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Abstract 

Regulation of Dynein Motility and Force Generation by Lissencephaly-1 

By 

Emre Kusakci 

Doctor of Philosophy in Biophysics 

University of California, Berkeley 

Professor Ahmet Yildiz, Chair 

 

Molecular motors hydrolyze ATP to produce mechanical work by stepping along the cytoskeleton 

network and carrying cargos. Dynein has many cellular roles which require its minus end-directed 

motility and force generation along the microtubules (MTs). All dynein activity needs to be tightly 

regulated by its many associated factors. Lis1 is the only associated factor that directly binds to 

dynein’s ATP hydrolyzing AAA ring, and it is involved in most, if not all, cellular processes that 

require dynein activity. In my thesis work, working with both mammalian and yeast proteins, I 

showed how dynein motility and force generation is regulated by Lis1 and its yeast homolog Pac1 

(both Lis1 from here on).  

Mammalian dynein is mostly autoinhibited, that is, it cannot take many steps before detaching 

from the microtubules, a property that is essential for dynein-mediated cargo transportation. For 

processive motility, dynein needs to be relieved from this autoinhibition and needs to bind to 

dynactin and a cargo adapter. Using protein engineering, single molecule motility, optical trapping, 

and biophysical characterization assays, we have shown that Lis1 relieves dynein from 

autoinhibition, thus allowing the formation of dynein dynactin cargo adapter complex (DDX). 

Through the same mechanism, Lis1 increases the copy number of dynein in DDX complexes 

which enables faster motility and higher force generation. However, even after the formation of 

these complexes Lis1 can remain bound to dynein. In that case, we see an inhibitory effect of Lis1.  

In my thesis, I have shown the mechanism by which Lis1 binding affects dynein motility I switched 

my research to S. cerevisiae cytoplasmic dynein which has inherently processive motility without 

needing any cofactors, unlike mammalian dynein. I showed that Lis1 binding to the motor domain 

slows down dynein motility thus confirming previous studies done on yeast dynein and Lis1. 

Through multicolor TIRF colocalization assays, I have demonstrated that binding of individual 

Lis1 molecules causes dynein to pause or stop, and its unbinding restores dynein velocity. I have 

made three discoveries: 

1. Lis1 binding to dynein has been proposed to inhibit or slow dynein motility by tethering 

dynein to the microtubule. I ruled out this model by showing that Lis1 only weakly interacts 

with the microtubule lattice, and this interaction does not slow dynein motility.  

2. Lis1 binding has been proposed to block the force-generating conformational changes of 

the dynein linker domain. Using optical trapping, we ruled out this model by showing 

that Lis1 does not reduce the dynein stall force. 

3. I observed that Lis1 binding decreases the asymmetry in detachment kinetics of force-

induced detachment of dynein from the microtubule. Mutations that disrupt Lis1’s 
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interactions with dynein’s stalk (an anti-parallel coiled-coil that leads to dynein’s 

microtubule-binding domain) partially restore the asymmetry. Because dynein’s stalk 

“slides” or changes its coiled-coil registry in a nucleotide-dependent manner, my data 

suggest that Lis1’s interaction with the dynein stalk interferes with the stalk sliding 

mechanism. I propose that this is what leads to slowing the detachment of dynein from the 

microtubule under force. 

These results are compatible with studies of Lis1 in live cells and provide a mechanistic 

explanation for why Lis1 needs to dissociate from dynein for efficient minus-end-directed motility. 

They also suggest an additional regulatory role for Lis1, such as anchoring dynein to the 

microtubule in order to facilitate the proper assembly of dynein with dynactin. I believe that the 

studies presented in this thesis will be broadly interesting to biophysicists studying the mechanics 

of motor proteins in vitro, cell biologists interested in the mechanism and regulation of intracellular 

transport, and neurobiologists who study the molecular basis of neurodevelopmental disorders.  
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Chapter 1: Structure and Mechanics of Dynein 

Introduction 

Dynein is the primary molecular motor responsible for a myriad of cellular functions that require 

motility and force generation towards the minus end of MTs in eukaryotic cells1,2. These 

functions include but are not limited to retrograde cargo transportation, separating the sister 

chromatids during cellular division, and flagellar beating3-5. There is a single isoform of dynein 

(cytoplasmic dynein) that localizes in the cytoplasm and drives almost all of the minus-end-

directed functions along the microtubules6, whereas other dynein isoforms localize to cilia7,8. 

Defects in cytoplasmic dynein-mediated transport have been implicated in many 

neurodegenerative9,10 and neurodevelopmental11 diseases. In my thesis, I have studied the 

regulation of mammalian and yeast cytoplasmic dynein (dynein hereafter) by a dynein-associated 

factor, Lis1. This chapter will primarily summarize the structure and regulation of dynein which 

was also explained in more detail in our annual review12.  

Cytoplasmic Dynein 

Dynein-1 is a huge protein complex with 1.4 MDa molecular weight and it is composed of 6 

polypeptides. Dynein heavy chain is the largest chain with a molecular weight of 530 kDa and it 

is composed of an AAA+ ring and N-terminal tail domain13,14. Dynein motor domain self 

assembles into a AAA+ ring with nonidentical six subdomains named as AAA1 – AAA6. Each 

of these subdomains requires Walker A and Walker B motifs to be able to bind and hydrolyze 

ATP, respectively14,15. Not all subdomains bind or hydrolyze ATP. AAA1-AAA4 can bind ATP, 

however, AAA5 and AAA6 do not have a nucleotide-binding pocket. Therefore, AAA5 and 

AAA6 are catalytically not active. The main ATPase site is AAA1, mutations that disrupt ATP 

hydrolysis at this site fully abolish dynein motility16,17. Although AAA2 binds ATP, it cannot 

hydrolyze ATP because it lacks the catalytic glutamate in the Walker B motif14,15,18. AAA3 and 

AAA4 can bind and hydrolyze ATP although the hydrolysis rate is much slower than AAA116,19. 

ATP binding to AAA2 and its hydrolysis at AAA3-4 is necessary for transducing the AAA 

ring’s rigid body motion and regulating dynein motility. I will explain the mechanism in detail in 

the dynein mechanochemical cycle part. 

Dynein has an MT binding domain (MTBD) at the end of a 

15-nm coiled stalk, which protrudes between AAA4 and 

AAA520. ATP hydrolysis in AAA1 causes sliding in this 

coiled-coil stalk leading to a change in MTBD’s affinity for 

MTs21,22. A short coiled-coil named buttress extends from 

AAA5 to transduce the conformational changes in the ring to 

the stalk14,15. The dynein motor domain is structurally 

homologous across different species. 

The N-terminus of the dynein AAA+ ring is connected to the 

dynein tail via an α-helical bundle referred to as the linker. The 

linker is the flexible element that undergoes nucleotide-

Figure 1.1: Cytoplasmic Dynein. 

Dynein heavy chain is composed of 

AAA+ ring, coiled coil stalk, 

MTBD, linker and tail domains. 

Two copies of LC, LIC, and IC 

bind along dynein tail. 
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dependent conformational changes leading to net movement and force generation by dynein23,24. 

Therefore, it is the element that dynein generates mechanical work. Dynein heavy chains 

dimerize through the N-terminal tail domain. The tail is the part to which the two copies of each 

dynein-associated light (LC), light-intermediate (LIC), and intermediate chains (IC) bind25 (Fig. 

1.1).  

Assembly of Mammalian Dynein-Dynactin-Cargo Adaptor Complexes 

One feature of motors that allows them to carry cargoes and do mechanical work is their ability 

to take multiple steps before detaching, referred to as processivity. Through many studies, it is 

known that dynein purified from Saccharomyces cerevisiae can walk processively without 

needing any other cofactors26. However, mammalian dynein adopts an autoinhibited 

conformation which is known as the φ-particle27. AAA rings of “φ-particle” have mirror 

symmetry, and the pairwise interactions between the tails, AAA rings, and the stalks of the two 

monomers do not allow them to simultaneously bind MTs and walk processively28-30. Abolishing 

these pairwise interactions through mutations allows dynein to adopt an “open conformation” 

where parallel symmetry is restored and the phi-particle is relieved.  

Mammalian dynein in open-conformation still cannot walk processively because it needs to form 

a complex with two more critical components: dynactin and cargo-specific cargo adaptors (DDX 

complex hereafter). Dynein in open conformation has a higher affinity for dynactin and cargo 

adaptors than φ-particle. Dynactin is a ~1 MDa protein complex that contains a short Arp1 

filament and it is essential for all dynein-mediated cargo transportation in the cytoplasm31-33. The 

cargo adaptors such as BicD2, BicDR, and Hook3 are generally long coiled coils that 

interconnect dynactin to dynein, and they bind to the cargoes by their N-terminal region34-36. 

Some of the cargo adaptors such as BicDR1 recruit predominantly two dynein dimers whereas 

some other cargo adaptors such as BicD2N predominantly recruit one dynein dimer37,38. This 

leads to some DDX complexes having two dynein dimers instead of one dynein dimer. DDX 

complexes with two dynein dimers have higher velocity and force generation38,39(Fig. 1.2). 

What relieves dynein from autoinhibition and is there a way to increase the dynein copy number 

in DDX complexes? Part of my thesis studies has shown that Lissencephaly-1 (Lis1 hereafter) is 

the critical component that favors the open over the phi conformation and facilitates the 

formation of DDX complexes. Moreover, a larger ratio of DDX complexes will have two dynein 

dimers in the complexes since there are more dyneins available in the open state. This will result 

in higher velocity and force generation DDX complexes. This will be explained in detail in 

Chapter 3. 
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Figure 1.2: The assembly and activation of the dynein-1 transport machinery. (a) The φ-particle conformation of the dynein-

1 complex (PDB accession code 5NVU) 25. Dynein-1 is inhibited by the self-dimerization of the motor domains at multiple 

contact sites. (b) The structure of the dynactin complex (PDB accession code 5ADX)25. (c) Dynein-1 forms a ternary complex 

with dynactin and a coiled-coil cargo adaptor. The dynein-1 tail binds to the Arp1 filament of dynactin. Due to the translational 

symmetry of the Arp1 filament, the dynein-1 HCs form a parallel orientation and walk processively along MTs. Dynactin recruits 

a second dynein-1 motor, which results in a faster and stronger motor complex. Insets represent a 180°-rotated view of ternary 

interactions among the dynein-1 tail, dynactin, and the N-terminal fragment of the BicD2 adaptor (PDB accession code 5AFU)31. 

Abbreviations: HC, heavy chain; IC, intermediate chain; LC, light chain; LIC, light-intermediate chain; MT, microtubule; PDB, 

Protein Data Bank (The Figure is from Reference12). 
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Mechanochemical Cycle of Dynein 

Dynein undergoes a series of conformational changes which allows it to successively bind and 

unbind from the tubulin allowing it to move towards the minus end of MT while carrying its 

many cargoes. To do this mechanical work, dynein harvests the energy stored in ATP by 

hydrolyzing it in the AAA ring during the mechanochemical cycle. The mechanochemical cycle 

of a dynein monomer is mainly dictated by the nucleotide state of AAA1 (apo, ATP, ADP-Pi, 

ADP)13-15,40,41. During this cycle the linker alters between “straight” and “bent” conformation 

and the coiled-coil stalk changes its registry between strongly bound “α” and weakly bound “β” 

states (Fig. 1.3). 

When there is no nucleotide in AAA1 (ie. AAA1 is in the apo state), the linker has a “straight” 

conformation and it is docked on AAA514,15. In this state, the coiled-coil stalk is in the α registry 

during which dynein is tightly bound to MT. Upon ATP binding or ATP hydrolysis (ADP+Pi) 

state, the AAA ring undergoes a rigid body movement40,42. The rotation in AAA5 and AAA6 

pulls the returning coil of the stalk, causing it to slide with respect to the other coil. This leads 

the coiled-coil stalk registry to shift to the β state which relieves dynein from MT binding22,43. 

The linker undocks from AAA5 and moves to the bent (pre-power stroke) conformation42. This 

process creates a net bias in dynein’s movement towards the minus end of MTs42,44.  

After a brief diffusional search, MTBD rebinds the MT in the post hydrolysis (ADP.Pi) state. 

This triggers the series of conformational changes in reverse order this time. The stalk slides 

back to the strongly bound α registry and this rotates AAA5 and AAA6 back to their original 

position14,45. The inorganic phosphate is released from AAA1, leaving AAA1 in ADP state46. 

The linker restores its straight conformation, pulling its cargoes towards the minus end in the 

meantime47. This process is known as the Powerstroke mechanism. The docking of the linker on 

AAA5 will be followed by ADP release from AAA1. Now, dynein is back to its initial apo state 

and ready for the next cycle.  

During this cycle, AAA4 and AAA2 remain in the ATP state48 and AAA3 remains in the ADP 

state. It is thought that the presence of nucleotides in these sites completes the mechanical 

circuitry so that the conformational changes in the AAA ring can be relayed down to the rest of 

the motor. The ATP hydrolyzing mutation in AAA4 has very little effect on dynein motility 

whereas the ATP binding mutation fully inhibits the motor48. The nucleotide-binding or 

hydrolyzing mutations in AAA3 severely inhibit dynein motility although dynein is still able to 

walk approximately 20 times slower16,19. Dynein can hydrolyze ATP in AAA1, bind and unbind 

from MTs and take successive steps when there is ADP in AAA3. The function of ADP release 

from this site remains unanswered. Lis1 is known to interact with dynein rings and stalk. Lis1’s 

interaction site on the ring is close to the catalytic site of AAA349. Whether Lis1 blocks the 

nucleotide exchange to allow AAA1 to have a more hydrolysis cycle (therefore take more steps) 

until ADP is released from AAA3 is also not known.  
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Figure 1.3: The mechanochemical cycle of the dynein-1 motor domain. (State 0) Schematic representation of the dynein-1 

motor domain. The AAA ring (subunits are numbered 1–6) is attached to the MTBD through a coiled-coil stalk. The linker 

resides at the surface of the ring and connects to the tail (not shown). The prerequisite of the mechanochemical cycle is ATP 

binding and hydrolysis at the AAA3 site. AAA3 remains in a posthydrolysis (i.e., ADP-bound) state to enable the nucleotide state 

of AAA1 to control the linker conformation and stalk registry. (State 1) In the apo state of AAA1, dynein-1 is bound to the MT, 

the coiled-coil stalk is in the α registry, and the linker is in the straight conformation. (State 2) Upon ATP binding at AAA1, 

AAA5–6 undergo rigid body motion (dashed arrow), which triggers the buttress to slide stalk coiled-coils relative to each other 

(solid arrow). (State 3) The stalk shifts to the β registry, and the motor releases from the MT. The linker is allowed to move 

freely across the surface of the ring. (State 4) Upon ATP hydrolysis, the linker converts to the bent conformation, and this 

priming stroke moves the MTBD toward the minus end. (State 5) The MTBD undergoes a diffusional search and rebinds to the 

MT lattice. MT binding triggers shifting of the stalk coiled-coils (solid arrow) and rigid body motion in the AAA ring (dashed 

arrows). (State 6) The stalk adopts the α registry. The inorganic phosphate is released from AAA1. The linker moves the straight 

conformation through the force-generating powerstroke. Following ADP release, the motor returns to the initial apo state (State 

1). Abbreviations: MT, microtubule; MTBD, MT-binding domain The Figure is from Reference12. 

Dynein’s Stepping and Minus End Directionality 

One ATP hydrolysis in a dynein monomer results in its detaching and reattaching to the MT on a 

different (or same) tubulin binding site. There is no tight coordination between ATP hydrolysis 
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cycles of dynein monomers in the dimer. This results in dynein monomers taking uncoordinated 

steps with varying step sizes50,51. Dynein can also switch protofilaments by taking side steps26. 

This gives dynein the ability to navigate through the physical obstacles on its track52,53. Since 

dynein monomers are dimerized, there is intramolecular tension between the monomers through 

the dimerization domain as dynein walks54,55. Because of this tension, two monomers cannot 

separate much and this provides partial coordination between the monomers resulting in the 

overall movement towards the minus-end without overextending the dimer50,55. 

Dynein stepping behavior is markedly different from plus-end directed kinesin motors. Kinesin-1 

(kinesin from here on) walks on a single protofilament, it does not take side steps and therefore 

cannot change protofilaments. Kinesin takes tightly coordinated steps with an 8.2 nm step size. 

This is identical to the distance between adjacent tubulin-binding sites56,57. Kinesin steps always 

initiate from the monomer in the rear position, which results in kinesin stepping in a “hand-over-

hand” fashion. Dynein’s stepping characteristics are more complex than kinesin, which makes 

understanding dynein’s regulation more challenging. 

The minus-end directionality of dynein stepping is determined by two factors: the linker swing 

vector and the stalk angle. During the priming stroke of the linker, the AAA+ ring needs to move 

towards the minus-end to preserve the location of the dynein’s center of mass. The evidence for 

this model is shown by reversing the linker swing towards the plus-end of the microtubules. This 

was achieved by flipping the AAA ring around the vertical axis by elongating the length of the 

stalk by half a turn and reversing the stalk angle relative to the micorubule58,59 (Figure 1.4). The 

engineered dynein mutant processively walked towards the plus-end, strongly supporting the 

linker swing model for dynein directionality. Since residues determining stalk’s length and angle 

are preserved across species60, all dyneins are expected to have minus-end directionality. 

 

Figure 1.4: Stepping, directionality, and force generation of dynein-1. (a) (Top right) The stepping of a QD-labeled DDX 

motor was tracked on surface-immobilized MTs. (Middle) Representative stepping traces (black dots) are fit to a step-finding 

algorithm (horizontal lines). (Bottom) The histogram reveals that dynein-1 takes steps that are highly variable in size and 

direction. Panel adapted from Reference39. (b) (Top) Cryo-EM 2D class averages of WT and engineered yeast dynein-1 

monomers. Arrows point to the N terminus of the linker. (Bottom) In engineered dynein-1, the angle that the stalk makes relative 

to the MT is reflected by shifting the positions of proline residues in both coiled-coils, and the AAA ring is flipped around the 

stalk axis by a seven-heptad insertion to the stalk coiled-coils (highlighted in yellow). These modifications reversed the direction 

of the linker swing and resulted in the plus end–directed motility (blue arrow). Panel adapted from Reference 58. 
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Chapter 2: Single-Molecule Techniques 

TIRF Microscopy 

Total internal reflection fluorescence (TIRF) Microscopy is indispensable when conducting 

single-molecule biophysical studies on molecular motors. Using organic dyes is more 

advantageous because they have higher quantum efficiency and they are more photostable thanks 

to their larger photon budget. Using singlet oxygen scavenging systems such as PCA-PCD and 

gloxy-dextrose prevents photobleaching and extends the lifetime of the fluorescent dyes during 

imaging.  

At the critical incident angle, the excitation light refracts and gets total-internally reflected from 

the glass water interface. Total internal reflection generates an evanescent field, which decays 

exponentially into the water. This wave excites fluorescent molecules only if they are very close 

(0 -200 nm) to the surface and therefore creates minimal background by restricting the excitation 

volume to a thin disk of water. The excited molecules on the surface will emit a redshifted 

photon which can be detected and recorded by a CCD camera. In fluorescent microscopy, the 

resolution is limited by the diffraction of the emission wavelength, which corresponds to 250 nm 

in visible light (
𝜆

2𝑁𝐴
= ~250 𝑛𝑚). This is substantially larger than the size of the cytoskeletal 

motors. However, if there is only one light emitting object in a diffraction limited volume, we 

can localize its position by determining the center of the fluorescent emission, referred to as the 

point-spread function (PSF). The precision of localization can be increased by collecting more 

photons  (𝜎𝜇 =
1

√𝑁
) ,  N being the collected photon count. This technique is particularly critical 

when studying motor stepping characteristics which requires nanometer precision. 

