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Single-particle tracking of dynein identifies PP2A B55/SUR-6 as a cell cycle regulator of 

cortical force generation  

Alan Edwards, John B. Linehan, Vincent Boudreau, and Paul S. Maddox 

Abstract 

Convergence and positioning of the pronuclei and mitotic spindle of many zygotes aids 

efficient division and is essential for early embryonic patterning. In the C. elegans 

zygote, interactions between microtubules and cortically anchored dynein are key to 

early development. However, how cortical microtubule pulling forces are controlled 

through the cell cycle is less well understood. We used single-molecule imaging and a 

windowed mean squared displacement analysis to uncover the behavior of dynein 

during cortical force generation, and provide a regulatory role for protein phosphatase 

PP2A-B55/SUR6 via NuMA-like protein LIN-5 in this process. Previous findings and our 

results suggest that PP2A regulates cortical microtubule pulling forces by increasing 

dynein binding and unbinding to the cortical force generation complex. Our data also 

suggests that cortical occupancy of dynein is abrogated to vary force generation. Our 

approach will be broadly applicable to classify the force generation behavior of single 

molecules in living organisms. 

Introduction 

The minus-end directed microtubule motor protein dynein plays a key role in many 

cellular events. Dynein utilizes its ability to “walk” along microtubules in a polarized 

fashion to shuttle cargo, ranging in size from proteins or small complexes to entire 

organelles, in a directed manner. Dynein can also generate force on a microtubule by 

either bundling and cross-linking adjacent microtubules or by tethering to a membrane 

and pulling on microtubules (Reviewed in Roberts et al., 2013). 
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During cell division, dynein is essential for the correct establishment and maintenance 

of the mitotic spindle (Merdes et al., 1996, Inoué et al., 1998). Dynein tethered to the 

cortex pulls on microtubules emanating from centrosomes, allowing for dynamic spindle 

placement (Laan et al., 2012, Gusnowski and Srayko 2011). Dynein also has a critical 

role in kinetochore regulation, where it can inactivate the spindle assembly checkpoint 

by trafficking checkpoint-associated proteins away from the kinetochore-microtubule 

attachment (Howell et al., 2001, Tanenbaum et al., 2013). 

 

In the C. elegans zygote, dynein is responsible for pronuclear and centrosomal 

migration and positioning. Dynein is unevenly distributed at the cortex throughout 

different stages of the cell cycle, providing the polarity-induced force imbalance that 

drives asymmetric cell division. Cortical dynein binds and pulls centrosomal 

microtubules, aiding centrosome positioning. In addition, dynein tethered to the nuclear 

envelope pulls on microtubules to drive the separation of centrosomes and the pronuclei 

to migrate and fuse, triggering nuclear envelope breakdown (De Simone et al., 2016, De 

Simone and Gönczy 2017).  

 

The function and regulation of dynein within the context of the cell cycle have been well 

characterized through a variety of different methods. Single molecule assays have 

probed the motoring capacity of dynein and characterized its motoring capacity and 

activation in vitro. The regulation of dynein motoring has been determined by 

investigating the relationship between dynein’s capacity for processivity and the 
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presence of co-factors such as dynactin and LIS-1 (Desantis et al., 2017, Huang et al., 

2012, McKenney et al., 2014, Gennerich et al., 2007, reviewed in Roberts et al., 2013, 

reviewed in Reck-Peterson et al., 2018). However, it is unclear how dynein behavior 

during force generation events at the single-molecule scale in live cells compares to in 

vitro studies.  

In vivo studies focused on the cell cycle have defined the components of the force 

generation complex tethering dynein to the nuclear envelope and cell cortex (Malone et 

al., 2003, Crisp et al., 2005, Okumura et al., 2018). These studies used a combination 

of fluorescent labeling, genetic manipulations, biophysical and biochemical approaches 

to identify microtubule associated proteins and dynein binding proteins that tether 

dynein and enable it to bind to microtubules. Laser ablation of microtubules have 

approximated the amount of force dynein exerts on microtubules by measuring changes 

in the speed of centrosome or chromosome movement (Elting et al., 2014, Fielmich et 

al., 2018). Fluorescence correlation spectroscopy and a “tube assay” that measured 

force generation through cytoplasmic membrane invagination showed that the 

asymmetric binding rate of dynein to the cortex is responsible for the polarity-induced 

force imbalance seen in the C. elegans zygote (Redemann et al., 2010, Rodriguez-

Garcia et al., 2018).  

 

In addition, mitotic kinases and phosphatases have been shown to regulate dynein 

polarization and recruitment to the cortex throughout stages in the cell cycle. In HeLa 

cells, Cyclin-dependent kinase 1 (CDK-1) negatively regulates cortical dynein 

accumulation through the phosphorylation of  the dynein cortical anchor NuMA, and the 
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protein phosphatase PP2CA counteracts the phosphorylation of NuMA by CDK-1 

(Kotak et al., 2013). In the C. elegans two-cell embryo (Ab and P₁), Polo-like kinase 1 

(PLK-1) has been shown to negatively regulate the polarization and recruitment of 

dynein to the cortex by decreasing cortical accumulation of the dynein cortical anchor, 

NuMA-like protein LIN-5 (Bondaz et al., 2019). In the C. elegans zygote, protein 

phosphatase 2A (PP2A-B55/SUR-6, hereafter referred to as PP2A) is required for 

proper centrosome and pronuclear positioning, as well as proper centrosome 

breakdown in anaphase (Boudreau et al., 2019, Enos et al., 2018). However, it is 

unclear how PP2A interacts with dynein to regulate cortical force generation.  

 

To investigate these questions, we developed a single-particle tracking analysis 

tool by combining live-cell, high spatiotemporal resolution microscopy and single particle 

tracking with a windowed mean square displacement (wMSD) analysis. Using the C. 

elegans zygote, we utilized a dynein heavy chain-tagged strain (eGFP::DHC-1) 

(Schmidt et al., 2017) to observe dynein near or at the cortex during pronuclear 

migration and anaphase with Total Internal Reflection Fluorescence (TIRF) microscopy 

(Axelrod 1981). Analyzing cortical dynein trajectories using a wMSD analysis enabled 

us to discern the activity of dynein at different points in time throughout its trajectory 

path length. Thus, we quantified the amount of time each individual dynein exhibited 

distinct behaviors. We measured the aggregate behavior of dynein force generation 

under genetic manipulation of specific regulators, and characterized dynein diffusion 

behavior in the anterior and posterior regions of the polarizing zygote. We depleted the 

dynein motor complex directly (Dynein light-chain 1 (DLC-1), regulators of dynein 
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motoring capacity including dynactin (DNC-1) and LIS-1, microtubules via TBA-2, 

cortically through its anchor LIN-5, and the catalytic subunit of the master mitotic 

phosphatase PP2A (SUR-6), in order to better understand dynein behavioral regulation 

at the cortex. Through the implementation of a novel and robust strategy for 

investigating dynein behavior, we propose that PP2A regulates dynein force generation 

at the cortex. PP2A regulation may occur through an interaction with a NuMA-like 

protein, LIN-5. Our technique can also be extended to study the behavior of force 

generation in a variety of systems. 

Results 

A time-localized diffusion analysis enables quantification of cortical dynein 

particle behavior 

To better understand how dynein behaves while generating force, we directly observed 

dynein’s movement through time. To assess the behavior of dynein at the cortex, we 

used a C. elegans strain with endogenously tagged dynein heavy chain (eGFP::DHC-1) 

(Schmidt et al., 2017). We then tracked particles through time and generated unique 

trajectories that were analyzed to generate a MSD curve given by the Lévy Flight 

model, 

      𝑀𝑆𝐷(𝜏) = 𝛽𝜏𝛼 

where 𝛽 is the generalized diffusion constant, i.e. the medium surrounding a particle, 𝜏 

is the time-lag with respect to an initial time point, and 𝛼 describes the diffusion of the 

particle with respect to 𝜏. Thus, 𝛼 can be analyzed to determine the behavior of the 

particle through time with respect to 𝜏 (See Materials and Methods). 
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The 𝛼 values resulting from an MSD analysis are thought of as belonging to one of 

three categories. When 0 < 𝛼 < 1, 𝛼 indicates constrained motion, 𝛼 ≅ 1 indicates 

Brownian motion, and 𝛼 > 1 indicates super diffusive motion (directed motion or applied 

force) (Metzler et al., 2014). It is also possible for the 𝛼 value to be negative, as 

observed by Argyrakis et al. (2009).  

