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ABSTRACT 

 

 
The organization, survival, and function of eukaryotic cells depend on intracellular 

transport governed by the microtubule based molecular motors cytoplasmic dynein and 

kinesin. Dynein carries out the inward transport of cargos whereas kinesins are responsible 

for the outward movement. Although intracellular transport is necessary for the function of 

all cells, polarized cells in particular have specific transport needs due to their asymmetry 

and elongated shape. These extraordinary requirements necessitate efficient long range 

microtubule based transport mechanisms. The anterograde transport needs in these cells are 

satisfied by a variety of kinesins but only a single cytoplasmic dynein fulfills the retrograde 

transport requirements. Dynein is a megadalton, multiprotein motor complex composed of 

heavy chains, intermediate chains, light intermediate chains, and light chains. The heavy 

chains form the force producing motor entity of the dynein complex and the rest of the 
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components are involved in linking dynein to cargoes. The heavy chain has the two 

functional domains; motor head and a tail. The motor head is responsible for the ATP 

hydrolysis as well as the microtubule interaction of the dynein complex. The tail domain is 

involved in the homodimerization of heavy chains as well as interaction with the other 

dynein subunits. The enormous size and complex mechanochemisty of dynein has 

complicated our understanding of the functions and regulation of dynein. 

The study presented here utilized the ascomycete fungus Neurospora crassa in a 

series of genetic, cell biological and complementing biochemical approaches to study dynein 

function and regulation. The study is divided into two sections of which the first section will 

focus on the effects of spontaneous dynein heavy chain mutations on dynein functions in the 

hyphae of Neurospora crassa along with biochemical analyses of purified dynein from 

wildtype and a representative mutant strain. The second section focuses on the effect of a 

mouse neurodegenerative dynein heavy chain mutation on N. crassa dynein function both in 

vivo and in vitro. The aim of this work is to understand the structure-function relationship 

and the regulation of dynein. 
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CHAPTER 1 

INTRODUCTION 

The organization, survival, and function of eukaryotic cells depend on the delivery of 

cargos to appropriate destinations through intracellular transport mechanisms. The 

intracellular transport encompasses directed movements as short as 1 µm or movements as 

long as meters. The movement of cargos is governed by the molecular motors cytoplasmic 

dynein (hereafter referred to as dynein) and kinesin that are powered by the energy derived 

from the hydrolysis of ATP. These motors move along microtubules, a type of cytoskeletal 

filament that serves as the track. Microtubules show a characteristic polarity with two distinct 

ends (plus and minus ends) derived from their polymerization mechanism. The minus-ends 

of the microtubules are anchored at the cell center with plus-ends located close to the cell 

periphery. The polarity of microtubules acts as a critical component in allowing the 

directionality of the motors. Dynein translocates towards the minus-ends (retrograde) 

whereas most of the kinesins move towards the plus-ends (anterograde) (Paschal and Vallee, 

1987). Cells employ a wide array of kinesins to satisfy the anterograde transport needs. In 

fact, mammalian genomes encode for at least forty different kinesin genes (Miki et al., 2001) 

in contrast to a single cytoplasmic dynein. The modi operandi of many kinesin motors and 

the mechanisms involved in anterograde transport has been relatively well established 

(Hirokawa and Noda, 2008; Hirokawa et al., 2009). In contrast to the kinesin superfamily of 

proteins, the molecular mechanisms behind the function of dynein motors are less 

understood. The fundamental questions concerning the mechanisms employed in dynein-

mediated transport such as the recognition as well as recruitment of cargoes, the role of 

intramolecular components of the motor in conjunction with the intrinsic microtubule 
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features in determining the motor directionality, the spatio-temporal mechanisms and 

molecular players involved in the activation/inactivation of the motor, the mechanisms 

regulating the number of motors bound to a cargo and their orientation with respect to one 

another as well as with the cargo, and the coordination among motors that are bound to the 

same cargo remains poorly understood.  

Dynein Structure and Organization 

Dynein is a megadalton motor complex composed of multiple polypeptide subunits. 

At the core of the motor complex is the dynein heavy chain (DHC). The heavy chain is 

comprised of a ~4300 - 4600 amino acid long polypeptide chain that can be divided into two 

regions, a tail domain comprising  the N-terminal ~1800 amino acids with the rest of the 

polypeptide comprising the motor domain (figure 1).  

Tail domain 

A monomer of DHC interacts with another monomer of DHC through the flexible N-

terminal tail (Meng et al., 2006) to form DHC homodimers (Neely et al., 1990; Habura et al., 

1999; Tynan et al., 2000a). Deletional analysis of N-terminal ~ 1500 amino acids of the DHC 

results in loss of sensitivity to vanadate-mediated photocleavage (A specific photolytic 

mechanism that cleaves dynein at a unique site that renders dynein catalytically inactive) and 

reduction in the ATPase activity (Gee et al., 1997; Hook et al., 2005). Cooperative 

interaction between the two heads through tail dependent homodimerization of DHCs is 

crucial for the proper functioning of dynein motor. The importance of tail domain in dynein 

function was further evidenced by the loss of ATP dependent microtubule release and 

unidirectional movement in truncated forms of DHCs lacking the tail domain (Iyadurai et al.,  
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Figure 1. Linear representation of the DHC subunit of the dynein complex. The cartoon was 
created using Neurospora crassa DHC (accession number XP_962616.1) as the template and 
the domain boundaries were determined using S.cerevisiae structural data (PDB ID 3QMZ). 

