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Cytoplasmic dynein-1 (dynein) is a molecular motor that drives nearly all 

minus-end-directed microtubule-based transport in human cells, performing 

functions ranging from retrograde axonal transport to mitotic spindle assembly. For 

human dynein to be motile it must form an activated complex with two cofactors, 

dynactin and one of a set of coiled-coil containing activating adaptor proteins. In 

cells dynein requires additional cofactors, including the conserved dynein regulator 
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Lis1. Lis1 is critical for all of dynein’s known functions and is unique among 

dynein’s regulators because it is the only one which binds directly to the motor 

domain. This makes it important to consider Lis1 regulation both of activated 

dynein complexes as well as regulation of the dynein motor itself. In this thesis I 

present work studying the mechanisms of dynein regulation by Lis1 using a 

combination of biochemistry, single molecule imaging, cell biology, and cryo-

electron microscopy. In chapter 2 we investigated the role of Lis1 in the context of 

activated dynein complexes containing dynactin, an activating adaptor and one or 

two dynein dimers and found that Lis1 aids the formation of these complexes. 

Interestingly, Lis1 is not required for the motility of these complexes once they 

form. Lis1 aids dynein in overcoming its auto-inhibition and assume the correct 

configuration for proper addition into the complex before Lis1 dissociates as the 

complex moves along microtubules. In chapter 3 we solved a 3.1Å structure of a 

dynein-Lis1 complex, which we used to understand how Lis1 directly influences 

the mechanochemistry of the dynein motor. Lis1 has two opposing modes of 

regulating the dynein motor, either increasing or decreasing dynein’s microtubule 

binding affinity. We found novel contact sites important for both modes of 

regulation in vitro in single molecule assays and in vivo in Saccharomyces 

cerevisiae. Overall, this work reveals the complicated nature of dynein regulation 

by Lis1 and allows us to make a unified model, which is presented in chapter 4. 
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Chapter 1:  

Introduction to the regulation of 

Cytoplasmic Dynein-1 by Lis1 
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1.1 Cytoplasmic Dynein-1 

Cell division, development and the transport of cellular cargo are 

fundamental processes that require the microtubule cytoskeleton and associated 

motor proteins. Microtubules are polarized structures that have plus ends 

generally oriented toward the plasma membrane and minus ends usually found 

near the center of the cell. The motor proteins dynein and kinesin couple ATP 

hydrolysis to movement along these microtubule tracks. There are ~40 kinesins 

that are responsible for transporting cellular cargos towards the plus end of 

microtubules, but minus-end-directed transport is carried out by only one motor, 

cytoplasmic dynein-1 (dynein hereafter)1.  This means that dynein is responsible 

for the movement of hundreds of different cargos, including endosomes, 

peroxisomes, mitochondria, and other membrane-bound compartments. 

Additionally, dynein has been linked to the motility of mRNAs and is hijacked by 

viruses to transport viral components2. Dynein is found in many eukaryotes and is 

often essential; for example, dynein knockout causes embryonic lethality in mice3. 

Notably, dynein genes are not found in plants and some algae, which instead use 

minus-end directed kinesins. Mutations in dynein have been linked to a variety of 

neurological diseases, such as spinal muscular atrophy with lower extremity 

predominance, Charcot-Marie-Tooth disease, Perry syndrome, and lissencephaly4.  

 In contrast to kinesin and myosin motors, which share a common ancestor 

related to G-proteins, dynein is a member of the AAA+ family of ATPases. Dynein 

is also larger and more complicated in terms of accessory chains than either 
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kinesin or myosin; dynein is a 1.4 MDa complex composed of two copies each of 

six polypeptide chains (Figure 1.1a). The dynein motor is composed of six AAA 

domains, with AAA1, 3 and 4 capable of binding and hydrolyzing ATP5. The 

primary site of ATP hydrolysis is AAA1, which is required for dynein motility6,7. 

Mutations that block binding or hydrolysis in AAA3 impair dynein motility, as do 

mutations in AAA4 albeit to a much lesser extent7–11. On average dynein only 

hydrolyzes one ATP per step, indicating a regulatory role for AAA3 and 49,12–14.  

Dynein from Saccharomyces cerevisiae is a processive motor (i.e., able to 

take multiple steps along microtubules without dissociating completely). This is 

true for full length dynein as well as dynein with a truncated tail dimerized with 

GST that does not require the dynein accessory chains12. However, in vivo dynein 

requires many additional co-factors to function15. Also, unlike yeast dynein, 

mammalian dynein is not processive in the absence of other regulators in vitro. 

Mammalian dynein in vitro requires interaction with at least two factors, dynactin 

and an activating adaptor, to form the minimal processive dynein complex16,17 

(Figure 1.1b). This is partially due to dynein existing in an auto-inhibited state 

called the phi particle that must be opened before it can be become active18 

(Figure 1.1c). Recently it was shown that some activating adaptors can recruit a 

second dynein to the complex, which results in faster velocities19,20 (Figure 1.1c).  
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Figure 1.1. Activation of dynein by dynactin and activating adaptors. A. 
Cartoon of cytoplasmic dynein 1. The dynein heavy chain (HC) contains a C-
terminal motor domain composed of 6 AAA+ ATPase domains with a microtubule- 
binding domain (MTDB) at the end of a long coiled- coil stalk.The HCs are linked 
together via an N- terminal dimerization domain (NDD) that is part of the HC tail, 
which also binds the intermediate chains (IC) and light intermediate chains (LIC). 
The ICs have extended N termini that bind dimers of the light chains Roadblock 
(Robl), LC8 and Tctex. B. Cartoon of an activated dynein complex composed of 
dynein, dynactin, and an activating adaptor. C. Schematic of the current model for 
dynein activation. Dynein (grey) is autoinhibited in the Phi conformation, and then 
opens and finally adopts a parallel conformation that is seen in the activated 
dynein complex, which includes dynactin (purple) and an activating adaptor 
(green). Activated dynein complexes can contain two dynein dimers (dynein A and 
B, far right). 
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In vivo dynein also requires an additional regulatory molecule, the protein 

Lis1. Lis1 is required for nearly all dynein functions, and loss of Lis1 results in 

debilitating neurodevelopmental defects21. Lis1 is unique among dynein’s 

regulators because it is the only one known to bind directly to the motor 

domain5,22–24. Lis1 regulation is particularly interesting because it has implications 

both for the mechanochemical regulation of dynein as well as for the formation of 

activated complexes containing dynein, dynactin and activating adaptors.  

 

1.2 Lis1 is a conserved regulator of dynein 

LIS1 was first discovered as the primary gene mutated in type-1 

lissencephaly, a neurodevelopmental disorder that results in a smooth cerebral 

surface and abnormal neuronal migration25. It was later linked to the dynein 

pathway in fungal genetic screens probing nuclear migration and positioning26. 

This link was later confirmed in metazoans through genetic studies in Drosophila 

melanogaster27,28. Shortly after, mammalian Lis1 was shown to colocalize with 

dynein in vivo and directly interact with it in vitro29–31. In highly polarized cells, such 

as neurons or filamentous fungi, Lis1 is required for the transport of endosomes, 

peroxisomes, lysosomes, mitochondria and mRNA32–38. Lis1 has a conserved 

function in nuclear and centrosomal positioning in organisms from fungi to 

humans26,39–42.  

 One required function of Lis1 seems to be initiating transport by aiding 

dynein recruitment to cargo. For example, in A. nidulans Lis1 is not observed on 
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moving endosomes and loss of Lis1 reduces the number of moving endosomes 

but does not reduce the velocity of those that do move, suggesting that once 

dynein is on the cargo Lis1 is no longer required33. Similarly, Lis1 is required to 

recruit dynein to mRNA complexes in Drosophila32 and in mouse dorsal root 

ganglion neurons Lis1 knockdown reduces the retrograde movement of 

lysosomes35. In HeLa cells Lis1 is necessary for dynein recruitment to 

membranes43,44, suggesting that recruiting dynein to cargo is a conserved function 

of Lis1. 

 

1.3 Molecular mechanism of dynein regulation by Lis1 

Lis1 is the only known dynein regulator to bind to the motor domain, and it 

is therefore important to consider Lis1’s regulation of dynein’s mechanochemical 

cycle. Lis1 is a functional dimer, with each monomer consisting of an N-terminal 

LisH dimerization domain, a coiled coil, a disordered loop, and a β-propeller 

containing seven WD repeats45,46. Lis1 binds at two sites on dynein, one site at 

AAA3/AAA4 (sitering) and one on the dynein stalk (sitestalk)22–24.  

 

Dynein microtubule binding 

Lis1 has been shown to induce a high microtubule binding affinity of dynein 

in organisms ranging from yeast to humans22,47–49. This state correlates with Lis1 

bound only at sitering, which induces an open conformation in dynein’s ring22,24.  In 

vivo this is likely important for maintaining dynein at plus ends for cargo loading, 
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such as offloading onto the cortex in S. cerevisiae or attachment to vesicular cargo 

for long distance transport. 

Lis1 bound to sitestalk as well as sitering induces the opposite effect, 

decreasing dynein’s affinity for the microtubule. This occurs when dynein's AAA3 

domain is bound to ATP. This state can be observed using a dynein that has a 

mutation in its Walker B motif in AAA3, which allows it to bind ATP but not 

hydrolyze it. It can also be observed using ATP and vanadate, which mimic the 

ADP.Pi state in AAA3. Binding of Lis1 at both binding sites induces a closed state 

in dynein’s ring and prevents the sliding of the coiled coils in dynein’s stalk that 

result in high MT affinity. In S. cerevisiae this release from microtubules is required 

for dynein’s transport to the plus ends of microtubules24.  

 

Dynein ATPase rate 

 Lis1 does not significantly affect the ATPase rate of dynein22,47,48. The 

majority of dynein’s ATPase activity is attributed to AAA1 both in the presence and 

absence of Lis123. This is a surprising contrast to mutations in dynein that increase 

its microtubule binding affinity, such as the AAA4 arginine finger mutant22,50 or a 

mutant that inhibits linker docking at AAA551; both of these dynein mutants result 

in prolonged microtubule attachment, but they also both display severely reduced 

ATPase rate50,51. This distinction in the mechanism of Lis1 led to an analogy of a 

clutch; Lis1 binding serves to disconnect the flow of structural changes from 

dynein’s motor to the microtubule binding domain22. 



8 
 

Dynein velocity 

 An increase in dynein’s microtubule binding affinity results in a decrease in 

velocity because each dynein motor remains bound to the microtubule longer 

between steps. Addition of Lis1 to dynein therefore results in a decrease in dynein 

velocity22–24. Although human dynein is not processive on its own as discussed 

above, teams of dynein attached to a surface are able to move microtubules. In 

this assay Lis1 decreases the velocity of human dynein as well47,49,52,53. 

Interestingly, when Lis1 is added to activated dynein complexes containing dynein, 

dynactin and an activating adaptor it increases their velocity, in contrast to its 

effect on dynein alone.  

 

1.4 Outstanding questions 

 We wanted to investigate how Lis1 increases the velocity of activated 

dynein complexes, which is the topic of chapter 2. In agreement with previous 

studies49,54 we found that Lis1 increases the velocity of activated dynein 

complexes. We show that this is due to Lis1 aiding the recruitment of two dynein 

dimers to the complex. Interestingly, Lis1 does not remain as a stable member of 

this complex but instead dissociates once it is moving on microtubules. We 

propose that Lis1 helps release dynein auto-inhibition and favors a dynein 

conformation primed for inclusion in the activated dynein complex. 

The contact sites required for Lis1’s regulation of the dynein 

mechanochemical cycle have not been fully mapped because previous structures 
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were not of high enough resolution to unambiguously determine the orientation of 

the Lis1 ß-propeller. In chapter 3 we use a new 3.1Å structure of Lis1 bound to 

dynein to disrupt all of the observed dynein-Lis1 interactions as well as the 

interaction between the Lis1 ß-propellers and then determine the effects on 

dynein’s mechanochemistry and functions in vivo. We found novel interactions that 

contribute to both modes of Lis1 regulation.  
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2.1 Abstract 

Cytoplasmic dynein-1 is a molecular motor that drives nearly all minus-end-

directed microtubule-based transport in human cells, performing functions ranging 

from retrograde axonal transport to mitotic spindle assembly1,2. Activated dynein 

complexes consist of one or two dynein dimers, the dynactin complex, and an 

“activating adaptor”, with faster velocity seen when two dynein dimers are 

present3-6. Little is known about the assembly process of this massive ~4MDa 

complex. Here, using purified recombinant human proteins, we uncover a role for 

the dynein-binding protein Lis1 in promoting the formation of activated dynein/ 

dynactin complexes containing two dynein dimers. Complexes activated by 

proteins representing three families of activating adaptors: BicD2, Hook3, and Ninl 

all show enhanced motile properties in the presence of Lis1. Activated dynein 

complexes do not require sustained Lis1 binding for fast velocity. Using cryo-

electron microscopy we show that human Lis1 binds to dynein at two sites on 

dynein’s motor domain. Our work suggests that Lis1 binding at these sites 

functions in multiple stages of assembling the motile dynein/ dynactin/ activating 

adaptor complex.  

2.2 Introduction 

Cytoplasmic dynein-1 (dynein) is responsible for the long-distance transport 

of nearly all cargos that move towards the minus ends of microtubules2. Mutations 

in components of the dynein machinery cause neurodevelopmental and 

neurodegenerative diseases7. Activated human dynein is a large multi-subunit 
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complex composed of one or two dynein dimers (each dynein dimer contains two 

motor subunits and two copies each of five additional subunits), the dynactin 

complex (composed of 23 polypeptides) and a dimeric, coiled-coil-containing 

activating adaptor (Figure 2.1a)2-6,8. The dynein motor subunit, or heavy chain, is 

an ATPase containing six AAA+ domains and a microtubule-binding domain that 

emerges from a long coiled-coil “stalk” (Figure 2.1b). 

Though yeast dynein is capable of moving processively on its own in vitro9, 

mammalian dynein is largely immotile in the absence of dynactin and an activating 

adaptor3,4,10. However, dynein activation in vivo is likely conserved across 

eukaryotes as dynactin subunits and a candidate activating adaptor (Num1) are 

required for dynein function in yeast11. Activating adaptors also link dynein/ 

dynactin to its cargos2,8. Nearly a dozen activating adaptors have been described; 

they share little sequence identity, but contain a long stretch of predicted coiled-

coil that spans the ~40 nm length of dynactin2,8. All activated dynein complexes 

that have been investigated structurally can bind two dynein dimers5,6 (Figure 

2.1a).  

Mammalian dynein in the absence of these other components adopts a 

conformation known as “Phi”12,13. Phi dynein is autoinhibited and cannot interact 

with microtubules productively12. The current model for dynein activation proposes 

that Phi dynein must first adopt an “Open” conformation and ultimately a “Parallel” 

conformation that is observed when it is bound to dynactin and an activating 

adaptor (Figure 2.1a)5,6. Little is known about how dynein switches between the   
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Figure 2.1. Lis1 increases microtubule binding and velocity of activated 
dynein complexes. a. Current model for dynein activation. Dynein is autoinhibited 
in the Phi conformation, opens, and then adopts a parallel conformation in the 
activated dynein complex, which can contain two dynein dimers (A and B). b. 
Schematic of the  AAA+ ATPase dynein heavy chain. The two Lis1 binding sites, 
“Sitering” and “Sitestalk” are shown. Microtubule binding domain (MTBD). c. 
Activating adaptor constructs used in this study. Dashed lines highlight the regions 
that were truncated. d, e. Binding density (mean ± s.e.m.) of full-length 
recombinant human dynein with its associated intermediate, light intermediate and 
light chains (d) or dynein/ dynactin/ activating adaptor complexes (e) on 
microtubules in the absence (white circle) or presence (black circle) of 300 nM 
Lis1. Data was normalized to a density of 1.0 in the absence of Lis1. f. Single-
molecule velocity of dynein/  dynactin/ activating adaptor complexes in the 
absence (white circles) or presence (black circles) of 300 nM Lis1. The median 
and interquartile range are shown.  g. Single-molecule velocity of dynein/ dynactin/ 
Hook3 complexes in a higher ionic strength buffer (67.5 mM compared to 37.5 mM 
in our standard buffer) in the absence (white circle) or presence (black circle) of 
300 nM Lis1. The median and interquartile range are shown. h. Percent 
processive runs of dynein/ dynactin/ Hook3 complexes in standard and higher 
(grey panel) ionic strength motility buffer in the absence (white circles) or presence 
(black circles) of 300 nM Lis1. Statistical analysis was performed on data pooled 
from all replicates with a chi-squared test. i. Peroxisome relocation assay. The 
peroxisomal protein, Pex3, is fused to mEmerald and FKBP and  BicD2-S is fused 
to FRB. Rapalog induces the association of FKBP and FRB. j. Peroxisome velocity 
in human U2OS cells with scrambled or Lis1 siRNA knockdown with two 
independent siRNAs. The median and interquartile range are shown. 
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autoinhibited Phi conformation and the Open and Parallel conformations that lead 

to the assembly of the motile activated dynein complex.   