 

We separately analyzed each category of diffusion between control and depletion. 

There was no observable difference in the time spent super diffusive, in brownian, or 

constrained diffusion categories. The negative diffusion modality is the only diffusive 

regime showing a difference between conditions. Given these results, we wanted to 

further probe dynein behavior associated with negative 𝛼 values. 

 

A negative 𝛼 value is calculated when an object’s average displacement decreases as 

time-lag window increases. The object’s next position is likely to be closer to where it 

was at an earlier time (Figure 1 A, Supplemental Figure 1). Negative diffusion is also 

present in simulations of systems containing particles of different sizes. When the 

system is shifted from a higher temperature to a lower temperature (phase transition or 

condensate formation) the particles segregate by size, causing smaller particles to 

aggregate together. This aggregation of particles is the negative diffusion (Argyrakis et 

al.,2009).  

 

For dynein to generate cortical force, dynein must be tethered to the cortex and to a 

microtubule, and dynein must also be active and persist in the state long enough to 
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generate force. During force generation, we imagined dynein would be locally 

constrained, but would experience a “tug of war” of forces from its association with both 

the microtubule and cortex. These forces would result in a dynein particle that oscillates 

around a central point while dynein is generating force. Therefore, we reasoned that 

dynein behavior during force generation would be most accurately described by a 

negative 𝛼 value.  

However, we wanted to extend the sensitivity of this analysis, as dynein shows dynamic 

behavior throughout a single trajectory. Cortical dynein motility was quantified using a 

sliding window Mean Square Displacement (wMSD) (Korshidi et al., 2011). Rather than 

averaging the slope of MSD curve over an entire trajectory to generate a diffusion 

curve, the wMSD technique measures 𝛼 at distinct intervals within a trajectory (Fig 1 B-

E). The wMSD approach allowed us to interpret the behavior within a single dynein’s 

trajectory through the use of time localized diffusion coefficients. The magnitude and 

sign of 𝛼 is a read out of distinct dynein behaviors such as times at which dynein is 

tethered to the cortex, dwelling at the cortex, or walking along a microtubule. The 

standard MSD generates a single 𝛼 by averaging displacements over a number of time-

lag windows, providing a quantification of the average behavior of dynein while localized 

near the cortex (Figure 1 B, C). By introducing a sliding window, spectra of 𝛼 values are 

generated that describe dynein behavior as it follows through its trajectory (Figure 1 B, 

D, & E). The sliding window provides access to temporally distinct behaviors of the MSD 

analysis. We used this approach to calculate the amount of time a single dynein is 

tethered to the cortex (negative 𝛼), revealing changes in dynein behavior throughout its 

trajectory.  
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Single-particle tracking of cortical dynein reveals different behaviors while 

localized to the cortex 

To assess dynein behavior during cortical force generation, we utilized the single-cell C. 

elegans zygote, where cortical force generation across the anterior-posterior axis is 

asymmetric during different stages of the cell cycle (Grill et al., 2003, Labbé et al., 

2004). 

Beginning at the onset of centrosome separation, microtubule-based cortical force 

generation is accomplished through a complex consisting of G-alpha proteins (GOA1/2), 

LGN-like protein GPR1/2, NuMA-like protein LIN-5, and dynein (Fielmech et al., 2008, 

reviewed in Rose and Gönczy 2014). By combining high spatiotemporal resolution TIRF 

microscopy (~37.4 frames/second, 0.06 μm/pixel) with a fluorescently tagged dynein 

heavy chain C. elegans strain (DHC-1::eGFP) we visualized dynein  behavior near the 

coverslip (Figure 2 A). Using this method, we are able to track the dynamic movements 

of individual dyneins as they come in close proximity to the cortex (Figure 2 A, B, Movie 

1).  

Single-particle tracking of asymmetric force generation in the C. elegans zygote 

suggests negative α within the diffusion spectra of dynein is the behavior 

responsible for cortical force generation 

In C. elegans, the zygote is polarized and undergoes asymmetric cell division. Dynein-

mediated cortical force generation is initially higher in the anterior during mitotic entry 

(Park and Rose 2008). If negative 𝛼 indicates that dynein is tethered to the cortex and 

capable of binding to a microtubule, and thus, generating force, then negative 𝛼 should 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


9 

be higher in the anterior during pronuclear migration. We didn’t observe any trends 

between conditions with other modes of 𝛼 (data not shown).  

 

To determine the efficacy of the wMSD diffusion spectra as a means of measuring 

cortical dynein force generation in C. elegans, we took advantage of the naturally-

occurring asymmetry of cortical force generation in the zygote. Cortical dynein 

trajectories were measured from C. elegans zygotes in the single-cell stage during 

pronuclear migration. Cortical force generation is roughly two times greater in the 

anterior side during pronuclear migration than in the posterior side of the zygote (De 

Simone et al., 2017, De Simone & Gonczy, 2018, Rodriguez-Garcia et al., 2018). Thus, 

we expected to see that cortical dynein spends more time tethered to the anterior cortex 

than to the posterior cortex during pronuclear migration. Because α values resulting 

from the wMSD analysis were well localized in time, in that they can be mapped back to 

discrete sections of the trajectory, the time each dynein trajectory spends exhibiting 

negative 𝛼 was calculated. The total time spent negative in the anterior and posterior of 

each zygote was calculated by summing up the time each dynein spends producing 

negative 𝛼. The average of the total time spent negative in anterior and posterior ends 

was calculated over each replicate. In zygotes, the average amount of time dynein is 

tethered to the cortex (having negative 𝛼) was 12.095 seconds in the anterior half of the 

cell (see materials and methods). In the posterior end the average time spent negative 

was 5.819 seconds (Figure 3 A, Figure S2A for statistical significance). On average, 

cortical dynein in the anterior end of the C. elegans zygote during pronuclear migration 

spends about two-fold more time tethered to the cortex than the posterior end, 
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consistent with previous findings (De Simone et al., 2017, De Simone & Gonczy, 2018, 

Rodriguez-Garcia et al., 2018). These data suggest the average time spent negative 

calculated from the α spectra resulting from a wMSD analysis is an effective proxy for 

measuring cortical dynein force generation. To evaluate the significance of changes in 

average time spent negative that we observed between conditions, we performed a 

bootstrap statistical analysis, and compared bootstrapped values to measured values 

using a two-sample Kolmogorov-Smirnov test (Figure S2A for statistical significance, 

see materials and methods). Values for the average time spent negative were 

significantly different than what could be expected due to chance for all groups with the 

following exceptions: Anterior dnc-1 (RNAi) and sur-6 (RNAi), posterior lis-1 (RNAi).  

 

To further test our approximation of force generation via negative 𝛼, we sought to 

measure dynein force generation during a different time in the cell cycle. In the C. 

elegans zygote, the asymmetry in force generation transitions from being greater in the 

anterior prior to pronuclear meeting, to being greater in the posterior during the 

metaphase to anaphase transition and through anaphase, resulting in a smaller P1 cell 

that is functionally and molecularly distinct from the Ab cell (Park and Rose 2008). This 

asymmetry gives rise to the differentiation of cell fate during development. Therefore, 

we measured dynein wMSD during anaphase, where force generation is higher in the 

posterior (Grill et al., 2003, Grill and Hyman 2005, Park and Rose 2008). We found that 

the force asymmetry measured by the average time spent negative in the anterior and 

posterior was 18.692 and 21.621 seconds, respectively (Figure 3A, Figure S2A for 

statistical significance). This result is consistent with findings based off of fluorescence 
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intensity cortical localization of the force generating complexes GPR-1/2 and LIN-5 

during anaphase in the single-cell zygote (Park  and Rose 2008), confirming the validity 

of our approximation of force generation using average time spent negative.   

