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ABSTRACT 
 

Molecular dissection of Nde1’s role in mitosis 
 

Caitlin Lazar Wynne 
 

Upon entry into G2 and mitosis (G2/M), dynein dissociates from its interphase 

cargos and forms mitotic-specific interactions that direct dynein to the nuclear envelope, 

cell-cortex, kinetochores, and spindle poles to ensure equal segregation of genetic 

material to the two daughter cells.  Although the need for precise regulation of dynein’s 

activity during mitosis is clear, questions remain about the mechanisms that govern the 

cell-cycle dependent dynein interactions.  Frequently dynein cofactors provide platforms 

for regulating dynein activity either by directing dynein to specific sites of action or by 

tuning the motor activity of the dynein motor.  In particular the dynein cofactor Nde1 

may play a key role in defining dynein’s mitotic activity.  During interphase, Nde1 is 

involved in the dynein-dependent processes of Golgi positioning and minus-end directed 

lysosome transport (Lam et al., 2009; Yi et al., 2011), but as the cell progresses into 

G2/M, Nde1 adopts mitotic specific interactions at the nuclear envelope and 

kinetochores.  It is unknown how Nde1’s cell-cycle specific localization is regulated and 

how, if at all, Nde1 is ultimately able to influence dynein’s recruitment and activity at 

each of these sites.  One candidate is cell-cycle specific phosphorylation of Nde1 by a 

G2/mitotic specific kinase, cyclinB/Cdk1 (Alkurayaet al. 2011).  To study the potential 

function of the phosphorylation by Cdk1, we assayed the localization of GFP Cdk1Nde1 

phospho-mimetic and phospho-mutant constructs at the NE and kinetochores.  We 

demonstrate Cdk1 phosphorylation of Nde1 is required for Nde1 localization to both the 

NE and to the kinetochore, and also the phosphorylation of Nde1 directly activates 



  

 

physical interactions between Nde1 and its nuclear envelope and the kinetochore-binding 

partner, CENP-F.  Furthermore, physiological studies of Nde1 phosphorylation constructs 

show that over-expression of GFP Nde1 phospho-mutant causes a significant delay in 

time from NEBD to anaphase onset, specifically demonstrating a late 

prometaphase/metaphase arrest.  Therefore, we conclude Cdk1 phosphorylation of Nde1 

not only regulates its localization to the nuclear envelope and kinetochore but also plays 

an important functional role in Nde1’s mitotic activity in vivo.  

In addition to understanding how the cell cycle specific activity of Nde1 is 

regulated, to fully comprehend how dynein functions during mitosis it is necessary to 

understand how Nde1 is able to modulate dynein’s activity.  Nde1 is typically believed to 

act as a bridge between dynein and specific cellular cargo by physically interacting both 

with the cargo and dynein/Lis1 to specify the sites of dynein’s activity.  Therefore, to 

understand how Nde1 functions with Lis1 and dynein during mitosis, we created point 

mutations in the N-terminal coiled-coil domain that specifically disrupted either the 

Nde1-Lis1 interaction or the Nde1-dynein interaction.  We find that disrupting the Nde1-

dynein interaction has more severe phenotypic effects compared to disrupting the Nde1-

Lis1 interaction: expression of GFP Nde1 del dynein mutant caused a significant delay in 

anaphase onset while GFP Nde1 del Lis1 only caused a slight increase in cell cycle 

duration before anaphase onset.  Phenotypic analysis suggests that the effects of 

abolishing the Nde1-dynein interaction on mitotic progression may be due to defects in 

maintaining kinetochore-microtubule stability during metaphase.  Nde1 plays a role in 

this dynein-dependent mitotic activity through recruitment of a subfraction of dynein to 

the kinetochore by Nde1’s coiled-coil domain.  While the phenotypic effect of removing 



  

 

the Lis1-Nde1 interaction is less severe than removing the dynein-Nde1 interaction, the 

interaction between Lis1 and Nde1 plays an important role in Nde1’s mitotic behavior as 

it is affects Nde1’s localization at the kinetochore, specifically by influencing Nde’1 

interaction with its kinetochore recruitment partner, CENP-F.  

The entirety of this work demonstrates that Nde1 acts as a link between cellular 

cargo and dynein behavior as phospho-regulation of Nde1 throughout the cell cycle 

allows Nde1’s to interact with unique mitotic cargoes and influence the recruitment and 

activity of dynein at the kinetochore.



  

 i 

Table of Contents 

List of Figures and Tables                iii  
 
Acknowledgements                   v
           
Dedication                viii 
 
Chapter 1: Cell-Cycle Regulation of Cytoplasmic Dynein  

1. Introduction                    1
         
2. Cytoplasmic Dynein                  2 
 

A. Motor Activity                  3 
 Dynein Motor Domain                3 
 Non-motor domain regulation of dynein motor activity            8 
B.  Cargo-Binding                 10 

Light intermediate chains/intermediate chains           10 
 Dynactin                15 
 Nde1/Ndel1                16 
 

3. Dynein’s role in G2 and mitosis               18 
 
4. Cell-cycle regulation of dynein and dynein accessory proteins           26 
 
 A. Dynein Complex                26 
 B. Mitotic specific cargo interactions              27 
 C. Cell-cycle regulated phosphorylation             29 
 
5. Conclusion                             35 
 
Chapter 2: Cdk1 phosphorylation of Nde1 activates it interaction with Nuclear 
Envelope and Kinetochore binding partner, CENP-F and regulates mitotic function 
 
1. Introduction                  37 
2. Results                  39 
 
 Cdk1 phosphorylated Nde1 and phospho-mimetic Nde1 

 localize to known Nde1 mitotic sites             39 
 Nde1 phosphorylation increases interaction with its  

kinetochore-binding partner, CENP-F            50 
 Role of Nde1 phosphorylation in mitosis             54 
 Role of Nde1 in Anaphase A                61 

3. Discussion           65 



  

 ii 

 
 Role of Nde1 phosphorylation in G2-M Phase  

Targeting and CENP-F binding             66 
 Functional Analysis                68 
 Post-metaphase roles of Nde1              72 
   
 
Chapter 3: Structure-Function approach to elucidating Nde1’s function during 
mitosis 
 
1. Introduction                  74 
2. Results                  76 
 
 Characterization of the Nde1-Dynein and Nde1-Lis1 interactions                        76 

Importance of Nde1’s interaction with dynein or    
 Lis1 in mitotic progression               81 

 Investigation of Metaphase defects caused by 
 lack of Nde1-Dynein interaction             84 

Nde1 recruits dynein directly to the kinetochore 
 through its coiled-coil domain              90 

Nde1-Lis1 interaction is required for Nde1 localization 
 to the kinetochore               91 

 
3. Discussion                  98 

Importance of the N-terminal domain of Nde1 for its  
function with dynein               98 

Role of the Nde1-lis1 interaction in mitosis                       101 
 
Chapter 4: Conclusion              104 
 
Chapter 5: Experimental Procedures            114 
 
References                      126 
 
Appendix I: Additional Work             150 
 
Appendix II: Additional Work             152 



  

 iii 

LIST OF FIGURES AND TABLES 
 

Chapter 1: Cell-Cycle Regulation of Cytoplasmic Dynein 

Figure 1-1.  Representation of cytoplasmic dynein subunits and dynein  
adaptor proteins                    3 
 
Figure 1-2.  Cytoplasmic dynein motor domain                5 
 
Figure 1-3. Cytoplasmic dynein’s mechanochemical cycle               7 
 
Table 1-1.  Summary of dynein cargo interactions                         11 
 
Figure 1-4.  Cell-Cycle specific dynein recruitment pathways           19 
 
Figure 1-5.  Cytoplasmic dynein’s mitotic localization            20 
 
Chapter 2: Cdk1 phosphorylation of Nde1 activates it interaction with Nuclear Envelope 
and Kinetochore binding partner, CENP-F and regulates mitotic function 
 
Figure 2-1. Examination of endogenous Nde1/Ndel1 localization at the  
nuclear envelope in G2 and the kinetochore during mitosis            41 
 
Figure 2-2.  Localization of Nde1 phospho-mimetic and phospho-mutant  
constructs at the NE in G2.                43 
 
Figure 2-3.  Localization of GFP wt Nde1, phospho-mimetic Nde1 and 
phospho-mutant Nde1 at kinetochores in mitotic cells                                                      45 
 
Figure 2-4.  Endogenous Cdk1 phosphorylated Nde1 localizes to the kinetochore          47 
 
Figure 2-5.  Effects of Cdk1 phosphorylation on Nde1 kinetochore localization             49 
 
Figure 2-6.  CENP-F siRNA decreases endogenous Nde1/el signal from 
kinetochores                  51 
 
Figure 2-7.  Biochemical analysis of Cdk1 effects on the Nde1-CENP-F 
interaction                  53 
 
Figure 2-8.  Effects of over expression of GFP Nde1 phosphorylation  
constructs on mitotic progression               56 
 
Figure 2-9.  Rescue of Nde1 siRNA mitotic progression defects with 
wt, phospho-mimetic or phospho-mutant Nde1                                   58 
 



  

 iv 

Figure 2-10.  Role of Nde1 in Anaphase               62 
 
Figure 2-11.  Summary of the mitotic localization of Cdk1 phosphorylated  
Nde1 at the nuclear envelope and kinetochore             65 
 
Chapter 3: Structure-Function approach to elucidating Nde1’s function at the kinetochore 
 
Figure 3-1.  Biochemical characterization of Nde1’s interaction with dynein                  78  
 
Figure 3-2.  Characterization of Nde1 mutant constructs used to study the  
mitotic role of Nde1’s interaction with Lis1 or dynein            80 
 
Figure 3-3.  Effects of over expression of Nde1 mutants on mitotic progression         83 
 
Figure 3-4.  Rescue of Nde1 siRNA mitotic progression defects with Nde1 mutant 
constructs                  85 
 
Figure 3-5.  Role of Nde1-dynein interaction on formation of stable KT-MT 
interactions                     87 
 
Figure 3-6.  Characterization of metaphase defects caused by loss of Nde1 
or the Nde1-dynein interaction               89 
 
Figure 3-7.  Nde1 recruits dynein to the kinetochore via its N-terminal  
coiled-coil                  91 
  
Figure 3-8.  Requirement of Lis1 and Nde1 for localization of each to the  
kinetochore                  93 
 
Figure 3-9.  Localization of GFP Nde1 del Lis1 mutant to the kinetochore          95 
 
Figure 3-10.  Biochemical analysis of the effect of Lis1 binding mutant on  
Nde1’s interaction with CENP-F               97 
 
Appendix I 
 
Sup.  Figure 1.1.  Characterization of WT-MD and Delta CT-MD purifications        151 
 
Appendix II 
 
Sup.  Figure 2.1.   Single molecule studies of C-terminus Nde1 truncations        153 



  

 v 

ACKNOWLEDGMENTS 

The past seven years of my graduate school career at Columbia University have 

been filled with interesting scientific conversations with colleagues in the halls of the 

15th floor, discussions of data in Richard’s office and laughter with fellow lab-mates 

during lunch breaks in the computer room.  It has been an important period of personal 

intellectual growth that has challenged me to become a better scientist, student and 

person.  There are a great number of people that have had a significant role in shaping the 

positive experience and scientific progress I have experienced during graduate school.  

First, I would like to thank my mentor, Richard Vallee for his guidance and 

support during my graduate school experience.  Richard has been an invaluable resource 

for my progression in my scientific learning.  I not only learned to be an independent 

scientist but how to think critically. 

The members of the Vallee lab have fostered a supportive lab environment that 

allowed for interesting scientific discussions and collaborative work.  First, I would 

specifically like to thank Dan Hu for his friendship throughout my entire six years 

together in the Vallee Lab.  Although our scientific interests are not aligned, he has 

always taken the time to discuss experiments and ideas that have shaped views on my 

project.  I want to thank Aurelie for her kindness and support during this last year.  I 

would like to thank Tiago for pushing me to try the new spinning confocal microscope, 

which has revolutionized my imaging and data acquisition during the last year of my 

PhD.  I want to thank Nupoor for her positive attitude and kindness she brings to lab 

everyday.  Additionally, Alex, Jie, and Dave have all been amazing colleagues that have 

contributed to the environment of the Vallee lab.  



  

 vi 

 I want to thank the past members of the Vallee lab that had an important role in 

the foundation of my graduate school experience.  I want to thank Sarah for teaching me 

biochemistry and for the years of interesting scientific conversations that shaped the 

direction of my project.  I want to thank Julian for his example of how to design 

experiments and for his friendship and willingness to take 3:00 pm diet coke breaks.  

Finally I want to thank Shahrnaz for being a supportive bay-mate during the first five 

years of graduate school.  

I want to thank the Cell Biology program, especially the directors Ron Liem and 

Donna Farber for accepting me into the graduate program and for their continued 

guidance throughout my graduate experience.  I want to thank Zaia Sivo for her support 

since the first day I arrived in New York.  I am forever grateful for the time she took to 

listen to my concerns.  

I want to thank my committee, Gregg Gundersen, Yungui Mao and Ulrich Hengst 

for their continued guidance and support during my committee meetings.  Without their 

advice and expertise, I would not have progressed in my project.  Additionally, I would 

like to thank Professor Chloe Bulinski for joining the thesis defense committee.  I want to 

thank the entire Mao lab for their continued help and advice in troubleshooting various 

experiments.   

 I want to thank the first friends I met a Columbia, Colleen, Sarah and Jayne, for 

their willingness to take crazy photo-booth pictures and for the fun nights that allowed for 

an escape from the lab.  There are no greater people I would have rather shared my entire 

20s with.  We have come a long way and it has been an honor to be able to share many 

great experiences and life events with you.  Also, I want to thank Eileen, Shahrnaz and 



  

 vii 

Punita for the Antika dinners with nutella pizza and for being helpful resources for what 

to expect during the final months of graduate school.  I am truly grateful for the 

friendship and support during my entire PhD.    

 I want to thank Dr. Kevin Vaughan for his mentorship and guidance.  I would not 

be working towards a PhD at Columbia University without his mentorship and 

friendship.  

 I would also like to thank all my friends and my family for their love, friendship 

and understanding during the past six years.  I want to thank Pat, Louise and Maureen for 

their support and encouragement throughout the past seven years.  I want to thank Anna 

for providing pep talks and motivation, sometimes in the form of emojis.  I want to thank 

Daniel and John for being supportive and understanding brothers.  It has been a pleasure 

to be able to share this experience with you and commiserate together about graduate 

school.  I want to thank my parents, Eileen and George, for teaching me the importance 

of education, for pushing me to achieve my goal of getting my PhD and for supporting 

me every step of the way.  

And last, I want to give a heartfelt thank you to my husband Matt for his never-

ending support and unwavering belief I could accomplish my goal.  I could not ask for a 

more supportive partner during this graduate school journey.  From coming to lab with 

me at 5:00 in the morning to taking the subway home with me late at night, you have 

gone above and beyond to help me in any way you could.  

 



  

 viii 

DEDICATION 

 

For Matt.  

Forever grateful for your love, support and understanding 

I am only where I am today because of you.  

 

 



  

 1 

Chapter 1: Cell-Cycle Regulation of Cytoplasmic Dynein 

1. Introduction to microtubule motors and their adaptation to cargos 

Directed transport of diverse cellular cargo including vesicles, mRNA, virus, 

organelles and proteins along the microtubule cytoskeleton network requires the 

regulated action of two classes of microtubule motor proteins: dynein and kinesin.  

Dynein is responsible for minus-end directed transport, while kinesin acts as the plus-end 

directed motor.  By targeting these motors to specific cargo and locations, movement 

throughout the cell can be carried out in a highly precise manner.  A notable example of 

the requirement for highly regulated motor activity is in mitosis when the microtubule 

network reorganizes to form the mitotic spindle and microtubule motors are required to 

adopt specialized mitotic interactions and function at unique mitotic structures in order to 

ensure the correct segregation of genetic material to two daughter cells.  

 While the activity of both kinesin and dynein is regulated to carry out specific 

cellular functions, the mechanism by which the regulation is achieved differs.  Kinesin 

activity is mainly regulated by differential isoform usage; there are 15 kinesin families 

encompassing ~45 different kinesins and individual kinesins have unique cargo 

interactions to dictates cellular functions (Hirokawa et al., 2009).  For example, cell-cycle 

specific kinesins—Eg5, MCAK or CENP-E—contribute to kinesin’s mitotic specific 

activity.  Unlike kinesin, only one complex, cytoplasmic dynein is responsible for all 

dynein’s cytoplasmic cellular functions.  Instead several adaptor proteins are required for 

facilitating cargo interactions and influencing dynein’s motor properties.  Given the 

disconnect between the diverse cellular processes dynein carries out and the single dynein 

complex, a main focus in cell biology is understanding the regulation of dynein and how 
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the single dynein complex is able to carry out diverse cellular function.  The focus of this 

chapter is an introduction to the cell-cycle regulation of cytoplasmic dynein and how both 

intra and inter molecular regulation of dynein allows it to adopt unique cargo interactions 

during G2 and mitosis to target dynein to mitotic specific sites.  

2. Cytoplasmic Dynein 

Cytoplasmic Dynein is a  ~1.6 MDa protein complex comprised of heavy chains, 

light-intermediate chains (LICs), intermediate chain (ICs) and lights chains (LCs) that all 

function together to modulate the enzymatic activity of or facilitate a cargo interaction for 

dynein’s complex and numerous cellular function.  Classically, the dynein subunits have 

been divided into subunits responsible for motor activity, with the motor domain of the 

heavy chain mainly responsible for force production, and cargo binding by the LCs, LICS 

and ICS.  Because there is only one dynein responsible for the numerous cytoplasmic 

functions, dynein requires the interaction with additional class of proteins, the dynein 

adaptor proteins.  These are dynactin, Nde1 and Ndel1, Lis1.  Dynactin (Dynein-

Activator) is a large 1.2 mDA complex comprised of 11 different proteins forming the 

complex essential for most dynein cellular functions.  Lis1 was first identified as the 

causal gene for the human cortical developmental disease, lissencephaly, (Reiner et al., 

1999), but later characterized to be a regulator of dynein motor activity.  Nde1 and Ndel1 

interact with the both Lis1 and dynein to influence dynein’s persistent force production 

and recruitment to cellular environments (McKenney et al., 2010; Stehman et al., 2007).  

It is the orchestration of subunits within the dynein complex as well as binding of 

accessory proteins that contribute to dynein’s motor activity as well as cargo-binding 

capability (Figure 1.1) 
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Figure 1.1.  Representation of cytoplasmic dynein subunits and dynein adaptor 
proteins (modified from Jaarsma and Hoogenrad, 2015) A.  The cytoplasmic dynein 
complex is comprised of the heavy chains, light intermediate chains (LIC1 and LIC2), 
intermediate chain (IC) and light chains (LC8, TcTex and LC7).  Dynein adaptor 
proteins, dynactin and Nde1/Ndel1, bind to the intermediate chain of dynein to contribute 
to cytoplasmic dynein’s cellular functions.  Lis1 interacts with both Nde1/Ndel1 and the 
motor domain of dynein.  Each subunit of the dynein complex and dynein adaptor 
proteins are required to modulate dynein’s motor activity or interaction with cellular 
cargos.  
 

A. Motor Activity 

 Dynein motor domain and cross-bridge cycle 

The two motor domains within the dynein heavy chains generate the force 

required for the translocation of cytoplasmic dynein towards the minus end of the 

microtubule.  Structurally, the motor domain is an asymmetrical planar ring of 6 AAA 
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domains, AAA1-AAA6, arranged around a central pore.  Nucleotide (ATP) binds and is 

hydrolyzed within the AAA ring.  Although AAA1-AAA4 have the ability to bind 

nucleotide (Koonce et al., 2004), the main site of ATP hydrolysis essential for dynein 

motility is AAA1 (Reck-Peterson et al., 2004; Kon et al., 2004).  The nucleotide binding 

ability of AAA3 is required to regulate AAA1 nucleotide binding ability (Dewitt et al., 

2015; Nicholas et al., 2015).  The final two AAA domains of the motor domain, AAA5 

and AAA6, lack nucleotide-binding ability, but add structural rigidity to the ring (Bhabha 

et al., 2014).   

Three appendages emerge from the AAA ring.  From AAA4/5 of the AAA ring, 

the stalk of the motor domain emerges, consisting of a coiled-coil domain made up of two 

coils named CC1 and CCC2, which span 10-15nm and terminate in the microtubule 

binding domain (MTBD) (Gee et al. 1997; Gibbons et al., 2005).  ATP binding and 

hydrolysis in AAA1 cause changes in the MTBD’s affinity for microtubule—low affinity 

when ATP is bound and high affinity in the APO state (Imamula et al., 2007; Redwine et 

al., 2012).  CC1 and CC2 make contact with the MTBD and their orientation relative to 

each other affects the MTBD affinity for the microtubule (MT) (Kon et al., 2009; Carter 

et al., 2008).  

The second motor domain appendage, the N-terminal linker, lies on the face of 

the motor domain (Koonce et al., 1998; Burgess et al., 2004; Roberts et al., 2009).  The 

linker is the MD structure responsible for the movement of the dynein motor domain 

relative to the heavy chain tail to produce the power-stroke and propagate mechanical 

force for movement of the motor (Burgess 2003); specifically, conformational changes 

and movement of the linker produce this power-stroke (Burgess et al., 2004; Roberts et 
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al., 2009; Kon et al., 2011; Carter et al., 2011; Kon et al., 2012; Schmidt et al., 2012 

Bhabha et al., 2014).  The final appendage of the motor domain, the C-sequence, lies on 

the surface of the AAA1/5/6/ opposite the linker (Roberts et al., 2009; Kon et al., 2011).  

Little is known about the role of this structure, though it has been implicated in the 

regulation of dynein processivity and force production (Numata et al., 2011; Nicholas et 

al., 2014 and See Appendix) (See Figure 1.2).  

 

 

Figure 1.2 Cytoplasmic dynein motor domain A. Schematic diagram crystal structure 
representation of the dynein motor domain (Modified from Hook and Vallee, 2012).  
AAA1-AAA6 forms the central ring around a central pore in a clockwise orientation.  
The stalk emerges from AAA5 and AAA5 and terminates in the MTBD.  The crystal 
structure revealed a novel appendage, the buttress, which extends from AAA5 to make 
contact with the stalk.  The force-producing component of the motor domain, the linker, 
lies on top of the motor domain and changes its position depending on the nucleotide 
state of AAA1.  In the APO state of the motor domain, the linker is docked on AAA4.  
Not depicted is the C-terminal domain which is absent from yeast dynein, but in all other 
species the C-terminal domain on the motor domain opposite the linker.  B. 2.8A° Crystal 
structure of dynein motor domain (From Kon et al., 2012) 
 

The dynein motor domains (MDs) require the binding and hydrolysis of ATP to 

induce conformation changes in the AAA ring to influence MT binding affinity and a 

force producing power-stroke, ultimately driving the movement towards the minus-end of 
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the microtubule.  ATP binding to AAA1 closes the ring by rotation of AAA2 and AAA3, 

allowing a cascade of changes within the motor domain including the linker adopting a 

bent “pre-power stroke” conformation and the MTBD releasing from the microtubule 

moving towards the minus-end of the MT.  The sliding of the two coiled-coils within the 

stalk decreases the affinity of MTBD.  The long-rang communication between AAA1 and 

the MTBD, a distance of ~25nm, is an unanswered yet critical question in the dynein 

field.  It is unknown how the registry of the coiled-coil changes in an ATP-binding 

dependent manner, especially since AAA1 is a significant distance away.  It is possible 

the buttress, a coiled-coil structure emerging from AAA5 and contacts the stalk, and a 

direct interaction could propagate the ATP signal (Bhabha et al., 2014; Schmidt et al., 

2012; Kon et al., 2009; Carter et al., 2008).  Upon ATP hydrolysis, the linker undergoes a 

movement to its original position and the MTBD makes a low-affinity interaction with 

the microtubule (Burgess et al., 2003, Roberts et al., 2009; Kon et al., 2005).  This 

interaction induces the release of ADP-Pi and the formation of a strong MTBD-MT 

interaction to move the dynein complex towards the minus-end of the MT.  
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Figure 1.3: Conformational changes in the linker influence the power-stroke state 
of the dynein motor domain.  (Modified from Cianfrocco et al 2015; Carter et al. 2016).  
A. The linker adopts multiple conformations depending on nucleotide state.  Upon 
binding to ATP in AAA1, the linker adopts a bent conformation, positioning itself over 
AAA3.  This is the pre-power stroke state.  After ATP hydrolysis and release of –Pi, the 
linker moves to dock at AAA4/5.  This movement, or power stroke is responsible for 
force production of dynein (Burgess et al., 2003).  B. A representation of the mechano-
chemical cycle of dynein.  Conformational changes induced by ATP binding to AAA1 
cause reorganization of the linker and subsequent force production during the power-
stroke.  Concurrently, ATP state of the motor domain influences the microtubule affinity 
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of the MTBD.  Binding of ATP releases dynein from the MT.  In the ADP-Pi state, 
MTBD makes a low affinity contact with tubulin towards the minus end of the 
microtubule.  The release of ADP-Pi increases dynein’s interaction with the microtubule 
allow for translocation down the microtubule.  It is the combination of changes in linker 
conformation and MTBD affinity that allows for dynein’s force production towards the 
minus end of the microtubule.  

