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ABSTRACT 

 

DYNEIN MUTAGENESIS REVEALS THE MOLECULAR BASIS FOR DYNEIN 

REGULATION IN BROAD SPECTRUM NEUROLOGICAL DISEASES 

 

 Eukaryotic cells rely on cytoskeletal networks to organize materials, transport 

organelles, give cells shape, and provide locomotion. The cytoskeleton is comprised of 

many diverse proteins, and three classes of polymeric protein structures are the actin, 

microtubule, and intermediate filament networks. The microtubule network, and its 

associated motors, dynein and kinesin, is of interest to the field of neurological disease, 

due to the prevalence of mutations in the microtubule network in human disease. To 

better understand the molecular basis for the diseases caused by de novo dynein 

mutations, we performed a screen of mutants using budding yeast dynein. The results 

from our experiments present a platform for the molecular dissection of dynein 

mutations which can be readily applied to new mutations or precisely explore known 

mutations. The screen-based approach allowed us to identify a new mechanism of 

yeast dynein regulation, which is autoinhibition of the dynein motor. We demonstrate 

that this mechanism regulates dynein activity in cells and functions to limit in vivo motor 

activity in the cytoplasm. Autoinhibition is regulated by Pac1 in yeast, a Lissencephaly-1 

homolog, and we demonstrate that Pac1 operates in the dynein autoinhibition pathway 

by preventing the “closed” autoinhibited state, thereby promoting “open” dynein. This 

represents an entirely novel function of Pac1/LIS1, and allows us to further refine our 

model for cortical offloading. These results also directly dispute previous studies 
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identifying Pac1 as an inhibitor of dynein motility, and represent a paradigm shift in our 

understanding of dynein regulation across eukaryotes. 
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CHAPTER 1: Introduction and review of literature 

 

 The inside of a cell is a chaotic symphony of life. Thousands of different proteins, 

unique nucleic acid components, and diverse and specialized oligosaccharides and fatty 

acids, all cooperate en masse to coordinate the functions of life. The interplay between 

these disparate organic molecules makes them more than simply the sum of their parts, 

and the interplay between them provides the emergent properties of life, as cells grow, 

divide, thrive, and eventually, perish. To ensure the survival of complex eukaryotic cells, 

and in turn, the survival of large and complex multicellular organisms, the movement of 

materials within these eukaryotic cells must be regulated. And in order to generate 

movement, many cells, especially eukaryotes, rely on the cytoskeleton and its 

associated molecular machines which work in tandem to crawl, swim, sustain force, 

stretch, and divide1,2,3.  From the humble yeast to dynamic animal cells, the 

cytoskeleton provides the means for unique and specialized movement through the use 

of many homologous protein elements. 

In higher eukaryotes, dynamic networks of proteinacious polymers called 

microtubules provide the cell structural support and shape it4. The microtubule network 

is of paramount importance in larger and more specialized cells, as many cellular 

processes which position organelles, orchestrate cellular division, and transport large 

materials rely primarily on the microtubule cytoskeletal network to accomplish diverse 

tasks5-7. While the structures formed by  microtubule networks can differ greatly across 

organisms, and indeed, between different cell types of individual multicellular 

organisms, the foundational elements for these structures is the same. Dimeric tubulin 
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subunits composed of an alpha and beta tubulin monomers, can rapidly oligomerize into 

small, polarized assemblies or into long protofilaments8. These protofilaments self-

associate and create cylindrical tubes, the so-called microtubule. Both tubulin subunits 

bind GTP, but only beta tubulin is competent for GTP hydrolysis, and hydrolysis of GTP, 

and its conversion to GDP give rise to different subunit structures. GTP-bound tubulin is 

added to the growing end (plus end) of microtubules, which stabilizes the growing end8. 

Upon incorporation in the lattice, and maturation of the microtubule structure, tubulin 

subunits become strained9. This strain stores mechanical energy within the microtubule 

lattice, which can rapidly trigger depolymerization of the structure, so-called 

“catastrophe” events. Rapid polymerization of tubulin dimers from the plus ends is 

punctuated by periods of catastrophe, giving rise to a cytoskeletal network founded on 

dynamic instability10.  The growing and shrinking of tubulin polymers allows cells to 

dynamically restructure the internal environment to generate forces in accordance with 

the changing needs of cells. These otherwise simple tubules are arranged into higher 

order structures which manifest many unique emergent properties, and provide 

structure and force for different cell types11. 

In addition to their role in cellular organization and force generation, microtubule 

tracks provide thoroughfares for transport by many diverse molecular motors. While 

many motor proteins exist in higher eukaryotes, few of these protein complexes are as 

remarkable as the minus end directed motor, dynein1. The first dyneins were isolated 

from axonemes from Tetrahymena pyriformis, which provide the cilliary forces for 

beating1,12; however, cytoplasmic dynein-1 (hereafter referred to as dynein) was isolated 

and identified (originally as MAP 1C) from calf brain white matter some time after13. 
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Dynein is a massive (>1MDa) protein complex, composed of many individual 

polypeptide components (Figure 1A)14. In the kingdoms of animals and fungi, dynein 

motors are the primary motor associated with retrograde transport along microtubules, 

which, in most cell types, involves trafficking from the cell periphery to the nucleus, 

where the minus-end of microtubules are anchored to centrosomes15. Dynein has been 

extensively studied since its discovery as a minus-end directed protein due to its myriad 

cellular roles16. Dynein-mediated microtubule transport is vital for vesicular trafficking, 

driving the movement of mRNAs17, lysosomes18, mitochondria19, the Golgi20, and other 

cellular cargos. Dynein also has extensive roles in regulating mitosis—nuclear envelope 

breakdown at the G2-M phase transition is facilitated by dynein21, and in animal cells, 

progression through mitosis is known to require dynein22 to attenuate intracellular 

signaling of mitotic checkpoint proteins. Orientation of the mitotic spindle along the 

plane of division is driven by dynein motor activity23 and is important for positioning of 

cells within tissues. This veritable compendium of activities is a microcosm of the dynein 

motor itself, which boasts considerable complexity for a motor protein, and has many 

layers of regulation that modulate dynein function.  

1.1. Structure and function of dynein motor proteins 

1.1.1. Structure of the cytoplasmic dynein holoenzyme complex 

The cytoplasmic dynein-1 complex is a large dimeric holoenzyme, comprised of 

the catalytic heavy chain, and several non-catalytic accessory chains24,25. Dynein is a 

AAA (ATPase Associated with various cellular Activities) ATPase, which is highly 

structurally similar to other hexameric helicases26 but is unique in that the entire 

catalytic domain (containing 6 AAA motifs) is made of a single polypeptide, rather than 
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being an oligomer of individual ATP binding modules. Dynein’s ATPase domain forms 

the core catalytic component of the structure27, and by utilizing the energy of ATP 

hydrolysis, this domain powers the remodeling of the AAA core, which in turn remodels 

the linker, the dynein mechanical element which spans between the motor and tail 

domains28. From the ATPase core of the motor spans a coiled-coil domain terminating 

in a globular microtubule-binding domain29,30. The ATP-dependent remodeling of the 

AAA core drives the sliding of the coiled-coil domain, which in turn coordinates with the 

buttress to transduce mechanical signals across the complex31.  The MTBD can adopt 

several stable registries, which tune its affinity for the microtubule lattice. Intramolecular 

interactions within 7 alpha helices provide the mechanical basis for transitioning 

between these states, as demonstrated through a combination of structural and 

biochemical studies30,32,33. 

The tail domain of dynein is the least conserved of all subdomains among 

eukaryotes. It is comprised of the N-terminal dimerization domain and a flexible 

unstructured region, which is responsible for binding accessory chains (the intermediate 

and light-intermediate chains), dynactin, and other effector proteins34-36. Despite the tail 

domain’s size and distance from the motor domain, there is strong evidence that the tail 

domain directly tunes motor activity34,35,36. However, despite the importance of this 

region for dynein activity and regulation, many molecular details about protein-protein 

interactions remain obscured by the difficulties in obtaining atomic resolution of this 

unstructured flexible region. 

The dynein tail domain binds to the intermediate chain (DIC, Pac11 in yeast), and 

interactions between the tail, intermediate chain, and dynactin or adaptor proteins have 
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been shown to be important modules for regulating motor activity37,38. The intermediate 

chain itself binds to the light chains, additional accessory proteins in the dynein motor 

complex. While three light chains exist in the mammalian complex, TcTEX, Roadblock, 

and LC8, only a single light chain, Dyn2 (a homolog of LC8) is present in the S. 

cerevisiae complex39. A third accessory component, the light-intermediate chain, binds 

to dynein closer to the motor domain than the intermediate chain, and this protein has 

been implicated in stabilizing the heavy chain40. These different classes of accessory 

chain have been shown to have important roles as chaperones, and one proposed 

function of these components is to stabilize dynein during translation and protein folding 

and studies in yeast have shown that Pac11 and Dyn2 are important for dimerization 

and maintaining dynein protein levels in the cell39. Additionally, many isoforms of dynein 

accessory chains exist which are differentially spliced, and are potentially targets for 

tissue specific PTMs40. One of the most well studied examples of this phenomenon is 

the IC2a, the neuronal specific isoform of the intermediate chain which has been shown 

to exhibit isoform-specific interactions with dynein effectors41.  

1.1.2. Mechanochemistry of the dynein motor domain 

Dynein mechanochemistry is complex and involves a number of important 

structural changes at key subdomains, and mutation of key amino acids in these 

subdomains is sufficient to disrupt normal mechanical signaling across the protein 

complex. The study of dynein in diverse organisms has given the field an appreciation 

for the similarities between the mechanochemistry of different dynein isoforms. The 

current model for dynein mechanical remodeling and its ATPase cycle relies on the 

synthesis of different X-ray crystal structures from yeast, human cytoplasmic dynein-2, 
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and dynein from the slime mold Dictyostelium discoidium to produce a clear picture of 

dynein’s conformational changes between the no nucleotide, ATP, ADP-Pi, and ADP 

conformation42-46. In the no nucleotide state, the dynein AAA ring is in an “open” 

conformation25, with openings between the AAA1 small subdomain and AAA2 large 

subdomain43, and the MTBD is in a high microtubule-affinity state. This is in contrast to 

the mechanochemistry of kinesin-1, which is in the high microtubule-affinity 

conformation when ATP is bound to its motor head47. Upon ATP binding to AAA1 

Walker A motif, AAA1 module closes around the ATP bringing the AAA1 small 

subdomain into contact with AAA2 large subdomain, which drives conformational 

changes in the AAA ring. These changes primarily entail the major AAA folds of the 

AAA2, AAA3 and AAA4 coming closer together, which causes the overall structure of 

the ring to be more compact31. This remodeling of AAA1-4, in turn, causes changes in 

the registry of the coiled-coil stalk44. There is evidence in yeast dynein that 

communication between AAA1 and the coiled-coil stalk is itself gated by the nucleotide 

state of AAA3. Studies using purified yeast dynein have demonstrated that ADP or 

ADP-Pi bound to AAA3 allow communication across the AAA+ ring, but not when ATP 

is bound at AAA348. This AAA3 site is present in human cytoplasmic dynein-1, but in 

cytoplasmic dynein-2 (intraflagellar transport dynein) the motor lacks the Walker B motif 

needed for ATP hydrolysis49, which may indicate this is a conserved mechanism to 

regulate cytoplasmic dyneins but not intraflagellar transport dyneins. Evidence that 

dynein’s AAA3 nucleotide state differentially regulates allosteric communication across 

the ring adds a further level of regulation to dynein motor activity, which may be 

important when switching between high-load and low-load cargo requirements48. 
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The changing of the registry of the coiled-coil stalk in turn changes the 

conformation of the buttress domain, which in turn changes the MTBD from a high-

affinity to low-affinity state, a transition mediated by extensive intramolecular contacts 

within the seven alpha helices within the MTBD25,30. The MTBD is now able to unbind 

from the microtubule, and is positioned above an adjacent tubulin dimer. At this stage, 

the dynein MTBD begins a stochastic search for nearby binding sites between alpha- 

and beta-tubulin, a binding site which it shares with many conventional kinesins51. 

Subsequent hydrolysis of ATP to ADP-Pi initiates a rigid body movement of the AAA5 

and AAA6 domains to contact AAA1, giving the ring a final, “closed” conformation, with 

a substantially smaller hole at the center of the AAA ring than is present in the open 

conformation36,37. Closure of the ring causes a steric clash between the ring and linker 

element, which forces the linker to move from its docking site at AAA5 on the ring50. The 

linker has been demonstrated to favor two major conformations: a straight conformation 

which is present when the linker is docked at AAA5; or a bent conformation, in which 

this domain is “cocked” at a 900 angle from its resting state and perpendicular to the 

stalk27,28. After a stochastic search, the weak affinity MTBD contacts a new binding site, 

and switches from a low- to high-affinity state. The release of inorganic phosphate from 

AAA1 occurs upon rebinding of the microtubule25,52. This rebinding reverses the 

allosteric changes in the coiled-coil and subsequently the AAA ring. This allows the 

linker to swing forward (the “powerstroke”) and return to its docking site on the AAA 

ring, driving the motion of the motor53,54. After the linker swing, dynein is in a post-

powerstroke state with the MTBD in the high affinity state and ADP is bound in AAA1.  
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Having completed the mechanochemical cycle, dynein can now release ADP and rebind 

ATP, beginning the cycle anew.  

Dynein’s mechanochemical cycle shares several key distinctions from the kinesin 

mechanochemical cycle. Firstly, dynein stepping and processive movement are 

stochastic, and motor heads are not coordinated while walking53,54. Experiments with 

yeast dynein have demonstrated that the vector of linker swinging is a major 

determinant of the directionality of motor movement, and that perturbing this motion 

changes dynein’s directionality52. This has also been shown in studies analyzing 

dynein’s movement about the microtubule lattice, as dynein moves helically about the 

microtubule, stochastically switching between left- and right-handed helical pitch 

independent of the twisting of the microtubule lattice55. This method of dynein 

locomotion has been coined by many in the field as the “drunken sailor” mode of 

walking, and this is may be part of why dynein is much more effective at navigating 

obstacles on the microtubule lattice than kinesins, which walk hand-over-hand along a 

single microtubule protofilament55. This stochastic stepping mechanism also means 

dynein is able to take backwards steps and change tracks during processive runs54,56, 

further setting it apart from its kinesin counterpart56,57.  

1.2. Dynein associated proteins and regulation of the motor complex 

1.2.1.  Dynactin and adaptor proteins 

The heavy and accessory chains of the dynein complex make up the core 

catalytic subunit of a motile complex. Still, dynein relies on a wider arsenal of protein 

complexes as cofactors to effect motility and to sustain productive forces within cells. 

Many cofactors have also been shown to be essential for dynein recruitment to sites of 
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activity in cells, including dynactin and adaptor (or effector) proteins16. Dynactin is the 

most well-characterized effector of dynein activity in cells, and is itself a large (>1 MDa) 

protein complex comprised of 23 proteins in mammals18,58-60. This complex is 

assembled from an actin-like filament comprised of several ARP1 proteins along with a 

single Beta actin monomer. This minifilament is capped at the “barbed” end by CapZA/B 

proteins, and at the pointed end by the ARP10 subunit and the p25, p27, and p62 

subunits61.  These proteins have roles in both scaffolding dynein and changing its 

motility during cargo transport61,62. This remarkable combination of actin and 

microtubule cytoskeletal elements serve many purposes. Dynein tail domains may bind 

along the helical pitch of this pseudo-actin filament, which has the effect to position and 

separate the tail domains in the motor by ~2 nm, positioning the motor domains in a 

configuration conducive to processive motion63. Four copies of p50 (dynamitin, so 

named for the overexpression phenotype of “blowing up” dynein complexes in cells64) 

and two p24/22 subunits bind the actin minifilament forming the “shoulder” of the 

complex61. Binding to this shoulder are two copies of the p150glued protein, a long coiled-

coil that terminates in a CAP-GLY microtubule-binding domain61,65. This domain has 

been shown to be important for targeting of dynein to microtubules to initiate transport66, 

as well as having a number of biologically important splicing isoforms67 and 

moonlighting as a MAP68. The p150 microtubule-binding domain has further been 

shown to be important to initiate transport along axons, and tubulin tryrosination has 

been shown to be necessary for this domain to initiate transport69. Dynactin serves as 

an important regulator of dynein motility in cells, and is important for recruitment of 

dynein to sites of activities in all organisms70-72. The conserved mechanism of 
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recruitment of dynein to the cell cortex requires dynactin, and dynactin is therefore 

required for dynein-mediated positioning of the mitotic spindle73.  

 The yeast dynactin complex is highly similar to its mammalian counterpart74-76, in 

that the main structural component is an actin minifilament composed of the actin 

related protein ARP1, with the pointed end bound to another actin related protein, 

ARP1177,78. At the barbed end of the filament, the dynamitin homolog Jnm1 binds to the 

top of the ARP1 filament79, and finally, the p150glued homolog in yeast, NIP10080. Just as 

in higher eukaryotes, Nip100 has a CAP-GLY domain and predicted microtubule binding 

affinity, which studies suggest may assist dynein in force production during nuclear 

migration81. Most of our current understanding of yeast dynactin comes from genetic 

studies which systematically assigned the interactome of dynactin components. 

Purification of high purity, intact yeast dynactin complexes has eluded researchers, and 

no structural data exists for the yeast dynactin complex. While highly similar to 

mammalian dynactin, it is possible that the yeast dynactin complex has different 

requirements for assembly. Dynactin in many eukaryotes has been demonstrated to 

directly interact with dynein and track polymerizing microtubules82. However, plus-end 

dynein-dynactin (in yeast or human) is strangely immobile, and does not initiate minus-

end directed motility83,84.  To initiate processive movement, dynein-dynactin must bind a 

coiled-coil adaptor protein85. In both yeast or mammals, these complete dynein-

dynactin-adaptor complexes are necessary for fully functional dynein activity in vivo.  

The third component of the dynein machinery is the adaptor (or effector) protein, 

which confers cargo specificity to the dynein-dynactin complex which allows the single 

isoform of dynein to perform distinct cellular functions16,86-87. These proteins are 
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characteristically a single polypeptide, with the most common feature a coiled-coil 

region that forms a highly stable tripartite complex with dynein-dynactin61,88.  However, 

in yeast, only a single adaptor exists, Num189, which is homologous to the mammalian 

Nuclear positioning Mitotic Apparatus (NuMA), which links dynein-dynactin to the cell 

cortex90. Num1 in yeast is similar to mammalian NuMA, with differences in their linkages 

to the cell cortex—Num1 is linked through an PH domain directly to PIP4,5 lipids91, 

whereas NuMA is linked to the cell cortex by interactions with the proteins Gαi and 

LGN92
. The coiled-coil region of Num1, which binds dynein-dynactin, is sufficient to 

activate processive dynein motility along astral microtubules when expressed in cells85. 

It has been shown recently that adaptor-specific interactions can leverage the 

dynein-dynactin complex to perform different tasks, and strikingly, some adaptors allow 

two dynein dimers to bind dynactin simultaneously93,94. Binding two dynein dimers to a 

single dynactin has been shown to increase the speed and force generation of 

mammalian dynein complexes94,97, but it was unclear prior to this thesis work if a similar 

process occurs with yeast dynein-dynactin-Num1 complexes, or indeed, for the 

mammalian NuMA adaptor which has not been studied in vitro. It has been shown that 

dynactin and adaptor proteins are necessary cofactors to effect processive dynein 

motility for the mammalian complex in vitro86,87,94,95; however, dynactin is dispensable 

for processive motility of the yeast complex. It is unclear still whether yeast dynactin 

may also position the motor heads of yeast dynein. However, preliminary data from our 

laboratory suggests that these activities may be conserved by yeast dynactin and the 

adaptor Num1/NuMA. 
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1.2.2. Plus end targeting and microtubule surfing 

A number of other microtubule-associated proteins (MAPs) and plus end tracking 

proteins (+ tips) interact with dynein complexes. One group of MAPs of particular 

interest in dynein research is the plus end complex, which targets dynein-dynactin to 

microtubule plus ends and maintains these proteins in an inactive state, prior to 

offloading to adaptor proteins. The yeast/mammalian microtubule plus-end targeting 

apparatus consists of: Bim1/EB1, Bik1/CLIP-170, Pac1/Lis1, dynein and dynactin 

(FIGURE 1). It has been demonstrated in cell biological assays84,98,99 and biochemical 

reconstitution95,96 that this complex is responsible for targeting dynein-dynactin to the 

plus ends of microtubules, where they may be offloaded to adaptor protein receptors. 

This large plus end targeting complex allows dynein to “surf” along the growing and 

shrinking microtubule plus end, and prevents dynein from diffusing back into the 

cytoplasm. Within this cadre of proteins, distinct sub-complexes exist95,96. The 

microtubule binding function of Bim1 enhances plus-end tracking, but is not strictly 

required for plus end association of dynein in yeast84. Bik1-Pac1-dynein complexes 

(yeast)100,101, and dynein-CIP170-LIS1102 complexes as well as dynein-dynein-dynactin 

complexes (mammals), may track microtubules95. The likely function of this complex is 

to maintain dynein at the plus-end where it is primed for processive movement towards 

the minus end, upon delivery to cortical sites. However, the mechanisms which prevent 

dynein from moving away from the plus-end are unclear, but one hypothesis is that 

dynein is maintained at the plus ends in a conformation where microtubule interaction 

by the dynein MTBD is limited. It is also possible that the high valence of these protein-

protein interactions contributes sufficient force to counteract dynein processive motility 
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away from the plus end. Bik1/CLIP170 has been shown to track with end-binding 

proteins such as the end-binding protein family of tip trackers, and this protein may bind 

microtubules independently of dynein or Pac1100. Surfing of  Bik1/Pac1/dynein along 

microtubules is important to cortically anchor dynein at Num1/NuMA, and this process 

has been shown to be mechanistically very similar between yeast and animals98,99,103. 

The tripartite interaction between Bik1/Pac1/dynein also appears highly conserved; loss 

of either Pac1 or Bik1 causes a drastic reduction in plus end targeting of dynein to the 

cell cortex in yeast and C. elegans, and the mammalian kinetochore102-104. This Bik1-

Pac1-dynein complex appears wholly conserved, and serves as a minimal complex for 

targeting dynein to microtubules and to regulate its activity. 

Despite the homology of Pac1 and LIS1 in cell biological experiments, these 

proteins previously appeared to have conflicting roles experimentally.  It was shown that 

Pac1 decreases the velocity of dynein in single-molecule assays101,105-107 and that LIS1 

reduces mammalian dynein velocity in a dose-dependent fashion in ensemble 

microtubule gliding assays96,108. However, Pac1 is also required for dynein activity in 

yeast cells99,109, and LIS1 increases dynein-dynactin association in animal models110. 

Furthermore, LIS1 has no effect95 or increases velocity96,111 of dynein-dynactin-BicD2 in 

single molecule assays. It was unclear if many distinct mechanisms of LIS1 existed, or if 

Pac1 was simply a different effector in yeast systems. While it is reasonable to expect a 

yeast and mammalian homolog may have different functions, these conflicting data 

represent fundamentally incompatible mechanisms of action of LIS1. Furthermore, the 

filamentous fungus,  Aspergillus nidulans homolog, nudF, has demonstrated many 

similar roles to its mammalian and yeast counterparts112. This protein is necessary to 
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localize dynein to microtubules113,114, loss of nudF prevents initiation of transport of 

dynein along microtubules. These activities are much in line with Pac1/LIS1 in other 

organisms, and perhaps indicate deficiencies in studying these proteins in vitro. 

1.3. Dynein as a driver of neurological disorders 

1.3.1. Dynein motors and neurological development 

Due to its immense complexity and its many levels of regulation, dynein activity 

in a cell must be kept in a delicate balance. In large cells, where microtubule based 

transport is the primary mode of transport for many long-distance processes, dynein 

drives most retrograde transport. This process is extremely important in motor neurons, 

where axons can reach up to 1 meter in length121, which dynein must amazingly 

traverse using 16nm steps, in an odyssey that can take as long as days for fast axonal 

transport, and as slow as a year for some modes of slow axonal transport117.  The flux 

of dynein and kinesin trafficking must be carefully regulated to maintain homeostasis118, 

and minor perturbations to these proteins’ structures introduced by de novo mutation 

can have severe consequences119,120. Local synthesis of dynein and kinesin 

components along the axonal endoplasmic reticulum has also been shown to be 

important to maintain the homeostatic balance of antero- and retrograde transport along 

long axons121,122. At synapses, dynein is responsible for the trafficking of proteins from 

the cell surface back to the soma and nucleus, including postsynaptic receptors123,124. In 

this way, dynein is able to transmit biochemical signals from axonal afferents to 

generate long-term responses to stimuli by downstream remodeling of synaptic 

receptors. The interaction of these long range microtubule transport phenomena with 

short range actin transport is unknown, but some evidence suggests cargos may be 
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handed off from MT motors to the actin cytoskeleton for localization in small 

compartments found in dendritic boutons. 

The establishment of neuronal processes has been demonstrated to be itself a 

dynein-mediated process. Dynein and kinesin transport pre-assembled microtubule 

filaments from the soma to developing neurites126, and while the mechanisms governing 

these process are poorly understood, the establishment of unipolar axons and 

multipolar dendrites requires the interplay of dynein and kinesin transport 

modules84,116,118. Axonal specification may be a dynein and kinesin driven process as 

well127, and the dynamic interplay between these motors helps newly developing neural 

cells reach out into surrounding extracellular environment121,127. The maintenance of 

these structures require the coordination of dynein motors, both for transport of cargos 

and for organizing microtubules129-131. Accordingly, the axon growth cone is highly 

enriched in dynein, dynactin, and kinesin69,116.  

In addition to its roles in trafficking, dynein activity is essential to position the 

mitotic spindle along the plane of cell division which is vitally important for the 

development of tissue layers131,132. Dynein, kinesin, and myosin all cooperate in the 

long-range transport of nuclei, which is an important step in the development of the 

mammalian brain cortex. During the primary stage of neocortical development of 

neurons, pluripotent stem cells within the subventricular zone (SVZ) called radial glial 

precursor cells are responsible for forming layers of the cortex133-135. The nuclei of these 

cells are kept in a continuously renewing state by a complex gradient of molecular 

signals which are asymmetrically localized within the large intracellular space. Activation 

of kinesin-1 initiates the movement of nuclei from the basal lumen of the SVZ to the 
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apical surface of the ventricular zone (VZ), where the waxing gradient of pro-mitotic 

cytokines induces cells to undergo cell division131-133. After cell division, pulling forces 

from actin-myosin cables and dynein forces on the nuclear-anchored centrosome move 

the nucleus back to the basal surface, where cytokines maintain the stem cell nucleus in 

a pluripotent state. One important aspect of this process is that the migration of the 

nucleus is preceded by the movement of the centrosome, and long microtubules 

emanating from the centrosome arranged in a parallel configuration provide the tracks 

for dynein movement132. The asymmetric localization of different mitotic factors is 

carefully maintained in these cell types to allow for rapid cell proliferation, and to 

maintain the integrity of the stem cell pool. The movement of nuclei in this process has 

been termed interkinetic nuclear migration (INM)135, and is vital for the production of 

neurons along the VZ136. Recruitment of the dynein arm of the microtubule motor 

assembly has been shown to be mediated by various dynein effectors including LIS1137 

and BicD2, which has itself been shown to be recruited through small GTPase activity in 

the RanBP2/RAB6 pathway138. Loss of dynein motor activity during this process through 

mutations to the motor or ectopic disruption of dynein-effector interaction is sufficient to 

decrease proliferation of cells and migration away from the ventricular zone to the 

cortex139,140. 

It is therefore unsurprising that spontaneous de novo mutations in many 

microtubule-associated proteins, namely kinesin, tubulin, dynein and LIS1 (named for its 

role in the lissencephaly disorder), have been demonstrated to have profound affects on 

the proper formation of cortical layers119,140-143. Development of the many distinct 

cortical layers of the brain is a delicate and highly dynamic process, and minor 
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deficiencies in protein function would be expected to have dramatic changes for proper 

development. However, it can be appreciated through the phenotypic consequences of 

even single dominant-negative dynein mutations that even minor perturbations to 

established mechanisms of cytoskeletal construction have deleterious effects on the 

health of complex organs and organisms119,143-151. Interestingly, while mutations 

affecting dynein-driven processes have been shown to affect the establishment of 

cortical layers in the developing brain, these same mutations do not present similarly 

obvious or potent defects in cardiac tissue, or elsewhere in tissues that require polarity. 

This opens up the possibility that some mutations will cause phenotypes that have 

specificity to tissue types, or that other genetic factors are able to compensate for 

dynein functions in other tissues. Control of the kinesin and dynein cytoskeletal 

components in neural cells is aided by a number of neuronal specific MAPs, which allow 

different cellular compartments to limit, or enhance motor activities152,153. The selectivity 

of different motor isoforms and myriad of neuron-specific regulatory proteins may also 

explain the neuronal specificity of certain de novo point mutations, or why the patient 

symptoms are much more severe in neuronal tissues. 

1.3.2. Understanding how dynein mutations cause neurological disorders 

(dyneinopathies)  

Historically, our understanding for how mutations in dynein drive motor neuron 

diseases and other neuropathies have come from work done using mouse models of 

dynein. These models relied on generation of mutants by chemogenic methods and 

mutations were introduced randomly into the dynein tail domain. The importance of 

dynein as a driver of disease, outside of severe cases such as lissencephaly, was truly 
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not appreciated until the advent of whole-exome sequencing as a tool to identify de 

novo point mutations143-151. Since the 2010s, dozens of mutations in dynein have been 

identified by whole exome sequencing as primary effectors of a spectrum of motor 

neuron diseases and developmental disorders, referred to here as dyneinopathies. The 

mutations span the entire heavy chain (Fig. 2), and there existed no clear correlation 

(prior to the start of this thesis) between mutant identity and disease state. As work with 

mouse models have shown, hemizygotes for dynein were viable and presented no 

obvious phenotypes at early developmental stages155. However, even single base pair 

changes in the mutant dynein mouse models (referred to as loa, cra, and swa154) 

demonstrated severe phenotypes. Therefore, mutations identified in the host of human 

patients must be behaving in a dominant-negative fashion, and indeed, individuals are 

primarily heterozygous for dynein mutations. Furthermore, familial cases of where 

homozygous mutations accumulate result in very severe phenotypes. However, 

heterozygous patients may vary dramatically in disease presentation, age of onset, rate 

of disease progression, and quality of life.  

Several major classes of neuropathies derive from dynein mutations, but they are 

primarily represented by (1) motor neuron disorders and (2) developmental disorders. 

Motor neuron disorders include Spinal Musclar Atrophy with Lower Extremity Deformity 

(SMA-LED), Charcot-Marie-Tooth disease, and congential muscular dystrophy. In many 

of these cases, the age of onset is childhood, and many developmental abnormalities 

may persist such as talipes, scoliosis, and cranial-facial malformation. In most of these 

motor neuron disorders and muscular dystrophies, slow muscular development is 

typically followed by muscular and neuronal degeneration in the peripheral nervous 
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system, which persists into adulthood. These symptoms are reminiscent of neurological 

disorders caused by protein aggregation, which is an anticipated consequence of 

disrupting homeostatic balance of axonal transport. Outside of gross physiological 

deficits, affected patients also suffer from impaired coordination, and in some cases 

slowed cognitive development143,145. Despite many difficulties associated with these 

disorders, initial formation of much of the nervous formation is sufficient for mostly 

normal development in most tissues of the body, and these disorders are rarely fatal to 

individuals at young ages. This would imply that dynein function is impaired very subtly 

by the mutations, as many dynein-dependent processes such as neuronal migration 

and neurite outgrowth are seemingly unperturbed in initial stages of development. 

However, as symptoms persist over time and get progressively more severe, this would 

further imply that these mutations do have negative consequences which compound 

over long periods of time.  

The second major class of dyneinopathies is developmental disorders, in many 

cases clinically referred to as malformations of cortical development (MCD)144. While 

many muscular dystrophy related diseases present symptoms of impaired development 

of the peripheral nervous system, MCD disorders grossly affect the development of the 

central nervous system. Microcephaly, polymicrogyration of cortical layers, and loss of 

cerebellar development have been observed in many instances of dynein mutation. 

These diseases in most instances lead to severe loss of cognitive function144,145,149 and 

are typically fatal in the long-term. While muscular atrophy is not typically observed in 

these patients, the initial severity of the disorder and the typically fatal diagnoses may 

be preventing the identification of further symptoms. As MCD disorders are evident in 
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utero, it is likely that these mutations are interfering with a number of important dynein 

functions such as interkinetic nuclear migration. Furthermore, it is possible both gain- 

and loss-of-function of dynein could be equally important for disrupting normal cortical 

layers, as the timing of neurological development is precisely timed with cellular 

migration and extracellular signaling137-139,161. Overall loss of dynein activity would be 

expected to drive phenotypes such as Lissencephaly, in which proliferation and gyration 

of cortical layers is nearly non-existent141,159.  

1.4. Overview of the findings of this thesis work 

With so many complex roles to play on the cellular stage, understanding how 

mutations affect the dynein complex in vivo are difficult. To this end, we have 

established a system for assessing disease-correlated phenotypes using budding yeast 

dynein, which simplifies both in vivo and in vitro assessment of dynein activity. Cellular 

yeast dynein activity relies on many of the same factors as human dynein for activity, 

including Bik1, Pac1/LIS1, dynactin, and the coiled-coil effector Num1. While this 

system does not recapitulate the complicated cellular activities of dynein in neurons, it is 

ideally suited to answer biological questions at the molecular level regarding dynein 

motility, force production and nuclear movement, plus-end targeting, and mitotic spindle 

positioning. The advantages of yeast cell biology are further complemented by the 

advantages of in vitro assays using yeast dynein, which is processive in single-molecule 

experiments without the need for dynactin or adaptors which mammalian dynein 

requires160. Yeast dynein is an excellent biochemical model whose properties can be 

studied through varied microtubule (and other proteins) binding assays, and ATPase 

assays163, more readily than its mammalian counterparts.  
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This thesis work will first focus on the dynein motor, and how de novo mutations 

affect protein’s mechanochemistry and regulation at the molecular level. Prior to the 

start of this thesis work, dozens of mutations in the dynein heavy chain were identified 

as dominant negative drivers of a diverse spectrum of muscular dystrophy and 

neurological diseases119,143-151. However, prior to this work very little was known about 

how dynein mutations caused such motor neuropathies, outside of work done in 

classical mouse models generated by random mutagenesis. The swa, cra, and loa 

models provided much of the initial biological data on phenotypic consequences at the 

organism level154, but little biochemical data was available for mutations corresponding 

to human disease states146. The initial goal of this research was to use the advantages 

of yeast dynein to assess how seventeen different mutations from human disease 

states could drive dysfunction.  

However, during the course of this thesis work, another study was published 

investigating the effects of disease correlated mutations on dynein function using 

human proteins164. While initially disheartening, this study provided solid confirmation of 

our data from yeast, and did not provide any in vivo data on the effects of mutations. 

Importantly, the findings of both studies were highly congruent, and allow us to better 

understand the possible cellular consequences dynein mutations have for an individual. 

Finally, using the high-throughput nature of yeast biology we wished to find ways to 

rescue mutant phenotypes, either through pharmacological action or through 

engineering in compensatory mutations. This approach is ideal for our yeast system but 

presents significant difficulties to perform in mammalian systems, which we believe 

gives our yeast system a key advantage. 
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As fortune would have it, one of the mutations identified in this study was a key 

residue regulating dynein motor activity. In 2017, a seminal finding165 from the field 

emerged that dynein is maintained in an autoinhibited conformation in the cytoplasm, 

and that this autoinhibited state is necessary for normal cellular function. This work 

further identified several key amino acids which stabilize this autoinhibited conformation, 

and to our surprise, one of these stabilizing residues was identified as driving 

phenotypes in our yeast screen. This led to our discovery that yeast dynein is 

autoinhibited using near-identical residues to human dynein, and we now believe that 

this represents an evolutionarily conserved mechanism unique to nearly all isoforms of 

cytoplasmic dynein-1. 

 Finally, this discovery was also integral to our understanding how a key dynein 

regulator, Pac1, activates dynein for motility. Elucidating the mechanism of Pac1/LIS1 

activity has been a major focus of this doctoral research, and doing so required 

challenging a number of previously published experiments104-108.  These experiments 

allowed us to determine a novel mechanism for Pac1 regulation of dynein, whereby 

Pac1 binding to the open, uninhibited dynein stabilizes this open conformation of the 

motor and coordinates its localization. These results directly contradict past 

experiments, which have proposed that Pac1 is an inhibitor of yeast dynein. However, 

our results have dove-tailed beautifully with several other lines of research in the field 

that demonstrate binding of LIS1/nudF has an identical role in maintaining dynein in the 

open state165-169. This mechanism explains why dynein-dynactin complex formation and 

activity is enhanced by Lis1, and why yeast dynein requires Pac1 to form the dynein-

dynactin-Num1 complex. This understanding has allowed us to revise our model for 



 23 

dynein offloading in yeast, and propose a mechanism for dynein activation which is 

conserved across Eukaryotes103.  