Numbers 1-6 indicate respective AAA domains. Fungal dyneins have a short (10 - 20 aa) C-
terminus in comparison to its mammalian counterparts that have a longer (~300 aa) C-

terminus. 
 

 

 

 

    200 aa 
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1999). A study that analyzed the enzymatic behavior of recombinant truncated dynein 

lacking the tail domain observed loss of sensitivity to vanadate-mediated inhibition of dynein 

ATPase accompanied by a 6-fold increase in ATP hydrolysis compared to a full-length motor 

construct (Hook et al., 2005).  

These studies indicate the roles played by the tail domain on the mechanochemistry 

of dynein molecule. In addition to the tail domain’s role in regulating dynein, it has also been 

implicated in interaction with cargo as well as other subunits of dynein that will be discussed 

in the upcoming sections. 

Motor head 

Following the tail is the motor head that is comprised of six repeating units of AAA 

modules (AAA1 through AAA6). The motor head of the DHC is a member of the oligomeric 

AAA (ATPase Associated with various cellular Activities) family of ATPases (Neuwald et 

al., 1999; Iyer et al., 2004). AAA family proteins are characterized by the presence of ~ 220 

amino acid long AAA modules classified as p-loop NTPases (figure 2). 

AAA Module. The AAA modules share sequence and structural conservation among 

each other. One of the signature features of the AAA modules is the presence of a Walker A 

sequence motif (GXXGXGKT/S) involved in phosphate binding and magnesium ion 

coordination. The hydrolysis of ATP is performed by the Walker B motif (hhhhDEXX) 

(Gibbons et al., 1991; Ogawa, 1991; Koonce et al., 1992; Mocz and Gibbons, 1996; Mocz et 

al., 1998). In addition to the Walker motifs, the following sequence signatures define an 

AAA module (figure 2). A sensor-1 region comprising of a conserved polar residue (typically 

an asparagine) that interacts with the γ-phosphate of the bound nucleotide. The sensor-1 

region is implicated in the discrimination between ATP and ADP (Karata et al., 1999;  
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Figure 2.  Structural model of N-ethylmaleimide-sensitive factor (NSF) as a representative of 
AAA family of proteins. The structure of an AAA+ hexamer formed by the AAA module of 
NSF103 (PDB ID 1D2N) has been shown as a representative model of AAA family of 
proteins. A monomer of the AAA ring has been enlarged to display the anatomy of the AAA 
module. The positions of the structural elements are shown. P-loop represents Walker A 
motif and DEXX corresponds to Walker B motif. A nucleotide analogue (AMP-PNP), shown 
in stick representation (red), is coordinated by Mg2+ (purple).  
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Hattendorf and Lindquist, 2002b). A sensor-2 region that usually contains an arginine 

provides the binding energy rather than sensing the γ-phosphate (Hattendorf and Lindquist, 

2002a). Finally, arginine fingers that stabilize nucleotide binding and communicate ATP 

binding and hydrolysis in one AAA module to a neighboring AAA module (Ogura et al., 

2004; Wang et al., 2005). 

In DHC, AAA modules 1 through 4 possess consensus Walker motifs and thus are 

implicated in ATP binding and hydrolysis whereas AAA5 and AAA6 carry a highly 

degenerate AAA sequence that lacks Walker motifs indicating the inability of these domains 

to bind to nucleotides. A microtubule-binding stalk emerges from the AAA4 module and is 

positioned between AAA4 and AAA5 modules.   

Molecular Dissection of Different Dynein Domains 
 

AAA modules 1 - 4 

The core aspects of dynein function are the nucleotide binding/hydrolysis and 

microtubule interaction. A multitude of studies have dissected the function of different 

dynein domains and assigned characteristic functions based on the perturbation of the core 

aspects. Of the six AAA modules, the AAA1 module has been identified as the principle site 

of ATP hydrolysis (Gibbons et al., 1987). The role of AAA1 as the primary site ATP 

hydrolysis was discovered by vanadate-mediated photocleavage of dynein at a unique site 

termed V1 (Gibbons et al., 1987). Vanadate exhibits a high affinity for dynein, binds to 

dynein in the presence of ADP, and forms a dynein●ADP●Vi complex. Upon exposure to 

UV light, this complex causes the cleavage of the heavy chain in the vicinity of the Walker 

domain, inactivating ATPase function. Further site-directed mutational analysis of the 

Walker A and B motifs of the AAA1 module showed the elimination of vanadate-mediated 
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photocleavage of dynein, ATPase activity and the entrapment of dynein with microtubules in 

a strong rigor-like interaction in vivo (Gee et al., 1997; Silvanovich et al., 2003; Kon et al., 

2004). The rigor-like microtubule has been presumed to be formed due to the loss of dynein 

ATPase at AAA1 and indicates that ATP binding and hydrolysis at AAA1 is responsible for 

the microtubule binding behavior of dynein. The physical distance (> 1200 amino acids) 

between the AAA1 module and the microtubule binding stalk in conjunction with the 

modulation of microtubule binding by the ATPase activity of AAA1 suggests the presence of 

a long-range communication mechanism between the two domains. 