 
  The force production from the linker and the changes in microtubule binding does 

not occur in isolation but occurs in each motor domain of the dynein complex.  Questions 

remain whether there is coordination in the two motor domains relative to each other, but 

single molecule studies have started to examine this question.  Relative to each other, the 

motor domains are uncoordinated, producing alternating or non-alternating movements.  

Additionally, rather than stepping consistently along the microtubules, individual motor 

domains are able to take both forward and backward directed steps with a variable size 

ranging from 12-24 nm or 24-34nm measured (Mallik et al., 2004; Reck-Peterson et al., 

2006; Qiu et al., 2012; Dewitt et al., 2012).  While additional single molecule studies are 

required to completely understand the coordination of the motor domains for dynein’s 

minus-end directed movements, the motor properties of the dynein complex have been 

measured.  Velocity of a single mammalian dynein was reported to range from .6-8 μm 

sec-1 and an average run length ranging from .4-.7 μm (Wang et al., 1995; Ori McKenney 

et al., 2012; McKenney et al., 2010; King and Schoer 2004; Mallik et al., 2005).  The 

linker movement during the mechano-chemical cycle dynein measured force production 

of ~1pN for mammalian dynein (McKenney et al., 2010, Mallik et al., 2004; Rai et al., 

2013).  This translocation and force production that allow dynein to function as the 

minus-end directed microtubule motor. 

Non-dynein motor domain regulation of motor activity 
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The motor activity of dynein is affected by additional subunits of the dynein 

complex as well as dynein adaptor proteins.  The heavy chain of dynein consists of not 

only the motor domains but also the heavy chain tail that contains the sites of contact for 

the light intermediate chains and intermediate chains (Tynan et al., 2000).  Mutants in the 

N-terminus of the heavy chain decreased inter-head ATP coordination, causing a 

premature release from the MT (Ori-McKenney et al., 2011).  In yeast, deletion of light 

chain (LC8) ortholog, Dyn2, reduced dynein’s the run length by decreasing the stability 

of the intermediate chain/heavy chain interaction (Rao et al., 2013).  These results 

highlight the role of the tail and stability of the dynein complex in allosterically 

controlling the behavior of the motor domains.   

Additionally, extra-molecular interactions with either dynactin or Nde1/Lis1 

modulate the dynein motor behavior.  Dynactin (Dynein-Activator), the large 1.2 mDA 

complex, increased the processivity of dynein by increasing run length (King and Shroer, 

2004; Ross et al., 2006).  The interaction between dynactin’s p150 domain and dynein 

intermediate chain stimulated dynein processivity by decreasing lateral stepping of 

dynein (Tripathy et al., 2014; Kardon et al., 2009).  

Recently, the dynein field has questioned the motor behavior of tissue purified 

mammalian dynein and dynactin in single-molecule studies.  Two papers reported 

fluorescently labeled purified dynein demonstrated diffusive behavior in contrast to the 

processive movements measured in optical trap experiments (McKenney et al., 2014; 

Schlager et al., 2014).  However, processive movements seen previously for dynein were 

only achieved when the complex of BicD2-N-terminal, dynactin, and dynein was formed.  

The dynactin complex and dynein alone did not interact or allow for a processive dynein 
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motor.  In addition to Bicd2-N, there are multiple other proteins that activate dynein 

motility with dynactin, including Spindly, FIP3 and HookA (McKenney et al., 2014).  

Increasingly it is clear that dynactin requires binding to additional factors to not only 

associate with the dynein complex, but also to affect dynein’s processivity.  Additional 

characterization of dynein’s interaction with either the dynactin complex or the p150 

subunit alone could elucidate the differences seen in dynactin’s ability to bind dynein and 

modulate of dynein motor behavior.  

The second group of dynein adaptor proteins that influence dynein motor activity 

is Nde1/Ndel1 and Lis1.  Nde1 recruits Lis1 to the dynein complex to influence the force 

production of the dynein complex both in vitro and in vivo (McKenney et al., 2010; 

Reddy et al., 2016).  Formation of a Lis1-Nde1-dynein complex transforms dynein in a 

persistent force producing motor allowing dynein to spend a longer time at its 1.1pN stall 

force (McKenney et al., 2010).  Lis1 interacts with the motor domain, specifically AAA3, 

to increase dynein-MT interaction (Huang et al., 2012; Toropova et al. 2014).  Even in 

the presence of high concentrations of ATP, dynein with Lis1 is unable to release 

effectively from microtubules and exhibits pausing in motility analysis (McKenney et al., 

2010; Huang et al., 2012; Yamada et al., 2009).  Single-molecule experiments suggest 

that Lis1 and Nde1 could be required for dynein’s role in high-force cellular functions.   

B. Cargo Binding 

The dynein heavy chain tail extends from the dynein motor domains and provides 

the platform for binding of the dynein subunits required cargo interactions (Taynn et al., 

2000; Habara et al., 1999).  The light intermediate chains (LICs) and the intermediate 

chain (ICs) within the dynein complex are essential for cargo binding along with dynein 
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adaptor proteins dynactin, Nde1l and Nde1.  The diverse cargo interactions are required 

for dynein’s the numerous cellular functions.  

The LICS were identified as the 50-60 molecular weight proteins in the bovine 

brain purified dynein complex (Hughes et al., 1995).  Higher eukaryotes have two LICs, 

LIC1 and LIC2, which are 65% identical and 71% similar (Tynan et al., 2000).  Both 

LICs have a highly conserved N-terminal P-loop structure (Hughes et al., 1995) that 

resembles the Ras-like GTP-binding protein family (Schroeder et al., 2014).  This Ras-

like domain facilitates LIC’s interaction with the dynein heavy chain while the C-

terminal domain is required for LIC’s interaction with known binding partners (Taynan et 

al., 2000; Schroeder et al., 2014).  

The interactions between the C-terminal domain of the LICs and a diverse set of 

proteins are required for targeting of dynein to cellular cargo for specific dynein 

activities.  LIC1 has been shown to be involved in dynein-dependent processes including 

minus-end directed vesicle transport, Golgi positioning and transport of Golgi to ER 

vesicles (Palmer 2009).  LIC1 interacts with RILP, a lysosomal protein, and is required 

for the recruitment of dynein to the lysosome (Scherer et al., 2014, Tan et al., 2011).  In 

addition, LIC1 has been shown to bind pericentrin at the centrosome (Tynan et al., 2000), 

BICD2 (Splinter et al., 2012), Rab11-FIP3 on the endosomal recycling compartment 

(Horgan et al., 2011), Rab4A on early endosome for regulation of membrane recycling 

(Bieli et al., 2001) (Table 1.1).  

Dynein 
Subunit 

Dynein 
adaptor 
protein 

Binding partner Specific Cell-
Cycle Stage 

Reference 
 

Light 
Intermediate 

Chain-1 
- 

Pericentrin Interphase/Mitosis Tynan et al., 
2000 

RILP Interphase Scherer et al., 
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2014 
Tan et al., 2011 

BicD2 Interphase/Mitosis Splinter et al., 
2010 

Rab11-FIP3  Interphase Horgan et al., 
2011 

Hexon  Interphase-Virus Bremner et al., 
2009 

Rab4A  Interphase Bieli et al., 
2001 

Mad2 
 

Mitosis Sivaram et al., 
2009 

Light 
Intermediate 

Chain-2 
- 

Par3  Interphase Schmoranzer et 
al., 2009 

Rab11-FIP3  Interphase Horgan et al., 
2010 

Intermediate 
Chain - 

Golgin160 Interphase Yadav et al., 
2012 

Herpes Simplex 
Virus Protein uL 
(34),  

Interphase-Virus Ye et al., 2000 

Zw10 Mitosis Whyte et al., 
2008 

Huntingtin  Interphase Caviston et al., 
2007 

Snapin Interphase Cai et al., 2012 

Intermediate 
Chain Dynactin 

Clip-170 Interphase/Mitosis Vaughan et al., 
2002; Tai et 
al., 2002 

Zw10 Mitosis Starr et al., 
1998; Chan et 
al., 2000 

Spindly Mitosis Griffis et al., 
2007 

Rab6 Interphase Short et al., 
2002 

RILP Interphase Jordens et al., 
2001 

HookA  Interphase Zhang et al., 
2014 

BICD2  Interphase/G2 Splinter et al., 
2012; 
Hoogenraad et 
al., 2013 

SNX5/6  Interphase Wassmer et al., 
2009 
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FIP3  Interphase Horgan et al., 
2010 

NuMA Mitosis Merdes et al., 
1996 

Intermediate 
Chain 

Nde1 and 
Ndel1 

AnkG  Interphase Kuijpers et al., 
2016 

CENP-F  Mitosis Vergnolle and 
Taylor, 2007 

Zw10 unknown Stehman et al., 
2007 

DISC1 mitosis Bradshaw et 
al., 2004 

Gamma tubulin unknown Feng et al., 
2000 

p60 subunit of 
katanin 

Interphase/mitosis Toyo-oko et 
al., 2006 

Su48 mitosis Hirohashi et 
al., 2006a; 
Hirohashi et 
al., 2006b 

dynein light chain 
LC8 

unknown McKenney et 
al., 2011 

14-3-3e unknown Toyo-oka 2003 
pericentrin Interphase/mitosis Feng et al., 

2000 
 

Table 1.1. Summary of reported cargo interactions with components of the dynein 
complex or dynein adaptor proteins and their relevance in specific states of the cell-cycle 
(if known). 
  

 The dynein intermediate chain (IC) is the critical hub for binding of dynein 

accessory proteins, dynactin and Nde1/Ndel1, as well as direct interactions with 

physiological cargos.  The N-terminal domain of IC consists of an N-terminal alpha 

helical region, followed by a serine-rich unstructured domain, and the dynein light chain 

binding sites (Harbura et al., 1999; Nayaorodk et al., 2011).  It was previously reported 

that the interaction of Light chains, LC8, TcTex, and Roadblock, with the intermediate 

chain facilitated binding of cargo to the dynein complex through light chain cargo 

interactions (King et al., 1996a; King et al., 1996b; King et al., 1998).  Structural studies 
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of LC8 dispute this cargo-adaptation model since the intermediate chain and light chain 

interactions occupy the same binding groove in LC8 (Bensison et al., 2007), preventing 

the recruitment of additional dynein cargo through the light chains.  Upstream of the light 

chain binding sites, the C-terminus of the IC forms two WD-40 domains, required for the 

association with the heavy chain (Ma et al., 1999) so the cargo-binding activity of the 

intermediate chain is contained within the N-terminal region.  

A small class of proteins binds directly to the N-terminus of the intermediate 

chain including—Huntingtin which binds to facilitate dynein-dependent vesicular 

transport (Caviston et al., 2007); Snapin, a neuronal snare binding protein that links 

dynein to endosome-lysosome transport (Cai et al., 2012); and the Hexon subunit of 

Adenovirus to transport adenovirus to the nucleus during viral infection (Bremner et al., 

2009) (See Table 1-1).  The majority of intermediate chain cargo interactions occur 

through the interaction with dynactin, Nde1 and Ndel1 (Table 1-1).  Both proteins bind to 

the N-terminal domain of the IC and compete for a binding site in the first 70 amino acids 

(McKenney et al., 2011).  This competition could be critical to distinguish specific 

dynein functions.  How each protein recruits cargo to the dynein complex, through their 

interaction with the intermediate chain, will be discussed in detail below.  

The intermediate chain possibly achieves the diversity of cargo interactions 

required for all of cytoplasmic dynein’s cellular functions in part because of the number 

of IC isoforms and phospho-regulation.  There are two isoforms of IC, IC1 and IC2, each 

with multiple spliceforms.  In total there are 5 IC isoforms and splice variants (IC-1A, 

IC-1B, IC-2A, IC-2B and IC-2C) (Vaughan et al., 1995; Pfister et al., 1996).  The 

expression pattern varies for each isoform, with IC1 predominately found in the brain 
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while IC-2C exhibits universal expression (for here forward, referring to IC means IC-

2C) (Vaughan et al., 1995; Pfister et al., 1996).  Isoform specificity could regulate tissue 

specific cargo.  Additionally, intermediate chain phosphorylation at S84 and T89 

decreases its interaction with dynactin in interphase and mitosis (Vaughan et al., 2002; 

Whyte et al., 2008), which could decrease dynein’s association with cargo through a loss 

of the dynein-dynactin interaction.  Further examples are phosphorylation of the 

intermediate chain in axons by GskB and Erk1/2 decreases IC’s interaction with Nde1 

and affects dynein’s function axonal transport of TrkA positive endosomes and Rab7 

vesicles (Guo et al., 2015; Mitchell et al., 2014).  In this manner, the intermediate chains 

are a platform regulation of dynein-cargo interactions.  

Dynactin 

As mentioned previously, dynactin is required dynein’s processivity, but also has 

cargo-binding functions.  Dynactin is a large complex is comprised of four distinct 

structural units: the shoulder, the filament, the barbed end and the pointed end that carry 

out a roles in stabilization of the dynactin complex or cargo binding.  The filament, 

barbed end and pointed-end of dynein provide structural support for the dynactin 

complex (Miller et al., 1992; Schafer et al., 1994; Schroer et al., 2004).  In addition to a 

structural role, the p25 subunit of the pointed end was demonstrated to have an additional 

role in cargo binding in endosome transport in Aspergillus (Zhang et al., 2011).  The final 

structure of the dynactin complex is the shoulder, which is comprised of the p50, p150 

and p22/24 subunits (Urnavicius et al 2015).  The p50 and p150 subunits are essential for 

interactions with microtubules, cargo proteins and the dynein complex.   
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The p150 subunit of interacts with the intermediate chain of dynein (Holzbaur et 

al., 1992; Vaughan and Vallee, 1995).  It is through this interaction that dynactin provides 

the link from cargo to dynein.  For example, in mitosis, dynactin interacts with 

kinetochore proteins zw10 and Spindly to influence dynein’s kinetochore function 

(Griffis et al., 2007; Chan et al., 2000).  Plus-end TIP proteins EB1 and Clip170 interact 

with p150 and target dynein, via dynactin, to the plus-end of the microtubules (Vaughan 

et al 2002).  Additionally, the interaction between dynein and dynactin is essential in 

specifying dynein’s role in is organelle transport through the interaction of p50 or p150 

subunits with interacting proteins embedded in the organelle (Haghnia et al., 2007) 

(Table 1.1).  

 The interaction between dynactin and Bicd2, a protein first identified in mRNA 

transport in drosophila but implicated dynein’s role in vesicle transport, Golgi positioning 

and nuclear envelope recruitment of dynein in mammalian cells, has shed light on the 

complex nature of dynein, dynactin and their relationship to cargo.  Studies initiated to 

determine the interaction between BicD2 and dynactin showed that dynactin requires 

BICD2 N-terminal to form a complex with dynein (Splinter et al., 2012).  Bicd2 binds 

both to LIC1 and the p50 subunit of dynactin.  Although a direct interaction between 

dynein and dynactin with p150 and IC had been reported, the formation of the entire 

dynein-dynactin complex in vivo can only be formed in the presence of additional protein 

Bicd2 (Splinter et al., 2012).  Further research will determine the role of cargo in 

stabilizing the dynein-dynactin interaction and the presence of additional cargos, which 

bind to both LICs and dynactin to perform the similar functions as BicD2.  

Nde1 and Ndel1 
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The second class of dynein adaptor proteins is Nde1 and Ndel1.  The paralogues, 

Nde1 and Ndel1, share 55 % identity and 73% similarity. Little is known about specific 

differences between Nde1 and Ndel1 apart from varying in expression patterns in the 

developing neocortex (Feng et al., 2000; Sasaki et al., 2000) as well as knockout 

phenotypes: Ndel knockout mice are embryonic lethal (Sasaki et al., 2005), while Nde1 

knockout mice survive but have a smaller brain as a result of defects in cortical 

development (Feng et al., 2004).  It is assumed that Nde1 and Ndel1 have similar 

structures, cargo-binding properties and role in dynein functions but extensive 

characterization of Nde1 and Ndel1 binding partners and physiological roles will clarify 

the role of each paralogue (For this reason Nde1 and Ndel1 will be referred to as 

Nde1/el1 when talking about principles that apply to both).  

Nde1/Ndel1 a highly elongated have a N-terminal coiled-coiled domain followed 

by a C-terminal unstructured region.  The C-terminal domain contains multiple 

phosphorylation sites shown to be targeted by Aurora A, Erk1/2, Cdk1, Cdk5 or PKA 

(Mori et al 2007; Bradshaw et al., 2011; Yan et al., 2003) as well as multiple sites of 

interaction for known binding partners.  Nde1/el1 interact with CENP-F, DISC1, dynein 

light chain LC8, p60 subunit of katanin, 14-3-3e, Su48, Zw10, pericentrin, Ankryn G—to 

name a few (see review by in Bradshaw 2011) (Vergnolle and Taylor 2007; Bradshaw et 

al 2004; McKenney et al 2011; Toyo-oko et al 2006; Kuijers et al., 2016; Stehman et al., 

2007) (Table 1.1).  These interactions specify Nde1/el1 to function in dynein-dependent 

process including lysosome transport in cell culture and in neurons, (Yi et al 2011, 

Pandey et al 2012), vesicle sorting at the axon-initial segment (Kuijpers et al 2016), 
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formation of spindle asters in Xenopus mitotic egg extract (Zyłkiewicz et al., 2011), and 

Golgi positioning (Lam et al 2010).  

Nde1/Ndel1 acts as a dynein adaptor protein because of its ability to bind to 

multiple cargos as well as dynein and Lis1.  Nde1/Ndel1 binds to Lis1 and the dynein 

intermediate chain through the N-terminal coil-coiled domain (Feng et al.,2000, 

Derewenda et al.,2007; Zyłkiewicz et al., 2011; Wang et al., 2011) .  Early yeast-two 

hybrid studies demonstrated that Ndel1 bound to the dynein motor domain, but this 

interaction has not been confirmed biochemically (Sasaki et al., 2000; McKenney et al., 

2010).  Biochemically, Nde1/el1 recruits Lis1 to the dynein motor domain, through the 

formation of a dynein-Lis1-Nde1 complex.  Through this interaction, Lis1 is able to 

influence the motor behavior of cytoplasmic dynein (McKenney et al., 2010).  Given the 

requirement of Nde1 in Lis1 biochemical functions, it was thought that Nde1l was 

essential to recruit Lis1, as well as dynein, to specific subcellular location at the 

kinetochore in mitosis and to membranes of organelles in interphase (Stehman et al., 

2007, Vergnolle and Taylor’ 2007; Liang et al., 2007; Lam et al., 2010).  Because Nde1 

is recruited to specific subcellular localizations through its diverse interactions with 

binding partners, it plays an essential role in directing dynein activity to specific sites.  

Lis1 is thought to have a greater role in regulating dynein’s motor properties than 

facilitating cargo interactions.  While Lis1 interacts with Nde1, the only other protein 

shown to interact with Lis1 is the microtubule plus-end tip protein Clip-170 (Coquelle et 

al., 2002).   

3. Dynein’s function during G2/M 
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As cells progress through the cell-cycle, cytoplasmic dynein adopts specific 

interactions required for dynein’s recruitment to mitotic sites.  During interphase, dynein 

recruitment to the Golgi and lysosomes/late endosomes allow for Golgi positioning and 

minus-end directed vesicle transport (Vallee et al., 2012)(Figure 1.4). Upon entry into 

G2, dynein accumulates at the nuclear envelope followed by localization to the 

kinetochore (KT), spindle pole, and cell cortex in mitosis (Figure 1.5).  At each site, 

dynein is recruited by site-specific interactions.  Below describes how dynein is recruited 

to mitotic sites to perform its functions in G2 and mitosis.  
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Figure 1.4.  Cytoplasmic dynein adopts cell-cycle specific interactions. (Modified 
from Vallee et al., 2012)  Diagram of dynein’s recruitment to specific cellular sites 
depending on the stage of the cell cycle. At each localization, dynein adaptor proteins, 
dynactin and Nde1/el1, bind to site-specific cargo.  During interphase, dynein is recruited 
to the Golgi and lysosome, while in G2/mitosis dynein is recruited to the nuclear 
envelope and kinetochore.  

 

 
 

Figure 1.5. Cytoplasmic dynein localization during G2 and mitosis. Staining of 
Hela cells with dynein intermediate chain antibody reveals nuclear envelope staining in 
G2 and prophase, kinetochore localization in prometaphase, spindle localization during 
metaphase and in anaphase, IC signal is detected at the cell cortex. Throughout G2 and 
mitosis, dynein is recruited to distinct cellular sites depending on the stage of the cell-
cycle. Scale = 5 μm Unpublished data. 

 
During G2, dynein recruitment to the nuclear envelope is dependent on an early 

and a late recruitment pathway, which are required for dynein-dependent G2 functions.  

Dynein at the NE in G2 and prophase helps prepare the cell for entry into mitosis.  In 

mammalian cultured cells, nuclear envelope dynein is thought to produce force on the NE 

in prophase to form prophase nuclear envelope invaginations indicative of forces on the 

nuclear envelope, though the exact mechanism is unknown (Salina et al., 2000).  

Additionally, dynein at the NE provides the link between the microtubule network and 

the nucleus.  Disruption of dynein recruitment factors at the NE, cause defects in 

centrosome anchoring as well as centrosome separation in prophase (Robinson et al., 

1999, Bohley et al., 2011, Splinter et al., 2010, Raaijimakers et al., 2012).  To perform 
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these functions, dynein is recruited to NE in early G2 and late G2.  During early G2, 

dynactin is recruited to the NE by Bicd2, which itself is recruited to by the nuclear pore 

protein RANBP2.  Through this interactions and Bicd2’s interaction with dynactin, the 

entire dynein-dynactin-Lis1 complex is properly localized to the NE in G2  (Splinter et 

al., 2012; Baffet et al., 2015; Busson et al., 1998).  In late G2/prophase, CENP-F exits the 

nucleus and binds to nuclear pore protein, Nup133, in turn recruiting Nde1/Ndel1 

(Bohley et al., 2011; Baffet et al., 2015).  In mammalian cells, this late pathway has been 

implicated in the microtubule anchoring as well as prophase nuclear invagination 

functions of dynein (Bohley et al., 2011; Hebbar et al., 2008).  The purpose of two 

pathways is thought to be to recruit additional dynein required for late G2/prophase 

functions, for example providing additional forces for nuclear envelope break down.  

While disruption of dynein recruitment to the NE does not block entry in mitosis, in 

neuronal progenitor cells, the sequential recruitment of dynein to the NE is essential 

interkinetic nuclear migration and translocation of the nucleus to the ventricle for entry 

into mitosis Any block in the early and late dynein recruitment pathways cause a G2 

arrest (Hu et al., 2013; Baffet et al., 2015).   

Dynein localizes to the kinetochore in prometaphase, followed by a decrease in 

kinetochore signal upon MT-attachment.  Cytoplasmic dynein is absent at the 

kinetochores in metaphase (Hoffman et al., 2001; Pfarr et al., 1999; Steuer  et al., 1999; 

Wordeman et al., 1991; Hoffman et al., 2001, King et al.,  2000).  At the kinetochore, 

there are multiple dynein recruitment pathways.  The reason for multiple cargo 

interactions is not clear but might be due to the requirement for separation of specific 

dynein functions or to ensure dynein’s kinetochore localization by having redundant 
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recruitment pathways since defects in dynein kinetochore function could have 

catastrophic defects.  Recruitment and regulation of dynein activity at the kinetochore is 

critical for proper mitotic progression.  It has been hard to determine the precise 

mechanism of dynein in multiple steps of mitosis since there is significant inter-

dependency among the kinetochore proteins, but dynein has been shown to have a role in 

chromosome movement towards the metaphase plate (Yang et al., 2007), stabilization of 

end-on microtubule attachments, kinetochore orientation (Varma et al., 2007), and 

removal of spindle assembly checkpoint proteins to inactivate the spindle assembly 

checkpoint (Howell et al. 2001; Wojcik et al., 2001).  

The first kinetochore dynein recruitment pathway is through Zw10, a component 

of the RZZ complex.  The RZZ complex is comprised of three proteins: Zw10, rod, and 

Zwilch (Chan et al., 2000; Williams et al., 2003).  Zw10 localized to the kinetochore 

through the direct interaction with kinetochore protein Zwint but its interactions with Rod 

and Zwilch are required for both RZZ formation and their localization to the kinetochore 

(Chan et al 2000).  Zw10 recruits dynein through interactions with the p50 subunit of 

dynactin (Starr et al 1998), dynein accessory protein Spindly (Gassman et al., 2008; 

Griffis et al., 2007, Chan et al., 2009; Barisc et al., 2010), and by binding directly to the 

intermediate chain (Whyte et al., 2008).  The timing and function of these interactions is 

not clear; but zw10 recruitment of spindly and dynactin is essential for dynein’s function 

in spindle assembly checkpoint removal and dynein-dependent removal of spindle 

assembly checkpoint proteins, Mad1-Mad2 (Griffis et al., 2007, Barisic et al., 2010).  The 

complex of Mad1-Mad2 produces a wait signal that inhibits the activity of the anaphase-

promoting complex (APC/C) until proper kinetochore-microtubule attachment.  After the 
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correct attachment, dynein is required in the essential removal of Mad1/2 from the 

kinetochore to activate Anaphase-promoting complex (APC/C) to initiate anaphase onset. 

(Buffin et al., 2005; reviewed in Salmon and Mussachio 2007).  The RZZ complex is the 

required the link between Mad1/2 and dynein to allow for proper SAC activation and 

timely inactivation when all chromosomes have proper MT attachments (Howell et al., 

2001, Wojack et al., 2001, Kops et al 2005;Yang et al 2007).  Knockdown of Zw10 and 

Rod in Xenopus or mammalian Hela cells prevents the kinetochore recruitment of Mad2, 

causing premature inactivation of the SAC and subsequence early anaphase onset (Chan 

et al., 2000; Basto et al., 2000). 