The findings of this doctoral research will be presented in three sections. Initially, 

the methodology and the results of our mutagenesis screen of disease-correlated 

dynein point mutants will be presented, followed by subsequent experiments that 

followed as natural avenues of reasoning pursuant to these data. Secondly, the results 

of the investigation of dynein autoinhibition and the role of Pac1/LIS1 in regulating 

autoinhibition will be presented, as well as data challenging the current model for how 

Pac1/LIS1 function to regulate dynein activity. Finally, a review of Pac1/LIS1 in the 

literature will be presented synthesizing the past work on these proteins toward building 

a synergistic model for this protein’s function in regulating dynein activity. 
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CHAPTER 2: Dynein mutagenesis reveals the molecular basis for dynein 

dysfunction in motor neuron disease 

 

2.1. Introduction 

Dynein is the primary motor associated with the majority of retrograde transport 

along microtubule networks in mammals. In its role as a motor protein dynein is 

necessary for important vesicular microtubule transport functions in all cell types, and 

for regulating large-scale microtubule networks19,35,126. These functions are of special 

importance in axons, where a single unipolar microtubule array is established upon 

axon specification116,118, which means dynein is responsible for nearly all microtubule 

transport from the axon tip back to the soma. As axons can reach lengths of microns to 

hundreds of millimeters117, and dynein moves primarily using 8-16 nm steps97,167, slow 

axonal transport processes can take weeks to even months116, making high fidelity 

transport and coordination of motor processes extremely important to establishing and 

maintaining homeostasis within neurons. Beyond its roles in transport, dynein and 

kinesins are important for the establishment of microtubule arrays in axons and 

dendrites124-126. Various studies have demonstrated that ensemble force generation by 

teams of kinesins, dyneins and myosins are responsible for moving nuclei during 

interkinetic nuclear migration, a process that establishes cortical layers of the neocortex 

and is necessary to generate a sufficient number of differentiated cells for brain 

development133-135. Finally, dynein and several of its cofactors is necessary for neuronal 

migration activities137,138 during brain development. 
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Owing to its importance in neuronal health, defects in dynein introduced by 

mutation can have deleterious effects on cellular and organismal health. It has been 

determined from sequencing of patients that over 40 distinct point mutations in the 

dynein heavy chain are major drivers of neurological diseases, especially muscular 

dystrophy related diseases, and that even greater numbers of mutations exist in 

associated microtubule associated proteins143-151. Mutations are almost exclusively 

missense, dominant-negative, and de novo mutations, with a few mutations originating 

from familial inheritance119. The symptoms of these various muscular dystrophy related 

dyneinopathies usually vary in symptom presentation and in age of onset from patient to 

patient. Quizzically, a single mutation may produce distinct symptoms in patients of 

different genetic backgrounds. A major effort of ongoing research is aimed at the study 

and treatment of similar diseases, such as Duchenne’s muscular dystrophy170. 

Currently, the use of mammalian cell culture techniques is limited in its 

individually investigate and assess the molecular consequences of a single dynein 

mutation, let alone the dozens of mutations found in disparate human disease states. 

Dynein is required for cell viability, so complete loss of function mutations may be lethal 

to cells in culture, which would preclude study of such a mutation. Dynein performs 

myriad tasks within mammalian cells, from mitotic functions, to organelle positioning, to 

interphase cargo transport, which potentially makes assessment of mutation 

phenotypes confounding. A number of the human mutations can have subtle effects at 

the level of the individual, and such small (but incremental changes) in a whole 

organism would likely translate to subtle defects at the cellular level. What is more, 

dynein isoforms40,41 and adaptors16,171 can be different between different cell types in 
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mammals, which could lead to no observable phenotypes in commonly used in vitro cell 

lines, such as HeLa and HEK293 cells. Therefore, it is not clear if all mutations would 

evoke the same phenotype in in vitro mammalian cell culture that they do in the context 

of highly specialized cortical neurons. Furthermore, expression of dynein in mammalian 

cells has not been achieved using the simpler and more traditional means of plasmid 

gene delivery. Successful endogenous expression of tagged or mutant dynein isoforms 

can only be achieved using bacterial artificial chromosomes165 (BACs), CRISPR/Cas9 

targeting of the endogenous dynein locus, though one HeLa cell line stably expressing 

the wild type dynein-GFP does exist172. Since both techniques are difficult and time-

consuming, performing an assessment of dynein mutant function in mammalian cells 

remains challenging. 

For these various reason, achieving a systemic understanding of how the 

intracellular environments of higher eukaryotes are perturbed by single dynein 

mutations is a difficult undertaking. To circumvent difficulties that arise from studying the 

processes of pluripotent proteins, researchers have historically turned to simpler 

eukaryotic systems, such as S. cerevisiae, to understand basic mechanisms of cellular 

regulation and protein mechanics. Yeast dynein has been studied at great lengths to 

understand better its mammalian counterpart, and much of what we know of dynein 

mechanochemistry was learned from humble budding yeast. Studies have 

demonstrated that dynein has only a single known microtubule transport function in 

yeast, the positioning of the mitotic spindle prior to anaphase22,108. This function relies 

on many of the same essential cofactors and therefore presents an ideal system for 

study basic mechanisms of dynein mitotic spindle positioning and nuclear 
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migration72,84,85. By studying this simple dynein function, we can assay the degree of 

dysfunction introduced by de novo point mutations. Dynein has a lesser appreciated 

function in depolymerizing microtubules in both yeast81 and mammals173, though it is 

unclear what the exact biological purpose regulation of astral microtubule length serves 

in budding yeast. It is true that a yeast system cannot be expected to recapitulate the 

complex array of defects which may follow from mutations in higher eukaryotes, but this 

system greatly simplifies the investigation of structure-function correlates when 

determining the molecular mechanisms underlying single amino acid changes to a 

protein. Furthermore, the simplicity of yeast genetic tools allows us to generate mutants 

rapidly, and introduce additional mutations to explore mutant defects at the single amino 

acid level. As dynein is only one pathway of mitotic spindle positioning, with actin-

myosin providing microtubule spindle positioning through the Bim1-Kar9 pathway174, 

mutations which result in total loss of function will not lead to compromised cell viability. 

This thesis work investigated 17 different mutations in yeast dynein determined to be 

conserved (or in some cases, homologous) to mutations implicated in human 

neurological disease. 

 The long-term goal of this thesis project was to create a pipeline capable of (1) 

assessing dynein mutant functions, (2) determining, precisely as possible, the molecular 

defects introduced by this mutation, and (3) attempting to correct the molecular defect. 

The readout of all in vivo assays of yeast dynein is simply the positioning of the mitotic 

spindle, which presents a robust and high-throughput means to assess functionality of 

dynin-dynactin-Num1 complexes at the cell cortex. This simplifies our data when 

attempting to correct this dysfunction through the engineering of compensatory 
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mutations or through pharmacological action. This in vivo approach was complemented 

with an in vitro assessment of motor function, and yeast dynein provides the benefit of 

being simple, inexpensive, and quick to purify160. This system gives a method to assess 

motor-intrinsic properties of mutant protein and provides some advantages over the 

human dynein-dynactin-adaptor complexes used for analogous in vitro single molecule 

studies. Importantly, the yeast and human dynein complex have a high degree of 

homology, especially in the AAA catalytic core24,25, which should make structure-

function predictions highly translational between systems. During this mutant screen, I 

established the SF9 cell culture system for the expression and purification of human 

dynein mutants. This gives our system direct relevance to understanding how mutations 

affect the human motor, and provides the in vitro method of microtubule gliding 

assays108 to validate any potential mechanisms of correcting mutant dysfunction in vitro. 

 This chapter will present the findings from our screen of seventeen mutant 

phenotypes from a battery of different assays. From this large data set, I next 

investigated the potential mechanisms by which mutations introduce dysfunction, and 

the successes and failures in attempting to correct mutant phenotypes will be detailed. 

In two cases, which represented the most severe neurological correlates in 

patients144,149,151, we were successful in ameliorating the mutant phenotypes. One of 

these mutations was further validated using recombinant human dynein, demonstrating 

the translational nature of our dynein system. I will also present our efforts at correlating 

the phenotypic consequences of mutations to different disease states, in a method that 

hopefully demonstrates how the results of this study can be both translational and 

predictive in assessing other mutations in dynein as they are identified. Finally, several 
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surprising pieces of data which demonstrates further the homology between yeast and 

humans will be discussed. The findings from this mutant screen truly demonstrate the 

high degree of homology between yeast and human dynein complexes, in both their 

structure and regulation.  

2.2 Methods  

2.2.1. Strain construction and cloning 

All strains used in this thesis work are derived from either W303 or YEF473A177 

and are listed in Table 5. We transformed yeast strains using the lithium acetate 

method178. Strains carrying mutations were constructed by PCR product-mediated 

transformation179 or by mating followed by tetrad dissection. Proper tagging and 

mutagenesis was confirmed by PCR, and in most cases sequencing (all point mutations 

were confirmed via sequencing). Fluorescent tubulin-expressing yeast strains were 

generated using plasmids and strategies described previously180,181. Yeast synthetic 

defined (SD) media was obtained from Sunrise Science Products (San Diego, CA). 

2.2.2. Spindle positioning assay  

YEF473 yeast cells were grown to senescence overnight, then diluted in YPD 

media to reenter log phase. After 1-1.5 hours, cells were arrested by shifting incubation 

to a low (16o C) temperature, which has been previously demonstrated to enrich cells 

for anaphase spindles and prevent mitotic exit29. Following this arrest, assessment of 

spindle positioning is performed by visualizing fluorescent microtubules and determining 

the fraction of properly positioned versus mispositioned mitotic spindles (Fig. 3). 

Imaging was performed for a single time-frame in three dimensions (7 Z images at 0.2 

µm).  
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2.2.3. Spindle oscillation (dynamics) assay  

To complement the simple approach of spindle positioning with a more refined 

measurement of dynein activity, I performed time-lapse microscopy to visualize the 

movement of the mitotic spindle by dynein pulling forces on astral microtubules via 

GFP-labeling of tubulin which permits labeling of microtubules in cells without noticeably 

perturbing microtubule dynamics108,180. To focus on dynein dynamics in mitotic cells, we 

prepared yeast as before—growing yeast cells overnight, then diluting cells in fresh 

YPD to log-phase. Yeast cells are then arrested for 2.5 hours in a metaphase-like state 

using the drug hydroxyurea22. To only observe solely dynein-mediated spindle 

dynamics, all strains are deleted for the kar9 gene, which directly links the Bim1-

microtubule lattice to non-muscle myosin II motors at the cell cortex174. Deletion of the 

Kar9 protein was accomplished through the mating of yeast strains, which provides an 

additional benefit of assessing synthetic interactions between the dynein and kar9 

pathways. Cells that are both dyn1∆ and kar9∆ are severely compromised for spindle 

positioning, so mutations which greatly compromise dynein function would present 

synthetic growth defects during the generation of these strains. These cells have 

compromised health, but may still divide, and our dyn1∆/kar9∆ cells presented a further 

opportunity to understand mitotic spindle movements in the absence of microtubule or 

actin-based motor. 

For time lapse movies (10s frames acquired for ~10 min, 23 Zs at 0.2 µm) 

images were collected on a Nikon Ti-E microscope equipped with a 1.49 NA 100X TIRF 

objective, a Ti-S-E motorized stage, piezo Z-control (Physik Instrumente), an iXon 

DU888 cooled EM-CCD camera (Andor), a stage-top incubation system (Okolab), and a 
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spinning disc confocal scanner unit (CSUX1; Yokogawa) with an emission filter wheel 

(ET525/50M for GFP, and ET632/60M for mRuby2; Chroma). Lasers (488 nm and 561 

nm) housed in a LU-NV laser unit equipped with AOTF control (Nikon) were used to 

excite GFP and mRuby2, respectively. The microscope was controlled with NIS 

Elements software (Nikon). These movies were quantified for various parameters of 

dynein activity: velocity and displacement of each dynein-mediated spindle movement, 

the frequency and total distance of individual spindle movements, and the total time 

spent by dynein pulling the mitotic spindle. Using this assay it is also possible to assess 

force generation by dynein-dynactin complexes by proxy of spindle-pull through 

successes. S. cerevisiae undergo closed mitosis, and the large diameter of the nucleus 

must be pulled through the relatively narrow mother-bud neck. Previous studies have 

demonstrated that compromising dynein activity by eliminating important cofactors 

She1, a S. cerevisiae-specific dynein regulator163, or by deleting the microtubule-binding 

CAP-GLY domain Nip10081 (homolog of p150glued), leads to decreased mitotic spindle 

transit through the mother-bud neck. These six parameters (spindle velocity, spindle 

displacement, movements per minute, displacement per minute, time of activity, and 

spindle pull-through success) were assessed for all seventeen mutants. Analysis was 

performed by automated tracking of the GFP-tubulin signal using a custom-written 

Matlab code aided by manual threshold setting of the GFP signal and by manual picking 

of dynein-mediated spindle events. Attempts were made to fully automate this spindle 

tracking, but these efforts were complicated by instances of microtubule 

depolymerization, microtubule growth pushing on the mitotic spindle, and dynein-
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mediated spindle movements stalling at the bud neck. Therefore, manual curation of 

spindle movies was required for reliable quantification of dynein-dynactin activity. 

2.2.4. Dynein localization assay  

To assess the effects of mutation on dynein localization, YEF473 yeast cells 

were grown to log phase as previously described. Cells expressing Dyn1-3GFP and 

mRUBY-TUB1 (as used in the spindle positioning assay), were analyzed using time-

lapse microscopy (10s frame acquired every 90s, using 13 Z stacks of 0.2 µm). Images 

were acquired on the NikTiE microscope set-up utilized for the spindle dynamics assay. 

Dynein localization at canonical cellular compartments—the spindle pole body, 

microtubule plus ends, and the cell cortex—was determined by manually scoring 

frequency and intensity of dynein molecules using ImageJ software.   

2.2.5. Purification of yeast dynein complexes  

Yeast dynein was purified as previously described68. Purification of yeast dynein 

(ZZ-TEV-Dyn1-HALO, under the native DYN1 promoter; or, ZZ-TEV-6His-GFP-3HA-

GST-dynein331-HALO, under the control of the galactose-inducible promoter, GAL1p) 

was performed as previously described114,163. Briefly, yeast cultures were grown in YPA 

supplemented with either 2% glucose (for full-length dynein) or 2% galactose (for GST-

dynein331), harvested, washed with cold water, and then resuspended in a small volume 

of water. The resuspended cell pellet was drop frozen into liquid nitrogen and then lysed 

in a coffee grinder (Hamilton Beach). After lysis, 0.25 volumes of 4X dynein lysis buffer 

(1X buffer: 30 mM HEPES, pH 7.2, 50 mM potassium acetate, 2 mM magnesium 

acetate, 0.2 mM EGTA) supplemented with 1 mM DTT, 0.1 mM Mg-ATP, 0.5 mM 

Pefabloc SC (concentrations for 1X buffer) was added, and the lysate was clarified at 
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22,000 x g for 20 min. The supernatant was then bound to IgG sepharose six fast flow 

resin (GE) for 1–1.5 hr at 4°C, which was subsequently washed three times in 5 ml lysis 

buffer, and twice in TEV buffer (50 mM Tris, pH 8.0, 150 mM potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 0.005% Triton X-100, 10% glycerol, 1 mM DTT, 0.1 

mM Mg-ATP, 0.5 mM Pefabloc SC). To fluorescently label the motors for single 

molecule analyses, the bead-bound protein was incubated with either 6.7 µM HaloTag-

AlexaFluor660 (Promega) or HaloTag-Tetramethylrhodamine for 10 min at room 

temperature. The resin was then washed four more times in TEV digest buffer, then 

incubated in TEV buffer supplemented with TEV protease for 1–1.5 hr at 16°C. 

Following TEV digest, the beads were pelleted, and the resulting supernatant was 

aliquoted, flash frozen in liquid nitrogen, and stored at −80°C. 

2.2.6. Purification human dynein complexes  

The human dynein complex was expressed and purified from insect cells 

(ExpiSf9 cells; Life Technologies) as previously described with minor modifications58,97. 

Briefly, 4 ml of ExpiSf9 cells at 2.5 × 106 cells/ml, which were maintained in ExpiSf CD 

Medium (Life Technologies), were transfected with 1 µg of bacmid DNA (see above) 

using ExpiFectamine (Life Technologies) according to the manufacturer’s instructions. 5 

days following transfection, the cells were pelleted, and 1 ml of the resulting supernatant 

(P1) was used to infect 500 ml of ExpiSf9 cells (5 × 106 cells/ml). 72 hours later, the 

cells were harvested (2000 x g, 20 min), washed with phosphate buffered saline (pH 

7.2), pelleted again (1810 x g, 20 min), and resuspended in an equal volume of human 

dynein lysis buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM DTT, 
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0.1 mM Mg-ATP, 1 mM PMSF). The resulting cell suspension was drop frozen in liquid 

nitrogen and stored at −80°C.  

For protein purification, 30 ml of additional human dynein lysis buffer 

supplemented with cOmplete protease inhibitor cocktail (Roche) was added to the 

frozen cell pellet, which was then rapidly thawed in a 37°C water bath prior to incubation 

on ice. Cells were lysed in a dounce-type tissue grinder (Wheaton) using ≥ 100 strokes 

(lysis was monitored by microscopy). Subsequent to clarification at 40,000 x g, 45 min, 

the supernatant was applied to 2 ml of IgG sepharose fast flow resin (GE) pre-

equilibrated in human dynein lysis buffer, and incubated at 4°C for 2–4 hr. Beads were 

then washed in batch with 50 ml of human dynein lysis buffer, and 50 ml of human 

dynein TEV buffer (50 mM Tris pH 7.4, 150 mM potassium acetate, 2 mM magnesium 

acetate, 1 mM EGTA, 10% glycerol, 1 mM DTT, 0.1 mM Mg-ATP). The bead-bound 

protein was incubated with 3 µM SNAP-Surface Alexa Fluor 647 (NEB) for 40–60 min at 

4°C (to fluorescently label the protein), washed five times in human dynein TEV buffer, 

then incubated with TEV protease overnight at 4°C. The next morning, the recovered 

supernatant was applied to a Superose six gel filtration column (GE) equilibrated in 

GF150 buffer (25 mM HEPES pH 7.4, 150 mM KCl, 1 mM MgCl2, 5 mM DTT, 0.1 mM 

Mg-ATP) using an AKTA Pure. Peak fractions (determined by UV 260 nm absorbance 

and SDS-PAGE) were pooled, concentrated, aliquoted, flash frozen, then stored at 

−80°C. 

2.2.7. Single molecule and ensemble motility assays  

The yeast dynein single-molecule motility assay was performed as previously 

described with minor modifications163. Briefly, flow chambers constructed using slides 
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and plasma cleaned and silanized coverslips attached with double-sided adhesive tape 

were coated with anti-tubulin antibody (8 µg/ml, YL1/2; Accurate Chemical and Scientific 

Corporation) then blocked with 1% Pluronic F-127 (Fisher Scientific). Taxol-stabilized 

microtubules assembled from unlabeled and fluorescently-labeled porcine tubulin (10:1 

ratio; Cytoskeleton) were introduced into the chamber. Following a 5–10 min incubation, 

the chamber was washed with dynein lysis buffer (see above) supplemented with 20 µM 

taxol, and then purified dynein motors were introduced in the chamber. After a 1 min 

incubation, motility buffer (30 mM HEPES pH 7.2, 50 mM potassium acetate, 2 mM 

magnesium acetate, 1 mM EGTA, 1 mM DTT, 1 mM Mg-ATP) supplemented with 

0.05% Pluronic F-127, 20 µM taxol, and an oxygen-scavenging system (1.5% glucose, 

1 U/ml glucose oxidase, 125 U/ml catalase) was added. TIRFM images were collected 

using a 1.49 NA 100X TIRF objective on a Nikon Ti-E inverted microscope equipped 

with a Ti-S-E motorized stage, piezo Z-control (Physik Instrumente), and an iXon X3 

DU897 cooled EM-CCD camera (Andor). 488 nm, 561 nm, and 640 nm lasers 

(Coherent) were used along with a multi-pass quad filter cube set (C-TIRF for 

405/488/561/638 nm; Chroma) and emission filters mounted in a filter wheel (525/50 

nm, 600/50 nm and 700/75 nm; Chroma). We acquired images at 2 s intervals for 8 min. 

Velocity and run length values were determined from kymographs generated using the 

MultipleKymograph plugin for ImageJ 

(http://www.embl.de/eamnet/html/body_kymograph.html)  

Human dynein-mediated microtubule gliding assays were performed as 

previously described164 with minor modifications. Briefly, flow chambers were prepared 

by affixing an ethanol-flamed coverslip to a glass slide using double-stick tape. The 
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chamber was then incubated on an ice block, washed with 1% Pluronic F-127, following 

by addition of purified dynein (five chamber volumes of 60 nM dynein complex). 

Unbound motors were washed out with GF150 buffer. Subsequently, motility buffer (30 

mM HEPES pH 7.0, 50 mM KCl, 5 mM MgSO4, 1 mM EGTA, 1 mM DTT, 2.5 mM Mg-

ATP, 40 µM taxol) supplemented with 1.5% glucose, the oxygen scavenging system 

(see above), and 150 nM fluorescent microtubules was added to the chamber. Images 

were acquired every 1 s (for wild-type) or 1-5 s (for mutants), and analysis of 

microtubule gliding was performed using ImageJ software.            

2.2.8. Cell lysis and immunoblotting        

 Yeast cultures were grown to similar mid-log phase densities (OD600 ~ 2) in 4 ml 

SD media, and harvested. Cell pellets were resuspended in 0.2 ml of 0.1 M NaOH and 

incubated for 10 min at room temperature as described182. Following centrifugation, the 

resulting cell pellet was resuspended in sample buffer. Equal amounts of total cell lysate 

(as determined from cell density prior to lysis) were loaded into each lane, transferred to 

PVDF and probed with a monoclonal anti-GFP antibody (at 1:250; Abm) followed by an 

HRP-conjugated goat anti-mouse antibody (at 1:10,000; Jackson ImmunoResearch 

Laboratories). Electroblotting to PVDF was performed in 25 mM Tris, 192 mM glycine 

supplemented with 0.05% SDS and 20% methanol. Chemiluminescence signal was 

acquired with a Chemidoc MP (BioRad). Immunoblots were exposed (durations ranged 

from 2 to 5 min) without saturating the camera’s pixels. 

2.2.9. Statistical analyses 

Statistical tests were performed as described in the figure legends. Unpaired Welch’s t 

tests (for Gaussian distributed velocity data) and Mann-Whitney test (for exponentially 
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distributed displacement data) were performed using Graphpad Prism. Z scores, which 

are a quantitative measure of difference between two proportions, were calculated using 

the following formula: Z=(p̂ 1−p̂ 2)/[p̂ (1−p̂ )(1/n1+1/n2)]    where: p̂ =(y1+y2)/(n1+n2) 

Z scores were converted to two-tailed P values using an online calculator. 

2.2.10. Coefficient of dynein dysfunction (CDD) score calculation 

To calculate the CDD scores, we used the following approach to quantitatively 

measure of difference between mean values obtained for wild type versus those 

obtained for each mutant. Graphpad Prism was used to calculate q values (i.e., the 

difference between the two means divided by the standard error of that difference), 

whereas Z scores were calculated as described above (all values are shown in Table 

1). We then converted the q values and Z scores for each mutant (for each assay) into a 

‘normalized relative variance’ score (nrv), which reflects the relative difference between 

two mean values (e.g., between wild-type and mutant 1; as reflected in the Z scores and 

q values, or ‘v’), where nrv = |v|/vmax for each range of scores (for each column shown 

in Table 1). To convert the nrv values into a final CDD score for each mutant, we used 

the formula shown in Table 2. Briefly, the nrv values for each assay for a given mutant 

was added, with the spindle positioning nrv (nrvSP) weighed five times that of the 

others, as described within the Results. In the two cases where a value wasn’t 

determined (due to insufficient observations, such as in the case for neck transit 

success for the H3639P mutant), the denominator was reduced from 6 to 5.  
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2.3. Results                          

2.3.1. Dynein mutations cause mitotic spindle positioning defects                          

In our first assay we employed fluorescence-based microscopy to assess mitotic spindle 

positioning in yeast at anaphase by arresting log phase cells at a low temperature (16o 

C). Despite our initial expectations, spindle mispositioning was mostly unperturbed in 

our battery of mutants (Fig. 3). Small amounts of spindle mispositioning and microtubule 

morphology changes were apparent in linker and motor domain mutants, which was 

expected due to the high degree of conservation between humans and yeast dynein 

motor domains. Interestingly, the most extreme phenotype was observed in H3639P, 

located in the AAA5 domain, which led to a dynein null phenotype. This result was 

unexpected, as this region of the motor does not bind or hydrolyze ATP, nor does this 

domain participate in any known inter- or intramolecular interactions. This result was so 

surprising at the time that this strain was remade and assayed a second time, and then 

the mutant allele was mutated back to wild type, just to confirm the accuracy of our 

assay. An explanation for this extreme phenotype was that mutation to proline caused a 

loss of flexibility within the dynamic mechanochemical module of the motor domain. 

Alternatively, this domain may be important for facilitating the AAA5 large and small 

subdomain interaction during normal mechanochemistry, as proposed by the previous 

study examining disease-correlate dynein mutations164.     

 However, as most spindle positioning defects were mild, a more detailed 

examination of dynein dynamics was needed to more precisely dissect the phenotypes 

we observed. Furthermore, the majority of mutants assessed in these experiments had 

no gross spindle mispositioning phenotypes, indicating that this assay was not sensitive 
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enough to detect minor perturbations as might be implicated in some late-onset 

degenerative motor neuron diseases. These results initially raised the possibility that the 

majority of the selected mutations may not cause obvious defects in our yeast system. 

However, as some of the conserved motor mutations introduced mildly negative 

phenotypes, and one complete loss-of-function, we continued undeterred. 

 

After observing that the majority of mutants demonstrated minimum defects in 

spindle positioning, I first sought to improve the sensitivity of this readout for 

understanding dynein dysfunction. Ideally, this assay could be implemented as high-

throughput screening techniques using fluorescent spindle positioning as a readout. The 



 42 

most logical step to increase the sensitivity of this assay was to exacerbate the spindle 

positioning dysfunction.  We elected to reemploy this assay in cells lacking Kar9, the 

second component of the mitotic spindle positioning pathway. These strains were 

readily available, as they were created for each mutant in our spindle oscillation assay, 

and cells lacking both dynein and Kar9 (as would be expected for our H3639P dynein 

null phenotype) are viable, just slow growing. However, attempting to perform this assay 

in cells lacking Kar9 was initially problematic, as growing these cells at 160 C to arrest 

cells in anaphase (as had been done in the first assay), produced considerable 

morphological defects and cellular death. To circumvent this issue, we designed a 

strategy employing a GAL1p:CDC20 plasmid to arrest cells in mitosis. We constructed a 

plasmid containing the budding yeast CDC20 gene under the control of a galactose-

inducible promotor, which was then linearized and transformed into cells, directly 

upstream of the endogenous CDC20 allele. With this strategy, we could quickly and 

easily repurpose our spindle oscillation strains for use in this modified spindle 

positioning assay without need for mating to create strains again. Strains would be 

grown in culture containing galactose and raffinose, and switching these cells to media 

containing only yeast media plus dextrose would lead to a mitotic arrest in anaphase by 

depletion of CDC20, an essential component of the anaphase promoting complex.  

We then performed this modified spindle positioning assay for wild-type yeast 

and several mutants (H3639P, R1852C and L2557M, K540 and E109I), which were 

representative of severe, mild, and no phenotypes in our previous assay, respectively. 

To our surprise, the increases in spindle mispositioning were uniform across all strains, 

regardless of dynein allele (Data not shown). The baseline level of spindle positioning 
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for wild-type rose from less than 1% to 30%, but our E109I and K540C demonstrated 

similar degrees of dysfunction. Furthermore, our R1852C/kar9∆ mutant only 

demonstrated slightly higher spindle mispositioning than wild type still, and only 

displayed the additive mispositioning (for instance, 10% plus 30%, for a total 40%) 

between the dynein and Kar9 knockouts. While this experiment was unsuccessful in 

improving the spindle positioning assay, it is informative of some mechanisms of yeast 

mitotic spindle regulation. The overall increase in spindle mispositioning was additive 

between the loss of dynein and the loss of Kar9, rather than either pathway 

exacerbating the other, and compromising these pathways can independently cause 

defects in mitotic positioning. Both Kar9 and dynein-dependent spindle mechanisms are 

required for high fidelity spindle positioning, but these data indicate that these two 

pathways have limited cross talk. In conclusion, our spindle positioning assay could not 

accommodate for the subtle loss-of-function effects we may expect from a number of 

our mutants 

2.3.2. Spindle dynamics assay provides a sensitive readout of dynein function  

To explore the dynamics of spindle positioning with higher precision, we turned 

next to our spindle oscillation assay, which provides quantitative data about the motility 

of dynein-dynactin-Num1 (DDN) complexes at the cell cortex. In this assay, log-phase 

cells are arrested in a metaphase-like state with hydroxyurea, and the Kar9 spindle 

positioning is deleted to limit observation to dynein-mediated spindle positioning. The 

mitotic spindle is fluorescently labeled and dynein-mediated spindle positioning is 

tracked over an extended period. Additionally, movies of dyn1∆ and kar9∆ can be 

analyzed to understand movement parameters of the mitotic spindle (via microtubule 
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pushing forces and diffusive movement) in the absence of motors. Movements are 

quantified by a custom Matlab tracking routine and instances of dynein-mediated 

transport are manually assigned. 

Using this assay, we observed substantially more phenotypes across mutants. 

The most commonly observed effect of dynein mutation was to drive partial to severe 

loss-of-function in most mutants, although partial gain-of-function phenotypes were 

observed in isolated cases (Figs. 4, 5). Nearly all mutants presented notable 

phenotypes, with only two mutations, E109I and R2439K, demonstrating essentially 

wild-type parameters across all assays. Overall, less severe phenotypes were caused 

by tail mutation, with intermediate phenotypes present in all three MTBD mutants, and 

the most severe phenotypes clustering in the motor domain (as was observed in the 

spindle positioning assay). One of the most striking conclusions of the data obtained in 

these experiments is that the mutations associated with the most severe disease states 

(i.e., developmental disorders and brain malformation) had the most severe loss-of-

function in this assay. This correlation between disease severity and loss-of-function in 

our assays was expected, as the most severe mutations cluster in the motor domain, 

which is the most conserved region of the protein as previously noted. Decrease in 

velocity was the most common outcome of dynein mutation, with 13 of 17 mutants 

having this phenotype. Mutants L213I and R241L demonstrated a large decrease in 

overall velocity, but interestingly L213I had increased time of spindle activity, indicating 

that velocity and activity parameters of the motor may not necessarily be co-dependent. 

Two closely spaced tail mutations, K540C and E545V were particularly interesting, as 

both mutations demonstrated no defect in velocity parameters and had nearly opposite 
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activity in some parameters (total time of movement) of this assay. In K540C spindles 

had increases in overall displacement compared to wild type but E545V spindles having 

a large decrease in overall displacement and greatly compromised spindle pull-through 

activity, which may further indicate a loss of force generation. The E545V mutant was 

used in further experiments (Fig. 6) to determine if loss-of-function mutations would 

behave dominant negatively in diploid yeast cells. Examining the location of the 

homologous amino acids within the human structure indicated that both were located on 

the dynein surface that interfaces with the intermediate chain of a neighboring adjacent 

heavy chain of the newly characterized 2 dynein: 1 dynactin complex103,104. This stretch 

of amino acids was recently identified as being important to stabilize the binding of a 

second dynein complex to dynactin93-94, and may help position the two dimers relative to 

each other in the 2 dynein dimer: 1 dynactin complex. This data suggests that the ability 

to recruit two dynein complexes to dynactin is conserved in yeast, and that disrupting 

this complex can compromise force generation (Fig. 6D) or activity (Figs. 6E and F, also 

see Figs. 7 and 32), as demonstrated in mammalian complexes. One other mutation 

near this site, W612C, demonstrated similar defects in spindle pull-through and activity 

Figure 4. Quantitative assessment of dynein-dynactin-mediated spindle dynamics reveals refined 

insight into mutant dysfunction. (A) Cartoon and representative time-lapse inverse fluorescence images of 

a hydroxyurea (HU)-arrested kar9∆ cell exhibiting typical dynein-mediated spindle movements, analysis of 
which is presented in panels (B – F). Maximum intensity (X-Y projection; top) and Y-Z projections (bottom) 
are shown for each time point (NT, neck transit; note, line spans time frames over which the NT occurs). (B – 
F) Plots of indicated parameters for spindle dynamics in haploid wild-type and mutant strains. Briefly, the 
mitotic spindles were tracked in 3-dimensions using a custom written Matlab code. Dynein-mediated spindle 
movements were manually selected from the tracking data, from which velocity (B), displacement (C, per 
event; or, E, per minute), and the number of dynein-mediated spindle movements per minute (F) were 
obtained. The fraction of successful neck transits (successful attempts divided by total attempts) were manu-

ally scored (i.o., insufficient observations; for H3639P, only one unsuccessful neck transit attempt was 
observed). Each bar represents the weighted mean ± weighted standard error (or standard error of proportion 
for D; n = 42 to 60 HU-arrested cells from three independent experiments were analyzed for each strain; 
diamonds represent mean values obtained from each independent replicate experiment). Statistical signifi-
cance was determined using an unpaired Welch’s t test (B and E), a Mann-Whitney test (C), or by calculating 
Z scores (D and F; *, p≤0.1; **, p≤0.05; ***, p≤0.005). 
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parameters; however this residue was sufficiently distal to the 540-545 interface region. 

Further, this mutant also demonstrated severe reductions in overall motility, which may 

indicate an intermediate loss of motor function not detectable by our spindle positioning 

assay.  

 

 The motor domain mutants presented the most striking loss-of-function 

phenotypes in this assay. The three most severe mutations, as observed in our spindle 

positioning assay, were R1852C, R2543K, and H3639P. Notably, the R1852C and 

R2543K mutants, which demonstrated minor defects in spindle positioning, 

demonstrated striking loss-of-function phenotypes in this assay. These mutants had 

drastic reductions in velocity and displacement of the spindle (Fig. 6B, C), an expected 

consequence given these mutations are present in the AAA1 and AAA3 catalytic 

domains. Both also had reductions in time of activity, less initiation of dynein transport, 

Figure 5

W
T

E
1
0
9
I

L
2
1
3
I

R
2
4
1
L

N
2
8
3
R

K
5
4
0
C

E
5
4
5
V

I5
5
4
M

W
6
1
2
C

K
1
4
7
5
Q

R
1
8
5
2
C

D
2
4
3
9
K

R
2
5
4
3
K

L
2
5
5
7
M

R
3
1
5
2
N

K
3
1
6
0
Q

R
3
2
0
1
N

H
3
6
3
9
P

0

2

4

6

8

s
p
in

d
le

 d
is

p
la

c
e
m

e
n
t 
(

m
)

** ***

***

***

***

***
***

***

***

*

BA

W
T

E
1
0
9
I

L
2
1
3
I

R
2
4
1
L

N
2
8
3
R

K
5
4
0
C

E
5
4
5
V

I5
5
4
M

W
6
1
2
C

K
1
4
7
5
Q

R
1
8
5
2
C

D
2
4
3
9
K

R
2
5
4
3
K

L
2
5
5
7
M

R
3
1
5
2
N

K
3
1
6
0
Q

R
3
2
0
1
N

H
3
6
3
9
P

0

50

100

150

v
e
lo

c
ity

 (
n
m

/s
e
c
)

= tail = motor = MTBD= linker

***
***

***

**

***

***

***

***

***

***

*** ***

***

Figure 5. Distribution of spindle motility data from haploid cells. Scatter plots depicting 

(A) individual velocity values per spindle displacement event, and (B) individual displacement 

values per spindle displacement event (from Figure 4). Mean values and standard deviations 

are also depicted with red lines. Mean velocity values for all mutants were fit to a normal 

distribution and all displacement values were fit to a single exponential decay.
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and fewer neck-cross successes(Fig. 6D-F). The R1852C mutant demonstrated 

substantially less activity than either wild type or R2543K alleles, and the total spindle 

displacement over time was nearly the same as the H3639P mutant, which again 

evidenced a dynein-null phenotype, in line with the results from our spindle positioning 

assay. Importantly, this mutant presented with synthetic lethality in conjunction with 

kar9∆ alleles (Fig. 11E), a phenotype not evident in other mutants, further suggesting 

that this mutant is a complete loss-of-function mutant. However, repeated careful 

observation identified that a very small fraction of cells demonstrated spindle 

movement, including a solitary instance (In 60 cells) of movement into the bud-neck. It 

is important to note that positioning into the bud-neck and processive, directed spindle 

movements are never observed in dyn1∆/kar9∆ mutants. This indicates some 

proportion of motors were likely active despite overall major loss of motor function. This 

result was unexpected given spindle positioning and genetic data, and led to two 

possibilities; (1) near total loss of protein levels through degradation or misfolding or that 

(2) a small proportion of translated motors were active. 

   Two final noteworthy mutations that demonstrated some spindle positioning 

defects were K1475Q and L2557M, located near the linker domain and AAA3 domain, 

respectively. The former mutation behaved normally in both frequency of activity and 

initiation, but had substantially reduced velocity and displacement for individual events. 