In my research, I have extensively used TIRF microscopy when studying Lis1’s effect on dynein 

motility. I have labeled my proteins mostly with organic dyes or also used fluorescent proteins 

(such as GFP) for imaging. I have polymerized MTs using tubulins purified from pig brains and 

stabilized them with taxol. MTs labeled with biotin were stabilized on streptavidin functionalized 

surfaces. To prevent non-specific binding, I have coated the glass surface with PEG, pluronic 

acid, and casein. For simultaneously imaging multiple components (up to 3 colors) I have used a 

time-shared approach. The z- stacks of the image frames of individual MTs will give the position 

(x-axis) vs time (y-axis) of the individual molecules. With ImageJ/FIJI I have quantified motile 

characteristics of the motors, such as velocity, run lengths, and run times. 

Studying Dynein’s Force Generation Using Optical Trapping 

Dynein generates piconewton (pN) level forces to carry large cargoes in a viscoelastic medium 

or to stably anchor the spindle poles to the cell periphery. It is also exposed to forces by other 

motors carrying the same cargo and by active polymerization of MTs. Some of the dynein-driven 

processes require forces higher than what a single dynein dimer can generate. However, how the 

forces generated by a concerted action of multiple dyneins scale with copy number of dynein 

needs to be studied. Therefore, it is important to understand the force-related characteristics of 

dynein motors.  
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Optical trapping is the most commonly used technique to study dynein’s force-related 

characteristics because it allows tracking single molecules with sub-nanometer and sub-

millisecond spatiotemporal resolution. Commonly a 1064 nm focused IR laser beam is used to 

trap dynein attached to a micrometer-sized polystyrene bead. Because the light carries 

momentum, its refraction while passing through the bead generates a net force, with this force 

you can manipulate the bead and the motor attached to it. It is also possible to combine trapping 

with fluorescence microscopy and do simultaneous fluorescence characterization.  

Measuring Stall Forces 

To measure dynein’s stall force I usually use fixed-beam optical trapping (Fig. 2.1a). 

Fluorescently labeled MTs are immobilized on the surface of the glass slide. Fluorescent labeling 

is necessary to find the location of the MTs. Since their thickness is smaller than the diffraction 

limit, one cannot see them without fluorescently labeling them. To guarantee the data is coming 

from single motors, I decreased the dynein/bead ratio by diluting dyneins. Typically, one should 

see an activity (i.e. MT binding, walking, etc) from less than 30% of the beads to ensure that at 

least 95% of the beads are driven by single dyneins61. The trapped bead is brought to the top of a 

long MT. Since the bead is spherical and it floats in liquid there is nothing to prevent its rotation. 

If one of the motors on the bead binds to the MT, it will start to walk away towards the minus 

end, pulling the bead along with it. At short distances (<~100-150 nm) from the center of the 

trapping beam, the beam acts like a Hookean spring, applying a restoring force on dynein 

towards the center. Dynein reaches a certain distance from the beam center such that it cannot go 

further, because the restoring force is equal to the force that the motor can generate. This force is 

called the stall force (Fig. 2.1b). A single dynein dimer can generate a 3-4 pN stall force on 

average. This is lower than kinesin’s ~6 pN forces. However, dynein’s stalls persists much 

longer than kinesin’s stalls.  

 

Figure 2.1: Measuring dynein stall forces with a fixed trapping assay. a) Graphical representation of optical trapping of the 

mammalian dynein-dynactin-BicD2N (DDB) complex attached to an 800 nm diameter polystyrene beads coated with anti-GFP 

antibodies. The arrow shows dynein’s natural direction of motility towards the minus end of the microtubule. b) Sample 

recording of a stall event. The arrows show the beginning and the end of a stalling event (tstall: stall duration). The arrowhead 

indicates the detachment of the motor from the microtubule, which is immediately followed by the rapid return of the bead to the 

trap center (Figure is modified from62). 
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Measuring Force-Velocity Relationship 

To understand how dynein’s motile characteristics change under load, force feedback 

experiments are used. The main difference in force feedback experiments is that the trapping 

beam leads or trails the bead at a certain position. At constant laser power, this means that we are 

applying a constant force while dynein moves along the MT. Depending on whether the trapping 

beam is leading or trailing the bead, this force will aid or hinder dynein motility (Fig. 2.2a,b). In 

addition to several previous studies, part of my thesis work is to develop an understanding of the 

motile characteristics of dynein under a range of aiding and hindering loads. For this, I created a 

Force-Velocity (FV) curve. Dynein behaves strikingly asymmetric to the applied load (Fig. 

2.2c)63. Its velocity increases exponentially under aiding forces and will slowly decrease under 

hindering forces. Under a hindering force equal to dynein’s stall force, the velocity should be 0 

nm s-1, theoretically. Interestingly, under hindering force exceeding the stall force, the trapping 

force will win against the motor pulling it backward and the motor will walk backward. After a 

certain hindering force, the dynein will release from the MTs much faster, leading to an 

exponential increase in the velocity toward the plus end. 

 

Figure 2.2: Measuring the force-velocity behavior of dynein using a force-feedback controlled trap. a) Dynein walks under 

constant hindering (left) or assisting (right) forces in force-feedback controlled trapping assays.  b) Processive motility of yeast 

cytoplasmic dynein in the backward direction (towards the plus-end of the microtubule) under 5 pN constant hindering load. The 

assay was performed in 1 mM ATP. The black trace shows the position of the bead with respect to time and the blue trace shows 

the trapping beam tracking the bead at a constant distance. c) The force-velocity (F-V) relationship of yeast cytoplasmic dynein 

(mean ± s.e.m) under a set of various assisting (blue) and hindering (yellow) forces and in the presence of 1mM ATP. The solid 
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curve represents a fit to 𝑉(𝐹) = 2𝑑(𝐹)𝑘0
𝐴𝑇𝑃𝑒

−
(𝐹−𝐹𝑠𝑡𝑎𝑙𝑙)𝐴

𝑘𝐵𝑇 𝑠𝑖𝑛ℎ (
−(𝐹−𝐹𝑠𝑡𝑎𝑙𝑙)𝛿

2𝑘𝐵𝑇
) where 𝑉(𝐹) is the velocity under load 𝐹, 𝑑(𝐹) is the 

average step size of dynein at a given force, 𝑘0
𝐴𝑇𝑃  is the microtubule release rate of dynein in the absence of load, kB is the 

Boltzmann constant and T is the absolute temperature  (Figure is modified from 63). 

Measuring Detachment Rate 

We also study the kinetics and the asymmetric behavior of dynein detachment rate under load 

using an optical trap by applying force oscillations to a dynein monomer55. When dynein is 

pulled forward, the coiled-coil stalk will shift to the γ registry, during which dynein is weakly 

bound (Fig. 2.3a-c)64. Similarly, when pulled backward the stalk will be in a strongly-bound α 

registry. Locking the registry of the coiled-coil stalk by cysteine crosslinking will abolish this 

asymmetry. This indicates force induced stalk registry shift is the responsible mechanism 

creating the asymmetry63 (Fig. 2.3d). 

 

Figure 2.3: Measuring the force-induced microtubule detachment kinetics of dynein using an oscillatory trapping assay. 

a) Assisting forces shift the registry of the stalk coiled-coils such that the microtubule binding domain (MTBD) adopts a low 

microtubule binding affinity state (known as the g registry), whereas hindering forces shift this registry to induce a high 

microtubule binding affinity state (a registry), leading to asymmetric detachment rates of dynein from the microtubule. b) Sample 

trace showing a dynein monomer detaching from a microtubule under square-wave force oscillations. c) The model for the 

asymmetric potential landscape of dynein bound to a microtubule. The stepping in plus or minus direction needs to bypass the 

energy barrier (∆𝐺0). 𝐴 is the asymmetric distance that biases the energy barrier for release from the microtubule and 𝛿 is the 

width of the energy barrier. d) The microtubule release rate 𝑘(𝐹) of yeast cytoplasmic dynein under a set of applied forces are 

fitted to 𝑘(𝐹) = 2𝑘𝑜
𝑎𝑝𝑜

𝑒
−

𝐹𝐴

𝑘𝐵𝑇𝑐𝑜𝑠ℎ (
𝐹𝛿

2𝑘𝐵𝑇
), where  𝑘𝑜

𝑎𝑝𝑜
 is the release rate in the absence of force. The experiment was performed 

in the absence of ATP (Figure is modified from 63). 

Some of the challenges in optical trapping for the characterization of molecular motors 

Limitations of force-feedback and force-oscillation experiments 

Optical trapping allows us to manipulate motors by applying forces, however, there is a limit on 

the range of forces on which we can make a healthy characterization of the motors. Under aiding 

forces larger than 3 pN and hindering forces larger than 15 pN dynein quickly detaches from the 
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MT. To get reliable data, one needs to update the trap needs to update the position of the beam 

with respect to the bead. The trap simply is not fast enough to catch up with dynein velocity (or 

detachment rate if we use dynein monomer for measurement) under forces beyond this range. 

The bead “slips” under larger forces. It is still possible to catch some of the slower dyneins, but 

one will miss the fast ones. This will create an underestimation problem in the velocity 

measurements. 

Trapping under very low laser power is another problem. Usually, measurements under forces 

smaller than 0.5 pN will be dominated by the Brownian motion of the bead. This means the noise 

in your data will be so high, preventing a reliable analysis. In stall force experiments and force 

feedback experiments, this usually creates an overestimation problem. This can be avoided by 

simply using TIRF measurements as dynein velocity under 0 pN when building an FV curve. 

However, if we want to characterize a slow motor mutant or test our motors under conditions 

that make them move very slowly (< 3 nm s-1) using an optical trap this will add another 

complexity to our data collection. In TIRF, we can catch very slow motors. In force feedback 

experiments, however, because the motor needs to move beyond the threshold distance so that 

forces may be applied, one will miss the slower events since no motility is observed. One trick to 

solve this problem is to apply the load right after the bead reaches stability (ie. since the bead is 

lowered on MTs to make the measurements, the initial touch of the bead to MT will create an 

initial jump in the position readout, this is why the bead needs to reach stability before recording 

the bead postion.) and record for longer times allowing the slower motors to reach the threshold 

distance. 

Considering the Z-force in molecular motors characterization 

The beads used in optical trapping are much larger (~800 nm, typically polystyrene beads) 

compared to the length of the molecular motor (20 nm - 50 nm) (Fig. 2.4a). Using simple 

geometry, this means, the vertical (azimuthal) component of the force (z-force) applied by the 

trap is much larger than the horizontal component, although the horizontal component is what we 

are measuring in an optical trap. Reducing the bead size will reduce the z-force, however, this 

will also limit our spatial resolution as the bead will fluctuate more.  

The z-force can cause the motors’ early detachment from the microtubules. For instance, this 

might be the reason why kinesin cannot create stalls but instead force spikes. Dynein can be 

more resistant to z-force as it can remain bound to MTs for longer times. However, one may see 

even longer stalls for dynein in the absence of z-force.  

Several methods are being tested to overcome this problem. In the first method, a dumble trap is 

used to lower an MT on the motors attached to a surface-immobilized bead65. However, if the 

motor is not in the right orientation with respect to the MT, this may create torsion in the motor. 

Since the bead is fixed on the surface there is no way for the motor to rotate the bead in order to 

align itself with the MT. Another method for addressing the z-force problem is to use a long 

DNA handle to connect motors to beads instead of directly binding it (Fig. 2.4b). This will 

reduce the z-force. However, we are limited by the processivity of the motors since the motor 

need to travel a long distance before we actually record the data. Another challenge in this 

approach will be doing force-feedback or force oscillation experiments. In these experiments, we 

need to set how far the trapping beam should reposition itself from the bead. Since we are using 
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long DNA handles, determining this position will be challenging. A final approach is to use 

much smaller beads with a higher refraction index. A group used Germanium to create 70 nm 

beads which are comparable to motors size (Fig. 2.4c)66. However, we may not be able to see 

such small beads in bright fields, meaning that we need to either fluorescently label them to trap 

or will be fishing in the dark. Fishing in the dark can be risky, because we may accidentally trap 

multiple beads. Each of these methods have advantages and limitation. Although I have not used 

these techniques in my optical trapping experiments, I have explained them here for future 

reference. These techniques may enable one to measuring longer events (stalls, runs) without 

detaching the motor. In this case, kinesin may have stalls that lasts as long as dynein’s stalls or 

dynein can show even greater asymmetry to aiding and hindering forces. 

 

Figure 2.4: Minimizing the azimuthal force in single bead assays. a) Graphical representation of a single bead optical trapping 

assay using an 800 nm diameter polystyrene bead (drawn to scale). Due to the mechanical equilibrium, the total force F acts 

through the center of the bead and is transmitted to the tether formed by the motor on the microtubule.  Magnitudes of the 

azimuthal (Fz) and horizontal (Fx) components depend on the angle φ, defined as 𝑠𝑖𝑛𝜑 ≈
𝑅

𝑅+𝐿
  where R is the radius of the bead 

and L is the length of the tether formed between the microtubule and the bead by the motor. b) The magnitude of the azimuthal 

force can be reduced by increasing the length of the tether via a long double-stranded DNA. c) The magnitude of the azimuthal 

force can be reduced by reducing the size of the trapped bead, such as 70 nm diameter Germanium nanoparticles used for optical 

trapping of kinesin. 
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Chapter 3: Lis1 activates dynein motility by modulating its 

pairing with dynactin 

The work presented in this chapter was published in the following paper: “Lis1 activates dynein 

motility by modulating its pairing with dynactin” written by Mohamed M. Elshenawy, Emre 

Kusakci, Sara Volz, Janina Baumbach, Simon L. Bullock, Ahmet Yildiz. Nature Cell Biology 

(2020) 

Abstract 

Lissencephaly-1 (Lis1) is a key cofactor for dynein-mediated intracellular transport towards the 

minus-ends of microtubules (MTs). It remains unclear whether Lis1 serves as an inhibitor or an 

activator of mammalian dynein motility. Here we use single-molecule imaging and optical 

trapping to show that Lis1 does not directly alter the stepping and force production of individual 

dynein motors assembled with dynactin and a cargo adaptor. Instead, Lis1 promotes the 

formation of an active complex with dynactin. Lis1 also favors the recruitment of two dyneins to 

dynactin, resulting in increased velocity, higher force production and more effective competition 

against kinesin in a tug-of-war. Lis1 dissociates from motile complexes, indicating that its 

primary role is to orchestrate the assembly of the transport machinery. We propose that Lis1 

binding releases dynein from its auto-inhibited state, which provides a mechanistic explanation 

for why Lis1 is required for efficient transport of many dynein-associated cargoes in cells. 

Introduction 

Cytoplasmic dynein (dynein hereafter) is an AAA+ motor responsible for nearly all motility and 

force generation towards the MT minus-end67-70. Dynein is involved in a wide variety of cellular 

functions, such as positioning of intracellular organelles, breakdown of the nuclear envelope and 

assembly of the mitotic spindle68,69,71. The partial loss of dynein function has been implicated in 

a range of neurogenerative and neurodevelopmental conditions, including spinal muscular 

atrophy, amyotrophic lateral sclerosis, Alzheimer’s disease, and schizophrenia70,72,73.   

The core of the dynein complex (1.4 MDa) is a homodimer of two heavy chains74. The C-

terminal motor domain of the heavy chain is a catalytic ring of six AAA modules (AAA1-6). 

Unlike kinesin, dynein’s MT binding domain is separated from the catalytic domain by a coiled-

coil stalk20. Nucleotide-dependent conformational changes of the linker drive the motility 

towards the MT minus-end75,76. The N-terminal tail dimerizes the heavy chains13-15 and binds 

smaller polypeptides4,77,78. When dynein is not bound to its cargo, it forms two distinct 

conformations, the phi-particle, and open conformation, both of which move poorly along 

MTs30,79. In the phi conformation, two motor domains self-dimerize through interactions 

between their linker, AAA+ ring and stalk regions and dynein weakly interacts with MTs. In the 

open conformation, the motor domains are more flexible and point towards each other, which is 

unfavorable for processive motility25,30. Transitions between the phi and open conformation are 

proposed to be an important part of dynein regulation25,30, but the molecular cues that govern this 

transition remain unclear.  

Recent studies suggested that dynein and its cofactor dynactin are recruited to cargos through 

coiled-coil adaptor proteins in a mutually dependent manner (Fig. 3.1a)36,80,81. Formation of a 
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dynein-dynactin-cargo adaptor complex aligns the dynein motor domains in a parallel 

conformation and activates processive motility along MTs31,82. These adaptors recruit dynein to a 

specific set of cargos32,81, enabling a single dynein gene to be responsible for nearly all minus-

end directed functions along MTs. Members of the BicD family, BicD2 and BicDR1, are well-

characterized coiled-coil adaptors that link dynein to Golgi-derived Rab6 vesicles, as well as 

nuclear pore complexes and viruses31,35,83. In vitro reconstitution studies showed that BicDR1 

recruits two dyneins to dynactin, while the N-terminal coiled-coil domain of BicD2 (BiCD2N) 

mostly recruits a single dynein37,38. Recruitment of two dyneins per dynactin results in 

complexes assembled with BicDR1 (DDR) moving faster and producing more force than 

complexes formed with BicD2N (DDB)38,84. The differences elicited by BicD2 and BicDR1 in 

dynein motility may play a critical role in the sorting of Rab6 vesicles during neuronal 

differentiation35,80. 

Dynein motility is also regulated by Lis1, which directly interacts with the dynein motor 

domain85. Lis1 inhibition reduces the transport of a wide variety of cargoes in eukaryotic cells, 

including endosomes, lysosomes, mRNAs, centrosomes and nuclei86-93. The critical role of Lis1 

is underscored by the discovery that haploinsufficiency of the Lis1 gene causes a smooth brain 

disorder (lissencephaly) in humans, which is associated with a failure of nuclear migration94. 

Lis1 forms a homodimer, with each monomer comprising of an N-terminal dimerization domain 

and a C-terminal β-propeller domain that binds dynein at the interface between AAA3/4 and the 

coiled-coil stalk (Fig. 3.1a)49,85. 

The mechanism by which Lis1 regulates dynein motility is controversial. In vitro studies on 

yeast dynein revealed that a Lis1 homolog, Pac1 increases MT affinity, blocks nucleotide-

dependent remodeling of the linker domain, and significantly reduces dynein velocity45,85. 

However, the view of Lis1 as a dynein inhibitor is difficult to reconcile with the ability of Lis1 to 

promote dynein-mediated cargo transport in vivo86-93. Studies on isolated mammalian dynein 

proposed that Lis1 transiently interacts with dynein, enhances dynein’s affinity to MTs on high-

load cargos by inducing a persistent-force generation state89,95. However, Lis1’s function is not 

restricted to high-load cargos, and it is also required for the transport of smaller cargos88,90,91,93. 