Dynein adaptor proteins, Nde1 and Ndel1, recruit both Lis1 and dynein to the 

kinetochore through its link with kinetochore binding-partner, CENP-F (Liang et al., 

2007; Stehman et al., 2007; Vergnolle and Taylor, 2007).  Less is known about the exact 

role of this second dynein recruitment pathway and how it relates to the zw10 dependent 

dynein recruitment pathway.  Nde1 has been implicated in dynein-mediated removal of 

spindle assembly checkpoint proteins since perturbation of Ndel1 decreased the spindle 

pole accumulation of zw10 in Az-Dog experiments (Yan et al., 2003; Liang et al 2007).  

Additionally, Nde1 and Nde1l have been implicated in the MT-KT stabilization role of 

dynein, though the exact mechanism and role is unknown (Steheman et al., 2007). 

Especially since in biochemical experiments, Nde1 interacts with zw10 (Steheman et al., 

2007), further work is required to understand the relationship between the two dynein 

recruitment pathways at the kinetochore and how exactly each contribute to dynein 

kinetochore function.  
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Given that dynein is a microtubule motor, dynein and accessory proteins are 

required for proper formation of the mitotic spindle and spindle pole focusing.  The 

bipolar mitotic spindle is formed in part by the anti-parallel sliding of over-lapping 

microtubules.  Both dynein and mitotic spindle kinesin, Eg5, provide opposing forces to 

allow the separation of the centrosome and proper bipolar spindle formation 

(Taunembaum et al., 2008, Raajiimakers et al., Van heesenben et al., 2014, Gaglio et al., 

1996,Vaisberg et al., 1993).  Little is known about the dynein is involved in this process.  

It is unclear how dynein requires interaction with specific interactors, since dynactin, 

Nde1/Nde1l and Lis1 have all been implicated in this dynein-dependent function 

(Echeverri et al., 1996; Burkheart et al., 1997; Raajimakers et al 2013).  

In addition to formation of bipolar spindle, dynein has been implicated in spindle 

pole focusing both in cell-free Xenopus egg extract or mammalian culture cells.  Cell-free 

Xenopus egg extract experiments demonstrate dynein focuses of microtubules into 

spindle pole asters and in mammalian cells, for the maintenance of the centrosome-

spindle pole connection (Verde et al., 1991; Heald et al., 1996; Heald et al., 1997).  In 

mammalian cells, NuMA (Nuclear/mitotic apparatus protein), recruits dynactin and 

dynein to the spindle pole where the complex functions in spindle pole focusing (Merdes 

et al., 1996; Merdes et al.,2000).  Additionally Nde1/Nde1l have been implicated in this 

dynein-dependent function.  Depletion of Nde1/Nde1l prevented focused spindles in both 

Xenpus egg extract and mammalian cell culture (Wang et al., 2011; Zyłkiewicz et al 

2011).  Consistent with its involvement in aster and spindle pole formation, multiple 

reports have demonstrated that Nde1 null mutants don’t have proper spindle formation in 

drosophila (Wainman et al., 2009).  Questions remain about how Nde1/Nde1l are 
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recruited to the spindle pole and its function relative to the NuMA-dynein-dynactin 

complex. 

The final site of dynein localization in mitosis is the cell cortex.  In mammalian 

cells, dynein localization to the cell cortex in metaphase and anaphase is required for 

proper spindle positioning in metaphase and elongation of the spindle in Anaphase B.  

Proper distribution of dynein forces on the cell cortex drives the positioning of the 

spindle required to correctly separate the two daughter cells.  The mechanism through 

which dynein correctly positions the mitotic spindle involves capturing end-on the astral 

microtubules and providing a balanced pulling force on the spindle (Laan et al., 2012).  

Additionally, in anaphase, dynein drives chromosome separation in anaphase B (Kotak et 

al 2014).  In metaphase and anaphase, dynein localizes to the cell cortex at distal ends of 

the cell, but is absent from cortex at the spindle midzone (Bosson et al., 1999; Kiyomitsu 

and Cheeseman, 2012; Kotak et al., 2012).  This cortical localization is dependent on 

NuMA, which facilitates the link between dynein/dynactin and protein complexes of the 

cell cortex.  During metaphase, the NuMA-LGN-Gai complex recruits dynein to the 

distal ends of the cell.  Specifically the N-terminal domain of NuMA mediates the 

interaction with dynein and dynactin (Kotak et al., 2012; Kiyomitsu and Cheeseman, 

2012).  In anaphase, NuMA is directly recruited to the cortex by protein 4.1G, 

independently of the LGN-Gai complex, to provides a direct link to increase levels of 

dynein at the cortex (Kiyomitsu and Cheeseman, 2013).   

Dynein, through its dynein adaptor proteins dynactin and Nde1/el1, adopt cell-

cycle specific interactions with NuMA, zw10, Spindly, CENP-F, and BicD2.  Questions 

remain on how these interactions are cell cycle regulated to dictate mitotic specific 



  

 26 

localization and functions of dynein.  The following section addresses how these G2 and 

mitotic specific cargo interactions are formed and regulated.  

4. Cell-Cycle regulation of dynein-cargo 

As mentioned in the previous section, dynein is recruited to mitotic sites through 

cell-cycle dependent cargo interactions.  A main outstanding question is how do dynein 

and its adaptor proteins release from interphase cargo to adopt G2/M specific 

interactions.  Recently, it was demonstrated that Cdk1 phosphorylation of dynein in G2 

dissociated dynein from interphase cargo (Chung et al., 2016).  Given the specialized 

functions of dynein in G2 and mitosis, cell-cycle regulation of the dynein complex and its 

adaptor proteins is essential.  How dynein performs its diverse roles in mitosis as well as 

how does dynein adopt specific interactions is unclear.  Discussed below are clues into 

the regulation of cell-cycle specific cargo interactions.  

A. Complex 

The first means of regulating dynein’s cell-cycle behavior is different 

compositions of the dynein complex, specifically the association of either light 

intermediate chain-1 or light intermediate chain-2.  At the molecular level, the LICs form 

distinct homodimers and compete with each other to bind to the dynein heavy chain since 

the heavy chain is unable to bind the two LICs simultaneously (Tynan et al., 2000).  

Although the LICs have similar sequences and structures (Hughes et al., 1995), the LICS 

have a distinct set of binding partners (see Table 1.1), which could possibly lead to 

specific dynein complexes with unique functions.  

In mitosis, both Lic1 and Lic2 localization to the kinetochore (Mahale et al., 

2016), but the spindle localization patterns differ.  LIC1 localizes to the mitotic spindle 
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while LIC2 stains the spindle pole (Horgan et al., 2011).  While it has been shown that 

Lic1 binds to spindle assembly checkpoint protein, Mad2, identification of mitotic 

specific cargo is lacking (Sivaram et al., 2009).  Further examination of mitotic 

interactors of LIC1 or LIC2 will allow for a better understanding of unique functions of 

dynein complexes containing LIC1 or LIC2. 

Additionally, differential phosphorylation of LIC1 and LIC2 in mitosis could 

contribute to unique mitotic specific interactions.  Cdk1 phosphorylation of LIC1 is 

required for dynein’s role in inactivation of the spindle assembly checkpoint (Dell et al., 

2000; Niclas et al., 1996; Sivaram et al., 2009).  It has not been demonstrated how this 

phosphorylation regulates cargo, but previous work on the role of PKA phosphorylation 

of LIC1 shows phosphorylation regulates its interaction with RILP to affect lysosome 

transport during adenovirus infection (Scherer et al., 2014).  Further identification of 

phosphorylation events, specifically by G2/M kinases, will elucidate the role of mitotic 

phospho-regulation of LIC1 and LIC2 cargo.  This will lead to a better understanding 

how the presence of LIC1 or LIC2 directs dynein to specific mitotic sites for LIC-unique 

functions.  

B. Association with mitotic specific proteins 

The next point discussed is the interaction of dynein and its adaptor proteins, 

dynactin and Nde1l/el, with proteins only expressed or available for interaction in 

G2/mitotsis.  Timing of protein expression or physical barriers of protein localization are 

a means to restrict dynein interactions until the proper time of the cell cycle.  By 

preventing the access to mitotic cargo until the correct stage, dynein is recruited to the 
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nuclear envelope, kinetochore, spindle pole or cell-cortex only when required for specific 

mitotic functions.   

Spindly is a novel kinetochore protein involved in dynein kinetochore function 

and has no known expression or function interphase.  Spindly localizes to the kinetochore 

at early prometaphase through an interaction with zw10 and is removed in a 

dynein/dynactin dependent manner when cells achieve microtubule attachment and align 

at the metaphase plate (Griffis et al., 2007 Chan et al., 2009; Gassman et al., 2008; Griffis 

et al., 2007, Chan et al., 2009; Barisc et al., 2010).  Mitotic specific expression of Spindly 

allows for it to act as a mitotic-specific recruitment factor for dynein at the kinetochore 

through interaction with dynactin and zw10 (Gassman et al., 2010, Griffis et al., 2007, 

Chan et al., 2009).    

Dynein recruitment factors, CENP-F and NuMA, are confined to the nucleus until 

the proper cell-cycle stage to indirectly recruit dynein to the NE or spindle pole and cell 

cortex, respectively.  During interphase, NuMA is restricted to the nuclear matrix but 

upon entry into mitosis, NuMA localizes to the spindle pole and cell-cortex (Lydersen et 

al., 1980).  This redistribution to the spindle pole and cell cortex allows for dynactin-

dynein recruitment to these mitotic sites (Merdes et al., 1996; Merdes et al.,2000; Kotak 

et al., 2012; Kiyomitsu and Cheeseman, 2012; Kiyomitsu and Cheeseman, 2013). CENP-

F expression is absent in G1 and S phases but protein levels increases in G2.  CENP-F 

signal is restricted to the nucleus until late G2 when it exits the nucleus (Liao et al., 

1995), then CENP-F binds to the nuclear envelope via nuclear pore protein, Nup133 

(Bohley et al., 2011).  This late G2/prophase localization of CENP-F to the NE is 

required to recruit dynein accessory proteins Nde1l and Nde1 which function in the late 
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G2 dynein recruitment pathway to the NE (Bolhey et al., 2011; Hu et al., 2014) CENP-F 

has an additional role at the kinetochore in mitosis (Vergnolle and Taylor, 2007), but the 

initial interaction in a cell-cycle specific state is limited by CENP-Fs localization until the 

proper time of the cell-cycle.  While the restriction of NuMA and CENP-F to the nucleus 

is required to temporally regulate dynein cargo-interactions, it is unknown how the 

nuclear exit is regulated.  It is possible that nuclear envelope breakdown frees NuMA 

from the nuclear matrix to localize to the spindle pole or that phosphorylation of CENP-F 

is in late G2 to allow for active nuclear export.  Future studies on cell-cycle regulation of 

CENP-F or NuMA will provide insight into the localization pattern of each protein.  

C. Phosphorylation- 

 The final means to regulate cell-cycle dependent cargo interactions is 

phosphorylation.  A group of kinases are only expressed or active in G2 and mitosis, 

which make them great candidates for cell-cycle regulation of dynein interactions.  These 

mitotic specific kinases include Cdk1-Cyclin B, Plk1, the Aurora family of kinases and 

the NIMA family (Erich Nigg, 2001). Phosphorylation of proteins in the dynein pathways 

by these mitotic kinases could allow for precise regulation of interactions specifically in 

G2 and mitosis.  

i. Direct phosphorylation of the intermediate chain of dynein  

Dynein intermediate chain undergoes phospho-regulation to determine 

recruitment to and cargo-interactions at the kinetochore during prometaphase and 

metaphase.  The dynein intermediate chain is phosphorylation at residue T89 by PLk1 

during mitosis and a phospho-specific antibody recognizes phosphorylated dynein at the 

kinetochore in prometaphase (Whyte et al., 2009; Bader et al., 2011).  The 
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phosphorylation state of dynein IC regulates its interaction with mitotic cargo zw10 and 

dynactin: Phospho-IC binds to zw10, while the dephosphorylated state of the 

intermediate chain binds to dynactin (Whyte et al., 2009).  This phosphorylation 

dependent cargo-switching is essential for dynein’s role in spindle assembly checkpoint 

inactivation.  Dephosphorylation of dynein IC at the T89 residue is required for dynein-

dependent removal of zw10 and spindle assembly checkpoint proteins (Whyte et al., 

2008). 

The intermediate chain of dynein contains a serine rich region in the N-terminal 

domain, where T89 is located.  It is possible that there are more sites targeted by 

additional kinases to dictate additional interactions that specify subpopulations of 

cytoplasmic dynein for specific functions.  

ii. Cell-Cycle phosphorylation regulation of Dynein recruitment factors  

Although specific cargo might not interact directly with dynein, their role in 

binding to dynein adaptor proteins is critical for the localization and regulation of 

cytoplasmic dynein.  Cell-cycle specific phospho regulation of the recruitment of dynein 

cargo to mitotic sites is critical to determine the timing of dynein and dynein adaptor 

protein recruitment.  

As mentioned previously, dynein recruitment and localization to the nuclear 

envelope in early G2 is dependent on the RanBP2-BicD2-Dynactin pathway (Doye et al., 

2010; Hut et al., 2014).  Biochemically, Cdk1 phosphorylation increases the interaction 

between BICD2 and RanBP2.  In mammalian cultured cells, Cdk1 phosphorylation of 

RanBP2 in the early stages of G2 is required for Bicd2 localization to the NE as well as 

the recruitment of dynactin and dynein.  This Cdk1 phospho-regulation of the RanBP2 
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and BicD2 is not only for the localization of dynein to the NE in early G2 but for its 

function in interkinetic nuclear migration in neuronal progenitor cells (Baffet et al., 

2015).  Since Cdk1/CyclinB kinase is only active at low levels in G2 and high levels in 

mitosis (Hochegger et al., 2008), this interaction is restricted to a specific time of the cell 

cycle so the initiation of dynein recruitment to the NE is restricted to early G2.  

An additional example of a dynein cargo’s recruitment under cell-cycle control is 

the recruitment of zw10 to the kinetochore by Zwint.  Zw10 localizes to the kinetochore 

through a direct interaction with kinetochore protein Zwint (Kasaboski et al 2011; 

Famulski et al., 2008; Kops et al., 2005; Wang et al., 2004; Starr et al., 2000).  Inhibition 

of Aurora family kinase, Aurora B, or expression of Zwint Auroa B phospho-mutant 

construct prevented kinetochore localization of zw10 (Kasaboski et al 2011; Famulski et 

al., 2008).  Since Aurora B is a kinetochore-specific kinase only active during mitosis, 

Zwint phosphorylation is restricted both spatially and temporally.  It is this 

phosphorylation of Zwint and the subsequent recruitment of zw10 that allows for 

Spindly, dynactin and dynein localization to the prometaphase kinetochore.  

During metaphase, dynein is recruited to the distal ends of the cell cortex by the 

NuMA-LGN-Gai complex.  There is an asymmetric localization of dynein at the distal 

ends, depending on the position of the mitotic spindle; dynein is present on the cortex of 

the distal end of the cell furthest away from the mitotic spindle.  In order to achieve this 

asymmetric localization, NuMA and dynactin interaction at the cell cortex is regulated by 

Plk1 kinase.  Plk1 signal from the spindle pole decreases the interaction between NuMa 

and dynein/dynactin to prevent recruitment of dynein to the cortex only when the spindle 

pole is in closer proximity to one distal end of the cell.  Plk1 is a negative regulator of 
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dynein localization to the cell cortex, allowing for the asymmetric recruitment depending 

on the position of the mitotic spindle (Kotak et al., 2012; Kiyomitsu and Cheeseman, 

2012).  

It was mentioned previously that NuMA functions with dynein and dynactin both 

at the spindle pole and at that cell cortex.  The switch between NuMA’s localization and 

function in metaphase and anaphase is regulated by the Cdk1 phosphorylation state of 

NuMA.  During metaphase, Cdk1 phosphorylated NuMA localizes to the spindle pole, 

but upon entry into anaphase, when the levels of Cdk1 drop leading to a decrease in the 

phosphorylation levels of NuMA, Cdk1 dephosphorylated NuMA localizes to the cell 

cortex (Kotak et al., 2013).  In this manner, the Cdk1 phosphorylation state of NuMA 

temporally regulates its localization to either the spindle pole or the cell cortex allowing 

for dynactin and dynein recruitment to each location at different stages of the cell cycle.   

iii Cell-Cycle phosphorylation regulation of Dynein accessory proteins  

Previous sections introduce the dynein accessory protein dynactin, Nde1/el1 and 

lis1 and address their role in modulation of dynein motor activity and dynein’s cargo 

binding.  Although each has been implicated in dynein’s function in G2/M, the 

knowledge of their cell-cycle regulation is lacking.  Little is known about how direct 

phosphorylation dictates their activity at and localization to mitotic sites.  

Dynactin 

  The p150 subunit of dynactin is a target for phosphorylation in M phase, though 

many of the specific sites or kinases involved are not known (Huang et al., 1999).  There 

have been two reports of mitotic phosphorylation of p150.  In Drosophila, Aurora A 

phosphorylation of p150 is required for proper spindle formation potentially through the 
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regulation of p150’s microtubule binding activity. Expression of a p150 phospho-mutant 

demonstrated strong spindle localization that was absent in the wt or phospho-mimetic 

condition (Rome et al., 2010).  In mammalian cells, Plk1 kinase activity regulated 

dynactin’s localization to the nuclear envelope in prophase to aid in dynein’s role in 

nuclear envelope breakdown.  Again the p150 subunit, specifically amino acid 179, of 

dynactin is the target for the Plk1 kinase (Li et al., 2010).  While both are examples of 

how mitotic specific kinases influence dynactin’s behavior through phosphorylation of 

p150, the mechanism is not known.  Information from interphase PKA phosphorylation 

of p150 suggests that phosphorylation in the N-terminal domain of p150 decreases the 

interaction between the microtubule binding domain of p150 and microtubules (Vaughan 

et al. 2000).  The role of this lower microtubule affinity is not clear.  Additionally, little is 

known about the role of phosphorylation in cargo or dynein interactions.  Since the p50 

subunit of dynactin is also involved in cargo-binding, knowledge of the mitotic 

phosphorylation of this subunit is required to gain a better understanding of cell-cycle 

regulation of dynactin interactions.    

Lis1 

In its early characterization, Lis1 was identified as a phospho-protein (Sapir et al., 

1999), but no information is known about specific sites, kinases responsible for 

phosphorylation or functional relevance of phosphorylation.  A significant study of Lis1 

phosphorylation is required to start to understand the role of lis1 phosphorylation in 

regulation of its G2/M function.  Given its role in modulation of dynein’s motor activity 

rather than as a recruitment factor of dynein cargo, phosphorylation could be a means to 

regulate Lis1 ability to bind to Nde1/el1 or dynein. 
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Nde1/Ndel1 

Nde1/Nde1 are great candidates for phospho-regulation of dynein activity.  

Xenopus Nde1l (MP43) was originally identified in a screen of mitotic phospho proteins 

(Stukenberg 1997), and both Nde1/Ndel1 are phosphorylated in M phase (Yan et al., 

2003).  Within the C-terminal unstructured region of Nde1/Ndel1 there are multiple 

phosphorylation sites shown to be targets of Aurora A, Erk1/2, Cdk1, Cdk5, PKA kinases 

(Mori et al 2007; Bradshaw et al., 2011; Yan et al., 2003).  

Specifically focusing on the phosphorylation of Nde1 by mitotic kinases Cdk1 

and Aurora A, much of the studies have focused on phospho-regulation of Nde1/Ndel1 

activity and function at the centrosome. Phosphorylation of Nde1l by Aurora A 

implicated in Nde1l’s localization to the centrosome in prophase to influence centrosomal 

protein TACC3 and Aurora A for the maturation and separation of centrosomes in 

prophase (Mori et al., 2007).  Additionally, Cdk1 phosphorylation of Nde1 decreases 

Nde1 recruitment to centrosome recruitment factor su48 (Hiroheshi et al., 2006).  The 

dephosphorylation of Cdk1 phosphorylated Nde1/el1 is essential not only for recruitment 

of Nde1, but regulation of spindle orientation in neuronal progenitor cells (Xie et al., 

2012).  Although Aurora A phosphorylation of Ndel1 or dephosphorylated Cdk1 Nde1 

regulate their localization to the kinetochore, little is known about the mechanism of 

Nde1/el1 action or the effect on dynein activity.  Additionally, the requirement for each 

phosphorylation in regulating specific Nde1/el1 centrosome functions is not clear.  

In addition to the centrosome, Nde1/el1 localize to the nuclear envelope in G2 and 

the kinetochore during mitosis (Bohley et al., 2010; Stehman et al., 2007; Yang et al., 

2007).  Questions remain about whether mitotic phosphorylation by Aurora A or Cdk1 
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influences Nde1 recruitment to these mitotic sites.  Since Aurora A localizes to the 

spindle pole during G2/M (Mori et al., 2007), Cdk1 phosphorylation is the better 

candidate for regulation of Nde1 localization to the G2 nuclear envelope and kinetochore.  

Small-molecule inhibition of Cdk1 prevented of Nde1/el1 localization at the nuclear 

envelope in G2.  Given the role of Cdk1 phosphorylation of Ran-BP2 in recruitment of 

Bicd2 to the NE, it is possible that Cdk1 could also be directly influencing the 

recruitment of Nde1/Nde1l in the late recruitment pathway.  The role of Cdk1 

phosphorylation of Nde1 in its recruitment to the NE and kinetochore is investigated in 

Chapter 2.  

While phosphorylation of Nde1/el1 has the potential to regulate its localization to 

specific mitotic sites through regulation of cargo interactions, it also has been implicated 

in modulating the direct interactions with Lis1 and dynein (Yan et al., 2003, Pandey and 

Smith., 2011; Hebbar et al., 2008) to influence their cellular functions.  

5. Conclusion- 

The precise coordination and regulation of dynein activity during mitosis is 

required for faithful segregation of chromosomes.  While the dynein motor domains 

orchestrate the force-production and translocation ability of the dynein complex, it is the 

LICs, ICs and the interaction with dynein adaptors Nde1/Ndel1 and dynactin that dictate 

cargo interactions.  During G2 and mitosis, dynein adaptor proteins, dynactin and 

Nde1/Nde1l adopt cell-cycle specific interactions.  These interactions direct dynein to the 

NE in G2, and to the kinetochore, spindle pole and cell cortex in mitosis.  An outstanding 

question is how exactly these interactions are regulated in a cell cycle specific manner.  

Dynein complex composition, association with mitotic specific proteins and 
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phosphorylation by mitotic kinases are potential means for cargo regulation though 

additional information is required.  Understanding how dynein is targeted to sites in 

mitosis will provide a more detailed understanding of dynein’s mechanism during G2 and 

mitosis.  The work in this thesis aims to clarify the role of Cdk1 phosphorylation of Nde1 

in the regulation and Nde1’s role in dynein-dependent functions in G2 and mitosis. 
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Chapter 2: Cdk1 phosphorylation of Nde1 activates its interaction 

with NE and kinetochore binding partner, CENP-F, and regulates 

mitotic function 

Introduction 

Cytoplasmic dynein is a minus-end directed microtubule motor protein involved 

in a broad range of cellular functions throughout the cell cycle.  However, mechanisms 

for cell cycle-dependent dynein cargo recruitment and activation remain poorly 

understood.  Dynein gradually accumulates at the nuclear envelope (NE) during G2 and 

then appears at kinetochores after nuclear envelope breakdown.  We have recently found 

that the initial stages of dynein NE recruitment are activated by Cdk1 phosphorylation of 

the nucleoporin RanBP2, which, in turn, recruits dynein through its accessory protein 

BicD2 (Splinter et al., 2010; Baffet et al., 2014).  Curiously, Cdk1 had an additional role 

in the late G2 NE dynein recruitment pathway; in this case in controlling nuclear export 

of CENP-F, which binds to another nucleoporin, Nup133 (Baffet et al., 2014; Bohly et al 

2011).  CENP-F, then in turn, recruits dynein regulatory factors Nde1 and Ndel1 to the 

NE (Bohly et al., 2011), though control of this and of subsequent mitotic behavior for 

each of these proteins remains largely unexplored.   

Nde1 and Ndel1 are closely-related genes.  Their protein products, referred to by 

these names or NudE and NudEL, (54% identical and 73% similar) consist of highly 

elongated N-terminal coiled-coil domains, which contain dynein and LIS1 binding sites 

(Derewenda et al., 2007; Zyłkiewicz et al., 2011; Wang and Zheng, 2011; Feng et al., 

2000; Sasaki et al., 2000) (Figure 1A).  We have found from in vitro studies that, NdE1 

recruits LIS1 and dynein into a supercomplex, which enhances the dynein-microtubule 
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(MT) interaction under load; resulting in increased dynein force production in vivo and in 

vitro (McKenney et al., 2010; Reddy et al., 2016).  We have also determined using RNAi 

rescue analysis in developing rat neocortex that Nde1 and Ndel1 are almost 

interchangeable functionally, though Nde1 alone is essential for mitotic entry in the 

neural progenitor cells (Doobin et al., 2016). 

