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and by (�Z7, �Z7)=(0.63 ± 0.1(SE),0.25 ± 0.0(SE)) for retrograde transport. With (�Z7, �Z7),	the return-level 

plots of "�A^`4,456$ %  for both anterograde and retrograde transports were reproduced using numerical 

simulations (Figs. 5c, d). Thus, the outline of in vivo force-velocity relationships was estimated using the 

experimental results of the EVA.  

The part of the velocity data for the retrograde transport in Fig. 5d (violet symbols) corresponds to the 

velocity values in the load-sensitive regime in Fig. 5f. The steep velocity decreases under the low-load condition 

for the retrograde transport, causing a major variation in the larger values of �^`4,456$ . In fact, the velocity data 

obtained by the anterograde force-velocity model also hampered the i.i.d. condition because small amounts of 

data were generated from the load-insensitive regime of the force-velocity relationship, whereas the majority of 

the data were generated from the load-sensitive regime (Fig. 5e). However, the velocity values in the load-

insensitive regime resulted in a minor variation in the large values of �^`4,456$ , and the return-level plot showed 

Weibull-type convergence for the anterograde transport.  

 

Effects of cooperative transport by multiple motors.  

It has been suggested that a single cargo can be transported by multiple motors. The effects of multiple motor 

transports on the results of the present study were investigated (Fig. 6). Previously, we used a non-invasive force 

measurement technique 36, 37, 38 developed by our research group for examining the neurons of C. elegans, and 

estimated that the number of motors carrying synaptic cargo was 1–3 30. The frequency �(�4) of the number 

of motors (�4 = 1,2,3)	carrying cargo was approximately �(1): �(2): �(3) = 1: 2: 1 , based on previous 

observations 30. After choosing �4 according to �(�4), �(�/�4) was used instead of �(�) to determine 

�^`4 from the intersection between �(�/�4) and the line � = �� (Fig. 6a, b). The EVA was applied to 

{�^`4} using the same procedure to obtain the results depicted in Fig. 5. By calculating �(�Z, �Z	) (Eq. 3), we 

found that multiple motor transports did not affect the outlines of the force-velocity relationship for 
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anterograde/retrograde transport.  

 

Chemo-mechanical coupling models of the force-velocity relationship. 

Finally, we referred to the force-velocity relationship of kinesin and dynein, theoretically derived based on the 

mechanisms underlying ATP hydrolysis by motor proteins. Force-velocity relationships are derived from the 

one-state 19 and three-state models 39 of motor proteins, as well as an energy-landscape model 16. In particular, 

the force-velocity relationship for the three-state model for ATP hydrolysis is represented as follows: 

										�tuvww(�) = (�yC 2 �y3)�,																									 
1�yC = 1�C + 1�C �}~�/��� 	,	 

																								 1�y3 = 1�3 �T}��/��� ,																											(4) 
(see a reference39 for the definitions of parameters for both anterograde and retrograde transport.) The simple 

force-velocity relationships �(�) depicted in Fig. 4a and b are replaced with �tuvww(�) (Fig. 7a for 

kinesin and Fig. 7c for dynein). The difference in the model parameters (Eq. (4)) resulted in the different 

convexities of the force-velocity relationship in the case of the three-state model); we numerically obtained the 

return-level plots for the model by using a simulation method similar to that used to obtain the results in Fig. 5. 

In Fig. 7a and b, the red points represent the "�^`4,456$ % values obtained from the simulation (Fig. 7a, b). We 

found that the tendencies (Fig. 7b and d) shown by the three-state model were similar to those observed using 

the simple force-velocity relationships (Fig. 5), i.e., the i.i.d. condition was easily hampered in the case of the 

concave-up force-velocity relationship used for retrograde transport (Fig. 7c). The results for the one-state and 

energy-landscape models of motor proteins are summarized in the supplementary material (Supplementary Fig. 

S3, S4).  

 

Discussion 
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In the present study, to the best of our knowledge, we applied EVA, for the first time, to assess cargo transport 

by the motor proteins kinesin and dynein in the neurons of living worms, as observed by high-resolution 

fluorescence microscopy. We investigated the velocities of the transport and found that the return-level plots of 

the extreme values of velocity revealed the differences between the motor protein types. Specifically, the 

experimental velocity data of dynein-mediated retrograde transport hampered the independent and identically 

distributed conditions, and the return-level plots became abnormal. Indeed, when the retrograde data were 

separated into two datasets, they showed the typical Weibull-type behavior. Using the simulation, the 

abnormality of the return-level plot that appeared only for the retrograde velocity data was attributed to the fact 

that the force-velocity relationship for the retrograde transport was concave-up, while that for its anterograde 

counterpart was concave-down. The steep velocity decrease in the low-load condition for the retrograde 

transport caused a major variation in the larger values of velocity, and this behavior tends to violate the i.i.d. 

conditions for "�456$ % and causes an abnormality in the return-level plot. Although the mean values of the 

velocity data did not clearly show the difference between the two motor proteins, EVA was able to reveal the 

extreme values of the velocity data. While the mean values of the velocity were affected by loads resulting from 

various cargo sizes and the differences in the velocities of the two motors diminished, the differences in the 

extreme values of the velocity showed a larger difference; this highlights the property of the velocities under 

the no-load condition. We successfully obtained information regarding the force-velocity relationships of 

intracellular cargo transport.  