 Genetic studies in model organisms place the dynein-binding protein Lis1 in 

the dynein pathway14-16. Given that deletion or mutations in Lis1 phenocopy 

deletion or mutation of dynein or dynactin subunits in these organisms14-16, Lis1 is 

considered a positive regulator of dynein’s cellular activities. Activities that require 

Lis1 range from organelle trafficking (e.g.17-20) to nuclear migration/positioning 

(e.g.15,21-23) to RNA localization (e.g.24). The LIS1 gene is mutated in the 

neurodevelopmental disease type-1 lissencephaly25, and was first directly linked to 

dynein through genetic studies in Aspergillus nidulans15. Lis1 is a dimer of β-

propellers26,27 and yeast Lis1 binds dynein at two distinct sites on the dynein motor 

domain: dynein’s ATPase ring at AAA3 and AAA4 (“sitering”) and dynein’s stalk 

(“sitestalk”) (Figure 2.1b)28-30. In yeast, binding of Lis1 to dynein at sitering causes 

tight microtubule binding and decreases velocity29,30, whereas binding at both sites 

leads to weak microtubule binding and increases velocity30. Lis1 also increases 

the binding of mammalian dynein to microtubules31,32 and increases the velocity of 

mammalian dynein/ dynactin complexes containing the BicD2 activating 

adaptor33,34. How Lis1 exerts these effects on mammalian dynein is unknown. It is 

also unknown if Lis1 has the same effects on dynein/ dynactin bound to other 

activating adaptors.   
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2.3 Results 

To determine how Lis1 regulates activated human dynein complexes, we 

purified full-length recombinant human dynein in the presence of its accessory 

chains (“dynein”)3 and human Lis1 from insect cells, dynactin from human 

HEK293T cells35, and the human activating adaptors BicD2, Hook3, and Ninl from 

E. coli (Supplementary Data Figure 2.1a). Since some activating adaptors are 

known to be autoinhibited36, we used well-characterized carboxy-terminal 

truncations of BicD2, Hook3 and Ninl3,4,35 (Figure 2.1c). We made two truncations 

of BicD2:  BicD2-S (aa 25-398), which activates dynein in vitro3,4 and BicD2-L (aa 

1- 598), which activates dynein in cells18,37. 

We first determined the effects of Lis1 on the microtubule binding properties 

of dynein alone and dynein/ dynactin bound to different activating adaptors using a 

single-molecule assay30. Lis1 increased the microtubule binding density of dynein 

alone (Figure 2.1d and Supplementary Data Figure 2.1b), consistent with studies 

of yeast29,30 and mammalian31,32 dynein. Lis1 also increased the microtubule 

binding density of dynein/ dynactin complexes bound by the activating adaptors 

BicD2-S, BicD2-L, Hook3, and Ninl (Figure 2.1e and Supplementary Data Figure 

2.1b). 

Next, we examined how Lis1 affected the motile properties of activated 

dynein complexes. While Lis1 inhibits the motility of human dynein alone in 

microtubule gliding assays31,33,38,39, in agreement with some previous studies33,34 

we found that Lis1 increased the velocity of dynein/ dynactin / BicD2-S complexes 
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(Figure 2.1f, Supplementary Data Figure 2.1c). We also found that Lis1 increased 

the velocity of dynein/ dynactin activated by BicD2-L and Ninl in our standard 

motility assay buffer (Figure 2.1f, Supplementary Data Figure 2.1c). Lis1 also 

increased the percentage of processive runs for dynein/ dynactin activated by 

BicD2-S, BicD2-L and Ninl (Supplementary Data Figure 2.1d). While Hook3-

activated dynein complexes were not affected by Lis1 in these conditions (Figure 

2.1f), increasing the ionic strength of our assay buffer led to increased velocity and 

an increase in processive runs of these complexes in the presence of Lis1 (Figure 

2.1g,h). We interpret this difference in sensitivity to the ionic strength of our assay 

conditions as an indication that Hook3 may have a higher affinity for dynactin, the 

dynein tails, or the dynein light intermediate chains compared to BicD2 and Ninl. 

These data show that Lis1 increases both microtubule binding and motility of 

dynein/ dynactin complexes bound by activating adaptors from three different 

families and allude to a role for Lis1 in activated dynein/ dynactin complex 

formation. 

We next asked if Lis1 had a similar effect on dynein velocity in cells using a 

well-established peroxisome relocation assay (Figure 2.1i)37,40. We co-transfected 

human U2OS cells with: 1) the rapamycin binding protein FRB fused to BicD2-S 

and 2) another rapamycin binding protein FKBP fused to mEmerald and the 

peroxisome targeting protein Pex3 (Figure 2.1i). In U2OS cells peroxisomes rarely 

move, but upon the addition of rapalog, which causes FRB and FKBP to interact, 

we observed many processive runs. This is an indication that BicD2-S recruits and 
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activates dynein/ dynactin40. We observed a significant decrease in peroxisome 

velocity when Lis1 expression was knocked down with siRNA (Figure 2.1j, 

Supplementary Data Figure 2.1e-g), suggesting that Lis1 also increases the 

velocity of dynein complexes in a cellular environment.        

We next sought to determine where Lis1 binds human dynein. Experiments 

with yeast proteins showed that Lis1 binds dynein at two sites on the dynein motor 

domain (sitering and sitestalk29,30), although previous studies with mammalian 

protein fragments reported interactions with other regions of dynein41,42. We used 

cryo-electron microscopy (cryo-EM) to identify the Lis1 binding sites on human 

dynein. We purified monomeric human dynein motor domains and mixed them 

with dimeric human Lis1 in the presence of ATP-vanadate. This ATP analog was 

previously shown to promote an interaction between mammalian dynein and Lis132 

and causes dynein’s linker to adopt a bent position43 that would prevent the linker 

from sterically interfering with Lis1 binding at sitering. We generated two-

dimensional (2D) class averages of the dynein/ Lis1 complex that showed high-

resolution features in both dynein and Lis1 (Figure 2.2a).  

To determine whether the binding sites for Lis1 are similar in human and 

yeast dynein, we compared our experimental class averages with calculated 2D 

projections of a model of human dynein bound to Lis1 (Figure 2.2b). To make this 

model we combined the structure of human dynein-2 bound to ATP-vanadate 

(PDB: 4RH744) with a homology model of human Lis1 bound to dynein at the two 

binding sites observed with the yeast proteins (PDB: 5VLJ30) (Figure 2.2b).  To  
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Figure 2.2. Human Lis1 binds the human dynein motor domain at AAA3/4 
and the stalk. a. 2D class averages of human dynein monomers bound to human 
Lis1 dimers in the presence of ATP-vanadate. b. Best-matching projections of a 
model combining human dynein-2 bound to ATP-vanadate (PDB: 4RH7) with 
homology models of human Lis1 at the locations where Lis1 binds to yeast dynein 
in the presence of ATP-vanadate (PDB: 5VLJ). The two Lis1’s (“Sitering” and 
“Sitestalk”) identified in yeast dynein, dynein’s AAA ring, stalk and buttress are 
labeled. c. Projections of 4RH7 alone in the same orientations as those shown in 
(b). d. Homology model of human Lis1 (from SWISS-MODEL) showing the five 
residues mutated to alanine in “Lis1-5A”. e. Single-molecule velocity of dynein/ 
dynactin/ BicD2-S complexes in the absence (white circles) or presence (black 
circles) of Lis1 or Lis1-5A. The median and interquartile range are shown. f. 
Percent processive runs of dynein/ dynactin/ Hook3 complexes in a higher ionic 
strength buffer in the absence (white circles) or presence (black circles) of 300 nM 
Lis1 or Lis1-5A. Data in the presence of 300 nM Lis1 was also presented in Figure 
2.1h. Statistical analysis was performed on data pooled from all replicates with a 
chi-squared test. g. Single-molecule velocity of dynein/ dynactin/ BicD2-S 
complexes in the absence (white circles) or presence (black circles) of 300 nM 
Lis1 dimer or 600 nM Lis1∆N. Since Lis1∆N is largely monomeric (Supplementary 
data Figure 2e), 300 nM Lis1 dimer is roughly equivalent to 600 nM Lis1∆N. The 
median and interquartile range are shown. 
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highlight the densities corresponding to Lis1, we also calculated 2D projections of 

human dynein-2 alone (Figure 2.2c). The correspondence between our data and 

the model with two Lis1s bound (Figure 2.2a,b) suggests that the yeast and 

human Lis1 binding sites are in similar regions of the dynein motor domain on the 

ring at AAA3/4 and on the stalk. The strong preferred orientation adopted by the 

sample prevented us from obtaining a 3D reconstruction and mapping the exact 

sites of interaction on either human dynein or Lis1. The stoichiometry of this 

complex is 1 dynein monomer to 1.2 Lis1 dimers ± 0.3 (Supplementary Data 

Figure 2.2a), suggesting that the majority of dynein monomers are bound to a 

single Lis1 dimer. 

Mutation of five amino acids on the dynein binding face of yeast Lis1 

disrupts the interaction between dynein28. We made the equivalent mutations in 

human Lis1 (“Lis1-5A”; Figure 2.2d). To determine if Lis1-5A could enhance the 

velocity of activated dynein complexes we focused on complexes activated by 

BicD2-S, as Lis1 had the greatest effect on these complexes (Figure 2.1g). We 

found that 300 nM Lis1-5A still enhanced the velocity of dynein/ dynactin/ BicD2-S 

complexes. We hypothesized that Lis1-5A might still weakly interact with dynein. 

Thus, we lowered the concentration of Lis1 and Lis1-5A to 24 nM; under these 

conditions wild-type Lis1 more potently increased dynein velocity compared to 

Lis1-5A (Figure 2.2e and Supplementary Data Figure 2.2b). We also found that 

Lis1-5A was less potent at enhancing processive runs of dynein/ dynactin/ Hook3 

complexes compared to wild-type Lis1 in a higher ionic strength buffer (Figure 
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2.2f) and the velocity of these runs was no longer increased (Supplementary Data 

Figure 2.2c and 2d).  

Since Lis1 is a dimer, we wondered whether Lis1’s effects on activated 

dynein/ dynactin complexes required dimerization. To test this, we purified human 

Lis1 lacking its amino-terminal high affinity LisH dimerization domain26, which we 

refer to as Lis1ΔN.  Similar to the equivalent yeast construct, which is a monomer 

by gel filtration analysis29, the human construct is mostly monomeric 

(Supplementary Data Figure 2.2e). However, with the human construct a small 

amount of dimer is also observed (Supplementary Data Figure 2.2e), likely due to 

an interaction between Lis1’s two β-propellers, as seen by Cryo-EM here and 

previously30. Lis1ΔN still increased dynein/ dynactin/ BicD2-S velocity at the same 

molar ratio of dynein to Lis1 β-propellers (Figure 2.2g), indicating that the high 

affinity LisH dimerization domain is not required for Lis1 to increase dynein’s 

velocity.  

 As activated dynein complexes containing two dynein dimers are faster 

than those containing a single one5, we hypothesized that Lis1 may play a role in 

promoting the recruitment of a second dynein dimer to the dynein/ dynactin 

complex. To determine if Lis1 enhances the formation of dynein/ dynactin 

complexes in vitro we measured the formation of activated dynein complexes by 

mixing dynein and dynactin with an excess of BicD2-S conjugated to magnetic 

beads. We then quantified the percentage of dynein bound to the BicD2-S beads 

(Figure 2.3a). The presence of Lis1 increased the percentage of dynein bound to  
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Figure 2.3. Lis1 recruits a second dynein dimer to dynein/ dynactin/ BicD2-S 
complexes. a. Schematic of the dynein/ dynactin complex formation assay. b, c. 
Percent dynein bound to BicD2-S-coupled beads (mean ± s.e.m.) in the presence 
(b) or absence (c) of dynactin and in the absence (white circle) or presence (black 
circle) of 150 nM Lis1. d. Schematic depicting the maximum probability of forming 
various dynein/ dynactin/ BicD2-S complexes containing two dynein dimers. The 
maximum probability of colocalization was 45% (grey dashed line shown in f and 
g) given our labeling efficiency (see Methods). e. Representative kymographs 
showing the colocalization of TMR- and Alexa647-labeled dynein in moving 
dynein/ dynactin/ BicD2-S complexes in the presence of 300 nM Lis1. Each 
channel is shown separately (left and middle panels) and the merged TMR- and    
Alexa647-channels in pseudocolor (right panel). Scale bars are 10 µm (x) and 20 
sec (y). Data is quantified in Figure 2.3f. f. Percent two-color dynein/ dynactin/ 
BicD2-S runs in the absence (white circle) or presence (black circle) of 300 nM 
Lis1. Statistical analysis was performed using a chi-squared test.  
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BicD2-S beads (Figure 2.3b) and dynactin was required for this effect (Figure 

2.3c).  

To directly test if Lis1 promotes the recruitment of a second dynein dimer to 

the activated complex we performed two-color single-molecule assays. To do this 

we added equimolar amounts of dynein labeled with either TMR or Alexa647 to 

dynactin and BicD2-S and quantified the percentage of moving two-color 

complexes. If all moving dynein complexes contained two dynein dimers, 50% of 

events would show co-localization (Figure 2.3d). The presence of Lis1 significantly 

increased the number of moving two-color dynein/ dynactin/ BicD2-S complexes 

(Figure 2.3e,f). Two-color complexes moved faster in both the presence and 

absence of Lis1 (Supplementary Data Figure 2.3a). One-color complexes in the 

presence of Lis1 also moved faster, presumably because half of these events 

contained two dynein dimers labeled with the same color (Supplementary Data 

Figure 2.3a). We conclude that Lis1 promotes the recruitment of a second dynein 

dimer to activated dynein complexes. 

We wondered if Lis1 must remain bound to moving activated dynein 

complexes to sustain fast velocity. To address this, we sought to determine if 

TMR-labeled Lis1 co-migrated with moving dynein/ dynactin/ BicD2-S complexes 

tagged with Alexa647. Most of our earlier experiments used 300 nM Lis1, a 

concentration that is too high to visualize single Lis1 molecules. Therefore, we 

lowered the Lis1 concentration to 50 nM, which is still well above the concentration 

where a maximal increase in dynein velocity by Lis1 is observed (Figure 2.4a and 
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Figure 2.4. Lis1 is not required to sustain fast velocity of activated dynein 
complexes. a. Single-molecule velocity of dynein/ dynactin/ BicD2-S complexes in 
the absence (white circle) or presence (black circle) of 50 nM TMR-Lis1. The 
median and interquartile range are shown. b. Single-molecule velocity of 
Alexa647-dynein/ dynactin/ BicD2-S complexes in the presence of 50 nM TMR-
Lis1 either co-migrating with TMR-Lis1 (yes) or not (no). The median and 
interquartile range are shown. c. Representative kymographs of the Alexa647-
dynein and TMR-Lis1 channels (left and middle panels) and the merged images in 
pseudocolor (right panel). Arrowheads indicate colocalized runs. Scale bars are 10 
µm (x) and 20 sec (y). Data is quantified in Figure 2.4b. d. Kymographs showing 
examples of dynein’s velocity changing upon loss of the TMR-Lis1 signal. The 
Alexa647-dynein and TMR-Lis1 channels are shown (left and middle panels) and 
the merged images in pseudocolor (right panel). Arrowheads indicate instances of 
velocity change. Four such events were observed. Scale bars are 10 µm (x) and 
20 sec (y). Data is quantified in Figure 2.4b. 