It seemed likely at the time that this mutant had a defect in the powerstroke or some 

other mechanochemical activity of the linker domain. While this hypothesis seemed 

reasonable the time, subsequent investigation of this mutation revealed it to be 

incorrect. During this thesis work the K1475 residue (K1567 in humans) was identified 
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as an important amino acid in stabilizing dynein’s autoinhibited conformation165. 

Therefore, this mutant’s altered motility is potentially a consequence of altered dynein 

autoinhibition. The L2557M mutant had normal velocity and displacement; however, 

spindle movements frequently stalled at the bud neck, which decreased both neck-

transit frequency and time of activity (due to frequent stalls). This indicated the potential 

of this mutant to have compromised force production. This was an interesting prospect, 

as this mutant is located in AAA3, and could be conceivable for this mutant to 

compromise AAA3 ATPase activity, which tunes the MTBD affinity and has functions in 

allosteric communication across the AAA ring. Due to having comprised spindle 

positioning and spindle pull through phenotypes, it is conceivable that this mutant could 

affect force production without overtly changing other motility parameters. Finally, 

D2439K, evidenced minimal loss of dynein function. While an uninteresting result, it was 

useful to have a mutant in the motor domain with minimal dysfunction, as it gave us 

more confidence in the robustness of this assay. Mutation of the motor domain may not 

always lead to compromised motor activity in a non-specific manner, and that the 

phenotypes we had observed with other mutants in conserved residues have 

translational biological significance in higher eukaryotes.  

Microtubule-binding domain mutants presented phenotypes of intermediate 

severity between motor and tail mutants. All three MTBD mutants exhibited fairly similar 

degrees and types of defects in effecting spindle movements, including reductions in 

velocity, displacement, and neck transit success. Structural analysis revealed that all 

three mutations mapped to the surface of the MTBD that makes contacts with the 

microtubule. Given all three substitutions constitute the replacement of a positive charge 
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with a neutral amino acid, it is likely that the phenotypic outcome of each mutations lead 

to a reduction in the affinity of the MTBD for the negatively charged surface of the 

microtubule lattice. The reduced activity metrics for R3152N and R3201N in particular 

could thus be a reflection of a reduction in association kinetics of the mutants for the 

microtubule. This is supported by a study that found reduced microtubule binding for the 

analogous amino acid substitutions using a fibroblast-derived MTBD fragment 

construct119.  It is also possible that these mutations interfere with structural changes 

within side-chains inside the MTBD important for changing MTBD registry. Overall, 

nearly all mutations analyzed changed dynein motility parameters, and the most severe 

loss-of-function mutations were correlated with the most severe states. This assay is 

likely the most suitable for assaying loss dynein function in future mutant studies. 

2.3.3. Mutations exert dominant-negative effects on spindle dynamics 

One of the key advantages to the budding yeast dynein system is the haploid 

genome we typically manipulate in our cell biological studies.  This further simplifies the 

interpretation of dynein mutants and eliminates confounding factors, such as 

heterogeneous dynein complex composition, or unequal expression due to changes in 

mRNA expression or protein expression levels. In the context of human disease, by 

contrast, de novo mutations are almost exclusively heterozygous by their very nature, 

and must therefore have dominant negative effects on dynein function. In this study, we 

sought to determine whether dynein mutations in yeast act in a dominant negative 

fashion, as they due in mammalian systems. If our yeast dynein-based system is to be a 

suitably tractable system for assaying dynein mutations, they should lead to dominant-

negative effects when observed in diploids. Further, if mutations in a dimeric motor 
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protein exert dominant negative effects, two possibilities then arise. First, there may be  

ensembles of homodimeric mutant and wild-type dyneins, which would be the case of 

dynein complexes were cotranslationally dimerized, as has been demonstrated for 

p53183. A second possibility is that dominant negative effects are due to formation 

heterodimeric complexes wild type/mutant complexes, as has been demonstrated for 

kip2 in yeast184. While it is unclear what might be the mechanistic or phenotypic 
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Figure 6. Quantitative assessment of spindle dynamics in heterozygous diploid cells reveals dominant 

nature of mutations. (A – B) Schematic depicting experimental approach to assess dynein-dynactin activity in 

heterozygous diploid cells (B), and representative inverse fluorescence images of a diploid hydroxyurea 

(HU)-arrested kar9∆/kar9∆ cell exhibiting typical dynein-mediated spindle movements. Maximum intensity (X-Y 
projection; top) and Y-Z projections (bottom) are shown for each time point. (C-F) Plots of indicated parame-

ters for spindle dynamics in indicated diploid yeast strains. Each bar represents the weighted mean ±weighted 
standard error (or standard error of proportion for I; n ≥ 29 HU-arrested cells from two independent experi-
ments were analyzed for each strain; diamonds represent mean values obtained from each independent 
replicate experiment). Statistical significance was determined using an unpaired Welch’s t test (C and E), a 
Mann-Whitney test (D), or by calculating Z scores (F). 
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differences between an ensemble of (1) homodimeric wild-type and mutant complexes 

or (2) heterodimeric wild-type/mutant complexes, we turned to the plethora of yeast cell 

biological tools to answer this question. 

To understand if mutations are acting in a dominant-negative manner, we first 

generated a wild-type dynein strain with a background amenable to mating with our 

spindle oscillation strain (kar9∆, GFP-TUB1; Fig. 6A-B). During this thesis work we also 

generated dyn1∆/kar9∆/GFP-TUB1 strains to construct a diploid strain as a dyn1+/- 

hemizygotes, to see if a single copy of dynein would be sufficient to mediate mitotic 

spindle movements. Mating of our spindle oscillation strains, both wild-type and mutant 

alleles, with the wild-type background (DYN1-GFP/GFP-TUB1/kar9∆) generated our 

diploid heterozygous dyneins.  

 Using our new and improved spindle oscillation assay with diploid yeast 

demonstrated that while loss of one dynein allele was sufficient to reduce maximal 

motor velocity, the overall activity parameters of dynein (frequency of activity and 

fraction of time active) were mostly unchanged (Fig. 6C-F). This data encourages 

further analysis, and indicates that a single dynein gene is sufficient for cellular activity 

within yeast cells. Whatever transcriptional feedback controls are in place to synthesize 

and recruit dynein, they are maintained even in the case of hemizygous expression to 

ensure normal spindle positioning. The observed decrease in maximal velocity for 

hemizygotes, despite maintaining normal activity parameters (time of movement, 

initiation rate), indicates that single or small groups of dynein may be competent to 

move the mitotic spindle. However, it may be the case that a critical number of dyneins 

may be necessary for maximal velocity, or that a critical concentration of the motor is 
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necessary for complex assembly, which would indicate both alleles of dynein are 

needed for completely normal cellular activity.  

In stark contrast to the hemizygous mutant, all three mutant heterozygotes 

analyzed in this study demonstrated notable loss-of-function phenotypes. Even E545V, 

which itself had no effect on dynein velocity or processivity in a haploid background, led 

to loss of velocity and processivity in the context of diploid cells. This result satisfactorily 

recapitulates the dominant-negative nature of these mutations in the context of human 

disease states. Interestingly, the H3639P mutant, identified as being almost a dynein-

null phenotype in other assays, had substantially worse motility parameters than the 

dyn1+/- hemizygotes, indicating presence of a mutant dynein causes more severe 

phenotypes than complete loss of a single gene within a diploid genome. In the dynein 

hemizygotes, the entire gene was replaced for a gene encoding a selectable marker, 

which may prevent unproductive transcription from the gene. However, in the case of 

H3639P, the protein is likely expressed in some level comparable to wild-type, such that 

the presence of the poorly functional mutant protein inhibits healthy dynein function. The 

motility data suggest that the mutant motor is incorporated into dynein ensembles at the 

cell cortex, as velocities ranged from very slow (as observed for H3639P haploids), to 

near wild-type (near 40 nm/s). 

 To better understand how these mutations exert dominant-negative effects, we 

next sought to determine if dynein dimer complexes in diploid cells was comprised of a 

cotranslationally assembled dynein dimer from a single gene, or if heterodimeric 

complexes were formed between mutant and wild-type alleles. To this end, we designed 

a strategy for to assess the composition of dynein complexes from diploid yeast strains 
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using our in vitro motility assay. These cells contained one copy of a GFP-tagged 

dynein heavy chain allele (DYN1-GFP), and a second dynein allele containing N-

terminal affinity tag for purification and a C-terminal HALO tag (ZZ-DYN1-HALO) which 

could be used to fluorescently label the motor (Fig. 7A). Lysate from these cells was 

subjected to IgG affinity chromatography and subsequent incubation with a red 

(tetramethylrhodamine) HALO ligand (HALO-TMR). Bound ZZ-DYN1-HALO protein was 

eluted and used in a single molecule imaging experiment (See Methods).  If 

 

heterodimers assemble within cells, we expected to observe some proportion of dual-

color labeled molecules comigrating in this experiment (green and red); however, if only 

homodimers form, then we expected to observe only red molecules (Fig. 7A). In over 

300 dynein molecule runs, only a single dual labeled molecule (0.3% of the total; Fig. 
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7B arrow) was observed, and the vast majority of motile molecules (98.8%) were 

exclusively red, indicating that dynein very rarely, if ever, forms heterodimers (Fig. 7C). 

We observed a small number of motile green molecules (~1% of the total; likely due to 

contaminating Dyn1-GFP molecules in the protein preparation), and observed 

substantially more green molecules in protein preparations that were not completely 

washed after the bead binding step. This suggests a co-translational dimerization model 

for dynein complex assembly, similar to what has been observed for p53183. This result 

was an important experiment in understanding dominant negative mutations in dimeric 

proteins expressed in diploid cells, and provide us with a means in future experiments to 

analyze the assembly of dynein-dynactin-Num1 complexes in in future experiments.   

2.3.4. Dynein localization is perturbed by tail and motor domain mutants  

 The final in vivo assay used in these experiments was analysis of dynein 

localization during mitosis. Log phase cells were imaged in 13 Z-stacks using time-

lapsed fluorescent microscopy of labeled dynein and microtubules. As discussed 

previously, dynein localizes to three cellular locations (Fig. 8A). Plus end dynein 

localization is known to require Bik1 and Pac184,98 and cortically anchored dynein 

requires both dynactin72 and Num185,91. Dynein also localizes infrequently to spindle 

pole bodies in yeast, but the functional relevance of this population is unclear. Spindle 

pole body localization may indicate active dynein motors85 or it may be important for the 

interaction of dynein and kinesin complexes101,184. Finally, localization of dynein can be 

impaired by loss of accessory chain binding39. This simple but robust system should 

inform us if the highly conserved cortical offloading pathway of dynein was perturbed by 

any of our mutants. We omitted several motor domain and MTBD mutants from this 
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experiment, both due to the results from the spindle oscillation assay, and because 

these mutants would likely have minimal changes in localization. 

 Several tail mutants demonstrated altered dynein targeting frequency, namely 

L213I, N283R, E545V, I554M, and W612C (Fig. 8B-D). The W612C mutant 

demonstrated decreased frequency of dynein at microtubule plus ends (along with a 

decrease in fluorescence intensity) and the cell cortex. This data, and the overall loss of 

motility for W612C in our spindle dynamics assay, these data may indicate that this 

mutation induces protein misfolding leading to loss of active motors, or that this 

mutation may be ablating binding interactions with dynein effectors necessary for 

normal recruitment. Both E545V and I554M altered dynein localization frequency, which 

are located in a (putative) region that may stabilize dynein-dynein binding interface 

present in the mammalian 2 dynein:1 dynactin complexes. The I554M mutant had a 

decrease in plus-end targeting, but the E545V mutant had an increased localization of 

dynein to the cortex. This could further indicate the potential for mutant to interrupt 

dynein-dynein interactions necessary to form higher order dynein assemblies, as 

suggested previously for K540C and E545V. Two other tail domain mutation (L213I and 

N283R) demonstrated an increase in dynein intensity at microtubule plus ends, despite 

not changing frequency of localization, and it is interesting to note these mutants had  

increased transport frequency in our spindle dynamics assay, which could indicate 

these mutants cause overactive dynein.  

Several motor domain mutants—K1475Q, R1852C, R2543K, and H3639P—

demonstrated altered localization phenotypes which provided insight into their 

associated altered spindle dynamics (Fig. 8B-D). The R1852C, R2543K, and H3639P  
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had large reductions in cellular activity, with the latter appearing highly similar to dyn1∆ 

yeast strains. This dynein-null like phenotype persisted in the localization assay, in 

which R2543K had reduced cortical dynein and substantial decreases in fluorescence 

intensity at the cell cortex. Strikingly, both R1852C and H3639P were greatly reduced in 

both the frequency of dynein targeting and fluorescence intensity metrics. This indicates 

that the loss of spindle dynamics is could be a result of depletion of dynein from astral 

microtubules and from the cell cortex.  Loss of localization in these mutants may be a 

result of misfolding disrupting binding interactions, or misfolding causing proteasomal 

digestion thereby decreasing protein levels within the cells.  While misfolding could 

explain loss of interaction with dynein binding partners, our phenotypes are unlikely to 

be related to simple protein aggregation, as mutant dyneins demonstrated no 

aggregates in cells. The overt loss of localization in our motor domain mutants mutant 

further explains why the H3639P mutant behaves so similar to dyn1∆ cells in our 

assays, and also why R1852C has such low activity levels in cells.  

Since many of our mutants demonstrated loss of dynein targeting or decreases in 

fluorescence intensity, the logical question was to ask if these mutations were 

decreasing protein expression, either by reducing mRNA expression176 or by causing 

protein misfolding and subsequent proteasomal degradation. All strains for purification 

had been constructed to have a myc tag on both Pac11 and Dyn3 for western blot 

analysis. However, as blotting against these accessories could only inform of dynein 

complex expression by proxy, western blot analysis was performed by blotting for the C-

terminal GFP tag present in all live-cell strains used for our localization assay (See 

Methods). This experiment produced the unexpected result that all dynein mutants were 
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indeed expressed similarly to wild-type (Fig. 9); therefore, disruptions to normal protein-

protein interactions, rather than decrease in protein expression, was responsible for 

driving the phenotypes observed in our localization assay. This result was expected 

given that the previous study which biochemically analyzed eight of the same mutants 

used in this thesis work did not see a loss of protein expression when purifying mutant 

recombinant human dynein from SF9 cells164. It is likely that most dynein mutations 

behave in a dominant negative manner due to altered cellular localization and loss of 

motor function, rather than factors upstream of expression.  

The K1475Q mutant phenotype was of great interest to us, as this mutant 

demonstrated a dramatic increase in cortical dynein foci, but an overall decrease in 

fluorescence intensity of plus end and cortical dynein foci. This result was not expected 

given the decrease in activity for this mutant in our spindle dynamics assay. While the 

results of the spindle dynamics assay led us to initially hypothesize that this linker 

mutation affects dynein mechanochemistry, this hypothesis could not explain such a 

robust increase in dynein localization. However, during this course of this thesis work, 

another study identified this residue as important for stabilizing dynein in an 

autoinhibited conformation in mammals165. It was not obvious at the time of these 

experiments that yeast dynein was autoinhibited, as the motor is processive without the 

need for dynactin or adaptors161. Previous studies from our lab have proposed a 

mechanism of dynein “masking”, whereby intramolecular interactions between tail and 

motor domains limits association with dynein regulators including Pac1, dynactin, and 

Num184, in a mechanism reminiscent of kinesin autoinhibition185,186. If the K1475Q 
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mutation were disrupting putative dynein autoinhibition, it would be expected to increase 

the association of dynein with dynactin165, leading to increased cortical offloading.  

  

 To determine if the K1475Q mutation increased dynactin interaction, I performed 

ratiometric fluorescence imaging of Dyn1-GFP and Jnm1-3mCherry (Fig. 10). This 

analysis was done in cells lacking Num1 to avoid complications of cortical offloading 

and to limit our analysis to plus end dynein-dynactin complexes. This experiment 

indicated that K1475Q did indeed increase dynein-dynactin interaction, as indicated by 
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Figure 9. Change of protein levels is likely not responsible for any mutant phenotypes. (A) Immu-

noblots from three independent experiments (i.e., blot #1, #2 and #3) along with (B) plot depicting mean 

relative band intensity ± standard deviation for each. Equal amounts of total cell lysate were loaded into 

each lane, transferred to PVDF and probed with a monoclonal anti-GFP antibody (also see Materials 

and methods). Note the high degree of variability between each independent immunoblot is likely a 

consequence of variations in transfer efficiency for the enormous dynein heavy chain protein to the 

PVDF membrane.
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a 50% increase in the Jnm1/Dyn1 signal at microtubule plus ends. These data further 

indicated the potential for this mutation to disrupt dynein autoinhibition.  

 

2.3.4. Single molecule in vitro motility of purified dynein mutants 

 The results of our in vivo assays provided valuable data about the effect of 

dynein mutation on cellular dynein-dynactin-adaptor activity, and how mutations 

impacted cortical offloading. In order to isolate the effects of mutation on intrinsic dynein 

motor activity we turned to our in vitro single molecule assay. In this experiment, 

natively-expressed dynein is isolated from yeast through affinity chromatography, and 

added to a coverslip containing taxol-stabilized microtubules for single molecule 

analysis using TIRF microscopy (Fig. 11A). The benefit of this system over using human 
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proteins is that only dynein complexes are present in this system, which gives details 

about dynein-intrinsic motor property without the confounding effects of dynactin or 

different adaptors present. Taken together with our in vivo results, we can form a 

comprehensive picture of how dynein mutations impact motor function. 
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 Using this assay, we found that the many of our mutants demonstrated both loss-

of-function and gain-of-function parameters. Tail domain mutations produced the most 

minor in vitro motility deficits, and these phenotypes did not exclusively align with the 

deficits identified in our in vivo assays. Mutants R241L and N283R surprisingly had an 

increase in motor velocity, despite decreases in velocity in vivo, along with a decrease 

in motor processivity. Nearby residue K540C demonstrated a marginal increase in 

motor velocity and run-length; interestingly, this mutant was one of few gain-of-function 

mutations in our spindle dynamics experiment. Given that no dynactin is present in this 

experiment, it is there unlikely that this mutation is causing a disruption with dynactin or 

other dyneins within cells. Finally, W612C had marked decreases in velocity and 

activity, which matched the in vivo loss of cortical targeting and dampened spindle 

dynamics.  

 MTBD mutants had surprisingly similar phenotypes among all three tested. All 

motors had decreased velocity, and decreased number of processive motors, to similar 

degrees. There was no decrease in processivity, which was the expected outcome of 

loss-of-charge mutations at the microtubule-motor interface which itself is an interaction 

dominated by charged amino acids. However, the loss of velocity and increase in bound 

but non-processive motors, could indicate a problem in the microtubule binding 

domain’s communication within the globular subdomain. It may be that this recognition 

of the MTBD for the microtubule lattice is impaired, or that transitioning between 

different MTBD conformations is stalled. 

 All three motor domain mutations had phenotypes highly similar to those 

evidenced in the spindle dynamics assay. While R2543K was only somewhat slower 
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than wild-type, motor run-length and activity were severely impaired. R1852C 

demonstrated severe reductions in all parameters measured, reinforcing all motility data 

from our in vivo experiments. As in our in vivo experiments, H3639 at first did not 

appear at all mobile. After analyzing hundreds of motors, it appeared that a very small 

fraction of these motors were indeed active; these results were only possible at first 

using our GST-DYN1 motor construct, which could be overexpressed at high enough 

levels to observe multiple moving motors at once. Consistent with our in vivo assays, a 

small population of motors had some level of near-normal motility. Interestingly, the 

motility of active motors was within the expected distribution for the wild type motors 

(Fig. 12A). This further indicates that the vast majority of H3639P dynein motors are 

non-functional, yet a small population of individual heavy chains may have normal 

function, leading to dimers with one functional and one non-functional heavy chain.  

 Surprisingly, K1475Q had faster motors, more processive motors, and more 

active motors. This result was unexpected due to the loss-of-function seen in the in vivo 

motility assay, and these results could not immediately explain why increased 

localization of dynein would lead to such dramatic increases in motors processivity and 

activity. It seemed unclear how these results could be related to dynein autoinhibition in 

some way. However, if these mutations affected the linker domain structure, it was 

feasible this could have an impact on motor speed or initiation of motility. It was also 

possible that this mutation caused aggregation of motors, which would explain the 

increased run length. Performing intensity analysis of single molecules in this study 

demonstrated no increase in motor aggregation (Fig. 12D), demonstrating that the 

increase in run length was a motor-intrinsic property. It is interesting to note that in vitro 
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gain-of-function mutants (R241L, K1475Q) had decreased motility in cells, indicating 

that gain-of-function for a single motor can have negative consequences in ensembles.  
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2.3.5. The H3639P mutation disrupts dynein activity due to loss of flexibility in AAA5 

domain  

The severity of H3639P mutation phenotype was initially an unexpected result, 

given that it is located in a flexible domain of dynein that does not bind or hydrolyze 

ATP, nor does it participate in any previously demonstrated intra- or intermolecular 

interactions (Fig. 13A). Despite this, this mutant led to an almost dynein-null phenotype 

in all of our assays, and has been shown to severely compromise the functionality of 

human dynein-dynactin-effector complexes164 in vitro. To better understand why 

mutation of a histadine to a proline could cause a dynein null phenotype, I employed a 

mutagenesis-based approach using the spindle-positioning assay. Selective 

mutagenesis of the H3639 residue of interest revealed that only the proline substitution 

at this site caused loss-of-function phenotypes; neither serine, nor asparagine, nor 

valine caused the same phenotype (Fig. 13B). Molecular modeling revealed that the 

registry of the phi-psi angles along this loop region rotated substantially between the 

ADP-bound and ATP-bound crystal structures of dynein. Proline’s ability to rotate about 

its phi-psi axis is limited to adopting either a cis- or trans- registry, and this rigidity might 

be causing the extreme phenotypes we observed 

To determine if a loss of flexibility due to proline incorporation was causing the 

phenotype, I performed scanning mutagenesis within the loop region (Fig. 13B). 

Introducing single proline mutations from amino acid residues 3638-3645 indicated that 

this region could not tolerate incorporation of proline at either the H3639 or Y3641 

position, indicating that presence of proline was driving this phenotype. The limitation of 
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proline to cis- or trans- isomers could further explain why the majority of proteins are 

inactive, with one isomer being less tolerated for normal mechanochemistry than the  

other. It is unclear if the proline rigidly limits this structure, or if isomerization could 

happen within individual motors to activate or inactivate them.  

Before performing the western blotting experiment due to technical challenges, I 

first determined if proteasomal degradation of H3639P mutants was causing loss of the 

dynein foci present in the localization assay. To do this, I repeated the localization 

assay using MG132 to inhibit degradation of misfolded motors (Fig.13G). To overcome 

yeast response to actively exporting drugs from the cytoplasm, these experiments were 

done using pdr∆ strains, which eliminate the main transcription factor responsible for 

transcription of the 3 distinct dynein export pumps. Treatment with MG132 caused an 

arrest of cells in mitosis by inhibition of the APC/C complex, preventing metaphase 

exit2. In wild-type cells, this led to no increase in plus-end dynein foci but a robust 

increase in cortical foci. This supports previous data that cortical offloading, rather than 
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plus end targeting, is a rate limiting step for dynein targeting to Num181,98. Imaging 

H3639P mutants revealed an increase in plus-end foci to near wild-type levels; 

however, this did not in turn lead to concomitant increase in cortical foci. Furthermore, 

after western blotting analysis (Fig. 9) of dynein expression revealed no change in 

protein levels between wild-type and H3639P cells. These two experiments reveal that 

while proteasomal degradation does not explain the H3639P phenotype, arresting cells 

in mitosis does allow the mutant motor to accumulate at microtubule plus ends, but not 

at the cell cortex. This could potentially occur through a subset of motors properly 

folding and eventually accumulating at the plus end following mitotic arrest, but may 

indicates mutants still have a more difficult time binding to the cortical receptor. 

To further test the hypothesis that loss of flexibility in this region was causing loss 

of dynein function, I next incorporated single glycine residues to flank the proline 

residue. We hypothesized that by adding flexibility to this loop region in the form of 

glycines, we could overcome the rigidity of proline driving mutation. For reasons that are 

unclear, addition of a single glycine flanking the H3639P mutation at the 3638 or 3640 

position did not rescue the dynein null phenotype (Fig. 13B). However, combining both 

flanking two glycines and creating a F3638G/H3639P/W3640P mutant led to a stark 

rescue in spindle positioning which was markedly less severe than a dynein-delete 

phenotype. I next tested the effects of this “GPG” mutant in compensating for the 

H3639P mutant in the localization and single molecule assays (Fig.13F, Fig.14F-J). 

Strikingly, expression of this mutant led to a marked increase in dynein foci; however, 

this mutant did not properly accumulate at the plus-ends of microtubules (Fig. 13F). This 

mutant localized at the spindle pole body, though the consequences of this new 
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localization pattern are unclear. Even though this mutant did not have a wild-type 

localization phenotype, this increase in dynein foci was accompanied by an increase in 

overall activity parameters in the spindle oscillation assay compared to the H3639P 

alone (Fig. 13C-E). This increase in frequency of movement is consistent with the 50% 

decrease in spindle positioning for GPG over the H3639P mutant (Fig. 13B). However, 

the overall poor quality of spindle movements was maintained in the GPG mutant (Fig. 

14A-D). Finally, comparing the H3639P and GPG mutants in single-molecule 

experiments (Fig. 14F-J)  revealed no change in either fraction of active motors or 

motility parameters, which indicates that the increase in flexibility does not compensate 

for the intrinsic loss of motor function caused by the proline mutation.  

The addition of flexible glycines flanking the proline mutants led to a partial rescue in 

activity in cellular assays, but did not improve motility parameters in in vitro 

experiments. The increased flexibility provided by the GPG mutant may allow dynein to 

isomerize between cis- and trans- proline registries, or simply shift the equilibrium 

towards more active motors. This mutant phenotype in the spindle oscillation and 

positioning assay indicates that even a small increase in cortical dynein activity greatly 

rescues spindle-positioning outcomes, potentially by allowing dynein to better interact 

with the plus-end targeting machinery and cortical targeting receptor Num1. However, 

as this mutant did not rescue for single-molecule activity, it is possible the replaced 

residues F3638 and W3640 are important for motility, or that even with improved 

flexibility there is still substantial loss of normal mechanical remodeling of AAA5. These 

results demonstrate that de novo proline mutations can disrupt important flexible 

regions in protein structures.  
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Figure 14. Extended data for H3639P mutagenesis in in vivo and in vitro assays. (A - D) Plots depict-

ing the velocity (A and C) and displacement (B and D; per event) values obtained from the spindle dynam-

ics assay for the indicated haploid strains. For panels A and B, each data point represents the weighted 

mean ± weighted standard error (at least 29 HU-arrested cells from at least two independent experiments 

were analyzed for each strain). For panels C and D, mean values and standard deviations are depicted 

with black lines. (E) Cells expressing dyn1[H3639P] exhibit synthetic growth defects with kar9∆ that are as 
severe as dyn1∆ kar9∆. Tetrads were dissected on YPAD media, and subsequently genotyped by growth 
on selective media. One representative tetrad each from a mating of a kar9∆ strain with either 
dyn1H3639P or dyn1∆ is shown. Double mutants are indicated with red boxes. (F-J) Quantitation of indi-
cated parameters of single molecule motility. For panels F– J, each data point represents the weighted 
mean ± weighted standard error (F and G), or ± standard error of proportion (for H; at least 234 single 

molecules from at least two independent experiments were analyzed for each motor variant). For panels (I 

and J), mean values and standard deviations are depicted with black lines. Statistical significance was 
determined using an unpaired Welch’s t test (A, C, F and I), a Mann-Whitney test (B, D, G and J), or by 
calculating Z scores (H).
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2.3.6. The R1852C mutation introduces an ectopic disulfide bond 

 The second most severe mutations characterized in this study was the R1852C 

mutant, which severely compromised both in vivo and in vitro motor activity, and led to a 

depletion of dynein foci from cellular compartments. This mutation also led to complete 

loss-of-function for the dynein motor using human dynein in microtubule gliding assays 

and single molecule assays27. Analysis of the yeast crystal structure revealed that this 

mutation was in AAA1 domain, the primary site of ATP hydrolysis necessary to effect 

motor activity. However this substitution of arginine to cysteine does not occupy a 

position within the Walker A or Walker B site of AAA1, and is not positioned to effect 

ATP binding or hydrolysis. However, after examination of the crystal structure of this 

domain, it became evident that this mutation positions the new 1852 cysteine residue 

approximately 3.5 Å away from a neighboring cysteine residue, C1822 (Fig. 15A). Both 

the sequence at the C1822 site and residues at the R1852C site were highly conserved 

across eukaryotes (Fig. 15B). We reasoned then that the severe phenotype from this 

mutation could be due to formation of a disulfide bond between the C1822 native 

residue and the R1852C ectopic residue. While disulfides are normally not present in 

dyneins, this was our best hypothesis, given the high degree of conservation, the highly 

suitable bond angle and positioning between the two cysteines, and the severity of 

phenotype expected to follow from crosslinking two different subdomains in AAA1. 
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To first test this hypothesis, I generated a series of mutations at the C1822 and 

R1852 site for analysis in our localization and spindle oscillation assay. In our 

localization assay, we first asked if substituting a serine for the cysteine at position 1822 

could compensate for the loss of foci introduced by the R1852C mutation. We were 

surprised to find that this substitution (C1822S/R1852C) did indeed rescue dynein foci 

to near wild-type levels for both plus-end and cortical foci. The control strain C1822S 

had wild-type foci levels as well, indicating that this rescue was not due to excess 

accumulation of dynein due to the C1822S residue (Fig. 16D). However, it was still not 

clear that this effect was due to a disulfide bond. It was feasible that the R1852C mutant 

phenotypes could be due to the incorporation of a hydrophobic cysteine at the site of an 

electrostatic residue, which could “blow up” the otherwise hydrophilic pocket. Therefore 

we tested if a R1852V mutation would have the same effect as the R1852C phenotype. 

Indeed, the R1852V mutants had comparably low levels of dynein foci as the R1852C 

mutant. However, in agreement with our disulfide bond hypothesis, the C1822S/R1852V 

mutant did not rescue the cellular dynein foci level at all, and instead maintained the 

R1852V phenotype. Therefore, we concluded that as the C1822S/R1852C phenotype 
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produced the only rescue, it could indeed be due to the introduction of an ectopic 

disulfide bond.   

  To further test if an ectopic disulfide bond was responsible for the R1852C 

phenotype, cells were treated with two different reducing agents, dithiothreitol (DTT) 

and N-acetylcysteine. While we expected these treatments to restore dynein foci, 

treatment of cells with these compounds led to no increase in dynein foci at 

concentration ranges from 1 to 10 µM. While these data do not support our hypothesis 

(data not shown), there are two possibilities for why we observed no rescue. Firstly, 

these experiments were done in yeast with active export pumps, which may have 

prevented saturation of intracellular dynein with reducing agents. Secondly, analysis of 

the structure indicates that these residues are buried within the AAA1 domain and are 

likely not solvent exposed, especially if this domain is folded cotranslationally. If this 

were the case, ectopic treatment with chemical reducing agents would not have an 

effect on disulfides present internal to the motor.  

 As the C1822S/R1852C mutant was capable of rescuing the localization 

phenotype, we next asked if this increase in cortical dynein would lead to a concomitant 

increase in dynein activity in our spindle oscillation assay. While the C1822S mutant 

alone was sufficient to compromise all metrics of in vivo motility: velocity, processivity, 

and activity, the C1822S/R1852C mutant had comparable motility metrics (Fig. 15C,D). 

This rescue mutant performed substantially better in the activity metric than the R1852C 

mutant alone, further indicating that this rescue was due to disulfide bond formation. As 

expected from the localization assays, the R1852V mutants demonstrated reduced 

activity. However, the C1822S/R1852V mutants behaved identically to the single 
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R1852V mutants, indicating that while the valine mutant leads to compromised motor 

activity, it is most likely affecting the motor domain differently than the R1852C mutant. 

Further, these results disfavor a model where the incorporation of a cysteine is driving 

hydrophobic expansion of the AAA1 site. As a final test, a C1822A/R1852C mutant was 

sufficient to rescue the loss-of-function of the R1852C mutant; however, this mutant had 

less activity than the C1822S/R1852C mutant, indicating maintaining the polar nature of 

residues in this region is important for dynein mechanochemistry. 

 Given this cellular data, we turned to our in vitro motility assay to determine if the 

C1822S/R1852C rescue improved the motility of single dyneins. In contrast to the 

limited rescue we obtained from the H3639P mutants, the incorporation of the 

C1822S/R1852C mutation did in fact lead to increased motor velocity and processivity 

(Fig. 15E), indicating the in vivo rescue was indeed indicative of improved individual 

motor function. As in the live cell assays, treatment of purified motors with additional 

DTT (beyond what is normally present in these buffers) did not lead to improved motor 

function, and instead decreased the activity of even wild-type dynein. This result is 

consistent with the R1852C residue residing internal to the motor structure and unable 

to interact with solvent.  Unexpectedly, expressing the R1852C mutant in our GST-

dynein motor truncation (lacking most of the tail region) led to a large increase in 

percent of motor activity, while still leaving velocity and processivity compromised. In 

this background, the C1822S/R1852C mutant did not increase the fraction of active 

motors, but did improve velocity and processivity metrics (Fig.16E-G). While it is unclear 

why expressing the R1852C mutant in the GST-dynein motor domain fragment is more 

active than the full-length, we propose that the disulfide bond introduced by the R1852C  
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mutation is incorporated co-translationally, and that expressing the motor fragment may 

prevent the formation of the ectopic disulfide. It is worth noting that expression of the 

H3639P mutant in the GST-dynein background did not lead to a similar increase in 

activity (Fig. 16E), which further confounds explanation of why the GST-dynein rescues 

R1852C motility. 

 Finally, to further validate the efficacy of this rescue mutation, we turned to the 

SF9 expression system to produce recombinant dynein mutant complexes. A previous 

study164 demonstrated that in human dynein, the R1962C (R1852C in yeast) mutant led 

to a complete loss-of-function of the motor in ensemble microtubule gliding assays. In 

this type of assay, dynein motors are adsorbed to a coverslip and taxol stabilized 

microtubules are added to the chamber. Adsorbed dynein motors then translocate the 

microtubule, which informs about the intrinsic motility of human dynein in the absence of 

dynactin or effector proteins required for single molecule motility. To test the efficacy of 

our rescue mutant, I purified wild-type, R1962C, and C1932S/R1962C dynein 

constructs. Firstly, I was able to reproduce previous results of the R1962C mutant 

having no activity164. Satisfactorily, the 932S/R1962C rescue mutant was able to 

partially restore functionality to this mutant, which validates our yeast dynein results. 
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While this rescue was less pronounced than in our yeast system, and still led to poor 

motor activity, the C1932S mutant led to marked reductions in motor velocity (100-200 

nm/s, versus 800 nm/s for wild type, data not shown). These data indicate that the 

rescue mutation identified in yeast was translational in human proteins. This experiment 

demonstrates the experimental power of our yeast system complemented by the SF9 

system, and its suitability for translational studies of human dynein. Further these data 

confirms the high degree of similarity between mutant behaviors in yeast and human 

dynein and provides a platform in which yeast mutations can be analyzed and 

introduced into the human motor for validation of rescue mutation efficacy. 

2.4. Discussion 

2.4.1. How human mutations drive dynein dysfunction in our yeast model system 

 The summarized results of all of our assays are summarized as a heat map (Fig. 

17), color-coded on the basis of degree of deviation of mutant phenotype from that of 

the wild type. A surprising result of this study was that nearly all mutants demonstrated 

phenotypes, which demonstrates the suitability of our yeast platform to understand 

dynein point mutations. Many mutants demonstrated both loss- and gain-of-function 

mutations, with the former typically associated with motor domain mutants and the latter 

with tail domain mutants. Most, but not all, of the severe mutations, clustered in the 

motor domain, which was an expected result, given this is the most evolutionarily 

conserved region of dynein. Mutations in AAA1 and AAA3, the primary catalytic sites of 

ATPase activity, dramatically impacted motor function and localization. However, the 

most severe mutation was in AAA5, which is not associated with catalytic activity, 

indicating that dysfunction in mechanochemistry can be caused by mutations outside of 
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sites of ATP hydrolysis. Mutants in the MTBD produced moderately severe phenotypes 

in our assays, which is an expected outcome due to the similarity of the MTBD between 

 

yeast and humans. As each of these mutations led to the loss of positively charged 

residues at the MTBD-microtubule surface, or proximal to these regions, these 

phenotypes may simply be explained by the loss of ionic strength in the dynein-

microtubule interaction. However, this simplified model is not necessarily true, as these 

residues may participate in intramolecular interactions that aid in switching the MTBD 

Figure 17
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Figure 17. Summary of phenotypic analysis of our mutant library. Heat map depicting degree of 

statistical significance for difference between each mutant and wild-type cells for the indicated assays 

(SP, spindle positioning (Figure 3); SOA, spindle oscillation assay parameters; (Figure 4 and 5) V, veloci-

ty; D, displacement per event; A, activity; NT, neck transit; L, localization. SMT, single molecule tracking 

parameters; (Figure 11 and 12) V, velocity; D, displacement, %A, percent active motors. Disease 

column: MCD, malformations in cortical development; CMT, Charcot-Marie-Tooth disease; SMA-LED, 

spinal muscular atrophy with lower extremity dominance; CMD, congenital muscular dystrophy). Red 

asterisks depict mutants that were assessed in a previous study using recombinant human dynein 

(Hoang et al., 2017). Deviation from wild-type cells in either the ‘total spindle displacement’ (see Figure 

4E), or the ‘number of dynein-mediated spindle movements per minute’ (see Figure 4F) metric was used 

for the activity column (‘A’). Mutants are listed from N- to C-terminus of Dyn1 (shading indicates in which 

domain of Dyn1 each mutation resides). Significance was calculated as indicated in previous figure 

legends corresponding to each assay. 
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from high to low affinity states, and vice-versa. Finally, mutations to the more divergent 

tail domain produced phenotypes in in vivo dynamics assays, and expectedly, led to 

less severe phenotypes than those present in the motor domain. A possible explanation 

for these milder phenotypes is that tail contacts with dynactin and effector proteins are 

more poorly conserved, especially in tail regions, which may differentially bind unique 

effectors and cargo present in neuronal systems but not present in yeast. 