These studies were performed before it was understood that isolated dynein motors are 

autoinhibited in the absence of dynactin and a cargo adaptor, and may not reflect the force 

generation mechanism of active dynein-dynactin complexes32,62,81. In vivo studies gave rise to 

models that Lis1 is only required for targeting dynein to the MTs, with dissociation of Lis1 

triggering the initiation of transport86,90,96-98 and that Lis1 promotes the interaction of dynein and 

dynactin91,92. Consistent with these models, recent in vitro studies showed that mammalian Lis1 

can increase the frequency and velocity of DDB motility98-100, but the underlying mechanism 

remained unknown.  

In this study, we determined the effect of Lis1 binding on the motility, stepping, and force 

generation of DDB and DDR using single-molecule imaging and optical trapping in vitro. We 

found that Lis1 has no significant effect on the stepping and force generation of single dyneins 

after they have associated with dynactin and the cargo adaptor. Instead, Lis1 promotes the 

assembly of dynein with dynactin. Lis1 also favors the association of two dyneins to dynactin, 

and this accounts for the increase in both velocity and force generation of the complex. The 

presence of Lis1 shifts the force balance towards dynein’s direction during a tug-of-war with a 
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plus-end directed kinesin. Our work reveals how Lis1 activates the motility of mammalian 

dynein-dynactin and is thereby required for efficient transport of cargos in cells.  

Results 

Lis1 increases the stepping rate of dynein-dynactin 

We first tested the effect of human Lis1 on the velocity of DDB and DDR complexes assembled 

with wild-type human dynein (wtDyn). In agreement with previous measurements99,100, wtDDB 

moved 30% faster in 600 nM Lis1 (two-tailed t-test, p = 10-4). We also observed a modest (10%) 

increase in wtDDR velocity by Lis1 addition (Fig. 3.2). Similar results were obtained using a 

dynein mutant (mtDyn) that disfavors the autoinhibited phi conformation25 (Fig. 3.1a-c). By 

titrating the Lis1 concentration, we found that 20 nM Lis1 is sufficient for the increased velocity 

of mtDDB (Fig. 3.1d). Because mtDyn favors the assembly of active dynein-dynactin 

complexes25, we used this construct to study the effect of Lis1 on dynein motility and force 

generation.  

We altered the order of dynein-dynactin assembly and Lis1 addition to determining whether Lis1 

is needed before or after the assembly of mtDDB for its faster movement. First, mtDDB was 

assembled in the presence of 75 nM Lis1. Removal of excess Lis1 from the flow chamber as the 

complexes moved along MTs did not lead to the slowdown of motility. Second, we assembled 

mtDDB without Lis1 and removed excess dynein, dynactin, and BicD2N from the flow chamber 

before adding Lis1. We observed that the addition of Lis1 after the complexes were being 

formed had no positive effect on mtDDB speed (Fig. 3.1e). These results show that Lis1 must be 

present during the assembly of dynein-dynactin to increase velocity, and it is dispensable after 

the complexes walk along the MT. 

To distinguish whether Lis1 addition increases dynein step size or stepping rate for faster 

movement, we determined the stepping behavior of dynein-dynactin with and without 600 nM 

Lis1 at limiting (2 µM) ATP concentrations. We labeled dynein with a bright quantum dot (QD) 

at its N-terminus and tracked the motility of single mtDDB complexes at nanometer precision. In 

the absence of Lis1, mtDDB has a highly variable step size, frequently taking backward steps 

(Fig. 3.1f)84. Lis1 addition did not alter the size and direction of steps taken by dynein. Instead, 

mtDDB stepped more frequently in the presence of Lis1 (2.9 ± 0.05 vs. 1.9 ± 0.02 s-1, ±SE; two-

tailed t-test, p = 10-13; Fig. 3.1f and Fig. 3.3). We concluded that Lis1 increases the dynein 

stepping rate, not the mean step size, which accounts for the faster movement. 

Lis1 increases the force production of dynein-dynactin 

We tested whether Lis1 addition affects the force generation of dynein when this motor forms an 

active complex with dynactin and a cargo adaptor using an optical trap. We sparsely coated 

polystyrene beads with BicD2N and BicDR1 adaptors and assembled mtDDB and mtDDR 

complexes on beads84. Using a fixed trap, we observed that the stall force of mtDDB increases 

by 22% in 600 nM Lis1 (4.1 ± 0.1 vs. 5.4 ± 0.1 pN, mean ± SEM; two-tailed t-test, p = 10-11; Fig. 

3.4a-c). Lis1 addition also resulted in a modest increase in mtDDR stall force (5.4 ± 0.1 vs. 6.1 ± 

0.1 pN; two-tailed t-test, p = 10-4; Fig. 3.4c). Unlike isolated dynein95, we did not observe an 

increase in the stall duration of mtDDB and mtDDR in the presence of Lis1 (Fig. 3.4d and Fig. 

3.5).  
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We then tested whether the increase in mtDDB force production by Lis1 also increases the 

likelihood of DDB to win a tug-of-war against a plus-end-directed kinesin-1. We labeled mtDyn 

and tail-truncated wild-type human kinesin-1 with different fluorescent dyes and pitted one 

mtDDB against one kinesin-1 using a DNA tether. Consistent with our previous measurements62, 

the majority (87%) of kinesin-DDB assemblies moved towards the plus-end in the absence of 

Lis1. The median velocity (185 nm s-1 towards the plus-end) was noticeably higher than previous 

measurements (26 nm s-1) that used a cysteine-light mutant of kinesin-162, likely because the 

cysteine-light kinesin mutant, but not native kinesin, can be forced to move backward under 

resistive forces101. The addition of Lis1 increased the percentage of complexes moving towards 

the minus-end from 13% to 22% and increased the mean velocity of minus-end-moving 

assemblies by 6-fold (353 ± 68 vs. 55 ± 8 nm s-1; two-tailed t-test, p = 0.02; Fig 3.4e-g). 

Collectively, these results demonstrate that Lis1 addition increases the likelihood of DDB 

winning against kinesin in a tug-of-war.  

Lis1 does not affect force generation of complexes with single dynein 

We next turned our attention to understanding how Lis1 increases the velocity and force 

production of mtDDB and mtDDR. To test whether Lis1 alters mechanochemical properties of 

single dynein assembled with dynactin, we mixed LD650-labeled full-length mtDyn and a TMR-

labeled dynein tail construct (DynLT, containing residues 1–1,074 of the heavy chain and 

associated chains)38. Because DynLT lacks the motor domain, processive runs of this construct 

can only be achieved through its side-by-side recruitment with single full-length mtDyn to 

dynactin. We measured the velocity of dual-labeled complexes that contain both mtDyn and 

DynLT in the presence of BicD2N (mtDTB) and BicDR1 (mtDTR). Remarkably, Lis1 addition 

did not affect the mean velocity of complexes containing single dynein (Fig. 3.6a-c). To test 

whether Lis1 alters the stepping properties of single dynein bound to dynactin, we tracked beads 

driven by single mtDTR under constant 1 pN hindering force exerted by the trap. Unlike 

mtDDB, Lis1 addition did not alter the stepping rate of mtDTR in 1 mM ATP (two-tailed t-test, 

p = 0.83; Fig. 3.6d-e and Fig. 3.7a). In addition, Lis1 addition did not affect the stall force and 

duration (two-tailed t-test, p = 0.6; Fig. 3.6f-g and Fig. 3.7b). We concluded that Lis1 does not 

directly affect the mechanical properties of single dynein bound to dynactin.  

Lis1 promotes the recruitment of two dyneins to dynactin 

The effect of Lis1 on DDB velocity and force production is strikingly similar to the recruitment 

of second dynein to dynactin38,84, leading us to hypothesize that Lis1 regulates the stoichiometry 

of dynein per dynactin. To test this possibility, we mixed TMR- and LD650-labeled dynein with 

dynactin and BicD2N. Dual-colored complexes contain two dyneins, while single-colored 

complexes contain either one or two dyneins. Lis1 addition increased the percentage of dual-

colored complexes from 14% to 24% (p = 0.018, two-tailed t-test, Fig. 3.8a-b). After correction 

for labeling efficiency and complexes dual-labeled with the same color38, we estimated that Lis1 

addition increases the percentage of complexes containing two dyneins from 22% to 42%. 

Consistent with our hypothesis, Lis1 addition did not increase the velocity of dual-colored 

complexes that contain two dyneins (Fig. 3.8c). Similar results were obtained when BicDR1 was 

used as a cargo adaptor, but the effect of Lis1 addition was modest, presumably because DDR 

complexes are already predisposed to contain two dyneins38. Collectively, these results 

demonstrate that Lis1 favors the recruitment of two dyneins to dynactin, which accounts for the 

faster velocity of these complexes38,84,99,100. We did not observe an increase in the recruitment of 
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DynLT side-by-side with mtDyn to dynactin in the presence of Lis1 (Fig. 3.8d-e and Fig. 3.9), 

suggesting that  Lis1 favors the recruitment of two dyneins to dynactin through its interactions 

with the motor domain, not with the tail domain102,103 of dynein. 

Lis1 dissociates from motile complexes 

To determine whether Lis1 remains stably bound when dynein moves along MTs98-100, we mixed 

LD650-mtDyn and 50 nM TMR-Lis1 in the presence of dynactin and BicD2N. 30% of the 

motile mtDDB complexes contained Lis1. Removal of free Lis1 in assay solution after the 

initiation of processive motility reduced Lis1-dynein colocalization to 9%, suggesting that Lis1 

can dynamically interact with dynein-dynactin as it moves along MT. In both cases, Lis1-bound 

complexes had a lower velocity than other mtDDB complexes (Fig. 3.10a-c, Fig. 3.11a-c). On 

rare occasions, Lis1 diffused on an MT, hopped onto a motile DDB complex on the same MT 

(Fig. 3.11d) and slowed down the motility85,99. Therefore, Lis1 typically dissociates from motile 

complexes but reduces velocity if it remains bound to dynein. These results are not fully 

consistent with previous reports that Lis1 remains bound to nearly all motile complexes100 and 

Lis1-bound complexes have the same velocity99 or move faster than complexes that move 

without Lis1100. The disparities may be related to differences in assay conditions and in vitro 

reconstitution methods. 

Stoichiometry of Lis1 binding to dynein is also not well understood. DDB can concurrently 

recruit two Lis1 dimers99. However, it remains unclear whether each of the two dyneins in DDB 

binds to Lis1 or single dynein can simultaneously bind to two Lis1 dimers. To address this, we 

tested if two Lis1 molecules could bind to single full-length dynein recruited side-by-side with 

Atto488-DynLT (Fig. 3.10d). By quantifying DTR complexes colocalized with both TMR- and 

Cy5-Lis1, we estimated that 33% of DTR complexes with at least one Lis1 bound contain two 

Lis1s (Fig. 3.10e, Fig. 3.11e). Recruitment of two Lis1s leads to a further slowdown of the 

motility in comparison to single Lis1 (Fig. 3.10f). These results showed that single dynein can 

simultaneously recruit two Lis1 dimers.  

Lis1 promotes the assembly of active dynein-dynactin complexes 

Lis1 stimulates the frequency of minus-end-directed transport under conditions insufficient to 

induce motility, such as when BicD2N concentration is low100. To determine how Lis1 favors 

initiation of dynein motility when the complex formation is strongly limiting, we quantified 

wtDDB motility while we lowered the wtDyn concentration 10-, 20-, and 50-fold compared to 

our standard assay condition (see Methods). In the absence of Lis1, the percentage of complexes 

exhibiting motility was decreased at lower dynein concentrations, and motility was almost fully 

abolished with the 50-fold dilution. Lis1 addition increased the percentage of motility by ~5-fold 

(Fig. 3.12a-b), which is consistent with Lis1 favoring association of dynactin with dynein and the 

BicD2 orthologue in Drosophila cell extracts91. However, when we used mtDyn that does not 

form the phi conformation, we observed robust motility even in the 50-fold dilution condition 

and no significant increase in the percentage of motile complexes with the addition of Lis1 (Fig. 

3.12a-b). We also mixed equal amounts of TMR- and LD650-wtDyn with dynactin and BicD2N 

and quantified the percentage of colocalizing complexes moving along the MTs under limiting 

dynein conditions (Fig. 3.13). Only ~ 5% of these complexes were assembled with two dyneins 

and we did not observe an increase in wtDDB velocity by Lis1 addition (Fig 3.12c-e), suggesting 

that Lis1 promotes motility by recruiting single dynein to dynactin under these conditions. 
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Therefore, Lis1 is also required for the assembly of the first dynein to dynactin and recruitment 

of the second dynein does not have to occur together with the first dynein. 

Discussion 

Our results challenge previous views on how Lis1 binding regulates dynein motility. A previous 

study on isolated dynein suggested that Lis1 binding induces pausing of dynein motility and 

enhances MT affinity when dynein is subjected to force95. Studies on yeast dynein also suggested 

that Lis1 binding interferes with the powerstroke of the linker domain45, suggesting that Lis1 

binding reduces dynein force generation. Our results with mammalian dynein-dynactin suggest a 

different mechanism. We found that the presence of Lis1 has no major effect on force generation 

of single dynein motors bound to dynactin and does not increase the time dynein stalls before 

dissociating from MTs under resistive loads. Therefore, our results do not support the view that 

the primary function of Lis1 is to regulate the tenacity of isolated dynein complexes to MTs45,85. 

Instead, Lis1 favors the recruitment of dynein to dynactin, thereby promoting the assembly of an 

active complex for dynein motility. This finding explains the requirement for Lis1 for transport 

initiation in vivo86,90. Consistent with two recent reports that studied the role of Lis1 in mammalian 

and yeast dynein-dynactin motility104,105, we show that Lis1’s ability to promote the association of 

dynein with dynactin also favors the adoption of the two-motor state, which accounts for more 

frequent stepping and higher force generation per complex. The increased probability of recruiting 

two dyneins to dynactin also means that Lis1 induces more effective competition against kinesin 

in a tug-of-war, a result consistent with an increase in anterograde velocity observed when Lis1 is 

inhibited in cells89,91. Remarkably, Lis1 does not have to be part of the complex to exert its effects 

on motility. Lis1 dissociates from most complexes before initiation of movement (Fig. 3.10), 

revealing that its primary role occurs during complex assembly. These results also provide an 

explanation for the recruitment of two dyneins to dynactin when the complex was pulled down by 

BicD2N from the brain lysate in which Lis1 is present37, compared to the recruitment of mostly a 

single dynein when the complex is assembled from purified components in the absence of Lis138. 

Our results provide insights into how Lis1 enhances the affinity of dynein to dynactin.  We show 

that this function is not dependent on reported interactions between Lis1 and the dynein tail, 

pointing instead to a mechanism that involves Lis1’s binding to the motor domain. Structural 

studies on yeast dynein showed that Lis1 binds to the motor domain at the interface between 

AAA3 and AAA4, and the coiled-coil stalk49,85. Assuming that mammalian Lis1 binds dynein in 

a similar orientation, Lis1 binding sites are positioned close to the dimerization interface on the 

AAA+ ring and stalk in the phi particle25. We propose that Lis1 binds to the open conformation 

of dynein and prevents switching back to the phi conformation (Fig. 3.12f), thereby reducing 

dynein autoinhibition97. Because the open conformation has a higher affinity to dynactin than the 

phi conformation25, Lis1 promotes the assembly of dynein with dynactin and the cargo adaptor 

and favors the recruitment of two dyneins to each dynactin. The model explains why mtDDB is 

more likely to have two dynein motors and moves faster than wtDDB in the absence of Lis1 

(Fig. 3.4c-d). The model is also consistent with a recent report that the requirement of Lis1and 

NudE in HookA-mediated dynein activation in A. nidulans can be bypassed by expressing a 

mtDyn106. Since we obtained a similar increase in the velocity of mtDDB and wtDDB in the 

presence of Lis1, it is possible that Lis1-bound dynein has additional structural features not 

present in the open conformation and further stimulates the assembly of dynein and dynactin 
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after the opening of the phi conformation. High-resolution structural studies will be needed to 

determine whether Lis1 binding induces conformational changes on the dynein heavy chain. 

Our results are not consistent with a model in which a Lis1 dimer forms a bridge between two 

dyneins and recruits them simultaneously to dynactin, as we find that Lis1 is required for the 

assembly of complexes with single dynein at limiting dynein concentrations (Fig. 3.12 and Fig. 

3.13). Moreover, monomeric Lis1, which cannot crosslink two dyneins, also stimulates the 

assembly of dynein-dynactin104. Therefore, Lis1 favors assembly of the first dynein to dynactin, 

which does not have to occur simultaneously with the second dynein. It remains to be studied 

whether Lis1 remains bound to dynein motors for the assembly of the fully activated complex, or 

early dissociation of Lis1 from the first dynein could occur before the recruitment of the second 

Lis1-bound dynein (Fig. 3.12f). 

Mutagenesis studies have indicated that the transition between the phi-particle and open 

conformation is a tightly regulated process in cells25. Future studies are required to test whether 

Lis1-mediated opening of the phi conformation is also regulated by other dynein-associated 

proteins, such as the Lis1 binding proteins NudE and NudEL96,107-109. 
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Figures 

 

Figure 3.1: Lis1 increases the stepping rate of dynein-dynactin. (a) Schematic depiction of the mammalian dynein-dynactin-

cargo adaptor complexes. BicD2N primarily recruits single dynein to dynactin (DDB), whereas BicDR1 recruits two dyneins 

(DDR). Lis1 binds to the dynein motor domain.  (b) Kymographs show the motility of mtDDB and mtDDR on MTs. (c) Velocity 

distribution of mtDDB and mtDDR with and without 600 nM Lis1. The centerline and whiskers represent the mean and SD, 

respectively. From left to right, n = 132, 217, 307, and 241, and mean values are 652, 854, 1155, and 1259 nm s-1. In a-c, four 

independent experiments were performed per condition. (d) The velocity of mtDDB under different Lis1 concentrations (mean ± 

SEM). mtDDB complex was assembled in the presence of Lis1, followed by removing excess protein and introducing Lis1 into 

the flow chamber. The red curve represents a fit to a Hill equation with n = 1. From left to right, n = 132, 216, 177, 204, 156, 179, 

and 217 (three independent experiments). (e) Velocity distribution of mtDDB assembled in the absence and presence of 600 nM 

Lis1 under different assembly conditions. The line and whiskers represent the mean and SD, respectively. From left to right, n = 

152, 161, 170, 183, and 387 and mean values are 622, 638, 838, 842, and 888 nm s-1 (three independent experiments). (f) Step 

analysis of QD-labeled mtDDB (top insert) at 2 µM ATP in the presence and absence of 600 nM Lis1. Red staircases represent a 

fit to a step finding algorithm. (Bottom, left) Inverse cumulative distribution of dwell times between consecutive steps along the 

longitudinal axis. Solid curves represent fitting to an exponential decay (decay rate ± SE, n = 2138 for -Lis1 and 1441 for +Lis1). 

(Bottom, right) Normalized histograms of step sizes (n = 2,076 steps for -Lis1 and 1,374 for +Lis1, six independent experiments). 