 

 

 



32 
 

Supplementary Data Figure 2.2b). Single-molecule motility assays with TMR-Lis1 

and Alexa647-dynein/ dynactin/ BicD2-S complexes showed that only 16.8 ± 1.9% 

of dynein runs co-migrated with Lis1, with co-migrating runs moving slower than 

those with no detectable Lis1 (Figure 2.4b,c). Occasionally the disappearance of 

the TMR-Lis1 signal coincided with an increase in speed of a dynein/ dynactin/ 

BicD2-S run (Figure 2.4d), similar to a previous report34. As shown previously32, 

we found that human Lis1 in the absence of dynein does not bind to microtubules 

(Supplementary Data Figure 2.4a), suggesting that the effects of Lis1 we observe 

on dynein activity and complex assembly are not due to an interaction between 

Lis1 and microtubules. We also found that Lis1-5A increased the velocity of 

activated dynein complexes significantly less than wild-type Lis1 (Supplementary 

Data Figure 2.4b) and we observed no colocalization of TMR-Lis1-5A with 

Alexa647-dynein  (Supplementary Data Figure 2.4c). These results suggest that 

the presence of Lis1 is not required for sustained fast velocity of activated dynein 

complexes. Our results showing that activated dynein complexes move faster 

when Lis1 is no longer co-migrating are consistent with contemporaneous work45, 

but differ from other reports33,34, perhaps due to differences in assay conditions or 

protein source.    

 We next explored which step(s) Lis1 affects in the dynein complex 

assembly pathway (Figure 2.1a). Because the sitering Lis1 binding site on dynein is 

not accessible in Phi dynein (Figure 2.5a), we wondered if Lis1 had higher affinity 

for a dynein mutant that does not form the Phi particle (K1610E and R1567E12,  
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Figure 2.5. Lis1 preferentially binds to Open dynein and enhances the 
formation of complexes containing two Open dynein dimers. a. One of the 
dynein protomers in the Phi conformation (PDB: 5NVU) was aligned to the 
structure of yeast dynein (AAA3-Walker B) bound to Lis1 in the presence of ATP-
vanadate (PDB: 5VLJ). The inset shows the cryo-EM map for the yeast structure 
with Lis1 docked at Sitering and highlights the steric incompatibility between the Phi 
conformation and binding of Lis1 at this site. b. Determination of the binding 
affinity of Lis1 for wild-type (WT) dynein (blue, Kd = 144 nM ± 25) and Open 
dynein    (green, Kd = 80 nM ± 8.1). c. Percent (mean ± s.e.m.) of WT dynein 
(blue) and Open dynein (green) bound to BicD2-S conjugated to beads in the 
absence (white circles) or presence (black circles) of 150 nM Lis1. Data with WT 
dynein in the presence and absence of Lis1 is also presented in Figure 2.3b. 
Statistical analysis was performed using a two-tailed unpaired t test with 
Bonferroni corrected significance levels for two comparisons. d. Single-molecule 
velocity of dynein/ dynactin/ BicD2-S complexes with WT dynein (blue) and Open 
dynein (green) in the absence (white circles) or presence (black circles) of 300 nM 
Lis1. The median and interquartile range are shown. Data with WT dynein with 
and without Lis1 was also presented in Figure 2.1f. e. Percent two-color 
colocalized runs with activated dynein complexes with Open dynein in the absence 
(white circle) or presence (black circle) of 300 nM Lis1. Statistical analysis was 
performed using a chi-squared test. The labeling efficiency for both TMR- and 
Alexa-647 dynein in this experiment was 100%. f. Model for the roles of Lis1 in 
forming activated dynein complexes.  
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“Open dynein”). Indeed, we found that Lis1 had a higher affinity for Open dynein 

(Figure 2.5b). We hypothesize that binding of Lis1 to dynein at sitering alters the 

equilibrium between Phi and Open dynein to favor the Open conformation.  

We next considered two possibilities: first, that Lis1’s only role is to stabilize 

dynein’s open conformation; and second, that in addition to this role Lis1 also 

promotes activated complex formation. To do this we examined Open dynein 

complexes in the absence of Lis1 and found that Open dynein/ dynactin/ BicD2-S 

complexes were more likely to form and moved faster compared to complexes 

containing wild-type dynein (Figure 2.5c,d)12. We then asked if Lis1 altered the 

motile properties of complexes containing Open dynein. We found that Lis1 further 

increased complex formation and the velocity of Open dynein/ dynactin/ BicD2-S 

complexes (Figure 2.5d). Lis1 also increased the percentage of complexes 

containing two dynein dimers when Open dynein was used (Figure 2.5e). Previous 

studies showed that the Open dynein mutant does not form Phi particles12. 

Assuming this is the case in our experiments, the ability of Lis1 to further activate 

Open dynein suggests that Lis1’s effect on complex formation may have additional 

roles beyond altering the equilibrium between Phi and Open dynein. 

2.4 Discussion 

Together our work suggests that Lis1 promotes the formation of human 

dynein/ dynactin/ activating adaptor complexes containing two dynein dimers. 

Experiments in human cells18, Drosophila embryos24, Xenopus extracts39, 

Aspergillus nidulans46, and yeast47 showed that Lis1 is required for the interaction 
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of dynein and dynactin with each other and/or with their cargos. Our work offers a 

biochemical explanation for this requirement for Lis1. Our data suggest that Lis1 

promotes complex formation by favoring a conformation of dynein that drives 

association with dynactin and an activating adaptor. First, Lis1 may promote the 

Open dynein conformation (Figure 2.5f, step 1). We propose this based on our 

data showing that Open dynein has a higher affinity for Lis1 and because the 

structure of Phi dynein is incompatible with Lis1 binding at sitering.  Recent work in 

Aspergillus nidulans46 and Saccharomyces cerevisiae47 also supports this. 

Second, Lis1 may favor a conformation of dynein that is primed to assemble the 

fully activated complex (Figure 2.5f, step 2). Our data showing that Open dynein is 

further activated by Lis1 supports this. Third, Lis1 favors the formation of dynein 

complexes containing two dynein dimers, which move faster (Figure 2.5f, step 3). 

Our single-molecule experiments measuring the velocity of activated dynein 

complexes in the presence of Lis1 and our experiments showing that Lis1 

promotes the recruitment of two dynein dimers support this. Because we also 

observe these effects with Lis1ΔN the underlying mechanism does not rely on the 

high affinity Lis1H dimerization domain, although interactions between the Lis1 β-

propellers could play a role. Finally, once a fully activated dynein/ dynactin/ 

activating adaptor complex is formed, Lis1 dissociates from moving complexes 

(Figure 2.5f, step 4). This component of our model is based on our data showing 

that most moving dynein complexes do not remain bound to Lis1 and those that 
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do, move slower. Contemporaneous work made complementary findings that 

supports steps 3 and 4 of our model45. 

How does our current work and other recent studies45-47 relate to previous 

mechanistic studies of yeast Lis1, which showed how allosteric effects of Lis1 

binding to dynein’s motor domain controlled dynein’s microtubule binding affinity28-

30? This earlier work was done in the absence of dynactin and an activating 

adaptor because yeast dynein is a processive motor on its own9, allowing the 

dissection of dynein function in a minimal system (however, dynactin and a 

candidate activating adaptor, Num1, are required for yeast dynein function in vivo). 

Here we show that human Lis1 binds to two sites on human dynein’s motor 

domain, which are similar to the yeast binding sites28-30. Vertebrate Lis1 increases 

dynein’s affinity for microtubules and slows microtubule gliding velocity31-33,39, 

again mirroring findings in yeast. Thus, the Lis1 binding sites on dynein and some 

of the consequences of these interactions on dynein’s mechanochemical cycle are 

conserved.  

Lis1’s ability to regulate dynein’s mechanochemistry may be important for 

its role in assembling activated dynein complexes. For example, dynein idling on 

the microtubule (caused by tight microtubule binding induced by Lis1), could be 

well-suited for aiding in the challenging kinetics of loading two dynein motors on to 

dynactin before transport begins. In support of this, Lis1 has a role in localizing 

dynein to microtubule plus ends21,48 or initiating transport from microtubule plus 

ends19,20,49, where tight microtubule binding and reduced motility is likely important 
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for maintaining dynein at these sites. Binding of Lis1 to dynein at microtubule plus 

ends could promote the Open dynein conformation, lead to tight microtubule 

binding of dynein, and ultimately favor the formation of activated dynein/ dynactin/ 

activator complexes containing two dynein dimers. Lis1 binding to dynein may 

have additional allosteric affects that promote the formation of the full activated 

dynein/ dynactin complex, perhaps influencing the conformation of the dynein tails 

that interact with dynactin and activating adaptors. A contemporaneous study 

suggests that Lis1’s regulation of yeast dynein involves an interaction between 

Lis1 and microtubules47. However, much of the past work with yeast proteins28-30 

cannot be accounted for by this model. Furthermore, we and others32 have shown 

that mammalian Lis1 does not interact with microtubules.  

 Finally, we have shown that proteins representing three distinct families of 

activating adaptors, BicD2, Hook3, and Ninl, all move faster in the presence of 

Lis1. This raises the possibility that activated dynein complexes in cells contain 

two dynein dimers. We hypothesize that related activating adaptors or candidate 

activating adaptors will also use Lis1 to form activated complexes. In humans 

there are additional BicD, Hook and Ninl family members, as well as a number of 

known and candidate activating adaptors2,8. Thus, we predict that Lis1 will play a 

role in the cell biological processes that additional dynein activating adaptors 

facilitate. 
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2.5 Methods 

Cloning, plasmid construction, and mutagenesis  

The pDyn1 plasmid (the pACEBac1 expression vector containing insect cell 

codon optimized dynein heavy chain (DYNC1H1) fused to a His-ZZ-TEV tag on 

the amino-terminus and a carboxy-terminal SNAPf tag (New England Biolabs)) 

and the pDyn2 plasmid (the pIDC expression vector with codon optimized 

DYNC1I2, DYNC1LI2, DYNLT1, DYNLL1, and DYNLRB1) were recombined in 

vitro with a Cre recombinase (New England Biolabs) to generate the pDyn3 

plasmid. The presence of all six dynein chains was verified by PCR. pDyn1, pDyn2 

and the pFastBac plasmid with codon-optimized human full-length Lis1 

(PAFAH1B1) fused to an amino-terminal His-ZZ-TEV tag and pFastBac containing 

human dynein monomer (amino acids 1320-4646 of DYNC1H1) were gifts from 

Andrew Carter (LMB-MRC, Cambridge, UK). BicD2 constructs were amplified from 

a human cDNA library generated from RPE1 cells and the other activating adaptor 

constructs were obtained as described previously35. Activating adaptors were 

fused to a ZZ-TEV-HaloTag (Promega) on the amino-terminus and inserted into a 

pET28a expression vector. All additional tags were added via Gibson assembly 
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and all mutations and truncations were made via site-directed mutagenesis 

(Agilent). For rapalog induced motility in cells, HaloTag-BicD2-S was cloned into 

the pcDNA5 backbone with a carboxy-terminal V5 epitope tag fused to FRB. The 

peroxisome tag PEX3 was cloned into pcDNA5 with a carboxy-terminal mEmerald 

fluorescent protein and FKBP.  

Protein expression and purification  

Human full-length dynein, human dynein monomer, and human Lis1 

constructs were expressed in Sf9 cells as described previously3,33. Briefly, the 

pDyn3 plasmid containing the human dynein genes or the pFastBac plasmid 

containing full-length Lis1 or dynein monomer was transformed into DH10EmBacY 

chemically competent cells with heat shock at 42°C for 15 seconds followed by 

incubation at 37°C for 5 hours in S.O.C media (Thermofisher scientific). The cells 

were then plated on LB-agar plates containing kanamycin (50 μg/ml), gentamicin 

(7 μg/ml), tetracycline (10 μg/ml), BluoGal (100 μg/ml) and IPTG (40 μg/ml) and 

positive clones were identified by a blue/white color screen after 48 hours. For full-

length human dynein constructs, white colonies were additionally tested for the 

presence of all six dynein genes using PCR. These colonies were then grown 

overnight in LB medium containing kanamycin (50 μg/ml), gentamicin (7 μg/ml) 

and tetracycline (10 μg/ml) at 37°C. Bacmid DNA was extracted from overnight 

cultures using an isopropanol precipitation method as described previously12. 2mL 

of Sf9 cells at 0.5x106 cells/mL were transfected with 2µg of fresh bacmid DNA 

and FuGene HD transfection reagent (Promega) at a 3:1 transfection reagent to 
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DNA ratio according to the manufacturer’s instructions. After three days, the 

supernatant containing the “V0” virus was harvested by centrifugation at 200 x g 

for 5 minutes at 4°C. To generate “V1”, 1 mL of the V0 virus was used to transfect 

50mL of Sf9 cells at 1x106 cells/mL. After three days, the supernatant containing 

the V1 virus was harvested by centrifugation at 200 x g for 5 minutes at 4°C and 

stored in the dark at 4°C until use. For protein expression, 4 mL of the V1 virus 

were used to transfect 400 mL of Sf9 cells at 1x106 cells/mL. After three days, the 

cells were harvested by centrifugation at 3000 x g for 10 minutes at 4°C. The pellet 

was resuspended in 10 mL of ice-cold PBS and pelleted again. The pellet was 

flash frozen in liquid nitrogen and stored at -80°C. 

 Protein purification steps were done at 4°C unless otherwise indicated. Full-

length dynein and dynein monomer were purified from frozen Sf9 pellets 

transfected with the V1 virus as described previously3. Frozen cell pellets from a 

400 mL culture were resuspended in 40 mL of Dynein-lysis buffer (50 mM HEPES 

[pH 7.4], 100 mM sodium chloride, 1 mM DTT, 0.1 mM Mg-ATP, 0.5 mM Pefabloc, 

10% (v/v) glycerol) supplemented with 1 cOmplete EDTA-free protease inhibitor 

cocktail tablet (Roche) per 50 mL and lysed using a Dounce homogenizer (10 

strokes with a loose plunger and 15 strokes with a tight plunger). The lysate was 

clarified by centrifuging at 183,960 x g for 88 min in Type 70 Ti rotor (Beckman). 

The clarified supernatant was incubated with 4 mL of IgG Sepharose 6 Fast Flow 

beads (GE Healthcare Life Sciences) for 3-4 hours on a roller. The beads were 

transferred to a gravity flow column, washed with 200 mL of Dynein-lysis buffer 
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and 300 mL of TEV buffer (50 mM Tris–HCl [pH 8.0], 250 mM potassium acetate, 

2 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 0.1 mM Mg-ATP, 10% (v/v) 

glycerol). For fluorescent labeling of carboxy-terminal SNAPf tag, dynein-coated 

beads were labeled with 5 µM SNAP-Cell-TMR (New England Biolabs) in the 

column for 10 min at room temperature and unbound dye was removed with a 300 

mL wash with TEV buffer at 4°C. The beads were then resuspended and 

incubated in 15 mL of TEV buffer supplemented with 0.5 mM Pefabloc and 0.2 

mg/mL TEV protease (purified in the Reck-Peterson lab) overnight on a roller. The 

supernatant containing cleaved proteins was concentrated using a 100K MWCO 

concentrator (EMD Millipore) to 500 µL and purified via size exclusion 

chromatography on a TSKgel G4000SWXL column (TOSOH Bioscience) with 

GF150 buffer (25 mM HEPES [pH7.4], 150 mM KCl, 1mM MgCl2, 5 mM DTT, 0.1 

mM Mg-ATP) at 1 mL/min. The peak fractions were collected, buffer exchanged 

into a GF150 buffer supplemented with 10% glycerol, concentrated to 0.1-0.5 

mg/mL using a 100K MWCO concentrator (EMD Millipore) and flash frozen in 

liquid nitrogen.  

 Lis1 constructs were purified from frozen cell pellets from 400 mL culture. 

Lysis and clarification steps were similar to full-length dynein purification except 

Lis1-lysis buffer (30 mM HEPES [pH 7.4], 50 mM potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 300 mM potassium chloride, 1 mM DTT, 0.5 

mM Pefabloc, 10% (v/v) glycerol) supplemented with 1 cOmplete EDTA-free 

protease inhibitor cocktail tablet (Roche) per 50 mL was used. The clarified 
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supernatant was incubated with 0.5 mL of IgG Sepharose 6 Fast Flow beads (GE 

Healthcare Life Sciences) for 2-3 hours on a roller. The beads were transferred to 

a gravity flow column, washed with 20 mL of Lis1-lysis buffer, 100 mL of modified 

TEV buffer (10 mM Tris–HCl [pH 8.0], 2 mM magnesium acetate, 150mM 

potassium acetate, 1 mM EGTA, 1 mM DTT, 10% (v/v) glycerol) supplemented 

with 100 mM potassium acetate, and 50 mL of modified TEV buffer. For 

fluorescent labeling of Lis1 constructs with amino-terminal HaloTags, Lis1-coated 

beads were labeled with 200 µM Halo-TMR (Promega) for 2.5 hours at 4°C on a 

roller and the unbound dye was removed with a 200 mL wash with modified TEV 

buffer supplemented with 250 mM potassium acetate. Lis1 was cleaved from IgG 

beads via incubation with 0.2 mg/mL TEV protease overnight on a roller. The 

cleaved Lis1 was filtered by centrifuging with an Ultrafree-MC VV filter (EMD 

Millipore) in a tabletop centrifuge and flash frozen in liquid nitrogen. 