 One promising result of this project was that the most severe mutant phenotypes 

correlated with the most severe disease states in humans. While this correlation does 

not hold true for every mutation, the three most severe loss-of-function phenotypes—

R1852C, R2543K, and H3639P—are correlated with MCD and developmental 

disorders. R2543K is of particular interest, as the mutation was identified in germ line 

cells of one patient and caused all offspring to be non-viable after several weeks of 

gestation146, presumably due to a loss of dynein activity from zygote derived dynein 

after the pool of maternally loaded dynein proteins and mRNAs had been depleted. In 

the two most severe mutation phenotypes, we were able to ameliorate mutant loss-of-

function through compensatory mutagenesis. While we were able to narrow down 

potential molecular defects of the R1852C and H3639P mutants, and correct them 

through mutagenesis, it is unclear how in the R2543K mutant such a small change—an 

arginine to a lysine—would elicit such a profound loss-of-function. However, what we 

may surmise from these data is that the greater the loss-of-function in our assays, the 

more pronounced the disease state present in human neurological disorders. This does 

not account for the gain-of-function phenotypes evidenced by mutations in the linker or 

tail domain, however.   
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Finally, the results of our experiments line up closely with those results generated 

using recombinant human dynein complexes164, which also identified the R1852C and 

H3639P mutations as the most severe phenotypes. Important to note is that this study 

was limited by the time it takes to generate mutants of recombinant human dynein and 

to purify mammalian dynactin from whole brains, and our own study presented many 

benefits over the former. Namely, that a large number of mutations could be introduced 

to compensate for the disease-correlated mutation, making our yeast system is ideal for 

exploring and dissecting the defects introduced by single amino acid substitution. Our 

validation of our rescue mutation with human proteins (Fig. 15F-G) indicates that yeast 

dynein does in fact have the potential to correctly determine molecular mechanisms 

governing motor dysfunction. Furthermore, it indicates yeast would make a rugged 

platform for high throughput system for drug discovery before testing on higher 

eukaryotes.  

 While the interactions between dynein, dynactin, and effectors may be divergent 

due to the need for higher eukaryotes to distinguish cargos, one piece of data that 

warrants further experimentation was mutants in the 540-554 region, and the 

implications for the assembly of dynein-dynactin-Num1 complexes at the cortex. 

Previous studies has shown that up to two dynein dimers may bind to a single dynactin 

in mammals93,94, and that this multivalent interaction is differentially bridged by different 

effector proteins. To date, no data has indicated that two dyneins may bind dynactin in 

complex with human NuMA, or indeed that two yeast dynein dimers may bind a single 

yeast dynactin. However, three mutants with disparate phenotypes clustered in the tail 

region that has been shown to be important for mediating this interaction between one 
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dynein dimer heavy chains with the intermediate chain of the second dimer.94. While 

atomic resolution of this region has not been obtained, this region appears to 

encompass K540C, E545V, and I554M. In these assays, K540C, E545V, and I554M all 

led to phenotypes, and the latter two led to a decrease in in vivo motility parameters and 

changed the localization patterns of dynein. As E545V had no change in velocity but 

instead had a decrease in force generation (as determined by neck transit frequency) 

and an increase in cortical foci, it seems highly probable that this mutant is a result of 

disrupting dynein-dynein-dynactin interaction. Additionally, the E545V mutant 

demonstrated severe loss in function in our spindle oscillation assays using diploid cells, 

which was an unexpected result at the time. If this mutant does disrupt high order 

assemblies of dynein-dynactin, it would explain the severity of the dominant negative 

phenotype. Further experiments will be needed to be completed to determine if yeast 

dynein shares the ability to form a dynein-dynein-dynactin-effector complex. 

 One of the key advantages to the budding yeast dynein system is the haploid 

nature of yeast in our cell biological studies. However, in the context of human disease, 

de novo mutations are almost exclusively heterozygous in nature by definition, and must 

therefore have dominant negative effects on dynein function. We addressed these 

questions with complementary in vivo and in vitro motility approaches to understand 

how mutations affected dynein function. Surprisingly, all three mutants (E545V, 

R1852C, H3639P) tested in this assay had severe loss-of-function phenotypes, despite 

the E545V mutant having much subtler loss-of-function in our assays using the haploid 

complex. As discussed above, this may be due to loss of maximally activated dynein-

dynein-dynactin-effector complexes; however, the phenotype was similar to the 
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WT/R1852C heterozygote. This suggests dynein heterodimers may be a more 

biologically relevant way to assess the effects of dominant negative phenotypes. Finally, 

analyzing the distributions of motor activity in this assay revealed that in all mutants, 

even the WT/H3639P heterozygote, had instances of motility comparable to wild-type, 

and some much closer to mutant-only dynein, which indicated some dynein cortical 

pools were comprised entirely of the wild-type or the mutant complex. It was still unclear 

from just this data if dynein could exist as a heterodimer within cells or if it only existed 

as a homodimeric complex; however, the results of our single molecule experiments 

using diploid strains revealed that within yeast, dynein exists almost exclusively as 

homodimeric complexes. These could be formed by cotranslational folding of dynein 

monomers from a single mRNA, as has been observed for p53183.    

 While this result was unexpected, it is likely important for consideration in all 

disease states which present as dominant negative mutations, especially given the 

potential for mechanistic differences between homo- and heterodimeric motor protein 

assembly163,184. Mutations with dominant-negative effects are an abundant finding since 

the advent of whole exome sequencing, and targeted therapeutics are more likely to be 

employed against broader classes of mutation varieties than with the pin-point accuracy 

needed to treat any given individual with a point mutation. In the case of dynein, or any 

motor that is cotranslationally assembled, hemizygosity may present with subtler effects 

than dominant-negative mutations156, evident in the case of heterozygous dynein 

mutants. Given this, it is more likely that treatment aimed at silencing the mutant genetic 

locus, or by knocking down select mRNA transcripts, would be substantially more 

feasible than targeted gene repair. Development of such treatment are already studied 
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for applications in treating congenital muscular dystrophies, many of which are due to 

mutation of the dystrophin gene. Kinase inhibitors which modulate protein splicing, and 

which can preferentially prevent splicing of a commonly mutated exons, have 

demonstrated successes in rendering the disease state more manageable170,187. If 

similar compounds could be found which target the upstream effectors of dynein 

assembly, they represent the best currently available treatment to diseases caused by 

single point mutations.  

 Finally, our data acquired from analyzing the K1475Q mutation provided us the 

first evidence that yeast dynein undergoes autoinhibition comparable to human dynein. 

This result was unexpected, as yeast dynein was not expected to form an autoinhibited 

state due to its in vitro activity161 and previous structural studies using the GST-dynein 

motor49. This mutant increased cortical offloading and interaction with dynactin, which 

ahs the expected consequences of disrupting autoinhibition. Despite the increased 

cortical offloading, these cells had dampened spindle dynamics, indicating loss of 

autoinhibition may affect normal mitotic spindle positioning, as has been observed in 

human cells in vitro165. Quizzically, this mutation also increases dynein motility in vitro, a 

result not readily reconciled at the time of the mutant screen. However, we later 

determines why disrupting autoinhibition changes in vitro motility. These data were 

limited at the time, but provided our first look at the function of dynein autoinhibition in 

yeast. Finally, as many different disease causing mutations are located in regions 

expected to maintain dynein autoinhibition, such mutations represent a promising path 

to develop therapeutics, such as inhibitors that counteract dynein overactivity.  
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2.4.2. A correlative approach to linking dynein mutation with disease severity 

As noted previously, our three most severe loss-of-function mutants were 

correlated with the most severe human disease states. However, this correlation is 

superficial and does not account for more subtle loss-of-function and the gain-of-

function phenotypes we observed for the library of mutants. To correlate phenotypic 

outcome with disease state in a more precise way, we development the metric of 

cumulative dynein dysfunction (CDD) score (Fig. 18). The tabulation of CDD scores 

presented a statistics-driven analysis of phenotype-genotype correlation (Tables 1 and 

2), and we found that there is indeed a correlation between deviation from wild-type 

dynein function and severity of disease state. In tabulating these scores, we chose to 

focus specifically on in vivo dynein activity, due to dynein’s reliance on dynactin for 

function in all these assays.  

Furthermore, it was necessary to consider both loss-of-function and gain-of-

function, which accounts for present models of dynein regulation in neurons. That is, 

that a dynamic equilibrium is established between anterograde and retrograde 

transport, and minor perturbations to transport in either direction may have severe 

consequences for cell health, especially in long microtubule processes as those found 

in the axons motor neurons. Therefore, it is not only loss-of-function mutants that 

negatively impact neuronal health but also overactive dynein mutants, an important 

finding that needs be considered when assessing dominant-negative phenotypes in 

many classes of motor proteins. It was noteworthy that the most severe drivers of 

disease are both complete loss-of-function, as may be expected for a protein, but also 

robust gain-of-function. Both disease states may exert dominant negative effects when 
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considering the delicate homeostatic balance that is maintained within neurons, and too 

much dynein activity may demonstrate the same in vivo phenotypes as no dynein 

activity. While this paradigm is confounding when dissecting the phenotypic outcome of 

disease states, it further demonstrates the efficacy of our yeast dynein system. By 

measuring the overall discrepancy from wild-type we can obtain informative data of 

potential for disease severity of a given mutation.  

 

 

The results of our CDD tabulation indicated that there is, broadly, a “tipping point” 

for dynein dysfunction between the two broad classes of diseases, motor neuron 

diseases and developmental disorders. At low levels of dysfunction, dynein mutations 

human yeast disease CDD

R598C K540C SMA-LED 5

E2616K D2439K SMA-LED 7

V612M I554M SMA-LED 7

K129I E109I MCD 8

H306R N283R SMA-LED 9

V236I L213I CMT 10

R264L R241L SMA-LED 12

E603V E545V SMA-LED 18

R3344Q K3160Q MCD 19

W673C W612C SMA-LED 19

R1567Q K1475Q MCD 20

K3336N R3152N MCD 21

R3384N R3201N MCD 21

V2734M L2557M CMD 23

R2720K R2543K MCD 32

R1962C R1852C MCD 44

H3822P H3639P MCD/SMA-LED 82

wild-type

dyn1∆

< 19

strong correlation with

muscular dystrophy/atrophy

> 19

strong correlation with

malformations of

cortical development

Figure 18

Figure 18. Correlation of composite deviation from wild typeinforms on severity of 

disease. Each coefficient of dynein dysfunction score (CDD; see text, Table 1 and 2, and 

Figure 17) was assigned by creating a composite nominal score of how each mutant deviated 

from wild type dynein in our in vivo assays. At a  threshold CDD of ~18, mutations transition 

from strongly correlated with muscular dystrophy/atrophy to increasing correlation with devel-

opmental neurological disorders, suggesting a critical threshold requirement for dynein activi-

ty during development
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primarily drive motor neuropathy related diseases. In these disease states, a subtle loss 

of dynein functions may introduce minor defects that do not overtly or dramatically 

impact dynein during development. However, when these defects accumulate over an 

individual’s life they become more progressively more severe, as is the case for many 

spinal muscular atrophy. This hypothesis is supported by our correlation of phenotype to 

disease state, as very minor loss-of-function phenotypes in our in vivo assays correlate 

with diseases with late onset and muscular degeneration. Mutations that are drivers of 

more severe disease states, such as malformations of cortical development, may share 

this mechanism of disease progression as defects in retrograde trafficking accumulate. 

Unfortunately, the more severe defects and early age of onset presented by these 

developmental diseases may mask symptoms shared with motor neuron disease. Our 

tabulation of CDD scores also suggests that at some critical threshold, dynein mutations 

transition from primarily causing muscular atrophy to primarily driving the more severe 

developmental disorders, including malformations of cortical development. This 

demonstrates that severe loss-of-function of dyneins may cause gross morphological 

changes to tissues, and their potential lethality early in life146. While omitted from our 

consideration, the genetic background of an individual with a disease-causing point 

mutation may have profound effects on the severity of the mutation disease-correlates. 

Defects in other microtubule-associated processes may exacerbate dynein mutation 

phenotypes in a way that may not be predicted by our yeast system. Further, changes 

in expression of mutant alleles, or compensatory mutant backgrounds, may mask such 

phenotypes. However, we must first reach a basic understanding the basal mechanisms 
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for dysfunction, before decoding the layers of regulation of the microtubule cytoskeleton, 

to understand the effects a single protein mutation can have at the organism level. 

5. Conclusions  

The results of our analysis of disease-correlated mutations in yeast yielded many 

insights into the function and regulation of dynein and revealed insights into potential 

mechanisms of disease. These experiments provide the experimental basis to create a 

pipeline capable of assessing dynein mutants. Using this system, we were successful in 

precisely determining the molecular defects introduced by the two most severe 

mutations and, pursuant to these findings, correct the defect through engineering of 

additional mutations.  

Several mutations that affect highly conserved regions of dynein, particularly in 

the motor domain, have highly similar effects on dynein motility between yeast and 

humans. Secondly, the most severe reductions in motor function, or mutations which 

caused motor gain-of-function, are associated with developmental disorders; whereas, 

mutations driving subtler phenotypes are associated with motor neuron disorders. 

Importantly, the identification that an AAA5 mutant (located in an otherwise innocuous 

region) leads to the most severe loss-of-function phenotype is a teachable moment. Not 

all structure function problems may be obvious at the outset, and the least obvious 

candidates at causing dysfunction may be impacting genes in the most profound ways. 

We were successful in pinpointing the molecular defect introduced by the two most 

severe mutations, and had some success in ameliorating mutant phenotypes through 

rationally targeted mutagenesis. For one mutation, we were successful in mitigating the 

loss-of-function phenotypes in both the yeast and human protein by rational 
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mutagenesis of neighboring residues. This demonstrates our ability to pinpoint the basis 

for molecular dysfunction, as well as the suitability of our system for translational studies 

in mammalian systems. Mutation phenotypes were correlatively linked to disease state, 

which demonstrated that the more severe deviations from wild type parameters were 

associated with the most severe disease states. Finally, yeast dynein is an excellent 

system to assay for mutant phenotypes that are caused by mutations in human 

diseases, and has a striking similarity to the human protein. This work revealed that 

dynein mutations drive dominant negative phenotypes in yeast, which is most likely 

caused by loss of ensemble activity by pools of homodimeric motors. Finally, regulation 

of yeast dynein, especially as it pertains to motor autoinhibition and complex assembly, 

may be more similar to the mammalian system than previously supposed.  

These mutations that increase dynein activity by disrupting normal motor 

autoinhibition may be attractive targets for pharmaceuticals in the future. A large 

number of these mutants have been identified at residues that overlap with residues 

identified to be important for stabilizing dynein in an autoinhibited state28. As this dynein 

motif becomes better characterized in human diseases, it may be necessary to identify 

novel inhibitors of dynein that negatively regulate motor activity and complex assembly. 

This avenue of therapeutic identification may indeed present more promising avenues 

of research than treatment of loss-of-function mutations, as the use of pharmaceuticals 

to increase dynein activity in cells seems a more unlikely prospect. Ideally our yeast 

system could be utilized, especially the diploid spindle dynamics assay, to test the 

efficacies of such treatments in the future. 
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Table 1. Calculations of Z scores for in vivo assays.

Z score q value q value q value Z score Z score

human yeast disease SP V D D # events/min NT

K129I E109I MCD 1.180 0.062 2.128 0.122 -2.416 -0.319

V236I L213I CMT 0.451 7.591 1.007 0.445 2.299 -2.577

R264L R241L SMA-LED 1.081 6.016 0.542 0.912 -0.860 -2.789

H306R N283R SMA-LED 1.158 4.566 0.322 0.189 1.280 -1.238

R598C K540C SMA-LED -1.012 0.990 1.965 2.079 1.995 -0.100

E603V E545V SMA-LED 1.288 0.947 2.793 4.981 -6.627 -1.928

V612M I554M SMA-LED 1.011 2.993 1.068 0.812 0.143 -0.659

W673C W612C SMA-LED 1.219 6.759 3.831 4.370 -4.895 -2.349

R1567Q K1475Q MCD 2.588 8.202 3.861 2.413 -0.934 -1.482

R1962C R1852C MCD 3.339 11.700 6.835 8.650 -13.798 -6.027

E2616K D2439K SMA-LED -0.991 4.607 0.456 2.168 -3.453 -1.036

R2720K R2543K MCD 1.703 13.810 6.628 7.149 -10.184 -3.683

V2734M L2557M CMD 2.180 1.728 1.334 3.424 -4.922 -4.659

K3336N R3152N MCD 1.870 7.043 5.453 3.035 1.618 -3.477

R3344Q K3160Q MCD 2.286 7.567 3.996 2.379 0.267 -2.019

R3384N R3201N MCD 1.652 8.541 5.656 3.714 -0.721 -3.537

H3822P H3639P MCD/SMA-LED 12.276 4.085 2.949 9.540 -19.195 i.o.

11.900 33.960 16.180 9.629 -20.584 -

in vivo dynein-dynactin activity

mutation

dyn1

normalized relative variance (nrv) from wild-type

human yeast disease SP V D D # events/min NT

K129I E109I MCD 0.481 0.002 0.132 0.013 0.117 0.053

V236I L213I CMT 0.184 0.224 0.062 0.046 0.112 0.428

R264L R241L SMA-LED 0.440 0.177 0.033 0.095 0.042 0.463

H306R N283R SMA-LED 0.471 0.134 0.020 0.020 0.062 0.205

R598C K540C SMA-LED 0.000 0.029 0.121 0.216 0.097 0.017

E603V E545V SMA-LED 0.524 0.028 0.173 0.517 0.322 0.320

V612M I554M SMA-LED 0.412 0.088 0.066 0.084 0.007 0.109

W673C W612C SMA-LED 0.496 0.199 0.237 0.454 0.238 0.390

R1567Q K1475Q MCD 1.054 0.242 0.239 0.251 0.045 0.246

R1962C R1852C MCD 1.360 0.345 0.422 0.898 0.670 1.000

E2616K D2439K SMA-LED 0.000 0.136 0.028 0.225 0.168 0.172

R2720K R2543K MCD 0.694 0.407 0.410 0.742 0.495 0.611

V2734M L2557M CMD 0.888 0.051 0.082 0.356 0.239 0.773

K3336N R3152N MCD 0.762 0.207 0.337 0.315 0.079 0.577

R3344Q K3160Q MCD 0.931 0.223 0.247 0.247 0.013 0.335

R3384N R3201N MCD 0.673 0.252 0.350 0.386 0.035 0.587

H3822P H3639P MCD/SMA-LED 5.000 0.120 0.182 0.991 0.933 -

4.847 1.000 1.000 1.000 1.000 -

0.000 0.000 0.000 0.000 0.000 0.000

in vivo dynein-dynactin activity

dyn1

wild-type

mutation

nrv =
v

v
max

CDD =
(5 nrv

SP
) + nrv

V
 + nrv

D
 + nrv

ΣD
 + nrv

6

CDD calculation

Table 2. Normalized variance (nrv) from wild type. Relative difference between mean values (Z 

scores and q values, ‘v’) for mutant and wild-type cells are expressed as normalized relative variance 

(nrv), where nrv = |v|/vmax for each column. Colors indicate relative degree of difference between 

mutant and wild-type for each value. (C) Coefficient of dynein dysfunction (CDD) was calculated from 

the values shown in panel B. In the two cases where a value wasn’t determined (due to insufficient 

observations), the denominator was reduced from 6 to 5. Note that in two instances, the Z score for 
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Chapter 3: Yeast dynein autoinhibition and its implications for dynein motor 

regulation and cortical targeting. 

3.1. Introduction 

 Throughout nature, there are many examples of proteins using self-association to 

regulate their specific in vivo activities. There are many instances of cytoskeletal 

proteins undergoing self-association leading to autoinhibition, from kinesin-1, to dynein 

cargo adaptor BicD2, to myosin186,188-189. It has been shown that in various kinesins, 

autoinhibition can relieved by the binding of cargo to the tail domain185,186. Similarly, 

binding of cargo (such as mRNA) to BicD2 has been shown to relieve autoinhibition of 

this adaptor17 which activates dynein transport of BicD2 bound vesicles. Autoinhibition 

of different kinesins has been further shown to decrease ATPase rates of the motor, 

and association with the microtubule lattice is important for stimulating kinesin-1 

ATPase activity. These forms of autoinhibition presumably limit motor activity in vivo to 

sites of required activity, and prevent motor activity in the absence of a productive 

cellular task. For many years, it was unclear if dynein was similarly regulated. However, 

the discovery of the mammalian dynein autoinhibited state, both for cytoplasmic dynein-

1165 and cytoplasmic dynein-249, and the importance of these mechanisms autoinhibition 

for dynein regulation in vivo and in vitro, has prompted a flurry of new research into 

understanding how this autoinhibited modality regulates dynein activity and interaction 

with binding partners. 

  In this and the following chapter, we will discuss two of the most important 

findings of this thesis work: our characterization of yeast dynein autoinhibition; and its 

implication for the functions of the Pac1/LIS1 regulator of dynein. The determination that 
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yeast dynein undergoes autoinhibition was done using a combinatorial approach of 

negative-stain EM, cellular biology, single-molecule assays, and biochemical 

characterization. The results of these experiments revealed that in vitro processivity of 

yeast dynein is principally limited by the stochastic termination of motor motility through 

formation of the autoinhibited state. Both motor-motor and tail-tail intra-dimer contacts 

are important for stabilizing the autoinhibited conformation, and these experiments 

explore the possibility that the tail domain initiates or stabilizes autoinhibition of the 

motor domains. Furthermore, this research demonstrates the in vivo relevance of the 

autoinhibited conformation, which coordinates dynein’s activity and localization within 

cells. Importantly, these data determine that autoinhibition of dynein is a stochastic and 

dynamic process that can be stabilized by other proteins, namely, Pac1/Lis1. By tuning 

the proportion of dyneins which are active in the cell, either through post-translational 

modification or localization of Pac1/LIS1 or other regulatory proteins, dynein is targeted 

to microtubules and then to the cell cortex. The results of these experiments are 

corroborated by three other papers with similar biochemical findings using recombinant 

human dynein and cell biology experiments using aspergillus nidulans166-169. These 

studies demonstrate that dynein autoinhibition is an evolutionarily conserved 

mechanism, which governs dynein behavior from the humble yeast169, to filamentous 

fungus166, to the mammalian dynein system167-168. 

3.1.1 History of understanding dynein autoinhibition 

Despite the ubiquitous nature of autoinhibition across many families of motor 

proteins and cytoskeletal regulators, it was unclear for many years what relevance such 

motifs of autoregulation state held for cytoplasmic dynein motors. Yeast dynein has 



 94 

been extensively characterized for its properties as a processive motor when purified in 

vitro161, suggesting that the yeast protein does not undergo autoinhibition. However, it 

has been demonstrated that mammalian dynein, which is not a processive motor on its 

own, requires both dynactin and a cargo adaptor for processive motility in vitro86,87. 

Furthermore, human dynein is not processive even when artificially dimerized through 

the use of a GST-motor chimeric construct86,190, unlike its yeast counterpart161. 

However, experiments have demonstrated that separating the motor domains through 

engineering of a helical linker between the two motor domains was sufficient to convert 

the human protein into a processive motor191, at the cost of decreasing diffusional 

parameters in vitro. This data together proposed dynein autoinhibition was important for 

understanding the limited mobility of mammalian dynein in vitro, and pointed to 

mammalian dynein autoinhibition occurring between physical interaction of the two 

heavy chains of a dimer. 

A major breakthrough in understanding dynein came from new cryo-electron 

microscopy experiments165 that were published during this thesis work, which revealed 

that mammalian dynein is maintained in an inactive conformation through a series of 

stabilizing intramolecular interactions on the surface of the motor. Previous negative 

stain electron microscopy192 had identified this conformation, terming it the “Phi-particle” 

for the resemblance of the particles to the Greek letter Phi. In this inactive conformation, 

the tail domains of each monomer are twisted about each other, and while atomic 

resolution could not be obtained for the tail regions, it is evident that substantial tail-tail 

interactions (and likely accessory chain interactions) are needed to stabilize the 

autoinhibited state. Several motor-motor domain contacts were identified in the linker-
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AAA4 interface and the AAA5-AAA5 interface which stabilized the Phi particle state. 

Furthermore, the stalk domains of each monomer were crossed with respect to each 

other, which would prelude processive motility, and two hydrophobic interactions within 

the stalk were important for stabilizing these contacts. A number of the stabilizing 

residues within the motor domain have been previously identified in neurological 

disorders119 which were not included in our initial survey193, and ablation of electrostatic 

interactions between dimers through protein mutagenesis was sufficient to completely 

disrupt the autoinhibited conformation165 as determined by electron microscopy. The 

autoinhibited dynein complex demonstrated limited ATPase rate, microtubule landing, 

and association with cargo binding proteins, namely dynactin and adaptor proteins, 

compared to the fully open counterpart. Interestingly, these limitations are in many ways 

reminiscent of dyneins’ anterograde transport counterparts, kinesins185-186, many of 

which employ autoinhibition to limit motor activity.  

Interestingly, significant variation between conformational states was identified 

through the many class averages generated from individual particles. Human dynein 

was identified in a “fully closed” Phi-particle state, with motor domains stacked and tails 

twisted with respect to each other, as well as “fully open”, with motor domains separated 

completely and tail domains separated and extended. However, a number of averages 

depicted a range of intermediate states between these fully open or closed 

conformations; some showed motor-motor separation in the absence of tail separation, 

and many different intermediates of tail-tail topography were identified165. This 

potentially indicated that dynein may stochastically switch between open and closed 

states in solution, but the in vivo relevance of this data was unclear at the time.  
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Similar results have been reported for mammalian cytoplasmic dynein-2, which is 

responsible for intraflagellar transport. Cryo-EM studies49 have demonstrated that the 

motor domain of this protein is sufficient to form the so-called “Phi-particle” state when 

artificially dimerized using a GST-dynein chimeric protein, which has not been observed 

from cryo-EM structures of the yeast GST-dynein fusion protein. The identities of the 

intramolecular contacts between motor domains were assigned, and strikingly, the 

residues important for stabilization of cytoplasmic dynein-2 were not shared with 

cytoplasmic dynein-1. This indicates that while mechanisms of autoinhibition are shared 

amongst different dynein isoforms, it is resultant from convergent evolution from these 

divergent motors. This may potentially indicate that the regulation of the autoinhibition of 

these two highly similar proteins is accomplished by different cellular factors, reflecting 

their distinct compartmentalization. Autoinhibition is therefore similarly important for 

cytoplasmic dynein as it is for other cytoskeletal proteins. 

These data comprehensively examined how mammalian dynein autoinhibition 

affected in vitro activity of the protein; however, yeast dynein was not expected to 

undergo autoinhibition. Previous work from our lab has demonstrated that separating 

the tail and motor domains leads to plus end independent targeting of dynein to the cell 

cortex84,194, prompting a model that the tail and motor domains were somehow 

interacting to limit association with Pac1, Bik1, dynactin and/or Num1. However, outside 

of this cellular localization data, no further evidence existed which indicated that yeast 

dynein undergoes autoinhibition. However, our mutagenesis screen identified residue 

K1475Q as being potentially important for autoinhibition due to increasing interaction 

with the cell cortex, increased dynein-dynactin interaction at microtubule plus ends, and 
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increases in in vitro activity and processivity193. Though these data were unexpected 

and difficult to explain at the time, all the in vivo evidence pointed to yeast dynein 

undergoing some form of autoinhibition akin to its mammalian counterpart. 

We then explored the possibility that yeast dynein was autoinhibited, using our 

previous results from studies on yeast dynein regulation. Using negative-stain EM, we 

identified the structure of the full-length intact dynein complex in an inactive 

autoinhibited state which was highly similar to that of human dynein. Using in vitro 

single molecule assays, we next determined that Phi-particle formation is run length-

limiting for the yeast complex, and that this is a result of stochastic switching between 

“open” and “closed” states of the protein, a phenomena which was noted for the human 

dynein complex in solution. Finally, yeast dynein autoinhibition limits association with 

binding partners in the cytoplasm, namely Pac1 and dynactin. Taken together, these 

data demonstrate that yeast dynein is maintained in an inactive in the same manner as 

mammalian dynein, and this autoinihibitory mechanism is likely conserved across all 

metazoan isoforms of cytoplasmic dynein-1.  

3.2. Methods 

3.2.1 Strain construction and cloning 

All strains used in this thesis work are derived from either W303 or YEF473A177 

and are listed in Table 5. We transformed yeast strains using the lithium acetate 

method178. Strains carrying mutations were constructed by PCR product-mediated 

transformation179 or by mating followed by tetrad dissection. Proper tagging and 

mutagenesis was confirmed by PCR, and in most cases sequencing (all point mutations 

were confirmed via sequencing). Fluorescent tubulin-expressing yeast strains were 
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generated using plasmids and strategies described previously180,181. Yeast synthetic 

defined (SD) media was obtained from Sunrise Science Products (San Diego, CA). 

Strains overexpressing the yeast dynein complex (or the GST-dynein fragment) were 

generated by transforming p8His-ZZ-SNAPf-Dynein, p8His-ZZ-HALO-Dynein, or pZZ-

dyneinMOTOR-HALO (wild-type or mutants; see below) linearized by digestion with 

ApaI (cuts within the URA3 gene; see Fig. 19A). Integration was confirmed by PCR. 

Yeast synthetic defined (SD) media was obtained from Sunrise Science Products (San 

Diego, CA). 

3.2.2 Plasmid generation  

For overexpression and purification of the yeast dynein complex (wild-type or 

mutants), we generated a polycistronic plasmid expressing all four dynein complex 

subunits using strategies analogous to the biGBAC assembly164,195. We first made a 

yeast expression "library” vector – pLIBy – which enables generation of a gene 

expression cassettes (GEC) with a strong, inducible GAL1 promoter (GAL1p) on the 5’ 

end, and a synthetic terminator sequence (Tsynth3196) on the 3’ end. A PCR product 

encompassing GAL1p, and an oligonucleotide containing Tsynth3196 and a multicloning 

site (XbaI-NotI-SpeI-BamHI) were assembled into pRS305 digested with BamHI and 

NotI using Gibson assembly197, yielding pLIBy. We also generated a yeast genomic-

integration vector with optimized linker sequences for Gibson assembly197 flanked by 

PmeI restriction sites (equivalent to pbiG1a and pbiG1b). These plasmids – pbiG1ay 

and pbiG1by– were generated by using Gibson assembly to insert a PCR product 

encompassing these elements from pbiG1a and pbiG1b into pRS306. PCR products 

encompassing the DYN2 (without the native intron), DYN3 or PAC11 open reading 
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frames were assembled into pLIBy digested with BamHI and NotI. Subsequently, these 

GECs were amplified from each respective pLIBy vector using oligonucleotides that 

include regions for priming preceded on the 5’ end by predefined “Cas” sequences193: 

the DYN2 GEC was amplified with Casα-forward and Casβ-reverse; the DYN3 GEC 

was amplified with Casβ-forward and Casγ-reverse; and, the PAC11 GEC was amplified 

with Casγ-forward and Casω-reverse. These three PCR products were assembled into 

pbiG1by digested with SwaI to generate 

pbiG1by:GAL1p:Dyn2::GAL1p:DYN3::GAL1p:PAC11.  

We generated pLIBy:6His-StrepII-SNAPf-DYN1 using Gibson assembly. 

However, due to complications generating a PCR product from this vector, we chose to 

clone everything into this vector. We first substituted the LEU2 expression cassette in 

the pLIBy backbone with a URA3 marker by assembling a PCR product encompassing 

the URA3 cassette from pRS306 into pLIBy:6His-StrepII-SNAPf-DYN1 digested with 

KasI and AatII, yielding pLIBy:6His-StrepII-SNAPf-DYN1::URA3. To enable assembly of 

the DYN2/DYN3/PAC11 polygene cassette into pLIBy:6His-StrepII-SNAPf-

DYN1::URA3, we inserted the optimized “B” and “C” linker sequences for Gibson 

assembly into this plasmid by assembling a PCR product encompassing “B”-PmeI site-

“C” into pLIBy:6His-StrepII-SNAPf-DYN1::URA3 digested with KpnI and SalI. 

Subsequent to digestion with PmeI, this plasmid was assembled with the PmeI 

restriction digest product from pbiG1by:GAL1p:Dyn2::GAL1p:DYN3::GAL1p:PAC11 

(encompassing GAL1p:Dyn2::GAL1p:DYN3::GAL1p:PAC11), yielding pLIBy: 

GAL1p:Dyn2::GAL1p:DYN3::GAL1p:PAC11::GAL1p:6His-StrepII-SNAPf-Dyn1::URA3, 

hereafter referred to as p6His-StrepII-SNAPf-Dynein. Prior to using this plasmid for pilot 
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tests, we decided to swap the 6His-StrepII affinity tag for an 8His-ZZ tag (followed by a 

tandem TEV protease recognition site). We did this by assembling a PCR product 

encompassing 8His-ZZ into p6His-StrepII-SNAPf-Dynein digested with AatII and XhoI, 

yielding p8His-ZZ-SNAPf-Dynein. We replaced the SNAPf tag with a HALO tag using a 

similar strategy, yielding p8His-ZZ-HALO-Dynein. All mutations were engineered into 

these plasmids using common strategies. 

Due to difficulties in engineering the D2868K mutation into the GST-dynein 

expressing yeast strain (SMY1008), we generated a plasmid that overexpresses this 

fragment in yeast. Like the full-length dynein complex expression plasmids described 

above, this plasmid can also be integrated into the ura3-1 locus. PCR products 

encompassing the entire GAL1p:ZZ-2TEV-6His-GFP-GST-dyn1331-HALO cassette 

(comprised of 4 individual pieces, each with 23 nt of overlapping sequences; amplified 

from SMY1008) were assembled into pRS305 digested with KpnI and BamHI using 

Gibson assembly229, yielding pZZ-dyneinMOTOR-HALO. The D2868K mutation was 

engineered into this plasmid using common strategies.  

3.2.3 Protein purification 

Purification of yeast dynein (ZZ-TEV-Dyn1-HALO, under the native DYN1 

promoter; or, ZZ-TEV-HALO-(or SNAPf)-Dynein, with all genes under control of the 

GAL1p promoter; or, ZZ-TEV-6His-GFP-3HA-GST-dyneinMOTOR-HALO, under the 

control of the GAL1p promoter) was performed as previously described with minor 

modifications used for the overexpressed complex161,193. Briefly, yeast cultures were 

grown in YPA supplemented with either 2% glucose (for non-overexpressed full-length 

dynein) or 2% galactose (for the GAL1p-inducible strains; overexpression of the full-
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length dynein complex was induced for no more than 3 hours), harvested, washed with 

cold water, and then resuspended in a small volume of water. The resuspended cell 

pellet was drop frozen into liquid nitrogen and then lysed in a coffee grinder (Hamilton 

Beach). For most purifications (with exception of those used for negative stain/EM 

imaging) we used the following procedure: after lysis, 0.25 volume of 4X dynein lysis 

buffer (1X buffer: 30 mM HEPES, pH 7.2, 50 mM potassium acetate, 2 mM magnesium 

acetate, 0.2 mM EGTA) supplemented with 1 mM DTT, 0.1 mM Mg-ATP, 0.5 mM 

Pefabloc SC (concentrations for 1X buffer) was added, and the lysate was clarified at 

22,000 x g for 20 min. The supernatant was then bound to IgG sepharose 6 fast flow 

resin (GE) for 1-1.5 hours at 4°C, which was subsequently washed three times in 5 ml 

lysis buffer, and twice in 5 ml TEV buffer (50 mM Tris, pH 8.0, 150 mM potassium 

acetate, 2 mM magnesium acetate, 1 mM EGTA, 10% glycerol) supplemented with 

0.005% Triton X-100, 1 mM DTT, 0.1 mM Mg-ATP, and 0.5 mM Pefabloc SC. To 

fluorescently label the motors for single molecule analyses, the bead-bound protein was 

incubated with either 6.7 µM HaloTag-AlexaFluor660, HalotTag-AlexaFluor488, or 

HaloTag-TMR (Promega), or SNAP-Surface Alex Fluor 647 (NEB), as appropriate, for 

10-20 minutes at room temperature. The resin was then washed four more times in TEV 

buffer supplemented with 1 mM DTT, 0.005% Triton X-100, and 0.1 mM Mg-ATP, and 

then incubated with TEV protease for 1-1.5 hours at 16°C. Following TEV digest, the 

beads were pelleted, and the resulting supernatant was collected, aliquoted, flash 

frozen in liquid nitrogen, and stored at -80ºC. Protein preparations used for negative 

stain/EM imaging were subject to tandem affinity purification. To do so, subsequent to 

lysis, 0.25 volume of 4X NiNTA dynein lysis buffer (1X buffer: 30 mM HEPES, pH 7.2, 
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200 mM potassium acetate, 2 mM magnesium acetate, 10% glycerol) supplemented 

with 1 mM beta-mercaptoethanol, 0.1 mM Mg-ATP, 0.5 mM Pefabloc SC 

(concentrations for 1X buffer) was added, and the lysate was clarified as above. The 

supernatant was then bound to NiNTA agarose for 1 hour at 4°C, which was 

subsequently washed three times in 5 ml NiNTA lysis buffer. The protein was eluted in 

NiNTA lysis buffer supplemented with 250 mM imidazole by incubation for 10 minutes 

on ice. The eluate was then diluted with an equal volume of dynein lysis buffer, which 

was then incubated with IgG sepharose 6 fast flow resin for 1 hour at 4°C. The beads 

were washed and the protein was eluted as described above. Eluted protein was either 

applied to a size exclusion resin (Superose 6; GE), or snap frozen. The gel filtration 

resin was equilibrated in GF150 buffer (25 mM HEPES pH 7.4, 150 mM KCl, 1 mM 

MgCl2, 5 mM DTT, 0.1 mM Mg-ATP) using an AKTA Pure. Peak fractions (determined 

by UV 260 nm absorbance and SDS-PAGE) were pooled, concentrated, aliquoted, flash 

frozen, then stored at -80ºC. We noted that prolonged periods of storage in the -80°C (≥ 

3-5 days) led to an increase in the prevalence of dynein aggregates (as apparent from 

fluorescence intensity analysis), which exhibited longer run lengths and slower motility 

in single molecule assays. We also noted that aggregation was much more prevalent 

when the motor was labeled with the HALO-AlexaFluor660 than it was with the HALO-

AlexaFluor488.    