Average forward and backward step sizes and the probability of backward stepping (pb) are shown (± SEM). In c and e, p values 

are calculated from a two-tailed t-test. 
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Figure 3.2: Lis1 increases the velocity of complexes with wtDyn. a, Assembly of wtDDB and wtDDR. b, Velocity distribution 

of wtDDB and wtDDR complexes assembled in the presence and absence of 600 nM Lis1. The line and whiskers represent the 

mean and SD, respectively. From left to right, n = 106, 72, 75, and 81, and mean values are 538, 718, 924, 1113 nm s-1 (three 

independent experiments). p-values are calculated from a two-tailed t-test. c, Velocity distribution of complexes assembled with 

wtDyn and mtDyn in the absence of Lis1. The line and whiskers represent the mean and SD, respectively. From left to right, 

n = 106, 132, 75, and 307, and mean values are 538, 652, 924, 1155 nm s−1 (three independent experiments). p-values are 

calculated from a two-tailed t-test. d, The percentage of processive wtDDB complexes that are dual-labeled when an equimolar 

mixture of TMR- and LD650-dynein motors were assembled with dynactin and BicD2N in the absence of Lis1 (mean ± 

SEM, n = 246 and 178 from left to right). Error bars represent SE calculated from multinomial distribution and the p-value is 

calculated from the two-tailed z-test.  
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Figure 3.3: Step analysis of mtDDB in the presence and absence of Lis1. a, Additional examples of mtDDB stepping in the 

presence and absence of 600 nM Lis1. b, The average size of steps taken in forward (µf), backward, (µb), and both (µcum) 

directions along the longitudinal axis of the MT. Error bars are SEM. In a and b, six independent experiments were performed per 

condition. c, Stepping rates estimated from the exponential fit in Fig. 3.1f. Error bars are SE of the fit. In b and c, p values are 

calculated from a two-tailed t-test; sample size (n) distribution of data are provided in Fig, 3.1f. 
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Figure 3.4: Lis1 increases the force production of dynein-dynactin. (a) Schematic of a fixed optical trapping assay for 

measuring the dynein stall force. (b) Typical stalls of beads driven by a single mtDDB or mtDDR. Red arrowheads denote the 

detachment of the motor from the MT after the stall event. Scale bars are 1 s. (c) Distribution of motor stall forces in the absence 

and presence of 600 nM Lis1. The centerline and whiskers represent the mean and SD, respectively. From left to right, n = 80 

from 19 beads, 61 from 15 beads, 212 from 38 beads, and 152 from 32 beads, and mean values, are 4.1, 5.4, 5.4, and 6.1 pN. p-

values are calculated from a two-tailed t-test.  In b and c, four independent experiments were performed per condition. (d) 

Inverse cumulative distribution of stall durations of mtDDB and mtDDR in the presence and absence of Lis1. Solid curves 

represent fitting to a two-exponential decay (decay time ± SE, n = 53, 27, 50, and 39 from left to right).  (e) Schematic depiction 

of the in vitro tug-of-war assay. DDB and kinesin were labeled with different-colored fluorescent dyes and tethered using a DNA 

scaffold. (f) Representative kymographs show the motility of LD650-dynein (red) and TMR-kinesin (cyan) in the absence and 

presence of 600 nM Lis1. White arrows show DDB-kinesin colocalizers. (g) Velocity distribution of mtDDB, kinesin, and 

mtDDB-kinesin assemblies in the absence and presence of Lis1. The centerline and whiskers represent the median and 65% CI, 

respectively. From top to bottom, n = 33, 45, 217, 132, and 210, and median values are 233, 185, −836, −604, and 670 nm s-1. In 

f and g, three independent experiments were performed per condition.  Negative velocities represent movement towards the MT 

minus-end. 
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Figure 3.5: Lis1 does not increase the stall duration of dynein bound to dynactin and a cargo adaptor. a, Inverse 

cumulative distribution of stall durations in the absence and presence of 600 nM Lis1. Solid curves represent fitting to a two-

exponential decay (decay time ± SE). b, Mean stall times of mtDDB and mtDDR in absence and presence of 600 nM Lis1 (± 

SEM). p values are calculated from a two-tailed t-test. In a and b, n = 53, 27, 50, and 39 from left to right, four independent 

experiments per condition.  
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Figure 3.6: Lis1 does not affect the force generation and velocity of single dynein complexed to dynactin and a cargo 

adaptor. (a) Schematic depiction of the mtDTR complex. Full-length dynein and DynLT are labeled with LD650 and TMR dyes, 

respectively. (b) Representative kymographs show the motility of mtDyn and DynLT. Arrows represent the colocalization of 

TMR and LD650. (c) Velocity distribution of mtDDB, mtDTB, mtDDR and mtDTR in the presence and absence of 600 nM Lis1. 

The centerline and whiskers represent the mean and SD, respectively. From left to right, n = 144, 117, 65, 88, 209, 134, 213, and 

126 and mean values are 584, 778, 783, 809, 1108, 1248, 1111, and 1154 nm s-1. In b and c, three independent experiments were 

performed per condition. (d) Example traces of beads driven by mtDTR in the presence and absence of 600 nM Lis1 against 1 pN 

hindering force. The raw stepping data are shown in black and the steps fitting are in red. (e) Normalized histograms of mtDTR 

steps taken in the longitudinal direction. In d and e, n = 734 for -Lis1 and 724 for +Lis1 (three independent experiments per 

condition). Average sizes of steps taken in forward and backward directions (± SEM) and the probability of backward stepping in 

the presence and absence of Lis1 are indistinguishable (p = 0.6, two-tailed t-test). (f) (Top insert) Streptavidin (SA)-coated beads 

are sparsely decorated with biotin-DynLT in the presence of mtDyn, dynactin, and BicDR1, and trapped with a focused laser 

beam. Traces represent typical stalls of beads driven by mtDTR in the absence and presence of 600 nM Lis1. Red arrowheads 

denote the detachment of the motor from the MT after the stall event. Scale bar is 1 s. (g) Distribution of mtDTR stall force. The 

centerline and whiskers represent the mean and SD, respectively. From left to right, n = 111 stalls from 23 beads and 101 stalls 

from 21 beads, and mean values are 3.7 and 3.8 pN. In f and g, three independent experiments were performed per condition. In c 

and g, p-values are calculated from a two-tailed t-test. 



 

26 
 

 

Figure 3.7: Lis1 does not affect stall time and stepping rate of single dynein bound to dynactin. a, Distribution of dwell 

times between consecutive steps along the longitudinal axis of the MT. A fit to an exponential decay reveals the decay rate (rate 

± SE, n = 734 for mtDTR-Lis1 and 724 for mtDTR+Lis1). b, Inverse cumulative distribution of stall durations of mtDTR in the 

presence and absence of 600 nM Lis1. Solid curves represent fitting to a two-exponential decay (decay time ± SE, n = 118 for 

mtDTR-Lis1 and 100 for mtDTR+Lis1, three independent experiments). 
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Figure 3.8: Lis1 favors the recruitment of two dyneins to dynactin. (a) Representative kymographs show the motility of 

LD650- and TMR-labeled dynein in the presence of dynactin, BicD2N, and 600 nM Lis1. Arrows represent TMR and LD650 

colocalization. (b) The percentage of processive complexes that contain both TMR and LD650 signals (mean ± SEM, n = 178, 

190, 289, 290 from left to right). Error bars represent SE calculated from multinomial distribution and p-values are calculated 

from a two-tailed z-test. (c) Velocity distribution of single-colored and dual-colored complexes of DDB and DDR in the presence 

and absence of Lis1. The line and whiskers represent the mean and SD, respectively. From left to right, n = 153, 25, 145, 45, 204, 

85, 193, and 97 and mean values are 544, 840, 766, 899, 1082, 1248, 1263, and 1390 nm s-1. p-values are calculated from a two-

tailed t-test. In a-c, four independent experiments were performed per condition. (d) Schematic shows the assembly of mtDDB 

and mtDTB complexes using TMR-DynLT, LD650-mtDyn, dynactin, and BicD2N. (e) The ratio of processive runs by TMR-

DynLT to LD650-mtDyn on individual MTs in the presence and absence of Lis1. The line and whiskers represent the mean and 

SD, respectively (n = 10, 9, 11, and 10 MTs from left to right, three independent experiments). p values are calculated from a 

two-tailed t-test. 
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Figure 3.9: Lis1 does not stimulate the recruitment of dynein tail to dynactin. Representative kymographs show the motility 

of LD650-Dyn and TMR-DynLT assembled with BicD2N or BicDR1 in the presence and absence of 600 nM Lis1. White arrows 

point to complexes that contain both LD650-mtDyn and TMR-DynLT (three independent experiments were performed per 

condition). 
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Figure 3.10: Lis1 binding decreases the velocity of dynein/dynactin. (a) Representative kymographs show the motility of 

mtDDB and Lis1 on MTs. White arrows represent the colocalization of LD650-Dyn (red) and TMR-Lis1 (cyan). (b) Velocity 

distribution of mtDDB and mtDDB-Lis1 assemblies. The centerline and whiskers represent the mean and SD, respectively. From 

left to right, n = 512, and 49 from left to right and mean values are 726 and 447 nm s-1. The p-value is calculated from a two-

tailed t-test. In a and b, four independent experiments were performed per condition. (c) The percentage of processive complexes 

that contain both LD650-mtDyn and Lis1-TMR signals using different assembly conditions (see Methods; mean ± SEM, n = 561 

and 387 from left to right). Error bars represent SE calculated from multinomial distribution and p-values are calculated from a 

two-tailed z-test. (d) Schematic depiction of mtDTR complex assembled in the presence of 50 nM TMR- and Cy5-Lis1. (e) 

Representative kymographs show the motility of mtDTR and Lis1 on MTs. Yellow arrows represent the colocalization of DynLT 

(green) and one color of Lis1. White arrows represent the colocalization of DynLT with Cy5-Lis1 (red), and TMR-Lis1 (cyan). (f) 

Velocity distribution of mtDTR that colocalizes with zero, one and two colors of Lis1. The centerline and whiskers represent the 

mean and SD, respectively. From left to right, n = 357, 172, and 40 and mean values are 985, 701, and 582 nm s-1. In e and f, 

three independent experiments were performed per condition. p-values are calculated from a two-tailed t-test.  
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Figure 3.11: Additional examples of binding events of Lis1 to mtDDB and mtDTR during processive movement. a, 

Schematic depiction of mtDDB complex assembled in the presence of TMR-Lis1. b, Representative kymographs show binding 

of Lis1 to motile mtDDB complexes assembled by mixing 1 nM LD650-mtDDB and 75 nM TMR-Lis1 and immediately 

recording motility with free proteins in solution (see methods). White arrows represent colocalization of LD650-Dyn (red) and 

Lis1-TMR (cyan). c, Velocity distribution of mtDDB complexes not bound to Lis1 moves faster than complexes that are bound 

to Lis1 during single-molecule motility. The line and whiskers represent the mean and SD, respectively. From left to 

right, n = 270 and 117 and mean values are 921 and 813 nm s-1. In b and c, three independent experiments were performed per 

condition. The p-value is calculated from a two-tailed t-test. d, Rare events of dynamic binding of Lis1 to dynein as mtDDB 

walks along an MT assembled in the presence of 50 nM Lis1. White arrows represent the colocalization of LD650-Dyn (red) and 

TMR-Lis1 (cyan). In the top kymograph, Lis1 initially diffuses on an MT and then binds to mtDDB during processive 

movement. Lis1 binding reduces the velocity of the complex. In the middle kymograph, dissociation of Lis1 during mtDDB 

motility increases the velocity. In the bottom kymograph, a diffusing Lis1 initially binds and later dissociates from mtDDB, 

without affecting the velocity of the complex (four independent experiments). e, Additional kymographs show single- and dual 

Lis1 binding to motile mtDTR complexes assembled in the presence of 50 nM Lis1. Red arrows represent the colocalization of 

Atto488-DynLT (green) and Cy5-Lis1 (red). White arrows represent the colocalization of Atto488-DynLT (green) with both Cy5-

Lis1 (red), and TMR-Lis1 (cyan). Three independent experiments were performed per condition. 



 

31 
 

 

Figure 3.12: Lis1 promotes assembly of the dynein transport machinery. (a) Representative kymographs show the motility of 

DDB at 5 nM concentration of dynein in the absence and presence of 600 nM Lis1. (b) Ratio comparison of the number of 

processive runs by DDB to the total number of landed motors on MT (mean ± SEM). From left to right, n = 508, 355, 491, 262, 

1244, and 392 for wtDyn, and 234, 459, 426, 1352, 457, and 859 for mtDyn. In a and b, three independent experiments were 

performed per condition. Error bars represent SE calculated from multinomial distribution and p values are calculated from a 

two-tailed z-test. (c) Representative kymographs show the motility of LD650- (red) and TMR- (cyan) wtDDB at 2 nM 

concentration of dynein in the absence and presence of 600 nM Lis1. Left kymographs show single-colored runs and right 

kymographs show rare events of TMR-LD650 colocalization (white arrows). (d) Velocity distribution of wtDDB motility 

assembled at 5 nM dynein concentration in the absence and presence of 600 nM Lis1. The centerline and whiskers represent the 

mean and SD, respectively. From left to right, n = 51 and 257, and mean values are 572 and 604 nm s-1. In c and d, three 

independent experiments were performed per condition. (e) Fraction of processive complexes that contain TMR, LD650, and 

TMR-LD650 colocalizers (mean ± SEM, n = 59 for -Lis1 and 303 for + Lis1). The p values are calculated from a two-tailed t-test 

in d and a two-tailed z test in e.  (f) A model for Lis1-mediated assembly of the dynein-dynactin complex. (1) Lis1 binds to the 

open-conformation of dynein with one Lis1 dimer for each dynein motor domain. (2) Lis1 binding prevents transitions of the 

open conformation to the phi conformation, which increases the affinity of dynein to dynactin. This mechanism also favors the 
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recruitment of second dynein to the complex resulting in higher force production and faster movement. Lis1 dissociates from 

active dynein-dynactin-cargo adaptor motors, either after pairing of two dyneins with dynactin (3-5) or during the assembly of 

the complex (6-8).  
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Figure 3.13: At limiting dynein concentration, Lis1 recruits single dynein to dynactin and BicD2N. a, Schematic depiction 

of wtDDB assembly using 5 nM LD650-wtDyn and TMR-wtDyn in the absence and presence of 600 nM Lis1. b, Fraction of 

processive and static/diffusive wtDDB complexes on MTs (mean ± SEM, n = 59, 788, 303 and 984 from left to right, three 

independent experiments).  
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Methods 

Protein expression, labeling, and purification 

Human SNAPf-wtDyn, SNAPf-mtDyn, SNAPf-DynLT (containing residues 1-1,074 of the heavy 

chain), BicD2N-GFP (containing residues 1-400), BicDR1-GFP, and Lis1-SNAPf were 

expressed in Sf9 cells and purified using IgG affinity chromatography (using a cleavable ZZ tag), 

as described previously32,38. Sf9 cells were regularly tested for mycoplasma infection and no 

positive results were found. SNAP-tagged proteins were labeled with BG-functionalized biotin, 

TMR, Atto488 (NEB) or LD650 probes, and purified as described previously38. Dynactin was 

purified from pig brains using the large-scale SP-sepharose and MiniQ protocol31.  Western 

blotting and mass spectrometry show no detectable levels of Lis1 in dynactin preps (V. Madan 

and S.L.B., in preparation).  Human Kinesin-1(1-560)-SNAPf-GFP was expressed in BL21DE3 

cells and purified using Ni-NTA affinity chromatography, as described previously110. Concent-

ration of isolated proteins was quantified using the Bradford colorimetric assay.  

Motility assays 

Biotinylated MTs were prepared by mixing 190 µM of 2% biotin-labeled biotin with 0.9 mM of 

unlabeled pig brain tubulin in BRB80 buffer (80 mM PIPES pH 6.8, 1mM MgCl2, 1 mM 

EGTA), followed by the addition of equal volume of polymerization buffer (2x BRB80 

supplemented with 2 mM GTP and 20% anhydrous Dimethyl sulfoxide (DMSO)). Tubulin was 

allowed to polymerize by incubation for 40 mins at 37oC, followed by the addition of 10 nM 

taxol and incubation for another 40 mins. Taxol-stabilized MTs were then pelleted at 20,000 g 

for 12 min and resuspended in BRB80 buffer containing 10 nM taxol and 1 mM Dithiothreitol 

(DTT). 

The glass surface of motility chambers was first passivated by BSA and functionalized with 

biotin by flowing 1 mg/ml BSA-biotin (Sigma), followed by washing the chamber with 40 µl 

dynein buffer (DB: 30 mM HEPES pH 7.0, 5 mM MgSO4, 1 mM EGTA, 1 mM TCEP (tris(2- 

carboxyethyl)phosphine) supplemented with 1.25 mg/ml casein (DB-C) . To immobilize 

biotinylated MTs on the functionalized surface, the chamber was incubated with 1 mg/ml SA 

(NEB) and washed with DB-C.  

For DDB, DDR, and DTR motility, 70 nM LD650-dynein was mixed with 150 nM dynactin, and 

700 nM cargo adaptor (BicD2N-GFP or BicDR1-GFP) in 10 µl DB supplemented with 1 mg/ml 

Bovine Serum Albumin (BSA). For DTR experiments, 300 nM TMR-dynein tail was added to 

the mixture. For dynein co-localization experiments, 70 nM TMR-dynein was additionally 

included in the motility mix. The complexes were incubated on ice for 10 mins, diluted in DB-C, 

and flowed into the chamber.  The motility mix was kept for 2 mins and then washed with 40 µl 

DB-C. To record motility, 20 µl dynein motility buffer (DMB: DB-C supplemented with 1 mM 

Mg.ATP, 2.5 mM PCA (protocatechuic acid), 35 µg/ml PCD (protocatechuate-3,4-dioxygenase)) 

was introduced into the chamber and the sample immediately imaged for 3 mins at 23oC. Unless 

otherwise indicated, experiments with unlabeled Lis1 were performed by mixing Lis1-SNAPf 

with DDB and introducing the reaction mixture into the chamber. The chamber was then washed 

with 40 µl DB-C, and Lis1-SNAPf was then reintroduced at the same concentration into the 

chamber with DMB before recording the motility. In Figure 3.10a-b, 50 nM TMR-Lis1 was 

added to the diluted motility mix (~ 1 nM LD650-mtDDB) and introduced into the motility 

chamber. The chamber was then washed with 40 µl DB-C and motility was recorded in the 

absence of free Lis1 in DMB. In Figure 3.10e-f, 50 nM TMR-Lis1 and 70 nM Cy5-Lis1 were 
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incubated with 1 nM Atto488-mtDTR before introducing the mixture into the flow chamber. 

After washing out unbound proteins from the chamber with 40 µl DB-C, motility was recorded 

in the absence of free Lis1 in DMB. In Figure 3.1e, the role of Lis1 in DDB assembly and 

motility was tested by introducing and removing Lis1 in different stages of the sample 

preparation. In Extended Data Figure 3.12b-c 1 nM LD650-mtDDB and 75 nM TMR-Lis1 were 

introduced into the chamber in DMB containing 75 mM KOAC and motility was recorded 

without washing excess TMR-Lis1 in solution. Although Lis1 has a weak affinity to MTs, this 

has not affected the velocity of dynein-dynactin motility (Fig. 3.1d). 