The loss of a dynein subunit or its motoring adaptor, dynactin, destabilizes 

dynein cortical force generation behavior 

Having established negative α as a proxy indicator of dynein cortical force generation, 

we proceeded to investigate the effects of targeted depletions of dynein motor function. 

Depletion of subunits associated with dynein motoring, and thus microtubule binding, is 

expected to reduce the average total time spent with negative α. Dynein heavy chain 1 

(dhc-1) is required for processivity. We chose to use a fluorescently labeled dynein 

heavy chain (DHC-1::EGFP), assuming that depletion of this subunit would result in 

complete loss of motoring. Instead, we depleted the dynein light chain subunit (DLC-1), 

with the intention of decreasing dynein function without abolishing force generation. The 

dynein subunit was depleted using dlc-1(RNAi) and fed to worms for 24 hours. Dynein 

trajectories collected after dlc-1 depletion had an average time spent negative in the 

anterior zygote of 7.794 seconds. The average time spent negative in the posterior of 

the zygote was 5.940 seconds (Figure 3B, Figure S2B for statistical significance). 

Comparison to L4440 control data, where anterior average time spent negative was 

12.095 seconds, and posterior average time spent negative was 5.819 seconds, 

indicates that dynein force generation is more severely impeded by this DLC-1 depletion 

in the anterior end of the zygote. We hypothesize that the posterior end is consistent 

between the groups due to the limited availability of cortical force anchoring proteins 

such as GPR1/2 and LIN-5 in the posterior. (Rodriguez-Garcia et al., 2018, Park and 
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Rose 2008). Thus, the RNAi depletion has the ability to interfere more with the anterior 

end since there is a larger number of dynein molecules generating force at that end of 

the zygote. Reduction in average time spent negative in dlc-1(RNAi) depleted zygotes in 

the anterior in comparison to the L4440 control data supports previous findings (Figure 

S2B for statistical significance, O’Rourke et al., 2007, Rodriguez-Garcia et al., 2018).  

 

Next, we depleted dynactin via dnc-1 (RNAi). DNC-1 is required for the processivity of 

dynein motility (Reck-Peterson et al., 2006). Upon 24 hour depletion of DNC-1, we 

observed the average time spent in negative α for the anterior and posterior as 5.874 

seconds and 5.1660, respectively, a greater than two-fold reduction in cortical tethering 

in the anterior as compared to control. In dnc-1 (RNAi) embryos, our statistical analysis 

showed that the regulation of dynein in the anterior is impeded in the absence of 

dynactin, resulting in dynein spending less time at the cortex, and only interacting with 

the cortex stochastically (Figure 3B, Figure S2B for statistical significance). 

 

Finally, we depleted the microtubule/dynein-associated protein LIS-1, which has been 

shown in vitro to increase dynein binding affinity to a microtubule; therefore, in the 

absence of LIS-1, dynein exhibits more rapid unbinding rates (Huang 2012). However, 

LIS-1 is not required for dynein localization to the cortex in vivo (Cockell et al., 2004). 

Finally, lis-1 (RNAi) zygotes display centrosome separation defects that phenocopy a 

decrease in motoring activity (Boudreau et al., 2019). The average time spent negative 

is notably increased in lis-1 (RNAi), 13.288 seconds in the anterior and 18.160 seconds 

in posterior. Our statistical analysis indicated aberration of dynein regulation in the 
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posterior (Figure 3C, Figure S2C for statistical significance). Depletion of lis-1 results in 

increased dynein cortical tethering. Depletion of both dlc-1 and dnc-1 results in 

decreased dynein negative diffusive activity. Taken together, we show that depleting 

factors involved in dynein motoring abrogates the average amount of time dynein 

spends displaying negative α at the cortex and impedes dynein regulation. 

Disrupting microtubule polymerization decreases dynein force generation 

behavior 

We next wanted to observe cortical dynein behavior in the presence of disrupted 

microtubule polymerization, where cortical force generation should be reduced. To do 

this, we depleted tubulin alpha chain-2 (TBA-2), which is a partially redundant isotype of 

the tubulin alpha chains, but is known to effect meiotic and mitotic spindle formation and 

microtubule dynamics in the early zygote (Lu and Mains, 2005; Honda et al., 2017). 24-

hour depletion of tba-2 (RNAi) reduced the zygote’s ability to establish polarity or were 

nonviable (data not shown). Thus, we depleted tba-2 (RNAi) from zygotes for only 16 

hours, which was penetrant, but non-lethal. As expected, we observed a decrease in 

the average time spent negative in the anterior (8.820 seconds), while there was a slight 

increase in the posterior (6.057 seconds) in comparison to control (Figure 3C, Figure 

S2C for statistical significance). This indicates that disrupting microtubule dynamics 

decreases dynein’s ability to generate cortical force in the anterior. 

Depletion of LIN-5 decreases the proportion of dynein cortical force generation 

behavior in the anterior 

Dynein is anchored to the cortical force generation complex through NuMA like protein 

LIN-5, and it has been directly linked to dynein cortical accumulation and force 
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generation (Park and Rose 2008, Fielmich et al., 2018). In order to assess how dynein 

behaves when its ability to bind to the force generation complex is reduced, we 

measured dynein diffusivity in lin-5 (RNAi) zygotes. Again, we observed a strong 

reduction in the average time spent negative (tethered to the cortex) in the anterior, 

8.017 seconds. We found an increase in the average time spent negative (tethered to 

the cortex) in the posterior, 11.43 seconds (Figure 3D, Figure S2D for statistical 

significance). Given that cortical force generation is roughly 1.5 times greater in the 

anterior during mitotic entry in the C. elegans zygote, we attribute this transition in force 

imbalance to the distribution of LIN-5 in a lin-5 (RNAi) depletion scenario (Rodriguez -

Garcia et al., 2018). We propose that actomyosin-based cortical flows are unable to 

redistribute the reduced pool of LIN-5 remaining from the depletion, resulting in 

increased average time spent negative in the posterior (discussed further in 

Discussion.)  

Loss of SUR-6 disrupts normal cortical dynein behavior 

The master mitotic regulator and main counteracting phosphatase of Cyclin-Dependent 

Kinase 1 (CDK-1) is Protein Phosphatase 2A (PP2A). PP2A is a tripartite phosphatase 

consisting of a scaffold, catalytic (B55), and regulatory (SUR-6) subunit. PP2A is known 

to display high activity during onset of mitosis and at anaphase onset. It has been 

shown that its regulatory subunit SUR-6 is necessary for proper centrosome breakdown 

during anaphase and centrosome maturation in interphase (Enos et al., 2018). 

However, the mechanistic link between dynein and the force generation complex with 

SUR-6 is unknown. Hence, we wanted to assess cortical dynein behavior in sur-6 

(RNAi) zygotes. We found an increase in average time spent negative in the anterior 
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(26.20 seconds) and posterior (24.86 seconds) (Figure 3D, Figure S2D for statistical 

significance). Our statistical analysis also identified a loss of dynein regulation at the 

anterior cortex in sur-6 (RNAi) embryos (Figure S2D). 