Purification of Pac1-FLAG-SNAP was performed as previously described101, with 

the addition of a gel filtration step to remove any residual, unbound fluorescent dye. 

Specifically, TEV protease eluted protein was applied to a size exclusion resin 

(Superose 6; GE), that was equilibrated in TEV buffer supplemented with 1 mM DTT 
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using an AKTA Pure. Peak fractions (determined by UV 260 nm absorbance and SDS-

PAGE) were pooled, concentrated, aliquoted, flash frozen, then stored at -80ºC. For 

comparison of elution profiles between yeast and human dynein complexes, the human 

dynein complex was expressed and purified from insect cells (ExpiSf9 cells; Life 

Technologies) as previously described with minor modifications164,165. Briefly, 4 ml of 

ExpiSf9 cells at 2.5 x 106 cells/ml, which were maintained in ExpiSf CD Medium (Life 

Technologies), were transfected with 1 µg of bacmid DNA (see above) using 

ExpiFectamine (Life Technologies) according to the manufacturer’s instructions. 5 days 

following transfection, the cells were pelleted, and 1 ml of the resulting supernatant (P1) 

was used to infect 300 ml of ExpiSf9 cells (5 x 106 cells/ml). 72 hours later, the cells 

were harvested (2000 x g, 20 min), washed with phosphate buffered saline (pH 7.2), 

pelleted again (1810 x g, 20 min), and resuspended in an equal volume of human 

dynein lysis buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM DTT, 

0.1 mM Mg-ATP, 1 mM PMSF). The resulting cell suspension was drop frozen in liquid 

nitrogen and stored at -80ºC. For protein purification, 30 ml of additional human dynein 

lysis buffer supplemented with cOmplete protease inhibitor cocktail (Roche) was added 

to the frozen cell pellet, which was then rapidly thawed in a 37ºC water bath prior to 

incubation on ice. Cells were lysed in a dounce-type tissue grinder (Wheaton) using ≥ 

100 strokes (lysis was monitored by microscopy). Subsequent to clarification at 22,000 

x g, 45 min, the supernatant was applied to 2 ml of IgG sepharose fast flow resin pre-

equilibrated in human dynein lysis buffer, and incubated at 4ºC for 2-4 hours. Beads 

were then washed with 50 ml of human dynein lysis buffer, and 50 ml of human dynein 

TEV buffer (50 mM Tris pH 7.4, 150 mM potassium acetate, 2 mM magnesium acetate, 
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1 mM EGTA, 10% glycerol, 1 mM DTT, 0.1 mM Mg-ATP). The bead-bound protein was 

eluted with by incubation with TEV protease overnight at 4ºC. The next morning, the 

recovered supernatant was applied to a Superose 6 gel filtration column as above. 

3.2.4 Single molecule motility assays 

 The yeast dynein single-molecule motility assay was performed as previously 

described with minor modifications163,193. Briefly, flow chambers constructed using slides 

and plasma cleaned and silanized coverslips attached with double-sided adhesive tape 

were coated with anti-tubulin antibody (8 µg/ml, YL1/2; Accurate Chemical & Scientific 

Corporation) then blocked with 1% Pluronic F-127 (Fisher Scientific). Taxol-stabilized 

microtubules assembled from unlabeled and fluorescently-labeled porcine tubulin (10:1 

ratio; Cytoskeleton) were introduced into the chamber, and, within one minute, an 

additional 1 µl assay buffer was flowed in to align microtubules. Following a 5-10 minute 

incubation, the chamber was washed with dynein lysis buffer (see above) supplemented 

with 20 µM taxol. Subsequently, purified dynein motors diluted in motility buffer (30 mM 

HEPES pH 7.2, 2 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 1 mM Mg-ATP, 

0.05% Pluronic F-127, 20 µM taxol, and an oxygen-scavenging system consisting of 

1.5% glucose, 1 U/ml glucose oxidase, 125 U/ml catalase) supplemented with either 50 

mM potassium acetate, or as indicated in figure legend, were introduced in the 

chamber, and imaged.  

 To image comigrating Pac1-dynein complexes, 500 nM Pac1-SNAP647 (dimer 

concentration) and 10-50 nM HALOTMR-Dynein were preincubated on ice for 10-15 

minutes prior to a 10- to 20-fold dilution into modified motility buffer (30 mM HEPES pH 

7.2, 2 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 1 mM Mg-ATP) supplemented 
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with potassium acetate or potassium chloride as indicated in figure legends, 0.05% 

Pluronic F-127, 20 µM taxol, and an oxygen-scavenging system (as above). The higher 

yield overexpressed dynein complex was needed for these assays given the low landing 

rate of dynein in the higher ionic strength buffers. We ensured that comigrating Pac1-

SNAP647 spots were not due to bleed-through from the HALOTMR-dynein channel by 

performing two-color imaging with HALOTMR-dynein alone (no spots were apparent in 

the far-red channel in these cases). To measure Pac1 fluorescence intensity on 

microtubules, 50 nM of Pac1-SNAP647 (dimer concentration) diluted in motility buffer 

was added to chambers containing taxol-stabilized microtubules. 

 To remove the unstructured E-hooks from microtubules, taxol-stabilized 

microtubules were digested with a 1 mg/ml subtilisin (Sigma) for 90 min at 37°C prior to 

preparation of flow chambers. For experiments in which cellular extracts were included 

in the imaging chamber (Fig. S6D and E), log phase cultures of SMY2532 (cells not 

expressing dynein; see Table 1) were pelleted, resuspended in a small volume of 

motility buffer (with 50 mM potassium acetate), drop frozen in liquid nitrogen, lysed by 

mortar and pestle, and then clarified at 21,000 x g for 15 minutes. To assess Pac1-

microtubule binding in the presence of cell extracts, 50 nM Pac1-SNAP647 (dimer 

concentration) was diluted in motility buffer supplemented with clarified extract (0.96 

mg/ml final) and introduced into an imaging chamber. Similar conditions were used to 

assess the effect of Pac1 on dynein motility in the presence of cell extract, except 25nM 

Pac1 and ~50-150 pM GST-dynein were also included in the imaging chamber, along 

with protease inhibitor tablet and an additional 10 mM ATP supplemented in the motility 

buffer. 
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Total internal reflection fluorescence microscopy (TIRFM) images were collected 

using a 1.49 NA 100X TIRF objective on a Nikon Ti-E inverted microscope equipped 

with a Ti-S-E motorized stage, piezo Z-control (Physik Instrumente), and an iXon X3 

DU897 cooled EM-CCD camera (Andor). 488 nm, 561 nm, and 640 nm lasers 

(Coherent) were used along with a multi-pass quad filter cube set (C-TIRF for 

405/488/561/638 nm; Chroma) and emission filters mounted in a filter wheel (525/50 

nm, 600/50 nm and 700/75 nm; Chroma). To image non-labeled microtubules (e.g., Fig. 

28D), we employed interference reflection microscopy, as recently described198. For 

time-lapse movies, we acquired images at 1, 2, or 3 second intervals for 8-10 min. 

Velocity and run length values were determined from kymographs generated using the 

MultipleKymograph plugin for ImageJ 

(http://www.embl.de/eamnet/html/body_kymograph.html). Those motors that moved for 

≥ 3 time points were measured. Reported run lengths were determined from fitting raw 

values to a one-phase decay. 

2.5. Negative stain electron microscopy and image analysis 

EM grids were prepared with a standard negative stain protocol by applying fresh 

dynein samples to glow discharged carbon coated 200 mesh copper grids. After ~1 

minute incubation, 2% uranyl acetate was added. 1600 micrographs were collected on a 

FEI Tecnai F20 200kV TEM equipped with a Gatan US4000 CCD (model 984), at a 

nominal magnification of 90,000X with the digital pixel size 6.19 angstroms. All image 

analysis was performed in Relion 3.0 on the University of Colorado Boulder High 

Performance Computer Cluster, Summit. Particles were manually picked from ~20 

micrographs (~200 particles), which were used to generate a low-resolution 2D class 
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average. Using these 2D averages as a starting point, we then used an iterative 

process to autopick particles that were used to generate our final 2D averages, and for 

3D model building (in total, 42,611 particles were used for final averages shown in Fig. 

19E). 

3.2.6. Calculation of ionic strength 

We calculated the ionic strength of our buffers as previously described199. In 

brief, we empirically determined the amount of KOH required to pH a 30 mM HEPES 

buffer to 7.2. We estimated the proportion of protonated to unprotonated HEPES at pH 

7.2 to be 2:1 (using the Henderson-Hasselbalch equation). Using the formulation for 

ionic strength (I = 1/2 Σ ci zi2), we determined the ionic strength of the 50 mM K-acetate 

motility buffer to be 61.5 mM, the 100 mM K-acetate and KCl buffers to be 111.5 mM, 

and the 150 mM K-acetate and KCl buffers to be 161.5 mM. Note we did not include the 

proportion of zwitterionic HEPES species (20 mM) in the calculation of ionic strength as 

it has been demonstrated previously to have no effect on the ionic strength of a solution, 

despite contributing to electrostatic interactions200. 

3.2.7. Dynein-Pac1 binding experiments      

 Purified, gel filtered Pac1-FLAG-SNAP (0.5 - 0.75 µg per binding experiment) 

was bound to FLAG M2 magnetic beads (Sigma Aldrich) by incubation in TEV 

supplemented with 0.005% Triton X-100, 1 mM DTT, and 0.1 mM Mg-ATP at 4°C. After 

1 hour, unbound Pac1-FLAG-SNAP was removed by washing the beads four times with 

in the same buffer. Subsequently, roughly equal amounts of purified dynein proteins 

(wild-type, mutant, or truncation) were incubated with Pac1-FLAG-SNAP-decorated 

beads (diluted in same buffer; reaction volume ranged from 50 - 120 µl among 



 108 

replicates). After 1 hour, the unbound fraction was removed by pipetting, while the 

bound fraction was eluted with 0.25 mg/ml 3XFLAG peptide (Sigma Aldrich) by 

incubation for 20 minutes on ice. Bound and unbound fractions were resolved by SDS-

PAGE, and the normalized, relative bound and unbound fractions were determined by 

measuring background corrected band intensities. Note that we observed no binding of 

dynein to FLAG M2 magnetic beads in the absence of Pac1-FLAG-SNAP (not shown). 

3.2.8. Microtubule co-pelleting experiments 

To perform the microtubule co-pelleting assay, 1 µM microtubules were 

incubated for 10 minutes at room temperature with 2 nM of either wild-type or mutant 

dynein in motility buffer supplemented with 0.1 mg/ml bovine serum albumin (Bio-Rad, 

cat. # 5000206) with or without 1 mM Mg-ATP. Reactions were subsequently pelleted at 

21,130 x g for 20 minutes. The supernatant and pellet were separated, resuspended in 

sample buffer, and run on a 4-15% gradient acrylamide gel. Gels were stained with 

Sypro Ruby, and then imaged on a Typhoon gel imaging system (FLA 9500). 

3.2.9. Live cell imaging experiments 

For the spindle dynamics assay, cells were arrested with hydroxyurea (HU) for 

2.5 hours, and then mounted on agarose pads containing hydroxyurea for fluorescence 

microscopy163,193. Full Z-stacks (15 planes with 0.2 µm spacing) of GFP-labeled 

microtubules (GFP-Tub1) were acquired every 10 seconds for 9.66 minutes (58 time 

points) on a stage prewarmed to 30°C. To eliminate any dynein-independent 

contributions to spindle movements, these assays were performed in cells lacking Kar9, 

a protein that is required for an actin/myosin-mediated spindle orientation pathway174. 

To image dynein localization in live cells, cells were grown to mid-log phase in SD 
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media supplemented with 2% glucose, and mounted on agarose pads. Images were 

collected on a Nikon Ti-E microscope equipped with a 1.49 NA 100X TIRF objective, a 

Ti-S-E motorized stage, piezo Z-control (Physik Instrumente), an iXon DU888 cooled 

EM-CCD camera (Andor), a stage-top incubation system (Okolab), and a spinning disc 

confocal scanner unit (CSUX1; Yokogawa) with an emission filter wheel (ET480/40m for 

mTurquoise2, ET525/50M for GFP, and ET632/60M for mRuby2; Chroma). Lasers (445 

nm, 488 nm and 561 nm) housed in a LU-NV laser unit equipped with AOTF control 

(Nikon) were used to excite mTurquoise2, GFP and mRuby2, respectively. The 

microscope was controlled with NIS Elements software (Nikon).   

3.2.10. Statistics and Reproducibility 

All data were collected from at least two independent replicates (independent 

protein preparations, or cell cultures, for in vitro and in vivo experiments, respectively). 

The values from each independent replicate – which are indicated on each plot (see 

diamonds on relevant plots) – showed similar results. T-tests were performed using 

Graphpad Prism. Statistical significance was determined using a two-tailed Mann-

Whitney test (for single molecule run length values), or with an unpaired two-tailed 

Welch’s t test (for single molecule velocity values). Z scores were calculated using the 

following formula: 

Z=  ((p ̂_1-p ̂_2 ))/(p ̂(1-p ̂)(1/n_1 + 1/n_2 ) ) 

where: 

p ̂=  (y_1+y_2)/(n_1+n_2 ) 

Z scores were converted to two-tailed P values using an online calculator.  

3.2.11. Data availability 
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Movies for this study may be found on the SMNAS/_MicroscopeData/Matt Marzo/SMT 

for NCB Reviews. Data and analysis is also available on the SMNAS . Strains used for 

this study are available in the Table 4. 

3.3. Results 

3.3.1. Structure of autoinhibited yeast dynein 

 The first step to determining if yeast dynein has an autoinhibited conformation 

was to purify sufficient quantities of purified dynein for negative stain electron 

microscopy analysis. To this end, a plasmid was constructed using cues from the insect 

cell expression system to express each of the four subunits of the dynein complex off 

the same plasmid195. This plasmid was integrated into the URA locus and each dynein 

subunit was under the transcriptional control of a galactose-based promoter and 

synthetic T3 terminator sequence (Fig. 19A)195,196.  This allowed us to express the intact 

full-length dynein complex (Fig. 19A-C) at concentrations much higher than could 

previously be obtained. This complex demonstrated near identical in vitro motility to the 

natively expressed protein (Fig. 19B), and had a near-identical profile in size-exclusion 

chromatography as its mammalian counterpart (Fig. 19C). With this high purity complex 

in hand, we collaborated with Gary Morgan at the UC Boulder EM imaging facility to 

obtain the first ever negative-stain EM image of the full-length yeast dynein complex 

(Fig. 19D). Amazingly, yeast dynein formed the phi-particle in proportions similar to 

those previously reported for the human complex165. Averaging several thousand 

particles allowed for the visualization of many different conformational states of dynein. 

Interestingly, the degree of intra-dimer contacts in these conformational states varied 
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Figure 19
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substantially, just as was apparent in the human dynein structures. Yeast dynein 

demonstrated both “fully closed” and “fully open” states, but also a number of   

intermediate states where motor heads and tail domains were separated to varying 

degrees.  

Performing 3D reconstruction of our several averages of dynein in the Phi-

particle state allowed us to manually dock the human dynein Phi-particle structure 

[PDB: 5NVU], and we found these two structures overlapped near-identically [Fig. 19E], 

with the exception of the presence of two additional light chains (Rob1, TcTex2)  in the 

human dynein complex165. Important to note is the hole of electron density at the tail 

region proximal to the motor domain, which overlaps identically with the human high-

resolution structure. One of the most interesting findings of both cryo-EM studies is the 

presence of the varying intermediate states between open and closed dynein 

conformations, which likely indicates dynein intrinsically possesses the ability to switch 

stochastically between autoinhibited and active conformations, a process that could 

potentially be a target for mitotic PTMs202 or the expression of mitosis specific 

Figure 19. The yeast dynein complex adopts an autoinhibited phi particle conformation. (A) Sche-

matic of the polycistronic plasmid used to produce the intact yeast dynein complex (GAL1p, galactose-in-

ducible promoter; Tsynth3, terminator sequence). Restriction digest with ApaI (cuts within URA3 gene) 

targets the plasmid for homologous recombination into the ura3-1 locus as depicted. (B) Representative 

kymograph depicting single molecule motility of the purified overexpressed yeast dynein complex. (C) 

Representative elution profiles of yeast and human dynein complexes from Superose 6 resin (left), and 

scans of the same polyacrylamide gel depicting fluorescently labeled Dyn1 (via HaloTag-TMR) and the 

entire complex (via Sypro Ruby staining; right; 3 independent preparations yielded very similar results). (D) 

Representative negative stain EM class averages of the intact yeast dynein complex (2D classes were 

generated from one preparation; however, independent preparations provided very similar raw images). 

Number of particles used to generate each class indicated in each panel. Classes i – vi depict dynein in the 

autoinhibited, phi particle conformation, whereas vii – x depict dynein in various open, uninhibited states. 

(E) 3D models of dynein in the autoinhibited state generated from 2D class averages with (right) and with-

out (left) a high resolution 3D structure of human dynein-1 in the phi particle conformation (pdb 5NVU1) 

manually docked into it. Note that the structures of the two tail domains have been slightly rotated with 

respect to the motor domains to better fit the 3D model, and that the structures of both TcTEX and Robl 

have been eliminated due to their absence from the yeast dynein complex.
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proteins202, given the importance of dynein in mitotic regulation and spindle 

positioning23-24. 

 3.3.2.  Yeast dynein autoinhibition limits in vitro motor activity 

Due to the high degree of similarity between human and yeast autoinhibited 

structures, we reasoned that our previous data pertaining to the K1475 residue (K1567 

in humans) were phenotypes caused by the loss of stabilizing interactions maintaining 

the autoinhibited conformation. To further test this hypothesis, I performed the single-

molecule motility assay for mutants at three of the interfaces that have been shown to 

stabilize autoinhibited mammalian dynein (Fig. 20A). These data revealed that 

weakening the interactions at key residues, via charge reversal or alanine mutations, 

greatly increased the processivity of individual dynein motors. These increases in run- 

length were independent of velocity effects, which was surprising, indicating the 

uncoupling of speed and processivity,. Further, these data indicates switching of yeast 

dynein between active and autoinhibited states is possible during a processive run, and 

this does not require any cofactors outside of the core dynein complex.  

Single point-mutations K1475E and K1517E at site 2 between AAA4 and the 

linker domain led to a near doubling of dynein run-length (~3.8µm, Fig. 20B)  relative to 

wild type without substantially effecting motor velocity when fit to a single-exponential 

decay. Combining mutations to make a K147E/ K1517E mutant doubled the run-length 

(Fig. 20B  ~6.8 respectively) of the individual mutations. The analogous human 

mutations (K1567E/K1607E) were demonstrated to completely abolish Phi-particle 

formation in the human dynein complex analyzed by cryo-EM. The same run-length 

phenotype ( ~7.1µm) could be recapitulated by mutating the opposite D2868 residue to 
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a lysine; therefore, removing both electrostatic interactions by either amino acid 

substitution is sufficient to produce the same phenotype, indicating these residues likely 

form a tripartite interaction as is indicated in the human dynein structure.  

We further confirmed that these residues were interacting to regulate the run 

length by reintroducing electrostatic pairing to this linker-AAA4 site. Sequential 

decreases in run-length were achieved by introducing opposite, but near equal, 

electrostatic pairing combinations. A K1475E/K1517A/D2868K mutant led to a near wild 

type run-length (~2.7 µm Fig. 20B) for the motor, without affecting velocity. It is possible 

that this was the electrostatic composition most resembling the native conformation, as 

presence of a 1 net positive charge (D2868K) with 1 net negative charge 

(K1475E/K1517A) most closely resembles the 2 net positive charges (K1475/K1517) 

and 1 net negative charges (D2868K) present in the native structure. This data further 

implicates electrostatic repulsion from interacting residues as important in stabilization 

or disruption of the autoinhibited state, and demonstrates that contacts necessary for 

maintaining the human Phi particle are highly equivalent to those present in yeast. 

Amazingly, run-length increases (~7.2 µm) near identical to our K1475E/K1517E or 

D2868K mutants were achieved by mutation of stalk-stalk contacts Y3268A or I3272A, 

even though the latter of these mutations only caused the loss of a single tertbutyl side 

chain. Both of these mutations led to decreases in motor velocity to similar degrees, 

which indicates that disruption of normal coiled-coil sliding kinetics29,32, and 

communication between the motor domain and the MTBD, is likely introduced by these 

mutations to similar degrees. Finally, charge reversal mutations at the AAA5/AAA5 

R3476D and D3847K lead to near-identical increases in run-length for the motor, with 
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the former leading to a substantial loss in velocity, possibly due to this mutation 

interrupting dynein mechanochemistry. These two single charge substitutions gave a 

nearly identical run length increase as the single charge mutants identified at the AAA4-

linker site, further supporting our hypothesis. Two further mutations at this site were 

tested, R3441D and E3445K, but both mutations produced proteins that had little 

microtubule binding and no activity in vitro when purified. 

While these data strongly indicated that dynein processivity was being directly 

affected by its ability to form the autoinhibited conformation, it was important to rule out 

changes in dynein mechanochemistry as being driving factors for these phenotypes. To 

this end we made a D2868K mutant, the most prominent run-length increasing mutant 

in our assays, in the GST-dynein minimal motor construct. As this construct has been 

extensively characterized in vitro and has not been shown to adopt the Phi-particle 

conformation by cryo-EM106-107, we reasoned disrupting phi-particle contacts would not 

affect the motility of this motor. Despite this motor fragment not adopting the Phi-particle 

conformation, it demonstrates faster velocity (~120nm/s) and significantly shorter run-

lengths (~1.2 µm) than the full-length yeast dynein or any of our Phi-particle 

mutants48,106-108. Confirming our hypothesis, GST-dyneinD2868K demonstrated no 

increase in run-length, and produced identical motor properties to the Dyn1-GST motor. 

This experiment further confirms the ability to adopt the phi-particle limits dynein 

processivity. It also indicates that the yeast dynein tail domain is more conducive to 

processive motility than the GST dimerization domain. It has been previously shown 

that full-length dynein has increased force production capabilities compared to the GST-
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dynein counterpart, consistent with the native tail domain being a better dimerization 

domain than the GST domain229. 

It has been demonstrated that disrupting the human Phi-particle with the 

K1567/K1617 mutant increases association of dynein with the microtubule lattice. To 

determine if the open, uninhibited yeast dynein also had enhanced microtubule binding 

affinity, we performed calculations of motor landing rate in our in vitro motility assays. 

To our surprise, we observed a small but statistically insignificant increase in landing 

rate in the D2868K mutant (Fig. 21A). This indicates that the formation of the Phi 

particle does not limit microtubule landing and the initiation of processive movement in 

the yeast motor. To further test this hypothesis with a complementary approach, I 

performed bulk solution microtubule binding assays with both wild type and the D2868K 

mutant motors in the presence and absence of ATP. Again in this assay, we observed 

no difference in microtubule binding affinity between the different motors (Fig. 21B). It is 

not clear why there is such a discrepancy between yeast and human autoinhibited 

states in these assays, but these results indicate that yeast dynein autoinhibition likely 

does not prevent the motor from associating with the microtubule lattice. This result may 

add to the puzzle of why yeast dynein is processive while human dynein is not, as yeast 

dynein can associate with microtubules even when autoinhibited. 

3.3.3 Dynein autoinhibition limits association with plus-end machinery and cortical 

targeting receptor. 

 One in vivo phenotype that we previously identified in our fluorescence 

localization assay for K1475Q was an increase in the frequency of dynein cortical foci 

and improved interaction with dynactin at microtubule plus ends. This could be due to 
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Figure 21. Autoinhibition does not affect the microtubule affinity of yeast dynein in vitro (A) Quanti-

fication of landing rate of wild type or D2868K mutant complexes in single molecule motility assay from 

Figure 20. We detected a small but not statistically significant increase in landing rate. (B) Quantification of 

bulk solution microtubule pelleting assay for wild type or D2868K mutants and (C) representative Sypro 

gel from this assay. We detected no increase in microtubule binding affinity for the mutant complexes 

compared to wild type. (D) Fluorescence intensity profiles of the wild type motor and two of the mutants 

with the longest run lengths. The similarity in profiles indicates increases in run length are due to motor 

intrinsic properties rather than aggregation.
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the native autoinhibited state restricting dynein interaction with cellular binding partners, 

such as dynactin83 or Num184,85. We therefore reasoned this phenotype would be 

recapitulated for our other mutants, and should scale in these same parameters 

proportional to the loss of electrostatic pairing identified in our single molecule 

experiments. Indeed, the K1475E mutant led to an even more dramatic increase in both 

plus-end and cortical foci than the K1475Q mutant (Fig. 8B and 22B), likely due to 

electrostatic repulsion provided by this mutant relative to the neutral charge substitution. 

Even more strikingly, the D2868K mutant—which had the most dramatic increase in run 

length in our single molecule assays—robustly accumulated at microtubule plus ends, 

the spindle pole body, and the cortex. While many different mechanisms could lead to 

accumulation at spindle-pole bodies, previous work from our lab demonstrated that 

activation of dynein-dynactin by the overexpression of the coil-coil adaptor Num1 drove 

dynein motility from plus ends to minus ends of microtubules85. Therefore, it is likely that 

the spindle-pole body population of dynein was mostly a consequence of active dynein 

motility along astral microtubules. Attempts were made to categorize movement of 

dynein along microtubules, but only few instances of dynein activity were observed in 

most cells. Interestingly, D2868K mutants also had extremely short microtubules; 

previous work has demonstrated dynein has roles as a microtubule catastrophe factor in 

both yeast and humans83,173, and that this activity requires active dynein ATPase 

activity. It is possible that the loss of dynein autoinhibition converts normally inactive 

pools of cytoplasmic dynein to active processive motors in vivo, driving the observed 

loss of microtubule stability. Cells with the D2868K mutation but also overexpressing the 



 120 

yeast kinesin Kip2, which promotes dynein transport away from spindle pole bodies and 
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increases microtubule length107,110,184, successfully outcompeted the dynein catastrophe 

effect, and decreased D2868K localization to spindle pole bodies (data not shown).  

As the human dynein mutant which disrupted autoinhibition (K1567E/K1607E) 

used in the previous study was shown to robustly increase dynein-dynactin interaction 

measured by size-exclusion chromatography, we wondered if the increase in offloading 

was due, in part, to increased association of mutant dynein with dynactin complexes. 

The equivalent (K1475E/K1517E) mutation in our motility assay demonstrated nearly 

identical properties to our D2868K mutant, which should have similar electrostatic 

pairing at stabilizing residues. The D2868K mutants demonstrated an increased 

interaction with dynein at the plus ends of microtubules, measured by ratiometric 

fluorescence intensity imaging of dynein-3GFP/Jnm1-3mCherry at the microtubule plus 

end. This ratiometric imaging was preformed in a num1∆ background to eliminate 

complications introduced by possible differences in rates of cortical offloading from the 

cytoplasm of microtubules. Finally, all observed cortical targeting phenotypes were 

dependent on dynactin, as deletion of the dynactin subunit nip100 led to a loss of all 

cortical dynein foci, but not plus end or spindle-pole dynein pools. These data indicate 

dynein is maintained in an autoinhibited state in cells, which limits binding to 

microtubule plus ends, and limits the tail domain binding to dynactin, which has been 

demonstrated to be one rate-limiting step of cortical targeting28,117 and required for 

interaction with Num1 at the cortex .  

3.3.4. Physical separation dynein motor and tail domains disrupts dynein autoinhibition  

 The robust accumulation of dynein mutants at microtubule ends and the cell 

cortex was reminiscent of a former dynein mutant construct designed by our lab to test 
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the hypothesis that the tail and motor domains directly communicated to regulate dynein 

binding to canonical binding partners Bik1, Pac1, dynactin, and Num1. The “HL3” 

mutant had a long, rigid alpha-helical linker incorporated between the linker and motor 

domains. This mutant robustly had similar robust recruitment to microtubules and the 

cell cortex. More surprisingly, this was one of few mutants which demonstrated cortical 

targeting in the absence of Pac1 or Bik1, and led to the hypothesis that the motor 

domain could “mask” the tail domain, preventing cortical targeting in the absence of 

dynactin or plus end machinery (Fig. 23A, original model)29. While reminiscent of other 

mechanisms of autoinhibition present in cytoskeletal motors, such as kinesin-1185-186, no 

structural or biochemical data could support this hypothesis. In light of our new data on 

yeast dynein autoinhibition, we then asked if these phenotypes are demonstrated by the 

HL3 mutant. Separation of the motor and tail domains may prevent intra-motor domain 

contacts from associating, and may affect the ability of the tail domains to associate. We 

therefore investigated this HL3 mutant by expression in our yeast dynein system. Unlike 

previous experiments with this construct84, the heavy chain and accessory chains were 

both overexpressed, as was done for our wild type and other mutant dyneins (Fig. 19A). 

Analysis of the HL3 mutant with our single molecule motility assay demonstrated even 

more processive motility than the D2868K mutant (Fig. 23B). This strengthened the 

case that the previously demonstrated HL3 mutant phenotypes were likely a 

consequence of loss of dynein autoinhibition. We confirmed by intensity analysis that 

these phenotypes were not due to aggregation of the motor (Fig. 24C). Interestingly, 

this motor also demonstrated a higher velocity than the mutant (~120 nm/s), with motility 

similar to the GST- dynein construct, both of which have been repeatedly shown to be 
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faster than full-length dynein in single molecule assays160,163,195. This indicates that 

allosteric communication between the tail and the motor domain may be important for 

normal  dynein mechanochemistry, and that loss of tail domain allosteric communication 

via artificial dimerization in the GST-dynein and HL3 mutants led to increased speeds 

(Fig. 20C, Fig. 23B). However, the tail domain of yeast dynein, unlike its mammalian 

counterpart86,87, is sufficient to orient the heads to effect processive motility, even when 

both tail domains are separated by a nanometer length linker to the motor. Further, the 

tension of the tail domain, communicated allosterically through the tail and linker 

domains, may be important for affecting yeast dynein velocity120.  

  The first experiments with the HL3 motor demonstrated that the tail domain and 

the HL3 mutant were sufficient for recruitment to the cell cortex in the absence of plus-

end targeting factors Bim1, Bik1 and Pac184. To test if these previously described 

offloading phenotypes were a result of a loss of autoinhibition in the HL3 mutant, we 

Figure 23. Release of dynein autoinhibition permits Pac1/LIS1-independent localization and 

function. (A) Cartoons depicting models of possible dyneinHL3 phenotypes84. Dynein tail domain 

cannot associate with Num1 in the absence of plus end-targeting; however, addition of HL3 between 

tail and motor domains permits plus end-targeting-independent dynein-Num1 interaction. Our original 

model posited that this was due to the motor precluding the tail-Num1 interaction. Our new model 

posits that motor domain contacts stabilize the autoinhibited conformation, in which the tail domains 

adopt a twisted state that is unable to interact with Num1. We propose that HL3 insertion prevents 

adoption of the autoinhibited conformation. (B) Motility assay parameters, measured from single 

molecules of motors purified using the strategy described in Figure 1A (n = 840 [5], 586 [4], 642 [4] 

motors [independent replicates], left to right; error bars indicate standard error; n/s, p = 0.1563; **, p 

= 0.0092; ***, p < 0.0001; diamonds, mean values obtained from independent replicates). (C) Bead 

binding assay illustrating increased affinity of Pac1 for uninhibited dyneins. Values represent the 

mean corrected band intensities (n = 3, 3, 2, 3) independent experiments, left to right). (D; left) Frac-

tion of cells (weighted mean) with mutant or wild-type Dyn1-3GFP foci in pac1∆ cells (n = 113, 108, 
90 mitotic cells from two independent experiments, left to right; error bars indicate weighted standard 

error of proportion; diamonds represent mean values obtained from independent replicates). (right) 

Representative images depicting the presence of cortical dynein and dynactin (Jnm1) in 

dyn1[D2868K] cells (arrowheads, cortical foci; arrows, SPB foci). (E) Serial dilutions of cells with 

indicated genotype (note differences in cell growth in yellow boxes; representative assay shown; 

similar results were obtained from 2 independent replicates). (F and G) Relative in vivo dynein activi-

ty with representative time-lapse images (see Methods; n = 35, 30, 30, 30 and 32 cells from two 

independent experiments; diamonds, mean values obtained from independent replicates; scale bars 

in panel G, 2 µm; dashed line provides point of reference).
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performed our localization assay in cells lacking Pac1 (Fig. 23D). Amazingly, both 

K1475E and D2868K were recruited to the cortex in the absence of Pac1, with D2868K 

mutant sharing a very similar localization frequency as was found with the HL3 mutant84  

(Fig. 23D). Furthermore, pac1∆/dyn1D2868K mutants demonstrated higher frequency of 

cortical foci than even wild type dynein with normal expression Pac1, indicating that Phi 

particle formation is indeed limiting dynein association with plus end targeting factors, 

namely Pac1, dynactin, and Num1. 

However, even more striking results were obtained by repeating our spindle 

oscillation assay for the “open” mutants when Pac1 was deleted (Fig. 23E-G). Whereas 

wild-type and the HL3 mutant demonstrated no ability to pull the mitotic spindle in the 

absence of Pac1 (despite the latter’s astounding single molecule activity), both the 

K1475E and D2868K mutants demonstrated active spindle movement at the cortex. As 

a natural consequence of making these mutants, we produced kar9∆/pac1∆ mutant 

alleles corresponding to each Phi-particle disrupting mutation. When analyzing the 

growth of wild type dynein in the kar9∆/pac1∆ background compared to uninhibited 

mutants, we found that expression of either Phi-particle mutant was sufficient to rescue 

synthetic growth defects (Fig. 23E, Fig. 24A, B) . These parallel investigations of 

mechanisms of spindle orientation suggested to us that the active, uninhibited dynein 

mutants can partly compensate for loss of Pac1. We did not observe a similar growth 

rescue for cells expressing dyneinHL3 (Fig. 24C), further suggesting that although the 

HL3 mutant bypasses Pac1 for cortical localization84, and is highly processive in vitro, it 

is inactive at the cell cortex.  
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These results inform us of two important aspects of dynein regulation in yeast. 

Firstly, dynein in the cytoplasm may directly interact with dynactin and  

Num1, and that Pac1 is not necessary to activate dynein motility. Secondly, dynein 

autoinhibition limits dynein at the plus end of microtubules and the cortex, and Pac1 

Figure 24
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promotes dynein activity in parallel with this autoinhibition pathway. It has been 

previously shown that Pac1-Bik1-dynein form a complex with other components of the 

plus end machinery84,99. Therefore it may be the case that the plus end machinery is 

important to accumulate open dynein to form a stable dynein-dynactin, and prevent 

dynein motor activation and the motor moving to the minus-end of microtubules. 

Furthermore, limiting offloading of dynein-dynactin complexes until a sufficient number 

of complexes form may be necessary for optimal spindle positioning activity and force 

generation of dynein-dynactin-Num1. These experiments led us to investigate if Pac1 

had a role in promoting dynein autoinhibition, via direct interaction. These results form 

the basis for Chapter 4 of this thesis work. Taken together, this work will delineate more 

clearly the mechanisms that regulation dynein autoinihibition. 

3.4. Discussion 

3.4.1. Stochastic switching of dynein regulates motor activity and association with 

cofactors 

Our experiments in this chapter demonstrate that yeast dynein is regulated 

through autoinhibition, which stabilizes the protein in a poorly active state through a 

series of intramolecular interactions identical to its mammalian counterpart165. The 

negative stain and single molecule experiments (Fig. 19 and 20) demonstrate that 

dynein stochastically switches between active and autoinhibited states, and we propose 

that these states can tune the kinetics of dyneins’ interactions with other regulators (Fig. 