Single-molecule imaging was performed using a custom-built TIRF microscope equipped with a 

100x 1.49 N.A. apochromatic oil-immersion objective (Nikon) and a perfect focusing system on 

an inverted microscopy body (Nikon Ti-Eclipse). The fluorescence signal was detected using an 

electron-multiplied charge-coupled device (EM-CCD) camera (Andor, Ixon EM+). The sample 

that contained LD650 was excited with a 0.05 kW cm-2 633 laser beam (Coherent), and the 

emission signal was filtered using a 655/40 nm bandpass emission filter (Semrock). Movies were 

recorded using an effective pixel size of 160 nm at 300 ms per frame. For two- and three-color 

fluorescence assays, imaging was performed on a multi-color TIRF microscope (Nikon) using 

alternating excitation and time-sharing mode of emission collection. Atto488-, TMR- and 

LD650-labeled samples were excited using 0.05 kW cm-2 488, 532, and 633 nm laser beams 

(Coherent), and fluorescence signals were detected on an ImagEM X2 EM-CCD camera 

(Hamamatsu). Movies were recorded at 150 ms per frame per color for two-color and 100 ms per 

frame per color for three-color fluorescence assays. The effective pixel size was 108 nm. 

Kymographs were generated from movies in ImageJ. Processive movement and velocity were 

then defined and measured, as described previously62.  Briefly, kymographs were created by 

plotting segmented lines along each MT using ImageJ and individual runs were manually scored. 

Complexes that were static, diffusive, or run shorter than 5 pixels (750 nm) along the MT were 

excluded from the analysis. In trajectories that exhibit pauses longer than 30 s, only the segments 

with unidirectional motility were analyzed. Pauses shorter than 30 s were included in the 

analysis.  For two-color imaging, the two channels were overlaid using the merge function. The 

resulting kymographs were then manually scored for processive events that show co-localization 

between the two channels. In Figures 3.6b and 3.8a, kymographs were post-processed using the 

fast Fourier transform function of ImageJ for clarity. Labeling efficiency of dynein and Lis1 with 

at least one dye was 96% and 95% respectively, as determined by spectrophotometry. The 

fractions of the complexes containing two dyneins or Lis1s were calculated using the 

colocalization measurements, after accounting for unlabeled complexes, and complexes 

assembled with two dyneins that are labeled with the same color38. 

High-resolution fluorescence-tracking assays 

QDs were functionalized with benzyl guanine by mixing 8 µM amino (PEG) QDs emitting at 

655 nm (ThermoFisher) with 20 mM BG-GLA-NHS (NEB) in 100 mM sodium borate buffer, 

pH 8.0 for 40 min at room temperature. To remove excess BG-GLA-NHS, functionalized QDs 

were concentrated through five consecutive spins through 100,000 MWCO centrifugal filter 

units (Amicon). Finally, spin-concentrated QDs were suspended in 100 µl DB and stored at 4oC. 

For tracking the motility of individual dynein complexes, 70 nM SNAPf-dynein was mixed with 

150 nM dynactin, and 700 nM BicD2N-GFP, and 600 nM Lis1-SNAPf in DB supplemented with 

1 mg/ml BSA. The complex was incubated on ice for 10 mins followed by the addition of 50 nM 
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BG-functionalized QDs for another 10 mins in ice. The mixture was then diluted in DB-C and 

flowed into the motility chamber for 2 mins, followed by washing with 80 µl DB-C. Movies 

were recorded immediately after washing the chamber with 20 µl DMB containing 2 µM 

Mg.ATP. For tracking the stepping of dynein in the presence of Lis1, 600 nM Lis1-SNAPf was 

included in DMB. The sample was excited with a 1 kW cm-2 488 nm beam (Coherent) and 

movies were recorded at 30 ms per frame on Ixon EM+ EM-CCD camera (Andor). For stepping 

analysis, fluorescence spots of QDs were localized using a 2-dimensional Gaussian fitting and 

the resulting trajectories fitted into steps using a custom-written algorithm based on Schwartz 

Information Criterion 50,55. 

Tug-of-war assays 

To prepare a DNA tether between DDB and kinesin, two complementary DNA strands were first 

functionalized with benzyl guanine as described previously. Briefly, 25 µM DNA oligos 

containing an amino group modification at their 5’ends were mixed with 5 mM BG-GLA-NHS 

(NEB) in 50 mM HEPES buffer containing 50% anhydrous DMSO, pH 8.5. The reaction was 

kept overnight at room temperature. The excess unreacted ligand was removed and the BG-

functionalized oligos were purified by ethanol precipitation of DNA. Finally, isolated DNA was 

dissolved in DB and stored at 4oC. The concentration of BG-DNA was estimated from the 

absorbance at 260 nm. 

BicD2N-SNAPf and kinesin-SNAPf-GFP were labeled with BG-functionalized oligos by mixing 

protein with DNA in DB for 1 hr at 4oC. DNA and protein concentrations were optimized to 

yield ~ 30% efficiency of protein labeling to ensure that the likelihood of dual-labeling of a 

single dimeric protein with two DNA oligos was minimized (<9%). The labeling efficiency was 

quantified by comparing the intensities of labeled to unlabeled bands on 4-12% Bis-Tris SDS-

PAGE (Invitrogen). Excess unreacted DNA was removed from BicD2N-SNAPf using a TSKgel 

G4000SWXL size exclusion column (Tosoh). In the case of kinesin, a 10-fold molar excess of 

BG-GLA-TMR (NEB) was added to the motor-DNA mixture and the sample was incubated for 

an additional 30 min at 4oC. Excess DNA and dye were removed by an MT bind and release 

assay.  

In tug-of-war experiments, 200 nM DNA-labeled BicD2N-SNAPf was mixed with 70 nM 

LD650-labeled dynein and 150 nM dynactin in 10 µl DB supplemented with 1 mg/ml BSA. For 

experiments with Lis1, 600 nM Lis1-SNAPf was added to the mixture. The mixture was 

incubated on ice for 10 mins, followed by the addition of 150 mM NaCl and 200 nM DNA- and 

TMR- labeled kinesin-SNAPf-GFP, and incubation on ice for a further 20 mins. Proteins were 

then diluted in DB-C and flowed into the chamber, followed by washing with DB-C and imaging 

in DMB. The buffer was supplemented with 600 nM Lis1-SNAPf in case of Lis1 experiments. 

Optical trapping assays 

For DDB and DDR experiments, complexes assembled with SNAPf-dynein, dynactin, and 

BicD2N-GFP or BicDR1-GFP were mixed with 860 nm diameter anti-GFP coated latex beads in 

ice for 10 mins. This assay geometry ensures that beads are driven by active dynein motors 

assembled to cargo adaptors and eliminates the possibility of cargo adaptor multimerization. 

Carboxyl latex beads (860 nm-diameter, Life Technologies) were washed and resuspended in 

activation buffer (10 mM MES, 100 mM NaCl, pH 6.0). The beads were coated by mixing with 

~ 2 mg of custom-made polyclonal rabbit anti-GFP antibodies (BioLegend, previously Covance, 

catalog# MMS-118P) in activation buffer supplemented with 1 mg each of N-
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hydroxysulfosuccinimide (Sulfo-NHS) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) crosslinkers (Pierce) dissolved in dimethylformamide (DMF)47. The beads were 

passivated with BSA, washed and stored in phosphate-buffered saline (PBS) supplemented with 

0.5 mg/ml BSA and 0.1% sodium azide at 4 °C. For DTR experiments, SNAPf-DynLT was 

labeled with biotin; and biotin-DynLT, mtDyn, dynactin, and BicDR1 were incubated with 800 

nm diameter SA-coated beads (Spherotech) in ice for 10 mins. The protein-coated beads were 

then diluted in DB-C and flowed into the motility chamber in DMB. The protein concentration in 

the mixture was gradually reduced in assays until less than 30% of the tested beads exhibited 

motility activity in contact with Cy5-labeled axonemes to ensure that >95% of the beads are 

driven by a single complex. For force measurements in the presence of Lis1, 600 nM Lis1-

SNAPf was added to the bead-protein mixture and also later added to DMB.  

Force measurements were performed on a custom-built optical trap on a Nikon Ti-Eclipse 

microscope body consisting of a 2 W 1,064 nm continuous wave laser beam (Coherent) and a 

100 x 1.49 NA Plan-Apo objective (Nikon), as described previously 47. Beads were trapped by 

the laser beam steered by two computer-controlled perpendicular acousto-optical deflectors (AA 

Electronics). The sample was excited with a 633 nm laser (Coherent) and Cy5-labeled axonemes 

were imaged using a monochrome camera (The Imaging Source).  To detect the bead position 

relative to the center of the trap, a position-sensitive detector (First Sensor Inc.) was placed at the 

back focal plane of a 1.4 N.A. oil-immersion condenser (Nikon). Trap stiffness was derived by 

fitting the power spectrum of a trapped bead that was rapidly raster-scanned in both x and y 

directions using the acousto-optical deflectors to a Lorentzian spectrum. The typical spring 

constant used in these experiments was ~ 0.04 pN/nm to allow motors to travel 100-150 nm 

before stalling. The PSD data were recorded at 20 kHz during calibration and the resulting curve 

was fit to a cubic polynomial to calibrate the response of the PSD in each sample. For fixed trap 

assays, PSD data were collected at 5 kHz and downsampled to 500 Hz for ease of visualization. 

To qualify as a stall event, the bead position should remain stationary for at least 100 ms before 

rapid (<2 ms) jumping towards the trap center, implicating release of the motor from the MT. 

Stall force histograms are then generated from individual stall events that were manually scored. 

For force-clamps assays, the PSD signal was acquired at 5 kHz and position feedback was 

performed at 100 Hz. Beads that walked for at least 100 nm were subjected to force feedback and 

resulting runs were downsampled to 500 Hz and fit to a step-finding algorithm as described 

previously47. Force-clamp runs that are shorter than 200 nm or included instant jumps larger than 

50 nm were excluded from the analysis. 

Statistics and reproducibility 

At least three independent experiments were performed. Independent experiments showed 

similar results. The exact number of replicates (n) of every dataset is given at the corresponding 

figure legends. Statistical analysis methods are stated in the main text or the figure legend.     
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Chapter 4: Lis1 binding regulates force-induced detachment 

of cytoplasmic dynein from microtubules 

The work presented in this chapter was published in the following preprint: “Lis1 binding 

regulates force-induced detachment of cytoplasmic dynein from microtubules” written by Emre 

Kusakci, Zaw Min Htet, John P. Gillies, Samara L. Reck-Peterson, Ahmet Yildiz. bioRxiv 

(2022) 

Abstract 

Cytoplasmic dynein-1 (dynein) is an AAA+ motor that transports intracellular cargos towards the 

microtubule minus end. Lissencephaly-1 (Lis1) binds to the AAA+ ring and stalk of dynein’s 

motor domain and promotes the assembly of active dynein complexes. Because Lis1 slows 

motility when it remains bound to dynein, dissociation of Lis1 may be a key step in the initiation 

of dynein-mediated transport. Using single-molecule and optical trapping assays, we investigated 

how Lis1 binding affects the motility and force generation of yeast dynein in vitro. We showed 

that Lis1 does not slow dynein motility by serving as a roadblock or tethering dynein to 

microtubules. Lis1 binding also does not affect the forces that stall dynein movement, but it 

induces prolonged stalls and reduces the asymmetry in force-induced detachment of dynein from 

microtubules. Mutagenesis of the Lis1 binding sites on dynein’s stalk partially recovers this 

asymmetry but does not restore dynein velocity. We propose that Lis1 binding slows dynein 

motility by disrupting nucleotide-induced rearrangements within the AAA+ ring and that Lis1’s 

interaction with dynein’s stalk slows force-induced detachment of dynein from microtubules. 

Introduction 

Cytoplasmic dynein-1 (dynein hereafter) is the primary motor responsible for motility and force 

generation towards the minus ends of microtubules12. Dynein transports membranous organelles, 

vesicles, mRNA, and unfolded proteins towards the nucleus, drives retrograde transport in 

neurons, and plays crucial roles in cell division3. Mutations that impair dynein function are 

linked to severe neurodegenerative and developmental disorders10.  

The dynein complex consists of the dynein heavy chain (DHC) and associated subunits (Fig. 

4.1a). The tail domain of the DHC facilitates dimerization and recruits other subunits. The motor 

domain forms a catalytic AAA+ ring that connects to the tail via the linker domain and to the 

microtubule via a coiled-coil stalk13,14 (Fig. 4.1a). ATP hydrolysis in the AAA+ ring is coupled 

to the swinging motion of the linker at the surface of the ring, which powers minus-end-directed 

motility and generates force58. Nucleotide hydrolysis also controls the binding and release of the 

motor from the microtubule by altering the registry of the stalk coiled coils22. Isolated dynein 

adopts an autoinhibited “phi” conformation and exhibits diffusive or nonprocessive motility on 

microtubules25,30,111. Processive motility is activated when dynein forms the dynein-dynactin-

adaptor complex with its cofactor dynactin and the coiled-coil domain of adaptor proteins that 

link dynein to its many cargos32,81.  

Dynein-mediated transport also requires Lis1, which is the only known regulatory protein that 

directly binds to the dynein motor domain85. Heterozygous mutations in the LIS1 gene lead to 
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neuronal migration deficiency during embryonic brain development and cause severe 

neurodevelopmental disease, lissencephaly112. Lis1 consists of an amino-terminal dimerization 

domain and a carboxy-terminal WD40 β-propeller domain that binds to dynein’s motor domain 

at two sites, one on dynein’s AAA+ ring and the other on dynein’s stalk (Fig. 4.1a)49,85,113. 

Studies in live cells showed that Lis1 is a required cofactor for recruitment of dynein to 

kinetochores, the nuclear envelope, and the cell cortex, and the initiation of dynein-mediated 

transport of a wide variety of cargos, including Rab6-vesicles, lysosomes, and ribonucleoprotein 

complexes (reviewed in114). However, Lis1 has been reported to be absent from moving dynein 

cargos86,90,115,116, suggesting that it is not required for dynein motility.  

Recent in vitro and in vivo studies have proposed that Lis1 facilitates the assembly of active 

dynein-dynactin-adaptor complexes by preventing dynein from adopting the phi 

conformation106,117-119. Unlike dynactin, Lis1 is not required for subsequent dynein motility, and 

it appears to dissociate from most dynein complexes during or after the activation of processive 

motility117,118. Dissociation of Lis1 may be a key step in dynein activation because the 

comigration of Lis1 substantially reduces the velocity of dynein complexes in vitro117, and 

enhancing the affinity of dynein for Lis1 leads to defects in nuclear migration in the budding 

yeast, S. cerevisiae97. Several models have been proposed to explain how Lis1 binding pauses or 

slows down dynein motility. In vitro studies reported that Lis1 binding increases dynein’s 

microtubule-binding affinity45,85,120,121. Cryo-electron microscopy of Lis1-bound to dynein at the 

AAA+ site suggested that Lis1 clamps multiple AAA subunits together, trapping dynein in a 

conformation with high microtubule binding affinity, and possibly preventing rearrangements of 

the AAA subunits needed to switch to the low affinity conformation113. In addition, Lis1 binding 

to dynein has been proposed to inhibit or slow dynein motility by blocking the powerstroke of its 

linker domain45, or by tethering dynein to the microtubule119. Lis1 was also shown to interact 

with the coiled-coil stalk of dynein when the AAA3 site is trapped in the ATP-bound state, and 

this interaction induces a lower microtubule affinity state49. Structure-guided mutations showed 

that the Lis1-stalk interaction is important for the localization of dynein to the cortex of yeast 

cells49,113. However, it remains to be determined how the Lis1-stalk interaction affects the 

mechanism of dynein motility.  

In this study, we used single-molecule imaging and optical trapping to investigate how Lis1 

binding affects the motility and force generation of S. cerevisiae cytoplasmic dynein. Similar to 

mammalian dynein, Pac1 (the Lis1 homolog in S. cerevisiae, “Lis1” hereafter) binding to yeast 

dynein prevents it from adopting the phi confirmation, and mutants that cannot form the phi 

conformation partially rescue dynein function in yeast lacking Lis1119. Unlike mammalian 

dynein, yeast dynein is processive in the absence of dynactin and a cargo adaptor26, and it has 

similar stepping and force generation properties to active mammalian dynein-dynactin-adaptor 

complexes39,47,50,51,62. Therefore, yeast dynein serves as a simpler model to investigate how Lis1 

binding affects the intrinsic motility and force generation properties of dynein. Consistent with 

previous observations45,85,120,121, here we find that Lis1 binding slows dynein motility, induces 

longer run times on microtubules in unloaded conditions, and results in slower microtubule 

detachment of dynein under hindering forces. We find that Lis1 weakly interacts with the 

microtubule lattice, but that this interaction does not slow dynein motility. Our optical trapping 

measurements show that Lis1 does not reduce the dynein stall force, but rather decreases the 

asymmetry in velocity of dynein from the microtubule under force. Mutations that disrupt Lis1’s 

interactions with dynein’s stalk partially restore the asymmetric detachment of dynein from 
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microtubules in the presence of Lis1. These observations provide new insight into the 

mechanism of dynein regulation by Lis1. 

Results 

Lis1 binding stoichiometrically slows down dynein motility 

We expressed the full-length DHC (DYN1) with an amino-terminal GFP tag and a carboxy-

terminal HaloTag from its endogenous locus in an S. cerevisiae strain lacking the genes encoding 

Lis1 (PAC1), the Lis binding protein, NudEL (NDL1), and the p150 subunit of dynactin 

(NIP100, Table 4.1). The DHC co-purified with the endogenous dynein light intermediate chain 

(Dyn3), light chain (Dyn2), and intermediate chain (Pac11)26. We monitored the motility of this 

endogenously expressed complex (hereafter dynein) on surface-immobilized microtubules in the 

presence and absence of Lis1 using total-internal reflection fluorescence (TIRF) microscopy 

(Fig. 4.1a). Consistent with a previous report85, GFP-dynein moved at 112 ± 5 nm s-1 (mean ± 

s.e.m.) in the absence of Lis1, and unlabeled Lis1 slowed dynein motility by 77% with a 

dissociation constant (KD) of 17.9 ± 2.5 nM (±s.e., Fig. 4.1b,c). Lis1 also increased the run time 

of individual motors, indicating that Lis1 increases the microtubule-binding affinity of dynein 

(Fig. 4.1d).  

To determine how many Lis1 dimers can bind to a dynein dimer, we separately labeled two 

different batches of Lis1 with TMR and LD655 dyes. We then monitored the colocalization of 

TMR-Lis1 and LD655-Lis1 with moving GFP-dynein in a three-color TIRF assay. In this assay, 

colocalization of dynein with a single color of Lis1 might be due to one or two Lis1 dimers 

bound per dynein, whereas colocalization of both dyes with the GFP signal would ensure that 

two Lis1 dimers are bound to dynein. We observed either LD655-Lis1 or TMR-Lis1 

translocating together with dynein on microtubules at similar colocalization percentages (14% 

each; Fig. 4.1e). A small fraction (1%) of GFP-dynein motors colocalized with LD655- and 

TMR-Lis1 simultaneously, suggesting that a single dynein motor can recruit two Lis1 dimers 

(Fig. 4.1e,f), but this occurred rarely in our assay conditions99. Similar to mammalian dynein-

dynactin-adaptor complexes117,118, yeast dynein motors that colocalized with a single color of 

Lis1 moved slower (41 ± 1 nm s-1) than motors that did not colocalize with Lis1 (110 ± 1 nm s-1). 