 

 Given that sur-6 (RNAi) decreases cortical microtubule polymerization velocities, our 

data suggests that dynein is able to bind to the force generation complex, but dynein’s 

ability to exert force on a microtubule is perturbed (Boudreau et al., 2019). This result 

leads to two potential ways by which SUR-6 regulates cortical dynein. SUR-6 could 

regulate dynein similarly to LIS-1, where a difference in the binding and unbinding rates 

of dynein to microtubules causes slippage and dynein fails to generate force. Given that 

SUR-6 does not directly regulate dynein motoring capacity at the nuclear envelope, we 

find this possibility unlikely (Boudreau et al., 2019). Alternatively, SUR-6 may also 

regulate cortical dynein indirectly, such that dynein can interact with microtubules and 

the cortex, but is unable to produce force on a microtubule. 

Single-particle tracking and RNAi depletions suggest a mechanistic relationship 

between the force generation complex and PP2a through the dephosphorylation 

of LIN-5 via SUR-6 

To resolve previous observations taken from cortical tracking of sur-6 (RNAi) in 

EBP2:GFP and EGFP::DHC-1 zygotes, we set out to find if SUR-6 interacts with the 

component that anchors dynein to the force generation complex, LIN-5. CDK-1 has 

been shown to negatively regulate the cortical force generation complex by 

phosphorylating LIN-5 (Portegijs et al., 2016, Kotak et al., 2013). As CDK-1’s main 

counteracting phosphatase, we reasoned that PP2A-B55/SUR-6 might positively 
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regulate the cortical force generation complex through the dephosphorylation of LIN-5. 

In order to test this hypothesis, we simultaneously depleted SUR-6 and LIN-5 in 

DHC1:EGFP zygotes. If the two proteins do not interact, we expect to find an additive 

relationship between the individual depletions and double depletions in the time spent in 

negative α. If they do interact, we expect the double depletion of LIN-5 and SUR-6 to 

dampen the effects seen by the sur-6 (RNAi) zygotes alone. We find that the double 

depletion of SUR-6/LIN-5 substantially reduces the time spent in negative α compared 

to SUR-6 zygotes, partially rescuing the sur-6 (RNAi) phenotype (average time spent 

negativesur-6 A= 24.861 seconds, average time spent negativesur-6/lin-5 A= 16.406; average 

time spent negativesur-6 P= 21.132 seconds average time spent negativesur-6/lin-5 P= 

14.685 seconds) (Figure 3D, Figure S2D for statistical significance). This data suggests 

that SUR-6 regulates cortical force generation by antagonizing LIN-5. 

Intensity measurements auto correlate diffusion orthogonal to the cortex  

The analysis so far has used the x/y position of dynein throughout its trajectory to 

determine if the molecule is in a position to generate force at the cortex (tethered to the 

cortex). Since cortical dynein is free to move in three dimensions, we needed a way to 

infer movement in the z-direction to better understand dynein activity at the cortex when 

generating force. The fluorescent intensity of the GFP marker is used as a way of 

inferring the z-position of cortical dynein. Given that TIRF microscopy creates an 

exponentially decaying excitation, we expect that fluorescence intensity can be used as 

a measure to approximate the z-position of dynein (i.e., where dynein is within the 

excitation gradient, dynein close to the cortex will have a greater fluorescence intensity 

than dynein further away). We postulated that since dynein is constrained by tethering 
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to the cortex in (x,y), dynein is also constrained to a small range of motion in the z 

dimension (Figure 4A). Having collected trajectories of cortical dynein, we could then 

analyze the fluorescence intensity data using the same wMSD analysis.  

Extensive image processing was performed to acquire trajectories from the data that we 

could be confident had accurate (x, y) position information and were nearest to the 

cortex (materials and methods). A wMSD analysis was performed on the (x, y) positions 

and fluorescent intensity separately. We reasoned that treating both (x, y) and 

fluorescence intensity data with wMSD affords the ability to assess the correlation 

between the resulting α spectra from each data set.  

For each dynein trajectory, we generated an α spectrum for  

its (x, y) position and fluorescence intensity data. We then calculated a correlation 

coefficient to determine if the two α spectra had a similar trend. We then made a 

histogram for each correlation coefficient from every trajectory. For simplicity, we only 

report the cross-correlation for the control (L4440). We did not observe any difference in 

the cross-correlation data amongst conditions (data not shown). When all the 

trajectories were included, we observed a left skewed distribution (Figure 4B, top 

panel). To determine the source of the skew in the total population histogram, we 

analyzed those tracks that did tether to the cortex, and tracks that never tethered to the 

cortex, separately. To determine the source of the skew, we generated a histogram of 

trajectories that only had positive α values (never tethered to the cortex) in (x, y) α 

spectra (Figure 4B, middle panel). These values are normally distributed about zero, 

thus the trajectories are not correlated in (x,y) and z. We then looked at the distribution 

of correlation coefficients that had negative α (tethered to the cortex) values in the (x, y) 
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α spectra (Figure 4B, bottom panel). The histogram for the correlation coefficients of 

trajectories that did tether to the cortex (negative 𝛼 in x, y plane) was a left-skewed 

distribution with the majority of values shifted to the right (positive). In the histogram of 

correlation coefficients for trajectories with negative 𝛼 (tethered to the cortex) in the x,y 

plane, we saw that the expectation value of the distribution is positive. Thus for the 

population of dynein trajectories that did tether to the cortex, there was a correlation 

between movement in x,y and z. The trajectories that are tethered to the cortex are the 

source of the skewness in the total population histogram of correlation coefficients. 

Thus, we expect that negative 𝛼 values measured in (x,y) are a readout of force 

generation behavior, given the correlation of the (x,y) 𝛼 spectra with the 𝛼 spectra in z. 

Movement in (x,y) correlates with movement in z when dynein tethers to the cortex 

(negative 𝛼) .  

 

These results suggests that small oscillations of dynein in both the (x,y) and z 

accompany cortical-force generation, leading us to propose a simple spring-like 

tethering model for the behavior of cortically anchored dynein exerting force on a 

microtubule (Figure 6A). The implications of this model from a mechanistic standpoint 

will be discussed further below. 

The number of dynein particles exhibiting tethering behavior is regulated during 

cortical dynein force generation 

We wanted to better understand why we observed variations in the average time dynein 

spent capable of force generation across conditions. We reasoned there could be at 

least four possibilities for these observations: 1) Dynein particles may exhibit different 
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lengths of time displaying tethering behavior (Figure 5A), 2) The number of dynein 

particles in a population exhibiting tethering behavior varies (i.e. binding rate) (Figure 

5B), 3) Dynein particles in different regions (i.e. anterior and posterior) may vary in force 

generation potential, such that a single dynein particle may produce a greater 

magnitude of force in the anterior versus the posterior ( Figure 5C), and 4) dynein 

particles undergo a combination of influences arising from possibilities 1, 2, and/or 3. To 

identify a potential mechanism responsible for variations in dynein negative α spectra 

across conditions, we first measured the mean and median time individual dynein 

trajectories spent displaying negative α behavior, when any negative α behavior was 

observed within the trajectory. There were no distinguishable variations between 

conditions, with all conditions centered (median) around 0.189s (Supplementary Table 

S1).  We then wanted to know whether individual dynein trajectories displayed 

variations in the number of discrete instances (visits) negative α was observed during a 

single trajectory, and found this comparison to also remain nearly constant throughout 

different conditions (Supplemental Table S1). Combined, we rejected possibility 1 as a 

source of variation in negative α. We also rejected possibility 3, because we observed 

variation in prophase and anaphase negative α spectrum in the anterior and posterior 

that is consistent with force generation asymmetry in the zygote in previous studies 

(Supplemental Table S1, Rodriguez-Garcia 2018, Park 2008). Finally, we measured the 

average number of dynein particles that exhibited negative α behavior. Here, we found 

marked variation amongst conditions (Figure 5 D, Supplemental Table S1). These 

variations were consistent with the average time spent in negative α calculated in Figure 

3E, suggesting variation in negative α spectra is a consequence of the number of 
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dynein particles displaying an instance of negative α behavior. Importantly, there is a 

linear relationship between the number of dynein particles displaying negative α 

behavior and the total number of dynein particles in the imaging field. (Supplementary 

Table S1). Together, we find that the number of dynein particles able to bind to the 

cortex and display any negative α behavior (i.e. binding rate) is the aspect of dynein 

behavior that dictates the magnitude of cortical dynein force generation. Moreover, the 

number of dynein displaying negative α is positively correlated to the number of dynein 

particles at the cortex, suggesting a mechanosensitive cue that can tune force 

generation by recruiting a greater number of dynein particles to the cortex.  