22, 23). Further, autoinhibition affects dynein’s processivity in in vitro experiments using 

unloaded single motors. As negative stain and single molecule experiments were 

performed in the absence of any other dynein regulatory factors, the degree of open 
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dynein and observed run-length changes may only be attributed to intrinsic motor 

properties. The sole hypothesis from these observations is that the switching between a 

processive motor and autoinhibited motor occurs both in the cytoplasm and during 

processive dynein runs, since these effects are not due to motor aggregation (Fig. 21). 

This stochastic switching mechanism has been proposed to explain the different 

intermediate states between open and autoinhibited dynein observed both by our 

negative stain data and previous cryo-EM experiments of the human dynein complex165.  

These changes in processivity can be tuned at the AA4-Linker contact interface, 

increasing or decreasing processivity of the motor (Fig. 20) by changing the valence of 

electrostatic interactions. The absolute number of intact electrostatic interactions at the 

AAA4-linker interface were the sole determinants of motor processivity and independent 

of motor velocity effects. Increases in run-length were maximally achieved by removing 

all interactions between the AAA4-linker site, as well as by ablating hydrophobic 

interactions in the stalk, despite the latter two mutants (Y3268A and I3272A) likely 

affecting dynein mechanochemistry. The HL3 mutant—whose phenotypes we propose 

derive principally from disruption of dynein autoinhibition through separation of the 

motor and tail domain communication (Fig 23)—shows similar run lengths to these 

aforementioned point mutants. We believe these various mutants with high processivity 

may all represent similarly uninhibited dynein complexes.  

While it is unclear the exact sequence of events which induces this autoinhibition 

and eviction from the microtubule lattice, yeast dynein is sufficiently uninhibited in the 

absence of single point mutations D2868K or Y3268A/I3272A, which indicate that the 

autoinhibited state of dynein is quite labile. It is likely that the autoinhibited state is 
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regulated in cells, giving rise to the polarized nature of dynein-mediated spindle 

movement83,194. Since the HL3 mutant maintains all native residues, but has disrupted 

tail-motor interactions, it represents an interesting phenomena of dynein regulation 

which warrants further study. This motor has all native residues, but the tail domain 

cannot (likely) communicate structural changes to the motor domain to affect its 

function. Therefore, it is likely that tension in the tail domain, produced by tail-tail 

interactions, drives the assembly of the motor-motor interactions that regulate the speed 

of the motor terminate processive motility. It is interesting to note that the HL3 mutant 

does demonstrate slightly longer run-lengths than any of the point mutants, and this 

mutant would not be able to communicate allosteric effects between the tail and motor 

domain due to the presence of the rigid linker domain. Furthermore, several class 

averages depicted in (Fig. 19D) clearly show the motor domain separation even in the 

presence of tail domains interaction. The reason this mutant demonstrates faster 

motility, and more processive motility, could therefore be due to disrupted 

communication between the tail and motor domain. These data demonstrate that yeast 

dynein run-length is limited by stochastic switching between open and closed states, 

which limits  processivity of the motor in a dynactin-independent and unloaded 

experimental set-up.  

An interesting outcome of these studies is that when dynein autoinhibition is lost, 

yeast dynein demonstrates in vitro run-lengths similar to its human counterpart when 

bound to dynactin and an adaptor protein (~7µm vs 5-9µm84,85). Furthermore, it has 

been shown by cryo-EM that dynactin binding serves not only to scaffold up to 2 dynein 

dimers in the mammalian system, but also to orient and separate the motor heads92. 
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This separation may serve to limit tail-tail interactions which drive Phi-particle formation, 

which potentially indicates that both yeast and mammalian dynactin have a role in 

stabilizing open conformations of open, uninhibited dynein. However, it is unclear if this 

mechanism affects dynein at the cortex in yeast cells and if the native dynein-dynactin-

Num1 complex can enter autoinhibition while moving processively under load. It is 

currently unknown what terminates dynein-mediated spindle positioning events, or how 

dynein is offloaded from cortical patches after assembly into dynein-dynactin-Num1 

complexes, if the protein is indeed ever unloaded. The persistence of dynein cortical 

foci193 may indicate that dynein is not unloaded and repurposed, but instead recycled by 

the proteolytic machinery. Future experiments will need to address the potential 

relevance of dynein intrinsic motor termination on in vivo dynein activity. 

3.4.2. Implications of dynein autoinhibition for regulation and function across 

eukaryotes. 

 Despite the apparent simplicity of the yeast dynein pathway, it shares many 

compositional and functional similarities with the dynein pathway in filamentous fungus82 

and animals103. The similarities are even more apparent with our discovery that yeast 

dynein is autoinhibited by the exact same residues as its higher eukaryotic counterparts. 

Our negative stain analysis suggests that the majority of dynein in the cytoplasm is 

maintained in a mostly autoinhibited state, which tunes dynein-dynactin interaction in 

the cytoplasm. The stochastic switching of dynein between open and autoinhibited 

states limits the association of dynein in the cytoplasm with components of the plus end 

targeting pathway, as demonstrated by our in vivo fluorescence experiments. Loss of 

autoinhibition, which can be accomplished through single point mutations, increases 
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dynein’s interaction with dynactin and the plus end machinery along microtubules, and 

increases the frequency of dynein cortical targeting (Fig. 22). This demonstrates the 

labile nature of this autoinhibited conformation in the cytoplasm. Furthermore, these 

phenotypes scaled in severity in the same manner that our in vitro phenotypes scaled 

for the K1475Q, K1475E, and D2868K mutants, indicating that the kinetics of 

autoinhibition can be controlled through single electrostatic interactions. These data 

illustrate how cellular dynein activity may be directly tuned through the kinetics of 

autoinhibition, and also presents an attractive target to understanding dynein post-

translational modifications, as phosphorylation/dephosphorylation would provide new 

interacting residues to stabilize intermolecular contacts.  

Dynein recruitment to microtubule plus end limits dynactin interaction; however, 

despite dynein and dynactin associating at plus ends, they do not form a processive 

complex in the absence of a coil-coil adaptor107, the third integral component known to 

activate mammalian dynein in vitro. This indicates that yeast dynein-dynactin may form 

a similar inactive microtubule-bound complex as human dynein-dynactin95,96. 

Experiments using human components have demonstrated that purified human dynein-

dynactin-EB3  are sufficient to form plus end tracking complexes, and that these 

complexes are distinct from CLIP170- Lis1-dynein complexes previously identified95,96. 

Despite the apparent interaction of these complexes, the architecture of this complex 

presumably is not sufficient to activate motility. The differences in mutant and wild type 

dynein activity at plus end provide further evidence that dynein may adopt several 

different intermediate states between fully active and fully inhibited dynein. Future 

studies (and new methods for identifying intact yeast dynein-dynactin-Num1 (DDN) 
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complexes) will be necessary to determine if yeast dynein-dynactin can form similar 

complexes as the human counterpart.  

Furthermore, it is interesting to consider the importance of tension on facilitating 

dynein activity, and how tension may play a role in activating dynein complexes in cells. 

Our HL3 mutant demonstrated incredible in vitro motility compared to wild type 

complexes, but despite this, was incapable of moving the mitotic spindle at all. If the tail 

of dynein is indeed important for communicating and coordinating the activities of the 

motor heads as has been suggested for both yeast and human dynein25,43,53,106 this 

communication is most likely to be through allosteric changes induced by tension, rather 

than direct interaction between motor and tail domains. 

One of the most surprising findings of our localization studies is that the K1475E 

and D2868K mutants with compromised autoinhibition bypass the need for Pac1 to 

reach the cell cortex. These phenotypes are shared by the HL3 mutant29, which similarly 

bypasses the need for Pac1to reach the cell cortex (Fig. 23). Despite both the point 

mutants and HL3 mutant sharing this phenotype, only the point mutants retained DDN 

activity at the cell cortex. These single point mutants could also rescue for the synthetic 

lethality of kar9∆/pac1∆ genotypes (Fig. 23 and 24), further indicating these mutants 

retained dynein activity. However, this activity was severely reduced compared to wild 

type (Fig. 23 F, G). This indicates that plus end loading of dynein by Pac1 and Bik1 is 

important to effect nuclear migration during mitosis. This could be due to the need to 

load a sufficient number of dynein-dynactins on a single microtubule prior to offloading. 

It may also be the case that multiple dyneins must assemble on a single dynactin or 

group of dynactins, which would require Pac1 to facilitate the assembly of these higher 
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valence structures as demonstrated previously for the human proteins93,94. Finally, the 

fact that mutants had increased cortical foci compared to the wild type (compare Fig. 

22A wild type to Fig. 23C) but lower spindle activity overall (Fig. 23D) indicates that 

microtubule accumulation by Pac1/Bik1 and offloading to Num1 may be coupled to 

effect normal nuclear migration. Dynein at the plus end of microtubules is ideally suited 

to move its cargo, and conversion of dynein-dynactin from an inactive complex to an 

active complex with Num1 may happen upon contact with the cortex. This model would 

help account for the problems presented by a “search and capture” model of astral 

microtubule interaction at the cortex. A diffusive search by only two astral microtubules 

over the surface area of an entire cell would likely be slower and less efficient at finding 

dynein ensembles at the cortex, than a mechanism by which plus end accumulation and 

cortical offloading are coupled, especially given the rapid progression of yeast through 

mitosis. Future work modeling these two possibilities may help understand the need for 

plus end recruitment.  

Since Pac1 was dispensable for cortical dynein activity in mutants, we reasoned 

that Pac1 is not needed to effect dynein mechanochemistry. Furthermore, the results of 

our pulldown experiments identified that all candidate mutants with disrupted 

autoinhibition (GST-dynein, D2868K, and HL3) had higher affinities for Pac1 than wild 

type dynein. These data, along with the genetic and localization experiments previously 

discussed, suggested to us that Pac1 participated in the pathway of dynein 

autoinhibition. We hypothesized that one role of Pac1 was to prevent dynein 

autoinhibition, which would explain why loss of autoinhibition bypasses the need for 

Pac1. This is the subject of the next chapter and several lines of evidence from our 
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laboratory and from human experiments implicate Pac1 as a protein which stabilize 

open, active dynein.  

3.5. Conclusion 

 In summary, dynein autoinhibition is an evolutionarily conserved mechanism 

which is responsible for regulating yeast dynein processivity in vitro and for in vivo 

targeting of the dynein complex to microtubule plus ends and the cell cortex. While the 

extent to which the stochastic autoinhibition may be relevant for dynein-dynactin 

complexes in cells is unclear, it is apparent that the apparent processivity of yeast 

dynein previously demonstrated did not represent a maximally activated complex161—

this requires us to rethink what “maximally activated” motility may mean when 

comparing in vitro motility to in vivo trafficking. For instances, despite the relatively fast 

speeds (~ 0.8-1.2 microns/second) of recombinant human dynein-dynactin-adaptor 

complexes84,85, vesicular transport can occur at substantially higher speeds in vivo—for 

instance, in neurons—despite the crowded environment of the cell. Our understanding 

of dynein regulation can be further refined—switching between autoinhibited and open 

dynein occurs stochastically in the cytoplasm, and limits dynein association with 

components of the plus end targeting complex and dynactin. Finally, relieving dynein 

autoinhibition is sufficient to bypass plus end targeting, and for formation active dynein-

dynactin-Num1 complexes at the cell cortex in budding yeast, indicating that dynein 

may associate with dynactin in the cytoplasm and directly bind to the cortical receptor 

Num1. These mechanisms represent an evolutionarily conserved aspect of dynein 

regulation and have implications for previous studies of other dynein regulators, 

importantly Pac1/LIS1, which will be discussed in the next chapter. 
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Chapter 4: The dynein regulator Pac1/LIS1 is stabilizes the active dynein 

conformation 

 

1. Introduction 

 Despite millions of years of divergent evolution, the yeast and human dynein 

complexes share many similarities in cellular function and composition. These proteins 

demonstrate high degrees of homology24 between motor domains and accessory 

chains. The yeast dynein-dynactin is structurally and compositionally similar to its 

mammalian counterpart, and is similarly required for all transport functions in vivo74. The 

coiled-coil adaptor Num1 is highly homologous to the human protein NuMA89, and this 

protein is proposed to activate dynein-dynactin motility through direct binding of its 

coiled-coil domain in a mechanism similar to other dynein adaptor proteins85,95. Besides 

the core dynein complex, many MAPs serve as effectors of dynein activity in mitosis, 

including Bik1, Bim1, Kip2, and She183,84,163. However, experiments exploring the 

functions of the homologous Pac1 and LIS1 proteins have been confounding. In both 

humans and yeast in vivo, Pac1/LIS1 functions to target dynein to microtubules, but in 

vitro LIS1 has been shown to enhance the motility of dynein-dynactin-adaptor 

complexes96,111, whereas Pac1 inhibited dynein motility105-107. Furthermore, LIS1 has 

been demonstrated to effect the conformation of the dynein AAA ring at AAA3/4 through 

direct binding107, and also to increase the force production of dynein alone204, an 

expected consequence of affecting AAA348. 

 A detailed discussion of the research concerning both Pac1 and LIS1 in the 

dynein pathway in published literature will principally be saved for Chapter 5. This 
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chapter will focus on our experiments re-examining the effects of the yeast regulator 

Pac1, and how these experiments can reconcile the previous discrepancies observed 

between Pac1 and LIS1 in vitro. In the previous chapter, we demonstrated that dynein 

autoinhibition regulates in vitro motility and the localization of the protein during mitosis. 

By relieving dynein autoinhibition, we were able to surpass the need for microtubule 

localization prior to cortical targeting. Further, we showed that cortical targeting could 

now occur in the total absence of Pac1. Mutants lacking autoinhibition demonstrated 

cortical localization in the absence of Pac1, and were still competent to position the 

mitotic nucleus, which demonstrates Pac1 is not required for dynein motor activity at the 

cortex.  

The most likely explanation for our experimental observations was that Pac1 

binding to dynein stabilizes the open, uninhibited conformation of dynein by directly 

binding the motor domain. Rather than activating dynein directly, Pac1 binding sterically 

prevents the dimer from forming intramolecular bonds which stabilize the autoinhibited 

conformation. This binding is likely both stochastic and opportunistic, as Pac1 binds 

dynein in the cytoplasm as it switches between closed and open conformations. That in 

turn targets dynein-Pac1 to microtubules by binding Bik1, but the exact mechanism that 

prevents dynein motility after Pac1-dynein localization to microtubules is unclear. By 

preventing dynein autoinhibition, Pac1 drives assembly of dynein-dynactin at the 

microtubule plus-end, and these complexes are then offloaded to cortically anchored 

Num1 patches. This chapter will discuss the biological implications for this targeting 

mechanism, and reconciles previous Pac1 in vitro data with a new model where Pac1 

activates, rather than inhibits, dynein motility.  
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This thesis work also reexamined previously published Pac1 effects, and 

challenge the findings that this molecule is an inhibitor of dynein function. Our data will 

demonstrate that relieving dynein autoinhibition, and not affecting mechanochemistry, is 

the primary biological activity of Pac1. We explore how Pac1 binding microtubules at 

nanomolar affinities in commonly used assay buffer conditions for TIRF motility assays 

affects dynein motors non-specifically. Accordingly, previous experiments using 

micromolar quantities of Pac1 without imaging this protein were likely slowing dynein 

motility due to simultaneous interactions between dynein, Pac1, and the microtubule 

lattice. A similar mechanism of inhibition of dynein has been extensively characterized 

for a second budding yeast dynein regulator, She1163. The reason LIS1 does not 

produce similar effects to Pac1 in vitro is because LIS1 has been shown to have much 

lower affinity for microtubules in vitro than the yeast homologue95-96,204, so experiments 

using this protein have not been subject to similar artifacts. 

4.2. Methods 

The protocols for experiments in this chapter are discussed in Chapter 3. 

4.3. Results 

4.3.1. Pac1/LIS1 stabilizes active, uninhibited dynein 

One of the important aspects of our localization experiments (Fig. 23) was that 

both the Phi-particle mutants and the HL3 mutant bypassed the need for Pac1 (but not 

dynactin) to reach the cell cortex. We reasoned it was possible that this Pac1-

independent cortical targeting was due to cytoplasmic binding of mutant “open” dynein 

and dynactin (Fig. 23D), and direct offloading to Num1. If this were the case, we 

reasoned that the function of Pac1 in the cytoplasm would be to maintain the open 
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dynein, to increase interaction with dynactin and the plus end targeting complex. This 

would maintain dynein in an open conformation and targeting the complex to 

microtubule plus ends, where dynein and dynactin are known to primarily interact in wild 

type cells in yeast,84. It is unlikely that Pac1 would have a direct role in “opening” dynein 

through some allosteric interaction, as open mutants demonstrated cortical activity in 

the absence of Pac1 (Fig. 23 E-G) and Pac1 is not observed at the cell cortex99,109.  

What mechanism might Pac1 employ to promote the open conformation? We 

examined two EM structures of dynein to further investigate possible mechanisms of 

dynein-Pac1 interaction. Superimposing the cryo-EM structure of mammalian dynein in 

the autoinhibited conformation (PDB 5NVU and PDB 5VH928) with the structure of 

yeast dynein bound to Pac1105,164 revealed the obvious potential for a steric clash 

between Pac1 bound at AAA3/AAA4 site of one dimer and the second dynein monomer 

of the autoinhibited structure (Fig. 25A). In the Pac1-bound dynein, interaction between 

adjacent linker and motor domain surfaces would be precluded due to Pac1 at 

AAA3/AAA4 site occupying these surfaces. We therefore reasoned that dynein-bound 

Pac1 would be unable to reenter the autoinhibited conformation, due to loss of 

stabilizing contacts between the two motor heads.  

This structural analysis implicated Pac1-dynein binding as a regulatory step in 

the kinetics of dynein autoinhibition. If Pac1 bound dynein during stochastic switching 

between the Phi and open conformations, it could act as a molecular wedge, holding the 

motor domains apart (analogous to what has been demonstrated for dynactin61). This 

structurally distinct complex could then bind to microtubules through Bim1/Bik1 and 
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subsequently interact with dynactin. However, since pac1∆ has a milder mitotic defect 

 



 140 

 that dyn1∆109, and since both K1475E and D2868K bypass the need of Pac1 to 

reach the cortex, it is likely that dynein may still diffusively bind dynactin in the 

cytoplasm in a wild type cell.  

     If Pac1 did indeed bind to dynein in an uninhibited state in solution, it would have a 

higher affinity for mutant complexes lacking autoinhibition. Consistent with this 

hypothesis, mutants with compromised autoinhibition (GST, D2868K, and HL3) 

demonstrated much higher affinity for purified Pac1 in pull down assays than the wild-

type motor (Fig. 23C). Our other biochemical readout of loss of autoinhibition was an 

increase in run-length in single molecule assays; if Pac1-bound dynein really was 

unable to switch to an autoinhibited state, wild-type dynein would experience dramatic 

run-length increases in our single-molecule assays. However, mutants like D2868K 

would have minimal increases in run-length, but would demonstrate a higher frequency 

of comigration with Pac1 than wild-type complexes, consistent with being a more “open” 

complex. Finally, HL3 mutants would demonstrate even smaller, or no increases in run-

length, and GST-dynein would have no change in run-length, as this truncated motor 

does not form the autoinhibited conformation and is unaffected by Phi-particle mutations 

(Fig. 20C). We sought to address these questions by performing two-color imaging of 

fluorescently labeled Pac1 and dynein, which have been characterized extensively in 

vitro. However, performing this experiment under our normal assay conditions was not 

possible, as Pac1 bound to microtubules robustly even at nanomolar concentrations. 

This was also strange as Pac1 is not a MAP in vivo, and LIS1 has not been described 

as a MAP in vitro at similarly low ionic strength buffers94,95,204. As it was not possible to 

perform two-color imaging using previously published protocols for analyzing Pac1- 
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 dynein in vitro, we increased the ionic strength of our buffer from 50mM to 150mM 

K+acetate, which we reasoned should mitigate any non-specific interactions of Pac1 
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with the microtubule. These buffer conditions have been previously been used 

previously to maintain Pac1-dynein interaction during gel filtration and subsequent 

negative stain TEM imaging113, so they should reliably maintain the dynein-Pac1 

interaction. This treatment was successful in removing the majority of Pac1 from 

microtubules. 

Performing our TIRF assay with our new conditions revealed that Pac1 robustly 

increased the run-length of wild-type dynein, and led to a small but significant increase 

for the D2868K mutant and no increase for the HL3 mutant, consistent with our model 

that Pac1 prevents dynein from switching to the autoinhibited state (Fig. 26C). The run 

length of wild type bound Pac1, Pac1 bound D2868K, and the HL3 mutant were all 

approximately the same length, suggesting that these complexes represent a similarly 

open, uninhibited dynein. These increases in run length were not due to Pac1 

increasing aggregation or crosslinking dynein dimers (Fig. 26C), which similarly does 

not occur for dynein-LIS204. Furthermore, Pac1 and GST-dynein did not demonstrate a 

run length increase over the GST-dynein alone, consistent with our previous data (Fig. 

20C, Fig. 29C). One of the most important outcomes of these experiments was that 

dynein velocity was reduced in the presence of Pac1 in the experiment, but this 

reduction in velocity was nonspecific to stably bound Pac1-dynein molecules (Fig. 26C). 

That is, adding Pac1 to our assay, even with low levels of microtubule binding, 

decreases the speed of dynein independent of whether they are stably interacting. 

Therefore, the Pac1 velocity reduction effect is not specific to stably interacting Pac1-

dynein, despite previous reports observing this effect without visualizing Pac1. Finally, 

the frequency of comigrating dynein-Pac1 complexes increased as the loss of 
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autoinhibition increased, with all the D2868K and HL3 (Fig. 25D) mutants and GST-

dynein (data not shown) demonstrating a higher frequency of comigration than wild 

type. Just as in the Pac1 pulldown (Fig. 23C), the HL3 mutant demonstrated the highest 

affinity for Pac1.  

 

We next asked if one or two Pac1 molecules might bind dynein during a 

processive run, since both motor heads of the dimer presumably have the same ability 

to bind to Pac1. We repeated our single molecule assay this time by incubating 

Alexafluor488-dynein with Pac1-TMR and Pac1-Alexafluor646 (Fig. 26A, B). Three-

color imaging revealed that the majority populations of moving molecules (>95%) were 

single molecules of Pac1 bound to dynein, which is in agreement with previous studies 

using human dynein and LIS1105. Approximating the proportion of dyneins with two 

Figure 26
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Figure 26. Dynein predominantly binds a single Pac1 stably during processive motility. (A) An 

example overcrowded kymograph (not used for quantification) to demonstrate that a single Pac1-dynein 

complex is the predominant species and quantitation (B) of single molecule assay of dynein-Pac1/2xPac1 

complex motility (in motility buffer supplemented with 120 mM potassium acetate; n = 870 dynein mole-

cules from 3 independent experiments; mean values with standard error are shown, along all datapoints 

for middle and right plots; similar results were obtained from each replicate). Statistical significance was 

determined by calculating Z scores (left; ***, p < 0.0001), using a two-tailed Mann-Whitney test (middle; p 

= 0.6068), or with a two-tailed Welch’s t test (right; p = 0.6581). Note the estimated fraction of 

dynein-2xPac1 complexes (5.7%; see main text) is less than what would be expected if there was no 

cooperativity for Pac1-dynein binding (i.e., the product of the probabilities of two single, independent 

binding events, 10.8%). 
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Pac1 bound revealed that the frequency of binding of two dynein was lower than would 

be expected if binding affinity were sequential and linear. Therefore, we determined that 

binding of  Pac1 to dynein is not cooperative, and may indeed be anti-cooperative, with 

the first Pac1 molecule preventing the binding of a second by steric constraint.  The 

results of our single molecule experiments confirm the hypothesis from our live cell 

imaging. Together, these data confirm our hypothesis that Pac1 stabilizes the open 

conformation, and prevents the formation of autoinhibited state. They also provide 

further support for the hypothesis that the switch to an autoinhibited dynein complex 

leads to dissociation from microtubules in single molecule motility experiments, as the 

wild type-Pac1, D2868K mutant and HL3 mutant all demonstrated greater run lengths in 

high ionic strength buffer than wild type alone. 

4.3.2. Pac1/LIS1 reduces dynein speed non-specifically by simultaneous interactions 

with dynein and the microtubule lattice. 

The binding of Pac1 to microtubules in TIRF motility assays was first identified by 

Lindsay Lammers in the Markus lab, and this finding was very surprising. Pac1 is not a 

MAP in vivo, and performing in vitro single molecule experiments on motor proteins in 

the presence of MAPs in known to affect the behaviors of these motor proteins57,163. 

Many previous studies have concluded that Pac1 is an inhibitor of yeast dynein, whose 

supposed mechanism of action was uncoupling the normal   mechanochemical cycle of 

the dynein linker power stroke and concomitant coiled-coil stalk and MTBD 

remodeling105-107. However, the data from these studies never reported that Pac1 binds 

to microtubules in the assay buffers used for these previous experiments. The velocity 

reduction of dynein by Pac1 in our in vitro assays was independent of stable dynein-
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Pac1 interaction (Fig. 25), and most likely appears to be an effect of nonspecific 

tripartite interactions between dynein, Pac1, and the microtubule lattice. Previous work 

from our laboratory with yeast dynein effector She1 demonstrated this protein is able to 

slow dynein movement and increase backwards stepping through simultaneous 

interactions between the MTBD of dynein and the microtubule lattice. Pac1 binds dynein 

near AAA3/AAA4 and its coiled-coil stalk, and previous studies have shown there is a 

great deal of flexibility about the stalk103. We hypothesized that this would allow dynein-

Pac1 to interact with the C-terminal tails of tubulin during movement; alternatively, Pac1 

decorated microtubules would then be able to transiently bind dynein, exerting drag on 

the motor through electrostatic interactions (Fig. 27A-B).  

We therefore wished to determine the nature of the Pac1-microtubule interaction. 

The budding yeast dynein regulator She1 binds to microtubules through their 

unstructured C-terminal domains163 and effects dynein motility. Similarly, we found that 

Pac1 binding to microtubules was lost after subtilisin digestion of the tubulin C-terminal 

tail (Fig. 28C). As most MAP interactions are sensitive to ionic strength of buffers, and 

since the ionic strength of a cell is likely higher than the ~50 mM effective ionic strength 

of our assay buffer, we performed these experiments in high-salt buffer conditions (Fig. 

28A, 150mM potassium acetate Hepes buffer, 161.5mM ionic strength equivalent, see 

Methods). While Pac1 has been previously shown to slow dynein motility, presumably 

by decoupling the mechanochemical cycle from microtubule binding affinity105-107, 

analysis of comigrating dynein-Pac1 complexes in these conditions substantially 

reduced the degree of velocity reduction by Pac1, suggesting that the effects of Pac1 

reduction of dynein velocity and Pac1-microtubule binding were related.   
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Figure 27. Model for Pac1-dynein interactions with microtubules. (A and B) Structural and 

cartoon model of a microtubule and Pac1-bound dynein monomer (generated with pdbs 4RH737, 

3J1T87, 5VH928, and 3J6G88). Note the close proximity of Pac1 to the microtubule surface, the latter 

of which is lacking the unstructured E-hooks. (D) Cryo-EM data reveals the dynein-microtubule angle 

varies due to a hinge point within the MTBD, and can be much steeper than that shown in panel 

A(REF 54), (Q ≥ 15-20°, with average = 55°). Cartoons depicts range of angles sampled by dynein on 
microtubules, and thus the distances between Pac1 and the microtubule. (E - G) Non-normalized 

plots of mean values (E and F) and all data points (G; see Figure 28C) showing the relationship 

between Pac1-mediated dynein velocity reduction and Pac1-microtubule binding (for panels B left, E, 

and F, diamonds represent mean values obtained from each independent replicate experiment; for 

panel G, mean values and standard deviations are depicted with red lines). In all conditions a normal 

distribution persists, suggesting velocity reduction occurs uniformly across populations of motors.
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To determine if microtubule binding activity of Pac1 was the reason for 

nonspecific reduction of dynein velocity in the presence of Pac1, I performed single 

molecule assay salt titration experiments using the motile GST-dynein fragment, which 

has been extensively used to characterize dynein-Pac1 interaction in the past. 

Increasing salt content in our assay buffers, either using potassium acetate or 

potassium chloride, led to a proportional decrease in Pac1 binding to microtubules 

(Figs. 28A-B,H, and 29A-B). This decreased binding to microtubules led to decreased 

magnitude of velocity reduction in each assay condition, with 150mM KCl buffers (ionic 

strength slightly higher than cytoplasmic estimate) having a minimal effect on velocity 

reduction (Figs. 27C, 29C). Plotting the relationship between microtubule binding and 

relative velocity reduction reveals a linear correlation between the two (Fig. 27D), 

indicating that nonspecific interactions between Pac1 and tubulin were indeed the cause 

of dynein velocity reduction. As the degree of velocity reduction is related entirely to the 

degree of Pac1-microtubule binding, we reasoned that the previous studies using Pac1 

were likely identifying this contaminating artifact rather than a biologically relevant 

activity of dynein. Treatment of microtubules with subtilisin to remove tubulin C-terminal 

domains also prevented dynein binding to microtubules, and repeating the motility 

experiment in 100mM KCl with subtilisin microtubules led to a combinatorial increase in 

motility between the two conditions (data not shown). Finally, we repeated the single 

molecule assays in normal salt conditions (50mM potassium acetate) with the addition 

of dilute (<0.1 mg/ml) cytosolic extracts (Fig. 28D-G). This condition was the most 

effective at removing Pac1 from the tubulin lattice and led to the smallest decrease in 

dynein velocity reduction, indicating that in the context of the cell, Pac1-microtubule 
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binding is prevented, likely due to the plethora of other microtubule associated proteins. 

This is consistent with previous data which  showed  Pac1 does not bind microtubules in 

vivo in the absence of Bik1, even when it is overexpressed108,231.  

4. Discussion 

4.4.1. Pac1/LIS1 prevents dynein autoinhibition by binding the open conformation which 

coordinates dynein cellular localization and activity 

The results of our single molecule experiments indicate that Pac1 can directly 

promote dynein activity by stabilizing open complexes, through sterically preventing 

formation of the autoinhibited complex. These data, along with our cell biological 

experiments, demonstrate that the a major role for Pac1 in the cell is to relieve dynein 

autoinhibition. With this new information, we can improve on our previous model for 

dynein cortical targeting (Fig. 30). In our revised model, dynein molecules which are 

switching between open and closed states in the cytoplasm bind to Pac1, which 

maintains dynein in an open conformation. While switching of dynein to an open state 

Figure 28. Pac1 binds to microtubule E-Hooks via electrostatic interactions. (A) Representative 

images and intensity scatter plots (B; bars depict mean ± standard deviation) of microtubule-bound 

Pac1 in different buffers. Pac1-SNAP647 diluted in motility buffer (50 nM dimer concentration) with 

indicated salts was introduced into a chambers with coverglass-adhered microtubules, and images 

were acquired (yellow and magenta circles represent data acquired from each independent experi-

ments; n = 38, 49, 41, 49, and 45 microtubules that span 911 µm, 1074 µm, 1077 µm, 906 µm, 1017 

µm in length for each condition, left to right). (C) Pac1-microtubule binding is reduced after proteolytic 

digestion of the unstructured tubulin carboxy-terminal tails (E-Hooks, see Methods; similar results 

were obtained from 2 independent experiments). (D - G) Addition of cell extracts reduces Pac1-micro-

tubule binding, and attenuates Pac1-mediated dynein velocity reduction. Representative fluorescence 

images of Pac1-SNAP647 on microtubules (D; Pac1-SNAP647 shown as a heat map) and scatter 

plots depicting intensity values (E; bars depict mean ± standard deviation; n= 48 and 47 microtubules 

that span 890 µm and 841 µm in length for each condition, left to right; similar results were obtained 

from 2 independent experiments). (F and G) Plots depicting the motility properties for GST-dynein in 

the absence and presence of 25 nM Pac1 (dimer concentration) in low ionic strength buffer (50 mM 

potassium acetate) in the presence of cell extracts (0.96 mg/ml final; 275 and 258 motors, left to right, 

from 2 independent experiments were quantitated). Note the small Pac1-mediated GST-dynein veloc-

ity reduction in the presence of cell extracts (22.1%, compared to 69.5% in the absence of extracts). 

(H) Representative kymograph of GST-dynein comigrating with Pac1 demonstrates the proteins 

stably interact even in buffers with 150 mM KCl (see Fig. 6D and S7E – G for quantitation and statis-

tics). Note the diffusive behavior of Pac1 on microtubules. Scale bars in panels A, C and D, 4 µm.
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does not appear to require other factors, the kinetics of this switching may be the target 

for mitotically regulated PTMs201, or other proteins such as Ndl1202,205. Next, Pac1-

dynein bind to Bim1-Bik1 at microtubule plus ends, and dynein may then bind dynactin. 

Dynein-dynactin is then offloaded to the cell cortex for activation by Num1, and Pac1 is 

displaced from this complex, for reasons which are still areas of active research. 

However, Pac1 is not observed localized to the cortex during dynein-mediated spindle 

positioning or nuclear migration in budding yeast99,109. 

Previous data suggested that Pac1 was an inhibitor of dynein, whose function 

was to maintain dynein at microtubule plus ends through its inhibition105-107.  While this 

result was borne out in several studies with Pac1, the results of this work indicates that 

Pac1 is not an inhibitor of dynein motility; rather, Pac1  binding to dynein allows it to be 

maintained in an open conformation which promotes interaction with other MAPS. Our 

results show that at least one function of the plus end targeting complex is to maintain 

dynein in the open conformation through Bim1-Bik1-Pac1-dynein complex interaction. 

While it is unclear why these active dynein complexes do not move to the minus-ends of 

microtubules, it is possible the geometry of this complex restricts dynein-microtubule 

interaction. Open dynein at the plus end of a microtubule is likely better positioned for 

interaction with the dynactin complex, and maintaining dynein on a platform of 

microtubules would facilitate their interaction. One important role of LIS1 in mammals 

which was discovered at the time of this work is that LIS1 promotes the assembly of two 

dyneins per dynactin by preventing autoinhibition, an identical mechanism167-168 to what 

we have proposed for yeast Pac1. This complex of dynein has never been identified in 

simpler eukaryotes; however, results from our mutant screen suggested that dynein- 
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dynactin form similar higher order assemblies (such as the mammalian 2 dynein:1 

dynactin complexes) in yeast. If Pac1 performs such a role in yeast, it is possible that 
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assembly of these complexes is most effectively done along microtubules, due to the 

concentration of these factors along astral microtubules during mitosis. 

One role of accumulation of dynein at plus ends in yeast could be to accumulate 

a requisite number of dynein-dynactin molecules before offloading. Directed transport to 

Num1, rather than simple diffusive binding to cortical receptors, as has been 

demonstrated to occur in mammalian cells164. This mechanism would be more efficient 

in the yeast cell, which has very few astral microtubules180,194. Accumulating many 

motors may be necessary to generate optimally productive and processive motor 

ensembles at the cell cortex. Data from our mutant study193 indicate that a few dyneins 

may be sufficient to position the mitotic spindle, but that larger ensembles of dynein are 

necessary for maximal nuclear translocation and activity. Limiting dynein-dynactin 

interaction to the plus-ends of microtubules ideally positions these proteins for 

interaction with each other before delivery to their cortical receptor. This delivery also 

optimally positions the DDN complex on its cargo, at the far plus end. While uninhibited 

mutant dyneins K1475E and D2868K may bind dynactin diffusively in the cytoplasm and 

may be offloaded to an even greater degree than wild-type dynein (Fig. 22A, 23D), 

these cortical populations are much less active than those offloaded through the 

canonical cortical targeting machinery. This mechanism of coupling of offloading and 

nuclear positioning is likely more efficient than a search-and-capture model for dynein-

astral microtubule interaction. This is an important consideration for yeast spindle 

positioning, where only 2-4 astral microtubule bundles emanate from spindle pole 

bodies to interact with cortical dynein, instead of the larger population of asters present 

at mammalian spindle poles206. Future work may be focused on modeling mitotic timing 
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and how search-and-capture models compare to plus end loading followed by cortical 

targeting. 

Despite these new insights several outstanding questions remain in 

understanding the transition from plus end dynein-dynactin to cortical dynein-dynactin-

Num1 complexes. Firstly, why dynein is inactive at the plus end, despite it presumably 

being in an open conformation, is unclear. The most likely explanation is the nature of 

its plus end interaction does not position the MTBD for interaction with the lattice. 

Dynein-dynactin-EB3 and dynein-Lis1-CLIP-170 are noted for plus end tracking dynein 

in mammalian systems95,96, and are only activated for motility upon coming in contact 

with an adaptor protein. Secondly, despite the persistent association of Pac1 with 

dynein and LIS1 with motile DDB complexes in single molecule experiments, Pac1 is 

not present at the cell cortex. However, it is currently unknown if this is because of 

competing interactions between dynein, dynactin-Num1 and Pac1, or because there is 

an allosteric change in cortical dynein which displaces Pac1 from the complex. Although 

Pac1 and LIS1 may not directly affect dynein mechanochemistry, they can affect dynein 

motility by promoting the assembly of dynein-dynactin-adaptor complexes and maintain 

open dynein along microtubules.  