Recent results of in vitro single-molecule experiments have suggested a concave-up force-velocity 

relationship for ciliary 20 and mammalian dynein 19, 31, while yeast dynein exhibits a concave-down (kinesin-

like) force-velocity relationship 17, 18. In the present study, we found a concave-up force-velocity relationship 

for cytoplasmic dynein in C. elegans. For the investigation of mammalian dynein, EVA was also applied to 

examine the data of synaptic cargo transport in mouse hippocampal neurons; this was originally reported in a 
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previous study 36. A two-step convergence in the return-level plot was also observed for retrograde transport 

(Supplementary Fig. S5), which corresponds to the concave-up force-velocity relationship reported in previous 

studies 19, 31. Interestingly, several dynein motors showed a concave-up force velocity curve. The biological 

significance of collective cargo transport by multiple motor proteins is explained below, and was first introduced 

in a previous study 31. When multiple motors work together, the leading dynein decreases its velocity rapidly in 

the presence of a low load, so that the trailing dynein can catch up. This allows the trailing dynein to share the 

load with the leading dynein, thereby preventing the detachment of the leading dynein from the microtubules. 

In other words, the rapid decrease of velocity in the load-sensitive region results in the self-correction of the 

position of dynein molecules, allowing them to move as a loosely bunched group 31. However, leading kinesin 

does not slow down, with regard to a concave-down force-velocity relationship, in the presence of a low load. 

As a result, trailing kinesin cannot catch up with the leading kinesin, causing it to easily detach from the 

microtubules 31. 

Although the outlines of the in vivo force-velocity relationships could be estimated using the EVA analysis, 

the stall force values, regarding the maximum forces of the motors, could not be estimated from this analysis. 

Many in-vitro single-molecule studies have provided the stall force values of kinesin and dynein using optical 

tweezers 16, 17, 18, 19, 20, 21. Another progress in the field of in-vitro single-molecule study is the stall force 

measurement of myosin VI using DNA origami nanospring 40; however, in-vivo force measurement needs to be 

developed. 

Interpretation of return-level plots based on the force-velocity relationship is a promising tool for future 

research regarding neuronal diseases, particularly, KIF1A-associated neurological disorders 41, 42. KIF1A is a 

type of kinesin-transporting synaptic vesicle precursor cargo, and the force and velocity of pathogenic mutant 

KIF1A was reported to be impaired 41, 42. Because in vivo force measurement is difficult, the estimation of 

physical properties using EVA can be helpful for understanding the in vivo behavior of motor proteins. Thus, 
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we believe that the findings of the present study represent a step forward in broadening the scope of EVA 

applications. 

 

Methods 

Sample preparation.  

In our study, we used C. elegans stains wyIs251[Pmig-13::gfp::rab-3; Podr-1::gfp]; wyIs251 has been 

previously described 43, 44. 

Culture. C. elegans was maintained on OP50 feeder bacteria on nematode agar plates (NGM) agar 

plates, as per the standard protocol 43, 44. The strains were maintained at 20ºC. All animal experiments 

complied with the protocols approved by the Institutional Animal Care and Use Committee of Tohoku 

University (2018EngLMO-008-01, 2018EngLMO-008-02).  

Fluorescence microscopy observations.  

A cover glass (32 mm ´ 24 mm, Matsunami Glass Ind., Ltd., Tokyo, Japan) was coated with 10% agar 

(Wako, Osaka, Japan). A volume of 20 µL of 25 mM levamisole mixed with 5 µL 200-nm-sized 

polystyrene beads (Polysciences Inc., Warrington, PA, USA) was dropped onto the cover glass. The 

polystyrene beads increased the friction and inhibited the movement of worms; levamisole paralyzed 

the worms. Ten to twenty worms were transferred from the culture dish to the medium on the cover 

glass. A second cover glass was placed over the first cover glass forming a chamber, thereby confining 

the worms. The worms in the chamber were observed under a fluorescence microscope (IX83, Olympus, 

Tokyo, Japan) at room temperature. Images of a GFP (green fluorescence protein)-labelled synaptic 

cargos in the DA9 motor neuron were obtained using a 150× objective lens (UApoN 150x/1.45, 

Olympus) and an sCMOS camera (OLCA-Flash4.0 V2, Hamamatsu Photonics, Hamamatsu, Japan) at 

10 frames per second.  