Discussion 

Here, we have utilized high spatiotemporal resolution fluorescence imaging with single 

particle tracking and a wMSD analysis to tease apart the functional relationship between 

dynein behavior and cortical force generation during pronuclear migration and 

anaphase. We have been able to show in distinct ways that a negative α corresponds to 

cortical force generation (Figure 3A, Figure 4B). The time a dynein particle spends 

displaying negative α is about two-fold greater in the anterior compared to the posterior 

segment of the zygote, consistent with the asymmetric force generation measurements 

observed by others during migration in the C. elegans zygote (Figure 3A) (Rodriguez-

Garcia et al., 2018). In addition, depleting a subunit of the dynein complex (DLC-1), a 

dynein cofactor (dynactin), or the anchoring protein that links dynein to the force 

generation complex (LIN-5) causes a decrease in negative α behavior in the anterior 

(Figure 3B, 3C).  
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Although we have previously shown that both LIS-1 and SUR-6 depletions decrease 

cortical dynein motoring capacity (force generation), LIS-1 and SUR-6 depletions 

increase the amount of time dynein particles display negative α (Boudreau et al., 2019). 

We find that the increase of cortically tethered dynein in lis-1 (RNAi) and sur-6 (RNAi) 

zygotes is a result of an increase in dynein recruitment to the cortex (# of dynein 

particles per embryo:  control (L4440) = 149.58, lis-1 (RNAi) =203.53, sur-6 (RNAi) = 

271.94).  

LIS-1 has been shown to positively regulate cytoplasmic dynein motoring capacity by 

modulating the ATPase activity of its AAA +domain (ATPases are associated with 

diverse cellular functions), causing dynein to be more stably bound to the microtubule 

for a longer period of time (Huang et al., 2012). In the absence of LIS-1, the dynein 

binding and unbinding rate to microtubules is increased. From the perspective of cortical 

dynein, the absence of LIS-1 would induce fast unbinding from microtubules, such that 

we observe greater time spent in negative α (tethered to the cortex), but dynein 

dissociates from the microtubule before it is capable of generating force. 

  

PP2A-B55/SUR-6 is an important serine/threonine mitotic phosphatase. While we have 

evidence that SUR-6 does not interact with dynein directly, LIN-5 is a strong candidate 

for interaction with SUR-6 (Boudreau et al., 2019). Multisite phosphorylation of LIN-5 

has been shown to regulate spindle position and chromosome regulation, and there is 

mounting evidence that an interplay between mitotic kinase and phosphatase turnover 

is the mechanism that controls this process (Portegijs et al., 2016, Keshri et al., 2020). 

This would mean that the phosphorylation state of LIN-5 allows it to bind and unbind to 
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GPR 1/2, or to bind and unbind to dynein to generate force. Given that CDK-1 

phosphorylates LIN-5 at T181, which is within the dynein binding domain of LIN-5, 

PP2A-B55/SUR-6 likely dephosphorylates this same locus, directly affecting the 

interaction between dynein and LIN-5 (Portegijs et al., 2016, Kotak et al., 2013). These 

considerations would explain the greater average time spent negative observed in sur-6 

(RNAi) zygotes. LIN-5 would be able to bind to GPR 1/2, but its interaction with dynein 

would be perturbed. Thus, we see dynein bound to the cortex and observe negative α 

behavior without generating any force on microtubules. Additional work is needed to 

confirm the locus within a LIN-5 binding domain that is dephosphorylated by SUR-6 to 

regulate dynein mediated force generation. Finally, our statistical analysis showed that 

cortical dynein behavior was aberrated in the anterior. The range of the distribution of 

dynein behavior became stochastic upon depleting SUR-6, indicating that dynein 

interaction with the cortex is not regulated in the depletion (Figure S2D). Our statistical 

analysis did not identify the same deregulation in the posterior, where microtubules 

emanating from the centrosomes are very dense in comparison to the anterior. This 

provides further evidence that SUR-6 directly interacts with the cortical force generation 

complex as a cell cycle regulator of force generation, since force generation primarily 

occurs in the anterior during prophase. 

 

Our data indicates that in the C. elegans embryo, dynein recruitment to the cortex is 

modified in response to perturbation of proteins that are responsible for dynein 

mediated cortical force generation. When cortical pulling forces are dampened, 

recruitment of dynein to the cortex is increased, although depleting DLC-1 does not 
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elicit the same response. We imagine a scenario where depletion to dynein regulators 

uncouples the actomyosin and microtubule cytoskeletal networks, such that depletions 

to regulatory proteins of dynein cortical force generation cause a higher posterior 

localization patterning, as seen in LIN-5, LIS-1 and SUR-6 depleted zygotes (Figure 3). 

We hypothesize these depletions abrogate the polarity of the microtubule cytoskeleton, 

while the actomyosin network is unaffected. The process could be a result of a 

membrane tension-sensing pathway that increases cortical dynein residence. Future 

work will be needed to address the mechanistic link between cortical dynein localization, 

residency, and cortical force generation production. 

 

We report that there is less cortical dynein population in dnc-1 (RNAi) than in dlc-1 

(RNAi). During embryogenesis, actomyosin cortical flows normally lead to a polarized 

accumulation of dynein at the cortex. We expect that  dnc-1 and dlc-1 RNAi depletions 

do not affect actomyosin cortical flows. Thus, the difference in cortical dynein 

accumulation may be due to an auxiliary microtubule-based mechanism. Dynein may 

penetrate the cortical meshwork from the adjacent cytoplasm by interacting with 

microtubule associated plus tip proteins. Therefore, the number of dynein present in the 

meshwork in dlc-1 (RNAi) embryos is similar to control (L4440) because dynein’s ability 

to interact with the microtubule plus end is not affected by the depletion. In contrast, in 

the DNC-1 depletion, dynein is unable to utilize the cortical microtubule meshwork for 

dynein localization and is unable to to interact with plus tip complexes (Markus and Lee 

2011). 
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In summary, we have characterized the behavior of cortical dynein by combining high 

spatiotemporal fluorescence microscopy with a wMSD analysis. We have shown that 

negative α behavior in the x, y plane and negative α in fluorescence intensity provides 

an approximation for the behavior response for dynein’s ability to generate force, 

leading us to propose a simple spring-like model for understanding cortical dynein force 

generation. We also offer a mechanistic role for PP2a-B55/SUR-6 in regulating cortical 

force generation through the dephosphorylation of LIN-5. Further studies will be 

necessary to confirm SUR-6 dephosphorylation of LIN-5. Finally, we have evidence to 

suggest the existence of a mechanosensitive pathway that modifies cortical dynein 

localization in response to changes in cortical force generation.  

 

Materials and Methods 

C. elegans use, RNAi, and microscopy 

The worm strain SV1803 (he264[eGFP::dhc-1]) was grown and maintained at 20°C 

using standard procedures. Bacterial strains containing a vector expressing double-

stranded RNA under the isopropyl β-D-1-thiogalactopyranoside promoter were obtained 

from the Ahringer library (Bob Goldstein’s laboratory, University of North Carolina at 

Chapel Hill, Chapel Hill, NC). Targets were confirmed by sequencing.  