Nde1 and Ndel1 interact through their C-terminal disordered regions (see Figure 

1A) with diverse subcellular proteins, including, in addition to CENP-F, the dynein light 

chain LC8, 14-3-3e, DISC1, su48, MCRS1/p78, and Ank-G (Vergnolle and Taylor, 2007; 

Stehman et al., 2007, Toyo-oka et al., 2003, Ozeki et al., 2003; Hirohashi et al., 2006b; 

Hirohashi et al., 2006a; Kuijpers et al., 2016).  Knockdown of CENP-F, in particular, 

causes marked reduction in the concentration of Nde1 and Ndel1 at the G2 NE and 

mitotic kinetochores (Bohly et al., 2011;Vergnolle and Taylor, 2007).  The mechanisms 

responsible for cycle-dependent recruitment of Nde1 and Ndel1 to their G2-M cargo sites 

and the physiological importance of these interactions remain important outstanding 

questions. 

Nde1 and Ndel1 contain phosphorylation sites for Cdk1, Cdk5, Aurora A and 

Erk1/2 kinases (Yan et al., 2003; Alkuraya et al., 2011; Mori et al., 2007).  Cdk5 

phosphorylation of Ndel1 was found to affect lysosome motility in axons though reports 

dispute the phosphorylation state required to cause an effect (Pandey and Smith, 2011; 

Klinman and Holzbaur, 2015).  In vitro Nde1-dynein and Nde1-LIS1 binding interactions 

were found to be affected (Hebbar et al., 2009; Zyłkiewicz et al., 2011) However, 

because phosphorylation sites are concentrated within the C-terminal Nde1 and Ndel1 

domains, we have chosen to investigate a role in regulating cargo binding.  Given the 
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contribution of Cdk1 in dynein NE recruitment, we have chosen to test the effects of this 

protein kinase on Nde1 behavior.   

The current study was initiated to understand the role of Cdk1-mediated Nde1 

phosphorylation during G2-M phase of the cell cycle.  We find that phosphorylation 

clearly stimulates the Nde1-CENP-F interaction in vitro, and is required for Nde1 

targeting both to the NE and kinetochores.  Of considerable interest, phospho-Nde1 

persists at kinetochores well beyond the metaphase/anaphase transition and much of 

anaphase, similar to CENP-F.  These results, together with physiological analysis of 

Cdk1-phosphorylated Nde1 provide the first strong evidence that Nde1 phosphorylation 

regulates Nde1/Ndel1 cargo binding, and suggests a novel Nde1 role in mitotic 

progression.    

Results 

Cdk1 phosphorylated Nde1 and phospho-mimetic Nde1 localize to known Nde1 mitotic 

sites 

Anti-Nde1/el1 antibody revealed NE and kinetochore staining in Hela cells 

(Stehman et al., 2007; Baffet et al., 2015).  Staining coincided with that for CENP-F at 

kinetochores even before nuclear envelope breakdown (Figure 2.1B).  Nde1/el1 signal 

persists at kinetochores through mid-anaphase, highly unusual behavior for a dynein-

related protein, but strikingly similar to that for CENP-F (Figure 2.1B).  Unfortunately, 

GFP wt Nde1 is not detected at the kinetochore during live-imaging preventing the 

measurement of kinetochore flux to understand the behavior of kinetochore Nde1.  

Analysis was limited to quantitative analysis of kinetochore fluorescent intensity for the 

Nde1/el1 antibody, which revealed an ~50% decrease upon chromosome alignment 
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(Figure 2.1C).  Hela cells were treated with either nocodazole or Taxol to determine the 

importance of microtubule attachment or tension on Nde1/el1 kinetochore signal 

intensity.  Measurement of Nde1/el1 signal intensity in nocodazole treated cells revealed 

a ~2 fold increase in fluorescent intensity compared to cells treated with Taxol (Figure 

2.1D) which suggests MT-attachment contributes to the decrease of Nde1/el1 kinetochore 

signal upon chromosome alignment.  
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Figure 2.1. Examination of endogenous Nde1/Ndel1 localization at the nuclear 
envelope in G2 and the kinetochore during mitosis. A. Schematic diagram of Nde1 
labeled with important phosphorylation sites (T215, T243, T246) and interacting regions 
of known binding partners. Ankyrin-G (Ank-G) and su48 have interact with the C-
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terminal domain of Nde1 though a smaller domain has not been mapped.  B. Endogenous 
Nde1/el1 and CENP-F co-localize at the nuclear envelope in G2 and the kinetochore 
throughout mitosis.  The CENP-F and Nde1/el1 kinetochore signal is present prior to 
nuclear envelope breakdown and persists into anaphase. Scale = 5μm C. Levels of 
endogenous Nde1l/Ndel1 kinetochore signal was measured relative to ACA (ACA: anti-
centromere antibody) signal in cells with unaligned or aligned chromosomes.  The 
average ratio of Nde1/ACA is represented +/- SEM. Student’s T-Test was performed on 3 
replicates of ~25 kinetochores/ cell for 15 cells ***p<.001 The relative Nde1/el1 
kinetochore signal drops by ~50% from cells with unaligned chromosomes to cells with 
aligned chromosomes. Scale=5μm D. Hela cells were treated for one hour with 5μM 
Nocodazole, 10μM Taxol or 10μM MG132, to determine if MT attachment or MT-
Kinetochore tension contributed to the decrease in kinetochore Nde1/el1 kinetochore 
signal in aligned chromosomes.  Relative Nde1/Ndel1 signal levels were quantified 
relative to ACA signal.  Average ratio of Nde1/ACA is represented +/- SEM. Student’s 
T-Test was performed *p<.05. Nde1/el1 kinetochore signal in cells treated with 
nocodazole was twice that of cells treated with MG132 or Taxol. 
 

As a means to examine the role of Nde1 Cdk1 phosphorylation during G2 and 

mitosis, we monitored the distribution of GFP-tagged wt Nde1 as well as triple Cdk1 

phospho-mimetic (Nde1-215E, 243E,246E)  and phospho-mutant Nde1 constructs (Nde1-

215A, 243A,246A).  The mutations were at amino acids T215, T243 and T246, which 

have been shown to be phosphorylated in vivo and/or predicted by consensus site analysis 

to be Cdk1 substrates (Alkuraya et al., 2011; Dephoure et al., 2008) Given Nde1’s 

localization to the NE in G2 and prophase, we assayed for the localization of GFP Nde1 

constructs for co-localization with CENP-F at the NE (Figure 2.2A).  Both Nde1 WT and 

Nde1 phospho-mimetic co-localized with CENP-F at the G2 NE, though levels of Nde1 

phospho-mutant were reduced.  Investigation of the effects of expression of wt Nde1, 

Nde1 phospho-mimetic or phospho-mutant on progression through G2 reveals Nde1 

phospho-mutant expressing cells an increased ratio in G2+/total GFP+ cells in 

comparison to GFP Nde1 phospho-mimetic.  This suggests a possible delay in G2 due to 

decreased localization of phospho-mutant at the nuclear envelope.  
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Figure 2.2 Localization of Nde1 phospho-mimetic and phospho-mutant constructs 
at the NE in G2.  A.  Hela cells were transfected with GFP WT Nde1, GFP Nde1 
phospho-mimetic (Nde1 215E, 243E, 246E) and GFP Nde1 phospho-mutant (Nde1 
215A, 243A,246A) and examined for localization at the G2 NE as determined by 
presence of CENP-F at the NE. Anti-GFP signal co-localized with CENP-F at the NE in 
cells expressing wt Nde1 and Nde1 phospho-mimetic, though a weak signal was detected 
in cells expressing Nde1 phospho-mutant.  Scale=10μm B. Quantification of the ratio of 
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G2+ GFP cells in Hela cells transfected with GFP wt Nde1, GFP Nde1 215E, 243E, 246E 
or GFP Nde1 215A, 243A,246A. The ratio of G2 cells was increased in the GFP Nde1 
phospho-mutant condition in comparison to both wt Nde1 or GFP phospho-mimetic.  

 

Since endogenous Nde1/el1 localizes to the kinetochore from prophase and 

persists into anaphase, we assayed the localization of GFP Nde1 constructs at the 

kinetochore in all stages of mitosis.  GFP wt Nde1 displayed a kinetochore localization 

pattern consistent with endogenous Nde1/el1 (Figure 2.3A).  We found that GFP Nde1 

phospho-mimetic localizes to kinetochores from or soon before NEB and persists at these 

sites though anaphase.  Surprisingly, GFP Nde1 phospho-mutant also showed 

kinetochore localization in prometaphase, though staining appeared weaker than for 

phospho-mimetic Nde1.  More dramatically, GFP-Nde1 phospho-mutant was 

undetectable from kinetochores of aligned chromosomes in metaphase and during 

anaphase (Figure 2.3 B,C).  
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Figure 2.3.  Localization of GFP wt Nde1, phospho-mimetic Nde1 and phospho-

mutant Nde1 at kinetochores in mitotic cells.  A-C. Hela cells were transfected with GFP 
wt Nde1, phospho-mimetic or phospho-mutant Nde1.  In wt Nde1 and phospho-mimetic 
Nde1 expressing cells, anti-GFP antibody detected signal at kinetochores in 
prometaphase, metaphase and anaphase cells. GFP wt Nde1 and phospho-mimetic Nde1 
co-localize with endogenous CENP-F at the kinetochore from prometaphase into 
anaphase.  In contrast, GFP phospho-mutant Nde1 localizes to kinetochores in 
prometaphase, but is absent from metaphase and anaphase kinetochores.  Scale= 5μm 
 

As a means to confirm the kinetochore localization pattern of GFP Nde1 phospho-

mimetic, we performed immunocytochemistry using an antibody raised against a Nde1 

peptide corresponding to phosphorylated at residue T246 (Alkuraya et al., 2011; and see 

Methods). This antibody recognized kinetochores in prometaphase through into anaphase 

(Figure 2.4A).  Measurement of average kinetochore fluorescence intensity again 
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revealed a decrease upon chromosome alignment (Figure 2.4B).  Additionally, phospho 

Nde1 antibody co-localized with CENP-F at kinetochores (Figure 2.4C). 

 

 
Figure 2.4.  Endogenous Cdk1 phosphorylated Nde1 localizes to the kinetochore. 

A.  Hela cells were stained with p246, a phospho-specific antibody recognizing amino 
acid 246, which is exclusively phosphorylated by Cdk1(Alkuraya et al., 2012). Phospho 
Nde1 signal is detected on kinetochores in prometaphase and persists on anaphase 
kinetochores.  B. Quantification of kinetochore p246 signal intensity relative to ACA 
levels reveals a drop in antibody signal on aligned chromosomes in comparison to 
unaligned chromosomes. Mean +/- SEM is represented. C. Endogenous Cdk1 
phosphorylated Nde1, determined by pT246 phospho-antibody, co-localizes with CENP-
F at the kinetochore of 2 μM nocodazole treated cells. Scale = 5μm 
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In addition to differential temporal localization of Cdk1 phospho-mimetic and 

Cdk1 phospho-mutant Nde1, phosphorylation could regulate association with the 

kinetochore.  We measured the average intensity of GFP Nde1 phospho-mimetic or 

phospho-mutant at kinetochores of nocodazole treated cells.  Calculations of average 

GFP intensity relative to centromere marker ACA intensity reveal Nde1 phospho-mutant 

has a decreased intensity at the kinetochore in comparison to phospho-mimetic (Figure 

2.5A,B).  CENP-F kinetochore signal intensity did not differ between conditions (Figure 

2.5C).  This suggests that Nde1 phosphorylation state could regulate interaction with 

kinetochore binding protein, influencing the targeting of Nde1 to the kinetochore. 
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Figure 2.5. Effects of Cdk1 phosphorylation on Nde1 kinetochore localization. A. 
Hela cells were transfected with cDNAs encoding GFP wt , phospho-mimetic, and 
phospho-mutant Nde1 and examined for localization to the kinetochore in nocodazole-
treated cells. All three versions of the expressed Nde1 clearly localized to kinetochore, 
though the intensity for the GFP Nde1 phospho-mutant appeared to be decreased.  The 
intensity of the CENP-F signal appeared to be independent of Nde1 phosphorylation 
state.  Bar = 5 μm. B. Quantification of average GFP-Ndel intensity relative to average 
ACA immunofluorescence signal.  Mean +/- SEM of three independent experiments is 
represented. Anova statistical analysis was performed and a significant difference among 
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the three conditions was determined (p-value =.0033).  Student’s T-test performed 
between columns indicates a significant difference in the levels of GFP Nde1 depending 
on phosphorylation state.  The difference between WT and the phospho-mimetic Nde1 
signal was not was a significant. 

 

  Nde1 phosphorylation increases interaction with its kinetochore-binding partner, 

CENP-F 

Nde1 localization to the kinetochore is dependent on CENP-F, specifically 

through the direct interaction between C-terminal Nde1 and CENPF (Vergnolle and 

Taylor 2007; Liang et al., 2007, Bohley et al 2011).  Though CENP-F knockdown does 

not completely abolish endogenous Nde1/Ndel1 from the kinetochore, endogenous 

Nde1/Ndel1 signal is absent from metaphase and anaphase kinetochores (Figure 2.6 A-

C).  Because our results show that Nde1 Cdk1 phospho-mimetic increases Nde1 at the 

NE and kinetochore in comparison to Nde1 phospho-mutant, we tested whether 

phosphorylation affects the Nde1 interaction with CENP-F in vitro.  In view of the size of 

CENP-F we used a bacterially-expressed GST-tagged CENP-F fragment containing its 

Nde1-Binding Domain (NBD) (Figure 2.7A, B).   GST-CENPF (NDB) was incubated 

with Hela cell lysate expressing wt Nde1, phospho-mimetic Nde1 or phospho-mutant 

Nde1.  Each fragment bound to the CENP-F fragment, though levels of GFP phospho-

mimetic Nde1 bound were increased by ~2 fold (Figure 2.7C).  As an alternative 

approach, bacterially-expressed full-length Nde1 was phosphorylated in vitro with 

recombinant CyclinB/Cdk1 then incubated with GST-CENP-F NBD. We observed an 

~2.5 fold increase in levels of Nde1 pulled down by GST-CENP-F NBD in the 

phosphorylated condition (Figure 2.7D).  Together these experiments suggest that Cdk1 

phosphorylation of Nde1 activates binding to the NE and kinetochore through CENP-F. 
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Figure 2-6.  CENP-F siRNA decreases endogenous Nde1/el signal from 
kinetochores.  A. Hela cells were treated with 2μM Control siRNA or 2μM CENP-F 
siRNA for 48 hours and endogenous Nde1/el1 kinetochore signal was determined in 5μM 
nocodazole treated cells.  Depletion of endogenous CENP-F signal in CENP-F 
knockdown indicates effectiveness of CENP-F siRNA.  B. Quantification of endogenous 
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Nde1/el1 fluorescence signal intensity relative to ACA for control siRNA or CENP-F 
siRNA conditions reveals a decrease in Nde1/el1 signal in CENP-F siRNA condition.  
Average ratio of Nde1/el1/ACA is represented +/- SEM. Student’s T-Test was performed 
on 3 replicates of ~25 kinetochores/ cell for ~20 cells and a significance of <.0001 was 
calculated. There is a significant decrease in endogenous Nde1/el1 kinetochore intensity 
in cells treated with CENP-F siRNA.  C. Staining of endogenous Nde1/el1 in mitotic 
cells treated either with 2μM control siRNA or 2μM CENP-F siRNA reveals Nde1/el1 
signal is lost from kinetochores in metaphase and anaphase cells but Nde1/el1 is present 
on prometaphase kinetochores. 
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Figure 2-7. Biochemical analysis of Cdk1 effects on the Nde1-CENP-F 
interaction. A. Schematic diagram of the CENP-F fragment used for biochemical analysis 
(NBD: Nde1 binding domain, amino acids 2122-2297) B. GST pull-down of Nde1 by 
GST CENP-F NBD fragment. C. GST CENP-F NBD pull down of GPF Nde1 constructs 
from Hela cells expressing wt Nde1, Nde1 phospho-mimetic or Nde1 phospho-mutant. 
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Quantification of GFP Nde1 in GST CENP-F NBD pellet demonstrates an increased 
amount of GFP Nde1 phospho-mimetic. D. GST pull down of CENP-F NBD with HA-
Nde1 following phosphorylation of Nde1 using recombinant in the presence or absence 
of Cdk1/CyclinB. Levels of Nde1 in the CENP-F NBD pull-downs were quantified and 
revealed increased amount of Cdk1/Cyclin B phosphorylated Nde1 in the GST CENP-F 
NBD pellet.  ** p<.01. 

 
Role of Nde1 phosphorylation in mitosis 

Our results indicate that Nde1 phosphorylation enhances its recruitment to the NE 

and kinetochore generally through an increased interaction with kinetochore binding 

partner CENP-F.  We sought further to determine whether phosphorylation regulates 

Nde1 mitotic activity.  Live-cell imaging of Hela H2b-Cherry cells was performed to 

analyze the effect of over-expression of Nde1 phosphorylation constructs on mitotic 

progression (Figure 2.8A-E).  Cells expressing GFP Nde1 phospho-mutant (215A, 243A, 

246A), spent an average 2X longer from NEBD to alignment as well as time spent in 

metaphase (average unaligned=67.14 min; average aligned=53.91min). The delay in the 

unaligned state was often due to lack of compact chromosome alignment at the 

metaphase plate.  The Nde1 phospho-mimetic (215E, 243E, 246E) expressing cells 

displayed a slight increase in the average time spent at metaphase (aligned- ~27min), 

though not significantly different from wt Nde1 or GFP conditions.  Monitoring of H2B 

Cherry cells expressing the Nde1 phosphorylation constructs demonstrates the dominant 

negative effect of Nde1 phospho-mutant causing defects in chromosome alignment and 

metaphase arrest.  

To further investigate the requirement of Nde1 Cdk1 phosphorylation constructs, 

rescue experiments were performed.  Reduction of Nde1 by siRNA decreased 

endogenous levels of Nde1 from Hela cells (Figure 2.9G) Nde1 Cdk1 phosphorylation 

constructs could rescue Nde1 knockdown mitotic progression phenotype.  Cells were 
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treated for 48 hours with Nde1 siRNA followed by the addition of GFP constructs 24 

hours before imaging.  Nde1 RNAi caused a significant delay in anaphase onset, as has 

been observed using Nde1 siRNA, treatment with function-blocking AB or GFP Nde1 

dominant negative contructs (Raaijimakers, vergnolle, stehman).  Surprisingly, Nde1 

siRNA rescue with wt Nde1, Nde1 phospho-mimetic (215E, 243E, 246E) and Nde1 

phospho-mutant (215A, 243A, 246A) all decreased the time in mitosis to similar extents. 

There was no significance difference significant difference in the average time from 

nuclear envelope breakdown until anaphase onset between the Nde1 phosphorylation 

conditions. There is a ~15min increase in mitotic duration when Nde1 siRNA is rescued 

with Nde1 phospho-mutant construct (215A, 243A, 246A) in comparison to wt Nde1 and 

Nde1 (215E, 243E, 246E).  Specifically there was a subtle increase in the unaligned and 

aligned; NUMBERS (Figure 2.9 D, E, F).  This slight delay in anaphase onset could 

indicate a subtle role for the phosphorylated population of Nde1 in prometaphase and 

metaphase Nde1 functions but both Nde1 phospho-mutant and Nde1 phospho-mimetic 

have the ability to rescue Nde1 mitotic progression defects to the same levels as WT 

Nde1 (Figure 2.9 E,F).  
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Figure 2.8. Effects of over expression of GFP Nde1 phospho constructs on mitotic 
progression. A-D. H2B cherry Hela cells were transfected with either GFP vector or GFP 
Nde1 constructs for 24 hours and then imaged for the occurrence of mitotic events. The 
time from NEBD to alignment (unaligned) was measured as well as the time spent in 
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metaphase prior to anaphase onset (aligned).  Each mitotic event for GFP, wt Nde1, 
phospho-mimetic (Nde1 215E, 243E, 246E) or phospho-mutant (Nde1 215A, 243A, 
246A) expressing cells were graphed. ** denotes cells that did not enter anaphase 
throughout the duration of the movie. Scale = 10μm E.  Quantification of the average 
time spent from NEBD to anaphase onset. Cells expressing Nde1 phospho-mutant on 
average spent a longer time from NEBD to anaphase in comparison to GFP, wt Nde1 or 
phospho-mimetic Nde1. Summary of the time in unaligned vs. aligned: Nde1 215A, 
243A, 246A-67.72 min, 53.59 min; Nde1 215E, 243E, 246E-32.91 min, 27.70 min; wt 
Nde1-34.50 min, 13.68 min; GFP-35.31 min, 12.15 min) Representative images of Hela 
H2B cherry cells expressing GFP, GFP wt Nde1, GFP Nde1 phospho-mimetic or GFP 
Nde1 phospho-mutant. Image panels represent time point 9 minutes apart. Scale =10µm 
A. 
 

 
 
B. 
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C. 

 

D. 
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Figure 2.9. Rescue of Nde1 siRNA mitotic progression defects with wt, phospho-mimetic 
or phospho-mutant Nde1.  A. Live cell imaging of H2B cherry Hela cells treated with 
control siRNA or Nde1 siRNA.  Representative images of control siRNA or Nde1 siRNA 
treated cells during mitosis. Scale = 10μm  B. Graphical representation of time spent 
from NEBD to alignment (unaligned) and time spent in metaphase (aligned) for either 
control siRNA treated cells or Nde1 siRNA treated cells.  Each bar represents a single 
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mitotic event.  ** denotes cells that did not enter anaphase throughout the duration of the 
movie. C-D. Images of mitotic events of H2B cherry Hela cells treated for 48 hours with 
Nde1 siRNA then transiently transfected with wt Nde1, Nde1 phospho-mimetic (Nde1 
215E, 243E, 246E) or Nde1 phospho-mutant (Nde1 215A, 243A, 246A). Quantification 
of time spent from NEBD to alignment (unaligned) and time spent in metaphase (aligned) 
for each condition. Each bar represents one mitotic event E. Summary of the total time 
from NEBD to anaphase onset for each condition. Scale = 10μm   A Non-parametric 
Mann-Whitney test was run to compare the means between rescue constructs. There is no 
significant difference between the conditions. F. Summary of the time spent with 
chromosomes unaligned or aligned for control siRNA treated cells, Nde1 siRNA treated 
cells, or Nd1 siRNA cells transiently transfected with either wt Nde1, phospho-mimetic 
or phospho-mutant Nde1.  G.  Endogenous Nde1 protein levels in Hela cell lysate either 
expressing control siRNA or Nde1 siRNA. Cells were harvested after 48 hours.  
 

Role of Nde1 in Anaphase A  

Unique to Nde1/el relative to cytoplasmic dynein mitotic localization is the persistence of 

endogenous and Cdk1 phosphorylated Nde1 on kinetochores in anaphase.  Since dynein 

has been reported to decrease the velocity of chromosomes in anaphase A by ~30% 

(Howell et al. 2000), we tested whether Nde1 has a similar role in anaphase.  H2B Cherry 

Hela cells were treated with control siRNA or Nde1 siRNA for 48 hours before imaging.  

Aligned cells were imaged, following treatment with Cdk1 inhibitor RO-3306 to 

stimulate anaphase onset.  Measurement of maximum chromosome mass distance in the 

first 2.5 minutes of anaphase (anaphase A) was used to determine the chromosome 

velocity in each condition.  Cells treated with control siRNA had an average anaphase A 

velocity of ~1.5μm/min, which is similar to previous reports (Reider and Salmon; 1998) 

while cells treated with Nde1 siRNA exhibited an average anaphase A velocity of .998 

μm/min; a decrease of ~25%  (Figure 2-10 A, B, E).  
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Figure 2.10 Role of Nde1 in Anaphase A-D. H2B Cherry Hela cells were treated 

with control siRNA or Nde1 siRNA for 48 hours prior to imaging. Aligned cells were 
located prior to addition of 9uM RO-3306, which was used to simulate anaphase onset. 
One minute post drug application, movies were acquired every 30 seconds and 
chromosome movements in anaphase were monitored. To determine the rate of 
chromosome separation in anaphase A, maximal inter-chromosome distance was measure 
the first 2.5 minutes. A-B. Representative trace of chromosome behavior in control 
siRNA and Nde1 siRNA treated cells. Average anaphase A velocity of control siRNA 
was 1.556 μm/min (n=25 cells) while Nde1 siRNA average velocity was .998 μm/min 
(n=34 cells). Scale = 10μM   C. Representative images of anaphase movies of Nde1 
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siRNA treated cells rescued with GFP wt Nde1, phospho-mimetic Nde1 or phospho-
mutant Nde1. Scale = 10μM   D. Average anaphase velocities for Nde1 siRNA treated 
cells rescued with wt Nde1 (1.67 μm/min, n=7),  phospho-mimetic Nde1(1.121 μm/min, 
n=7),  or phospho-mutant Nde1 (1.47μm/min n=7). E. Comparison of average Anaphase 
A velocities. 
 