 Dynactin was purified from stable HEK293T cell lines expressing p62-Halo-

3xFlag as described previously35. Briefly, frozen pellets collected from 160 x 15cm 

plates were resuspended in 80 mL of Dynactin-lysis buffer (30 mM HEPES [pH 

7.4], 50 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 1 mM 

DTT, 10% (v/v) glycerol) supplemented with 0.5 mM Mg-ATP, 0.2% Triton X-100 

and 1 cOmplete EDTA-free protease inhibitor cocktail tablet (Roche) per 50 mL 

and rotated slowly for 15 min. The lysate was clarified by centrifuging at 66,000 x g 

for 30 min in Type 70 Ti rotor (Beckman). The clarified supernatant was incubated 

with 1.5 mL of anti-Flag M2 affinity gel (Sigma-Aldrich) overnight on a roller. The 
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beads were transferred to a gravity flow column, washed with 50 mL of wash 

buffer (Dynactin-lysis buffer supplemented with 0.1 mM Mg-ATP, 0.5 mM Pefabloc 

and 0.02% Triton X-100), 100 mL of wash buffer supplemented with 250 mM 

potassium acetate, and again with 100 mL of wash buffer. For fluorescent labeling 

the HaloTag, dynactin-coated beads were labeled with 5 µM Halo-JF646 (Janelia) 

in the column for 10 min at room temperature and the unbound dye was washed 

with 100 mL of wash buffer at 4°C. Dynactin was eluted from beads with 1 mL of 

elution buffer (wash buffer with 2 mg/mL of 3xFlag peptide). The eluate was 

collected, filtered by centrifuging with Ultrafree-MC VV filter (EMD Millipore) in a 

tabletop centrifuge and diluted to 2 mL in Buffer A (50 mM Tris-HCl [pH 8.0], 2 mM 

MgOAc, 1 mM EGTA, and 1 mM DTT) and injected onto a MonoQ 5/50 GL column 

(GE Healthcare and Life Sciences) at 1 mL/min. The column was pre-washed with 

10 CV of Buffer A, 10 CV of Buffer B (50 mM Tris-HCl [pH 8.0], 2 mM MgOAc, 1 

mM EGTA, 1 mM DTT, 1 M KOAc) and again with 10 CV of Buffer A at 1 mL/min. 

To elute, a linear gradient was run over 26 CV from 35-100% Buffer B. Pure 

dynactin complex eluted from ~75-80% Buffer B. Peak fractions containing pure 

dynactin complex were pooled, buffer exchanged into a GF150 buffer 

supplemented with 10% glycerol, concentrated to 0.02-0.1 mg/mL using a 100K 

MWCO concentrator (EMD Millipore) and flash frozen in liquid nitrogen. 

 Activating adaptors containing amino-terminal HaloTags were expressed in 

BL-21[DE3] cells (New England Biolabs) at OD 0.4-0.6 with 0.1 mM IPTG for 16 hr 

at 18°C. Frozen cell pellets from 2 L culture were resuspended in 60mL of 



45 
 

activator-lysis buffer (30 mM HEPES [pH 7.4], 50 mM potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 1 mM DTT, 0.5 mM Pefabloc, 10% (v/v) 

glycerol) supplemented with 1 cOmplete EDTA-free protease inhibitor cocktail 

tablet (Roche) per 50 mL and 1 mg/mL lysozyme. The resuspension was 

incubated on ice for 30 min and lysed by sonication. The lysate was clarified by 

centrifuging at 66,000 x g for 30 min in Type 70 Ti rotor (Beckman). The clarified 

supernatant was incubated with 2 mL of IgG Sepharose 6 Fast Flow beads (GE 

Healthcare Life Sciences) for 2 hr on a roller. The beads were transferred to a 

gravity flow column, washed with 100 mL of activator-lysis buffer supplemented 

with 150 mM potassium acetate and 50mL of cleavage buffer (50 mM Tris–HCl 

[pH 8.0], 150 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 1 

mM DTT, 0.5 mM Pefabloc, 10% (v/v) glycerol). The beads were then 

resuspended and incubated in 15 mL of cleavage buffer supplemented with 0.2 

mg/mL TEV protease overnight on a roller. The supernatant containing cleaved 

proteins were concentrated using a 50K MWCO concentrator (EMD Millipore) to 1 

mL, filtered by centrifuging with Ultrafree-MC VV filter (EMD Millipore) in a tabletop 

centrifuge, diluted to 2 mL in Buffer A (30 mM HEPES [pH 7.4], 50 mM potassium 

acetate, 2 mM magnesium acetate, 1 mM EGTA, 10% (v/v) glycerol and 1 mM 

DTT) and injected onto a MonoQ 5/50 GL column (GE Healthcare and Life 

Sciences) at 1 mL/min. The column was pre-washed with 10 CV of Buffer A, 10 

CV of Buffer B (30 mM HEPES [pH 7.4], 1 M potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 10% (v/v) glycerol and 1 mM DTT) and again 
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with 10 CV of Buffer A at 1 mL/min. To elute, a linear gradient was run over 26 CV 

from 0-100% Buffer B. The peak fractions containing Halo-tagged activating 

adaptors were collected and concentrated to using a 50K MWCO concentrator 

(EMD Millipore) to 0.2 mL. For fluorescent labeling the HaloTag, the concentrated 

peak fractions were incubated with 5 µM Halo-Alexa488 (Promega) for 10 min at 

room temperature. Unbound dye was removed by PD-10 desalting column (GE 

Healthcare and Life Sciences) according to the manufacturer’s instructions. The 

labeled activating adaptor sample was concentrated using a 50K MWCO 

concentrator (EMD Millipore) to 0.2 mL, diluted to 0.5 mL in GF150 buffer and 

further purified via size exclusion chromatography on a Superose 6 Increase 

10/300 GL column (GE Healthcare and Life Sciences) with GF150 buffer at 0.5 

mL/min. The peak fractions were collected, buffer exchanged into a GF150 buffer 

supplemented with 10% glycerol, concentrated to 0.2-1 mg/mL using a 50K 

MWCO concentrator (EMD Millipore) and flash frozen in liquid nitrogen.  

 For the two-color dynein experiments shown in Figure 3, the labeling 

efficiency of TMR-dynein was 94% for one bioreplicate and 87% for the other, and 

the labeling efficiency of Alexa647-dynein was 96% for one bioreplicate and 100% 

for the other. For the two-color experiment in Figure 4 the labeling efficiency of 

Alexa-647 dynein and TMR-Lis1 was 100% and 93%, respectively. For the two-

color experiment in Figure S4 the labeling efficiency of Alexa-647 dynein and 

TMR-Lis1-5A was 100% and 87%, respectively. For the two-color dynein 
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experiments shown in Figure 5, the labeling efficiency of both TMR-dynein and 

Alexa647-dynein was 100%.  

Single-molecule TIRF microscopy 

Single-molecule imaging was performed with an inverted microscope 

(Nikon, Ti-E Eclipse) equipped with a 100x 1.49 N.A. oil immersion objective 

(Nikon, Plano Apo) and a ProScan linear motor stage controller (Prior). The 

microscope was equipped with a LU-NV laser launch (Nikon), with 405 nm, 488 

nm, 532 nm, 561 nm and 640 nm laser lines. The excitation and emission paths 

were filtered using appropriate single bandpass filter cubes (Chroma). For two-

color colocalization imaging, the emission signals were further filtered and split 

using W-view Gemini image splitting optics (Hamamatsu). The emitted signals 

were detected with an electron multiplying CCD camera (Andor Technology, iXon 

Ultra 897). Illumination and image acquisition was controlled by NIS Elements 

Advanced Research software (Nikon). 

 Single-molecule motility and microtubule binding assays were performed in 

flow chambers assembled as described previously50 using the TIRF microscopy 

set up described above. Either biotin-PEG-functionalized coverslips 

(Microsurfaces) or No. 1-1/2 coverslips (Corning) sonicated in 100% ethanol for 10 

min were used for the flow-chamber assembly. Taxol-stabilized microtubules with 

~10% biotin-tubulin and ~10% fluorescent-tubulin (Alexa405-, 488- or 647-labeled) 

were prepared as described previously51. Flow chambers were assembled with 

taxol-stabilized microtubules by incubating sequentially with the following 



48 
 

solutions, interspersed with two washes with assay buffer (30 mM HEPES [pH 

7.4], 2 mM magnesium acetate, 1 mM EGTA, 10% glycerol, 1 mM DTT) 

supplemented with 20 µM Taxol  in between: (1) 1 mg/mL biotin-BSA in assay 

buffer (3 min incubation); (2) 0.5 mg/mL streptavidin in assay buffer (3 min 

incubation) and (3) a fresh dilution of taxol-stabilized microtubules in assay buffer 

(3 min incubation). After flowing in microtubules, the flow chamber was washed 

twice with assay buffer supplemented with 1 mg/mL casein and 20 µM Taxol.  

  To assemble dynein-dynactin-activating adaptor complexes, purified dynein 

(10-20 nM concentration), dynactin and the activating adaptor were mixed at 

1:2:10 molar ratio and incubated on ice for 10 min. These dynein-dynactin-

activating adaptor complexes were then incubated with Lis1 or modified TEV 

buffer (to buffer match for experiments without Lis1) for 10 min on ice. Dynactin 

and the activating adaptors were omitted for the experiments with dynein alone. 

The mixtures of dynein, dynactin, activating adaptor or dynein alone and Lis1 were 

then flowed into the flow chamber assembled with taxol-stabilized microtubules. 

The final imaging buffer contained the assay buffer supplemented with 20 µM 

Taxol, 1 mg/mL casein, 71.5 mM β-mercaptoethanol, an oxygen scavenger 

system, and 2.5 mM Mg-ATP. The final concentration of dynein in the flow 

chamber was 0.5-1 nM for experiments with dynein-dynactin-activating adaptor 

complexes and 0.3-0.5 nM for dynein alone experiments. The final concentration 

of Lis1 was between 12 nM - 300 nM (as indicated in the main text) for 

experiments with unlabeled Lis1, and 50 nM for experiments with TMR-labeled 
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Lis1. For standard motility experiments our final imaging buffer contained 30mM 

KOAc and 7.5 mM KCl. For the experiments in Figures 2 and 3, the increased 

ionic strength buffer contained 60mM KOAc and 7.5 mM KCl. We selected this salt 

condition because it resulted in severely compromised the motility of dynein/ 

dynactin/ Hook3 complexes. 

For single-molecule motility assays, microtubules were imaged first by 

taking a single-frame snapshot. Dynein and/or the activating adaptor labeled with 

fluorophores (TMR, Alexa647 or Alexa488) was imaged every 300 msec for 3 min. 

At the end, microtubules were imaged again by taking a snapshot to assess stage 

drift. Movies showing significant drift were not analyzed. Each sample was imaged 

no longer than 15 min. For single-molecule microtubule binding assays, the final 

imaging mixture containing dynein was incubated for an additional 5 min in the 

flow chamber at room temperature before imaging. After 5 min incubation, 

microtubules were imaged first by taking a single-frame snapshot. Dynein and/or 

activating adaptors labeled with fluorophores (TMR, Alexa647 or Alexa488) were 

imaged by taking a single-frame snapshot. Each sample was imaged at 4 different 

fields of view and there were between 5 and 10 microtubules in each field of view. 

In order to compare the effect of Lis1 on microtubule binding, the samples with 

and without Lis1 were imaged in two separate flow chambers made on the same 

coverslip on the same day with the same stock of polymerized tubulin as 

described previously51. 

Microtubule gliding assays 
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For microtubule gliding assays 30 nM TMR-dynein in GF150 was flowed 

into the chamber and non-specifically bound to the coverslip. After 3 minutes the 

chamber was washed twice with BRB80 buffer (80mM PIPES pH 6.8, 2mM MgCl2, 

1 mM EGTA) supplemented with 1 mg/mL casein, and then with the same buffer 

containing 5mg/mL casein for 3 minutes. The chamber was next washed twice 

with BRB80 buffer with casein. Finally, GMPCPP-stabilized microtubules 

(polymerized with 10% 488-tubulin) was added in the presence or absence of Lis1. 

The final imaging buffer contained BRB80 buffer supplemented with 20 µM Taxol, 

1 mg/mL casein, 71.5 mM β-mercaptoethanol, an oxygen scavenger system, and 

2.5 mM Mg-ATP. Microtubules were incubated for three minutes, and then two 

fields of view were imaged at 1s/frame for 3 minutes. 

Single-molecule motility assay analysis 

Kymographs were generated from motility movies and dynein velocity was 

calculated from kymographs using ImageJ macros as described51. Only runs that 

were longer than 4 frames (1.2 s) were included in the analysis. Bright aggregates, 

which were less than 5% of the population, were excluded from the analysis. 

Stationary and diffusive events were grouped as non-processive events when 

calculating the percent of events that were processive. For two-color colocalization 

analysis, kymographs from each channel were generated and merged in ImageJ 

and the number of colocalized runs was determined manually. For two-color 

colocalization and percent processive analysis data from all replicates was pooled 
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and a chi-squared test was performed. Data plotting and statistical analyses were 

performed in Prism8 (GraphPad).  

Single-molecule microtubule binding assay analysis 

Intensity profiles of dynein or activating adaptor spots from a single-frame 

snapshot were generated over a 5-pixel wide line drawn perpendicular to the long 

axis of microtubules in ImageJ. Intensity peaks at least 2-fold higher than the 

neighboring background intensity were counted as dynein or activating adaptor 

spots bound to microtubules. Bright aggregates that were 5-fold brighter than the 

neighboring intensity peaks were not counted. The average binding density was 

calculated as the total number of dynein or activating adaptor spots divided by the 

total microtubule length in each snapshot. Normalized binding density was 

calculated by dividing by the average binding density of dynein or activating 

adaptor without Lis1 collected on the same coverslip (see above). Data plotting 

and statistical analyses were performed in Prism7 (GraphPad).  

Microtubule gliding assay analysis 

Kymographs were generated by tracing the path of individual microtubules 

and velocity was calculated from kymographs using ImageJ macros as 

described51. Data plotting and statistical analyses were performed in Prism8 

(GraphPad).  

Protein binding assays 

To assess dynein/ dynactin complex formation, BicD2-S was first coupled to 

15 µL of Magne HaloTag Beads (Promega) in 2 mL Protein Lo Bind Tubes 
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(Eppendorf) using the following protocol. Beads were washed twice with 1 mL of 

GF150 without ATP supplemented with 10% glycerol and 0.1%NP40. BicD2-S 

was diluted in this buffer to 75 nM. 25 uL of diluted BicD2-S was added to the 

beads and gently shaken for one hour. 20 µL of supernatant were then analyzed 

via SDS-PAGE to confirm complete depletion of BicD2-S.  The BicD2-S-

conjugated beads were washed once with 1 mL GF150 with 10% glycerol and 

0.1% NP40 and once with 1mL of binding buffer (30 mM HEPES [pH 7.4], 2 mM 

magnesium acetate, 1 mM EGTA, 10% glycerol, 1 mM DTT, 1 mg/mL casein, 

0.1% NP40, 1mM ADP) supplemented with 15.7 mM KCl and 8.3 mM KOAc.. 10 

nM dynein, 10nM dynactin and 150 nM Lis1 were diluted in binding buffer, which 

resulted in 15.7 mM KCl and 8.3 mM KOAc. We used a molar ratio of dynein, 

dynactin, and BicD2-S of 1:1:7.5 because at this ratio dynein bound to BicD2-S 

minimally in the absence of Lis1. This gave us a large dynamic range to observe 

the Lis1-induced increase in binding. For experiments lacking dynactin or Lis1 the 

protein dilutions were supplemented with the equivalent mass of BSA in the 

equivalent amount of their purification buffers. 25 µL of the dynein, dynactin and 

Lis1 mixture were added to the beads pre-bound with BicD2-S and gently agitated 

for 45 minutes. After incubation 20 µL of the supernatant was removed, and 6.67 

µL of NuPAGE® LDS Sample Buffer (4X) and 1.33 µL of Beta-mercaptoethanol 

was added to each. The samples were boiled for 5 minutes before running on a 4-

12% NuPAGE Bis-Tris gel at 4C. Depletion was determined using densitometry in 

ImageJ. 
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Lis1 binding curves were determined as above with minor variations. 25 µL 

of Magne HaloTag Beads were used, and washed twice with 1 mL modified TEV 

buffer. 0, 30, 60, 90, 120, 300 and 600 nM Lis1 were bound to beads for one hour 

at ambient temperature. Beads were then washed with 1 mL of modified TEV 

buffer and 1 mL of binding buffer supplemented with 30 mM KCl and 6 mM KOAc. 