Embryos were mounted in egg buffer between a 1.5 coverslip and a 4.5% agarose pad 

in egg buffer and a microscope slide and sealed with Valap. Embryos were imaged on a 

Nikon TIRF microscope with a 1.5x magnifier using a 100× Apo TIRF oil-immersion 

objective (Nikon), an Andor iXon3 EMCCD camera and NIS-Elements (Nikon) at 22°C. 
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Image Analysis and Diffusion Coefficient Calculations 

All image analysis was done using the TrackMate (Tinevez et al., 2017) plugin in FIJI 

(Schlinden et al., 2012). Tracking was performed using a Difference of Gaussian (DoG) 

detection segmenter and simple Linear Assignment Problem (LAP) tracking. Image 

processing was performed using a custom FIJI plug-in that is available upon request.   

To determine sections of a dynein’s trajectory corresponding to a force generation 

event, a windowed mean square displacement was performed. This analysis technique 

is implemented using a sliding window approach. A sliding window selects a number of 

points in a trajectory and calculates the mean square displacement over those points. A 

diffusion coefficient is then calculated for that section of the trajectory covered by the 

window. The window is then moved one point forward in time along the length of the 

trajectory.  

 

Mean Square Displacement  

A mean square displacement (MSD) is performed on each windowed section of a given 

dynein’s trajectory. The MSD calculates the average distance travelled over various 

time lags, so that the average displacement every nth time step (where n is a whole 

number), and so on can be determined. MSD takes the form,  

𝑀𝑆𝐷(𝜏) =  
1

𝑁 − 𝜏
∑(𝑥𝑖+𝜏 − 𝑥𝑖)

2 +  (𝑦𝑖+𝜏 − 𝑦𝑖)
2

𝑁−𝜏

𝑖=1

 

 

where N is the total number of points in the trajectory, 𝛕 is the time lag, (𝑥𝑖 , 𝑦𝑖) is the 

position at time i, and (𝑥𝑖+𝜏, 𝑦𝑖+𝜏) is the position i+𝛕 units of time away.  
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Windowing  

A sliding window approach was used to calculate the MSD and diffusion coefficient 

throughout a given dynein’s trajectory. A window size of 6, corresponding to 

approximately 0.162 seconds, was used in this study. The length of each trajectory was 

extended by 10 points, where five copies of the initial position were concatenated to the 

beginning of the trajectory, and five copies of the final position were concatenated to the 

end of the trajectory.  

wMSD analysis 

 The motor protein dynein consumes energy through ATP hydrolysis and thus is able to 

move itself, as well as interact with the microtubule cytoskeleton and cell cortex. We 

reason that a sufficiently long trajectory includes dynein engaging in a number of these 

activities. Because of this we consider trajectories to consist of two general parts, an 

active part that reflects cortical interactions and motoring, and a passive component 

corresponding to dynein dwelling. The active and passive components of a trajectory 

manifest in displacement length, that the displacements between positions reflects 

dynein’s activity at the cortex. Axonemal dynein motors along a microtubule at a rate of 

14 microns/second in vitro, which would result in displacements of 378nm for a 

sampling rate of 0.027 seconds. In contrast, to engage in force generation dynein is 

bound to the cortex and a microtubule, essentially confined to a single location during 

this process. These trajectories are most similar to Lévy flights, we expect that a 

trajectory will consist of both small and large displacements. Because the displacement 

measured from the step size of dynein motoring along a microtubule is so much greater 
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than the displacement when dynein is engaged in force generation, we use a power law 

distribution to model the dynein trajectories’ MSD using a Lévy flight. For the mean 

square displacement, the Lévy flight takes the form  

𝑀𝑆𝐷(𝜏) = 𝛽𝜏𝛼 
 

𝛽 is a generalized diffusion constant, and 𝛼 quantifies the super-diffusion. The term 

super-diffusion is used since long steps are more likely than the probability given by a 

Brownian model. We interpret 𝛽 as being descriptive of the characteristics of the media 

dynein is moving through, and 𝛼 as characterizing the step length of dynein. 𝛼 is related 

to the probability of a step length 𝑃(𝑧) =  
1

𝑍𝛾+1 where z is the step length and, for 

instance, 𝛼 = 3 − 𝛾 when 1 ≤ 𝛾 < 2 (Barthelemy et al., 2008).  

By analyzing the trajectories using the wMSD and power law model we expect to be 

able to pick out points in the trajectory where dynein is undergoing cortical force 

generation. When dynein is tethered to the cortex, we expect to see slight 

displacements about a fixed point in (�̂�, �̂�) due to the length of the ‘tether’ and transient 

invaginations in the cell membrane. This would result in the dynein molecule’s 

fluorescent tag passing through the same location repeatedly in a manner similar to the 

motion of a spring. Since dynein is tethered to the cortex and passing through the same 

location, we expect to see subdiffusion, indicated by a negative 𝛼 value. Subdiffusion 

has been shown to result from errors in the location of 30-nm gold colloids fixed onto a 

substrate, an experimental system similar to dynein tethered to the cortex, where errors 

in position were on the order of hundreds of nanometers (Martin et al., 2002). Dynein 

cortical force generation requires the molecule to be tethered to the cortex, and can be 
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identified within a trajectory using the wMSD and looking for 𝛼 < 0. To measure 𝛼 we 

take the natural log of the power law to get, 𝑙𝑜𝑔 (𝑀𝑆𝐷(𝜏))  = 𝑙𝑜𝑔 (𝛽)  + 𝛼𝑙𝑜𝑔 (𝜏)  and 

calculate 𝛼 using a least square fit of a polynomial degree 1.   

The use of windowing results in a spectrum of 𝛼 values describing overlapping sections 

of the trajectory. For a trajectory of length N, there are N+ 10 points added for a window 

size of 6 (N + 2(window length – 1)), resulting in an 𝛼 spectrum containing N+5 values 

(N + (window length-1)). To determine the amount of time a dynein exhibits subdiffusive 

behavior (𝛼 < 0) find the difference in the index 𝑖 position in the 𝛼 spectrum of each 𝛼 <

0 in order and compute,  

𝑡𝛼𝑖<0 =  {
𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 ∗ 𝛥𝑖                                                           𝑓𝑜𝑟 𝛥𝑖 ≤ 𝑤𝑖𝑛𝑑𝑜𝑤 𝑙𝑒𝑛𝑔𝑡ℎ

 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 ∗ (𝑤𝑖𝑛𝑑𝑜𝑤 𝑙𝑒𝑛𝑔𝑡ℎ − 1)                       𝑓𝑜𝑟 𝛥𝑖 > 𝑤𝑖𝑛𝑑𝑜𝑤 𝑙𝑒𝑛𝑔𝑡ℎ
 

for each, where Δ𝑖 is the difference in index position within the spectra between 

successive negative values. Then sum for all 𝑡𝛼𝑖<0, so that the total time spent 

subdiffusive for a given dynein trajectory is 𝑡𝛼<0
𝑡𝑜𝑡𝑎𝑙 =  𝛴𝑖𝑡𝛼𝑖<0. To calculate the total time 

every dynein spends subdiffusive in a side of the cell 𝑇𝛼<0
𝑡𝑜𝑡𝑎𝑙, calculate  

 𝑇𝛼<0
𝑡𝑜𝑡𝑎𝑙 = 𝛴𝑛𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑖𝑒𝑠

 𝑡𝛼<0

𝑡𝑜𝑡𝑎𝑙,𝑛𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑖𝑒𝑠
.  

Where 𝑛𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑖𝑒𝑠 is the number of dynein trajectories collected in a single movie of 

either anterior or posterior ends of the cell. To characterize a given depletion, take the 

average of  𝑇𝛼<0
𝑡𝑜𝑡𝑎𝑙 for each replicate in that group to get 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 =

⟨ 𝑇𝛼<0
𝑡𝑜𝑡𝑎𝑙⟩.  
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Bootstrapping and Two-Sample Kolmogorov-Smirnov   

To determine the likelihood of measuring the average time spent negative (ATSN) by 

chance, we performed a bootstrapping analysis. Each trajectory from every replicate 

had its position coordinates shuffled 20 times using a random number generator in 

MatLab. These shuffled trajectories were then analyzed using the same method as the 

experimental data presented in this paper, such that there are 20 replicates per movie. 