When dynein co-localized with two Lis1 dimers, its velocity was further reduced (21 ± 4 nm s-1) 

and its run time was further increased (Fig. 4.1f, Fig. 4.2a). We also observed that transient 

binding of Lis1 paused or slowed dynein, whereas unbinding of Lis1 restored dynein’s velocity 

(Fig. 4.1g, Fig. 4.2b). The velocity of dynein motors not colocalizing with Lis1 was similar to the 

dynein velocity when there was no Lis1 in the chamber (Fig. 4.1h). Therefore, Lis1 slows dynein 

motility only when it is directly bound to the motor, and the presence of excess Lis1 in the 

chamber does not affect dynein movement. 

Previously, we showed that human Lis1 facilitates the recruitment of two dyneins to the 

dynactin-adaptor complex by opening dynein’s autoinhibited phi-conformation117,118. It is also 

possible that a Lis1 dimer can simultaneously bind to the motor domains of two dynein dimers 

(Fig. 4.1i) and recruit them together to the dynactin-adaptor complex. To test whether yeast Lis1 

can simultaneously bind two dynein dimers, we differentially labeled two batches of dynein with 

LD555 and LD655 dyes and monitored their comigration on microtubules in the presence or 

absence of Lis1. Because the yeast strain we purify endogenous dynein from lacks the NIP100 
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gene, a functional dynactin complex should not be present in our assays, and colocalization of 

two dyneins could only be mediated by Lis1. In the absence of Lis1, we observed less than 1% 

colocalization between dynein labeled with LD555 and LD655. The presence of Lis1 led to a 

marginal increase in colocalization between the differentially labeled dyneins, but these events 

were extremely rare (2%, Fig. 4.1i), suggesting that Lis1 does not effectively crossbridge two 

dyneins.  

Lis1’s interaction with the microtubule does not affect dynein velocity 

Unlike mammalian Lis1117,118, yeast Lis1 has been reported to interact with microtubules119. 

Because the concentration of Lis1 scaled with Lis1’s ability to reduce dynein velocity, the 

authors proposed that yeast Lis1 slows dynein by binding both dynein and the microtubule119. 

This tethering model requires that 1) either one Lis1 β-propeller in a Lis1 dimer interacts with 

dynein and the other with the microtubule, or 2) a single Lis1 β-propeller interacts 

simultaneously with both dynein and microtubule (Fig. 4.3a). The first model predicts that Lis1 

monomers would not affect dynein’s velocity. To test this, we measured the velocity of dynein in 

the presence of either wild-type Lis1 dimer (Lis1WT) or monomeric Lis1 lacking its amino-

terminal dimerization domain (Lis1monomer)85. We observed that both dimers and monomers of 

Lis1 slowed dynein motility in a dose-dependent manner85 (Fig. 4.3b). Thus, if Lis1 crosslinks 

dynein to microtubules, it must do so in the context of a monomer, with one face of Lis1 

interacting with dynein and a different one interacting with microtubules. 

The second model predicts that mutants that disrupt Lis1 binding to dynein would not disrupt 

Lis1 microtubule binding as the interfaces involved must be different. To test this, we 

characterized how Lis1 interacts with microtubules in vitro. As previously reported119, Lis1WT 

decorates microtubules in 50 mM KAc (Fig. 4.3c). Lis1 maintained microtubule-binding when 

the carboxy-terminal tails of tubulin were cleaved by subtilisin treatment (Fig. 4.3d, Fig. 4.4a). 

However, there was little to no microtubule decoration of Lis1 at a physiologically relevant salt 

concentration (150 mM KAc; Fig. 4.3c). We next used Lis1 mutants where a single (Lis1R378A) 

or five (Lis15A) positively charged residues in Lis1’s β-propeller domain were mutated to 

alanine. These mutations disrupt Lis1’s binding to dynein’s AAA+ ring (Fig. 4.3b)45. Unlike 

Lis1WT, Lis1R378A and Lis15A were unable to decorate microtubules in 50 mM KAc (Fig. 4.3e, 

Fig. 4.4c-f). Lis15A also did not bind to microtubules in microtubule pelleting assays (Fig. 4.4g), 

indicating that a Lis1 monomer would not be capable of crosslinking dynein to microtubules. We 

conclude that Lis1 interacts with the microtubule lattice primarily through electrostatic 

interactions between negatively charged microtubules and basic amino acids at the dynein-

interacting surface of Lis1’s β-propeller domain. However, this interaction is not strong enough 

to sustain microtubule binding in physiologically-relevant salt concentrations, consistent with the 

lack of microtubule colocalization of Lis1 in yeast cells97. 

Unlike our observations (Fig. 4.1h), Marzo et al. reported that the presence of Lis1 is sufficient 

to reduce the velocity of dynein motors that do not comigrate with Lis1119. This observation is 

inconsistent with the tethering model, which requires the comigration of Lis1 to slow dynein 

motility. Alternatively, Lis1 may serve as a static obstacle against dynein motility on the 

microtubule surface, akin to microtubule-associated proteins (MAPs)122. Because all dyneins 

would encounter microtubule-bound Lis1, this model predicts a similar reduction in velocity for 

dyneins that comigrate with Lis1 and those that are not bound to Lis1119. We pre-decorated 
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microtubules with excess Lis1 with no added salt and washed away free Lis1 from the chamber 

(Fig. 4.4h). The velocity of dynein on Lis1-decorated microtubules was similar to its velocity on 

undecorated microtubules (Fig. 4.3f), demonstrating that microtubule decoration of Lis1 does not 

substantially slow dynein motility along these tracks. 

To understand how Lis1 might slow motility without comigrating with dynein, we purified 

dynein from the S. cerevisiae strain used by Marzo et al.119, which overexpresses DHC and each 

of its associated chains under the galactose promoter (hereafter dyneinGal). Similar to dynein 

expressed using the endogenous promoter (Fig. 4.1), dyneinGal had an increased run length and 

run time when colocalized with Lis1 (Figs. 4.5-4.7). However, dyneinGal motors moved 

significantly slower whether or not they colocalized with Lis1 in the chamber (Fig. 4.6d), as 

reported119. The reduction in dyneinGal velocity was not due to decoration of the microtubule 

surface by Lis1, because Lis1 addition slowed dyneinGal even when it did not decorate 

microtubules under physiological salt (150 mM; Fig. 4.5). We next introduced or removed Lis1 

from the chamber while recording dyneinGal motility. Introducing Lis1 into the chamber did not 

alter the velocity of dyneinGal motors that were already moving along the microtubule at the time 

Lis1 was added (Fig. 4.8a-c). Likewise, the removal of free Lis1 from the chamber failed to 

recover dyneinGal velocity (Fig. 4.8c). While the underlying mechanism remains unclear, the 

differences between the Lis1-mediated regulation of dynein subunits expressed under their 

endogenous promoters and dyneinGal may be related to different stoichiometries of the dynein-

associated chains in purified complexes or the tendency of dyneinGal to aggregate after 

purification119.  

Lis1 does not affect dynein stall force 

We next investigated whether Lis1 binding slows dynein motility by interfering with the 

swinging motion of the linker at the surface of the ring, as previously proposed45. Because the 

linker drives the force-generating powerstroke of dynein, this model predicts that Lis1 binding 

reduces the ability of dynein to walk against hindering forces. To test this possibility, we 

returned to using the full-length dynein complex expressed under endogenous promoters and 

measured the stall force of GFP-dynein in the presence and absence of excess (300 nM) Lis1 

using an optical trap (Fig. 4.9a). In the absence of Lis1, dynein stalled at 3.8 ± 0.1 pN (mean ± 

s.e.m., N = 116 stalls) and remained attached to the microtubule for 14.6 ± 0. 8 s (mean ± s.e.m.) 

before the bead snapped back to the trap center47 (Fig. 4.9b,c). The stall force was unaltered by 

Lis1 addition (3.8 ± 0.1 pN, N = 126 stalls; Fig. 4.9b,c), suggesting that Lis1 does not disrupt the 

force-generating powerstroke of the linker. However, the Lis1 addition resulted in a 70% 

increase in the duration of the stalls (24.7 ± 0.9 s, p = 0.018, Kolmogorov-Smirnov test), 

indicating that Lis1 reduces the microtubule detachment rate of dynein under hindering forces 

(Fig. 4.9d). Unlike full-length dynein, Lis1 binding reduced the stall force of tail-truncated GST-

dimerized dynein (GFP-GST-Dyn331kDa and GFP-GST-Dyn314kDa) constructs47,123, suggesting that 

artificial dimerization of the linkers at the exit of the ring introduces a steric obstacle against 

their swinging motion when Lis1 is present on the outer surface of the ring (Fig. 4.10). However, 

Lis1 binding does not affect the force generation of full-length dynein, presumably because the 

longer length of the full-length dynein tails has greater flexibility compared to the truncated 

dynein constructs used by Toropova et al.45.  
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Lis1 reduces the asymmetry in force-induced detachment of dynein 

Because Lis1 increases the microtubule affinity of dynein (Fig. 4.1)49,85,113, we also tested 

whether Lis1 binding slows dynein motility by altering the detachment kinetics of dynein from 

the microtubule. Nucleotide hydrolysis in dynein’s AAA+ ring controls its microtubule affinity 

by altering the registry of the stalk coiled coils54,63,64. The stalk sliding mechanism is also 

sensitive to external forces, such that dynein releases quickly from the microtubule and moves 

substantially faster when it is pulled in the assisting direction (towards the minus-end of 

microtubules), but it strongly resists backward movement when pulled in the hindering 

direction47,54. If Lis1 binding interferes with this mechanism, we anticipated that the addition of 

Lis1 would reduce the asymmetry in the force-induced velocity of dynein. To test this prediction, 

we measured the velocity of dynein motors when they were subjected to constant forces in 

assisting and hindering directions using a force-feedback controlled trap. Dynein responded 

asymmetrically to external forces in the absence of Lis1 and its force-velocity (F-V) behavior in 

2 mM ATP could be explained by the asymmetric potential barrier for the release of the motor 

from the microtubule63 (Fig. 4.11a). The addition of 300 nM Lis1 reduced dynein velocity when 

the motor was being pulled in both directions (Fig. 4.11b). The velocity was reduced more 

substantially under assisting forces than under hindering forces (Fig. 4.11c,d), resulting in a 

reduced asymmetry in the F-V behavior of dynein in the presence of Lis1.  

We reasoned that Lis1 binding may reduce the asymmetry in F-V by interfering with either the 

linker swing or the stalk sliding mechanisms of the dynein motor domain. To distinguish 

between these possibilities, we repeated the F-V measurements in the absence of ATP. The 

swinging motion of the linker is strictly coupled to the ATP hydrolysis cycle, whereas the 

registry of the stalk coiled-coils can be altered by external force even in the absence of ATP64.  

Similar to the ATP condition, Lis1 addition decreased dynein velocity when the motor was 

pulled in both directions and the decrease in velocity was more substantial when the motor was 

pulled in the assisting direction in the absence of ATP (Fig. 4.12a,b). These results suggest that 

Lis1 binding slows the detachment of dynein from microtubules by interfering with the stalk 

sliding mechanism. 

Recently, we have shown that Lis1 stably interacts with a second binding site at the base of 

dynein’s stalk when the AAA3 site of dynein is trapped in the ATP-bound state49. To test 

whether this Lis1-stalk interaction might be responsible for Lis1’s ability to reduce the 

asymmetry in force-induced detachment of dynein from microtubules, we performed F-V 

measurements using a dynein mutant, in which three Lis1-interacting residues on its stalk were 

replaced with alanine (dyneinEQN, purified from yeast expressing dynein and its subunits from 

their endogenous promoters)49. We first confirmed that dyneinEQN motility is slowed down by 

Lis1, albeit with a ~3-fold higher KD (54 ±10 nM, ±s.e.) compared to that for wild-type (WT) 

dynein49 (Fig. 4.13a,b). Similar to WT dynein, the binding of two Lis1 dimers further slowed 

dyneinEQN motility (Fig. 4.13c,d). In the absence of Lis1, dyneinEQN also had similar stall force, 

but lower stall durations relative to WT dynein (p = 0.03, Kolmogorov-Smirnov test, Fig. 4.13E-

F). To determine how Lis1 affects stall force and F-V behavior of dyneinEQN, we used higher 

concentrations of Lis1 (900 nM) to compensate for dyneinEQN’s lower affinity for Lis149. The 

addition of Lis1 resulted in only minor changes in the stall force and stall time of dyneinEQN (Fig. 

4.13e-g). Thus, the mutagenesis of the stalk interaction site of Lis1 does not abrogate its ability 

to induce a high microtubule affinity for dynein. However, unlike WT dynein, the addition of 
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Lis1 did not reduce the asymmetry of dyneinEQN’s F-V behavior (Fig. 4.14 and Fig. 4.15). 

Collectively, these results show that the Lis1-ring interaction is primarily responsible for the 

reduction of dynein velocity in Lis1-bound dynein and that the Lis1-stalk interaction reduces the 

asymmetry in force-induced detachment of dynein from the microtubule. 

Discussion 

Lis1 is a required cofactor for the initiation of dynein-mediated transport, but it needs to 

dissociate from the dynein complex to enable rapid transport of intracellular cargos117-119. In this 

study, we used single-molecule imaging to test the models that describe how Lis1 slows dynein 

motility when it remains bound to the dynein motor domain45,85,95,119. We also performed optical 

trapping studies of active dynein complexes in the presence of Lis1 to understand how Lis1 

binding affects force generation and force response of dynein. We showed that Lis1 binding does 

not affect the dynein stall force, indicating that the linker can perform its force-generating 

powerstroke when Lis1 is bound to the AAA+ ring. This result is consistent with the ability of 

dynein motors to walk processively, albeit at lower speeds, when colocalized with Lis1117, 

whereas disrupting the linker swing mechanism fully abrogates the motility24,55. We also showed 

that Lis1’s interaction with the microtubule at low salt is not primarily responsible for slower 

motility, because Lis1 does not bind microtubules but still slows down dynein motility under 

physiological salt. Furthermore, decoration of the microtubule surface with Lis1 does not serve 

as an efficient obstacle against dynein motility, because dynein motors walk on these 

microtubules at full speed.  

We observed that dynein moves slowly and runs on microtubules for a longer time when it 

colocalizes with a single Lis1, and its velocity decreases while its run time increases further 

when colocalized with two Lis1s. Lis1-bound dynein also persists against microtubule 

detachment for longer durations under hindering forces and moves slower under both assisting 

and hindering forces. Consistent with previous reports49,85,113, these results indicate that Lis1 

binding increases the microtubule binding affinity of dynein. Mutagenesis of the Lis1 interaction 

site on dynein’s stalk in dyneinEQN did not recover dynein velocity, demonstrating that Lis1’s 

interaction with the AAA+ ring is primarily responsible for slower movement49,113. These results 

are consistent with a model in which Lis1 binding to the AAA+ ring prevents nucleotide-induced 

rigid body motions of the AAA+ subunits and traps the AAA+ ring in the high microtubule 

affinity conformation49, resulting in a slower velocity.  

Our optical trapping measurements provide evidence that Lis1 restricts the registry shift of the 

stalk coiled coils under external forces. Without Lis1, the dynein stalk switches from the 

strongly-bound to the weakly-bound registry when dynein is subjected to assisting forces but 

remains in a strongly-bound registry under hindering forces64. Lis1 binding slows WT dynein 

speed in both assisting and hindering forces, but it has a more profound effect in limiting the 

acceleration of dynein under assisting forces. These results indicate that Lis1 binding may 

prevent dynein’s stalk switching from the α registry to a registry with lower affinity. The Lis1 

binding to dynein’s stalk may restrict the registry shift of the coiled coils because Lis1 is less 

effective in reducing the speed of dynein motility under assisting forces when the stalk residues 

that interact with Lis1 were replaced with alanine. 
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We previously showed that Lis1 stably interacts with dynein’s stalk and reduces microtubule 

affinity when the AAA3 site of dynein is unable to hydrolyze ATP and trapped at the ATP-

bound state49. If the Lis1-stalk interaction also reduces microtubule affinity when the AAA3 site 

freely binds and hydrolyzes ATP, mutagenesis of the Lis1 interaction site on dynein’s stalk 

would result in a more substantial reduction in velocity in the presence of external force. 

However, we observed that Lis1 is less effective in reducing the speed of dyneinEQN velocity 

under assisting forces, indicating that the Lis1-stalk interactions lead to an overall increase in 

microtubule affinity of WT dynein as it walks along the microtubule. Future structural and 

mechanistic work will be required to investigate whether Lis1 interacts with the stalk at different 

states of the dynein mechanochemical cycle and how these interactions regulate the microtubule 

affinity of the motor. 

Recent studies in fungi showed that Lis1-mediated activation is required for dynein 

function106,119. However, the dynein mutant that cannot adopt the phi conformation fails to fully 

rescue the deletion of Lis1 in Aspergillus nidulans106, indicating that Lis1 may have additional 

regulatory roles, such as trapping the stalk coiled-coils in the high-affinity state when it remains 

bound to the motor domain. Lis1 may promote a high microtubule affinity state when dynein 

anchors large organelles to the microtubule network or pulls on astral microtubules during cell 

division98-100. Alternatively, a Lis1-mediated increase in microtubule affinity may contribute to 

the proper assembly of dynein with dynactin and an activating adaptor on the microtubule. In this 

scheme, Lis1 remains bound until an activating adaptor triggers its release from dynein during or 

after the assembly of the complex96,98, its dissociation initiates dynein-driven transport. Future 

studies are required to determine whether the association and dissociation of Lis1 from dynein 

are regulated in different cellular contexts.  
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Figures and Tables 

 
 
Figure 4.1: Lis1 binding reduces the velocity while increasing the microtubule residence time of dynein. a) Schematic of 

the single-molecule motility of yeast cytoplasmic dynein in the presence of fluorescently-labeled Lis1. b) Representative 

kymographs of dynein with increasing concentrations of unlabeled Lis1. c) The velocity of dynein under different Lis1 

concentrations in 50 mM KAc, respectively (mean ± s.e.m.; N = 861, 534, 233, 352, 278, 312, 131 for 0, 5, 10, 20, 50, 100, 300, 

and 1,000 nM Lis1; three biological replicates). The fit of the velocity data (solid curve) reveals KD (±s.e., see Methods). d) The 

inverse cumulative distribution function (1-CDF) of run time and run length under different Lis1 concentrations. Fits to a double 

exponential decay (solid curves) reveal average run time and run length in each condition (bar graphs, ± s.e.; N = 861, 534, 312 

from left to right). e) A representative kymograph of GFP-dynein in the presence of 2 nM LD655- and 2 nM TMR-labeled Lis1. 