AAA modules AAA2 through AAA4 contain consensus Walker motifs (Gibbons et 

al., 1991) suggesting possible ATP binding and hydrolysis capabilities and thus have been 

predicted to play a regulatory role on dynein function. Kinetic analysis of sea urchin sperm 

flagella showed the presence of four different nonequivalent nucleotide binding sites 

(Shimizu and Johnson, 1983; Mocz and Gibbons, 1996). A truncated yeast dynein 

polypeptide consisting of either just the AAA1-AAA2 modules or AAA3-AAA4 exhibited 

ATPase activity (Takahashi et al., 2004). Mutation of AAA2 and AAA4 Walker domains in 

those modules slightly reduced the ATPase activity, microtubule binding and motility of 

dynein indicating a minor regulatory role by these domains upon the overall motor activity 

(Kon et al., 2004; Cho et al., 2008). In contrast, ATP binding and hydrolysis in AAA3 

appears to play a major regulatory role. This was revealed by studies that analyzed Walker 

A/B mutations in AAA3 (Silvanovich et al., 2003; Kon et al., 2004; Cho et al., 2008). AAA3 

Walker A/B mutations result in a dynein molecule that exhibited rigor-like microtubule 

interaction similar to dynein with AAA1 Walker mutations that also exhibits reduced ATPase 



8 
 

and motility activities. These studies collectively indicate the regulation of dynein through 

secondary ATP binding and hydrolysis sites (AAA2 - 4). 

Microtubule-binding stalk 

The presence of microtubules has been shown to stimulate the ATPase activity of 

dynein (Paschal and Vallee, 1987; Shpetner et al., 1988; Shimizu et al., 1989). Studies have 

shown that the binding of ATP to the AAA1 module leads to the dissociation of dynein from 

microtubules (Kon et al., 2005; Imamula et al., 2007). The release of ADP which is the rate-

limiting step of ATP hydrolysis activity has been shown to be stimulated by the presence of 

microtubules (Holzbaur and Johnson, 1989a; Holzbaur and Johnson, 1989b). The ability of 

microtubules to enhance the ATPase activity of dynein is mediated through a domain termed 

the microtubule binding stalk. The deletion of regions spanning 3100 - 3500 of the DHC 

polypeptide abolished the microtubule binding ability of dynein and revealed the identity of 

the microtubule binding stalk (Koonce, 1997; Gee et al., 1997). Mutations in this region 

(3100 – 3500 aa of DHC) weaken the dynein’s microtubule binding ability further supporting 

the role of this region in microtubule binding (Koonce and Tikhonenko, 2000). Electron 

microscopy (EM) images of a recombinant microtubule binding stalk fragment show two 

classes of rod-like structures with the first class measuring approximately 12 nm and the 

second class measuring approximately 23nm in length (figure 3) (Gee et al., 1997). The first 

class was characterized by an astral array of the microtubule binding stalk and the length 

measurements derived from this class was consistent with previous length measurements. 

The length of the stalk from class 2 dumbbell like structures was not in agreement with 

previous studies (Goodenough and Heuser, 1982; Amos, 1989). Overall the EM images 

(figure 3) suggest that the variations in structures and lengths could be a result of  
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Figure 3.  EM images of the microtubule binding stalk of dynein. Images from EM show two 
classes of rods. Shown on the left panel is an image representing 12nm rods forming astral 
array and on the right panel is a representative image of ~24 nm rod-like structures with 
swellings at both ends (adapted with permission from Gee et al. 1997; copyright 1997, 
Nature Publishing Group). These images most likely reflect the aggregation of multiple 
microtubule binding stalk particles.  
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oligomerization of the protein fragments and thus may not reflect the structure of native 

dynein microtubule-binding stalk.  

AAA5 - AAA6 

AAA5 and AAA6 lack the consensus Walker elements and therefore are unlikely to 

be involved in the enzymatic activity of dynein (Neuwald et al., 1999), which is consistent 

with previous studies that observed only four ATP binding sites in dynein (Mocz and 

Gibbons, 1996). The complete ring structure has been known to be required for robust dynein 

activity (Hook et al., 2005) and therefore the AAA5/6 along with the C-terminal regions may 

form a static structural component that may help in the overall communication between the 

primary ATPase site and microtubule binding domain as mentioned earlier.   