Cargo size distribution 

The fluorescence images of various synaptic cargos are shown in Fig. 2. The difference in fluorescence 

intensity (FI) represents the difference in the sizes of cargos. This is because fluorescence proteins are 

uniformly distributed on the surface of a cargo and FI	 ? 4��3  (r: radius of a cargo). Anterograde and 

retrograde transports were not distinguished in the analysis of FI. The distribution of � = 1/:FI is well fitted 

by a Gamma distribution  

�(�; �, �) = ���(�, �) ��TC�T��  

where � is a Gamma function, � = 6.54 ± 0.78 and � = 201 ± 25 (the errors are fitting errors).  

Error of ���� 

The mean (�456������) and error (��456) of �456 were estimated from the fitting parameters �	(= �� 	± 	��), 
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�	(= �� 	± 	��) and �	(= �� 	± 	��) of the Weibull distributions defined by Eq. 1 in the main text as follows: 

�456 = ��� 2 ����	� ± �(��)3 + �����	 �
3 + �������3 �3 		.																																				(S1) 

The values of �	(= �� 	± 	��), �	(= �� 	± 	��) and �	(= �� 	± 	��) for anterograde and retrograde transport are 

summarized in Supplementary Table S1.  

Block size 

We investigated the dependence of the fitting parameters (�, � and �) on the number (�) of worms (block 

size), from which �456$  was chosen, as shown in Supplementary Fig. S1. All values converge as � increases. 

Bootstrapping method 

A part (r: ratio) of the data "�456$ % (� = 1,ï ,�) was randomly selected, and then the fitting parameters of �, 

� and � of the Weibull distributions were calculated for the part. Here, duplication of the same data was 

allowed if it was selected. This procedure was repeated 100 times, and then the errors of �, � and � were 

calculated. In Supplementary Fig. S2, each parameter is plotted as a function of r in the cases of anterograde 

and retrograde transport. The values were stable for a wide range of � (0.4 f � f 1).  

  

Code availability 

https://github.com/kumikohayashia2/eva 
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Fig. 1 (a) Schematics of anterograde and retrograde synaptic cargo transport by kinesin and dynein, 

respectively, in the DA9 motor neurons of C. elegans. (b) Kymograph analysis. Velocity (�) was 

measured as the slope of the trajectory of a fluorescently labeled cargo. (c) Number of synaptic cargos 

moving anterogradely (A), retrogradely (R), and exhibiting direction change (A®R and R®A). (d) 

Histogram of the velocity "�$%	of synaptic cargos for anterograde (red) and retrograde (blue) transport.   
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Fig. 2. (a) Fluorescence micrographs of synaptic cargos transported by motor proteins in the axons of 

DA9 neurons in C. elegans worms. (b) Fluorescence intensity (FI) of synaptic cargos (� = 133) (left panel). 

The distribution of 1/:FI was fitted using a Gamma distribution (right panel).  
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Fig. 3. Return-level plots experimentally measured for anterograde (a) and retrograde transport (b). (c, 

d) Retrograde data (b) were separated by the change point (the black arrow in (b)). Probability 

distributions of transport velocity for anterograde (e) and retrograde transport (f).  
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Fig. 4. Concave-down (a) and concave-up (b) force-velocity curves of a motor protein. Two regimes, 

load-sensitive (thick colored line) and load-insensitive (thin colored line), are represented. The thick 

black line represents the Stokes’ law � = ��.	The grey lines in each graph represent the 95% 

confidence intervals of �. Normalized	�:	�/�̂  and	�:	�/�(� = 0), where �̂  is the stall force of a 

motor protein.   
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Fig. 5. Contour of �(�Z, �Z	) simulated return-level plots and force-velocity relationship obtained by using 

the most probable value of (�Z7, �Z7	) for anterograde ((a), (c), and (e)) and retrograde ((b), (d), and (f)) 

transport. Note that the y-axis in panels (c) and (d) are normalized as �/�456 .  

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 9, 2022. ; https://doi.org/10.1101/2021.12.29.474400doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.29.474400
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Fig. 6. (a) Schematics of cargo transport by multiple motor proteins. Force-velocity relationship and 

corresponding contour of �(�Z, �Z	) for multiple motor proteins (�4 = 1,2,3) during anterograde ((b) and 

(d)) and retrograde ((c) and (e)) transport.  
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Fig. 7. Force-velocity relationship and corresponding return-level plots of the three-state model for 

anterograde ((a) and (c)) and retrograde ((b) and (d)) transport.  
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