4.4.2. Microtubule binding activity of Pac1 is primarily responsible for inhibitor 

phenotypes  

 Our results directly challenge the model proposed by the results of previous 

experiments using Pac1 and yeast dynein, that Pac1 is an inhibitor of motility105-108 

which acted like a “clutch,” maintaining dynein along a microtubule while having a fast 

ATPase rate. Based on our own work, we demonstrate these interpretations were 
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mostly a product of a non-specific interaction between dynein, Pac1, and microtubule 

lattice, likely the unstructured C-terminal domains. Similar experiments using human 

dynein and LIS1 have not observed that LIS1 reduced dynein velocity; rather, LIS1 has 

no effect on velocity, or indeed, increases dynein velocity95,111. This disparity can be 

explained by LIS1 not binding microtubules in these assay conditions. As we were the 

first laboratory to publish data on Pac1-microtubule binding, we were the first to note the 

linear dependence of velocity reduction with microtubule binding. The degree of 

microtubule binding of Pac1 was the most important factor in modulating dynein 

velocity, both by titrating Pac1 binding with salt and by the addition of cellular extracts to 

prevent Pac1-microtubule binding. These results indicate that previous data describing 

Pac1 as an inhibitor were mainly, if not wholly, non-physiological artifacts of Pac1-

microtubule binding.  

The biologically relevant effect of Pac1 on dynein is instead the stabilization of 

the open complex by sterically preventing interaction between the dynein motor heads. 

It is also possible that Pac1/LIS1 has a role in modulating dynein activity through 

changing the conformation of the motor domain.  If the only role of Pac1 were to block 

Phi particle formation, our data indicate this could be achieved by blocking binding of 

any of the stabilizing interfaces (stalk-stalk, for instance). Instead the main binding site 

of Pac1 and LIS1 are AAA3/AAA4 and the stalk domain, which have been shown to 

affect mechanochemistry of the yeast motor40,52. However, our single molecule assays 

demonstrate unambiguously that Pac1-bound dynein may still be a very fast and highly 

processive in vitro, which is inconsistent with a model by which Pac1 slows dynein by 

sterically blocking the linker swing. If there is an effect of Pac1/LIS1 on dynein motor 
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activity, such as increasing association with microtubules or increasing force generation, 

and if these activities are maintained in yeast, Pac1 would be expected to localize to the 

cell cortex during nuclear transport. Further, it is possible that the conformational 

change induced by Pac1 is simply a further level of regulation of autoinhibition which 

promotes localization of the proteins through allosteric changes in the motor. The data 

presented here indicate that the primary activity of Pac1/LIS1 is to promote an open 

dynein conformation, by opportunistically binding the open state in solution. This 

regulation of dynein helps reconcile the previous discrepancies between yeast Pac1 

acting as an inhibitor whereas human LIS1 was thought to be an activator.  

4. CONCLUSIONS 
 

This research has revealed that the effector Pac1/LIS1, promoted dynein activity 

by stabilizing the active motor and preventing dynein autoinhibition. This result has been 

corroborated by recent work in both mammalian dynein and Aspergillus nidulans165-168, 

indicating that indeed dynein autoinhibition, and its regulation by Pac1/LIS1/nudF, is an 

evolutionarily conserved mechanism. The function of Pac1 in all these systems is to 

promote dynein activity by acting as a “molecular wedge” and preventing autoinhibition. 

In support of this model, the effects of Pac1/LIS1 on dynein mutants which are not 

autoinhibited (dyneinmt) is minimal167, and these two mechanisms of activating dynein 

are nearly entirely redundant with respect to each. Experiments presented here reveal 

that the inhibitory phenotypes previously identified were due partly to a contaminating 

artifact of Pac1-microtubule binding, and that Pac1 does indeed promote dynein motility 

in vitro. In summary, dynein regulation by Pac1 is highly similar to LIS1-dynein 
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interactions in mammals, and they represent a conserved mechanism to sequester, and 

subsequently offload, active dynein-dynactin complexes to sites of cargo adaptors.   
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Chapter 5. Pac1/LIS1: opening the door for dynein motility 

 

5.1. Introduction 

Dynein regulation across species shares many similar characteristics. The heavy 

chain is the core catalytic component, composed of a single polypeptide (in most 

species) which is a highly homologous protein between organisms, even between the 

humble yeast and humans. The multiple accessory chains facilitate folding, and may act 

as chaperones to correctly assemble the holoenzyme complex; additionally, they may 

be necessary for normal motility, and many have cellular functions outside of dynein in 

higher eukaryotes36-38. Dynactin is essential for tethering dynein to cargo and activating 

motility of the motor at vesicular cargos, and for dynein-mediated mitotic spindle 

positioning58,64,74,75. While cargo adaptors may vary between species, all adaptor 

proteins so far identified mediate dynein-dynactin interaction through a coiled-coil 

domain88,98,131. A fourth key regulator of dynein, Pac1/LIS1/nudF, is a WD40 domain 

protein141,159,218, which along with other MAPs facilitated recruitment of dynein to 

microtubules and vesicular cargos99,110,113. These regulators are conserved across 

cytoplasmic dyneins, from yeast to humans, to filamentous fungus, to slime molds. 

However, the Pac1/LIS1/nudF proteins appeared to have conflicting roles in 

regulating dynein in vitro, having the capability to act as either an activator or an 

inhibitor of dynein motility. In bulk solution ATPase assays, LIS1 has been shown to 

increase dynein ATPase rate108. In stark contrast, when used in ensemble gliding 

assays and optical trap experiments using only purified dynein, LIS1 induces dynein 

stalling along microtubules108,175. Parodoxically, LIS1 increases the speed of dynein-
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dynactin-adaptor complexes in single molecule assays96. When added to cell 

extracts110, LIS1 increases dynein-dynactin association. The yeast LIS1 homologue, 

Pac1, has been demonstrated to inhibit single molecule motility of dynein84,101,105-107. 

Such experimental differences could abound for numerous reasons. In these 

diverse systems, there are different contexts of dynein activity, differences in need of 

force generation, as well as the differences between dynein-LIS1 alone and LIS1 with 

dynein-dynactin-adaptor complexes, and LIS1 in vitro compared to a cellular context. It 

could also be that the differences in Pac1 and LIS1 effects on dynein are due to the 

needs of different organisms for the dynein protein. Despite the evolutionary similarity, 

LIS1 is a divergent protein in different species. LIS1 and the Aspergillus nidulans 

homolog, nudF, share 43% sequence identity. However, Pac1 and LIS1 share only 27% 

sequence identity, which could account for the discrepancies between proteins (Figure 

33).  While the role of dynein in mitotic spindle positioning is highly conserved between 

yeast and mammals24,132 it is possible that the simplicity of the budding yeast pathway 

may not require the diverse LIS1 activities found in higher eukaryotes. A final possibility 

that the experimental differences are due to differences in the compositions of distinct 

LIS1 populations, either through differences in post-translational modifications, or due to 

differences in the stoichiometries of either LIS1 or regulators of LIS1 activity such as 

Ndel1110,205 in disparate organisms. While these various hypotheses may be possible, 

we propose in this chapter that the primary cellular function of LIS1 (including nudF in 

Aspergillus nidulans and Pac1 in S. cerevisiae) is conserved across species. The data 

presented in this thesis present a model for Pac1 regulation for dynein whereby Pac1 is 

an opportunistic binder of “open” cytoplasmic dynein. This promotes dynein activity by 
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sterically blocking the formation of the autoinhibited conformation, thereby preventing 

dynein autoinhibition while Pac1 is bound. These results have been supported by three 

similar findings, in both filamentous fungus and mammals, which identify the role of 

nudF and LIS1 in relieving dynein autoinhibition. These findings present a unifying 

mechanism of LIS1 regulation of dynein, which sheds new insight on previous studies, 

and further delineates the molecular basis for dynein cortical targeting and activation 

across diverse eukaryotes. 

Many previous lines of experimentation on LIS1 will be presented here, detailing 

the role of LIS1 regulation of dynein during the development of the nervous system. 

Motor proteins are especially important for migration of neurons to form proper cortical 

layers in mammals, however; nuclear migration in other organisms, particularly 

filamentous fungus, is a phenomenon which also requires LIS1. The other roles of LIS1 

in recruitment of dynein to microtubules and sites of activity, including the cell cortex 

and kinetochore, will be discussed . Finally, the in vitro biochemical evidence of LIS1 

effects on dynein will be considered and contrasted with in vivo phenotypes observed. 

This chapter will attempt to synthesize these different lines of data, and present a 

comprehensive understanding of the Pac1/LIS1 protein, its molecular mechanisms of 

action, and its conserved role in effecting dynein-mediated transport in cells from yeast 

to humans. 

5.2.  LIS1 is a required cytoskeletal protein for neurological function 

5.2.1. The dynein-LIS1 pathway is vital during early development in higher eukaryotes 

LIS1 was first identified as platelet-activating factor acetylhydrolase IB subunit 

alpha (PafaH1B1) a non-catalytic subunit of an acetylhydrolase complex which 
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inactivates platelet-activating factor141,159,218. This gene was associated with a variety of 

Miller-Dieker lissencephaly cases, and based on sequence comparison was initially 

proposed to be a subunit important for signal transduction in the neuronal migration 

pathway141,221. The more common terminology of Lissencephaly-1 (LIS1) is usually used 

for this protein due to its prevalence in causing the devastating neurological disorder 

known as classical lissencephaly, or smooth brain141,221,222.  This disease is typically 

thought to be caused by a loss of neuronal migration during early brain development 

(<13 weeks) in humans, and produce a number of morphological and functional defects 

into the cerebral cortex. In humans, loss of LIS1 function can occur by exon deletions221-

222 or even single point mutations of this protein223. The severity of morphological 

defects ranges from mild loss of cortical gyration to nearly completely smooth brain, and 

is accompanied by loss of cortical organization, neuronal heterotopia, and enlarged 

ventricles. Other symptoms commonly associated with lissencephaly are cranio-facial 

abnormalities, including incorrect development of the jaw, mouth, nose, and forehead. 

Morphological defects are typically accompanied by mild to severe cognitive impairment 

in affected individuals. The phenotypes associated with LIS1 are proposed to be due to 

haploinsufficiency, due to the dose-dependent effect of LIS1 expression on driving 

different severities of neurological phenotypes134,140,141,. This type of neurological 

disorder may also present in individuals who have gene deletions, or even de novo 

missense point mutations, leading to haploinsufficiency of the Lis1 gene. Similar 

phenotypes have been documented for loss of the doublecortin gene220. Recent 

sequencing studies from subjects with similar disorders leading to loss of cortical 
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development identified mutations in many different cytoskeletal proteins, such dynein, 

tubulin, or other essential microtubule-associated proteins (MAPs)119.  

The contributions of MAPs in regulating intracellular transport in neurons are 

readily appreciated in developed organisms. The dynein complex and its effector LIS1 

have been shown to be essential for many processes in neurological development, 

including many dynein functions important for cytoskeletal organization at the single cell 

level. These activities include the formation of growth cones and axon specification116,224 

and dendritic specification, transport of preassembled microtubules126,241, neuronal 

migration227,250, and interkinetic nuclear migration134-137. Kinesin and dynein, as well as 

LIS1 and its effector Ndel1, are important for specification of axons and for pruning of 

the axon growth cone during development228. In axons, antibody blocking of either LIS1 

or dynein is sufficient to prevent laminin-induced reorganization at the axon growth 

cone, and prevents microtubule penetration into the region128, preventing cell-cell 

interactions and slowing rates of growth. In live cell imaging of mice, haploinsufficiency 

of LIS1 was shown to dampen the movement of the neuronal filopodia and the 

reorganization of dendritic spines229,250. While it is unclear if this effect is due to 

microtubule organizing activities of dynein (or other known binding partners such as 

CLIP-170) or direct regulation of actin networks at dendritic spine, this 

haploinsufficiency leads to negative consequences in higher order functions in mice229. 

In these diverse processes, the presence of LIS1 is required to engage dynein activity 

with cargos and microtubules, and loss of LIS1 leads to loss of function of dynein-

mediated cytoskeletal organization, which in turn causes loss of neuronal maturation 
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and directed cell movements. Together, these data indicate LIS1 activates dynein motor 

functions within cells.  

One of the most well characterized roles of dynein-mediated transport during 

early neurological development, the process of interkinetic nuclear migration (INM), is 

especially important in the development of the brain. This process allows stem cells, 

which primarily reside at the ventricular basal lamina, to rapidly proliferate to generate 

the cells which will later form the developed cortex. These stem cells (radioglial 

precursor cells, RGPs) are maintained in their stem-like state at the basal ventricular 

zone, until the microtubule-based network of anterograde kinesin molecules move the 

nuclei to the upper ventricular zone where duplication of the genome occurs134,230.  

These cells then migrate back to the ventricular surface, where cell division 

occurs134,135,230. Following cell division, these cells begin to terminally differentiate into 

neurons, glia, or adult stem cells as they further migrate (and differentiate) along 

RGPs136,138. During INM, ensembles of dyneins, coupled with the pulling forces of the 

cortically-anchored actin-myosin cytoskeleton, combine their efforts to generate enough 

force to move the nucleus from the apical to basal lamina. Live-cell imaging has 

shown135,235 that indeed, large numbers of dynein motors are located at the leading 

edge of the centrosome which precedes the nucleus. Perturbations to this process, 

especially minor changes to protein structure introduced by de novo point mutations, 

can be detrimental to proper formation of cortical layers and subsequent brain 

development, suggesting that maximal dynein activity is needed for proper and timely 

nuclear migration.  
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The importance of LIS1’s role in the migration of nuclei and other large cargos is 

readily appreciated during INM in radioglial precursor cells, as dynein and LIS1 

accumulate at the centrosome which precedes nuclear migration133. In these cells, 

blocking LIS1 activity through antibody or siRNA treatment has been shown to reduce 

rates of cell migration134 and ablate mitotic entry, which suggests loss of LIS1 leads to 

loss of all dynein transport of the nucleus. Similarly, introducing siRNA against LIS1 by 

in utero electroporation in mice leads to near total loss of nuclear movement, a result 

which is also observed upon siRNA inhibition of dynein heavy chain137. Conversely, 

experiments overexpressing LIS1 in radioglial precursor cells have been shown to 

directly increase the rates of nuclear migration134, demonstrating a direct correlation 

between LIS1 protein levels and rates of nuclear migration. This overexpression 

phenotype has severe consequences at the organism level234; however, all of the 

phenotypes observed are unlikely to be simply increase in dynein activity, and could be 

consequences of other roles of the protein. 

However, LIS1 is not wholly required for all dynein-mediated nuclear interactions. 

In cells treated with an N-terminal fragment of LIS1 which blocks mitotic entry still 

permits overall movement of nuclei, though this movement is substantially slower134. 

This indicates LIS1 is responsible for the initiation of cargo transport, rather than 

signaling pathways which recruit effectors of this movement. LIS1 or dynein knockdown 

also lead to different severity of phenotypes, suggesting there may be LIS1-independent 

roles for dynein in nuclear migration, such as a role in coordinating the actin 

cytoskeleton207. Alternatively, LIS1 may be needed for some, but not all, activation of 

dynein motility. Finally, LIS1 function in these examples as an initiation factor in dynein-
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mediated nuclear transport, rather than assisting dynein in withstanding a pulling force 

directly. In support of recruitment, rather than mechanochemistry, being a major aspect 

of LIS1-dynenin regulation, studies have demonstrated that directly tethering dynein to 

the nucleus via a BicD2-KASH domain fusion protein is sufficient to activate apical 

nuclear transport in the absence of other modes of dynein recruitment133, suggesting 

dynein is a competent motor for transport once tethered to its nuclear cargo138. 

Dynein-mediated transport of nuclei is utilized by various other cells types such 

as in muscle cells, wherein nuclei migrate to form clusters beneath acetylcholine 

receptors in neuromuscular junctions, a process important in maintaining the position of 

the receptors232. Furthermore, cerebellar granule cells and neural precursors from LIS1 

heterozygous mice have also been reported to show decreased rates of migration in 

vitro208. Similar experiments assessing neurological development in Drosophila 

melanogaster have demonstrated that LIS1 is necessary for migration and maturation of 

neurons, and the proliferation of neuroblasts in developing animals224, all activities 

which appear common with the mammalian relatives. All these lines of data 

demonstrate that loss of dynein activity in initiating nuclear transport can be achieved 

either through directly inhibiting dynein, or through inhibition of its effector LIS1137,134. 

Taken together these data indicate that a critical cellular concentration of LIS1 must be 

maintained for effective activation of cytoplasmic dynein force generation. This in turn 

suggests a critical number of dyneins are needed for normal nuclear migration, or that 

LIS1 increases dynein’s ability to generate force, or perhaps both.  

The LIS1 regulatory protein Ndel1 has been shown to increase the efficacy of 

LIS1 in mediating dynein-dynactin interaction, especially in high load transport116,214; 
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however, NDEL1 is proposed to be effecting this process via recruitment of Lis1 rather 

than having a complementary role to the Lis1-dynein pathway, as depletion of Ndel1 

can be compensated for by overexpression of LIS1212,213. Furthermore, this effect of 

Ndel1 on increasing formation of dynein-dynactin complexes required simultaneous 

dynein intermediate chain-binding and LIS-binding of NDEL1, suggesting NDEL1 is 

increasing the efficacy of LIS1 in this process213,214. The activity of LIS1 during nuclear 

migration is then likely to increase the active dynein-dynactin pool in the cell by 

increasing these complexes’ association, in order to maintain maximal forces. In 

addition to increasing complex formation, LIS1 and Ndel1 dependent recruitment of 

dynein-dynactin also likely plays a role in correctly shaping the temporal patterning of 

nuclear migration during development. 

5.2.2. LIS1 promotes retrograde transport of diverse cargos by dynein  

LIS1 has demonstrated many roles in activating dynein transport of a variety of 

cargos within mature neurons. The initiation of retrograde transport by dynein in 

neurons has been demonstrated at length to require LIS1224,225. The local synthesis of 

this protein has been shown to be important for neurons to respond to chemogenic cues 

which initiate retrograde transport121. Overexpression of LIS1 induces retrograde 

transport and increases velocity of retrograde transport across many different organelle 

types214, and likewise, the knockdown decreases retrograde flux and increases 

anterograde velocities, presumably due to decreased dynein-mediated drag on kinesin 

motor ensembles236. Many cellular cargos which are transported by dynein, including 

fibroblast growth factor receptors and cell adhesion molecules225 are important for 

structural development and maturation of cells. Studies have also implicated the LIS1 
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regulator NDEL1 in regulating entry of cargos into the axon compartment and have 

proposed that NDEL1 may pair dynein with dendritic cargos to prevent entry into the 

axonal space237 and to promote transport of these dendritic cargos back to the soma. 

Large cargos and the shaping of vesicular organelles have been shown to require 

LIS1229; however, loss of LIS1 has been demonstrated to lead to increased 

mitochondrial transport236. It is unclear what causes the discrepancy between LIS1 

knockdown inhibiting organelle transport while increasing mitochondrial transport. One 

possibility is that mitochondrial transport uses distinct mechanism to recruit dynein-

dynactin which is unique from other cargo trafficking processes. It has been suggested 

that high load cargos require LIS1 activity, due to increased recruitment of LIS1 to said 

cargos118,214, and the observations that LIS1 increases dynein’s resistance under load in 

vitro211 and in vivo151. Furthermore, it has been shown that decreasing dynein 

retrograde transport through disruption of either Lis1 or dynein-dynactin-adaptor 

complexes also has a negative effect on both retrograde and anterograde transport 

along the axon116,127,214. This concomitant loss of anterograde and retrograde transport 

is due to either loss of vesicles from microtubule proximity due to fewer motors, or 

through loss of direct protein-protein interactions which stabilize active anterograde 

motor assemblies. Within neurons, it has been demonstrated that dynein complexes 

may interact with kinesin either through binding on the same cargos or through direct 

protein linkages116,176. In the majority of these neuronal transport functions, Lis1 is 

directly promoting the motility of dynein-dynactin complexes for transport along 

microtubules, suggesting that LIS1’s principal role in transport is that of an activator. 
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5.2.3. LIS1 is an important dynein regulator in mitosis 

The contributions of dynein-LIS1 to dynein-mediated transport are vitally 

important for normal proliferation of cells, movement of nuclei, and the formation of 

tissues, and yet dynein has a several additional essential roles in mitosis. Nuclear 

envelope breakdown236, spindle positioning164, and silencing of the spindle assembly 

checkpoint237 all require active dynein complexes recruited at the proper times to ensure 

mitotic progression and LIS1 has been demonstrated to be a key regulator of dynein in 

these processes. During prophase, dynein is recruited to the nuclear envelope through 

the BicD2 pathway, itself regulated by small GTPase cascades initiated at mitotic entry. 

Dynein at the nucleus promotes prophase NE invagination (PNEI) in a microtubule-

dependent manner resulting in NE tearing21, although prophase recruitment of dynein 

occurs even in the absence of microtubules, indicating that dynein may reach the 

nucleus diffusively rather than requiring delivery by microtubules. During prophase LIS1 

and Ndel1 are both highly enriched at the nuclear envelope, and loss of either these 

proteins greatly diminishes PNEI. Overexpression of either Ndel1 or LIS1 increases the 

amount of PNEI, and this phenotype requires phosphorylation of Ndel1 as phospho-null 

mutant overexpression does not reproduce similar phenotypes215. Phosphorylation of 

Ndel1 is then an important regulatory step in recruiting LIS1, which in turn recruits 

dynein. This direct correlation between LIS1/Ndel1 recruitment of dynein, and dynein 

activity indicates that the primary role of LIS1 in NEBD is activation of dynein to initiate 

PNEI, and that, just as in the case of nuclear movement, this LIS1 activity at prophase 

is highly sensitive to gene dosage effects. 
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Outside of its role in nuclear movement and breakdown, LIS1 is important for 

other dynein activities during mitosis. In higher eukaryotes, dynein is required for 

spindle assembly and the focusing of spindle poles to form a stable bipolar spindle and 

to maintain tension from the kinetochores to the cell cortex206,241. Recruitment of dynein 

to spindle poles and the cell cortex must be balanced, which is indicated through the 

loss of either spindle pole or cortical pool of dynein increasing dynein recruitment to the 

reciprocal compartment22,23. During mitotic progression in animals, the dynamic 

localization of dynein to the cell cortex is mediated by direct offloading of dynein-

dynactin by microtubule plus ends103, and by direct binding to cortical receptor NuMA by 

dynein-dynactin complexes freely diffusing in the cytoplasm. Loss of the LIS1 pathway 

by perturbing upstream effector NDEL1 leads to loss of mitotic spindle integrity202 via 

loss of dynein recruitment to spindle poles. LIS1 and dynein are both present at the 

kinetochore, although overexpression of dynamitin causes a loss of LIS1, indicating a 

dependence on the dynein motor for LIS1-kinetochore localization217. One mechanism 

of kinetochore recruitment of dynein is thought to be delivery of CLIP-170-LIS1-dynein-

EB1 by dynamic microtubule plus ends, as the recruitment of LIS1 has been 

demonstrated to be sensitive to CLIP-170 expression levels102,216. In animals, the 

recruitment of LIS1-dynein to the kinetochore by the NDEL homolog NUD-2 is important 

for the timely eviction of SAC proteins such as Mad1/Mad2240. Finally, dynein at the 

cortex is responsible for spindle assembly and the dynamic oscillations of the mitotic 

spindle during metaphase. The timing of the deposition of dynein at the kinetochore 

may be regulated by various kinetochore proteins, or through post-translational 

modifications201,202. Dynein-mediated spindle oscillations are dynamically regulated by 
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mitotic kinases and phosphatases23, and targeting of dynein to the cortex by LIS1 

through microtubule offloading103. In these mitotic functions, LIS1 facilitates the 

organization and recruitment of dynein in the cell, and these functions may be patterned 

by specific mitotic factors. 

In summary, LIS1 activates the dynein transport and maintenance of complex 

cytoskeletal networks, promotes the dynein-driven migration of nuclei, and recruits 

dynein to the cell cortex and kinetochore to fulfill its mitotic roles. Together, these 

diverse activities gives rise to the cellular proliferation and movements necessary for the 

formation of tissues208-210. These observations demonstrate the necessity of LIS1 for 

complex roles of dynein in an organisms development, and how these roles are 

particularly important during neurological development. Further, these data provide a 

cellular basis for the roles of LIS1 in driving neurological diseases. These data strongly 

suggest that LIS1 is an activator of motility, and that its roles in effecting dynein-

mediated nuclear transport are highly sensitive to gene dosage and expression, 

indicating that LIS1 is indeed promoting this process directly, by activating a maximal 

amount of dynein-dynactin complexes to engage with the nucleus. Similar observations 

of dynein nuclear transport, mediated by LIS1 recruitment and activation of motility, are 

apparent in nuclear migration in many cell types. 

5.3. Conserved mechanisms of Pac1/LIS1 regulation of dynein  

5.3.1. Pac1/LIS1 recruits dynein to sites of activity by promoting plus end localization 

Across eukaryotes, microtubule plus ends serve as platforms for protein 

assembly and as molecular machines which deliver proteins and tether organelles82,84. 

The dynein plus end targeting complex is evolutionarily conserved between yeast and 
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humans and is comprised of an end-binding protein (EB1 or EB3/Bim1), a CAP-GLY 

domain-containing protein (CLIP-170/Bik1 or p150), the LIS1/Pac1 protein, and in yeast, 

the kinesin Kip2. It has been demonstrated in yeast that the plus-end targeting of the 

dynein-LIS1 complex requires the microtubule binding protein CLIP-170/Bik1, which 

interacts directly with Pac1 through its C-terminal domain, a binding site shared by its 

human homologs100,102. The localization of the dynein-PAC1-Bik1 to astral microtubules 

does not require tip-tracking proteins for plus-end localization in yeast99, but CLIP-170 

requires EB1 for proper microtubule localization. Loss of tip-tracking proteins may 

decrease the amount of Bik1-Pac1-dynein at microtubule plus-ends, however99. This 

protein assembly allows dynein to track growing and shrinking microtubule ends, and is 

thought to be important for positioning dynein at the plus-ends where it may initiate 

minus-end directed microtubule movement in diverse eukaryotic cells which require 

dynein-mediated vesicle transport175,232. This complex is also important for facilitating 

dynein-dynactin interaction, though many mechanistic details of this process are 

unclear84,233.  

Plus-end maintenance of cytoplasmic dynein may be important for either 

allosterically positioning dynein in a conformation amenable to dynactin interaction, or 

by providing a solid substrate (the microtubule lattice) to facilitate the interaction of 

these large complexes, or possibly a combination of both mechanisms. Since multiple 

dyneins may be assembled on a single ARP filament93,94, it may be necessary to 

maintain dynein and dynactin along microtubules to facilitate higher ordered 

assemblies. Loss of Pac1 in S. cerevisiae in sufficient to decrease dynein offloading 

frequency below the threshold of detection for fluorescently-tagged dynein99; however, 
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pac1∆ cells have a less pronounced spindle mispositioning phenotype than dyn1∆ 

cells84, suggesting that loss of Pac1/LIS1 does not completely prevent dynein-mediated 

spindle positioning. Rather, loss of Pac1 limits the dynein pool which is offloaded by the 

cortical targeting machinery, and therefore Pac1 has an important role in ensuring 

dynein delivery to its cortical receptors. While the EB1-CLIP-170-LIS1 pathway appears 

conserved among eukaryotes, the mammalian dynein-dynactin complex has been 

demonstrated to be a tip-tracking complex in its own right95, possibly facilitated by both 

dynein and the CAP-GLY domain of p150Glued . However this tip-tracking complex is 

distinct from EB1/CLIP-170/LIS1/Dynein, and the tip-tracking properties of dynein-

dynactin can be further enhanced with the addition of end binding proteins such as EB1 

or EB395, or by the addition of Lis196.  

 Pac1/LIS1 binding to dynein is needed to target the proteins to microtubules vis a 

vis Bik1/CLIP-170, so at least one function of these proteins is to provide the binding 

site needed to form a tripartite complex. LIS1 has been shown to directly interact with 

CLIP-170 directly in vitro in mammalian cells101,102, and loss of Pac1 completely 

removes dynein localization from microtubule plus-ends in yeast. Furthermore, the 

Pac1/LIS1 and Bik1/CLIP-170 interaction have not been observed in the absence of 

dynein. It is important to note that dynein-Pac1-Bik1 complexes maintained at the plus 

end are non-motile, which may be a consequence of the unique architecture of this 

complex prohibiting dynein from interacting with microtubules. It is still an outstanding 

question what, mechanistically, Bik1 is doing to maintain Pac1 and dynein at 

microtubule plus ends, but most data indicates maintaining this complex along 

microtubules is important for normal dynein driven vesicle transport115. 
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5.3.2. Lis1 is required for initiation of dynein-mediated transport in diverse organisms 

 The functions of LIS1 in nuclear transport and the movement of other organelles 

appears to be remarkably conserved across eukaryotes. In many fungal species, LIS1 

homologs nudF and Pac1 (from A. nidulans and S. cerevisiae, respectively) are similarly 

important for nuclear migration functions of dynein. In the simple budding yeast, which 

does not utilize microtubule transport of vesicular cargos, dynein-based nuclear 

transport is one of two redundant nuclear positioning pathways24,66. In A. nidulans, the 

LIS1 homolog nudF has been studied for its roles in promoting retrograde transport 

within hyphae, highly specialized microtubule-based structures present in many types of 

filamentous fungus112. Within hyphae, a unipolar microtubule array is assembled with 

minus ends clustering at the soma and plus ends oriented away from the cell. This array 

is evocative of the axon, which uses the same unipolar organization. In these cells, 

migration of nuclei is known to require nudF, and the regulator nudE, for which 

NudEL/Ndel1 in higher eukaryotes draws its name. In these cells, dynein and dynactin 

components233, as well as nudF113, are present along microtubules and cluster at 

microtubule plus ends115. The recruitment of nudF to microtubules has been 

demonstrated to be accomplished by direct recruitment through both nudE and the A. 

nidulans homologue for CLIP-170, CLIPA114, in a mechanism similar to those plus end 

recruitment mechanisms identified in yeast99. In agreement with this hypothesis, it has 

been demonstrated that the initiation of directed retrograde transport for the nucleus112 

and a variety of vesicular cargos, including endosomes and lysosomes, requires 

nudF115. It is important to note that it is only the initiation of transport of vesicles, rather 

than sustained transport, that is thought to require nudF, as nudF has not been 
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observed to remain associated with moving vesicles. The reason for this dependence 

on nudF for transport initiation is likely that nudF recruits dynein to microtubule plus 

ends, which allows for its delivery to vesicular cargos, though it is probable transport 

occurs also along microtubules and not merely just at plus ends. Finally, many of these 

nuclear migration and microtubule functions of the LIS1-dynein pathway are conserved 

in other protists and filamentous fungus, including Dictyostelium, Neurospora crassa 

and Ustilago maydis. In Ustilago, the LIS1 homolog is required for nuclear migration and 

for the integrity of normal dimorphic transitions. Plus end localization of dynein by LIS1 

is similarly important for initiation of retrograde transport functions as it is in Aspergillus. 

In Dictyostelium, impairing a LIS1 homolog by introducing mutations found in human 

lissencephaly disease causes Golgi dispersal and impairs cytoskeletal organization242, 

illustrating the conserved nature of the LIS1-dynein interaction. In these cells, LIS1 is 

not targeted to microtubule plus ends, but instead binds across microtubules via other 

MAPs, and has been shown to directly regulate actin networks, likely through binding 

GTPases. While it is unclear if LIS1 similarly regulates actin in higher eukaryotes, there 

is some evidence LIS1 has roles in regulating the actin cytoskeleton246,247. 

5.4. Pac1 and LIS1 demonstrate disparate effects in vitro 

5.4.1. Differences between Pac1 and LIS1 effects on dynein activity in vitro  

Despite these similarities across eukaryotes in vivo, LIS1 and Pac1 have 

demonstrated divergent activities in vitro. In single-molecule experiments using 

recombinant dynein-dynactin-BicD2, and proteins of the plus-end targeting complex, 

LIS1 has been shown to have no effect on95,96 or increase the velocity105 of dynein-

dynactin-adaptor complexes. LIS1 increased dynein tip tracking, but was displaced 
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upon BicD2 binding, which initiated transport to the minus ends. Further, these 

experiments were able to visualize comigrating DDB-LIS1 complexes, and there was no 

apparent effect of LIS1 on dynein motility. Paradoxically, the addition of purified LIS1 to 

recombinant or natively purified dynein alone completely prevents microtubule 

translocation by dynein motors adsorbed to a coverslip108,175, yet also increases ATPase 

activity of dynein alone in bulk solution ATPase assays. The effects observed in gliding 

assays can be abrogated by the addition of the LIS1 regulatory protein Ndel1, and 

dynein-LIS1-Ndel1 complexes are indistinguishable from dynein alone in microtubule 

gliding assays175. These results are similar to what has been observed for dynein-LIS1-

Ndel1 in optical trapping assays, whereby LIS1 is able to induce a force-persistent state 

of dynein, but these effects are promoted by the addition of Ndel1204. 

The LIS1-NudE and dynein interaction may be antagonzied by the assembly of 

dynein-dynactin complexes due to NudE and p150Glued proteins sharing overlapping 

binding sites on the dynein intermediate chain253; however, studies using purified 

components have also shown that LIS1-dynactin-dynein interact to form intact 

complexes. The recruitment of dynein to microtubule plus-ends is an important step in 

the dynein cortical offloading pathway, and for subsequent mitotic spindle positioning, 

as well as important for the recruitment of dynein to the kinetochore. For these cellular 

functions, LIS1 appears to function as an activator or recruitment factor, strengthening 

dynein interactions with the dynamic microtubule lattice, leading to increased dynein-

dynactin association. These cellular functions are highly conserved with respect to 

these proteins’ yeast counterparts. While LIS1 inhibits dynein alone when used in 
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gliding assays96,108, the exact mechanisms underlying this form of ensemble activity of 

thousands of motors are unclear. 

To date, only Pac1 has been show to inhibit yeast dynein alone when used in 

single molecule motility experiments. Pac1/LIS1 has been proposed to inhibit dynein 

activity at the plus-ends of microtubules by preventing processive minus-end direction 

motility of the motor101,104. The first experiments examining dynein motility in the 

presence of Pac1 identified84,105 that dynein velocity is reduced in single-molecule TIRF 

experiments. Several studies since then have together proposed a mechanism101,105-

107,249 whereby Pac1 binds to dynein’s AAA+ ring between AAA3 and AAA4 and acts as 

a “clutch” on motor activity, which allows for dynein to actively catalyze ATP hydrolysis 

but sterically blocks the linker swing, thereby preventing dynein from moving 

processively. Indeed, studies using yeast dynein mutants have demonstrated that the 

linker swing vector (aided by the positioning of the microtubule binding domain) is the 

primary driving force of dynein motility in a minus-end directed fashion55 In this model, 

Pac1 is an inhibitor which actively blocks dynein mechanochemistry and disrupts 

communication between the ATP hydrolysis at AAA1 and the mechanochemical 

changes that drive AAA+ ring remodeling and tuning of the affinity of the MTBD. This 

prevents dynein from attempting to walk to the minus-ends of microtubules and 

removes the force opposing the plus end targeting of dynein provided by kinesin.  

Structural data from these studies demonstrated that Pac1 bound to dynein at 

the AAA3 domain and to the stalk region106-107, which would presumably prevent the full 

linker swing from occurring by sterically blocking this mechanical element. Additionally, 

the AAA3 domain has been shown to affect dynein mechanochemistry48 and tune the 
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affinity of the microtubule binding domain. In electron microscopy images of Pac1-

monomer bound dynein, the AAA ring of dynein adopts a closed conformation106,107, 

which indicates a high-affinity microtubule state. However, these data used the GST-

dynein minimal motor domain, which behaves distinctly different from the dynein full-

length complex160,163,169, and further, these studies were not able to resolve the 

conformational state of the MTBD. While it is likely that the MTBD would adopt the high 

affinity conformation given the AAA ring structure, these data are inconclusive. The 

induction of a high-affinity state by Pac1-dynein binding was further evidence that Pac1 

inhibits dynein motility, as the dynein MTBD in the high-affinity microtubule state 

prevents detachment from the lattice and slows processive motility. These conflicting 

results indicate that either (1) Pac1 and LIS1 have distinct functions in plus-end 

targeting of dynein between budding yeast and mammals, respectively,  or that (2) 

Pac1/LIS1 function may be context dependent and based on stoichiometries of dynein 

and other components; post-translational modifications; or some combination thereof.   

5.4.2. An in vitro artifact of Pac1 binding microtubules is likely responsible for inhibitory 

effects on dynein 

During the course of this thesis work, we identified that the previously 

characterized101,104-107 Pac1 constructs used to understand Pac1-dynein interaction 

bound to mammalian taxol-stabilized microtubules in vitro with nanomolar affinity in 

normal assay buffer conditions (Fig. 28). This effect was independent of labeling and 

had not been previously reported in studies using this construct. This finding was 

surprising to us, as MAPs which associate with microtubules, such as tau, are able to 

negatively regulate motor proteins111,152. Importantly, work done by our lab163 identified 
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that a budding yeast-specific protein She1 was a negative regulator of dynein activity, 

able to reduce dynein motor velocity by simultaneous binding to the dynein MTBD and 

the microtubule lattice. We then asked if Pac1 may behaving in a similar way, by non-

specifically interacting with the E-Hooks and the dynein motor domain simultaneously. 