10 nM of dynein was diluted in binding buffer supplemented with salt to 30 mM KCl 

and 6 mM KOAc. Binding and determination of depletion were carried out as 

above. Binding curves were fit in Prism8 (Graphpad) with a nonlinear regression 

for one site binding with Bmax set to 1. 

Cryo-EM sample preparation 

A final concentration of 3.5 μM dynein monomer and 3.5 μM HaloTag-Lis1 

were incubated in assay buffer supplemented with DTT, NP40, and ATPVO4 for 

10-20 minutes before grids were prepared. Proteins were diluted and mixed such 

that the final salt and additive concentrations were 52.5 mM KCl, 20 mM KOAc, 

4.8% glycerol, 5 mM DTT, 0.005% NP40, and 2.5 mM ATPVO4. 4 ul of sample 

was applied to UltraAuFoil R 1.2/1.3 300 mesh grids (Electron Microscopy 

Sciences) that were glow discharged with 20 mA negative current for 30 sec. Grids 

were plunge-frozen in a Vitrobot Mark IV robot (FEI Company), maintained at 

100% humidity and 4 °C.  

Cryo-EM data collection and image analysis 

Data was collected on a Talos Arctica transmission electron microscope 

(FEI Company) operating at 200 keV with a K2 Summit direct electron detector 
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(Gatan Inc). Dose-fractionated movies were collected in counting mode, with a 

final calibrated pixel size of 1.16 Å/pixel, a dose rate of ~6 e-/pixel/sec, and a total 

dose of ~60 e-/Å2.  Leginon52 was used for automated data collection and movies 

were processed on-the-fly using Appion53. Movie alignment was performed with 

MotionCor2 defocus estimations were performed with CTFFIND454, and particles 

were picked using DoG Picker55 403,439 particles were extracted from 2,422 

aligned, dose weighted micrographs in Relion-356 with a box size of 288 x 288 

pixels and binned by 2 for a final pixel size of 2.32 Å/pixel. The extracted particles 

were imported into cryoSPARC 2.4.2 for all subsequent analysis57. To generate 

the 2D-class averages shown in figure 2, two rounds of 2D classification were 

performed. In the first round, 2D classes containing clear density corresponding to 

the dynein ATPase ring and Lis1 (comprising 71,436 particles) were selected. In 

the second round, three classes, containing 22,621 total particles were selected 

for presentation in figure 2 (7,712 particles in the class on the left, 8,943 particles 

in the class in the middle, 6,506 particles in the class on the right).  

 To generate a model of human dynein bound to Lis1, we aligned human 

dynein-2 bound to ATP-vanadate (PDB: 4RH744) with yeast dynein (AAA3-Walker 

B) in ATP-vanadate and Lis1 (PDB: 5VLJ30) using the part of the sequence that 

encompasses the two Lis1 binding sites in yeast dynein, from AAA3 until after the 

binding site for the second Lis1 in the stalk. We then deleted the dynein chain of 

5VLJ and combined the remaining two copies of Lis1 with 4RH7.  To highlight the 
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densities corresponding to Lis1, we also generated 2D projections of human 

dynein-2 alone (PDB: 4RH7) in the same orientations as our experimental data. 

SEC-MALS 

SEC-MALS experiments were performed using an ÄKTAmicro 

chromatography system hooked up to a Superdex 200 Increase 3.2/300 size 

exclusion chromatography column (GE Healthcare and Life Sciences) coupled in-

line to a DAWN HELEOS II multiangle light scattering detector (Wyatt Technology) 

and an Optilab T-rEX refractive index detector (Wyatt Technology). SEC-MALS 

was performed in 25 mM HEPES [pH7.4], 30 mM KCl, 6mM KOAc, 1mM MgCl2, 5 

mM DTT and 0.1 mM Mg-ATP flowed at 0.1 mL/min. A 50 µL sample of 4 µM 

dynein monomer and/or 2 µM Lis1 dimer or 4 µM Lis1ΔN was incubated on ice for 

10 minutes prior to injection. Molar mass was calculated using ASTRA 6 software, 

with protein concentration derived from the Optilab T-rEX.  

Peroxisome recruitment assay 

Human U2OS cells were cultured in Dulbecco's modified Eagle's medium 

containing 10% fetal calf serum and 1% penicillin/streptomycin. One day before 

transfection the cells were plated on 35 mm fluorodishes (World Precision 

Instruments) coated with 100 µg/mL poly-D-lysine (Sigma Aldrich) and 4 µg/mL 

mouse laminin (Thermo Fisher Scientific). Cells were transfected with 120 ng 

PEX3-mEMerald-FKBP and BicD2NS-V5-FRB constructs per well as well as 20 

pmol of either ON-TARGETplus Non-targeting siRNA #1 (Dharmacon),  ON-

TARGETplus PAFAH1B1 siRNA J-010330-07-0002 (Dharmacon), ON-
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TARGETplus PAFAH1B1 siRNA J-010330-09-0002 (Dharmacon), or SMARTpool: 

ON-TARGETplus PAFAH1B1 siRNA (Dharmacon) using Lipofectamine 2000 

(Thermo Fisher Scientific).  

 Cells were labelled with Halo-JF549 (Janelia) and imaged after 48 hours 

using a 100x Apo TIRF NA 1.49 objective on a Nikon Ti2 microscope with a 

Yokogawa-X1 spinning disk confocal system, MLC400B laser engine (Agilent), 

Prime 95B back-thinned sCMOS camera (Teledyne Photometrics), piezo Z-stage 

(Mad City Labs) and stage top environmental chamber (Tokai Hit). Cells were 

screened for the presence of JF549 signal with the 560 nm laser line and then 

mEmerald was imaged at 2 frames per second, 100 ms exposure with the 488 nm 

laser line. Dimerization of FKBP-FRB was induced with 1 µM rapalog (Takara Bio). 

Images were analyzed in ImageJ. Kymographs were generated from >5 

peroxisomes that moved directionally for >3 frames in each cell and velocity was 

calculated from kymographs using ImageJ macros as described51. Data plotting 

and statistical analyses were performed in Prism8 (GraphPad). 

Western analysis and antibodies  

 Lysates were run on 4–12% polyacrylamide gels (NuPage, Invitrogen) and 

transferred to PVDF (Immobilon-P, EMD Millipore; Billerica, MA) for 1.5 hr at 300 

mA constant current. Blots were blocked for 10 min with TBS +5% dry milk (w/v), 

and immunoblotted with appropriate antibodies. All antibodies were diluted in 

TBST +5% milk (w/v). Primary antibodies were incubated overnight at 4˚C, while 

secondary antibodies were incubated for 1 hr at room temperature. Antibodies 
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used were mouse anti-Lis1 (sc-374586, Santa Cruz Biotechnology, 1:200 dilution), 

mouse anti-beta Actin (MA5-15739, Invitrogen, 1:2000 dilution), rabbit anti-V5 

(V8137, Sigma-Aldrich, 1:2000 dilution), goat anti-rabbit HRP (7076, Cell Signaling 

Technology, 1:5000 dilution) and horse anti-mouse HRP (7074, Cell Signaling 

Technology, 1:5000 dilution). Westerns were visualized with Supersignal West 

Pico or Femto Chemiluminescent reagents (Thermo Fisher Scientific) and a 

VersaDoc imaging system (Bio-Rad Laboratories; Hercules, CA). Image intensity 

histograms were adjusted and images were converted to 8-bit with ImageJ before 

being imported into Adobe Illustrator to make figures. 

Statistics and Reproducibility 

 Live-cell experiments were performed with two independent cell 

transfections. No commonly misidentified cell lines were used. At least three 

individual experiments were performed using two independent purifications of 

dynein for biochemistry and single-molecule results, with the exception of the 

SEC-MALS experiments that used a single purification. Each experiment was 

repeated independently with similar results. The n for each experiment is defined 

in the figure legends along with a description of the statistical tests performed. 
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2.7 Supplementary figures 

Supplementary Data Figure 2.1. Effect of Lis1 on the motility and 
microtubule binding of activated dynein complexes.  a. SDS-PAGE gel 
stained with Sypro Red of human dynein, dynactin and the activating adaptors 
BicD2-S (aa 25-398), BicD2-L (aa 1-598), Hook3 (aa 1-552), and Ninl (aa 1-702) 
used here. The dynein  heavy chain was tagged with the SNAP tag, the dynactin 
subunit p62 with the HaloTag, and each activating adaptor with the HaloTag. The   
dynein light chains are too small to be seen on this low percentage gel. SDS-
PAGE gels were run after all protein purifications. b. Example microscopy images 
for microtubule binding density data in the absence (white circles) or presence 
(black circles) of 300 nM Lis1 presented in Figure 1 d and e. Microtubules in 
magenta and dynein or activating adaptor foci in green. Scale bars are 10 µm. c. 
Example kymographs of dynein/ dynactin/ activating adaptor complexes in the 
absence (white circles) or presence (black circles) of 300 nM Lis1. Scale bars are 
10 µm (x) and 20 sec (y). d. Percent processive runs of dynein/ dynactin/ 
activating adaptor complexes in standard motility buffer in the absence (white 
circles) or presence (black circles) of 300 nM Lis1. Statistical analysis was 
performed on data pooled from all replicates with a chi-squared test. e. 
Immunoblots of cell lysates from human U2OS cells co-transfected with PEX3-
mEmerald-FKBP and BicD2-S-V5-FRB constructs, as well as either scramble 
siRNA or Lis1 siRNA 1 or 2. Blots were performed for each biorep with similar 
results. f. Peroxisome velocity in human U2OS cells with scrambled or Lis1 siRNA 
pool knockdown. The median and interquartile range are shown. At least 7 
peroxisome motility events were measured per cell. g. Immunoblots of cell lysates 
from human U2OS cells co-transfected with PEX3-mEmerald-FKBP and BicD2-S-
V5-FRB constructs and scramble or Lis1 siRNA pool. Two bio-replicates (1 and 2) 
are shown. An anti-V5 antibody detects BicD2-S-V5-FRB, an anti-Lis1 antibody 
assesses the efficiency of Lis1 knockdown, and an anti-actin antibody serves as a 
loading control for immunoblots shown in e and g 
. 
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Supplementary Data Figure 2.2. Characterization of the dynein binding 
interface and dimerization domain of Lis1. a. Example SEC-MALS traces with 
Lis1 dimer (orange), dynein monomer (grey), and dynein monomer with Lis1 dimer 
(black). The intensity of the UV signal (solid line) and the molecular weight fit 
(dashed line) are shown. Dimeric Halo-tagged-Lis1 is expected to be 161.4 kDa 
and monomeric dynein is expected to be 380.4 kDa. In this experiment we 
observe Halo-tagged-Lis1 to be 157.6 kDa, monomeric dynein to be 489.5 kDa 
and the Lis1-dynein complex to be 700.1 kDa. The high apparent molecular weight 
of monomeric dynein may be due to a self-association species that appears as a 
shoulder in the UV trace. The experiment was repeated in triplicate yielding similar 
results, giving a stoichiometry of 1.2 +/- 0.3 Lis1 dimers per dynein monomer. 
Based on this data we cannot rule out that some dynein monomers are bound to 
two Lis1 dimers (which has been reported to occur34), but our data suggest that 
most dynein monomers bind a single Lis1 dimer, and that Lis1 does not tether two 
dynein monomers. b. Single-molecule velocity of dynein/ dynactin/ BicD2-S 
complexes with increasing concentrations of Lis1. The median and interquartile 
range are shown. c. Single-molecule velocity of dynein/ dynactin/ Hook3 
complexes in the presence of a higher ionic strength buffer in the absence (white 
circles) or presence (black circles) of 300 nM Lis1 or Lis1-5A. The data in the 
presence and absence of WT Lis1 was also presented in Figure 1h. The median 
and interquartile range are shown. d. Example kymographs of dynein/ dynactin/ 
Hook3   complexes in a higher ionic strength buffer in the absence or presence of 
300 nM Lis1 or Lis1-5A. Scale bars are 10 µm (x) and 20 sec (y). Data is 
quantified in Supplementary Data Figure 2C. e. Example SEC-MALS trace of 
Lis1ΔN (orange). The intensity of the UV signal (solid line) and the molecular 
weight fit (dashed line) are shown. Monomeric Halo-tagged-Lis1ΔN is expected to 
be 71.5kDa. In this experiment we observe Halo-tagged-Lis1ΔN to have a 
monomer peak at 72.0 kDa and a dimer peak at 141.2 kDa. The experiment was 
repeated in triplicate yielding similar results. 
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Supplementary Data Figure 2.3. Quantification of the velocity of one-color 
and two-color activated dynein complexes in the presence or absence of 
Lis1. a. Single-molecule velocity of dynein/ dynactin/ BicD2-S complexes in the 
absence (white circles) or presence (black circles) of 300 nM Lis1 with colocalized 
dynein (two color) or without observed colocalization (one color). The median and 
interquartile range are shown. 
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Supplementary Data Figure 2.4. Characterization of Lis1 binding to 
microtubules and activated dynein complexes. a. Example microscopy images 
for imaging 50 nM TMR-Lis1 (magenta in merge) in the presence of microtubules 
(green in merge).  Lis1 does not colocalize with microtubules. Scale bars are 10 
µm. The experiment was repeated in triplicate yielding similar results. b. Single-
molecule velocity of dynein/ dynactin/ BicD2-S complexes in the absence (white 
circles) or presence (black circles) of 50 nM TMR-Lis1 or TMR-Lis1-5A. The 
median and interquartile range are shown. c. Representative kymographs of 
Alexa647-dynein/ dynactin/ BicD2-S complexes in the presence of 50 nM TMR-
Lis1-5A. Scale bars are 10 µm (x) and 20 sec (y). 
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3.1 Introduction 

Cytoplasmic dynein-1 (dynein) is a microtubule (MT)-based motor 

responsible for minus-end-directed transport. In humans and other eukaryotes 

dynein drives the movement of hundreds of different cargos, including endosomes, 

peroxisomes, mitochondria, and other membrane-bound compartments1. In 

addition, dynein positions nuclei and centrosomes and has a role in organizing the 

mitotic spindle and in the spindle assembly checkpoint1. Mutations in dynein and 

its regulatory machinery cause a range of neurological diseases2.  

In S. cerevisiae dynein has a single non-essential role in positioning the 

mitotic spindle, but the major dynein regulators are conserved, making it a 

valuable model to study dynein regulation3. Dynein anchored at the cell cortex 

pulls on microtubules attached to the spindle pole body (SPB), thereby aligning the 

mitotic spindle18. Dynein reaches the cortex by localizing to MT plus ends, either 

via kinesin-dependent transport or recruitment from the cytosol19–21. Deletion of 

any of the genes encoding the dynein subunits, dynactin subunits, Lis1 or NudE, 

all of which are conserved in yeast, results in defects in positioning the mitotic 

spindle. This ultimately results in some cells inheriting multiple nuclei after cell 

division.  

Lis1 was first discovered as the primary gene mutated in type-1 

lissencephaly, a neurodevelopmental disorder that results in a smooth cerebral 

surface and abnormal neuronal migration4. Lis1 consists of two β-propellers 

dimerized by a LisH domain5,6. It binds dynein at two sites, one site at AAA3/AAA4 
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(sitering) and one on the dynein stalk (sitestalk)7–9. These sites can be bound 

simultaneously and the two Lis1 β-propellers likely interact with one another, 

although this has not been confirmed due to resolution constraints in previous 

structures9.  