Arrows highlight processive motors colocalized with single (white) and two (yellow) colors of Lis1. f) The velocity and run time 

of dynein motors colocalized with 0, 1, and 2 Lis1s (mean ± s.d., N = 1706, 671, and 24 from left to right). g) (Left) A 

representative trace of transient binding (white arrowhead) and unbinding (yellow arrowhead) of Lis1 from processively walking 

dynein. (Right) The velocity of Lis1 unbound and bound sections of individual dynein trajectories (mean ± s.d., N = 41 and 45). 

h) The velocity distribution in the absence of Lis1 compared to the motors that do not colocalize with Lis1 when fluorescently-
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labeled Lis1 is present in the chamber (N = 361 and 1534, from left to right). i) (Insert) Schematic shows whether a single Lis1 

dimer can crossbridge two dynein dimers labeled with different dyes. (Left) Example kymographs 5 nM LD555-dynein (cyan) 

and 5 nM LD655-dynein (red) in the presence of different Lis1 concentrations. Yellow arrows show colocalization between 

LD555 and LD655 dyes. (Right) The percentage of dynein trajectories that exhibit colocalization between LD555 and LD655 

dyes (N = 408, 378, 426, and 208 from left to right, three independent experiments). In f, g, and h, the centerline and whiskers 

represent the mean and s.d., respectively. In d, f, g, and h, P-values were calculated by a two-tailed t-test with Welch correction 

for velocity and by Kolmogorov-Smirnov test for run time and run length. 
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Figure 4.2: Transient binding of Lis1 slows down motility whereas Lis1 unbinding restores the velocity. a) The run length 

of dynein in the absence and presence of Lis1. In the presence of Lis1, run lengths were separately calculated for motors that 

colocalize with 0, 1, and 2 colors of Lis1. The center line and whiskers represent the mean and s.d., respectively. P-values were 

calculated by a Kolmogorov-Smirnov test. b) A representative kymograph shows that transient binding of Lis1 slows down 

whereas the subsequent release of Lis1 restores the velocity (arrowheads).  
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Figure 4.3: Lis1’s interaction with microtubules does not slow down dynein motility. a) Models of dynein tethered to a 

microtubule via a Lis1 dimer with one Lis1 ß-propeller docked to dynein and the other on the microtubule (top) or one Lis1 ß-

propeller simultaneously interacts with dynein and the microtubule (bottom). b) Single-molecule velocity of dynein with 

increasing concentrations of Lis1WT or Lis1monomer. The median and interquartile ranges are shown. Data were normalized to a 

velocity in the absence of Lis1. At least 400 single molecule events were measured per condition. c) Lis1 binding to surface-

immobilized microtubules under different salt concentrations. d) Lis1 decorates subtilisin-treated microtubules in the presence of 

50 mM KAc. e) Two-color imaging of Cy3-labeled microtubules and LD655-labeled Lis1WT, Lis15A, or Lis1R378A. Lis1 

concentration was set to 100 nM and the assays were performed in a buffer containing 50 mM KAc. f) (Left) A representative 

kymograph of dynein motility on Lis1-decorated microtubules. Runs in the Lis1 channel colocalize with dynein. (Right) 

Velocities of dynein motors on undecorated (-Lis1) and Lis1-decorated (+Lis1) microtubules. (N= 208 and 329, from left to 

right). The center line and whiskers represent the mean and s.d., respectively. The P-value was calculated by a two-tailed t-test 

with Welch correction.  
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Figure 4.4: Lis1 interacts with the microtubule lattice through its dynein binding site in vitro. a) The subtilisin treatment of 

microtubules reduces the molecular weight of tubulin in a denaturing gel. b) The structure of Lis1 bound to the AAA ring with 

the five residues mutated in Lis15A are shown as spheres and all lysine and arginine residues are in blue. c) Representative 

kymographs of dynein in the presence and absence of Lis15A. d) The velocity, run time, and run length of dynein in the presence 

and absence of Lis15A (N = 326, 534, 336 from left to right). e) Representative kymographs of dyneinGal in the presence or 

absence of 1 μM unlabeled Lis15A. f) The velocity, run time, and run-length of dyneinGal in the presence or absence of 1 μM 

Lis15A (N = 610 and 209 from left to right). g) Microtubule co-pelleting assay with Lis1WT and Lis15A (mean ±s.e.m., 

three replicates per condition). Statistical analysis was performed using an extra sum-of-squares F test; p<0.0001. h) Surface-

immobilized microtubules were decorated by 100 nM TMR-Lis1 before and after removing unbound Lis1 in the channel. In c-f, 

assays were performed in 50 mM KAc. Assays in h were performed in the absence of added salt to maximize the Lis1-

microtubule interaction. In d and f, the center line and whiskers represent the mean and s.d., respectively. P values were 

calculated by a two-tailed t-test with Welch correction for velocity and by Kolmogorov-Smirnov test for run time and run length. 
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Figure 4.5: Motility of dyneinGal in the presence of unlabeled Lis1. a) Representative kymographs of dyneinGal with increasing 

concentrations of unlabeled Lis1. b) The velocity of dyneinGal under different Lis1 concentrations in 150 mM KAC (mean ± 

s.e.m.; N = 611, 694, 604, 230, 260, 251, 852 for 0, 3, 10, 50, 150, 300, and 1,000 nM Lis1, respectively; two biological 

replicates). c) The inverse cumulative distribution function of run time and run-length of dyneinGal under different Lis1 

concentrations. Fits to a double exponential decay (solid curves) reveal the average run time and run length of the motor in each 

condition (bar graphs, ± s.e.; N = 611, 694, 251 from left to right).  
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Figure 4.6: Motility of dyneinGal in the presence of fluorescently-labeled Lis1. a) Representative kymographs of two-color 

imaging of LD655-labeled dyneinGal and LD555-labeled Lis1 under different Lis1 concentrations. b) The velocity, run time, and 

run length distributions of dynein complexes under different concentrations of Lis1 (N = 611, 526, 168, 694, 233, 175, 408, 55, 

69, 124,126, 145, 271 from left to right). c) The fraction of LD655-dynein complexes that colocalize with LD555-Lis1 under 

different Lis1 concentrations. A fit to a binding isotherm function (solid curve, see Methods) reveals KD (±s.e.). d) The velocity 

distribution of dyneinGal in the absence of Lis1 compared to the motors that do not colocalize with Lis1 when fluorescently-

labeled Lis1 is present in the chamber (N = 611 and 233 from left to right). In b and d, the centerline and whiskers represent the 

mean and s.d., respectively. P-values were calculated by a two-tailed t-test with Welch correction for velocity and by 

Kolmogorov-Smirnov test for run time and run length. 
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Figure 4.7: Binding of two Lis1s further increases the run time and run length, but not the velocity of dyneinGal. a) 

Representative kymographs show colocalization of TMR- (5 nM) and Cy5-labeled (5 nM) Lis1 to unlabeled dyneinGal. b) The 

velocity distribution of the trajectories that contain single (N = 811) or both (N = 216) colors of Lis1.  The binding of second Lis1 

to dyneinGal does not significantly reduce the velocity. c) Run length and run time of dyneinGal that colocalize with single (gray, N 

= 811) or both (red, N = 216) colors of Lis1. The binding of second Lis1 increases the run time and run length. Inserts show 

calculated run length and run time values (mean ± s.e.) from a fit to a double exponential decay (solid curves). P values were 

calculated by a Kolmogorov-Smirnov test. d) Velocity, run length, and run time distributions of dyneinGal in the absence and 

presence of Lis1 in the channel (N = 287, 233, 175, 274, from left to right). DyneinGal motors that colocalize with 0, 1, or 2 colors 

of Lis1 were analyzed separately. In b, c, and d, the center line and whiskers represent the mean and s.d., respectively. P values 

were calculated by two-tailed t-tests with Welch correction for velocity and by Kolmogorov-Smirnov test for run time and run-

length measurements. 
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Figure 4.8: The addition and removal of Lis1 whilst recording dynein motility. a) A kymograph (left) and velocity (right) of 

dynein before and after Lis1 was flown into the flow chamber (N = 44 and 42 from left to right). b) A kymograph of dyneinGal 

when Lis1 was flown into the channel. (Middle) The velocity of the complexes that walk on the microtubules during Lis1 

addition before and after flowing Lis1 (N = 26 and 26 from left to right). (Right) The velocity of the complexes that colocalize or 

do not colocalize with Lis1 after Lis1 addition (N = 122 and 84 from left to right).  c) A kymograph (left) and velocity (right) of 

dyneinGal before and after washing excess Lis1 from the flow chamber. Complexes that colocalize (+Lis1) and not colocalize (-

Lis1) with Lis1 were analyzed separately (N = 9, 9, 22, 22 from left to right). Assays were performed in 50 mM KAc. The center 

line and whiskers represent the mean and s.d., respectively. P-values were calculated by a two-tailed t-test with Welch correction.  
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Figure 4.9: Lis1 does not affect the stall force of dynein. a) The schematic shows stall force measurements of GFP-dynein in 

the presence of unlabeled Lis1 using a fixed-beam optical trap. b) Sample trajectories of beads driven by single dynein motors 

with and without 300 nM Lis1. The arrows show the beginning and the end of a stalling event (tstall: stall duration). The 

arrowheads indicate the detachment of the motor from the microtubule and the snapping of the bead to the trap center. c) The 

stall force histogram of dynein in the presence and absence of 300 nM Lis1 (mean ±s.e.m.; p = 0.77, two-tailed t-test). d) Stall 

durations of dynein with and without 300 nM Lis1. Fit to a double exponential decay (solid curves) reveals the average stall 

duration (±s.e.). 
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Figure 4.10: Lis1 reduces the stall force of the tail-truncated dynein. a) Representative trajectories of beads driven by GFP-

GST-Dyn331kDa and GFP-GST-Dyn314kDa in the presence and absence of 300 nM Lis1. Red arrowheads represent the detachment 

of the motor from the microtubule followed by the snapping back of the bead to the trap center. b) Stall force histograms of 

Dyn331kDa and Dyn314kDa in the presence and absence of 300 nM Lis1 (mean ± s.e.m.; p = 2x10-7 for Dyn331kDa and 0.006 for 

Dyn314kDa, two-tailed t-test). c) Stall durations of Dyn331kDa and Dyn314kDa in the presence and absence of 300 nM Lis1 (p = 0.22 

and p = 0.1, respectively, Kolmogorov-Smirnov test). Fit to a double exponential decay (solid curves) reveals the average stall 

time (±s.e.). 
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Figure 4.11: Lis1 reduces the asymmetry in the F-V behavior of dynein. a) Representative traces of dynein-driven beads 

under assisting and hindering loads with and without 300 nM Lis1. Assays were performed in 1 mM ATP and 50 mM KAc. b) F-

V measurements of dynein in the presence and absence of 300 nM Lis1 (mean ±s.e.m., from left to right, N = 41, 38, 37, 861, 27, 

52, 106, 28, 51, 60, 89, 115, 124, 62, 23, 38, 40 without Lis1 and 34, 52, 25, 312, 33, 42, 49, 37 62, 47 33 42, 36, 29, 18 with 

Lis1).  c) The speed of dynein-driven beads (mean ± s.e.m.) under the same magnitude of forces (F) in assisting and hindering 

directions relative to the stall force (Fstall). d) The ratios of the dynein speeds under the same magnitude of forces in assisting and 

hindering directions relative to Fstall. The dashed lines represent the average of the asymmetry ratios measured under different 

forces.  The error bars represent s.e.m. 
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Figure 4.12: Lis1-induced reduction of the asymmetry in the F-V behavior of dynein is independent of ATP. a) 

Representative traces of dynein-driven beads under assisting and hindering loads with and without 300 nM Lis1. Assays were 

performed in 50 mM KAc and without ATP. b) F-V measurements of dynein in the absence and presence of 300 nM Lis1 (mean 

± s.e.m.; N = 42, 29, 65, 51, 38, 62, 15 without Lis1 and 36, 35, 34, 28, 21, 25, 20, 19 with Lis1 from left to right). c) The ratios 

of the velocities under the same magnitude of forces in assisting and hindering directions. The dashed lines represent the average 

of the asymmetry ratios measured under different forces. The error bars represent s.e.m. 
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Figure 4.13: Lis1 binding to dynein’s stalk is not required to slow down dynein motility. a) Representative kymographs of 

dyneinEQN motility under different concentrations of unlabeled Lis1. b) The velocity of dyneinEQN
 motility under different 

concentrations of unlabeled Lis1 (mean ± s.e.m.; N = 659, 283, 482, 484, 487, 610, 132 from left to right). The fit of the 

dyneinEQN velocity data (solid curve) reveals KD (±s.e., see Methods). c) A representative kymograph of a three-color imaging 

assay shows two Lis1s to bind to the same dyneinEQN motor (white arrows). d) The velocities of dyneinEQN motors not 

colocalizing (-Lis1) or colocalizing (+Lis1) with Lis1 (N = 98 and 92 from left to right). The center line and whiskers represent 

the mean and s.d., respectively. The P-value was calculated by a two-tailed t-test with Welch correction. e) Representative 

trajectories of beads driven by dyneinEQN in the presence or absence of 900 nM Lis1. Red arrowheads represent the detachment of 

the motor from the microtubule followed by the snapping back of the bead to the trap center. f) Stall force histograms of 

dyneinEQN in the presence and absence of 900 nM Lis1 (mean ± s.e.m.; p = 10-3, two-tailed t-test). g) Stall durations of dyneinEQN 

in the presence and absence of 900 nM Lis1. Fit to a double exponential decay (solid curves) reveals the average stall time 

(±s.e.). 

 



 

60 
 

 

Figure 4.14: Mutagenesis of the Lis1 binding site on the stalk recovers the asymmetry in the F-V behavior of dynein. a) 

Representative traces of dyneinEQN-driven beads under assisting and hindering loads with and without 900 nM Lis1. Assays were 

performed in 1 mM ATP and 50 mM KAc. b) F-V measurements of dyneinEQN with and without 900 nM Lis1 (mean ± s.e.m.; 

from left to right N = 31, 66, 62, 48, 47, 26, 42, 39, 23, 45, 33 without Lis1 and 54, 36, 61, 31, 37, 17, 54, 14, 19, 38, 26 with 

Lis1). c) The speed of dyneinEQN-driven beads (mean ± s.e.m.) under the same magnitude of forces in assisting and hindering 

directions relative to the dyneinEQN stall force (3.3 pN). d) The ratios of the velocities under the same magnitude of forces in 

assisting and hindering directions relative to the stall force. The dashed lines represent the average of the asymmetry ratios 

measured under different forces. The error bars represent s.e.m. 
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Figure 4.15: The comparison of the F-V behavior of dynein and dyneinEQN in the presence and absence of Lis1. (Left) F-V 

measurements of dynein and dyneinEQN in the absence of Lis1 (mean ±s.e.m., from left to right, N = 41, 38, 37, 861, 27, 52, 106, 

28, 51, 60, 89, 115, 124, 62, 23, 38, 40 for dynein and N = 31, 66, 62, 48, 47, 26, 42, 39, 23, 45, 33 for dyneinEQN). (Right) F-V 

measurements of dynein in 300 nM Lis1 compared to F-V of dyneinEQN in 900 nM Lis1 (mean ±s.e.m., from left to right, N = 34, 

52, 25, 312, 33, 42, 49, 37 62, 47 33 42, 36, 29, 18 for dynein; and N = 54, 36, 61, 31, 37, 17, 54, 14, 19, 38, 26 for dyneinEQN). 
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Strain Construct Genotype Ref Figures 
RPY1732 GFP-

dynein-

DHA 

MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; ZZ-

Tev-GFP-3XHA-DYN1-gs-DHA-KanR; 

nip100; ndl1::cgLEU2; pac1::HygroR 

This 

work 
Fig. 1e-i, 2a,b,f, 3a-

d, 4a-d, 5a-c, 

ED1a,b,ED2c,d, 

ED6a, ED9 
RPY1736 GFP-

dyneinEQN-

DHA 

MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; ZZ-

TEV-GFP-3XHA-DYN1(E3012A, Q3014A, 

N3018A)-gs-DHA-KanR; nip100; 

ndl1::cgLEU2; pac1::HygroR 

This 

work 
Fig. 6a-d, ED8a-g, 

ED9 

 

SM2344 HALO-

dyneingal 

MATa; nip100∆::LEU2; ura3-1::GAL1p-

DYN2:GAL1p-DYN3:GAL1p-

PAC11:GAL1p-8xHis-ZZ-2XTEV-HALO-

DYN1::URA3; his3-11,15; ura3-1; leu2-

3,112; ade2-1; trp-1; pep4∆::HIS5; prb1∆ 

119 ED2e,f, ED3a-c, 

ED4a-d, ED5a-d, 

ED6b,c 

RPY1167 GFP-GST-

Dyn331kDa-

DHA 

MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; 

PGAL1-ZZ-Tev-GFP-3XHA-GST-

DYN1(331kDa)-gs-DHA-KanR; pac1; 

ndl1::cgLEU2 

49 ED7a-c 

RPY228 GFP-GST-

Dyn314kDa-

DHA 

MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; PGAL1-

ZZ-Tev-GFP-3xHA-GST-DYN1(314kDa)-

gs-DHA 

26 ED7a-c 

RPY799 SNAP-

Lis1 

MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; 

dyn1::cgLEU2; PGAL1-8HIS-ZZ-SNAP-gs-

PAC1 

49 Fig. 1e-h, 2c-f , 

ED1a,b, ED2h, 

ED4a-d, ED5a-d, 

ED6a-c, ED8c-d 
RPY816 Lis1WT MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; 

PGAL1-8HIS-ZZ-Tev-PAC1; 

dyn1::cgLEU2; ndl1::HygroR 

45 Fig. 1b-d,i, 3b-d, 

4a-d, 5a-c, 6a-d, 

ED2c-g, ED3a-c, 

ED7a-c, ED8a,b,e-

g, ED9 
RPY1042 Lis1monomer MATa; pep4D::HIS5; prb1D; GAL1-8HIS-

ZZ-Tev-PAC1(aa 3-129 delete)-g-1XFLAG-

gaSNAP-kanR; dyn1D::CgLEU2; 

ndl1D::HPH 

85 Fig 2b 

RPY1544 Lis1R378A MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; 

PGAL1-8HIS-ZZ-Tev-PAC1(R378A); 

dyn1::cgLEU2; ndl1::HygroR 

45 Fig. 2e 

RPY1547 Lis15A MATa; his3-11,15; ura3-1; leu2-3,112; 

ade2-1; trp1-1; pep4::HIS5; prb1; 

PGAL1-8HIS-ZZ-Tev-PAC1(R275A, R301A, 

R378A, W419A, K437A); dyn1::cgLEU2; 

ndl1::HygroR 

45 Fig. 2e, ED2b-g 
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Table 4.1: The list of S. cerevisiae strains used in this study. SNAP, DHA, and HALO are genetic tags used for labeling the 

protein with a fluorescent dye. Lis1 constructs that are not tagged with SNAP were labeled with maleimide reactive probes. TEV 

indicates a Tev protease cleavage site. PGAL1 denotes the galactose promoter, which was used for inducing strong expression of 

Lis1 and dynein motor domain constructs. Amino acid spacers are indicated by g (glycine) and gs (glycine-serine). (Ref: 

Reference, ED: Extended Data Figure). 
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Methods 

Protein purification and labeling 

The endogenous genomic copies of S. cerevisiae dynein heavy chain (DYN1) and Lis1 (PAC1) 

were modified or deleted using homologous recombination26. The list of strains used in this 

study is shown in Table 4.1.  S. cerevisiae strains that express dynein, dyneinGal, and Lis1 

constructs were grown in 2 L YPA-galactose media (1% yeast extract, 1% peptone, % 0.004 

adenine sulfate, 2% galactose) until OD600 reaches 2.0. The cells were pelleted at 6,000 g for 15 

min, resuspended in phosphate buffer saline (PBS), and frozen in liquid nitrogen. For 

purification of dynein and dyneinGal, cell pellets were grinded and then dissolved in the lysis 

buffer (30 mM HEPES pH 7.4, 50 mM KAc, 2 mM Mg(Ac)2, 1 mM EGTA, 10% glycerol, 1 

mM DTT, 0.1 mM ATP, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% Triton) at 37℃. 