C - Terminal domain 

Following the AAA 6 is the C-terminal domain comprising of ~300 – 600 amino 

acids. The C-terminal region has also been known to play a regulatory role on dynein 

function. Deletional analysis C-terminal ~ 300 amino acids of the DHC resulted in loss of 

sensitivity to vanadate-mediated photocleavage and reduction in the ATPase activity (Gee et 

al., 1997; Hook et al., 2005). A study that analyzed the enzymatic behavior of recombinant, 

truncated dynein engineered to possess just the AAA1- AAA4 observed loss of sensitivity to 

vanadate-mediated inhibition of dynein ATPase accompanied with a 6-fold increase in ATP 

hydrolysis compared to a full-length motor construct (Hook et al., 2005). These studies 

indicate the regulatory roles played by the C-terminus on the mechanochemistry of dynein 

molecule. The C-terminal region although conserved in most cytoplasmic dyneins is severely 

shortened or absent in yeast and fungal dyneins suggesting that the C-terminal may not be 
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required for the core functions of dynein. The role of C-terminal domain is less understood 

and warrants further studies. 

Structural Studies on Dynein Heavy Chain 

Single particle reconstructions from EM of flagellar dynein from Chlamydomonas 

reinhardii as well as cytoplasmic dynein from Dictyostelium discoideum revealed an 

asymmetric ring-shaped structure with an external diameter of 10-14 nm with a central cavity 

of 2.5 nm with seven lobes (figure 4). Six of these lobes are interpreted to represent the six 

AAA modules (Burgess et al., 2004; Samso and Koonce, 2004). In addition to the ring 

structure, the studies reveal the presence of two projections/extensions that are 15 and 20-30 

nm long representing the microtubule binding stalk and the tail domain respectively (figure 

4). Separate studies on the microtubule binding stalk reveal that the stalk is formed by a 13-

15 nm anti-parallel α-helical coiled-coil with a globular microtubule-binding domain at its tip 

(Gee et al., 1997; Koonce and Tikhonenko, 2000; Hook et al., 2009). Thus, the structural data 

shows the entire length of the DHC is approximately 50 nm comprising of the tail (20-30 nm) 

and the motor ring (15 nm) and the stalk (10-15 nm). These observations question how the 

spatially segregated domains (AAA1 and Microtubule binding stalk) communicate between 

each other. A part of the answer could be the conformational changes that have been 

reported. Static structural studies like EM and X-ray crystallography as well as dynamic 

analyses like the fluorescence resonance energy transfer (FRET) measurements have 

revealed additional structures in the DHC and a range of conformations exhibited by dynein 

under different conditions (see below).  
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Figure 4.  EM image of the heavy chain of dynein. EM image of the DHC in nucleotide 
bound state (ADP.Vi) showing the closed ring-like structure of the DHC along with two 
projections representing the N-terminal tail and microtubule binding stalk (adapted with 
permission from Burgess et al., 2003; copyright 2003, Nature Publishing Group). The 
numbers in the ring indicate the possible positions of the AAA modules. The dotted circle in 
the center indicates the central cavity, which is not clear in this image due to the possible 
masking of the cavity by the tail (linker). 
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Conformational changes in DHC 
 

The EM imaging reveals that the tail domain of dynein can exist in different 

orientations in relation to the ring. These conformational states are governed by the 

nucleotide binding status at the active site (Burgess et al., 2003; Burgess et al., 2004; Roberts 

et al., 2009). In the presence of ATP or ATP●Vi (which results in the formation of 

dynein●ADP●Vi complex mimicking dynein●ADP●Pi) the N-terminus of the linker is away 

from the base of the microtubule binding stalk (figure 4, 5 a). Under nucleotide-free 

conditions or apo-state the N-terminus of the linker is positioned close to the AAA4 (close to 

the stalk). The shift in the orientation of the tail/linker domain in relation to the ring is further 

supported by dynamic FRET measurements of dynein constructs tagged with Green 

Fluorescent Protein (GFP) to the N-terminus and Blue Fluorescent Protein (BFP) in various 

regions of motor domain (Kon et al., 2005; Imamula et al., 2007; Mogami et al., 2007). 

Based on the dynamics exhibited by the tail/linker domain of dynein, Burgess et al (2003; 

2004) suggested that dynein employs a power stroke based mechanism for force production. 

The two conformation states observed were classified as the pre - power stroke state and the 

post-power stroke state with the former representing dynein●ADP●Vi complex state (State I) 

and the later representing nucleotide free apo-state (State II). In addition to the movements 

associated with the tail domain, movement of the structural elements in the microtubule 

binding stalk has been reported (figure 5 b) (Carter et al., 2008). The anti-parallel coiled-coils 

in the stalk have been suggested to slide upon each other and this sliding has been proposed 

to cause changes to the registry of the helices, which in turn may modulate the affinity of the 

stalk to microtubules (Carter et al., 2008; Kon et al., 2009).   
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  a            b 

 