Indeed, we found that upon removal of the E-Hooks, or by increasing the ionic strength 

of the motility buffer, or by adding in dilute cell extract (since previous work has not 

identified Pac1 as a microtubule-binding protein in vivo), we were successful in evicting 

Pac1 from the microtubule lattice. While Pac1 is well-known to associate with astral 

microtubules, this property requires a bona fide MAP (Bik1/CLIP-170) and dynein 

interaction, as previously delineated. 

We then asked if  by weakening the interaction between Pac1 and the 

microtubule lattice if we could decrease the Pac1 effect on reducing dynein’s velocity. 

Indeed, removing Pac1 from the microtubule lattice by increasing the salt concentration 

or adding cell lysate mitigated the effects on dynein motility. When correlating the 

velocity reduction effect to the relative degree of Pac1-microtubule binding in each 

condition by comparing fluorescence intensity, we determined these effects were 

linearly correlated (Fig. 29D), indicating that the primary effects of reducing dynein 

velocity are almost entirely due to Pac1-microtubule binding. However, even in the 

highest strength ionic buffers, or by combining microtubule treatments, some minor 

effect of Pac1 on dynein velocity persisted (Figs. 27-29), indicating that Pac1 is likely 

affecting dynein’s velocity in some negative way, or that the eviction from microtubules 

is incomplete. As Pac1 binds to dynein at AAA3/AAA4 as demonstrated by previous 

work106-107, it potentially has a role in regulating dynein-microtubule affinity. However, 
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what the cellular relevance of this modulation is or what role AAA3/AAA4 or stalk 

binding play in dynein localization or cellular activity remain ambiguous. Furthermore, 

this allosteric change to dynein may be necessary to effect binding to Bik1, and the 

decrease in velocity may not be relevant for LIS1 or Pac1 regulation in vivo. 

5.5. Pac/LIS1/nudF relieves dynein autoinhibition to assemble dynein-dynactin .  

The results from our experiments on dynein autoinhibition detail how dynein 

stochastically switches from open and closed conformations, and this property of the 

motor regulates its interaction with dynactin and Pac1169. By removing autoinhibition, 

cells no longer require Pac1-mediated plus end targeting for cortical offloading, which 

leads to active dynein-dynactin-Num1 at the cortex. We demonstrate that Pac1 binds to 

uninhibited dynein, and by doing so sterically prevents the formation of the autoinhibited 

conformation. This increases in vitro processivity of the wild type motor to that of our 

open dynein mutants. However, this increase in run length are refractory to the activities 

of open mutants. Thereby, Pac1 activates dynein motility by localizing it to its cargo (the 

nucleus anchored to astral microtubules) and promotes its assembly with dynactin.  

This property of yeast Pac1 is strikingly similar to recent reported effects of 

nudF/LIS1166-168, which have been demonstrated to activate dynein motility by pairing it 

with dynactin by overcoming autoinhibition. By preventing dynein autoinhibition, the 

addition of LIS1 to mixtures of dynein-dynactin-adaptor (DDA) proteins promotes the 

binding of dynein to dynactin, and in turn, promotes the assembly of 2 dynein: 1 

dynactin complexes. This result satisfactorily identifies how LIS1 increases the velocity 

of DDA without remaining stably associated, as recruiting a second dynein should 

increase the velocity of these complexes93. This in vitro result also demonstrates the 
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need for LIS1 in high load transport in vivo, and explains why loss of LIS1 inhibits the 

initiation of dynein motility, but not movement of already moving activated cargos115. By 

stabilizing an open dynein, LIS1 promotes the assembly of dynein-dynactin on cargos, 

and likely modulates the number of dyneins assembled on a dynactin. Targeting dynein 

to microtubule by the LIS1-CLIP-170 pathway may improve interaction with dynactin by 

other mechanisms, such as increasing the local concentrations of molecules to drive 

higher order assemblies. Why these factors dissociate before initiation of transport is 

still unclear, but it is clear from single molecule studies that LIS1 can associate with 

motile dynein-dynactin-adaptor complexes, and speed up these complexes through 

driving dynein-dynactin assembly167,168. 

This finding also has profound significance for the understanding LIS1 in the 

context of neurological disease. By recruiting open, active dyneins to microtubule ends, 

LIS1 positions dynein for transport and microtubule organization functions. The 

assembly of multiple dyneins onto cargos by LIS1 is important to oppose the 

anterograde directed transport of kinesins, and illustrates why loss of LIS1 increases 

anterograde transport velocities208,236. In high load transport activities, including 

microtubule sliding131,192 and nuclear transport, and high load vesicular transport, LIS1 

likely is needed to recruit teams of dynein to increase the force production of complexes 

bound to cargos. This also explains, in part, why cells are so sensitive to LIS1 

expression levels, as the loss of even partial LIS1 function causes a depletion of active 

dynein, and disrupts regulation of motor autoinhibition across cell types. However, some 

processes, especially those which require high-load dynein activities, are particularly 

sensitive to depletion of the protein. These activities of LIS1 are assisted by Ndel, which 



 181 

serves a further level of regulation of recruitment of LIS1 to dynein, and recruitment of 

dynein to sites of activity214,237.  

 Because of the similarities between these pathways, and the striking evolutionary 

conservation of Pac1/nudF/LIS1 in all the (1) nuclear migration pathway89,1112,133,137, the 

(2) plus end tracking apparatus95,96,110,117, and the (3) cortical targeting 

machinery98,103,252, we wondered if other eukaryotic organisms might use similar 

mechanisms to overcome dynein autoinhibition. Human cytoplasmic dynein-1 and yeast 

dynein, and human cytoplasmic dynein-2 both assume highly similar conformations 

when autoinhibited49,165,169,192,. Strikingly, both conformations rely on motor domain 

contacts which are palindromic, and both structures have stalks crossed over each 

other, in a dramatic demonstration of convergent evolution. However, studies have not 

identified LIS1 in the flagellum compartment, indicating that dynein-2 autoinhibition is 

not regulated by LIS1. Interestingly, dynein-2 has a 4 amino acid sequence deletion at 

the D3045 position, identified as being important to maintain autoinhibition in yeast and 

mammals166-169. We then asked if other organisms had the same conserved residues, 

and if so, did these same organisms also express LIS1/Pac1/nudF? 

 Performing sequence alignments of 21 dyneins from 20 organisms reveals that 

many organisms maintained Phi contacts at the AAA4-linker, AAA5-AAA5, and stalk-

stalk, interface surfaces. These alignments focused on the residues we previously 

demonstrated to be conserved for maintaining the autoinhibited state between yeast 

and humans. Amazingly, all organisms which maintained the AAA4-linker contacts, and 

most of the other Phi particle contacts, expressed some isoform of LIS1 (Fig 34, 35). 

This included filamentous fungus such as Ashbyaa gosypii and Ustilago maydis, all 
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animals, and brown algae E. siliculosus (Table 3). The dynein homologues which lacked 

one, or several, important Phi particle contacts, including human cytoplasmic dynein-2, 

S. pombe, and Giarardia intestinalis, did not express a LIS1 isoform. This leads us to 

hypothesize that Pac1/LIS1/nudF isoforms primarily function to regulate dynein activity 

in cells by relieving autoinhibition. This functions to assemble multiple dyneins onto 

dynactin, and to position dynein along microtubules. In disparate organisms from both 

fungi and animals, this mechanism appears remarkably conserved to regulate the 

activities of cytoplasmic dynein. However, in species which do not require LIS1 activity, 

the Phi-particle contacts have been lost, and these species may then use other 

mechanisms to relieve dynein autoinhibition. 

5.6 Conclusion  

  The regulator of dynein, LIS1, serves diverse roles in the cell. In all organism, 

we propose that the major function of LIS1 and its related proteins Pac1 and nudF, is to 

activate dynein motility by stabilizing the open dynein conformation, and to facilitate 

dynein interaction with dynactin. Furthermore, by dynein-LIS1 associating with 

microtubule plus end complexes, it becomes ideally positioned to interact with its 

microtubule cargo. In many of its cellular functions, LIS1 functions to increase dynein 

force production, by the recruitment of dynein motors to sites of transport, and 

potentially by directly affecting the mechanochemical force production abilities of 

dynein. By recruiting dynein and promoting assembly of dynein-dynactin, LIS1 improves 

dynein’s transport abilities, and concentrates the protein to areas of cellular activity. 

Many aspects of LIS1 regulation of cytoskeletal proteins, including its roles in other 

MAPS and in actin-microtubule cross talk and its roles in dynein-dynactin assembly, are 
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not fully understood. However, one role of LIS1/Pac1/nudF, to stabilize the open dynein 

conformation, finally allows us to reconcile many disparate effects of these proteins in 

past biochemical studies. 
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Figure 31
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Figure 31. Sequence conservation of Phi particle contacts across eukaryotes. Sequence align   

ment of dyneins from twenty dynein isoforms, focused in on the Linker-AAA4 contact site. Phi symbols 

indicate paired residues identified in Zhang et al (Ref. 28). Site 1, indicated by a Φ1, was investigated in 

our study. Nearly all species surveyed retained the Phi contacts identified by this thesis work and others 

(Ref.27,30-33). Of particular note is human dynein-2, which has a deletion at D3045 (human number-

ing) and a proline at D3049. Dynein-2 is known to undergo a similar form of Phi inhibition, but this struc-

ture relies on different intermolecular contacts. Importantly, dynein-2 is not believed to be regulated by 

LIS1. 
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Figure 32

Figure 32. Sequence conservation of Phi particle contacts across eukaryotes. Sequence align-

ment of dyneins from twenty dynein isoforms, focused on the (A)stalk-stalk and AAA5-AAA5 (C) contact 

site. Phi symbols denote paired residues identified in Zhang et al (Ref 28). All species surveyed which 

expressed a LIS1 homologue retained the Phi contacts identified by this thesis work and others 

(Ref.28,30-33). 
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Homo sapien LIS1 -FLLSGSRDKTIKMWDVS
Apis Cerana LIS1 -FLASGSRDKVIRVWDVG

Canhaerbinitis elegans lis1 -ILFSGSRDRSIKAWNIN
Dictyostelium discoideum DdLIS1 GYLATGSRDKTIKIWELA

Aspergillus nidulans nudF EFVATGARDKTIKLWEAR

Ustilago maydis LIS1 QFVATGSRDKTIRIWDSI
Saccharomyces cerevisiae Pac1 QYCVSASRDRTIKIWEIP

Ashbya gossipi Pac1 KYCISCSRDNLIVLWKIP

 

LVGHDNWVRGVLFHSGG  
LLGHDNWVRGIVFHPGG  
LLAHENWVRGLAFHPKG  
YIGHDNWVRAVRFHPCG  
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LTGHDNWVRGLAFSPNG  
LKGHLSWVRDISIR--G   
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Figure 33

Figure 33. Sequence alignment of LIS1 homologs from species with predicted autoinhibited 

conformations. LIS1 sequences from species which have conserved autoinhibition contacts, focused 

on two areas important for dynein-LIS1 interaction. The highlighted arginine (R317 in humans, R378 in 

yeast) and tryptophan (W340 in humans, W419 in yeast) have been demonstrated to be necessary for 

stable dynein-LIS1 interactions. Despite large overall sequence differences and differences in size, 

areas important for dynein interaction were highly conserved.
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Table 3. Sequence conservation of LIS1 and Phi-particle contacts across 
eukaryotes. Compilation of sequence alignments perform in Figs. 31-33, focused on 
residues demonstrated to be homologous between yeast and human dynein  for 
maintaining the autoinhibited conformation165,169. Residues that are conserved are 
marked with an X or a -1, in the case of residues which appear shifted. 
 

 Pac1/ 

LIS1 

Y/N 

 

K1475/ 

R1567 

R1517/ 

K1610 

D2868/ 

D3045 

Y3268/ 

I3451 

I3272/ 

I3455 

R3476/ 

R3659 

D3487/ 

D3670 

Saccharomyces 

cerevisiae Dyn1        

Y +1 -1 X X X X X 

Homo sapien 

DYNC1H1 

Y X X X X X X X 

Homo sapien 

DYNC2H1 

N X X - - - X X 

Xenopus 

tropicalis 

Y X X X X X X X 

Danio rerio Y X X X X X X X 

Pelodiscus 

sinuses 

Y X X X X X X X 

Ornitho 

rhynchusanatinus 

Y X X X X X X X 

Ursus americanus Y X X X X X X X 

Mus muculus Y X X X X X X X 

Apis cerana Y X X X X X X X 

Drosophila 

melanogaster 

Y X X X X X X X 

Canhaerbinitis 

elegans 

Y X X X X X X X 

Ectocarpus  

siliculosus 

Y X X X X X X X 

Ustilago maydis Y X X X - X - - 

Ashbya gossipi Y X X X X X X X 

Schizosaccharom

yces pombe 

N - -1 X X X - - 

Plasmodium 

farcipum                   

N X X - X X X X 

Trypanasoma 

grayi 

N X - X X - X X 

Trypanasoma  

brucei brucei 

N X - - - - - - 

Giarardia 

intestinalis 

N - - - - - - - 

Dictyostelium 

discoideum 

Y X X X X X X X 
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CHAPTER 6: Conclusions 

 

6.1. Introduction 

 The data presented in this thesis highlight the efficacy of using yeast dynein as a 

platform for rapid mutagenesis, and refines the current model of dynein cortical 

offloading. Even though there exists different functional specialization between dyneins 

across species, this protein bears remarkable similarities between disparate eukaryotes. 

This similarly is typified by the fundamental activities of dynein at the cell cortex, where 

it performs its conserved role of mitotic spindle positioning24,66. The delivery of teams of 

motors to the cell cortex is accomplished through the plus-end clustering of the motor 

and its activator, dynactin, through a fundamental network of MAPs which associate 

with dynamic microtubule plus-ends108-111. In yeast and to a greater extent, animal cells, 

delivery of dynein-dynactin to their cortical receptor, NuMA/Num1, can also be achieved 

through diffusive binding. Ensembles of motor proteins anchored to the cortex together 

generate the forces necessary for the high-fidelity positioning of the mitotic nucleus by 

translocation of astral microtubules.  

This thesis work demonstrates that the regulation, structural plasticity, and 

assembly of these motor protein complexes is fundamentally similar between S. 

cerevisiae and mammalian systems, perhaps even surprisingly so. In this summary, I 

will briefly review the outcomes of the study of disease-correlated mutations, and the 

suitability of our system to study such mutations. In addition, the proposed mechanism 

of dynein autoinhibition will be reviewed and its implication for LIS1 regulation of dynein, 

which we believe represents a striking example of protein conservation in Eukarya.  
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6.2. Yeast platform for assessing motor neuron diseases 

 While it seemed apparent at the start of this work that yeast dynein was a simple, 

fast, and robust system for studying the protein, the degree to which this system shares 

similarities with higher eukaryotes may have been underappreciated (at least by this 

student). In our mutant screen, nearly every disease-correlated mutation presented 

deficits in some aspect of motor activity, and of those mutants, nine demonstrated a 

severe degree of loss of function. These results demonstrated the suitability of yeast as 

a cell biological system and biochemical system for understanding of disease-correlated 

mutations. It is unsurprising that motor domain mutations produced the most severe 

phenotypes, given the homology of this region24. What was surprising was that our 

results showed striking similarity between phenotypes described in a 2017 study of nine 

identical mutants of recombinant human dynein165, which used microtubule gliding 

ensemble motility assays, as well as using recombinant dynein-dynactin-BicD2 (DDB) 

complexes. In both studies, R1852C (human R1962C) and H3639P (human H3822P) 

mutants led to almost no protein functionality, indicating that such severe loss of 

function mutations in the conserved motor domain is likely to have similar phenotypes 

across species. Additionally, the yeast system was able to identify that while both 

mutants affected the motor function, it additionally affected the ability of these mutants 

to localize properly in vivo. These results underscore the importance of having 

additional cellular readouts when address protein functionality. It is further important to 

note that the loss of motility was similar for both the human mutants using DDB and for 

yeast analyzing the dynein holoenzyme solely. This demonstrates the efficacy of the 

yeast system, and argues against (initially) performing the arduous task of assembling 
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recombinant DDB complexes, at least until mutations have been identified as driving 

severe phenotypes using a yeast system.  

Possibly the greatest advantage of our experimental platform is the ability to 

perform rapid mutagenesis to compensate for the mutant deficits. By introducing 

additional compensatory mutations, we may more narrowly pinpoint the molecular 

defects introduced by single point mutations and evaluate molecular mechanisms 

underlying mutation phenotypes. This provides a basis for understanding future 

mutations which may be discovered. In the future, this system may allow for the high 

throughput testing of potential therapeutics to either single mutations, or perhaps more 

broadly defined classes of mutation-driven diseases.  

Our spindle positioning assay using diploid yeast was the most suitable assay for 

determining phenotypic outcomes of mutations in a high-throughput manner. This assay 

may not be suitable for the screening of thousands of compounds for drug discovery 

approach, but it is very useful to determine rescue mutations to narrow down the motor 

deficit. It may also be necessary to develop additional assays to complement our initial 

approach, such as ATPase assays to understand mutations or microtubule-binding 

assays163, or more expand the localization assays to include additional components of 

the plus-end dynein complex84,85. These data also highlight the similarities of dynein 

between yeast and humans. The in vivo dynamics experiment could recapitulate the 

dominant nature of dynein alleles in disease in heterozygous organisms, and they also 

demonstrated what is known from previous mouse models155 that hemizygous dynein 

expression drives much less severe cellular deficits than single point mutations. It would 

be interesting to repeat the spindle dynamics assay for haploid mutants which 
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presented mild in vivo phenotypes to determine if they exacerbate loss-of-function 

phenotypes similar to the E545V mutation. These data suggested a further similarity 

between yeast and human dynein, identifying that multiple dyneins may bind a single 

dynactin in yeast. While further experiments are required to characterize and 

understand the valence of dynein-dynactin-adaptor interactions, we now have 

preliminary data which indicates that higher order dynein-dynactin assemblies are 

similar between eukaryotes. 

While autoinhibition was not believed to be necessary for yeast dynein owing to 

its single molecule processivity, we identified key interactions important for this 

regulatory mechanism are conserved between organisms. Indeed, yeast dynein is 

inhibited much the same way as human dynein, and many aspects of the functional 

relevance of the autoinhibited conformation are conserved amongst eukaryotes. This 

provides the most promising potential avenue for drug discovery, as inhibition of the 

protein will likely have a higher efficacy than trying to restore functionality to a 

compromised protein through pharmaceutical intervention. What’s more, our results 

demonstrate that titrating down the effects of Pac1/LIS1 may be a potential avenue for 

rescuing phenotypes present in mutations with disrupted autoinhibition and over 

activation. This rescue could be achieved pharmacologically through antibody blocking 

of the LIS1 dynein binding surface137 or through knockdown of the endogenous LIS1 

protein134. 

6.3.  Changing the paradigm of dynein regulation by autoinhibition and Pac1/LIS1  

Yeast dynein has been used extensively to characterize dynein motor function for 

years; however, due to its in vitro activity160, it was never examined for an autoinhibited 
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state. Our research has identified that yeast dynein is indeed autoinhibited, in a manner 

which appears nearly identical to its mammalian counterpart. The results from our 

negative stain-EM experiment and our ability to tune dynein’s run-length demonstrates 

that the autoinhibited conformation is labile, and that this limits processivity in unloaded 

in vitro motility experiments. The transition between the open and closed states may be 

mitotically regulated, as dynein is most active during this time. While it is unclear if this 

is conserved in higher eukaryotes, our evidence suggests the mechanism of regulation 

persists across eukaryotes. However, what is evident is that at least one regulator, 

Pac1/LIS1, has a direct role in stabilizing the uninhibited conformation of dynein. 

The previous paradigm in the field of yeast dynein was that Pac1 was an inhibitor 

of dynein motility which uncoupled ATPase activity of the motor from the 

mechanochemical changes in AAA3/4 and the stalk and MTBD which drive processive 

motility after ATP binding and hydrolysis. This model has been extensively 

characterized101,105-107, despite starks differences between this model and findings using 

human proteins. Results from this thesis demonstrate that the major, biologically 

relevant function of Pac1, LIS1, and nudF (from aspergillus nidulans) is to stabilize 

dynein in the open state and to prevent autoinhibition by acting as a “molecular wedge,” 

sterically blocking contacts which stabilize the autoinhibited conformation166-169. This 

finding represents an evolutionarily conserved mechanism throughout Eukarya, and 

presents an interesting understanding in the convergence of mechanisms of motor 

protein control. Together, our analysis of Pac1/LIS1 regulation of dynein challenges the 

current paradigm in the field and further refines the model for microtubule-dependent 

targeting and offloading of dynein to sites of required cellular activity. 
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6.4. The Vitruvian Yeast 

 Since the study of dynein began1, this molecule has surprised, delighted,  and 

confounded researchers. Yeast dynein, despite stiff competition from mammalian 

dynein systems, remains a rugged, reliable, and translational system to study 

mechanical processes. The simplicity, yet astounding conservation, of 

dynein, dynactin, and their regulators in the cytoskeleton, ensures yeast dynein 

will remain a vital system in precisely dissecting molecular information from 

complex cellular processes. The experimental results laid out in this work have 

delineated further similarities of yeast dynein with the dynein present in higher 

eukaryotes. This humble organism continues to be an invaluable tool in understanding 

the complexity of regulation of cellular activities, and for studying the implications these 

conserved mechanisms have for human disease. 
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APPENDIX 

 

 

 

Table 4. List of strains used in this thesis. 

Strain 
number Genotype 

 
Source 

287 Mata GAL1p:8xHis-ZZ-TEV-Pac1-g-1XFLAG-
gaSNAP::KANR dyn1∆::cgLEU2 ndl1∆::HPH prb1∆ 
his3-11,15 ura3-1 leu2-3,112 ade2-1 trp1-1 
pep4∆::HIS5 

W303 Ref. 105 

576 Mata GFP-TUB1::LEU2 kar9∆::KAN ura3-52 lys2-801 
leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1010 Mata DYN1-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1066 Mata dyn1
E109I

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1068 Mata dyn1
L213I

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1073 Mata dyn1
W612C

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1074 Mata dyn1
W612C

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1089 Mata dyn1
K540C

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1090 Mata dyn1
K3160Q

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1105 Mata dyn1
D2439K

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1107 Mata dyn1
H3639P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1111 Mata dyn1
E545V

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1112 Mata dyn1
E545V

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1113 Mata dyn1
I554M

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1116 Mata dyn1
K1475Q

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 
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SMY1117 Mata dyn1
L2557M

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1119 Mata dyn1
R3152N

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1160 Matα DYN1-3GFP::TRP1 kar9∆::KAN
R
 GFP-

TUB1::LEU2 ura3-52 lys2- 801 leu2-∆1 his3-∆200 
trp1-∆63 

YEF473 This study 

SMY1161 Mata Dyn1-3GFP::TRP1 kar9∆::KAN
R
 GFP-

TUB1::LEU2 ura3-52 lys2- 801 leu2-∆1 his3-∆200 
trp1-∆63 

YEF473 This study 

SMY1178 Mata dyn1
R3201N

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1179 Mata dyn1
R3201N

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1185 Mata Dyn1-3GFP::TRP1 NUP133-3mCherry::URA3 
kar9∆::KAN

R
 GFP-TUB1::LEU2 ura3-52 lys2- 801 

leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1186 Mata Dyn1-3GFP::TRP1 NUP133-3mCherry::URA3 
kar9∆::KAN

R
 GFP-TUB1::LEU2 ura3-52 lys2- 801 

leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1196 Matα dyn1
E545V

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1198 Mata dyn1
E109I

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1200 Matα dyn1
L2557M

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1201 Matα dyn1
L2557M

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1220 Mata dyn1
R2439K

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1222 Mata dyn1
K540C

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1243 Mata dyn1
H3639P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1254 Matα dyn1
R3152N

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1266 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-DYN1-HaloTag::KAN

R
 nip100∆ pep4∆::HIS5 

prb1∆ his3-11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 
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SMY1317 Mata dyn1
R1852C

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1318 Mata dyn1
R3201N

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1327 Mata dyn1
R241L

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1351 Mata dyn1
R1852C

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1369 Mata dyn1
W3640P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1370 Mata dyn1
W3640P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1371 Mata dyn1
F3641P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1372 Mata dyn1
F3641P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1373 Mata dyn1
Y3642P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1374 Mata dyn1
I3644P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1381 Mata dyn1
N283R

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1386 Mata dyn1
R3201N

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1420 Mata dyn1
G3643P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1443 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R3201N
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1444 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R3201N
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1445 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

D2439K
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 
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SMY1447 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

L2557M
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1448 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

K1475Q
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1449 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

W612C
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1455 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

H3639P
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1456 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

E545V
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1458 Matα/Mata DYN1-3GFP::TRP1/ DYN1-3GFP::TRP1 
NUP133-3mCherry::URA3/NUP133-3mCherry::URA3 
kar9∆::KAN

R
/kar9∆::KAN

R
 GFP-TUB1::LEU2/GFP-

TUB1::LEU2 ura3-52/ura3-52 lys2- 801/lys2- 801 
leu2-∆1/leu2-∆1 his3-∆200/his3-∆200 trp1-∆63/trp1-
∆63 

YEF473 This study 

SMY1481 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R241L
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1507 Mata dyn1
C1822S

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1508 Mata dyn1
R1822S,R1852C

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1509 Mata dyn1
R1822S,R1852C

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1520 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

K3160Q
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1532 Mata dyn1
C1822S,R1852C

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1533 Mata dyn1
N283R

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 



	 221	

SMY1545 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

K540C
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1546 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

K540C
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1547 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

E545V
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1565 Matα dyn1
C1822S,R1852C

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1585 Mata GAL1p:ZZ-TEV-6HIS-GFP-3HA-GST-
dyn1331

C1822S
-HaloTag::KAN

R
 prb1∆ pep4∆::HIS5 his3-

11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 

SMY1588 Mata GAL1p:ZZ-TEV-6HIS-GFP-3HA-GST-
dyn1331

R1852C
-HaloTag::KAN

R
 prb1∆ pep4∆::HIS5 his3-

11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 

SMY1589 Mata GAL1p:ZZ-TEV-6HIS-GFP-3HA-GST-
dyn1331

R1852C
-HaloTag::KAN

R
 prb1∆ pep4∆::HIS5 his3-

11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 

SMY1591 Matα dyn1
H3639P

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1592 Matα/Mata DYN1-3GFP::TRP1/ dyn1∆::HIS3 
NUP133-3mCherry::URA3/NUP133-3mCherry::URA3 
kar9∆::KAN

R
/kar9∆::KAN

R
 GFP-TUB1::LEU2/GFP-

TUB1::LEU2 ura3-52/ura3-52 lys2- 801/lys2- 801 
leu2-∆1/leu2-∆1 his3-∆200/his3-∆200 trp1-∆63/trp1-
∆63 

YEF473 This study 

SMY1627 Mata dyn1
R2543K

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1628 Mata dyn1
R2543K

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1651 Mata GAL1p:ZZ-TEV-6HIS-GFP-3HA-GST-
dyn1331

H3639P
-HaloTag::KAN

R
 prb1∆ pep4∆::HIS5 his3-

11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 
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SMY1678 Matα/Mata DYN1/ dyn1
E545V

::TRP1 NUP133-
3mCherry::URA3/NUP133-3mCherry::URA3 
kar9∆::KAN

R
/kar9∆::KAN

R
 GFP-TUB1::LEU2/GFP-

TUB1::LEU2 ura3-52/ura3-52 lys2- 801/lys2- 801 
leu2-∆1/leu2-∆1 his3-∆200/his3-∆200 trp1-∆63/trp1-
∆63 

YEF473 This study 

SMY1679 Matα/Mata DYN1/ dyn1
H3639P

::TRP1 NUP133-
3mCherry::URA3/NUP133-3mCherry::URA3 
kar9∆::KAN

R
/kar9∆::KAN

R
 GFP-TUB1::LEU2/GFP-

TUB1::LEU2 ura3-52/ura3-52 lys2- 801/lys2- 801 
leu2-∆1/leu2-∆1 his3-∆200/his3-∆200 trp1-∆63/trp1-
∆63 

YEF473 This study 

SMY1697 Mata dyn1
C1822S

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1698 Mata GAL1p:ZZ-TEV-6HIS-GFP-3HA-GST-
dyn1331

C1822S,R1852C
-HaloTag::KAN

R
 prb1∆ pep4∆::HIS5 

his3-11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 

SMY1699 Mata GAL1p:ZZ-TEV-6HIS-GFP-3HA-GST-
dyn1331

C1822S,R1852C
-HaloTag::KAN

R
 prb1∆ pep4∆::HIS5 

his3-11,15 ura3-52 leu2-3,112 ade2-1 trp-1 

W303 This study 

SMY1727 Matα dyn1
I554M

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1732 Mata dyn1
R2543K

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1733 Mata dyn1
R2543K

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1740 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

I554M
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1744 Mata dyn1
R241L

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1754 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R2543K
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1755 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R2543K
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1756 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R3152N
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 
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SMY1766 Matα dyn1
K3160Q

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1774 Mata dyn1
W612C

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1816 Mata dyn1
H3639P,W3640G

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1832 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

L213I
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1833 Matα dyn1
L213I

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1834 Mata dyn1
K1475Q

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1841 Mata dyn1
F3638G,H3639P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1842 Mata dyn1
F3638G,H3639P

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1857 Mata dyn1
R1822S,R1852V

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1858 Mata dyn1
R1852V

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1866 Mata dyn1
R1852V

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1867 Matα dyn1
C1822S,R1852V

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1868 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

E109I
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1883 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

N283R
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY1922 Mata dyn1
F3638G,H3639P,W3640G

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 
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SMY1923 Mata dyn1
F3638G,H3639P,W3640G

-3GFP::TRP1 
TUB1+3'UTR::HPH::HIS3p:mRuby2-TUB1 ura3-52 
lys2-801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1933 Matα dyn1
F3638G,H3639P,F3640G

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R 
GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1934 Matα dyn1
F3638G,H3639P,F3640G

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1955 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

K1475E
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY1957 Mata dyn1
K1475E

-
3XGFP::TRP1TUB1+3'UTR::HPH::HIS3p:mRuby2-
TUB1 ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1959 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

F3638G,H3639P,W3640G
-HaloTag::KAN

R
 

nip100∆ pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-
3,112 ade2-1 trp-1 

W303 This study 

SMY1960 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA- dyn1

F3638G,H3639P,W3640G
-HaloTag::KAN

R
 

nip100∆ pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-
3,112 ade2-1 trp-1 

W303 This study 

SMY1965 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

D2868K
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY1973 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

K1517E
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY1977 Mata dyn1
K1475E

-
3XGFP::TRP1TUB1+3'UTR::HPH::HIS3p:mRuby2-
TUB1 ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY1992 Mata dyn1
D2868K

-
3XGFP::TRP1TUB1+3'UTR::HPH::HIS3p:mRuby2-
TUB1 ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY2013 Mata dyn1
D2868K

-
3XGFP::TRP1TUB1+3'UTR::HPH::HIS3p:mRuby2-
TUB1 ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 
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SMY2039 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-
dyn1

K1475E/K1517E
-GS-HALOTAG::KAN nip100∆ 

W303 This study 

SMY2083 Matα kar9∆::KAN pac1∆::HIS3 GFP-Tub1::LEU2 ura3-
52 lys2-801 leu2-∆1 his3-∆200 trp1-∆63  

YEF473 This study 

SMY2084 Matα dyn1
D2868K

-3GFP::TRP1 kar9∆::KAN 
pac1∆::HIS3 GFP-Tub1::LEU2 ura3-52 lys2-801 leu2-
∆1 his3-∆200 trp1-∆63  

YEF473 This study 

SMY2104 Mata DYN3-13MYC::HPH PAC11-13MYC::TRP ZZ-
TEV-3HA-dyn1

R1852C
-HaloTag::KAN

R
 nip100∆ 

pep4∆::HIS5 prb1∆ his3-11,15 ura3-52 leu2-3,112 
ade2-1 trp-1 

W303 This study 

SMY2129 Matα dyn1
C1822A,R1852C

-3GFP::TRP1 NUP133-
3mCherry::URA3 kar9∆::KAN

R
 GFP-TUB1::LEU2 

ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY2183 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-
dyn1

K1475D/D2868K
-GS-HALOTAG::KAN nip100∆ 

W303 This study 

SMY2195 Mata num1∆::HPH nip100∆::LEU3 ura3-1::GAL1p-
DYN2:GAL1p-DYN3:GAL1p-PAC11:GAL1p-8xHis-ZZ-
2XTEV-SNAPf-DYN1::URA3 his3-11,15 leu2-3,112 
ade2-1 trp-1 pep4∆::HIS5 prb1∆ 

W303 This study 

SMY2220 Mata num1∆::HPH nip100∆::LEU3 ura3-1::GAL1p-
DYN2:GAL1p-DYN3:GAL1p-PAC11:GAL1p-8xHis-ZZ-
2XTEV-SNAPf-dyn1

D2868K
::URA3 his3-11,15 leu2-

3,112 ade2-1 trp-1 pep4∆::HIS5 prb1∆ 

W303 This study 

SMY2237 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

R3476D
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY2273 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

Y3268A
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY2275 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

I3272A
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY2289 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-
dyn1

K1475D/K1517A/D2868K
-GS-HALOTAG::KAN nip100∆ 

W303 This study 
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SMY2290 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-
dyn1

1=K1475D/K1517D/D2868K
 -GS-HALOTAG::KAN nip100∆ 

W303 This study 

SMY2343 Mata ∆nip100::LEU2 ura3-1::GAL1p-DYN2:GAL1p-
DYN3:GAL1p-PAC11:GAL1p-8xHis-ZZ-2XTEV-
HALO-DYN1::URA3 his3-11,15 ura3-1 leu2-3,112 
ade2-1 trp-1 pep4∆::HIS5 prb1∆  

W303 This study 

SMY2344 Mata ∆nip100::LEU2 ura3-1::GAL1p-DYN2:GAL1p-
DYN3:GAL1p-PAC11:GAL1p-8xHis-ZZ-2XTEV-
HALO-DYN1::URA3 his3-11,15 ura3-1 leu2-3,112 
ade2-1 trp-1 pep4∆::HIS5 prb1∆  

W303 This study 

SMY2373 Mata ∆nip100::LEU2 ura3-1::GAL1p-DYN2:GAL1p-
DYN3:GAL1p-PAC11:GAL1p-8xHis-ZZ-2XTEV-
HALO-dyn1

D2868K
::URA3 his3-11,15 ura3-1 leu2-3,112 

ade2-1 trp-1 pep4∆::HIS5 prb1∆  

W303 This study 

SMY2383 Mata dyn1-
3XGFP::TRP1TUB1+3'UTR::HPH::HIS3p:mRuby2-
TUB1 ura3-52 lys2- 801 leu2-∆1 his3-∆200 trp1-∆63 

YEF473 This study 

SMY2397 Mata dyn1
2XHL4

-3YFP::TRP pac1∆::HIS3 kar9∆::KAN 
GFP-Tub1::LEU2 ura3-52 lys2-801 leu2-∆1 his3-∆200 
trp1-∆63 

YEF473 This study 

SMY2414 Mata ∆nip100::LEU2 ura3-1::GAL1p-DYN2:GAL1p-
DYN3:GAL1p-PAC11:GAL1p-8xHis-ZZ-2XTEV-
HALO-dyn1

2XHL4
::URA3 his3-11,15 ura3-1 leu2-3,112 

ade2-1 trp-1 pep4∆::HIS5 prb1∆  

W303 This study 

SMY2443 Mata pep4::HIS3 prb1∆ DYN3-13XMYC::HPH 
PAC11–13XMYC::TRP ZZ-TEV-3XHA-dyn1

D3487K
-GS-

HALOTAG::KAN nip100∆ 

W303 This study 

SMY2475 Mata his3-11,15 leu2-3,112 ade2-1 trp-1 pep4∆::HIS5 
prb1∆ ura3-1::GAL1p:ZZ-2TEV-6His-GFP-GST-dyn1-
331-HALO::URA3 

W303 This study 

SMY2497 Mata his3-11,15 leu2-3,112 ade2-1 trp-1 pep4∆::HIS5 
prb1∆ ura3-1::GAL1p:ZZ-2TEV-6His-GFP-GST-
dyn1

D2868K
-331-HALO::URA3 

W303 This study 

SMY2501 Matα dyn1
K1475E-

3GFP::TRP1 kar9∆::KAN 
pac1∆::HIS3 GFP-Tub1::LEU2 ura3-52 lys2-801 leu2-
∆1 his3-∆200 trp1-∆63  

YEF473 This study 

 


	0. Title document REDO
	1. THESIS INTRO PAGES REDO JRB SM
	2. INTRODUCTION V1 REDO JRB SM
	3. CHAPTER 2 thesis REDO JRB SM
	4. and 5. Chapter 3 and 4 redo JRB SM edits
	6. CHAPTER 5 Pac1 review REDO JRB SM
	7. CHAP 6 CONCLUSIONS REDO JRB SM EDITS
	WORKS CITED REDO JRB SM
	TABLE 4 STRAIN TABLE  REDO