To test the role of Nde1 phospho-mimetic and phospho-mutant on anaphase A 

behavior, we expressed GFP wt, phospho-mimitic or phospho-mutant Nde1 in cells 

treated with Nde1 siRNA. GFP wt Nde1 and phospho-mutant Nde1 expressing cells had 

average Anaphase A velocities of 1.67 μm/min and 1.47 μm/min, respectively (Figure 2-

10 C,D, E). These values are comparable to that measured for control siRNA cells, 

indicating that wt Nde1 and phospho-mutant Nde1 rescue Nde1 siRNA anaphase A 

defects.  In comparison, Nde1 siRNA cells expressing Nde1 phospho-mimetic had an 

average anaphase A velocity of 1.121 μm/min.  (Figure 2-10 C,D, E).  GFP Nde1 

phospho-mimetic did not rescue Nde1 siRNA anaphase A velocity defects.  
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Figure 2.11.  Summary of the nuclear envelope and kinetochore localization of 
Cdk1 phosphorylated Nde1. Cdk1 phosphorylated Nde1 (Nde1***) localizes to the 
nuclear envelope in late G2 and prophase, while dephosphorylate Nde1 (Nde1) has a 
weaker association. During mitosis, Cdk1 phosphorylated Nde1 binds to the kinetochore 
in prometaphase, metaphase and anaphase. In contrast, dephosphorylated Nde1 only is 
detected at the prometaphase kinetochore.  

 
Discussion 

Nde1 is a known target of Cdk1 kinase activity, but the effects of phosphorylation 

on its subcellular localization and mitotic behavior have remained largely unexplored.  

We find that Cdk1 phosphorylation targets Nde1 to the late G2 NE and to mitotic 

kinetochores from prophase through mid-anaphase (Figure 2.11).  This behavior appears 

to be mediated by a Cdk1-enhanced interaction between Nde1 and CENP-F.  Phenotypic 

studies reveal Nde1 phospho-mutant (Nde1 215A, 243A, 246A) has a dominant negative 

effect, causing cells to exhibit a late prometaphase or metaphase arrest.  RNAi rescue 
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experiments show that both phosphorylated as well as dephosphorylated Nde1 function 

during mitosis, and suggest that Cdk1 phosphorylation regulates Nde1 behavior 

throughout late G2 and mitosis.  

Role of Nde1 phosphorylation in G2-M Phase Targeting and CENP-F binding 

We find that Cdk1 phosphorylation state of Nde1 dictates Nde1’s NE and 

kinetochore localization in G2/M.  Phospho-mimetic and wt Nde1 localized to the G2 NE 

and mitotic kinetochores, in the latter case apparently from before NEBD to anaphase.  

Use of an Nde1 phosphorylation site-specific antibody (Fig. 1) clearly supported the 

association of Cdk1 phosphorylated Nde1 with the kinetochore.  In contrast, the Cdk1 

phospho-mutant Nde1 showed weak labeling at the NE and a kinetochore signal on 

prometaphase kinetochores but absent at metaphase and anaphase.  This pattern is 

consistent with decreased kinetochore association upon end-on MT attachment like other 

dynein-related proteins.  The differential localization of phospho-mimetic and phospho-

mutant Nde1 is the first report of Cdk1 phospho-regulation of localization of dynein 

adaptor proteins in mitosis. 

A key finding of the current study is that Cdk1 phosphorylation enhances the 

interaction of Nde1 with CENP-F.  Both in vivo-expressed phospho-mimetic Nde1 and in 

vitro Cdk1-Cyclin B1 phosphorylated Nde1 were observed to interact more strongly with 

a recombinant CENP-F fragment in comparison to in-vivo expressed phospho-mutant 

Nde1 or non-phosphorylated Nde1.  This is the first evidence for protein kinase-mediated 

activation of Nde1 or Ndel1 cargo binding and its regulation of sub-cellular targeting.  

Given the reported role of Cdk5 phosphorylation in Ndel1 or Nde1 function in axonal 
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transport (Pandey et al., 2010; Klinman and Holzbaur, 2015), phosphorylation could be 

regulating the interaction between Nde1 and Ndel1 and vesicular factors as well.  

Additionally, in vivo, phospho-mimetic Nde1 showed stronger signal at the 

mitotic kinetochore relative to Nde1 phospho-mutant, presumably through an increased 

interaction with CENP-F.  It is possible that over-expression of the phospho-mutant Nde1 

artificially increases its levels at kinetochores.  A favored model is that since CENP-F 

siRNA does not completely abolish endogenous Nde1/Ndel1 from the kinetochore, an 

additional Nde1 kinetochore recruitment factor, potentially zw10 (Stehman et al., 2007),  

could be responsible for anchoring phospho-mutant to the kinetochore. Phosphorylation 

state of Nde1 could dictate Nde1 to specific mitotic cargo. 

Endogenous Nde1/Ndel1 have a unique kinetochore pattern of the dynein-related 

proteins.  Along with CENP-F, Nde1/Ndel1 remain at the kinetochore into anaphase.  In 

addition, Nde1/Ndel1 signal declines ~50% upon chromosome alignment.  To confirm 

the decrease in kinetochore Nde1 from prometaphase to metaphase, a GFP wt Nde1 

stable cell line could allow for the visualization of GFP-wt Nde1 on kinetochores.  FRAP 

recovery experiments of GFP wt-Nde1 turnover at unaligned or aligned kinetochores, 

would allow for quantitative insight into Nde1 kinetochore dynamics.  

 Cdk1 phosphorylated Nde1, monitored by both over-expression of phospho-

mimetic or phospho-specific AB, reveal a strikingly similar kinetochore pattern.  Cdk1 

phosphorylated Nde1 persists at the anaphase kinetochore, even when Cdk1 levels have 

dropped.  Additionally, we found that phosphorylated Nde1, monitored using the 

phospho-specific antibody, showed a ~50% decline in signal upon chromosome 
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alignment.  This suggests that the Cdk1 phosphorylated form of the protein is 

predominant at kinetochores both prior to chromosome alignment and into anaphase. 

The decrease in p-Nde1 at the aligned chromosomes may be a simple reflection of 

the reduced levels of its recruitment protein.  We find that CENP-F kinetochores levels 

drop by ~half upon chromosome alignment (Data not shown).  Cytoplasmic dynein, at 

least some of its regulators, and spindle assembly checkpoint (SAC) proteins are 

substantially depleted upon chromosome alignment and presumably end-on MT 

attachment.  It seems reasonable that the partial loss of both phospo-Nde1 and CENP-F 

might be mediated by dynein-mediated poleward transport mechanism.  It is important to 

note, CENP-F and Nde1/Ndel1 do not have the classic streaming/spindle localization 

pattern like dynactin or Lis1.  An alternative possibility is that Nde1/Ndel1 and CENP-F 

release from the kinetochore and remain at the precursor to the spindle mid-zone for post-

metaphase functions.  Further research is required to explore the role of non-kinetochore 

bound Nde1 and CENP-F.  

How Cdk1-phosphorylated Nde1 can persist at anaphase kinetochores despite the 

well-established drop in Cdk1 activity at anaphase onset is unknown.  An appealing 

possibility involves a potential role for member proteins of the 14-3-3 family, which 

protect Ndel1’s Cdk 1/5 sites from dephosphorylation (Toyo-oka et al., 2003).  Nde1 has 

been reported to interact with 14-3-3e, in a phospho-dependent manner (Kimura et al., 

2014; Lu and Prehoda, 2013).  The interaction between Nde1 and 14-3-3e could allow for 

a pool of Nde1 to resist kinetochore-associated phosphatase activity and ultimately allow 

for the persistence of Nde1 at the kinetochore into anaphase.  

 Functional Analysis 
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Phenotypic analysis of Nde1 siRNA and Cdk1 phospho constructs implicates 

phosphorylation of Nde1, not only in regulating Nde1 localization to the kinetochore, but 

also Nde1’s mitotic function.   

Examination of cells expressing Nde1 phosphorylation construct reveals an 

increase in G2+ cells in the Nde1 phospho-mutant condition.  This result is consistent 

with a previous report implicating a single Cdk1 phospho-mutant Nde1 construct (Nde1 

246A) in increasing the percentage of G2 cells (Alkuraya et al., 2011).  Since defects in 

dynein and dynein accessory proteins do not cause a block in mitotic entry in mammalian 

culture cells (Salinas et al., 2000), the increase in ratio of cells in G2 could reflect a delay 

in cell cycle progression.  One possibility is that Cdk1 phosphorylation of Nde1 aids in 

NE dynein functions during G2/prophase, since Ndel1 Cdk1 and Cdk5 phosphorylation 

was demonstrated to have a role in the formation of prophase nuclear envelope 

invaginations (Hebbar et al., 2008).  Further examination of defects in prophase 

centrosome separation or centrosome-nucleus anchoring is required to elucidate the role 

of Cdk1 phosphorylation of Nde1 in Nde1 and dynein G2/prophase functions.  

Over-expression of Nde1 phosphorylation constructs reveals Nde1 phospho-

mutant causes a delay in anaphase due to a prolongment in late prometaphase and a 

metaphase arrest.  This could be caused by either defects in formation of stable end-on 

MT attachments or stabilization of KT-MT attachments.  In multiple cells, chromosomes 

did not form a tight alignment at the metaphase plate and often exhibited more 

exaggerated chromosome movements upon alignment, suggesting a possible lack of KT-

MT tension and stabilization.  For mechanistic insight into the chromosome behavior of 

Nde1 phospho-mutant expressing cells, oscillations of kinetochore pairs in CENPA-YFP 
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expressing Hela cells could be quantified.  Increased oscillations of kinetochore pairs in 

the phospho-mutant would suggest phosho-Nde1 is required for dynein’s role in KT-MT 

stabilization at the metaphase kinetochore.  In contrast, Cdk1 phosphorylated Nde1 does 

not play a role in the SAC inactivation of dynein, since Nde1 phospho-mutant expressing 

cells do not enter anaphase with incomplete MT attachments since no lagging 

chromosomes in anaphase were detected.  

GFP phospho-mutant Nde1 signal at the kinetochore is decreased in comparison 

to GFP wt Nde1 or GFP phospho-mimetic Nde1.  How this decreased kinetochore 

localization is affecting the over-expression phenotype of phospho-mutant Nde1 is 

unknown.  One possibility is that Nde1 phospho-mutant is sequestering an essential 

binding partner independent of CENP-F.  Proteomics analysis of differential interactions 

between phospho-mimetic and phospho-mutant Nde1 will provide clues into unique 

interactions.  Potential candidates are zw10, as well as Lis1 and dynein.  Alternatively, 

expression of phospho-mutant Nde1 could displace of endogenous Nde1, presumably 

both Cdk1 phosphorylated Nde1 and dephosphorylated Nde1.  The defects observed in 

expression studies would be a result of the lack of phosphorylated Nde1 at the 

kinetochore and clearly indicate a role for Cdk1 phosphorylated Nde1 at the kinetochore.  

Testing for endogenous phosphorylated Nde1 localization at the kinetochore in Nde1 

phospho-mutant cells would provide clues whether the over-expression of Nde1 phospho-

mutant is displacing endogenous Nde1.   

A subtle delay in anaphase onset was observed in Nde1 phospho-mimetic cells, 

specifically an increase in the average time in metaphase in comparison to GFP or GFP 

wt Nde1 conditions.  This suggests the possibility for a role for Nde1 phospho-mutant in 
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Nde1’s mitotic function, though further characterization will be required to determine the 

exact role of phospho-mutant Nde1.  

Nde1 knockdown caused a delay in anaphase onset, consistent with prior reports 

(Vergnolle and Taylor, 2007; Raaijmakers et al., 2013).  Cells exhibited both a 

prolongment in chromosome alignment and time spent aligned at the metaphase plate 

consistent with previously reported roles in dynein-dependent functions of MT 

attachment and stabilization (Stehman et al., 2007). Surprisingly, wt, phospho-mimetic 

and phospho-mutant Nde1 all rescued mitotic progression delays, albeit incompletely, 

perhaps reflecting incomplete rescue.  This suggests that both phospho-mimetic and 

phospho-mutant have the activity required to rescue Nde1 mitotic defects.    

Rescue with wt Nde1 does not decrease the time in mitosis to control siRNA 

treated levels, potentially a reflection of incomplete rescue since over-expression of wt 

Nde1 does not cause delayed mitotic progression phenotype.  In addition to the 

kinetochore, Nde1 has roles at the centrosome and spindle pole (Yan et al., 2003; 

Hirohashi et al., 2006b).  Nde1 siRNA could cause a disruption of the mitotic spindle not 

completely rescued by expression of wt Nde1 or Nde1 phospho-constructs.  This could be 

reflected in the out-lying time points in each condition.  Given multiple functions of 

Nde1 in mitosis at the kinetochore and centrosome, it is important to remember rescue 

experiments reflect Nde1 phospho-mutant’s and phospho-mimetic’s role at both of these 

sites and defects are not just indicative of the kinetochore fraction of Nde1.  

  The physiological requirement for the CENP-F-phospho-Nde1 interaction at 

kinetochores throughout mitosis may involve the fidelity of MT capture and stability of 

the MT-KT interaction.  CENP-F depletion causes chromosome misalignment, 
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suggesting a role in efficient and correctly orientated MT attachments potentially through 

its MT binding ability (Holt et al., 2005; Feng et al., 2006; Yang et al., 2005; Volkov et 

al., 2015).  As proper MT attachment is reduced in Nde1 knockdown cells and potentially 

in phospho-mutant Nde1 over-expression, we reason that phospho-Nde1 may contribute 

with CENPF in this function.  The persistence of CENP-F and phospho-Nde1 perhaps 

Nde1 serves in a fail-safe role, available even upon anaphase onset to recruit cytoplasmic 

dynein back to kinetochores that might have lost their attachment.  Residual Nde1 at 

kinetochores might acquire dynein without delay to rescue attachment errors.  Further 

work will be required to test these important possibilities.    

Post-Metaphase roles of Nde1 

To begin to clarify the role of Nde1 in post-metaphase functions, we examined the 

effect of Nde1 siRNA on anaphase A velocity since disruption of dynein and dynein 

adaptor protein zw10 caused defects in anaphase A velocity.  Nde1 siRNA caused a 

decrease in anaphase A velocity. Unlike Nde1 siRNA treated H2B rescued with Nde1 

siRNA with GFP wt Nde1 or GFP Nde1 phospho-mutant, cells rescued with GFP Nde1 

phospho-mimetic had a slower average anaphase A velocity.  This would suggest that the 

kinetochore localization of Cdk1 phosphorylated Nde1 is not essential for its function in 

anaphase A.  The mechanism of dynein’s role in anaphase A is unknown.  It is possible 

that additional sub-fractions of Nde1 localized to the centrosome and spindle pole are 

contributing to Nde1’s anaphase function by influencing forces on the mitotic spindle.  

GFP Nde1 phospho-mimetic has decreased localization to the centrosome and spindle 

pole in comparison to GFP Nde1 phospho-mutant (Yan et al., 2003;Hirohashi et al., 

2006b).  Although Nde1 phospho-mimetic is present on the kinetochore, the decreased 
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localization at the centrosome and spindle pole could be contributing to inability to 

rescue Nde1 siRNA anaphase A velocity defects while GFP Nde1 phospho-mutant is able 

to rescue the defects.  

The function of the CENP-F-Nde1 interaction in the later stages of mitosis is also 

uncertain, though CENP-F and Nde1/Ndel1 can be detected at the central spindle in late 

anaphase and telophase cells.  Nde1’s localization to the mid-zone and function in post-

metaphase roles has not been reported or investigated.  CENP-F c.elegans homolog 

HCP1/2 has been reported to have a role in central spindle initiation (Maton et al., 2015), 

though a similar role in mammalian cells will require further research to clarify as well as 

implication of Nde1 in this role.  As mentioned previously, the maintenance of CENP-F-

phospho Nde1 at the kinetochore in anaphase might be to reserve a sub fraction of Nde1 

at the kinetochore for residual MT-attachment functions.  Further experiments will clarify 

this role of the Cdk1 phosphorylated Nde1 and determine whether Cdk1 

dephosphorylated Nde1 has a non-centrosome localization pattern that could contribute to 

a central spindle function of Nde1.  
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Chapter 3: Structure-function dissection of Nde1’s role in 
mitosis 

 
Introduction 

The previous chapter explored how Nde1 phosphorylation by Cdk1 increased 

Nde1’s interaction with its nuclear envelope (NE) and a kinetochore recruitment factor, 

CENP-F.  The importance of phosphorylation in controlling Nde1’s recruitment to 

mitotic sites was demonstrated as a Nde1 phospho-mimetic construct specifically 

localized to the NE in G2 and to the mitotic kinetochore from prophase into anaphase.  

However, the regulation of Nde1’s localization at the NE and kinetochore is ultimately 

only important as far as it allows the cell to modulate the activity of cytoplasmic dynein 

at these sites in a cell cycle specific fashion.   

The precise coordination of cytoplasmic dynein’s activity at the kinetochore 

during mitosis affects several crucial steps necessary for proper chromosome segregation 

including chromosome congression (Yang et al., 2007), stabilization of kinetochore-

microtubule attachments during metaphase (Varma et al., 2009), and removal of the 

spindle assembly checkpoint (SAC) proteins (Howell et al., 2000).  In order to 

accomplish these diverse functions during mitosis, dynein requires interactions with 

multiple cofactors including Nde1/el1, dynactin, Lis1 and the kinetochore proteins Zw10 

and Spindly (Stehman et al., 2007; Gassman et al., 2010; Starr et al., 2000; Faulkner et 

al., 2000).  For some of these interactions, the molecular consequences are well known—

for example Zw10 and Spindly interact with dynein to contribute to dynein’s role in the 

removal of the spindle assembly checkpoint protein Mad2 upon MT attachment (Chan et 

al., 2000; Buffin et al., 2005)—but questions remain about the exact mechanism of 

Nde1’s interaction with dynein and its roles in specific mitotic functions.  
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Inhibition of Nde1, both by siRNA or Nde1/Ndel1 function blocking AB, has 

demonstrated Nde1’s involvement in multiple dynein-dependent mitotic functions 

including SAC inactivation through removal of Zw10, chromosome alignment at 

metaphase, and formation of stable kinetochore-MT attachments (Stehman et al., 2007; 

Vergonolle et al., 2007; Liang et al., 2007).  Nde1 depletion might produce these 

phenotypes though multiple different physical interactions as both in vitro and in vivo 

studies show Nde1 can play a role in modulating dynein’s activity through direct 

interaction with dynein intermediate chain as well as the recruitment of Lis1.  

Additionally, in vitro, Nde1 interacts with both dynein and Lis1 via its N-terminal coiled-

coil domain and this tri-protein complex of Nde1-Lis1-Dynein transforms dynein into a 

persistent force-producing motor, and in vivo this complex is required for high force 

production of dynein in lipid droplet motility (McKenney et al., 2010; Reddy et al., 

2016).   

To address the role of the direct interactions between Nde1 and Lis1/dynein, we 

created point mutations in Nde1 to target either Nde1’s Lis1 interaction or its dynein 

interaction.  Through molecular dissection of Nde1’s interactions with dynein and Lis1 

we uncover the distinct functions for each interaction.  Phenotypic studies of Nde1 

mutants reveal that the Nde1-del dynein mutant causes severe defects in mitotic 

progression while Nde1-del Lis1 mutant causes only a slight increase in the time from 

NEBD to anaphase onset.  Biochemical assays show Nde1 directly recruits dynein to the 

kinetochore through its N-terminal coiled-coil domain and this direct interaction is 

required for Nde1’s role in stabilization of MT-KT at metaphase.  While interestingly, 

Lis1 binding to Nde1 influences Nde1’s localization to the kinetochore through Nde1’s 
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interaction with CENP-F.  By genetically separating the two main interactions of Nde1 

we demonstrate how each is required for unique aspects of Nde1’s function.  

 
Results 

Characterization of the Nde1-Dynein and Nde1-Lis1 interactions 

  Construction of Nde1 mutants specifically targeting either the dynein or Lis1 

interactions requires precise knowledge of the sites of interaction within the Nde1 

molecule.  

Previously, disruption of the Nde1-dynein interaction was accomplished by a 

deletion in the C-terminal domain of Nde1, specifically amino acids 257-291, since this 

region was identified as the dynein-interacting region in yeast-two hybrid experiments 

(Sasaki et al., 2000).  Discovery of an additional dynein-binding domain within Nde1’s 

N-terminal coiled-coil domain complicates the presence of a single dynein-binding site 

(Zyłkiewicz et al., 2011; Wang et al., 2011).  We performed biochemical pull-down 

experiments with recombinant Nde1 fragments and point mutations to clarify the role of 

Nde1’s N-terminal or C-terminal domains in Nde1’s dynein-binding ability.  A series of 

Nde1 truncations were created to target the previously reported C-terminal dynein-

binding domain (amino acid 252-291); Nde1 1-291 maintains the entire c-terminal 

dynein-binding domain, while Nde1 fragments 1-248, 1-218 and 1-191 completely lack 

the C-terminal dynein binding site.  To test of the role of the Nde1 fragments on Nde1’s 

dynein binding activity, we performed HA immuno-precipitations of recombinant HA 

tagged Nde1 in the presence or recombinant dynein intermediate chain fragment (IC 1-

250) or purified dynein complex (Figure 3.1A-C).  Western blot analysis reveals each HA 

Nde1 construct bound to both dynein intermediate chain and purified dynein complex.  
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These observations suggest the C-terminal domain of Nde1 is not required for Nde1’s 

interaction with dynein.  

To target the N-terminal dynein-binding domain and assess its role in Nde1’s 

dynein binding activity, we mutated two amino acids in the coiled-coil region, amino acid 

T48 and amino acid T51 (Zyłkiewicz et al., 2011).  GST tagged wt Nde1 or Nde1 47.51A 

was incubated with bovine brain purified dynein. Wt Nde1 pulled down dynein, while 

Nde1 47.51A did interact with the purified dynein complex (Figure 3.1D).  The HA 

immuno-precipitation experiment suggests the N-terminal dynein-binding domain, 

specifically amino acids T47 and T51, is essential for Nde1’s interaction with dynein.   

To further confirm of the role of the N-terminal of Nde1 in its interaction with 

dynein, we tested ability to form a tri-protein complex with CENP-F, Nde1 and dynein 

IC.  Nde1 interacts with CENP-F via is C-terminal unstructured region, which overlaps 

the predicted C-terminal dynein binding domain (Vergnolle and Taylor, 2007).  Any IC 

pulled down by Nde1 bound to CENP-F should be via the N-terminal coiled-coil domain 

since the C-terminal domain is occupied by CENP-F.  GST-pull down experiments were 

performed to test this hypothesis.  GST-CENPF fragment containing only the Nde1 was 

incubated with Nde1, washed, and then incubated with dynein IC fragment.  Intermediate 

chain only pulled down with GST-CENP-F in the presence of Nde1 (Figure 3.1E).  The 

formation of a triple complex between Nde1, CENP-F and IC suggests that Nde1 can 

interact with both IC and CENP-F simultaneously and is able to recruit dynein when 

bound to CENP-F. 
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Figure 3.1 Biochemical characterization of Nde1’s interaction with dynein.  A. Schematic 
diagram of Nde1 domains. The N-terminal coiled-coil domain contains a dynein-binding 
site and a lis1-binding site. The C-terminal unstructured domain contains multiple 
phosphorylation sites (*), around amino acid 219-246. The C-terminus contains LC8 bind 
site and a previously identified C-terminal dynein-binding site.  A summary of the results 
of HA immuno-precipitations where HA-Nde1 truncations were incubated with either 
recombinant intermediate chain fragment (IC 1-250) or bovine brain purified dynein.    
Each of the C-terminal truncations was able to interact with both dynein complex and 
recombinant IC. B. HA-tagged Nde1 constructs were recruited to protein A beads. HA-
Nde1 constructs recruited to monoclonal HA conjugated protein A beads were incubated 
with bacterially purified N-terminal IC fragment (1-250) or bovine brain purified dynein 
complex. C. Recombinant Nde1 or Nde1 del dynein (Dynein 47.51AA) were recruited to 
protein A beads via HA antibody and incubated with bovine purified dynein complex.  
HA-Nde1 del dynein did not interact with purified dynein complex. D. A GST pull-down 
experiment with GST CENP-F NBD pull down of dynein intermediate chain in the 
absence or presence of Nde1. Dynein IC only pulls down with CENP-F NBD in the 
presence of Nde1. 

 
Biochemical experiments validated the N-terminal dynein-binding domain as the 

main interacting site between Nde1 and dynein.  A mammalian expression construct, 

named GFP Nde1 del dynein, containing point mutations at amino acid 47 and 51 to 
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abolish the N-terminal dynein-binding domain, was created to study in vivo the affect of 

this mutation (Figure 3.2A).  Interestingly, immuno-precipitation of GFP Nde1 

constructs, never detected an interaction with dynein.  Alternatively, to confirm the lack 

of dynein-binding activity in the Nde1 del dynein construct, we expressed GFP-

intermediate chain and tested for an interaction with recombinant Nde1, either GST-WT 

Nde1 or GST-Nde1 del dynein (47.51AA).  The levels of dynein that interacted with 

Nde1 decreased in the Nde1 del Dynein condition (Figure 3.2 C).   

 

 
Figure 3.2 Characterization of Nde1 mutant constructs used to study the mitotic 

role of Nde1’s interaction with Lis1 or dynein. A. Diagram representations of the Nde1 
mutants used in this study, specifically Nde1 del dynein, which has two alanine mutations 
at amino acid 47 and 51, and Nde1 del Lis1, which as three alanine mutations—119A, 
127A,129A. B. GFP Immuno-precipitation of GFP, GFP wt Nde1, GFP del dynein or 
GFP del Lis1 reveals a loss of pull-down of endogenous Lis1 in the GFP alone and GFP 
Nde1 del Lis1 condition.  C. GST pull down of dynein intermediate chain from cells 
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expressing GFP-IC2C with either GST wt Nde1 or GST Nde1 47.51AA. GFP IC2C only 
pulls down with GST wt Nde1.  