The average value of each replicate for every movie was then taken and the distribution 

analyzed using a box plot to compare it with the data measured.   

The distributions were compared using a two sample Kolmogorov-Smirnov test to 

determine if the bootstrapped values and the experimental values come from the same 

distribution. The null hypothesis for the two-sample Kolmogorov-Smirnov test is that the 

two sets of data have the same distribution.  It then returns either a “0” if it was unable 

to reject the null hypothesis or a “1” if the test rejects the null hypothesis at the 5% 

significance level.  

Numerical Programming  

All numerical programming was performed using Matlab version R2018b.  

 

Bibliography  

1.    Argyrakis, P., Chumak, A. A., Maragakis, M. & Tsakiris, N. Negative diffusion 

coefficient in a two-dimensional lattice-gas system with attractive nearest-

neighbor interactions. Phys. Rev. B 80, 104203 (2009). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography?atCursor=false
https://sciwheel.com/work/bibliography/8915767
https://sciwheel.com/work/bibliography/8915767
https://sciwheel.com/work/bibliography/8915767
https://sciwheel.com/work/bibliography/8915767
https://sciwheel.com/work/bibliography/8915767
https://sciwheel.com/work/bibliography/8915767
https://sciwheel.com/work/bibliography/8915767
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


30 

2.    Axelrod, D. Cell-substrate contacts illuminated by total internal reflection 

fluorescence. J. Cell Biol. 89, 141–145 (1981). 

3.    Barthelemy, P., Bertolotti, J. & Wiersma, D. S. A Lévy flight for light. Nature 453, 

495–498 (2008). 

4.    Bondaz, A., Cirillo, L., Meraldi, P. & Gotta, M. Cell polarity-dependent 

centrosome separation in the C. elegans embryo. J. Cell Biol. 218, 4112–4126 

(2019). 

5.    Boudreau, V., Chen, R., Edwards, A., Sulaimain, M. & Maddox, P. S. PP2A-

B55/SUR-6 collaborates with the nuclear lamina for centrosome separation 

during mitotic entry. Mol. Biol. Cell 30, 876–886 (2019). 

6.    Cockell, M. M., Baumer, K. & Gönczy, P. lis-1 is required for dynein-dependent 

cell division processes in C. elegans embryos. J. Cell Sci. 117, 4571–4582 

(2004). 

7.    Crisp, M. et al. Coupling of the nucleus and cytoplasm: role of the LINC complex. 

J. Cell Biol. 172, 41–53 (2006). 

8.    De Simone, A. & Gönczy, P. Computer simulations reveal mechanisms that 

organize nuclear dynein forces to separate centrosomes. Mol. Biol. Cell 28, 

3165–3170 (2017). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/490476
https://sciwheel.com/work/bibliography/490476
https://sciwheel.com/work/bibliography/490476
https://sciwheel.com/work/bibliography/490476
https://sciwheel.com/work/bibliography/490476
https://sciwheel.com/work/bibliography/490476
https://sciwheel.com/work/bibliography/11845992
https://sciwheel.com/work/bibliography/11845992
https://sciwheel.com/work/bibliography/11845992
https://sciwheel.com/work/bibliography/11845992
https://sciwheel.com/work/bibliography/11845992
https://sciwheel.com/work/bibliography/11845992
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/7665876
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/8233980
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/11844280
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/67207
https://sciwheel.com/work/bibliography/3943589
https://sciwheel.com/work/bibliography/3943589
https://sciwheel.com/work/bibliography/3943589
https://sciwheel.com/work/bibliography/3943589
https://sciwheel.com/work/bibliography/3943589
https://sciwheel.com/work/bibliography/3943589
https://sciwheel.com/work/bibliography/3943589
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


31 

9.    De Simone, A., Nédélec, F. & Gönczy, P. Dynein transmits polarized actomyosin 

cortical flows to promote centrosome separation. Cell Rep. 14, 2250–2262 

(2016). 

10.   De Simone, A., Spahr, A., Busso, C. & Gönczy, P. Uncovering the balance of 

forces driving microtubule aster migration in C. elegans zygotes. Nat. Commun. 

9, 938 (2018). 

11.   DeSantis, M. E. et al. Lis1 has two opposing modes of regulating cytoplasmic 

dynein. Cell 170, 1197-1208.e12 (2017). 

12.   Elting, M. W., Hueschen, C. L., Udy, D. B. & Dumont, S. Force on spindle 

microtubule minus ends moves chromosomes. J. Cell Biol. 206, 245–256 (2014). 

13.   Enos, S. J., Dressler, M., Gomes, B. F., Hyman, A. A. & Woodruff, J. B. 

Phosphatase PP2A and microtubule-mediated pulling forces disassemble 

centrosomes during mitotic exit. Biol. Open 7, (2018). 

14.   Fielmich, L.-E. et al. Optogenetic dissection of mitotic spindle positioning in vivo. 

eLife 7, (2018). 

15.   Gennerich, A., Carter, A. P., Reck-Peterson, S. L. & Vale, R. D. Force-induced 

bidirectional stepping of cytoplasmic dynein. Cell 131, 952–965 (2007). 

16.   Grill, S. W. & Hyman, A. A. Spindle positioning by cortical pulling forces. Dev. 

Cell 8, 461–465 (2005). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/1262412
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/4935865
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/5055908
https://sciwheel.com/work/bibliography/749499
https://sciwheel.com/work/bibliography/749499
https://sciwheel.com/work/bibliography/749499
https://sciwheel.com/work/bibliography/749499
https://sciwheel.com/work/bibliography/749499
https://sciwheel.com/work/bibliography/749499
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/4604916
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/5663756
https://sciwheel.com/work/bibliography/922432
https://sciwheel.com/work/bibliography/922432
https://sciwheel.com/work/bibliography/922432
https://sciwheel.com/work/bibliography/922432
https://sciwheel.com/work/bibliography/922432
https://sciwheel.com/work/bibliography/922432
https://sciwheel.com/work/bibliography/1226618
https://sciwheel.com/work/bibliography/1226618
https://sciwheel.com/work/bibliography/1226618
https://sciwheel.com/work/bibliography/1226618
https://sciwheel.com/work/bibliography/1226618
https://sciwheel.com/work/bibliography/1226618
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


32 

17.   Grill, S. W., Howard, J., Schäffer, E., Stelzer, E. H. K. & Hyman, A. A. The 

distribution of active force generators controls mitotic spindle position. Science 

301, 518–521 (2003). 

18.   Gusnowski, E. M. & Srayko, M. Visualization of dynein-dependent microtubule 

gliding at the cell cortex: implications for spindle positioning. J. Cell Biol. 194, 

377–386 (2011). 

19.   Honda, Y., Tsuchiya, K., Sumiyoshi, E., Haruta, N. & Sugimoto, A. Tubulin 

isotype substitution revealed that isotype combination modulates microtubule 

dynamics in C. elegans embryos. J. Cell Sci. 130, 1652–1661 (2017). 

20.   Howell, B. J. et al. Cytoplasmic dynein/dynactin drives kinetochore protein 

transport to the spindle poles and has a role in mitotic spindle checkpoint 

inactivation. J. Cell Biol. 155, 1159–1172 (2001). 

21.   Huang, J., Roberts, A. J., Leschziner, A. E. & Reck-Peterson, S. L. Lis1 acts as 

a “clutch” between the ATPase and microtubule-binding domains of the dynein 

motor. Cell 150, 975–986 (2012). 