Figure 5. Conformational changes within the DHC. (a) Negative stain EM images showing 
nucleotide dependent conformational changes (adapted with permission from Burgess et al., 
2003; copyright 2003, Nature Publishing Group). The images show the mean conformation 
of the stem and stalk relative to the head under nucleotide bound (left) and Apo (right) states. 
(Below) Model suggesting the origin of the power stroke and the possible application of the 
power stroke for microtubule movement. (b) Cartoon showing a model for sliding of the 
microtubule binding stalk CC1 domain (adapted with permission from Carter et.al. 2010; 
copyright 2010, NRC Research Press). Top panel shows a ribbon representation of 
microtubule binding domain structure. The images in the bottom panel represent the CC1 and 
CC2 of the stalk region of the dynein and indicate that sliding of the coiled-coils relative to 
one another creates two distinct registers of CC1 and CC2 alignment representing low (left) 
and high (right) microtubule affinity states. The coiled-coil core is represented by dark blue 
color.  
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The crystal structures of DHC (Kon et al., 2011; Carter et al., 2011) support the 

hexameric ring architecture as well as the microtubule binding stalk and tail projections 

(figure 6 b, c). In addition, the crystal structures show the following features pertaining to the 

linker (tail), ring, and microtubule binding domain. The linker was formed primarily of α-

helical structure and composed of four sub domains. The linker domain at its C-terminus 

contacts the ring at AAA1 and AAA6 whereas the N-terminus of the linker contacts the 

AAA4/AAA5. The linker arches over the AAA ring like a handle of a basket. 

The AAA modules that form the ring structure exhibit similarity to the signature 

structural folds of AAA ATPases (figure 2), revealed by the presence of a large domain (5 α-

helices H0-H4 that flank five-stranded β-sheet, S1–S5) and a small domain (H5–H9) 

connected by a flexible loop (figure 7). The H9 of the small domain of one AAA module 

interacts with the large domain of the neighboring AAA module suggesting that 

communication may occur in this context. Structural data from Dictyostelium dynein shows 

that the C-terminal domain wraps around the small domain of AAA5 and terminates beneath 

the small domain of AAA1 indicating that this may have a structural role in connecting the 

AAA modules. The crystal structures also show the microtubule-binding stalk as an integral 

part of AAA4 (figure 6 b, c). The microtubule-binding stalk is formed by a coiled-coil 

structure, which is as an extension from the H7 and H8 helices of the AAA4 small domain. 

In addition to microtubule-binding coiled-coil, another coiled-coil domain that protrudes 

from the small domain of AAA5 interacts with the base of the stalk. This second coiled-coil 

structure has been predicted to play a role as a structural support to the stalk and has been 

termed the buttress (figure 6 b, c). 

 



16 
 

                         c 

 

 

 

    a         b 
 
  
 
 
 
 

 

 

 

 

Figure 6.  Dynein heavy chain structure showing key structural elements. (a) EM image of 
the DHC showing the closed ring-like structure of the DHC along with two projections 
representing the N-terminal Tail and microtubule binding stalk (adapted with permission 
from Burgess et al., 2003; copyright 2003, Nature Publishing Group). The possible locations 
of the linker (blue dashed box) and buttress (black dashed oval) observed from X-ray 
structures have been pointed out. (b) A crystallographic model of S.cerevisiae cytoplasmic 
dynein based on the 6 Å crystal structure of the motor domain (PDB ID: 3QMZ) showing the 
general architecture of DHC.  The crystal structure reveals additional structures highlighted 
blue box (Linker), and black oval structures (buttress). Different domains of the structures 
are color coded. (c) A crystallographic model of D.discoideum cytoplasmic dynein based on 
the 4.5 Å crystal structure of the motor domain (PDB ID: 3AY1) showing the general 
architecture of DHC. The crystal structure reveals additional structures highlighted blue box 
(Linker), and black oval structures (buttress). 
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Figure 7.  AAA1 module of dynein. The image shows a ribbon representation of the AAA1 
domain in apo-state from S.cerevisiae DHC. Nine helices of the AAA1 (helices H0-H4 of the 
large domain and H5–H9 of the small domain), flexible loop connecting the large and small 
domains and the P-loop are labeled.  
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Dynein mechanochemistry 

Despite the many studies that have been discussed above, the exact 

mechanochemistry of dynein motility has not been rigorously determined. The movement of 

dynein and the mechanics involved can be speculated based on these studies (figure 8). This 

first step in the mechanochemical cycle consists of ATP binding and hydrolysis at AAA1 

module of DHC in the post-power stroke state which alters the dynein: microtubule 

interaction from a strong to a weak affinity. Following this step, the nucleotide status in the 