 
To specifically abolish the interaction between Nde1 and Lis1, three amino acids 

(119,127,129) were mutated in the third coiled-coil region of Nde1, specifically due to 

their reported role in decreasing the biochemical interaction with Lis1 (Derewenda et al., 

2008).  Confirmation of proof-of-principle was achieved through anti-GFP immuno-

precipitation with Hela cell lysate expressing either GFP WT, GFP del Lis1, or GFP del 

Dynein.  In both GFP wt Nde1 and GFP Nde1 del dynein conditions, an interaction with 

Lis1 was detected.  An interaction with Lis1 was not detected in the GFP-Nde1 Del Lis1 

condition (Figure 3.2B).  The Nde1 mutants were confirmed to disrupt their respective 

interactions and validated as tools to dissect the role of Nde1’s direct interaction with 

either dynein or Lis1.    

Importance of Nde1’s interaction with dynein or Lis1 in mitotic progression  

To determine how Nde1’s interaction with either Lis1 or dynein influenced 

Nde1’s role during mitosis, we performed live-cell imaging experiments of H2B cherry 

Hela cells expressing GFP Nde1 constructs to assay defects in mitotic progression.  

Mammalian expression constructs, GFP, GFP wt Nde1, GFP Nde1 del dynein or GFP del 

Lis1, were transfected into cells stable-expressing H2B cherry and monitored for the time 

spent from nuclear envelope breakdown to anaphase onset.  Expression of GFP Nde1 del 

dynein significantly increased the time in mitosis, with an average time measured to be 

189 min.  Cells exhibited both a delay chromosome alignment and a metaphase arrest 

(Figure 3.3A-E).  There was a slight delay in mitotic progression seen in cells expressing 

Nde1 del Lis1.  The average time from NEBD to anaphase onset increased from 48.18 

min in wt Nde1 expressing cells to 81.34 min.  There was a slight increase in the time 
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spent in alignment, consistent with reported role for Lis1 in mitosis (Faulkner et al., 

2000).  Over-expression studies of Nde1 mutants shows expression of GFP Nde1 del 

dynein causes significant mitotic progression defects suggesting an essential role for this 

interaction.  



  

 83 

 

 

Figure 3.3 Effects of over expression of Nde1 mutants on mitotic progression. A-
D. H2B cherry Hela cells were transfected with either GFP vector or GFP Nde1 mutant 
constructs for 24 hours and then imaged for the occurrence of mitotic events.  The time 
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from NEBD to alignment (unaligned) was measured as well as the time spent in 
metaphase prior to anaphase onset (aligned).  Each mitotic event for GFP, wt Nde1, Nde1 
del dynein or Nde1 del Lis1 expressing cells was graphed. Note the scale in the Nde1 del 
Dynein condition is in two segments to accommodate long time points measured. E. 
Quantification of the average time spent from NEBD to anaphase onset, separate by time 
from NEBD to alignment (unaligned) and time spent aligned until anaphase onset 
(aligned) for each condition. Nde1 del dynein-expressing cells showed an increase a large 
increase in average time from NEBD to anaphase onset in comparison to GFP, wt Nde1 
or Nde1 del lis1 conditions.  Nde1 del LIs1-expressing cells show an increase in average 
time (NUMBERS), though not as severe as the Nde1 del dynein condition. 
 

To further confirm the role of Nde1 dynein-binding and lis1-binding mutants in 

mitosis, Nde1 rescue experiments were performed (Figure 3.4).  As discussed in the 

previous chapter, Nde1 siRNA causes a significant increase in the time from NEBD to 

anaphase onset.  Rescue of Nde1 siRNA treated cells with GFP Nde1 del. Lis1 slightly 

increased the average time until anaphase onset (86.45 min), but the difference was not 

significantly differently from Nde1 siRNA rescued with GFP wt Nde1 (73.03 min).  In 

contrast, GFP Nde1 del. dynein did not rescue Nde1 siRNA defects and had a potent 

inhibition of mitotic progression.  Cells remained arrested at metaphase for a significant 

period of time and multiple cells were unable to enter anaphase during the course of 

imaging (Figure 3.4).  Chromosomes of cells arrested in metaphase often displayed loss 

tight alignment at the metaphase plate.  Interestingly, the average time spent in mitosis 

for Nde1 siRNA cells rescued with Nde1 del dynein was significantly greater than Nde1 

siRNA alone, 283.5 min compared to 123 min respectively.  Consistent with the over-

expression studies, cells expressing Nde1 del dynein had significant defects in mitotic 

progression while there was a lesser contribution of Nde1l Lis1 to Nde1’s role in mitotic 

progression.  

Investigation of Metaphase defects caused by lack of Nde1-Dynein interaction 
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Figure 3.4  Rescue of Nde1 siRNA mitotic progression defects with Nde1 mutant 
constructs. A. H2B Cherry cells were treated with Nde1 siRNA for 24 hours prior to 
transfection with Nde1 rescue constructs.  18 hours later cells were imaged for ~12 hours.  
Time from nuclear envelope breakdown to anaphase onset was calculated.  >18 cells 
were analyzed for each condition. Representative images of Nde1 siRNA treated Hela 
H2B cherry cells expressing either GFP Nde1 del Dynein (∆dynein ) or GFP Nde1 del 
Lis1 (∆Lis1) . Image panels represent time point 9 minutes apart. Scale =10µm. B. 
Quantification of the time from NEBD to anaphase onset control siRNA, Nde1 siRNA 
alone or Nde1 siRNA with GFP rescue constructs. Dynein-binding mutant is unable to 
rescue Nde1 siRNA mitotic progression defects while Lis1-binding mutant is able to 
rescue to levels comparable to WT Nde1.  Cells that are boxed in the Nde1 siRNA + 



  

 86 

Nde1 del Dynein condition never entered anaphase during the entire length of the movie. 
C. Quantification of the average time spent from NEBD to anaphase onset, separated by 
time from NEBD to alignment (unaligned) and time spent aligned until anaphase onset 
(aligned).  Nde1 siRNA cells rescued with Nde1 del dynein on average spent a 
significantly longer time until anaphase onset, specifically a large portion of the time was 
in the unaligned state. 
 

 To determine the defects caused by a lack of Nde1-dynein interaction leading to 

significant metaphase arrest, we investigated the role of Nde1 in dynein-dependent 

processes at metaphase.  Function blocking Nde1/Ndel1 antibody was reported to cause a 

decrease in kinetochore-microtubule (KT-MT) stabilization (Stehman et al., 2007), 

leading us to test the effects of Nde1 siRNA rescue with either wt Nde1 or GFP Nde1 del 

dynein on the ability to form stable KT-MT attachments.  Cells were exposed to 0° 

degrees for 10 min to destabilize dynamic microtubules.  Cold-stabilization experiments, 

demonstrated that rescue with Nde1 del dynein construct did not grossly effect the KT-

MT stabilization at the kinetochore (Figure 3.5).  Both Nde1 siRNA treated Hela cells 

expressing wt Nde1 or Nde1 del dynein formed stable KT-MT interactions, indicating the 

metaphase arrest in Nde1 del dynein cells is not due to a global loss of KT-MT 

interactions.  It is possible that single kinetochores have defects in stable microtubule 

formation but increased resolution is required to detect lack of KT-MT interactions on an 

individual scale.  
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Figure 3.5 Role of Nde1-dynein interaction in the formation of stable KT-MT 
attachments. Nde1 siRNA treated Hela cells rescued with GFP wt Nde1 or GFP Nde1 del 
dynein, were exposed to 0°C for 15 min prior to fixation.  Immuno-histochemistry of 
alpha tubulin detects the presence of microtubules that were insensitive to cold treatment. 
Rescue with wt Nde1 or Nde1 del dynein does not prevent the formation of stable 
kinetochore-microtubule interactions on cell-wide scale. Scale = 5μm 

 
We performed live-cell imaging on CENPA-YFP expressing cells to visualize the 

details of metaphase chromosome dynamics.  Cells were treated with 10μM MG132 for 1 

hour and followed by observation of kinetochore pair oscillations in either control 

siRNA, Nde1 siRNA or Nde1 siRNA treated rescued with wt Nde1 or Nde1 del dynein.  

The number of cells exhibiting mis-alignment defects, as judged by escape the metaphase 

plate or significant movement towards the poles, was quantified.  We observed that the 

lack of Nde1-dynein interaction did not rescue Nde1 siRNA mis-alignment defects and 

increased the number of cells with kinetochore alignment/maintenance defects 

(Figure3.6A).  On an individual kinetochore level, measurement the inter-kinetochore 

distance is an indication of the tension generation on the kinetochore by opposing pulling 

forces of mitotic spindle transmitted through stable/correct MT-KT attachments.  We 
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measured the inter-kinetochore distance of aligned cell arrested in MG132 for 1 hour.  

The distance in between CENPA+ sister kinetochore pairs was decreased in Nde1 siRNA 

treated cells, but this decreased was rescued by expression of WT Nde1 (Figure 3.6B).  

Nde1 siRNA treated cells expressing Nde1+del dynein construct did not rescue the inter-

kinetochore distance defects since there was a significant difference between wt Nde1 

and Nde1 del dynein conditions. The average kinetochore distances for mock treated, 

Nde1 siRNA, Nde1 siRNA+ wt Nde1 or Nde1 siRNA + Nde1 del dynein were 1.29 μm, 

1.15μm, 1.26μm or 1.21μm, respectively.  Nde1 and the Nde1-dyenin interaction are 

required for normal tension generation at the kinetochore.  

Dynein forces on the spindle oppose mitotic kinesin Eg5 for proper spindle length 

and mitotic spindle tension.  Raaijmakers et al., 2013 reported that Nde1 was required to 

maintain spindle length in metaphase providing an additional mitotic role for Nde1 that 

could be disrupted by the loss of the Nde1-dynein interaction (Raaijmakers et al., 2013).  

To determine Nde1 mutant’s role in this process, we measured the length of the mitotic 

spindle in control siRNA, Nde1 siRNA or Nde1 siRNA cells rescued with wt Nde1 or 

Nde1 del dynein.  Measurements of spindle pole-spindle pole distance reveals Nde1 del 

Dynein does not rescue spindle length defects seen in Nde1 siRNA (Figure 3.6C).   
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Figure 3.6 Characterization of metaphase defects caused by loss of Nde1 or the Nde1-
dynein interaction. A. Hela CENP-A YFP cells were treated with Nde1 siRNA for 
24hours followed by a 24-hour expression of mCherry wt Nde1 or mCherry Nde1 del 
dynein to not conflict with the YFP CENP-A signal.  Cells were treated with 10μM 
MG132 to prevent anaphase onset and dynamics of sister kinetochore pairs were 
observed for a period of 15 min with frames acquired every 15 secs.  Cells were scored 
for the presence of mis-aligned kinetochore pairs during the course of the movie.  
Quantification represents the ratio of cells with mis-aligned kinetochore/ total cells 
counted.  Data was pooled from three different independent experiments. Statistics and 
error bars are absent since this is an absolute average of all the numbers pooled for each 
condition. Scale = 5μm  B. The distance between YFP CENPA kinetochore pairs was 
measured mock treated, Nde1 siRNA or Nde1 siRNA rescued with wt Nde1 or Nde1 del 
dynein. CENP-A YFP cells were treated with 10μM MG132 for 30 min prior to 
measurement.  Student’s T-test performed shows a significant difference between the 
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inter-kinetochore distances between cells rescued with wt Nde1e and Nde1 del dynein as 
well a Nde1 siRNA with either mock treated or wt Nde1 rescued cells. * p<.05, 
***p<.001  C. Hela cells mock treated, Nde1 siRNA or Nde1 siRNA rescued with wt 
Nde1 or Nde1 del dynein were fixed and stained for endogenous alpha tubulin to stain the 
mitotic spindle for measurement of spindle length. The length of the spindle was 
determined as the distance between the spindle poles. Measurements revealed cells in 
both Nde1 siRNA and Nde1 siRNA + Nde1 del dynein conditions had increased spindle 
lengths.  
 

Nde1 recruits dynein directly to the kinetochore through its coiled-coil domain  

 The phenotype in GFP Nde1 del Dynein expressing cells could be due defects in the 

recruitment of dynein to the KT by Nde1, but the role of Nde1 in recruitment of dynein to 

the kinetochore is controversial.  A Nde1/Ndel1 function blocking antibody abolished 

dynein signal on unaligned kinetochores, while Nde1 siRNA or Ndel1 siRNA did not 

decrease the levels of GFP-Dynein Heavy Chain (DHC) at kinetochores in nocodazole 

treated cells (Raajimakers et al., 2013; Stehman et al., 2007).  Rescue of Nde1 siRNA 

with GFP Nde1 del dynein construct would allow for direct read-out of the role Nde1 and 

Nde1’s direct interaction with dynein in recruitment of dynein to the kinetochore.  

Calculation of the intensity of dynein signal relative to ACA signal on kinetochores in 

mock treated or Nde1 siRNA treated cells, reveals Nde1 knockdown decreased dynein 

levels by ~80%. Expression of GFP wt Nde1 in Nde1 siRNA treated cells increased 

dynein levels measured on kinetochores, though dynein levels were slightly decreased in 

comparison to control cells, potentially due to incomplete rescue.  Nde1 siRNA cells 

rescued with GFP Nde1 del Dynein did not display increased levels of dynein on the 

kinetochore.  This rescue experiment suggests Nde1 directly recruits dynein to the 

kinetochore via Nde1’s N-terminal dynein-binding domain.  
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 Figure 3.7. Nde1 recruits dynein to the kinetochore via its N-terminal coiled coil.  
A. Hela cells were treated with 2uM Nde1 siRNA for 48 hours then stained for 
endogenous Nde1/el1 or dynein intermediate chain. Signal intensity of Nde1/Ndel1 or 
dynein antibody was decreased in the siRNA condition. Hela cells treated with 2um 
siRNA were rescued with either GFP WT Nde1 or GFP Nde1 del Dynein for 24 hours.  
Dynein kinetochore signal intensity was quantified for GFP expressing cells. Scale = 
5μm B. Quantification of kinetochore dynein levels in comparison to an internal standard, 
ACA intensity was performed. Relative (to Mock treated) average dynein/ACA levels 
were plotted +/-SEM. ~30 kinetochores/cell for >15 cells over three independent 
experiments. Paired student’s T-test was performed to analyze significance between 
conditions. * p<.05, **p<.01. The measurements reveal GFP Nde1 del dynein does not 
rescue the decrease in dynein localization in Nde1 siRNA treated cells.  Although 
expression of wt Nde1 does not increase dynein signal intensity to mock treated levels, 
there is a significant difference between wt Nde1 and Nde1 del dynein.  
 

 Nde1-Lis1 interaction is required for Nde1 localization to the kinetochore 
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Phenotypic studies demonstrate that GFP Nde1 del Lis1 did not causes significant defects 

in Nde1’s role in mitotic progression which is surprising since Nde1/Nde1l are thought to 

be the recruitment factor for Lis1 in dynein-dependent processes especially at the 

kinetochore (Stehman et al., 2007; Liang et al., 2007).  To investigate the role of Nde1 in 

recruitment of Lis1 to the kinetochore, we treated cells with Nde1 siRNA and measured 

the signal intensity of Lis1 at kinetochores in nocodazole treated Hela cells.  

Unfortunately due antibody species conflicts and fixation methods required for detection 

of Lis1 at kinetochore, rescue experiments with GFP Nde1 del Lis1 could not be 

performed.  Nde1 siRNA decreased Lis1 signal by 40%, demonstrating Nde1 does not 

solely recruit Lis1 to the kinetochore by Nde1 but additional factors including Nde1l 

could contribute to Lis1 localization at the kinetochore (Figure 3.8).   
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Figure 3.8. Requirement of Lis1 and Nde1 for localization of each to the kinetochore. B. 
Hela cells were treated with Nde1 siRNA for 48 hours, followed by staining for 
endogenous Lis1 in nocodazole treated cells. The representative image demonstrates a 
decrease in endogenous Lis1 signal at the kinetochore in comparison to control siRNA. 
Scale=5μm B. Endogenous Lis1 intensity relative to ACA intensity was quantified from 
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~25 kinetochores of >30 cells from three independent experiments. Mean relative 
intensity +/- SEM. Students T-test was performed. **p<.01. Cells treated with Nde1 
siRNA showed a significant decrease in Lis1 kinetochore intensity relative to control 
siRNA treated cells. C. Hela cells were treated with Lis1 siRNA for 96 hours. The 
representative image demonstrates a decrease in endogenous Nde1/Ndel1 signal at the 
kinetochore of nocodazole treated cells in comparison to control siRNA. Scale=5μm D. 
Endogenous Nde1 intensity relative to ACA intensity was quantified from ~25 
kinetochores of >30 cells from three independent experiments. Mean relative intensity +/- 
SEM. Students T-test was performed. **p<.01. Cells treated with Lis1 siRNA showed a 
significant decrease in Nde1/el1 kinetochore intensity relative to control siRNA treated 
cells. *** p<.001 E. Western blot detection of endogenous levels of Lis1 from Hela cell 
lysate of control siRNA or Lis1 siRNA treated cells reveals a 60% decrease in protein 
levels in the siRNA condition. 

 

Recently, Lis1 has been shown to be involved in localization of Bicd2, dynactin 

and dynein to the plus-end of the MT (Splinter et al., 2012).  It is unknown whether this 

is a general function of lis1 or specific to the plus-end microtubule localization of dynein.  

Given the interaction between Nde1 and Lis1 we tested the role of Lis1 in Nde1 

localization at the kinetochore.  Quantification of Nde1/Ndel1 kinetochore signal in 

control or Lis1 siRNA treated cells revealed Lis1 siRNA decreased the levels of 

Nde1/Ndel1 by ~42% of control levels (Figure 3.8B).  This demonstrates Lis1 has a role 

in Ndel/Ndel1’s localization at the kinetochore.  

 To determine if the effect of Lis1 on Nde1’s kinetochore localization is indirect or 

due to the direct interaction of Nde1 and Lis1, we quantified the levels of GFP signal at 

the kinetochore of nocodazole treated Hela cells expressing either GFP wt Nde1, GFP 

Nde1 del dynein or GFP Nde1 del Lis1.  Measurement of GFP intensity relative to anti- 

centromere protein (ACA) revealed GFP Nde1 del Lis1 had a decreased intensity at the 

kinetochore relative to GFP wt Nde1 or GFP del Dynein (Figure 3.9).  Importantly, other 

mutants in the N-terminal coiled-coil do not decrease GPP Nde1 localization to the 

kinetochore; no significant difference between the GFP intensity in wt Nde1 and Nde1 
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del dynein was detected.  This suggests that the loss of the direct interaction between 

Nde1 and Lis1 decreases Nde1 localization to the kinetochore.  

 

 

Figure 3.9. Localization of GFP Nde1 del Lis1 mutant to the kinetochore. A. GFP WT 
Nde1, GFP Nde1 del Dynein, GFP Nde1 del Lis1 localization to the kinetochore in 
nocodazole treated cells.  Intensity of GFP signal, determined by anti-GFP staining, is 
decreased in cells expressing GFP Nde1 del Lis1.  B. Quantification of average GFP 
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intensity relative to average ACA intensity.  Mean +/- SEM of three independent 
experiments is represented.  Student’s T-test performed shows a significant difference 
between the relative GFP intensities between WT Nde1 and Nde1 del Lis1.  Expression 
of mutant GFP Nde1 del dynein does not decrease GFP Nde1 signal localization at the 
kinetochore.  * p<.05, ** p<.01 Scale=5μm  
 

CENP-F is the recruitment factor for Nde1 at the kinetochore (Vergnolle and 

Taylor, 2007).  In chapter 2, we demonstrated that phosphorylation state of Nde1 affects 

the binding of Nde1 to CENP-F.  Since Lis1 siRNA decreased the levels of endogenous 

Nde1 at the kinetochore, we wanted to test the role of Lis1-Nde1 interaction on Nde1 

binding to CENPF.  We aimed to determine if Lis1’s interaction with Nde1 influenced 

Nde1’s interaction with CENP-F.  An additional mutant construct, Nde1 cdk1 phospho-

mimetic lacking lis1-binding site (Nde1 EEE, del Lis1) was created (Figure 3.11A). 

GST-CENP-F (NBD) was incubated with Hela cell lysate expressing either GFP Nde1 

phospho-mimetic (Nde1 EEE), GFP Nde1 phospho-mimetic with lis1 binding site 

mutated (EEE, del LIs1 3mt) or GFP Nde1 del Lis1 in Hela cells (Figure 3.10B). GST 

pull down experiments revealed CENP-F NBD pulled down less Nde1 when the Lis1 

binding domain was mutated.  GFP Nde1 phospho-mimetic lacking Lis1 (Nde1 EEE, del 

Lis1) binding displayed decreased levels of interaction with CENPF and Nde1 del Lis1 

show complete abolishment of an Nde1 interaction with CENPF.  To ensure Lis1 did not 

mediate the interaction between Nde1 and CENPF, we tested the ability of Lis1 to bind to 

CENPF.  Baculovirus purified Lis1 did not interact with recombinant CENP-NBD 

(Figure 3.10C).  The direct interaction of Lis1 with Nde1 affected Nde1’s interaction 

with CENP-F through an unknown mechanism.  
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Figure 3.10. Biochemical analysis of the effect of Lis1 binding mutant on Nde1’s 
interaction with CENP-F.  A. Description of Nde1 constructs used to examine the 
requirement of Lis1-Nde1 binding for an interaction with CENP-F: Cdk1 phospho-
mimetic (Nde1EEE), Cdk1 phospho-mimetic lacking Lis1 binding (Nde1 EEE, del Lis1) 
and WT Nde1 del Lis1.  B-C. Pull down of over-expressed Nde1 mutant constructs from 
cell lysate with bacterially expressed recombinant CENP-F fragment (NBD). 
Quantification of relative GFP-Nde1 signal from 3 independent experiments reveals 
Nde1 lacking Lis1 binding ability decreases its interaction with CENP-F.  Decreased 
amount of GFP-Nde1 EEE, del Lis1 interacts with GST-CENP-F NDB, but the 
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interaction is not completely abolished. D. GST-Pull down with recombinant CENP-F 
NBD and baculovirus purified Lis1 reveals no interaction between the two proteins.  
  
Discussion 

The purpose of this study was to analyze specific Nde1 mutations to determine 

the physiological role of Nde1’s interaction with Lis1 or dynein.  Ultimately, this leads to 

a greater understanding of the role and mechanism of Nde1 function in mitosis.  Both the 

interaction between Nde1 and Lis1 or Nde1 and dynein are required for Nde1’s role in 

mitotic progression, though the severity of defects with the loss of the Nde1-dynein 

interaction is significantly more severe.  Nde1 recruits dynein to the kinetochore to allow 

for stabilization of the KT-MT interaction.  Alternatively, Nde1 and Lis1 have a 

cooperative interaction to influence the recruitment of each to the kinetochore.  Lis1 

indirectly affects Nde1’s interaction with kinetochore recruitment partner, CENP-F.  

Mutational analysis demonstrates that the roles of the interactions between Nde1 and 

dynein or lis1 are unique and contribute to specific, unique physiological functions.  

Importance of the N-terminal domain of Nde1 for its function with dynein 

This work confirms the importance of Nde1’s N-terminal coiled-coil domain in its 

interaction with cytoplasmic dynein and provides a physiological relevance for this 

interaction.  Previous identification of the N-terminal dynein-binding domain discussed 

the possibility of a second dynein binding site within the C-terminal domain of Nde1 

(Wang et al. 2011; Zyłkiewicz et al., 2011).  In vitro experiments ruled out the presence 

of a second binding site since recombinant Nde1 45.51AA did not pull down dynein 

complex.  While amino acids 47 and 51 are the major sites of interaction, adjacent amino 

acids could contribute to the Nde1-dynein interaction by having a lower affinity for 

dynein, which is not detected in biochemical experiments.  But it is the n-terminal 
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domain of Nde1 that is the site of interaction, leading to changes in orientation of the 

Nde1 molecule for how Nde1 interacts with dynein.  

Both over-expression of GFP Nde1 del dynein and rescue of Nde1 siRNA with 

GFP Nde1 del dynein caused a prolongment of alignment and a significant metaphase 

arrest.  The alignment phenotype was a late prometaphase defect suggesting the initial 

MT-KT was not inhibited but late chromosome congression was disrupted by the lack of 

the Nde1-dynein interaction.  Chromosomes in cells arrested in metaphase exhibited 

alignment instability, a behavior characterized by periods of a loss of alignment or a 

loose alignment at the metaphase plate before initiation of anaphase onset.  This behavior 

could be a result of a decrease in the stability of the kinetochore-microtubule interaction 

or loss of end-on KT-MT attachments.  

The rescue phenotype for cells expressing Nde1 del dynein was significantly 

more severe than Nde1 siRNA alone.  This indicates that not only is the Nde1-dynein 

interaction required for mitotic functions of Nde1, but also GFP Nde1 del dynein could 

be causing dominant negative effects leading to disruption of the mitotic spindle pole 

organization.  Ndel1, along with Lis1, are required for spindle aster formation in Xenopus 

cell-free system (Zyłkiewicz et al., 2011).  Sequestration of Lis1 by GFP Nde1 del dynein 

could be causing significant spindle defects, preventing normal progression in anaphase 

while this mis-localization or sequestration of Lis1 does not occur in Nde1 siRNA 

conditions.  