Lis1 is the only known dynein regulator to bind directly to the motor domain, 

and it is therefore important to consider Lis1’s regulation of dynein’s 

mechanochemical cycle. Lis1 has been shown to have two modes of regulating 

dynein. The first is to induce a high microtubule binding affinity of dynein, which 

has been seen in organisms ranging from yeast to humans7,10–14. This state 

correlates with Lis1 bound only at sitering7,9. In S. cerevisiae mutations at sitering 

result in an increase in cells that inherit multiple nuclei similar to deletion of Lis17. 

The second mode of regulation occurs when Lis1 is bound to sitestalk as well 

as sitering, and results in a low microtubule affinity conformation of dynein. This 

regulation depends on the nucleotide state in dynein’s AAA3. Using cryo-electron 

microscopy (cryo-EM), Lis1 bound to dynein’s sitestalk was observed when AAA3 

was bound to ATP or ADP.Pi9. In S. cerevisiae mutating sitestalk results in 

mislocalization of dynein9.  

Here, we use a combination of cryo-EM, single-molecule microscopy, in 

vitro reconstitution and in vivo assays to elucidate the mechanisms of the two 

modes of Lis1 regulation. Our previous structures were not of high enough 

resolution to unambiguously determine the orientation of the Lis1 β-propeller.  With 

our new high-resolution structure, we set out to disrupt all of the observed dynein-
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Lis1 interactions, as well as the interface between the two Lis1 β-propellers, and 

then determine the effects on dynein’s mechanochemistry and function in vivo in S. 

cerevisiae.   

 

3.2 A 3.1Å structure of a dynein-Lis1 complex 

Previously, we determined structures of S. cerevisiae dynein motor 

domains bound to Lis1 at 7.7Å – 10.5Å resolution9. Here, we aimed to improve the 

overall resolution of the dynein-Lis1 complex. To limit conformational 

heterogeneity by capturing dynein with both Lis1 sites occupied we used a 

construct of the dynein motor domain containing a Walker B mutation in AAA3 that 

prevents the hydrolysis of ATP9. However, dynein’s strong preferred orientation in 

open-hole cryo-EM grids limited our initial attempts at obtaining a higher resolution 

structure. To overcome this, we randomly biotinylated dynein and applied the 

sample to streptavidin affinity grids, which results in randomly oriented dynein 

complexes15. This allowed us to determine the structure of dynein bound to Lis1 in 

the presence of ATP vanadate (ATP-Vi) using cryo-EM to a nominal resolution of 

3.1 Å (Figure 3.1A, B, C). Our high-resolution map revealed dynein in the closed 

ring state bound to two Lis1s, and allowed us to unambiguously assign the correct 

placement and orientation of both Lis1 β-propellers at sitering and sitestalk. Binding 

of Lis1 at sitering primarily involves the smaller face of the β-propeller in Lis1 and 

the alpha helix bridging AAA3 and AAA4 in dynein. Our previous lower resolution 

structures identified a contact between Lis1 and AAA5, but due to the limited  
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Figure 3.1. 3.1Å structure of a dynein-Lis1 complex A. Cartoon model of the 
two modes of dynein regulation by Lis1. B. EM density of Lis1 bound to dynein. C. 
Model of Lis1 bound to dynein. D. The interaction between Lis1ring and dynein’s 
AAA5. E. Interaction between Lis1stalk and dynein’s stalk and AAA4. F. Interaction 
between Lis1ring and Lis1stalk. 
 



76 
 

resolution of these structures we could not unambiguously determine the nature of 

the contact9. Our new structure unambiguously revealed an additional contact site 

between Lis1ring and a loop in AAA5 (Figure 3.1D). Our structure also revealed an 

interaction between Lis1stalk and a loop in AAA4 (Figure 3.1E), in addition to the 

interaction with dynein’s stalk helices that we observed previously9. The Lis1ring-

Lis1stalk β-propellers are also in close proximity. For the first time we are able to 

observe the interface between the two, which is mediated by hydrophobic 

interactions. Based on the proximity of the β-propellers in our structure and our 

inability to identify any additional density coming from a second Lis1 dimer, our 

data is most compatible with the two β-propellers coming from the same Lis1 

dimer.  

 

3.3 Lis1’s interaction with dynein AAA5 contributes to regulation at sitering 

The dynein-Lis1 interface at sitering is mostly mediated through a helix 

bridging AAA3 and AAA4 of dynein, mutations in which completely abrogate Lis1 

binding to dynein7. Here we set out to determine if the additional contact we 

observed between Lis1 and dynein at AAA5 also contributed to dynein regulation 

by Lis1 at sitering. To disrupt this electrostatic interaction (Figure 3.2A), we made 

mutations in the endogenous copies of either Lis1 (PAC1) or dynein (DYN1). We 

mutated Lis1’s glutamic acid 253 and histidine 254 to alanine and deleted dynein’s 

asparagine 3475 and arginine 3476, which were both present in a short loop. To 

determine if these mutations had a phenotype in vivo, we performed  
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Figure 3.2 Lis1’s interaction with dynein AAA5 contributes to regulation at 
sitering A. Close-up view of the interface between Lis1 and dynein AAA5 at sitering. 
The residues mutated to inhibit this interaction on Lis1 (gray) and dynein (orange) 
are indicated. The inset shows the location of the close up in the full structure. B. 
Example images of normal and binucleate cells in wild type and Lis1 depleted 
strains. C. Determination of the percentage of cells displaying an aberrant 
binucleate phenotype for WT (medium grey), Lis1 deletion (light grey) and Lis1 

E253A, H254A (dark grey). n=3 replicates of at least 200 cells each per condition. D. 
Determination of the binding affinity of dyneinWT for Lis1WT (light grey; Kd = 113.1 ± 
9.0) and Lis1 E253A, H254A (dark grey; Kd = 195.1 ± 16.0) and dyneinΔN3475, R3476  for 
Lis1WT (orange; Kd = 200.7 ± 12.5) and Lis1 E253A, H254A (brown; Kd = 205.0 ± 12.9). 
n = 3 replicates per condition. Statistical analysis was performed using an extra 
sum-of-squares F test; ***, p<0.0001. E. Binding density (mean ± s.e.m.) of dynein 
on microtubules with ATP in the absence (light grey) or presence of Lis1WT 
(medium grey) or Lis1 E253A, H254A (dark grey). Data was normalized to a density of 
1.0 in the absence of Lis1. Statistical analysis was performed using an ANOVA; 
****, p<0.0001; **, p = 0.0029. n = 12 replicates per condition. F. Binding density 
(mean ± s.e.m.) of dynein on microtubules with ATP-Vi in the absence (light grey) 
or presence of Lis1WT (medium grey) or Lis1 E253A, H254A (dark grey). Data was 
normalized to a density of 1.0 in the absence of Lis1. Statistical analysis was 
performed using an ANOVA; ****, p<0.0001; ***, p = 0.0001; ns = 0.9997. n = 12 
replicates per condition. G. Single-molecule velocity of dynein with increasing 
concentrations of Lis1. DyneinWT with Lis1WT (light grey); DyneinWT with Lis1 E253A, 

H254A (dark grey); dyneinΔN3475, R3476 with Lis1WT (orange); dyneinΔN3475, R3476  and 
Lis1 E253A, H254A (brown).The median and interquartile range are shown. Data was 
normalized to a velocity of 1.0 in the absence of Lis1. At least 400 single molecule 
events were measured per condition. 
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nuclear segregation assays. In this assay, deletion of dynein subunits or Lis1 

leads to an increase in binucleate mother cells, which arise from defects in mitotic 

spindle positioning. We found that Lis1E253A, H254A exhibits a binucleate phenotype 

that is equivalent to Lis1 deletion (Figure 3.2B, C), suggesting that the interaction 

between Lis1 and dynein at AAA5 is required for Lis1’s ability to regulate dynein in 

vivo.  

We next wanted to biochemically define the role of Lis1’s interaction with 

AAA5. First, we measured the apparent binding affinity between purified Lis1 

dimers and monomeric dynein motor domains. We captured SNAP-tagged Lis1 on 

magnetic beads and then determined the percentage of dynein bound. We found 

that Lis1E253A, H254A showed decreased binding to wild type dynein monomers and 

that wild type Lis1 showed decreased binding to dyneinΔN3475, R3476 monomers  

(Figure 3.2D). Next, we examined the ability of dynein to bind to microtubules in a 

single-molecule microtubule binding assay in the presence of ATP or ATP-Vi9. 

Previously, we showed that tight microtubule binding of dynein in the presence of 

ATP is mediated by sitering, whereas Lis1-induced weak microtubule binding in the 

presence of ATP-Vi requires both sitering and sitestalk9. The dynein construct we 

used for this experiment is a well-characterized truncated and GST-dimerized 

dynein motor that behaves similarly to full-length dynein in vitro16 (“dynein” 

here).We found that dynein shows a statistically significant decrease in 

microtubule binding in the presence of Lis1E253A, H254A compared to wild type Lis1 in 

the presence of ATP and is indistinguishable from wild type Lis1 in the presence of 
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ATP-Vi (Figure 3.2E and F). Finally, we measured the single-molecule velocity of 

dynein in the context of Lis1E253A, H254A and dyneinΔN3475, R3476. In this assay Lis1 

slows the motility of dynein in a dose-dependent manner7. In the absence of Lis1, 

dyneinΔN3475, R3476 had a similar velocity to wild type dynein (Supplementary Data 

Figure 3.1). However, dyneinΔN3475, R3476 was less sensitive to the addition of Lis1 

compared to wild type dynein. Similarly, wild type dynein was less sensitive to the 

addition of Lis1E253A, H254A compared to wild type Lis1 (Figure 3.2G). Thus, the 

interaction of Lis1 with dynein at AAA5 contributes to Lis1’s regulation of dynein at 

sitering.  

 

3.4 Identification of Lis1 mutations that specifically disrupt regulation at 

sitestalk 

In addition to revealing the molecular nature of Lis1’s interaction with dynein 

at sitering, our structure also allowed us to probe the interaction of Lis1 at sitestalk. 

Previously, we identified three amino acids in dynein’ stalk domain (E3012, Q3014, 

and N3018) that were required for Lis1-mediated weak microtubule binding of 

dynein9. Our new structure reveals that the interaction between Lis1 and dynein at 

sitestalk also includes a contact between Lis1 and a short loop in AAA4 of dynein. 

To determine if this contact plays a role in dynein regulation by Lis1, we mutated 

serine 248 in the endogenous copy of Lis1 to glutamine to introduce a steric clash 

with the loop in dynein’s AAA4 (Figure 3.3A). In a nuclear segregation assay 

Lis1S248Q had significantly more aberrant binucleate cells compared to a strain 
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Figure 3.3 Identification of Lis1 mutations that specifically disrupt regulation 
at sitestalk A. Close-up view of the Lis1-dynein interface at sitestalk. The residue 
mutated to inhibit Lis1 binding is indicated. The inset shows the location of the 
close up in the full structure. B. Determination of the percentage of cells displaying 
an aberrant binucleate phenotype for WT (medium grey), Lis1 deletion (light grey) 
and Lis1S248Q (dark grey). n=3 replicates of at least 200 cells each per condition. C. 
Determination of the binding affinity of dynein for Lis1WT (light grey; Kd = 113.1 ± 
9.0) and Lis1S248Q (dark grey; Kd = 162.0 ± 12.9). n = 3 replicates per condition. 
Statistical analysis was performed using an extra sum-of-squares F test; p = 
0.0022. D. Binding density (mean ± s.e.m.) of dynein on microtubules with ATP in 
the absence (light grey) or presence of Lis1WT (medium grey) or Lis1S248Q (dark 
grey). Data was normalized to a density of 1.0 in the absence of Lis1. Statistical 
analysis was performed using an ANOVA; ****, p<0.0001; ns, p = 0.0614. n = 12 
replicates per condition. E. Binding density (mean ± s.e.m.) of dynein on 
microtubules with ATP-Vi in the absence (light grey) or presence of Lis1WT 
(medium grey) or Lis1S248Q (dark grey). Data was normalized to a density of 1.0 in 
the absence of Lis1. Statistical analysis was performed using an ANOVA; ****, 
p<0.0001; ns, p > 0.9999. n = 12 replicates per condition. 
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expressing wild type Lis1 (Figure 3.3B). Thus, this contact on sitestalk between 

dynein and Lis1 is also required for Lis1’s ability to regulate dynein in vivo. 

 We also probed the role of this new contact in vitro. We found that Lis1S248Q 

showed a moderate decrease in binding affinity for dynein monomers. Our 

previous studies showed that mutations in dynein’s sitestalk (E3012A, Q3014A, 

N3018A) abolished the ability of Lis1 to induce the weak microtubule binding state 

in dynein9. This same mutant was still sensitive to Lis1 binding at sitering as tight 

microtubule binding was observed in the presence of ATP. Here, we found that 

Lis1S248Q demonstrated tight microtubule binding in the presence of ATP 

(regulation at sitering) (Figure 3.3C) and no weakening of microtubule binding in 

ATP-Vi (loss of regulation at sitestalk) (Figure 3.3D). This is similar to dyneinE3012A, 

Q3014A, N3018A, although Lis1S248Q did not fully display tight microtubule binding in 

ATP-Vi. This analysis reveals that Lis1S248Q is the first Lis1 mutant capable of 

targeting regulation at sitestalk, making this mutant a valuable tool for dissecting the 

function of the two modes of Lis1 regulation. 

 

3.5 The interface between the two Lis1 β-propellers is important for 

regulation at sitestalk 

Our new structure revealed interactions between the two Lis1 β-propellers 

when they were bound to dynein at both sitering and sitestalk. Because this interface 

is largely hydrophobic we aimed to disrupt it by introducing charged residues in 

Lis1. We mutated Lis1’s phenylalanine 185 and isoleucine 189 to aspartic acid.  
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 A. 
Figure 3.4. The interface between the two Lis1 β-propellers is important for 
regulation at sitestalk A. Close-up view of the interface between the two Lis1 β-
propellers. The residues mutated to inhibit this interaction are indicated. The inset 
shows the location of the close up in the full structure. B. Determination of the 
percentage of cells displaying an aberrant binucleate phenotype for WT (medium 
grey), Lis1 deletion (light grey) and Lis1F185D, I189D, R494A (dark grey). n=3 replicates 
of at least 200 cells each per condition. C. Determination of the binding affinity of 
dynein for Lis1WT (grey; Kd = 113.1 ± 9.0) and Lis1F185D, I189D, R494A (green; Kd = 
136.8 ± 11.4). n = 3 replicates per condition. Statistical analysis was performed 
using an extra sum-of-squares F test; p = 0.0974. Binding affinity of dynein for 
Lis1WT repeated from figure 2. D. Binding density (mean ± s.e.m.) of dynein on 
microtubules with ATP in the absence (light grey) or presence of Lis1WT (medium 
grey) or Lis1F185D, I189D, R494A (dark grey). Data was normalized to a density of 1.0 in 
the absence of Lis1. Statistical analysis was performed using an ANOVA; ****, 
p<0.0001; ns, p = 0.4445. n = 12 replicates per condition. E. Binding density 
(mean ± s.e.m.) of dynein on microtubules with ATP-Vi in the absence (light grey) 
or presence of Lis1WT (medium grey) or Lis1F185D, I189D, R494A (dark grey). Data was 
normalized to a density of 1.0 in the absence of Lis1. Statistical analysis was 
performed using an ANOVA; ****, p<0.0001; ***, p = 0.0002. n = 12 replicates per 
condition. 
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In addition, to avoid the formation of new favorable contacts, we mutated arginine 

494 to alanine (Figure 3.4A). In a nuclear segregation assay Lis1F185D, I189D, R494A 

had significantly more aberrant binucleate cells compared to a strain expressing 

wild type Lis1 (Figure 3.4B). Thus, the interaction between Lis1 β-propellers is 

required for Lis1’s ability to regulate dynein in vivo. In vitro we found that Lis1F185D, 

I189D, R494A shows a very minor reduction in binding affinity for dynein (Figure 3.4C). 

In microtubule binding assays this mutant behaved similarly to dyneinE3012A, Q3014A, 

N3018A, demonstrating tight microtubule binding in the presence of both ATP 

(regulation at sitering) (Figure 3.4C) and ATP-Vi (loss of regulation at sitestalk) 

(Figure 3.4D). This is the first evidence that the interaction between Lis1’s β-

propellers is important for Lis1’s ability to regulate dynein.  