AAA1 module is transduced to the stalk through the other AAA modules, buttress as well as 

the stalk helix-sliding mechanism. ATP hydrolysis causes the release of dynein from the 

microtubule along with the power stroke which is composed of the orientation of the tail-

linker from a post to a pre-power stroke state. Upon conversion to pre-power stroke 

conformation, DHC rebinds to microtubules and this interaction catalyzes the release of the 

products of ATP hydrolysis sequentially. Release of phosphate leads to dynein in an ADP 

bound state in which microtubule interaction affinity is enhanced. Following this event, the 

tail-linker reorients from a pre to a post-power stroke state. The reorientation of tail leads to 

the release of bound ADP resulting in a dynein motor that remains in a strong interaction 

state with the microtubules. Following this step, binding of ATP at AAA1 restarts the cycle.  
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Figure 8.  Cartoon representing the key steps in the mechanochemical cycle of dynein. The 
two states of nucleotide dependent dynein conformation states are shown. The Apo or post-
power stroke state represented by linker close to the microtubule binding stalk and nucleotide 
bound (red asterisk; ADP.Pi) or pre-power stroke state represented by placing linker away 
from the stalk. The nucleotide status (ATP – black asterisk or ADP/ADP.Pi – red asterisk) in 
the AAA1 domain can be communicated to the stalk by the transient, highly coordinated 
interactions between the structural elements such as the linker/tail, other AAA domains, 
helix-sliding as well as the buttress region of the DHC. This communication results in a 
power stroke (denoted by red dashed arrow) mechanism leading to motor movement. 
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Dynein Subunit Interactions 

Dynein intermediate chain 

The DHC monomer interacts with another DHC monomer to form a functional dimer. 

In addition to dimerization, DHCs interact with dynein intermediate chains (DICs) that can 

bind to a multitude of dynein and non-dynein subunits expanding the repertoire of dynein 

functions. A summary of interaction of dynein and non-dynein components are listed in table 

1. The DHCs interact with at least two dynein intermediate chains (DICs) that are ~ 70 -75 

kDa (figure 9). The C-terminus of the DICs contain a series of ~6 WD40 (tryptophan-

aspartic acid dipeptide) repeats that are implicated in the binding of the DICs to the tail 

domain of DHCs (Wilkerson et al., 1995; Ma et al., 1999; Habura et al., 1999). The DICs 

binds to the DHCs and act as a scaffold for the interaction of other dynein and non-dynein 

components to the dynein complex. Typically cells carry an assortment of DIC (Dynein 

Intermediate Chain) isoforms as a result of posttranslational modifications such as 

phosphorylation and alternative splicing (Dillman and Pfister, 1994; Pfister et al., 1996; 

Nurminsky et al., 1998; Kuta et al., 2010). The N-terminus of DIC contains a coiled-coil 

region, which interacts with dynein light chains (DLCs) (Lo et al., 2001; Mok et al., 2001) 

and p150 subunit of the dynactin complex (Vaughan and Vallee, 1995; King et al., 2002).  

Dynein light chain 

The DLCs are 10-13 kDa polypeptides encoded by three gene families termed T-

complex testis-specific protein 1(Dynlt1), Roadblock (Dynlrb1/ Dynlrb2) and light chain 8 

(Dynll1/ Dynll2) (Pfister et al., 2005). In addition to DICs and DLCs, the tail domain of 

DHCs directly interacts with dynein light intermediate chains (Dync1li1/ Dync1li2) that are 

52-61 kDa (Gill et al., 1994; Hughes et al., 1995). DHCs and DICs interact with the DLICs  
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Figure 9.  Cartoon representation of the dynein complex. The image displays the architecture 
of dynein comprised of  two molecules of heavy chains with a pair of intermediate chains 
(red) along with light intermediate (purple) and light (three shades of blue) chains. The 
interaction of DHCs with multiple dynein subunits aids in the adaptation of dynein in 
multiple cellular processes.  
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Table 1.  A summary of key dynein and dynactin interaction partners. 

Dynein and dynactin Components Interaction partners 

DHC DIC, DLIC, DLC, LIS1 

DIC DLC, Dynactin p150, BicD 

DLIC Rab4A, Rab11-FIP3, Par3, Pericentrin 

DLC Rhodopsin, Trk, BicD, NudE, NudEL,  
VDAC1, Bub3, Rab4A, Rab6, Par3 

p150/p135 Tau, HAP1, SNX6, RILP 

p62 Actin (cortical) 

p50  ZW10, BicD, LIS1 

Arp 1 acidic lipid head groups on membranes, β-spectrin, 

 
Where appropriate DHC – dynein heavy chain , DIC- dynein intermediate chain , DLIC – 
dynein light intermediate chain, DLC- dynein light chain, p150/p135 – dynactin p150/135, 
p50 – dynamitin, Arp1 - Actin-related protein, LIS1 - Lissencephaly1, BicD - BicaudalD, 
Trk - tyrosine kinase receptors, NudE - nuclear distribution protein E, NudEL- NudE-Like, 
VDAC - voltage-dependent anion-selective channel, Bub 3 - budding uninhibited by 
benzimidazoles 3, Par 3 - Partitioning defective 3 polarity protein , HAP1 - huntingtin 
associated protein 1, SNX6 - sorting nexin 6, RILP -Rab7-interacting lysosomal protein, 
ZW10 - Zeste white 10. 
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and the DLCs in multiple ways resulting in at least two different subcomplexes dynein (King 

et al., 2002). One of the subcomplexes is composed of DHCs and DLICs whereas the other 

subcomplex is composed of DICs and DLCs. The heterogeneity in dynein subunit 

composition indicates that dynein exists in different compositions inside cells and this 

heterogeneity may help dynein interact with different cargoes. The DLICs also interact with a 

wide variety of proteins. The DLIC, Dync1li1 interacts with Rab4A, a component of Rab4, 

and Rab11-FIP3 belonging to the Rab family of GTPases involved in endosomal transport 