The metaphase arrest observed in Nde1 del dynein over-expression or rescue 

experiments was the result of defects in proper kinetochore-microtubule interactions 

preventing spindle assembly checkpoint inactivation.  The lack of Nde1-dyenin 
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interaction did not cause gross defects in end-on microtubule stabilization, but led to 

subtle defects in kinetochore-microtubule stability and tension generation.  Nde1-dynein 

interaction is not required for the initial lateral kinetochore-microtubule attachment, since 

defects were observed in late prometaphase and metaphase.  Given Nde1’s role with 

dynein and lis1 in persistent force production, the metaphase kinetochore could a 

physiological site requiring this high force-production.  Maintenance of stable end-on 

kinetochore-microtubule interactions as well as tension generation across the sister 

kinetochore pairs could require dynein’s force production.  Loss of dynein required for 

this metaphase function could cause the observed defects.  The increase in the ratio of 

kinetochore pairs with mis-alignments defects in Nde1 del dynein conditions could 

represent an inequality of forces between the sister kinetochores or loss of stable end-on 

attachments at a single kinetochore.  Additionally, decreased forces along the mitotic 

spindle result in both a lack of tension generation across stable KT-MT interactions and 

an increase in spindle length.  

Nde1 has been described as a dynein recruitment factor.  Rescue experiments 

confirm that Nde1 recruits dynein to the kinetochore, and it is specifically due to dynein’s 

interaction with Nde1’s coiled-coil domain.  This is the first report of the N-terminal 

dynein-binding domain within Nde1 acting as the site of dynein recruitment.  Recently 

the role of Nde1 in recruitment of dynein to the kinetochore has been disputed 

(Raaijmakers et al., 2013).  It is possible that cell type or experimental design could be 

the reason for differing results.  In vitro pull-down experiments confirm the recruitment 

ability of Nde1.  Biochemical experiments demonstrate Nde1 is able to interact with both 

CENP-F via Nde1’s C-terminal domain and dynein through it N-terminal coiled-coil 
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domain.  It has been assumed from siRNA experiments that CENP-F recruits dynein to 

nuclear envelope or kinetochore via Nde1, but this work provides biochemical evidence 

of the ability to for a tri-protein complex with CENP-F-Nde1 and dynein.  The role for 

Nde1 in recruitment of dynein to specific cargo has now been shown both physiologically 

and biochemically.   

Role of the Nde1-lis1 interaction in mitosis 

A surprising result of this study was the apparent non-essential nature of for the 

Nde1-Lis1 interaction during mitosis: Over-expression of Nde1-del Lis1 only showed a 

slight delay in time to alignment and Nde1 siRNA treated cells rescued with GFP Nde1 

del Lis1 did not have a significant difference compared to cells treated with GFP wt Nde1 

in time to anaphase onset.  Further examination of Nde1’s mitotic functions will clarify if 

the Nde1-lis1 interaction is required for Nde1’s role in spindle assembly checkpoint 

protein removal or kinetochore-microtubule attachment, even though there is only a 

subtle defect.  

Previous studies of Lis1’s role in mitosis demonstrated that knockdown of Lis1 or 

inhibition with a function-blocking antibody caused a chromosome alignment phenotype 

resulting in a significant increase in the time spent in mitosis (Raaijmakers et al., 2013; 

Faulkner et al., 2000).  This defect in mitotic progression was not detected in over-

expression of or rescue with GFP Nde1 del Lis1.  Phenotypic studies of the requirement 

for the Nde-Lis1 interaction demonstrate the direct interaction is not essential for Nde1 

mitotic functions or contribute to all of Lis1’s activity in mitosis.  Closer examination of 

the defects observed in Nde1 del Lis1 phenotypic studies are required to understand 

which Lis1 mitotic activities require its interaction with Nde1.  
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 Consistent with what has been published on the role of Ndel1 in recruitment of 

Lis1 to the kinetochore, Nde1 siRNA decreased endogenous Lis1 signal from 

kinetochores, though Lis1 only dropped by  ~50%.  This reflects either incomplete Nde1 

knockdown or a role for additional Lis1 recruitment factors at the kinetochore.  

Increasing evidence of non-Nde1/el1 recruitment of Lis1 to the kinetochore.  At the NE 

in G2, Lis1 signal is present prior to Nde1/el1 NE localization and is recruited to the NE 

with BicD2, dynactin in the early dynein recruitment pathway (Baffet et al. 2015; 

Splinter et al., 2010).  Additionally, disruption of dynactin localization by p50 over-

expression causes mis-localization of Lis1 at the kinetochore (Tai et al., 2002).  This data, 

along with results from this section provide further support for a non-Nde1 dependent 

recruitment pathway of Lis1 calling into question previous models of Nde1/el1 function 

as the sole recruitment factor for Lis1.  

 Surprisingly, interaction with Lis1 is required for Nde1 localization at the 

kinetochore.  Lis1 siRNA decreased endogenous Nde1/el1 at the kinetochore while 

expression of GFP Nde1 del. Lis1 mutant displayed reduced GFP intensity at the 

kinetochore in comparison to GFP wt Nde1.  This is the first report of Lis1 and its 

interaction with Nde1 in influencing Nde1 localization.  

CENP-F is Nde1’s recruitment factor at the NE and kinetochore.  Biochemical 

analysis reveals that Nde1 interaction with Lis1 is required for Nde1’s binding to CENP-

F, since less Nde1 del Lis1 GFP pull downs with GST-CENP-F.  Lis1 acts directly on 

Nde1 to influence Nde1’s behavior, since Lis1 does not bind to GST-CENP-F.  Nde1 

binding to Lis1 could influence the conformation of Nde1 to allow for a more stable 

interaction with CENP-F.  A role for Lis1 in stabilization of interactions between dynein-
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related proteins has been reported in stabilizing the dynein-dynactin-mRNA cargo 

interaction (Dix et al., 2008).  Further investigation is required to clarify the mechanism 

of action between Lis1 and Nde1 to influence Nde1’s binding with CENP-F.  One way to 

test the role of the Lis1-Nde1-CENP-F complex is to perform GST-CENP-F pull down 

experiments with recombinant Nde1 and Lis1.  If the incubation of Lis1 with Nde1 

increases the amount of Nde1 pulled down by GST-CENP-F NBD, this would suggest 

the binding of Lis1 to Nde11 affects Nde1’s interaction with CENP-F.  Additionally, 

potentially this is a universal mechanism for Lis1, Nde1 and Nde1’s C-terminal 

interacting proteins in other physiological scenarios.    

Questions remain about the physiological relevance of stabilization of the CENP-

F-Nde1-Lis1 interaction.  Reported in Chapter 2, endogenous Nde1/el1 kinetochore 

signal drops ~50% upon chromosome alignment.  Given the role of Lis1 in stabilization 

of an Nde1 fraction at the kinetochore, Lis1 could be influencing this kinetochore pattern 

of Nde1.  Loss of Lis1 upon MT-attachment could lead to the decrease of Nde1/Ndel1 

from the kinetochore, through a decreased interaction with CENP-F.  To test this 

hypothesis, quantification of endogenous Nde1/el1 signal at the kinetochore of Lis1 

siRNA treated cells.  Similar Nde1/el1 antibody signal intensities between kinetochores 

of unaligned and aligned chromosomes would suggest a role for Lis1 in the MT-

attachment dependent drop of Nde1/el1 signal in mitosis.  
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Chapter 4: Discussion 

The entirety of this work aims to understand the regulation and function of Nde1 

in mitosis by targeted structure-function experiments.  We start by testing how 

phosphorylation state of Nde1 affects its localization during G2/M and find that Nde1 

phosphorylated by Cdk1 activates its interaction with CENP-F for localization to the NE 

and kinetochore.  Phenotypic studies examining the role of Cdk1 phospho-mimetic and 

phospho-mutant Nde1 on Nde1’s mitotic function demonstrate both phospho-mimetic 

and phospho-mutant Nde1 rescue mitotic progression defects though over-expression of 

GFP Nde1 phospho-mutant causes a late prometaphase/metaphase arrest.  

Because localization of Nde1 potentially specifies a site for recruitment of Lis1 

and dynein, we next investigated the roles of the interaction between Nde1 and Lis1 or 

Nde1 and dynein.  We report that Lis1-Nde1 interaction is required to localize Nde1 to 

the kinetochore through affecting Nde1’s interaction with CENP-F.  Additionally, the 

Nde1-dynein interaction is critical for Nde1’s function in metaphase, specifically in the 

stabilization of the kinetochore-microtubule interaction, by recruiting a fraction of dynein 

to the kinetochore.  

By using a structure-function approach to understanding the mechanism of 

Nde1‘s action during mitosis, targeting both phospho-regulation and specific interactions, 

we can more clearly understand the role of Nde1 as a dynein accessory protein, especially 

how Nde1 is required in G2/M for the complexity of dynein physiological functions.  

Nde1 Phosphorylation 

While the work presented in this thesis describes the role of Cdk1 

phosphorylation in regulation the localization of Nde1 at mitotic sites during G2/M 
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through an increased interaction with recruitment factor, CENP-F, this is only the 

beginning of the understanding of the importance of phosphorylation of Nde1.  Discussed 

below are broader implications of Cdk1 phosphorylation on Nde1 cargo-binding activity 

as well as general principles about the role of phospho-regulation of Nde1 activities.   

Phosphorylation of Nde1 could dictate cargo interactions and regulate Nde1’s 

scaffold properties.  We present a model for Cdk1 activation of the interaction between 

Nde1 and CENP-F, which allows for the recruitment of Cdk1 phosphorylated Nde1 to the 

NE and kinetochore, from prophase to anaphase.  While Cdk1 phosphorylation of Nde1 

specifies it to the NE and kinetochore, it is possible that the same phosphorylation 

decreases the interaction between Nde1 and an interphase binding-partner.  It has been 

demonstrated that dephosphorylation regulates the Nde1-Su48 interaction at the 

centrosome (Hirohashi et al., 2006b).  With Nde1 involved in lysosome transport and 

Golgi positioning in interphase (Lam et al., 2010; Liang et al., 2004), Cdk1 

phosphorylation of the C-terminal domain of Nde1 could release Nde1 from these cargo 

allowing for the precise orchestration of Nde1 cell-cycle specific functions. Additionally, 

since phosphorylation of Nde1 is involved in Nde1’s lysosome function, (Pandey et al., 

2011; Kliman and Holzbaur et al, 2015), phosphorylation be a general mechanism to 

regulate the timing and location of Nde1’s interactions.   

This work specifically focused on the role of Cdk1 phospho-regulation of during 

G2/M.  While Cdk1 is a critical kinase in the G2/M transition, a phospho-proteome study 

showed that there were approximately 6 (Dehoure et al., 2008) G2/M phosphorylation 

sites identified on Nde1.  The identified or predicted Cdk1 kinase sites account for only 2 

fractions, while the identity and role of additional mitotic phosphorylation sites are 
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unknown.  Cdk1 has been known to be a priming phosphorylation, for example Cdk1 

phosphorylation of MT tip-end binding protein CLIP-170, is phosphorylated by Cdk1 

which in term allowed for a subsequent PLK1 phosphorylation.  Given Nde1 is 

phosphorylated in G2, Cdk1 phosphorylation could allow for priming of additional 

phosphorylations required for Nde1 kinetochore functions.  Additionally, differential 

phosphorylation of Nde1 could dictate subfractions of Nde1 at the centrosome or the 

spindle pole.  Aurora A phosphorylation of Ndel1 localizes it to the spindle pole, a 

similar phosphorylation in Nde1 could target Nde1 to non-kinetochore mitotic sites. To 

further understand the role of phosphorylation in regulating Nde1 localization to 

additional sites or Nde1 activity at the kinetochore, it is critical to identify the additional 

kinases responsible for phosphorylation of Nde1.  

One main unanswered question in the study of Nde1 is the similarities between 

Nde1 and Ndel1 cellular functions.  Differential phosphorylation of Nde1 and Ndel1 

possibly distinguishes paralogue function in mitosis.  The only reported phenotypic 

differences between Nde1 and Ndel1 have been in their roles in mitosis, specifically in 

mammalian cells and radial glial progenitor cells of the developing neocortex.  Nde1, not 

Ndel1, is required for mitotic entry in radial glial progenitor cells since Nde1 knockdown 

blocks cells in G2.  Additionally, rescue of Nde1 knockdown with Nde1l did not rescue 

Nde1 G2 arrest, suggesting that Nde1l lacks a Nde1-specific activity required for its 

function in mitotic entry (Doobin et al., 2016). In mammalian cultured cells, knockdown 

of Nde1 or Ndel1 caused different phenotypes in time spent in mitosis.  Nde1 siRNA 

cells demonstrated a significant delay in anaphase onset, consistent with reports of this 

thesis.  In contrast, Nde1l siRNA treated cells did not delay mitotic progression, although 
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a few cells demonstrated lagging chromosomes indicative of incomplete KT-MT 

attachments and a weak spindle assembly checkpoint (Vergnolle and Taylor. 2007).  

Differential phosphorylation of Nde1 or Nde1l could be responsible for unique mitotic 

behaviors and requirement of a single paralogue in mitosis.  Aurora A has been shown to 

phosphorylate Nde1l, but it has yet to be proven to phosphorylate Nde1, which lacks an 

Aurora A consensus site.  A complete study of Nde1 and Ndel1 phosphorylation in 

mitosis is required to get a better clue into the possible role of phosphorylation in 

distinguishing Nde1 and Ndel1 functions.  

Generally, the importance of Nde1 phosphorylation lies in its role in the 

regulation of Nde1’s interaction with dynein and Lis1 to influence dynein-dependent 

functions.  Phosphorylation has been reported to regulate the interaction of Ndel1 with 

dynein and/or Lis1 (Zyłkiewicz et al., 2011, Hebbar et al., 2008).  Cdk1/5 

phosphorylation increases Ndel1’s interaction with Lis1 (Yan et al., 2003; Hebbar et al., 

2008; Pandey and Smith., 2011).  However there are disputing reports on how 

phosphorylation alters the interactions with dynein; one demonstrates Cdk1/Ckd5 

phosphorylation of Nde1l decreases the interaction between Nde1 and dynein while 

another reports Nde1 phospho-mutant (246A) decreases association with dynein.  This is 

a critical lack of understanding of the role of Cdk1 phosphorylation that requires 

additional experiments to clarify.  Comparison of the rescue phenotypes of Nde1 

phosphorylation constructs and Nde1 mutants can provide insight into whether 

phosphorylation is pheno-copying the lack of Lis1 or dynein interaction.  In the rescue 

experiments, phospho-mimetic or phospho-mutant Nde1 has a dramatically less severe 

rescue phenotype in comparison to the complete loss of dynein-Nde1 interaction.  
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Phosphorylation state of Nde1 could be modulating, not abolishing, the interaction with 

dynein, allowing for rescue of Nde1 mitotic progression defects with both phospho-

mimetic and phospho-mutant. 

A main finding of this work is the role of Cdk1 phosphorylation of Nde1 in the 

activation of the Nde1-CENP-F interaction.  The Cdk1 phosphorylation sites in Nde1 are 

adjacent to the CENP-F binding region within the C-terminus of the Nde1 molecule.  

Additionally, Cdk1/5 phosphorylation has been shown to affect the interaction between 

Nde1 and Lis1 and Nde1-Dynein, both of which bind Nde1 in the N-terminal coiled-

coiled domain (Zyłkiewicz et al., 2011, Feng et al., 2000).  Given the long-range affects 

on the interaction with binding-partners in the N-terminal domain and a lack of complete 

over-lap with the CENP-F binding region, an existing hypothesis is that phosphorylation 

causes long-range changes within the molecules.  Cross-linking experiments with Nde1 

detected interactions between the C-terminal domain of Nde1 and the Nde1 N-terminal 

coiled-coil (Soares et al., 2012).  Coopertivity between N-terminal and C-terminal 

potentially allows for multiple conformations of the Nde1 molecule, one elongated and 

the other folded on itself.  Cdk1 phosphorylation of the C-terminal could influence the 

open verses closed conformation of the molecule.  To test this hypothesis, cross-linking 

experiments in the presence or absence of phosphorylated Nde1 would determine if 

interactions between the C-terminal and N-terminal domains are dependent on the 

phosphorylation state of Nde1.  Additionally, multiple conformations of Nde1 could have 

a role in how Nde1 interacts with its cargo, dynein and Lis1.  Further experiments will 

determine if conformation states of Nde1 have functional relevance.  One hypothesis is 

that Nde1 is the tension/strain-sensing molecule for the dynein pathway and the 
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conformation of Nde1 transmits this information to dynein and Lis1. Upon experiencing 

strain, Nde1 could adopt the open conformation allowing for increased recruitment of 

Lis1 for persistent force production. Conformational regulation of Nde1 is an interesting 

hypothesis that will allow for better understanding of the role of Nde1 in dynein-

dependent functions. 

 Nde1’s Role in Mitosis: 

 The functions of dynein at the kinetochore include chromosome congression 

(Yang et al., 2007), stabilization of kinetochore-microtubule attachments during 

metaphase (Varma et al., 2009), and removal of the spindle assembly checkpoint (SAC) 

proteins (Howell et al., 2000).  The recruitment of dynein to the kinetochore by Zw10 is 

required for dynein’s role in spindle assembly checkpoint inactivation through removal of 

spindle assembly checkpoint proteins but Nde1 has yet to be implicated in a specific 

mitotic function of dynein.  Nde1 siRNA causes a slight defect in chromosome 

congression (Chapter 2 and Chapter 3), indicating a subtle role in dynein’s role in lateral 

microtubule attachment or initial MT attachment but the main defect observed in Nde1 

siRNA, rescue with Nde1 mutants or over-expression of Nde1 GFP mutant constructs 

was a late prometaphase/metaphase arrest suggesting Nde1 is involved in the KT-MT 

stabilization function of dynein or maintenance of end-on kinetochore microtubule 

attachments.  

 Both Nde1 siRNA, Nde1 del dynein or disruption of dynein function in 

metaphase demonstrated increased oscillations or escapes of kinetochore pairs from the 

metaphase plate when analyzing the dynamics of CENP-A YFP kinetochores; although 

the defect was significantly more severe in disruption of cytoplasmic dynein (Varma et 
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al., 2008).  This could indicate an imbalance or altering of forces between the kinetochore 

pairs with one kinetochore experiencing stronger pulling forces that the other.  

The mitotic spindle exerts significant forces on chromosomes.  Measurement of 

forces on anaphase chromosomes has been measure to be 700 pN, with individual forces 

on a microtubule K-fiber to be around 10-15pN (Nicklas, 1983; Alexander and Rieder, 

1991) Dynein and Nde1 could be required to counter this force production.  Laser 

ablation of kinetochore microtubules of aligned chromosomes caused a rapid poleward 

movement of the chromosomes (Rieder and Salmon, 1994).  While this represents a 

complete abolishment of MT interactions at metaphase, loss of dynein and Nde1 could 

result in subtle, incomplete loss of MT attachments caused by an imbalance of forces.  To 

test this hypothesis, Nde1 manipulated cells, either with siRNA or expression of mutants, 

could be monitored for the loss of microtubule attachment in cells arrested at metaphase.  

Mad2+ kinetochores would indicate loss of microtubule attachment.  If Nde1 is involved 

in balancing forces and maintenance of KT-MT interactions, the number of Mad2+ 

kinetochores could increase or change over a period of time in metaphase-arrested cells 

indicating microtubule attachments are formed then lost.  

Therefore, the role of Nde1 and dynein could be to assist additional protein 

complexes required for MT-KT interaction, specifically HEC1/Ndc80 complex, to 

counter-balance the forces on the kinetochores to allow for maintenance of KT-MT 

interaction at metaphase.  

The one caveat is the requirement for the complex of Nde1-Lis1-dynein 

transforming dynein to a persistent force-producing motor (McKenney et al., 2010).  

Phenotypic studies of Nde1 lacking the Lis1 interaction did not produce a significant 
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defect, though the behavior of kinetochore pairs was not measured.  It is possible that 

Lis1 is still able to interact with dynein independently of Nde1 to influence the motor 

behavior of dynein.   

Broader implications for the role of Nde1 in mitosis- 

Mechanistic insight into the role of Nde1 in mitosis in mammalian cell culture 

cells can be applied to understanding the role of Nde1 in mitotic events in neuronal 

progenitor cells.  Consequences of Nde1funtion in mitosis in radial glial progenitor cells 

have broader implications in the development of the cortex.  

Both knock-out of Nde1 in mice and homozygous mutations in human patients 

cause significant cortical development phenotypes (Feng and Walsh, 2004; Alkuraya et 

al., 2011). The Nde1 null mouse exhibited a microcephalic brain, characterized by a 

decreased size of the cortex.  The neuronal progenitor population of cells is depleted 

causing a decreased number of neurons in the later layers of the developing cortex (Feng 

and Walsh, 2004).  In human patients, homozygous mutations in Nde1, a frameshift 

rendering the mutated protein unstable and functionally inactive, cause severe 

microlissencephly.  This is characterized by a significant reduction in the circumference 

of the cortex and cortical layering malformations (Alkuraya et al., 2011).  The 

microlissencephly seen in knock-out or knock-down Nde1 conditions is caused by 

multiple cell cycle blocks, one of which is entry into mitosis (Doobin et al., 2016).  In 

contrast, Nde1 siRNA in cultured cells do not demonstrate G2 block seen in radial glial 

progenitor cells. The recruitment of additional dynein in the late G2 pathway, of which 

CENP-F and Nde1 are a part of, could be essential in progenitor cells to increase dynein 

force production required to translocate the nucleus towards the crowded ventricle for 
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mitotic entry.  As described in my work, Nde1 siRNA causes defects in mitotic 

progression due to a prolongment of prometaphase and metaphase. While the phenotypes 

are not exactly the same between Nde1 in mammalian cell culture studies and radial glial 

progenitor cells, both cell types require Nde1 for the proper progression through mitosis.   

Given the importance of Cdk1 phosphorylation of Nde1 behavior in mammalian 

cultured cells, it is probably this phosphorylation event is also regulating Nde1 behavior 

in the radial glial progenitor cells.  Over-expression of GFP Nde1 phospho-mutant led to 

an increase in the percentage of G2+cells suggesting the Cdk1 phosphorylation of Nde1 

plays a role in Nde1’s role in mitotic entry.  Therefore in neuronal progenitor cells, Cdk1 

phosphorylation of Nde1 could be required for entry into mitosis.  Rescue of Nde1 

knockdown with Nde1 with either phospho-mimetic or phospho-mutant could test this 

hypothesis. If Nde1 phospho-mimetic rescues the G2+ block seen in Nde1 siRNA while 

Nde1 phospho-mutant does not, this would suggest that Cdk1 phosphorylation of Nde1 is 

required for Nde1’s role in mitotic entry.  The increase of the CENP-F-Nde1 interaction 

by Cdk1 phosphorylation of Nde1 leading to Nde1 localization at the NE could be 

required to recruit additional cytoplasmic dynein for late G2 functions.  

Conclusion 

The importance of Nde1 has been over-shadowed by the role of Lis1 in dynein-

dependent functions.  It has been shown that Nde1 recruits Lis1 to the dynein complex in 

single-molecule studies to allow for persistent force generation by dynein, through 

increased MT interaction.  Given the interaction between Lis1 and Nde1, Nde1/Ndel1 has 

been described as recruitment factor for Lis1 to subsequently bind dynein both in 

biochemical and physiological scenarios.  The recent reports of Nde1 independent 
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functions of Lis1, specifically localization of Lis1 to the NE with dynactin and Bicd2 

(Baffet et al., 2016), or Lis1 influencing the localization of dynactin and Bicd2 at the 

plus-end of microtubules (Splinter et al., 2012), highlight the need to understand the role 

of Nde1, not just as a recruitment factor for Lis1.  Nde1 is the dynein adaptor protein 

whose mechanism is still not completely known. 
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Chapter 5: Experimental Procedures 
 
DNA Constructs 
 

All Nde1 constructs were cloned from a mouse Nde1 template (gene ID: 67203) 

PCR amplification was performed using KOD Hotstart (Millipore) kit following the 

specified protocol. Point mutagenesis was accomplished using Agilent Quick-change II 

kit and performed according to their protocol.  