22.   Inoue, S., Yoder, O. C., Turgeon, B. G. & Aist, J. R. A cytoplasmic dynein 

required for mitotic aster formation in vivo. J. Cell Sci. 111 ( Pt 17), 2607–2614 

(1998). 

23.   Khorshidi, M. A. et al. Analysis of transient migration behavior of natural killer 

cells imaged in situ and in vitro. Integr Biol (Camb) 3, 770–778 (2011). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/1552554
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/9532092
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/3314819
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/1798217
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/438500
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/4018327
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://sciwheel.com/work/bibliography/11844241
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


33 

24.   Kotak, S., Busso, C. & Gönczy, P. NuMA phosphorylation by CDK1 couples 

mitotic progression with cortical dynein function. EMBO J. 32, 2517–2529 (2013). 

25.   Laan, L. et al. Cortical dynein controls microtubule dynamics to generate pulling 

forces that position microtubule asters. Cell 148, 502–514 (2012). 

26.   Labbé, J.-C., McCarthy, E. K. & Goldstein, B. The forces that position a mitotic 

spindle asymmetrically are tethered until after the time of spindle assembly. J. 

Cell Biol. 167, 245–256 (2004). 

27.   Lu, C. & Mains, P. E. Mutations of a redundant alpha-tubulin gene affect 

Caenorhabditis elegans early embryonic cleavage via MEI-1/katanin-dependent 

and -independent pathways. Genetics 170, 115–126 (2005). 

28.   Malone, C. J. et al. The C. elegans hook protein, ZYG-12, mediates the essential 

attachment between the centrosome and nucleus. Cell 115, 825–836 (2003). 

29.   Markus, S. M. & Lee, W.-L. Microtubule-dependent path to the cell cortex for 

cytoplasmic dynein in mitotic spindle orientation. Bioarchitecture 1, 209–215 

(2011). 

 

30.   Martin, D. S., Forstner, M. B. & Käs, J. A. Apparent subdiffusion inherent to 

single particle tracking. Biophys. J. 83, 2109–2117 (2002). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/2793867
https://sciwheel.com/work/bibliography/2793867
https://sciwheel.com/work/bibliography/2793867
https://sciwheel.com/work/bibliography/2793867
https://sciwheel.com/work/bibliography/2793867
https://sciwheel.com/work/bibliography/2793867
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/922426
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/482299
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/11845949
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/841834
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/11873890
https://sciwheel.com/work/bibliography/464521
https://sciwheel.com/work/bibliography/464521
https://sciwheel.com/work/bibliography/464521
https://sciwheel.com/work/bibliography/464521
https://sciwheel.com/work/bibliography/464521
https://sciwheel.com/work/bibliography/464521
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


34 

31.   McKenney, R. J., Huynh, W., Tanenbaum, M. E., Bhabha, G. & Vale, R. D. 

Activation of cytoplasmic dynein motility by dynactin-cargo adapter complexes. 

Science 345, 337–341 (2014). 

32.   Merdes, A., Ramyar, K., Vechio, J. D. & Cleveland, D. W. A complex of NuMA 

and cytoplasmic dynein is essential for mitotic spindle assembly. Cell 87, 447–

458 (1996). 

33.   Metzler, R., Jeon, J.-H., Cherstvy, A. G. & Barkai, E. Anomalous diffusion 

models and their properties: non-stationarity, non-ergodicity, and ageing at the 

centenary of single particle tracking. Phys. Chem. Chem. Phys. 16, 24128–24164 

(2014). 

34.   Okumura, M., Natsume, T., Kanemaki, M. T. & Kiyomitsu, T. Dynein-Dynactin-

NuMA clusters generate cortical spindle-pulling forces as a multi-arm ensemble. 

eLife 7, (2018). 

35.   O’Rourke, S. M., Dorfman, M. D., Carter, J. C. & Bowerman, B. Dynein modifiers 

in C. elegans: light chains suppress conditional heavy chain mutants. PLoS 

Genet. 3, e128 (2007). 

36.  Park, D. H. & Rose, L. S. Dynamic localization of LIN-5 and GPR-1/2 to cortical 

force generation domains during spindle positioning. Dev. Biol. 315, 42–54 

(2008). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/253805
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/2790493
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/3000743
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5392109
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/5799917
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://sciwheel.com/work/bibliography/1714587
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


35 

37.   Portegijs, V. et al. Multisite Phosphorylation of NuMA-Related LIN-5 Controls 

Mitotic Spindle Positioning in C. elegans. PLoS Genet. 12, e1006291 (2016). 

38.   Reck-Peterson, S. L. et al. Single-molecule analysis of dynein processivity and 

stepping behavior. Cell 126, 335–348 (2006). 

39.   Reck-Peterson, S. L., Redwine, W. B., Vale, R. D. & Carter, A. P. The 

cytoplasmic dynein transport machinery and its many cargoes. Nat. Rev. Mol. 

Cell Biol. 19, 382–398 (2018). 

40.   Redemann, S. et al. Membrane invaginations reveal cortical sites that pull on 

mitotic spindles in one-cell C. elegans embryos. PLoS ONE 5, e12301 (2010). 

41.   Roberts, A. J., Kon, T., Knight, P. J., Sutoh, K. & Burgess, S. A. Functions and 

mechanics of dynein motor proteins. Nat. Rev. Mol. Cell Biol. 14, 713–726 

(2013). 

42.   Rodriguez-Garcia, R. et al. The polarity-induced force imbalance in 

Caenorhabditis elegans embryos is caused by asymmetric binding rates of 

dynein to the cortex. Mol. Biol. Cell 29, 3093–3104 (2018). 

43.   Rose, L. & Gönczy, P. Polarity establishment, asymmetric division and 

segregation of fate determinants in early C. elegans embryos. WormBook 1–43 

(2014) doi:10.1895/wormbook.1.30.2. 

44.   Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. 

Nat. Methods 9, 676–682 (2012). 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/2258696
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/438785
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/5118774
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/1574568
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/253879
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/11844232
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/4691555
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://sciwheel.com/work/bibliography/24178
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


36 

45.    Schmidt, R. et al. Two populations of cytoplasmic dynein contribute to spindle 

positioning in C. elegans embryos. J. Cell Biol. 216, 2777–2793 (2017). 

46.   Tanenbaum, M. E., Vale, R. D. & McKenney, R. J. Cytoplasmic dynein 

crosslinks and slides anti-parallel microtubules using its two motor domains. eLife 

2, e00943 (2013). 

47.   Tinevez, J.-Y. et al. TrackMate: An open and extensible platform for single-

particle tracking. Methods 115, 80–90 (2017).  

 

Acknowledgements 

We greatly thank Jennifer Heppert (Goldstein lab, UNC–Chapel Hill) for reagents, Tony 

Perdue (Microscopy Core, Biology Department, UNC–Chapel Hill) for support. We also 

thank members of the Amy Maddox lab (UNC—Chapel Hill) and Paul Maddox lab 

(UNC—Chapel Hill), as well as Sebastian Fürthauer (Flatiron Institute, Center for 

Computational Biology) for critical reading and discussion of the manuscript. This study 

was supported by the National Science Foundation CAREER Award 1652512 to P.S.M. 

J.B.L. was supported in part by a grant from NIGMS under award T32 GM119999, as 

well as NIH R01-102390 and NSF 1616661.  

Author contributions: A.E. and V.B designed and carried out experiments in C. elegans 

embryos and performed image and data analysis. J.B.L. wrote MatLab based code 

used for data calculations, statistics, and computational modeling, and contributed to 

data analysis. A.E, J.B.L. and P.S.M. wrote the article. 

 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/3982216
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/881729
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://sciwheel.com/work/bibliography/4076846
https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


37 

 

 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


38 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


39 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


40 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


41 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


42 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/


43 

 

 

 

.CC-BY-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465443doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465443
http://creativecommons.org/licenses/by-nd/4.0/