(Bielli et al., 2001; Horgan et al., 2010a). An isoform of DLIC, Dync1li2 interacts with 

partitioning defective 3 polarity protein (Par3), a component involved in the orientation of 

centrosomes in migrating cells (Schmoranzer et al., 2009). DLICs have been shown interact 

with pericentrin - a centrosomal protein involved in microtubule organization (Purohit et al., 

1999; Tynan et al., 2000b).  

Dynein light intermediate chain 

Similar to DLICs, the light chains of dynein interact with multiple partners. One of 

the DLCs, Dynlt1, interacts with rhodopsin, the light-transducing visual pigment of rod cells 

and this interaction mediates the transport of rhodopsin containing vesicles in photoreceptors, 

a polarized form of neuronal cells (Tai et al., 1999). The light chains, in conjunction with the 

intermediate chains, interact with tyrosine kinase receptors (Trk) in the signaling endosomes 

involved in the transport of nerve growth factors (NGF) in neurons (Yano et al., 2001; Ha et 

al., 2008). The Dynll1 (LC 8) interacts with BicaudalD (BicD) - a component involved in 

mRNA transport and anchoring, nuclear distribution protein E (NudE), NudE-like (NudEL) 

protein. The light chain Dynlt1 interacts with the voltage-dependent anion-selective channel 

(VDAC1) associated with mitochondrial outer membrane (Schwarzer et al., 2002). Another 
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isoform of light chain Tctex, Dynlt1 interacts with spindle assembly checkpoint protein 

“budding uninhibited by benzimidazoles 3” (Bub3) (Lo et al., 2007). The DLC, Dynlrb1 

interacts with Rab6 (Small GTPase) involved in transport the transport of vesicles between 

the early and late Golgi compartments) (Wanschers et al., 2007).  

Non-Dynein Subunit Interactions 

In addition to multiple dynein subunits, dynein interacts with other non-dynein 

subunits such as dynactin complex, BicaudalD (BicD), Lissencephaly (LIS1)/nuclear 

distribution protein E (NudE)/ NudE-Like (NudEL) (table 1). 

Dynactin 

The interaction of dynactin with dynein leads to the enhancement of dynein’s 

processivity and attachment of a variety of cargoes to dynein. The dynactin complex 

comprises of at least ten different polypeptides that includes p150/p135, p62, p50 

(dynamitin), actin-related protein (Arp 1) and capping protein (CapZ) (Schroer, 2004) (figure 

10a). Structurally, dynactin p150 is composed of a ~1300 amino acid polypeptide with a 

molecular mass of 150 kDa (figure 10 b). The N-terminal of p150 contains two microtubule 

binding domains, termed the cytoskeleton-associated protein –glycine-rich (CAP-Gly) and 

the basic domain comprised of a short track (~15 aa) of basic amino acids (figure 10b) 

(Riehemann and Sorg, 1993; Culver-Hanlon et al., 2006). The CAP-Gly has been implicated 

in a tight interaction with microtubules whereas the basic domain exhibits low-affinity 

interaction with microtubules (Culver-Hanlon et al., 2006). The presence of two, 

microtubule-binding domains having variable affinity to microtubules lead to the 

identification of stable and dynamic modes of dynactin interaction with microtubules. The  
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Figure 10.  Anatomy of the dynactin complex. (a) Schematic of the dynactin complex. (b) 
Linear representation of the p150 subunit of dynactin. The CAP-Gly represents the first 
microtubule binding domain and the (+) sign indicates the second microtubule binding 
domain.  
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dynamic interaction exhibited by the basic domain of dynactin supports a form of one-

dimensional diffusion on the microtubule lattice, termed as skating. The skating behavior of 

the basic domain has been implicated in the processivity enhancement function of dynein by 

dynactin. Following the microtubule binding domains is a region (from amino acids ~ 220 -

550) predicted to form a coiled-coil (CC1) domain that interacts with the intermediate chain 

of dynein (King et al., 2003). A recombinant polypeptide encoding just the CC1 region 

injected into cells has an inhibitory effect on dynein-dependent functions (Quintyne et al., 

1999; King et al., 2003; Gaetz and Kapoor, 2004; Kwinter et al., 2009). It is proposed that 

the CC1-mediated inhibition of dynein function is due to its ability to competitively inhibit  

the normal dynein/dynactin interaction. 