 

3.6 Lis1 regulation is required for dynein localization in S. cerevisiae. 

To understand how these mutants affect dynein in vivo we looked at dynein 

localization in dividing cells. In S. cerevisiae, dynein positions the mitotic spindle 

by pulling on SPB-anchored MTs from the cell cortex18 (Figure 3.5A). Lis1 is 

required for dynein’s localization to SPBs, plus ends and the cortex9,21–26. We 

imaged full length dynein-3xGFP and determined co-localization with the SPB 

(SPC110-tdTomato) and microtubules (CFP-TUB1) (Figure 3.5B). Deletion of Lis1 

causes a significant decrease in dynein puncta at SPBs, plus ends and the cortex 

(Figure 3.5C-E). Lis1E253A, H254A decreases dynein puncta similarly to the deletion 

at all localizations (Figure 3.5C-E). Lis1F185D, I189D, R494A and Lis1S248Q both have  



85 
 

Figure 3.5 Lis1 regulation is required for dynein localization in S. cerevisiae. 
A. Cartoon of dynein and Lis1 during spindle positioning in S. cerevisiae. Dynein is 
localized to the SPB (1), transported to the MT plus end by a kinesin in a Lis1-
dependent manner (2), maintained at the MT plus end (3), and off-loaded to the 
cell cortex (4), where it pulls on SPB-attached MTs to position the mitotic spindle. 
B. Example images of dynein localization in dividing S. cerevisiae cells. Yellow 
arrowheads point to MT plus tips. (C-E) Quantification of dynein localization. Bar 
graphs show the average number of dynein foci per cell localized to the cortex (C), 
SPB (D) and MT plus ends (E) in wild type, Lis1 deletion (ΔLis1), Lis1E253A, H254A, 
Lis1F185D, I189D, R494A and Lis1S248Q  strains. Statistical analysis was performed using 
a Kruskal-Wallis test; ****, p<0.0001; ***, p = 0.0001; ns, p > 0.9999. n = 120 cells 
per condition.  
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intermediate phenotypes, significantly decreasing dynein puncta at the cortex and 

SPBs relative to WT but not to the level of the Lis1 deletion (Figure 3.5C-E). 

Interestingly while Lis1F185D, I189D, R494A also exhibits a loss of dynein puncta at MT 

plus ends, Lis1S248Q has a WT amount of dynein puncta at that localization (Figure 

3.5E).  

 

3.7 Discussion 

 Lis1 directly binds to cytoplasmic dynein-1’s motor domain and regulates 

dynein’s mechanochemistry and cellular function. Here we solved a 3.1Å structure 

of Lis1 bound to dynein that revealed novel interactions required for the two 

modes of dynein regulation. Based on our structure we mutated each of these 

contacts and determined their role in regulating dynein’s mechanochemistry and 

their in vivo role in positioning the mitotic spindle in S. cerevisiae. We identified 

new dynein-Lis1 and Lis1-Lis1 contacts that were required for Lis1’s ability to 

regulate dynein.   

We identified a new dynein-Lis1 interaction at site ring that involved 

dynein’s AAA5 domain. We identified mutations in both dynein and Lis1 that 

abolished regulation via this interaction, showing that this interaction was required 

for Lis1’s ability to increase dynein’s microtubule binding affinity. In addition, this 

interaction was important for dynein regulation by Lis1 in vivo, with the mutant 

resulting in mislocalization of dynein and ultimately an increase in aberrant 

binucleate cells. 
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We also identified the molecular nature of interactions between Lis1 and 

dynein’s AAA4 domain, as well as the interaction between the two Lis1 β-

propellers. We found that both interactions were required for the Lis1-induced 

reduction in dynein’s microtubule binding affinity. Both sites of interaction were 

also required for dynein’s function in vivo in S. cerevisiae; they inhibited dynein’s 

ability to reach its site of action on the cell cortex and caused an increase in 

binucleate cells. Interestingly, Lis1S248Q had a similar amount of dynein puncta at 

MT plus ends compared to Lis1WT, in contrast to the other mutants. This may 

indicate that this mutant has a defect in forming dynein complexes at the cortex, 

similar to the role of Lis1 in forming activated dynein complexes observed in vitro 

with human proteins13,14.   

A recent report hypothesized that Lis1 bound at sitering may slow dynein’s 

velocity due to Lis1 binding to microtubules17, thereby crosslinking dynein to 

microtubules via Lis1. This hypothesis requires either 1) one Lis1 β-propeller in a 

dimer would interact with dynein and the other with the microtubule or 2) a single 

Lis1 β-propeller would need to interact simultaneously with both dynein and the 

microtubule. If the first case were true, monomers of Lis1 would be predicted to 

have no effect on dynein’s velocity. To test this, we measured the velocity of 

dynein in the presence of either dimeric or monomeric Lis1 and found that both 

Lis1 dimers and monomers could slow dynein motility in a dose-dependent 

manner (Supplementary Data Figure 3.2A), in agreement with previous studies7. 

Thus, if Lis1 crosslinks dynein to microtubules, it must do so in the context of a 
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single β-propeller, with one face of Lis1 interacting with dynein and another with 

microtubules. This model predicts that mutants that disrupt Lis1 binding to dynein 

would not disrupt Lis1 microtubule binding. To test this, we used a Lis1 mutant 

where 5 amino acids that face sitering were mutated to alanine (Supplementary 

Data Figure 3.2B). We previously demonstrated that Lis15A does not bind to 

dynein8. Using a microtubule co-pelleting assay, we found that Lis15A also does 

not bind to microtubules (Supplementary Data Figure 3.2C), suggesting that Lis1 

would not be capable of crosslinking dynein to microtubules. This, along with the 

finding that human Lis1 does not interact with microtubules but does increase 

dynein’s microtubule binding affinity11,13, suggest it is unlikely that a Lis1-

microtubule interaction plays a role in the mechanism of dynein regulation. 

Finally, the new sites of interaction between dynein and Lis1 that we 

identified here and the mutants that we described that disrupts these interactions 

will be valuable tools for dissecting the multiple modes of dynein regulation by Lis1. 

How Lis1’s mechanochemical regulation of dynein relates to dynein’s trafficking 

roles in other organisms is unclear. The Lis1-induced tight microtubule binding 

mode of dynein is conserved in humans10–14, but what role this plays in trafficking 

is unknown. Lis1 binding at sitestalk is also conserved in humans13, although the 

effects of this interaction have not been determined in vitro or in vivo. One 

possibility is that binding at both sites is required for dynein to form an activated 

motor complex with dynactin and activating adaptor. The mutants we have 
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developed can now be used to determine the mechanism of Lis1 regulation in 

other models of dynein-based cellular trafficking.  

 

3.8 Methods 

S. cerevisiae Strain Construction  

The endogenous genomic copies of DYN1 and PAC1 (encoding the dynein 

heavy chain and Lis1) were modified or deleted using PCR-based methods as 

previously described27. Transformations were performed using the lithium acetate 

method28 and screened by colony PCR. Point mutants were generated using 

QuikChange site-directed mutagenesis (Stratagene) and verified by DNA 

sequencing. 

 

Nuclear segregation assay 

Log-phase cells growing at 30oC were transferred to 16oC for 16 hr. Cells 

were fixed with 75% ethanol and stained with DAPI. Imaging was performed using 

a 100x Apo TIRF NA 1.49 objective on a Nikon Ti2 microscope with a Yokogawa-

X1 spinning disk confocal system, MLC400B laser engine (Agilent), Prime 95B 

back-thinned sCMOS camera (Teledyne Photometrics), and a piezo Z-stage (Mad 

City Labs). The percentage of aberrant binucleate cells was calculated as the 

number of binucleate cells divided by the sum of dividing wild-type and binucleate 

cells. 
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Protein purification 

Protein purification steps were done at 4oC unless otherwise indicated. 

Dynein constructs were purified from S. cerevisiae using a ZZ tag as previously 

described16. Briefly, liquid nitrogen-frozen cell pellets were lysed by grinding in a 

chilled coffee grinder and resuspended in dynein lysis buffer (DLB: final 

concentration 30 mM HEPES [pH 7.4], 50 mM potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 10% glycerol, 1 mM DTT) supplemented with 

0.1 mM Mg-ATP, 0.5 mM Pefabloc, 0.05% Triton and cOmplete EDTA-free 

protease inhibitor cocktail tablet (Roche). The lysate was clarified by centrifuging 

at 264,900 x g for 1 hr or at 125,100 x g for 2 hr. The clarified supernatant was 

incubated with IgG Sepharose beads (GE Healthcare Life Sciences) for 1 hr. The 

beads were transferred to a gravity flow column, washed with DLB buffer 

supplemented with 250 mM potassium chloride, 0.1 mM Mg-ATP, 0.5 mM 

Pefabloc and 0.1% Triton, and with TEV buffer (10 mM Tris–HCl [pH 8.0], 150mM 

potassium chloride, 10% glycerol, 1 mM DTT, and 0.1 mM Mg-ATP). GST-

dimerized dynein constructs were labeled with 5 mM Halo- TMR (Promega) in the 

column for 10 min at room temperature and unbound dyes were washed out with 

TEV buffer at 4oC. Dynein was cleaved from IgG beads via incubation with 0.15 

mg/mL TEV protease for 1 hr at 16oC. For dynein monomer constructs, the TEV 

cleavage step was done overnight at 4oC and the cleaved proteins were 

concentrated using 100K MWCO concentrator (EMD Millipore). Cleaved proteins 
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were filtered by centrifuging with Ultrafree-MC VV filter (EMD Millipore) in a 

tabletop centrifuge and flash frozen in liquid nitrogen. 

Lis1 constructs were purified from S. cerevisiae using their His8 and ZZ 

tags as previously described7. Lysis and clarification steps were similar to dynein 

purification except for the lysis buffer used was buffer A (final concentration: 50 

mM potassium phosphate [pH 8.0], 150 mM potassium acetate, 150 mM sodium 

chloride, 2 mM magnesium acetate, 5 mM b-mercaptoethanol, 10% glycerol, 0.2% 

Triton, 0.5 mM Pefabloc) supplemented with 10 mM imidazole (pH 8.0) and 

cOmplete EDTA-free protease inhibitor cocktail tablet. The clarified supernatant 

was incubated with Ni-NTA agarose (QIAGEN) for 1 hr. The Ni beads were 

transferred to a gravity column, washed with buffer A + 20 mM imidazole (pH 8.0) 

and eluted with buffer A + 250 mM imidazole (pH 8.0). The eluted protein was 

incubated with IgG Sepharose beads for 1 hr. IgG beads were transferred to a 

gravity flow column, washed with buffer A + 20 mM imidazole (pH 8.0) and with 

modified TEV buffer (50 mM Tris–HCl [pH 8.0], 150 mM potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 10% glycerol, 1 mM DTT). Lis1 was cleaved 

from the IgG beads via incubation with 0.15 mg/mL TEV protease for 1 hr at 16oC. 

Cleaved proteins were filtered by centrifuging with Ultrafree-MC VV filter (EMD 

Millipore) in a tabletop centrifuge and flash frozen in liquid nitrogen. 
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Electron microscopy sample preparation  

Dynein was buffer exchanged into Modification Buffer (100 mM sodium 

phosphate, pH 8.0, 150 mM NaCl) and biotinylated using water soluble Sulfo 

ChromaLink biotin (Sulfo ChromaLINK Biotin, Cat #B-1007) in a 1:2 molar ratio for 

2 hr at room temperature. Biotinylated protein was dialyzed into TEV buffer 

overnight. Biotinylation of dynein was verified using a pull-down assay with 

streptavidin magnetic beads (Thermo Fisher).  

Streptavidin affinity grids (SA grids) were prepared as previously 

described15. Just prior to use, the SA grids were washed by touching the SA side 

of the grid to three drops (2x 50 μL, 1 x 100 μL) of rehydration buffer (150 mM KCl, 

50 mM HEPES pH 7.4, 5 mM EDTA) to remove the storage trehalose layer. For 

complete removal of the protective trehalose layer, rehydration buffer was 

manually pipetted up and down onto the SA side of the grid, and then the grid was 

placed onto a 100 μL drop of rehydration buffer for 10 minutes. This process was 

repeated once, and then the grid was buffered exchanged into sample buffer using 

five 50 μL drops of sample buffer. 4 μL of sample (150 nM dynein, 150 nM Lis1) 

was applied to each grid and incubated for ~10 minutes inside a humidity chamber. 

Unbound protein was washed away by touching the sample side of the grid to 

three 100 μL drops of sample buffer containing 200 nM Lis1. Grids were vitrified 

using a Vitrobot (FEI) set to 20°C and 100% humidity. Vitrobot tweezers were kept 

cold on ice between samples. The sample was first manually wicked inside the 

Vitrobot using a Whatman No. 1 filter paper, followed by the addition of 1.5 μL of 
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sample buffer before standard blotting and vitrification proceeded (Blot time: 4s 

and blot force: 20).   

 

Image collection and processing 

Vitrified grids were imaged on a Titan Krios (FEI) operated at an 

accelerating voltage of 300 kV and the images were recorded with a K2 Summit 

direct electron detector (Gatan Inc.). We collected 2378 movies in super resolution 

mode (0.655 Å/super-resolution pixel at the object level) dose-fractionated into 200 

ms frames for a total exposure of 10 s with a dose rate of 10 electrons/pixel/s for a 

total fluence of 58.3 electrons/Å2. The defocus of the images varied within a range 

of -2.0 μm to -2.7 μm. Automated data collection was executed by SerialEM29.  

Movie frames were aligned using the dose-weighted frame alignment option 

in UCSF MotionCor230 as employed in Relion 3.031. At this stage the individual 

frames were corrected for the anisotropic magnification distortion inherent to the 

electron microscope32. The signal from the streptavidin lattice was removed from 

aligned micrographs using Fourier filtering as described previously15. Micrographs 

were manually inspected for defects including sub-optimal ice thickness and 

incomplete removal of the SA lattice signal and 46 micrographs were removed 

leaving 2332 micrographs for further processing. CTF estimation was carried out 

on the non-dose weighted micrographs using GCTF33 using the local CTF 

estimation option as implemented in Appion34. Images with CTF fits having 0.5 

confidence resolution worse than 5 Å were excluded from further processing. 
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Particles were picked using crYOLO35 using a training model generated from 

manually picked particles. The particles were extracted with a down sampled pixel 

size of 3.93 Å/pixel, and a single round of two-dimensional (2D) classification were 

carried out in Relion 3.0 to identify bad particles. Particles belonging to good 2D 

class averages were recentered and extracted (1.31 Å/pixel), and further 

processed in cryoSPARC. Ab initio models were generated with the majority of 

particles going into one good class displaying the characteristic features of the 

dynein motor domain and the WD40 rings of Lis1. Those particles were refined 

using the non-uniform refinement routine of cryoSPARC36, against the best ab 

initio model. This resulted in a 3.2 Å map containing 233 476 particles. We 

performed per-particle CTF refinement and beam tilt refinement in Relion 3.0 

followed by a single round of three-dimensional (3D) classification without 

alignment. The particles contributing to one of the classes lead to a high resolution 

reconstruction of the dynein-Lis1 complex and those particles were further refined 

in Relion 3.0 to generate the final 3.0 Å map (based on the 0.143 cutoff of the 

gold-standard FSC curve) of the dynein-Lis1 complex. For visualization purposes 

the map was sharpened with an automatically estimated negative B-factor of 33 

(as determined from the “PostProcess” routine of Relion 3.0). The local resolution 

of the map was estimated using the “local-resolution” routine of Relion 3.0 and the 

map was low pass filtered according to the local resolution prior to analysis. The 3-

D FSC was calculated by 3dfsc version 2.537 using the half-maps and the mask 

used for the PostProcess routine in Relion 3.0. 
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Model building 

The dynein-Lis1 map was segmented using Seggar38 as implemented in 

UCSF chimera39 and the atomic models of the different components were initially 

built to account for their respective segmented maps. A homology of the Lis1 

WD40 domain was generated using I-TASSER40 and this model was rigid body 

docked into the corresponding segmented map using the “fit in map” routing in 

UCSF Chimera. Regions of the model that did not agree with the EM map were 

manually rebuilt using Coot41. The resulting model was used as a reference for 

Rosetta CM42 and 1200 models were generated. A hybrid model was made using 

the two lowest energy output models from Rosetta CM. This model was then 

manually placed using Coot into both Lis1 sites, and areas of disagreement 

between the map and the model were resolved manually.  