Table 1: Description of Constructs used in this study 

Construct Vector Insert Cloning Notes 
Ha-Nde1  pGex 6p-1 Full Length Mouse 

Nde1 
Cloned by SJW 

Ha Nde1 1-291 His pGex 6p-1 Nde1 aa 1-291 Cloned into pGex 
using BamH1, 
EcoR1  

Ha Nde1 1-277 His pGex 6p-1 Nde1 aa 1-277 Cloned into pGex 
using BamH1, 
EcoR1 

Ha Nde1 1-248 
His 

pGex 6p-1 Nde1 aa 1-248 Cloned into pGex 
using BamH1, 
EcoR1 

Nde1 1-191 pGex 6p-1 Nde1 aa 1-191 Cloned by SJW 
Nde1 10-191 pGex 6p-1 Nde1 10-191 Cloned by SK 
Nde1 10-191 
47.51AA 

pGex 6p-1 Nde1 10-191 
47.51AA 

E4747A 
E5151A 

Nde1 47.51AA pGex 6p-1 Full Length Nde1 
47.51AA 

E4747A 
E5151A  

GST-NudE 3mt pGex 6p-1 Nde1 119A, 126A, 
130A 

E119119A 
R126126A 
R130130A 

CenpF D6 pGex 6p-1 Human CenpF aa 
2122-2297 

Insert was 
purchased from 
Genescript  
Cloned into 
pGex6p1 with 
BamH1 and Xho1 
Restriction sites 

HA Nde1 45E pGex 6p-1 Nde1 243E,246E T243243E 
T246246E 

HA Nde1 245E pGex 6p-1 Nde1 
219E, 243E, 246E 

T243243E 
T246246E 
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S219219E 
HA Nde1 245A pGex 6p-1 Nde1 219A, 243A, 

246A 
T243243E 
T246246E 
S219219E 

GFP Nde1 WT pIC113 
(pEGFP-TEV-S) 

Full Length Nde1  From SK/SS 

GFP Nde1 47.51AA pIC113 
(pEGFP-TEV-S) 

Full Length Nde1 
47.51AA 

E4747A 
E5151A 

GFP Nde1 3mt pIC113 
(pEGFP-TEV-S) 

Nde1 119A, 126A, 
130A 

E119119A 
R126126A 
R130130A 

GFP Nde1 245A pIC113 
(pEGFP-TEV-S) 

Nde1 219A, 243A, 
246A 

T243243A 
T246246A 
S219219A 

GFP Nde1 245E pIC113 
(pEGFP-TEV-S) 

Nde1 219E, 243E, 
246E 

T243243E 
T246246E 
S219219E 

mCherry Nde1  mCherry-C1 Full Length Nde1  From SK/DD 
mCherry Nde1 
47.51AA 

mCherry-C1 Full Length Nde1 
47.51AA 

E4747A 
E5151A 

mCherry Nde1 
245A 

mCherry-C1 Nde1 219A, 243A, 
246A 

T243243A 
T246246A 
S219219A 

mCherry Nde1 
245E 

mCherry-C1 Nde1 219E, 243E, 
246E 

T243243E 
T246246E 
S219219E 

GFP Nde1 245A, 
47.51AA 

pIC113 
(pEGFP-TEV-S) 

Nde1 219A, 243A, 
246A, 47A, 51A 

T243243A 
T246246A 
S219219A 
E4747A 
E5151A 

GFP Nde1 3mt, 
245E 

pIC113 
(pEGFP-TEV-S) 

Nde1 119A, 126A, 
130A, 219E, 243E, 
246E 

E119119A 
R126126A 
R130130A 
T243243E 
T246246E 
S219219E 
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Table 2: Primers used in cloning 
Nde1 245E 
 

E#2: 
(F)GGCTCTGTACCGTCTGAGCCAGTAGCTCACCG 
(R)CGGTGAGCTACTGGCTCAGACGGTACAGAGCC 
 
E#45: 
(F)CCACTAGTGGGGAGCCACTCGAACCTGCAGCCCGG 
(R)CCGGGCTGCAGGTTCGAGTGGCTCCCCACTAGTGG 
 

Nde1 245A 
 

 
 
 

A#2    
(F)GGCTCTGTACCGTCTGCTCCAGTAGCTCACCGAGG 
(R)CCTCGGTGAGCTACTGGAGCAGACGGTACAGAGCC 
 A#4,5: 
(F)GCTCCACTAGTGGGGCGCCACTCGCACCTGCAGCCCGG 
(R)CCGGGCTGCAGGTGCGAGTGGCGCCCCACTAGTGGAGC 
 

Nde1 
47.51AA 
and Nde1 
10-191 
47.51AA 
 

 
(F)GCCGAGAATACGCAGCTGAATTGGCGGCTCAGCTGC  
(R)GCAGCTGAGCCGCCAATTCAGCTGCGTATTCTCGGC 
 

Nde1 
119A,126A,
130A (3mt) 
 

 

126A,130A: 
(F)CCAATGATGACCTGGAAGCAGCCAAAGCAGCCACAATCATG
TCCC 
(R)GGGACATGATTGTGGCTGCTTTGGCTGCTTCCAGGTCATCAT
TGG 
        
119A: 
(F)GAAATACATTAGGGAACTGGCACAAGCCAATGATGACCTGG
AAAGAGCC 
(R)GGCTCTTTCCAGGTCATCATTGGCTTGTGCCAGTTCCCTAATG
TATTTC 
 

Nde1 1-248 (R)GGGACGCCACTCACACCTGCAGGGCATCATCATCATCATCAT
CATTAGGAATTCGCG 

Nde1 1-277 (R)CCAAGCTAGCATCATGCAGGAACTTCGGGCATCATCATCATC
ATCATCATTAGGAATTCGCG 

Nde1 1-291 (R) 
GGACAAGTGGGCCAGCCTCAGGGCATCATCATCATCATCATCAT
TAGGAATTCGCG 
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Mammalian Cell Culture 

HelaM (gift from Vicki Allen- Lam et al 2010) , H2B-RFP Hela (gift from X), 

Hela, and Hela YFP-CenpA (gift from Mao lab) were the cell lines used in this study. 

Cells were cultured in DMEM supplemented with 10% HI FBS (Gibco) and 1:10,000 Pen 

Strep (Gibco). H2B-RFP Hela cells were imaged overnight in C02-independent media 

(Gibco) supplemented with 1mM Glutamate and 10% FBS. 

Plasmids, SiRNA and Drug Treatments 

Mammalian expression Plasmids 

Mammalian Cell Culture expression constructs used in this study are: GFP-C1, 

GFP-Nde1 WT, GFP-Nde1 47.51AA, GFP-Nde1 119A, 128A, 130A (3mt), GFP-Nde1 

245E, GFP-Nde1 245A, mCherry Nde1 WT, mCherry Nde1 47.51AA. Transient 

transfections were performed using Effectene (Qiagen) and cells were fixed or imaged 

~24 hours post transfection.  

siRNA 

 Protein knockdown was achieved using Dharmacon smartpool constructs: Human 

NudE smartpool siRNA (Dharmacon M-020625-00-0010), Human Lis1 smartpool 

siRNA (Dharmacon,GE), Human CenpF smartpool siRNA (Dharmacon GE ). ZW10 

siRNA (Dharmacon GE) target sequence was AAGGGUGAGGUGUGCAAUAUG 

(Varma et al. 2006). Control cells were treated with control siRNA (Dharmacon GE). 

2uM siRNA was transfected into Hela cells using Hiperfect reagent (Qiagen). Cells were 

treated with Nde1 or CenpF siRNA for 48 hours before fixation or live-cell imaging. Lis1 

and Zw10 siRNA treatment of cells required two rounds of siRNA and replating. 

Twenty-four hours post-transfection, cells were replated onto glass coverslips. After 36 
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hours, a second round of siRNA was applied to the cells. Coverslips were fixed/lysed 96 

hours post transfection. Rescue of Nde1 was performed using mouse Nde1 cDNA, 

insensitive to human siRNA constructs.  Rescue constructs, GFP Nde1 and GFP Nde1 

mutants, were transfected according to Effectene (Qiagen) protocol 24 hours prior to 

fixing/live-cell imaging.  

Drug treatment 

Cells were treated with nocodozal overnight to accumulate mitotic cells or for 1 

hour to disassemble microtubule network at concentrations of  .1uM or 5uM respectively. 

Cells were treated with 10uM MG132 for 1 hour, 9-27uM R0-3306 (Sigma) for 1hour or 

10uM Taxol for 30 min.  

Immunoflourescent microscopy  

Cells were plated on glass coverslips for fixed image analysis or glass bottom 

dishes (MatTek Corp) for live-cell imaging. Cells were fixed in cold methanol for 7-10 

min at -20° or with 3-4% paraformaldehyde in PHEM buffer ph 6.9 (60mM Pipes, 25mM 

Hepes, 10mM EGTA, 2mM MgCl2) for 20 min at 37°.  PFA fixed cells were subjected to 

pre-extraction, .1% triton in PHEM for 15 sec and washed prior to fixation. PFA-fixed 

cells were permibilized for 2 min with .1% triton in PBS. Coverslips were blocked with 

.5% NDS in PBS for 1 hour at RT, primary antibodies were added for 1 hour at 37° or 

overnight at 4°, washed and secondary antibodies (Cy2, Cy3 or Cy5) were applied for 1 

hour at RT. Secondary antibodies were used at ratio of 1:300.   DAPI was added to the 

second wash post-secondary antibody. Experiments using phospho-Nde1 antibody were 

performed with TBS. Coverslips were mounted and imaged using Olympus Laser 

Scanning Confocal or Olympus Spinning Disc Confocal. 
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Microscopy 

Fixed images were acquired on a IX83 Andor Revolution XD Spinning Disk 

Confocal System with a 60x silicone oil objective (NA 1.30) or 20X air objective (NA .7) 

and a 2x magnifier coupled to an iXon Ultra 888 EMCCD Camera. Z-stacks of at most 

.5um were taken for each image. Live-cell movies were taken with spinning disc confocal 

using Andor software and the laser intensity did not exceed 6% for live-cell imaging. 

Images for movies of mitotic progression were taken every 3 min for a time-course of 12-

16 hours and up to 20 fields were imaged. Movies of kinetochore behavior using Hela 

CenpA-YFP cell-line were acquired every 15/sec for 20 min. Up to 5 cells and 4 z-planes 

were imaged each time point. On the spinning disc, a 20X was used for mitotic 

progression movies and 60X was used for imaging kinetochore dynamics. Anaphase 

experiment was performed using H2B-RFP hela cells. Cells were captured in the aligned 

state, then 9uM RO 3306 was added to the media. One minute post treatment, images 

were taken every 30 seconds for 30 min to analyze anaphase chromosome movement. 

Analysis of images was performed with ImageJ software.  

Quantification and Statistical Analysis 

 ImageJ software was used to analyze imaging data. Quantification of relative 

kinetochore intensity was calculated using the average maximum fluorescence of a 

kinetochore relative to the average maximum ACA intensity: 

(Average Max Intensity-Average background intensity)/(Average Max ACA intensity-

Average ACA background intensity) Between 25-50 kinetochore measurements were 

taken per cell while 15-20 measurements of the background intensity were polled to give 

the average background intensity. At least 30 cells (N=3) were analyzed. Anaphase 



  

 120 

chromosome movement/velocity was performed by measurement of maximum inter-

chromosome distance. All conditions were graphed relative to the WT or control 

condition. Exposure, Laser intensity and EM Gain were consisted between all conditions 

in each experiment.  

 Statistical analysis was carried out using Excel (Microsoft) or Prism (Graph Pad) 

software. Significance was determined by students unpaired t-test. *=p<.05, **=p<.01, 

***=p< .001. Data represented as mean and SEM of at least three independent replicates.  

 

Protein Purification 

Dynein Purification 

Bovine dynein was purified according to the protocol described in Paschal 1991. 

Briefly, fresh calf brains were collected and stored on ice until flask frozen with liquid 

nitrogen. Brains were rapidly thawed and ~40g of brains was homogenized with a 

blaneder and mechanical dounce in brain buffer(50mM Pipes, 50mM Hepes ph 7.0, 2mM 

MgSO4 (MgCl2), 1mM EDTA supplemented with protease inhibitor (sigma) and 1mM 

DTT).  Lysate was spun at 12,000 rpm for thirty minutes, followed by a high speed, 

60,000 rpm, spin for 1 hour at 4° to prepare calf brain lysate.  To polymerize 

microtubules, 30uM Taxol was added to the high-speed spin supernatant and incubated at 

37° for 15min. 8% sucrose of a volume of 1/3 the supernatant is under-laid slowly to the 

bottom of the taxol-treated supernatant to collect the microtubule pellet. The microtubule 

pellet is collected after a 1 hour 14,000 rpm spin and resuspended in brain buffer with 

10uM taxol. The solution is then incubated at 37° for 10min followed with a 28,000 rpm 

spin at 20°. The microtubule pellet is then resuspended in brain buffer supplemented with 
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10uM Taxol, 5mM GTP and 5mM MgSO4 to remove contaminating proteins that have 

higher affinity for GTP (kinesin, dynamin). To polymerize and collect the microtubules, 

the resuspended pellet was incubated at 37° for 10 min, followed with a 35,000 rpm spin. 

The microtubule pellet is then resuspended in brain buffer supplemented with 10mM 

ATP and 5mM MgS04, incubated at 37° for 10 min, followed by a 63,000 rpm spin at 

20°. The supernatant was collected. ATP release supernatant was applied to 5-20% Tris-

KCL sucrose gradient and centrifuged overnight. Fractions were collected, analyzed by 

SDS-PAGE gel stained with commassie and fractions containing cytoplasmic dynein 

were aliquoted and flash frozen with liquid nitrogen for long-term storage.   

Bacterial Expression 

pGex NudE constructs  and pGex CenpF DNA was transformed into BL-21 

CodonPlus RIPL competent cells (Agilent Technologies) for bacterial expression. 

Bacteria cultures were supplemented with ampicillian and incubated shaking at 37°. 

When cultures reached exponential growth phase (measured absorbance .600 at 600nm) 

1mM IPTG was added. Cultures were then incubated for 4 hours at 20° then bacterial 

pellet was collected. Purification of GST-tagged protein from bacterial lysate was 

performed with agarose glutathione beads (USB) in lysis buffer (PBS supplemented with 

2mM DTT and 1:100 protease inhibitor). Beads were washed extensively before purified 

GST-tagged protein was either cleaved off glutathione beads (USB) by precision protease 

(GE Biosciences) or eluted with 10mM reduced glutathione. Buffer exchange, using GE 

NAP-10 columns, was performed to have the final purified protein in storage buffer 

buffer (1mM EDTA, 150 mM NaCl, 50mM Tris ph 7.0, 10% glycerol, 1mM DTT) or DB 

buffer (35mM Pipes, 5mM MgSO4, 1mM EGTA, .5mM EDTA, 1mM DTT). Protein 
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concentration was measured and quality of protein was determined by SDS-PAGE gel 

stained with coomassie dye solution. Aliquots of purified protein were flash frozen with 

liquid nitrogen and stored at -80°.  

Baculovirus Expression 

Lis1 was purified according to protocol detailed in Mckenney et al 2009.  Sf9 

insect cells (Invitrogen) were cultured with SF-900 II (Gibco) serum free media at 27°. 

Cells were infected with Lis1 baculovirus for 48 hours before washing in cold PBS and 

harvesting the cells in Ni+2 purification buffer (50 mM NaP04 ph 7.0, 300mM NaCl, 

10mM Immidozale, and 10%glycerol). Lysate was homogenized using a glass dounce 

followed by 2 min sonication on ice.  His-tagged Lis1 was purified with Ni beads 

(Qiagen). Purified protein was eluted with His purification buffer and 300mM 

Immidozale. GE NP-10 columns were used to buffer exchange purified protein into a 

final storage buffer (1mM EDTA, 150 mM NaCl, Tris ph 7.0, 10% glycerol, and 1mM 

DTT). Protein concentration was measured and quality of protein was determined by 

SDS-PAGE gel stained with coomassie dye solution. Aliquots of purified protein were 

flash frozen with liquid nitrogen and stored at -80°. 

Rat GST-MD and GST-MD deltaCT were purified according to the methods 

described in Nicholas et al 2014. Briefly, Sf9 insect cells cultured in serum-free media 

were infected with rat GST WT-MD or Delta CT-MD-expressing baculovirus. Cells were 

harvested 48 hours post-infection, then mechanically lysed with DEB buffer (100mM 

Pipes pH 7.2, 2mM MgSO4, 2mM EGTA, 50mM NaCl, 1M Glycerol) on ice with a glass 

dounce. High-speed spin supernatant was applied to GST-spin trap columns (GE) for 30 

min at 4°. Columns were washed with DEB buffer before addition of elution buffer  
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(GE). Columns were incubated for 30min, then the flow through was collected. To 

remove contaminating free GST, the purified protein product was applied to a hand-

packed sepherose  (GE) 1 ml column. 1000ul volume of DEB buffer was added to the 

column and ~150ul fractions were collected. Fraction content was analyzed by Tris-

Glycine SDS-PAGE gel (Invitrogen – Life Sciences) stained with commassie blue. GST-

free fractions of purified GST-MD constructs were aliquoted and flash frozen with liquid 

nitrogen then stored in the -80°.   

In Vitro Kinase assay 

CyclinB/Cdk1 protein kinase (Millipore) was used to perform in vitro ckd1 kinase 

assays. 250ng CyclinB/Cdk1 was incubated with 5-10ug NudE, 200uM ATP, 5X PK 

(NEB) buffer in a total volume of 50ul. Reaction was incubated at 30° for one hour. 

Phosphorylated NudE was then used in pull-down experiments. Phosphorylation of Nde1 

was monitored by western blot with pT MAPK/CDK1 antibody.  

Immunoprecipitation/Pull-down experiments 

Mammalian cell lysates were prepared in RIPA ph 7.4 (100mM NaCl, 1mM 

EGTA, 50mM Tris, 1% NP-10, 1mM DTT, and 1:100 protease inhibitor (Sigma)). 

Extracts were lysed on ice followed by centrifugation to remove membranous fraction. 

500-750 ug of cell lysate was incubated with 5 ug antibody or added to GST-bound 

recombinant protein. Recombinant protein interaction studies were performed in buffer A 

(50mM Hepes ph 7.4, 150 mM NaCl, 1% NP-40, 1mM DTT). For GST pull-down 

experiments, eluted GST constructs were incubated with glutathione agarose beads 

(USB) in buffer A for 1 hour prior to incubation, washed to remove unbound GST 

protein, then incubated with interactor proteins for 1 hour in a total volume of 300ul. 
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Experiments with proteins recruited to the beads via HA- or His- antibody were 

performed with equal molar AB to protein. AB and protein complexes were allowed to 

form for 1 hour at 4° before washing and addition of interactor. Incubation with interactor 

protein occurred for 1 hour at 4°. Beads were washed four times before resuspended in 

50ul of buffer A and addition of 6X sample buffer. Samples were analyzed by SDS-Page 

gel and western blot.  

Western Blot 

 Western Blot analysis was performed with a PVDF methanol-activated membrane 

(Millipore). The membrane was blocked with 5% milk in PBS for one hour at room 

temperature. Primary antibodies were diluted in 5ml of 5% milk in PBS and incubated 

with membrane for 1 hour at RT or overnight at 4°, then washed 3 times with PBS 

supplemented with 5% tween. Secondary antibodies (Alexa Fluor-680nm or -800nm 

conjugated) were added to 5ml of 5% milk in PBS at a dilution of 1:10000 and incubated 

at room temperature for 1 hour. The membrane was developed using the Odessey 

Imaging system (Licor). Analysis of the membrane was performed using ImageJ 

software.  

Sucrose Gradient Ultracentrifugation 

Sucrose gradient analysis of purified GST motor domain constructs was 

performed with a 1.25ml gradient of layered sucrose consisting of four 325ul layers of 

5%, 10%, 15%, and 20% sucrose in DEB buffer (100mM Pipes pH 7.2, 2mM MgSO4, 

2mM EGTA, 50mM NaCl supplemented with 1mM DTT). The gradient was allowed to 

linearize overnight at 4°. The sucrose gradient was loaded with 5ug of WT-MD in 100ul 
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DEB buffer, and then centrifuged at 54,000 rpm for 3 hour at 4°. The gradients were 

fractionated and analyzed by SDS-PAGE and western blot.  

Antibodies 

 Antibodies used in this study are listed in the table below. WB designates 

concentrations used in western blots and IP shows dilution in immuno-fluorescent and 

western blot experiments.  

Table 3: Antibodies used in the study 
Antibody Species Company Dilution:WB Dilution:IF Catalog # 
Crest/ACA Human Antibodies 

Incorporated 
 1:400 15-235 

GFP Rabbit Invitrogen 1:2500 1:100 A11122 
GFP Chicken Millipore 1:1000 1:100 16901 
CenpF 
(Mitosin) 

Mouse BD 
Bioscience 

1:1000 1:100 610768 

YL ½ Rat Abcam  1:500 ab6160 
Alpha 
Tubulin 

Mouse Abcam 1:5000 1:300 ab7291 

Lis1 Rabbit Santa Cruz 1:2500 1:100 SC-15319 
Dynein IC 
(74.1) 

Mouse  1:5000 1:100 Gift from Kevin 
pfister 

Lis1 Mouse Sigma 1:5000  L7391 
Dynein HC 
(8) 

Rabbit  1:5000   

NudE/L 
(month 11) 

Rabbit  1:2500 1:100  

NudE Mouse Abnova 1:5000   
p246 Rabbit Gift from Y. 

Feng  
1:1000 1:100 Alkurya 2011 

GST Mouse Santa Cruz 1:1000  SC-53909 
pT 
MAPK/CDK1 
substrate AB 

Mouse Cell 
Signaling 

1:1000   

Zw10 (AP2) rabbit  1:1000 1:100  
Clip170 (F-3) Mouse Santa Cruz  1:100 SC-28325 
Mad1 (9B10) Mouse Santa Cruz  1:50 SC-82746 
14-3-3 
Epsilon 

Mouse     

HA.11 Mouse Covance   (IP) 
HA  Rabbit Sigma   H6908 (IP) 
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Appendix I: Additional Work 
 

 

This study investigated the role of the C-terminal domain of mammalian 

cytoplasmic heavy chain in force production and processivity. Yeast dynein and 

mammalian dynein differ in their single molecule behaviors. One example is the 

difference in stall force between yeast and mammalian dynein.  Yeast dynein produces 

7pN force events (Gennerich et al 2007), while purified rat dynein has been reported to 

have a stall for of approximately 1 pN (McKenney et al 2010).  The question remained 

how the two species of dynein differ to give starkly different single-molecule behaviors. 

Yeast dynein lacks 32 kDA region at the C-terminus of mammalian dynein (Citation). To 

study the role of this C-terminal domain, two recombinant GST rat motor domain 

constructs were created, one WT and lacking the c-terminal region (Delta CT). Previous 

analysis of recombinant mammalian motor domains had been restricted to monomeric 

motor domain, engineering a functional GST rat motor domain allowed for analysis of 

dimeric motor domains, mimicking a more physiological relevant form of dynein motor 

domain. In force production studies, WT-MD gave 1 pN events similar to purified rat or 

bovine dynein. Surprisingly the removal of the C-terminal domain increased the MD 

force production to ~6pN, a more yeast-like dynein. The results demonstrate the 

importance of this additional domain in regulation of motor function of dynein motor 

domain. 

My role in this study was to purify baculovirus expressed motor-domain 

constructs, both WT-MD and DeltaCT-MD. Analysis of purification products revealed a 
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lower molecular weight fragment, which corresponds to free GST (Sup. Fig1A).  I 

developed a hand-packed SEC column method to remove the free GST from the MD 

constructs (Sup Fig1B).  Additionally, I confirmed the quality of the purified MD 

constructs by sucrose gradient centrifugation. Each construct ran as a single peak 

indicating lack of aggregation (Sup Fig1C).  

 

 

Supplemental Figure 1. Characterization of WT-MD and Delta CT-MD purifications.  
A. Representative commassie stained gel of WT-MD and Delta CT-MD protein from 
GST purification. B. Commassie stained gel of GST-WT and GST-Delta CT preparations 
applied to a hand-packed Superose size exclusion column. Contaminating free GST 
eluted in a later faction than WT-MD or Delta CT-MD providing samples of GST-free 
MD. C. Sucrose density gradient centrifugation of purified WT and Delta CT. Western 
blot analysis of GST motor domain constructs shows single symmetric peak of MD for 
both WT and Delta CT indicating lack of aggregation.  
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Appendix II: Additional Work 
 

Reddy, B. J. N., Mattson, M., Wynne, C. L., Vadpey, O., Durra, A., Chapman, 
D., et al. (2016). Load-induced enhancement of Dynein force production by LIS1-NudE 
in vivo and in vitro. Nature Communications, 7, 12259.  

 
*I purified bacterially expressed Nde1, bovine brain purified cytoplasmic dynein and 
Baculovirus purified Lis1 for in vitro lipid droplet experiments to study Nde1 and Lis1’s 
role in in vivo force production.  
 
 
Single-molecules study of Nde1 mediated inhibition of dynein bead binding activity 

 Biochemical studies revealed that the N-terminal domain of Nde1 mediates the 

interaction with the intermediate chain of dynein.  In collaboration with the Gross Lab at 

UC Irvine (Especially post-doc Babu Reddy) we performed single-molecule studies on 

the effects of Nde1 truncations on dynein bead-binding ability.  The experiment was 

carried out in an optical trap experimental set up.  Dynein and Nde1 were non-

specifically recruited to latex beads and the ability for dynein to bind to the MT and 

produce a force event was monitored.  McKenney et al. 2009 found Nde1 alone is 

inhibitory to dynein bead binding in single molecule studies.  Using the C-terminal 

truncations we tested the ratio of Dynein: Nde1 required to completely inhibit dynein-

bead binding activity.  Wt Nde1 incubated with dynein led to 0% bead binding at a ratio 

of 1:100, while Nde1 10-191 required 1:1000 to inhibit dynein’s binding activity.  The 

shortest coiled-coil (10-165) fragment took 7,000 times the amount of dynein to 

completely inhibit dynein’s binding to the microtubule.  Nde1 N-terminal coiled-coil has 

the ability to inhibit dynein’s bead binding ability suggesting it is the direct interaction 

between Nde1 and dynein that changes dynein’s motor activity rather than a physical 

steric interference by Nde1.  The increase in Nde1 concentration required to inhibit 

dynein could be due to changes in Nde1’s affinity to dynein.   
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Supplemental Figure 2. Single molecule studies of C-terminus Nde1 truncations. A. 
Schematic of experimental design. Dynein and Nde1 fragments are incubated together 
prior to recruitment, non-specifically, to latex beads. B. Quantification of the ratio of 
Nde1:Dynein required to completely inhibit dynein’s bead-binding ability. C-terminal 
truncations required increased amount to completely inhibit dynein’s bead-binding 
ability. 
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