The lysate was centrifuged at 500,000 g for 45 min and the supernatant was incubated with 300 

µL IgG beads for 1 h at 4 ℃. The mixture was then applied to Qiagen columns, washed with 30 

mL lysis buffer supplemented with 250 mM KAc, and then with 20 mL TEV buffer (10 mM 

Tris-HCl pH 8.0, 150 mM KCl, 10% glycerol, 1 mM DTT, 0.1 mM ATP, 0.25 mM PMSF) at 4 

℃. The mixture was then incubated with 10 μL 2 mg mL-1 TEV protease for 1 h at 4 ℃. The 

eluted protein was separated from the beads by centrifuging the mixture in Amicon Ultra Free 

MC tubes at 21,000 g for 2 min, flash-frozen in liquid nitrogen, and stored at -80 ℃. A similar 

procedure was used to purify Lis1, except cells were lysed in a hi-salt phosphate lysis buffer (50 

mM potassium phosphate pH = 8.0, 150 mM KAc, 2 mM Mg(Ac)2, 10% glycerol, 10 mM 

Imidazole, 150 mM NaCl, 50 mM 2-Mercaptoethanol (BME), 1 mM PMSF, 0.2% Triton) and 

protein was eluted in nu-TEV buffer (50 mM Tris-HCl pH 8.0, 1 mM EGTA, 150 mM KAc, 150 

mM NaCl, 2 mM Mg(Ac)2, 10% glycerol, 1 mM DTT, 0.5 mM PMSF). The protein 

concentration was determined by both 280 nm absorbance and the Bradford assay.  

Proteins were labeled with fluorescent dyes after resuspending the lysate with beads and before 

adding TEV protease. 10 nanomoles of a fluorescent dye were well mixed with the protein-bead 

mixture and incubated for 1 h at 4 ℃. The column was then washed with 100 mL TEV buffer to 

remove excess dye before eluting the protein from beads. The labeling percentage was 

determined by measuring the protein concentration in Bradford assays and the absorbance under 

555 nm and 655 nm excitation for TMR/LD555 and Cy5/LD655 dyes, respectively. The 

probability, p of each SNAP-Lis1 monomer labeled with TMR and LD655 dyes derivatized with 

benzyl guanine was 72% and 80% per Lis1 monomer, respectively.  The probabilities of a 

SNAP-Lis1 dimer to be labeled with at least one TMR or LD655 dyes (calculated as 2p – p2) 

were 92% and 96%, respectively.  

Microtubule Polymerization and Subtilisin Treatment  

Tubulin was purified from pig brains in 1 M PIPES buffer. 60 ng unlabeled tubulin, 60 ng 

biotinylated tubulin, and 1 ng fluorescently-labeled tubulin were diluted to 1 mg ml-1 in 120 µL 

BRB80 buffer (80 mM PIPES pH = 6.8, 2 mM MgCl2, 1 mM EGTA) supplemented with 1x 

polymerization mixture (1mM GTP, 10% DMSO) and polymerized at 37 ℃ for 40 min and 

another 40 min after supplementing the mixture with 1 mM taxol. The mixture was centrifuged 

at 21,000 g for 13 min at room temperature and resuspended in 30 µL BRB80 buffer 
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supplemented with 10 mM taxol and 1 mM DTT. Microtubules were stored in dark at room 

temperature and used within seven days. 

For subtilisin treatment, polymerized microtubules were stored in dark for 1 day for elongation 

and then incubated with a 1:100 (w/w) subtilisin to tubulin ratio for 2 h at a 37 ℃ bath. The 

proteolytic cleavage was stopped with the addition of 2 mM PMSF. The microtubules were 

centrifuged at 21,000 g for 13 min at room temperature and the pellet was resuspended in 

BRB80 supplemented with 10 mM taxol. 

Single-molecule motility assays 

Flow channels were prepared by placing a multichannel parafilm in between a microscope slide 

and a cover glass functionalized with PEG/PEG-biotin (Microsurfaces Inc.). The channel was 

incubated with 20 µL of 2 mg mL-1 streptavidin for 2 min and excess streptavidin was removed 

by washing the channel with 60 µl DP buffer (DLB with 10% glycerol, 2% pluronic acid, 1 mM 

taxol, 1 mM tris(2-carboxyethyl)phosphine (TCEP)). The channel was then incubated with 20 µl 

of 2 mg mL-1 biotinylated microtubules in DP buffer for 2 min and unbound microtubules were 

removed by washing the channel with 60 µl DP buffer and then with 20 µl DM buffer (DLB 

supplemented with 10% glycerol, 0.4% pluronic, 1 mM taxol, 1 mM TCEP). After 3 min, the 

channel was then washed with 20 µL of stepping buffer (93% DM buffer, 2 mM ATP, gloxy 

(glucose oxidase and catalase), 0.5% dextrose, and 50 -150 mM KAc). Dynein and Lis1 were 

diluted in stepping buffer and incubated on ice for 10 min. 20 µL motor+Lis1 final mixture in 

stepping buffer was added to the channel and the sample was imaged immediately for 15 min. 

Lis1-dynein colocalization experiments were performed by mixing fluorescently-labeled dynein 

and Lis1 into the final mixture, before flowing into the chamber. Colocalization between two 

differentially labeled dynein was performed by mixing 5 nM LD555 dynein with LD655-dynein 

and letting on ice for 10 min with or without Lis1. To maximize crosslinking efficiency with 

different colors of dyneins, dyneins were added to the mixture before Lis1. Dynein-Lis1 mixture 

was diluted in stepping buffer supplemented with 1 mM ATP and 50 mM KAc. 

Single-molecule imaging was performed using a custom-built objective-type TIRF microscope 

equipped with an inverted microscopy body (Nikon Ti-Eclipse), 100× magnification 1.49 

numerical aperture (N.A.) plan-apochromat oil-immersion objective (Nikon), and a perfect 

focusing system. The fluorescence signal was detected using an electron-multiplied charge-

coupled device (EM-CCD) camera (Andor, Ixon). The effective pixel size after magnification 

was 108 nm. Samples labeled with GFP, TMR/LD555, and Cy5/LD655 were excited using 

0.04 kW cm-2 488, 532, and 633 nm laser beams (Coherent), and the emission signal was 

detected using bandpass emission filters (Semrock). For two- and three-color fluorescence 

assays, imaging was performed using alternating excitation and the time-sharing mode. Single 

color movies were recorded at 1 Hz, whereas multi-color movies were recorded with 0.5 s per 

frame per color using the time-sharing mode. To introduce or remove Lis1 from the channel 

during imaging, two 0.5 mm diameter holes were drilled on a glass slide at both ends of the flow 

channel. The region of interest in the channel was imaged for 1 min before introducing Lis1 or 

washing the free Lis1 from the channel while imaging dynein motility in real-time.  

Data Analysis 



 

66 
 

Movies were analyzed in ImageJ to create kymographs. Motors that are stationary, exhibit 

diffusional movement, or move less than 3 pixels were excluded from the analysis. The results of 

the data analysis were plotted in Prism and Origin. Data fitting was performed in Origin. 

Cumulative distribution functions (CDFs) of the run length and run-time data were fitted to a 

double exponential decay, 𝑦 = 𝐴1𝑒−𝑡/𝜏1 +  𝐴2𝑒−𝑡/𝜏2 where 𝐴1 and 𝐴2 are the amplitudes and 𝜏1 

and 𝜏2 are the decay constants. The weighted average of the decay constants, 𝜏𝑎𝑣 =
𝐴1𝜏1+ 𝐴2𝜏2

𝐴1+𝐴2
 

was reported as the decay constant.  

The average velocities of motors that colocalize with 0 (𝑉0), 1 (𝑉1), and 2 (𝑉2) colors of Lis1 

were determined from two- and three-color TIRF assays. To determine KD of Lis1, the average 

dynein velocity under different Lis1 concentrations, 𝑉 ([𝐿𝑖𝑠1]) was fitted to (1 − 𝑝𝑏)2𝑉0 +

2𝑝𝑏(1 − 𝑝𝑏)𝑉1 + (𝑝𝑏)2𝑉2 where 𝑝𝑏 =  
1

1+ 
𝐾𝐷

[𝐿𝑖𝑠1]

 is the binding probability of Lis1 to a dynein 

monomer. The probability of Lis1 colocalization to dyneinGal in Figure 4.6c was fitted to a 

binding isotherm function, defined as 𝐶(2𝑝𝑏 − (𝑝𝑏)2), where 𝐶 is less than 1 due to incomplete 

labeling of Lis1 and the limited single-molecule detection ability due to the presence of excess 

labeled Lis1 in solution. 

Microtubule co-pelleting assays  

Unlabeled taxol-stabilized microtubules were polymerized as above and free tubulin was 

removed by centrifugation through a 60% glycerol gradient in BRB80 (80 mM PIPES-KOH pH 

6.8, 1 mM magnesium chloride, 1 mM EGTA, 1 mM DTT, 20 µM Taxol) for 15min at 

100,000xg and 37 ℃. The microtubule pellet was resuspended in DLB supplemented with 20 

µM taxol. Microtubules (0-600nM tubulin) were incubated with 100 nM Lis1 for 10 min before 

being pelleted for 15 min at 100,000xg and 25 ℃. The supernatant was analyzed via SDS-PAGE 

and depletion was determined using densitometry in ImageJ. Binding curves were fit in Prism8 

(GraphPad) with a nonlinear regression for one site binding with Bmax set to 1. 

Optical trapping assays 

Optical trapping experiments were performed on a custom-built optical trap using a Nikon Ti-E 

microscope body and a 100× 1.49 NA plan-apochromat oil immersion objective, as previously 

described47. The beads were trapped with a 2W 1,064 nm laser (IPG Photonics) and the trap was 

steered with a two-axis acousto-optical deflector (AA Electronics). The trap stiffness was 

calculated from the Lorentzian fit to the power spectrum of a trapped bead. For stall force 

measurements, the trap stiffness was adjusted to allow the motor to walk 100 nm away from the 

trap center before the bead comes to stall. The position of the bead from the center of the fixed 

trap was recorded for at least 90 s at 5 kHz.  

For fixed trap measurements, 0.8 µm diameter carboxylated latex beads (Life Technologies) 

were functionalized with rabbit polyclonal GFP antibody (BioLegend, no. MMS-118P), as 

previously described47. The 2 μL of the bead stock were diluted in 8 µL DLB. 2 µL of diluted 

beads were sonicated for 8 s. To ensure that more than 90% of the beads are driven by single 

motors, GFP-dynein concentration was diluted in the stepping buffer (93% DLBM buffer (DLB 

supplemented with 10% glycerol, 0.25 mM casein, 1 mM taxol, 1 mM TCEP), 2 mM ATP, 1% 
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gloxy, 0.5% dextrose, and 50 mM KAc) to desired concentrations such that less than 30% of the 

beads exhibit motility when brought on top of a surface-immobilized axoneme. The mixture was 

sonicated for 8 s and 2 µL of diluted beads were mixed with 2 µL of GFP-dynein, 1.5 µL Lis1, 

and 2 µL stepping buffer, and incubated on ice for 10 min. For the no Lis1 condition, an equal 

volume of stepping buffer was added to the mixture instead of Lis1.  

Cy5-labeled sea urchin axonemes were nonspecifically adsorbed to the channel surface. After 30 

s, the channel was washed with 60 μL DLBC buffer (DLB with 10% glycerol, 2 mM casein, 1 

mM taxol, and 1 mM TCEP) to remove the unbound axoneme. After 3 min, the channel was 

washed with 60 μL DLBM buffer and then with 20 μL stepping buffer. 7.5 μL of the dynein-

Lis1-bead mixture was diluted in 20 µL stepping buffer and the KAc concentration was adjusted 

to 50 mM before being flown into the channel. The channel was sealed with nail polish to 

prevent evaporation during data acquisition.  

Optical trap data were analyzed with a custom-written MATLAB script. The data were 

downsampled to 500 Hz via median filtering before analysis. Stall events were manually scored 

when the velocity of the bead movement was reduced to ~0 nm s-1 under hindering load and 

terminated with a sudden (<4 ms) snapping of the bead to the trap center. Events that occur 

within 25 nm distance to the trap center, last shorter than 0.4 s, or terminate with backward 

movement, multiple-step detachment, or slow (>4 ms) return of the bead to the trap center were 

excluded from the analysis. Stall forces were calculated as the average force value of the plateau 

where the bead is nearly immobile before detaching from the axoneme. Stall time was defined as 

the time the bead spends at the 30% margin of the stall force before it detaches from an 

axoneme. CDFs of stall times were fitted to a double exponential decay and the weighted 

average of two decay constants from the fit was reported as the decay constant. 

F-V measurements 

Similar sample preparation procedures were used for F-V measurements using an optical trap. 

After the bead movement reached half of the measured stall force of the motor, the trapping 

beam repositioned itself and maintained a 100 nm distance from the bead via a force-feedback 

mechanism. To determine the microtubule polarity in the no-ATP condition, unlabeled axonemes 

were immobilized to the channel and LD655-labeled GST-Dyn331kDA motors (without a GFP tag) 

were flown into the channel in a stepping buffer supplemented with 30 μM ATP. The motors 

were allowed to walk on and accumulate at the minus-end of surface-immobilized axonemes for 

4 mins. The channel was then washed with 40 µl with DLBM buffer, followed by 20 µl stepping 

buffer supplemented with 0.5 U ml-1 apyrase instead of ATP to deplete residual ATP in the 

channel. 0.5 U ml-1 apyrase was also included in the bead-dynein-Lis1 mixture to remove 

residual ATP from protein preparations. During optical trapping, microtubule polarity was 

determined by the minus-end accumulation of the LD655 signal determined by an sCMOS 

camera (Hamamatsu, Orca Flash 4.0). Beads were pulled along the length of an axoneme at a 

constant velocity, and the beads that engaged with the axoneme were trapped by repositioning 

the trapping beam 100 nm away from the bead center along the direction of the applied force. 

The bead position was recorded at 5 kHz and the data were downsampled to 500 Hz via median 

filtering. The slope of each trace was defined as the velocity of individual motors under an 

applied force. The traces that are shorter than 70 ms, show bidirectional motility under load, or 
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exhibit instantaneous jumps larger than 50 nm were excluded from data analysis. The asymmetry 

ratios were calculated by comparing the average velocities under forces equally larger or smaller 

than 𝐹𝑠𝑡𝑎𝑙𝑙. Velocities at corresponding forces were either directly measured or calculated by 

linear regression of the measured velocities under the closest force measurements. The errors of 

asymmetry ratios were determined by error propagation of the compared velocities. 

Statistical Analysis The p-values were calculated by the two-tailed t-test for stall force 

histograms, the two-tailed t-test with Welch corrections for velocity measurements, and the 

Kolmogorov-Smirnov test for run length and run time measurements in Prism and Origin. CDFs 

were calculated in MATLAB. 
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Chapter 5: Conclusion and Future directions 

Lis1 is required in most, if not all, of the dynein-related roles in the cytoplasm36,86,91,116,124-128. 

Deciphering the details of molecular interaction between Lis1 and dynein will provide us with a 

clearer understanding of the regulation of dynein motility and the many cellular processes in 

which they are involved. Many studies focused on distinct parts of this regulation using different 

biophysical techniques and model systems. Previous in vitro studies on yeast dynein identified 

Lis1 as an inhibitor of dynein motility when it remains bound to dynein49,85,92,120,121. On the other 

hand, more recent studies using mammalian dynein showed that Lis1 has an activating role in 

dynein motility98-100,117-119. These observations were seemingly at odds with each other and the 

mechanism of Lis1-mediated dynein regulation was not well understood. 

My thesis work has significantly contributed to understanding both the molecular interaction and 

cellular roles of Lis1 using in-vitro biophysical techniques. Lis1 relieves dynein from 

autoinhibition by opening up its φ conformation105,117,118, which is the initial key step for forming 

an active DDX complex. In the meantime, dynein needs to stay on the MT plus end before 

forming a complex with dynactin and a cargo adaptor. Lis1 increases dynein’s MT binding 

affinity so that the motor remains on MTs longer times. This may provide enough time to form a 

full complex with dynactin and a cargo adaptor so that DDX can start cargo transportation from 

the plus end of MTs.  

By using both mammalian DDX and yeast dynein, I have shown that Lis1 colocalized dynein (or 

DDX complexes) walks slower. I tested the models that explain why Lis1-bound dynein is 

moving slower. My results are inconsistent with the currently proposed models of MT-

tethering105 and clutch mechanisms45. Instead, the results of my studies support the model that 

Lis1’s binding to the ring is sufficient to disrupt the transduction of the conformational changes 

due to ATP hydrolysis on the ring. Moreover, Lis1’s interaction with the dynein stalk changes its 

asymmetric release from microtubules, decreasing its detachment more in the forward direction. 

The loss of asymmetry in the MT detachment of Lis1-bound dynein can be critical for its plus 

end recruitment, or for retaining dynein for longer times at the plus end until the DDX complex 

assembles. In Chapter 2, I have explained that Z-force may affect the motor’s detachment from 

MTs65,66. I note that, in future studies, eliminating the Z-force in optical trapping may result in a 

more striking asymmetry in dynein’s detachment rate and higher relative loss of asymmetry due 

to Lis1 binding than I found using the standard single-bead assays. 

The role of NudE in dynein-mediated transport 

Lis1 appears as a puncta at the plus tips of MTs. The precise point localization of Lis1 at the MT 

plus tip indicates that Lis1’s binding and unbinding happens at the tip. Moreover, the lack of 

evidence about Lis1’s moving together with cargoes carried by dynein in cells86,90,115,116 indicates 

that Lis1 needs to dissociate from such complexes before the initiation of transport. How Lis1 

binds and why it dissociates needs to be studied further. A possible candidate to mediate Lis1 

binding to dynein is NudE129,130. NudE contains one long and one short coiled-coil which has 

binding sites for both the dynein intermediate chain (DIC) and Lis1131-135. NudE also competes 

with dynactin for the binding site on DIC108,136,137. A possible scenario is that NudE binds dynein 

and recruits Lis1, which switches dynein to open conformation and keeps it stably bound to 

MTs. Dynactin’s binding to dynein may kick off NudE from DIC, which can also trigger Lis1’s 
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dissociation from dynein leading to processive cargo transportation.  

Lis1 and NudE work together and it is known that mutations in these genes cause severe 

neurodevelopmental diseases known as Lissencephaly112,138-141 and microcephaly142,143, 

respectively. In the future, it is critical to investigate how Lis1-NudE together affects dynein 

motility to understand the underlying mechanism of this regulation. In order to determine the 

order of events that leads to activation of DDX complexes, association-dissociation of Lis1-

NudE vs dynactin-cargo adapter from dynein needs to be monitored in real-time using multi-

color TIRF assays. Further research on the in vivo imaging of the plus end recruitment and 

initiation of dynein-driven transport and their relative interaction with Lis1-NudE pairs will 

provide critical insight into the molecular basis of Lis1- and NudE-related diseases.  
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