A homology model of the S. cerevisiae dynein motor domain was created in 

Swiss-Model43 by using the human dynein atomic model in the closed 

conformation (PDB 5NUG)44 as a template. The resulting model was fit in the 

segmented map corresponding to the dynein motor domain using the “fit to map” 

command in UCSF Chimera, and manually rebuilt in Coot to improve the 

agreement between the atomic model and the map. The resulting model was used 

as a template for Rosetta CM and 700 models were generated. The lowest energy 

model was selected and manually placed into the map, followed by an additional 

round of manual rebuilding  
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The resulting models of the dynein motor domain and Lis1 WD40 domains 

were combined, and further refined against the unsegmented dynein-Lis1 map 

using an using an iterative process between Phenix Real Space Refine45 and 

manual rebuilding in Coot.  

 

Binding curves 

To assess dynein/Lis1 binding, Lis1 was first covalently coupled to 16 µL of 

SNAP-Capture Magnetic Beads (NEB) in 2 mL Protein Lo Bind Tubes (Eppendorf) 

using the following protocol. Beads were washed twice with 1 mL of modified TEV 

buffer. Lis1 (0-600nM) was added to the beads and gently shaken for one hour. 

The supernatant was analyzed via SDS-PAGE to confirm complete depletion of 

Lis1. The Lis1-conjugated beads were washed once with 1 mL modified TEV 

buffer and once with 1mL of binding buffer (10 mM Tris–HCl [pH 8.0], 150mM 

potassium chloride, 2mM magnesium chloride, 10% glycerol, 1 mM DTT, 0.1% 

NP40, 1mM ADP). 20 nM dynein diluted in binding buffer was added to the Lis1-

conjugated beads and gently agitated for 30 minutes. 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. 
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Single-molecule TIRF microscopy 

Single-molecule imaging was performed with an inverted microscope 

(Nikon, Ti-E Eclipse) equipped with a 100x 1.49 N.A. oil immersion objective 

(Nikon, Plano Apo),  a ProScan linear motor stage controller (Prior) and a LU-NV 

laser launch (Nikon), with 405 nm, 488 nm, 532 nm, 561 nm and 640 nm laser 

lines. The excitation and emission paths were filtered using appropriate single 

bandpass filter cubes (Chroma). The emitted signals were detected with an 

electron multiplying CCD camera (Andor Technology, iXon Ultra 897). Illumination 

and image acquisition was controlled by NIS Elements Advanced Research 

software (Nikon). 

 Single-molecule motility and microtubule binding assays were performed in 

flow chambers assembled as described previously (Case 1997) using the TIRF 

microscopy set up described above. Either biotin-PEG-functionalized coverslips 

(Microsurfaces) or No. 1-1/2 coverslips (Corning) sonicated in 100% ethanol for 10 

min were used for the flow-chamber assembly. Taxol-stabilized microtubules with 

~10% biotin-tubulin and ~10% fluorescent-tubulin (Alexa405- or 488-labeled) were 

prepared as described previously46. Flow chambers were assembled with taxol-

stabilized microtubules by incubating sequentially with the following solutions, 

interspersed with two washes with assay buffer (30 mM HEPES [pH 7.4], 50 mM 

potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 10% glycerol, 1 mM 

DTT) supplemented with 20 µM Taxol  in between: (1) 1 mg/mL biotin-BSA in 

assay buffer (3 min incubation, ethanol washed coverslips only); (2) 1 mg/mL 
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streptavidin in assay buffer (3 min incubation) and (3) a fresh dilution of taxol-

stabilized microtubules in assay buffer (3 min incubation). After flowing in 

microtubules, the flow chamber was washed twice with assay buffer supplemented 

with 1 mg/mL casein and 20 µM Taxol. 

 Dynein was incubated with Lis1 or modified TEV buffer (to buffer match for 

Lis1) in assay buffer for 10 minutes before flowing into the assembled flow 

chamber. The final assay buffer was supplemented with 1 mg/mL casein, 71.5 mM 

β-mercaptoethanol, an oxygen scavenger system (0.4% glucose, 45 mg/ml 

glucose catalase, and 1.15 mg/ml glucose oxidase), and 2.5 mM Mg-ATP. For 

experiments in the presence of vanadate 2.5 mM sodium vanadate was included. 

The final concentration of dynein was 2-15 pM. For single-molecule microtubule 

binding assays, the final imaging mixture containing dynein was incubated for an 

additional 5 min in the flow chamber at room temperature before imaging. After 5 

min incubation, microtubules were imaged first by taking a single-frame snapshot. 

Dynein was imaged by taking a single-frame snapshot. Each sample was imaged 

at 4 different fields of view and there were between 5 and 10 microtubules in each 

field of view. In order to compare the effect of Lis1 on microtubule binding, the 

samples with and without Lis1 were imaged in two separate flow chambers made 

on the same coverslip on the same day with the same stock of polymerized tubulin 

as described previously46. For single-molecule motility assays, microtubules were 

imaged first by taking a single-frame snapshot. Dynein was imaged every 1s for 5 

min. At the end, microtubules were imaged again by taking a snapshot to assess 
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stage drift. Movies showing significant drift were not analyzed. Each sample was 

imaged no longer than 15 min.  

 

Single-molecule microtubule binding assay analysis 

Intensity profiles of dynein spots from a single-frame snapshot were 

generated over a 5-pixel wide line drawn perpendicular to the long axis of 

microtubules in ImageJ. Intensity peaks at least 2-fold higher than the neighboring 

background intensity were counted as dynein bound to microtubules. Bright 

aggregates that were 5-fold brighter than the neighboring intensity peaks were not 

counted. The average binding density was calculated as the total number of 

dynein spots divided by the total microtubule length in each snapshot. Normalized 

binding density was calculated by dividing by the average binding density of 

dynein without Lis1 collected on the same coverslip (see above). Data plotting and 

statistical analyses were performed in Prism8 (GraphPad). 

 

Single-molecule motility assay analysis 

Kymographs were generated from motility movies and dynein velocity was 

calculated from kymographs using ImageJ macros as described46. Only runs that 

were longer than 4 frames (4 s) were included in the analysis. Bright aggregates, 

which were less than 5% of the population, were excluded from the analysis. Data 

plotting and statistical analyses were performed in Prism8 (GraphPad). 
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Microtubule co-pelleting assay 

Unlabeled Taxol-stabilized MTs 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, 1mM EGTA, 1mM DTT, 20µM 

Taxol) for 15min at 100000g and 37oC. The MT pellet was resuspended in DLB 

supplemented with 20 µM Taxol. MTs (0-600nM tubulin) were incubated with 

100nM Lis1 for 10 minutes before being pelleted for 15min at 100000g and 25oC. 

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. 
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3.10 Supplementary figures 

 

 

Supplementary Data Figure 3.1. Single-molecule velocity data. A. Raw single-
molecule velocity data from Figure 3.2G. The median and interquartile range are 
shown. n > 400 events per condition. Statistical analysis was performed with a 
Kruskal-Wallis test; ****, p > 0.0001; ns for DyneinWT + 0 vs + 25nM Lis1E253A, H254A 

p = 0.8792; ns for DyneinWT vs dyneinΔN3475, R3476, p > 0.9999. 
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Supplementary Data Figure 3.2. Lis1’s interaction with microtubules is not 
required for dynein regulation at sitering. A. Single-molecule velocity of dynein 
with increasing concentrations of Lis1WT (light grey) or Lis1monomer (dark grey). The 
median and interquartile range are shown. Data was normalized to a velocity of 
1.0 in the absence of Lis1. At least 400 single molecule events were measured per 
condition. B. The structure of Lis1 at sitering (left) and alone (right) with the five 
residues mutated in Lis15A shown as spheres and all Lys and Arg residues in blue. 
C. Microtubule co-pelleting assay with Lis1WT (light grey) and Lis15A (dark grey).  
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4.1 Regulation of activated dynein complexes by Lis1 

We and others1 have shown that Lis1 promotes formation of activated 

dynein complexes composed of dynein, dynactin and an activating adaptor (Figure 

4.1 #1-3).  Contemporaneous work in the model organism A. nidulans came to a 

similar conclusion using a genetic approach2, suggesting that this is a conserved 

mechanism of Lis1. Dynein has also been shown to form the autoinhibited phi 

conformation in organisms ranging from yeast to humans3,4, leading to the 

attractive model that Lis1 relieves dynein’s autoinhibited phi conformation to 

promote the assembly of activated dynein complexes (Figure 4.1 #1).  

Mutations that disrupt the autoinhibited phi conformation do not completely 

rescue the loss of Lis12,5. This raises the possibility that Lis1 promotes dynein 

complex assembly in other ways. For example, Lis1 binding to dynein may have 

allosteric effects that promote the formation of activated dynein complexes, such 

as inducing the parallel conformation of dynein that is observed when it interacts 

with dynactin and activating adaptors6,7 (Figure 4.1 #1). To determine if this is the 

case, future work could use negative stain EM to score the dynein conformation as 

phi, parallel or open in the presence of Lis1 as has been done previously for 

dynein alone3. Alternatively, a FRET pair could be inserted into dynein so that 

FRET occurs when dynein is in the parallel conformation. This could be used to 

measure the percentage of dynein in the parallel conformation in the presence of 

Lis1 as well as other dynein regulators such as dynactin or activating adaptors.  
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Figure 4.1. Activation of dynein by Lis1. Lis1 may promote assembly of 
activated dynein complexes through the following methods. 1. Lis1 may promote 
the open dynein conformation and favor a parallel conformation of dynein that is 
primed to assemble the fully activated complex. 2. Lis1 favors the recruitment of 
dynein to both binding sites of dynactin and an activating adaptor. 3. Once a fully 
activated dynein/ dynactin/ activating adaptor complex is formed, Lis1 dissociates 
from the moving complex. Lis1’s regulation of dynein’s mechanochemistry may 
support its role in forming activated dynein complexes. 4. The Lis1-induced weak 
microtubule binding state of dynein aids in the transport of dynein to the plus ends 
of microtubules. 5. Lis1-induced tight microtubule binding may serve to retain 
dynein at the plus ends of microtubules to aid in the formation of a complex with 
two dynein dimers, dynactin and an activating adaptor. 
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4.2 Regulation of dynein mechanochemistry by Lis1 

We have further explored Lis1’s regulation of dynein mechanochemistry. 

We found that Lis1’s contact with AAA5 supports, but is not required for, the Lis1-

induced strengthening of dynein’s microtubule binding (Figure 4.1 #5). This mode 

of regulation is conserved from yeast to humans, as are the binding sites required 

for it. In vivo tight microtubule binding may aid the formation of activated dynein 

complexes (Figure 4.1). For example, Lis1 has a role in initiating transport from 

microtubule plus ends8–10, where tight microtubule binding and reduced motility is 

likely important for maintaining dynein at these sites and aiding in the challenging 

kinetics of loading two dynein motors on to dynactin before transport begins. 

Binding of Lis1 to dynein at microtubule plus ends could also promote the opening 

of the phi conformation to lead to the formation of activated dynein complexes 

containing two dynein dimers. This will need to be further tested in organisms such 

as A. nidulans, which has been used extensively to study the mechanism of 

dynein-based organelle transport in vivo2,10,11. A. nidulans dynein is responsible for 

the transport of endosomes, and loss of Lis1 results in clusters of endosomes at 

microtubule plus ends10. Based on our work, I hypothesize that loss of Lis1-

dependent tight microtubule binding at plus ends would make it more difficult for 

dynein to load onto endosomes, resulting in a similar clustering phenotype.  

Lis1 is also able to lower dynein’s microtubule binding affinity (Figure 4.1 

#4), and we showed that a Lis1 contact at dynein’s AAA4 as well as the interface 

between the two Lis1 β-propellers are both required for this mode of regulation. In 
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yeast, this function of Lis1 correlates with defects in dynein being transported as a 

cargo to the plus end by kinesins, during which it is advantageous for dynein to 

have weak microtubule binding affinity12. Lis1 also enhances targeting of dynein to 

the microtubule plus end in mammalian cells13. However in some organisms, such 

as A. nidulans, dynein localization at microtubule plus ends requires kinesin but is 

independent of Lis114. This is surprising because the Lis1 binding site on dynein’s 

stalk is conserved from yeast to humans5,12, so it remains to be seen what 

additional roles this regulation may have. Future work using mutations based on 

those we have made in yeast will be able to determine this. The conservation of 

the Lis1-induced release of dynein from the microtubule could be tested using 

human proteins in single-molecule assays, similar to the ones in chapter 3. For 

determining the role this form of Lis1 regulation has in cargo transport, these 

mutations could be made in A. nidulans and the effect on endosome localization 

and velocity could be measured. 

It will also be important to determine which of the Lis1 binding sites on 

dynein aide in the assembly of activated dynein complexes. In chapter 3, and in 

previous work from our lab12,15,16, we have designed a number of mutants that 

abrogate Lis1 binding to either dynein’s ring or stalk. These mutants could be 

made in human proteins and tested in the recruitment assays presented in chapter 

2 to determine which sites are responsible for the formation of activated dynein 

complexes. It may be necessary to solve a high-resolution structure of human 

dynein and Lis1 to make mutations that will disrupt this interaction in the human 
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proteins. Additionally, it has been reported previously, using yeast two-hybrid 

assays, that mammalian Lis1 may interact with the tail and accessory chains of 

dynein17. Neither the tail of dynein nor its associated chains were present in our 

structural work with yeast proteins. It is possible that Lis1’s interaction with 

dynein’s tail could orient dynein into a parallel conformation. 

 

4.3 Regulation of dynein by Lis1 and Nudel 

We now have a good molecular model for how Lis1 regulates dynein. Going 

forward it will be important to understand how another set of regulatory factors, 

members of the conserved protein family Nudel, function in this framework since 

they are known to be key members of the dynein-Lis1 regulatory pathway. This 

family of proteins was first discovered as a nuclear migration mutant gene in 

Neurospora18. In mammals there are two homologs, NudE and NudeL (Referred to 

collectively as “Nudel” here). Both homologs are critical; in mice knockout of NudE 

results in reduced brain volume while knockout of NudeL results in embryonic 

lethality19,20. Nudel was linked to the dynein pathway in Aspergillus nidulans in a 

Lis1 mutant suppressor screen21, and has been shown to bind to both dynein and 

Lis122–24.  This suggests that Nudel may act as a tether, effectively increasing the 

local Lis1 concentration. In support of this, in Aspergillus nidulans it has been 

shown that overexpression of Lis1 can rescue the growth defects caused by Nudel 

deletion25. Furthermore, supplementing Nudel-depleted Xenopus extracts with Lis1 

rescued defects in spindle morphogenesis26. Nudel has also been found to induce 
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slowing of dynein velocity at lower concentrations of Lis1 using purified yeast 

proteins15. In addition, with mammalian proteins Nudel was found to retain Lis1 on 

dynein coated beads and maintain Lis1-induced prolongation of force generation 

after washes that remove Lis1 in the absence of Nudel27.  

However, experiments with mammalian dynein have found opposing effects 

of Nudel and Lis1 on microtubule binding. Nudel decreases dynein’s microtubule 

binding affinity and increases dynein’s velocity in microtubule gliding assays27–29. 

This indicates that in addition to any role of tethering Lis1 to dynein, Nudel 

appears to directly affect dynein’s mechanochemistry on its own. It will be 

important to fully characterize how Nudel regulates dynein on its own before 

working on how Lis1 and Nudel work in tandem. This includes determining how 

factors such as the concentration of Nudel, the nucleotide state of dynein’s AAA 

domains, or the force that is put on dynein by cargoes affects Nudel regulation. In 

addition, given our work that implicates Lis1 in the formation of dynein complexes, 

it will be important to investigate Nudel’s role in the context of activated dynein 

complexes. If Nudel does not influence the formation of activated dynein 

complexes on its own, it may be important for increasing the local Lis1 

concentration to help Lis1 perform this role. Alternatively, Nudel could help remove 

Lis1 from dynein once complexes form and begin moving on the microtubule since 

Lis1 inhibits the motility of the complex if it remains bound.  
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4.4 Concluding remarks 

In summary, the results I have presented in this thesis highlight the 

sophisticated nature of dynein regulation by Lis1 and provide novel insight into the 

nature of this regulation. We have identified a new role for Lis1 in forming 

activated dynein complexes. We have also elucidated the mechanisms of Lis1’s 

two modes of regulation of dynein’s mechanochemical cycle. We have now begun 

to bridge the gap between our mechanistic knowledge of dynein’s regulation by 

Lis1 with the many known in vivo roles, allowing us to continue to build our 

understanding of the complex web of dynein regulation. 
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