The C-terminus of dynactin p150 is involved in the interaction with other subunits of 

the dynactin complex that is involved in cargo binding. Apart from other dynactin subunits, 

the C-terminus has been shown to interact with tau (a microtubule associated protein), 

huntingtin associated protein 1 (HAP1; involved in intraneuronal trafficking), and sorting 

nexin 6 (SNX6; involved in receptor trafficking), Rab7-interacting lysosomal protein (RILP; 

responsible for the recruitment of dynactin on to late endosomes and lysosomes) (Engelender 

et al., 1997; Magnani et al., 2007; Johansson et al., 2007; Wassmer et al., 2009). 

The cargo interaction properties of dynactin are carried out by the other subunits of 

the complex. The multiple Arp1 molecules in the complex are polymerized to form a 

filament-like structure. The Arp1 protein has a high proportion of basic amino acids and has 

been proposed to interact with acidic lipid head groups on the membranes (Muresan et al., 

2001). Arp1 interacts with β-spectrin, a component of Golgi complex (Beck et al., 1994; 

Holleran et al., 1996; Holleran et al., 2001). Dynamitin (dynactin p50), another subunit of 
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dynactin, interacts with Zeste white 10 (ZW10), a mitotic checkpoint protein. This 

interaction has been implicated in the recruitment of dynein to kinetochores (Starr et al., 

1998; Varma et al., 2006), which is crucial for the clearance of mitotic checkpoint proteins. 

Besides ZW10, dynamitin also interacts with BicD, a component involved in the transport of 

mRNAs during Drosophila melanogaster development, as well as the dynein mediated ER-

Golgi trafficking of Rab6 endosomes (Bullock and Ish-Horowicz, 2001; Hoogenraad et al., 

2001; Matanis et al., 2002). The dynactin complex is required for almost all dynein functions 

(Clark and Meyer, 1994; Plamann et al., 1994; Schroer, 1994; McGrail et al., 1995; Tinsley 

et al., 1996; Kahana et al., 1998). Overexpression of dynamitin in cultured cells or treatment 

of purified dynactin or Xenopus egg extracts with purified dynamitin causes the release of 

dynactin p150 from the rest of the complex and hence has been widely used as an inhibitor of 

dynein function (Echeverri et al., 1996; Karki et al., 1998; Wittmann and Hyman, 1999; 

Eckley et al., 1999). The Arp11 and p62 may mediate the interaction between dynactin and 

cortical actin (Garces et al., 1999; Eckley et al., 1999). 

Bicaudal D (BicD) 

BicD is an adaptor protein of dynein that was first identified to play a crucial role in 

axis determination during Drosophila embryogenesis. Structurally BicD protein is composed 

of extensive heptad repeats predicted to form coiled-coil domains that aids in multimerization 

as well as interaction with partner proteins. The N-terminal region of the BicD protein has 

been shown to associate with the DIC whereas the C-terminal portion interacts with 

dynamitin and Rab6 (Hoogenraad et al., 2001; Matanis et al., 2002; Short et al., 2002; 

Fumoto et al., 2006; Wanschers et al., 2007). The interaction of BicD with dynein/dynactin 

complex mediates the transport of mRNAs required for oocyte patterning in developing 
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Drosophila embryo (Swan et al., 1999; Bullock and Ish-Horowicz, 2001; Bullock, 2007). 

Mammalian homologues of BicD have been reported to be involved in the transport of Rab6 

containing vesicles from Golgi to endoplasmic reticulum (Hoogenraad et al., 2001; Matanis 

et al., 2002; Hoogenraad et al., 2003). Work by Razafsky et.al (2009) shows that BicD aids 

the interaction of dynein with dynactin by acting as an adaptor between the two molecules. 

Lissencephaly (lis1)/Nuclear distribution protein E (NudE)/ Nude-Like (NudEL) 
 

LIS1 mutations were linked to Lissencephaly, a human neurological disorder. LIS1 is 

a structurally and functionally conserved protein that has orthologs in several systems 

ranging from fungi to mammals (Reiner et al., 1993; Xiang et al., 1995; Liu et al., 2000b; 

Efimov and Morris, 2000; Lei and Warrior, 2000; Lee et al., 2003). Several studies have 

shown the interaction of LIS1 cytoplasmic dynein (Smith et al., 2000; Wynshaw-Boris and 

Gambello, 2001; Xiang, 2003). LIS1 is 45 kDa polypeptide that has a C-terminal WD repeat 

implicated in the interaction with dynein at two distinct sites, the tail and AAA1 domain (Tai 

et al., 2002). LIS1’s interaction with dynein alters dynein’s enzymatic activity (Mesngon et 

al., 2006; Yamada et al., 2008). Dynamitin has also been shown to interact with Lis1 (Tai et 

al., 2002).  

NudE and NudEL are highly homologous proteins that have been reported to work in 

concert with LIS1. These proteins are composed of N-terminal coiled-coil regions involved 

in the dimerization and interaction with LIS1 to form a tripartite complex with dynein (Feng 

et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000; Tarricone et al., 2004). The NudE / 

NudEL has also been shown to bind the kinetochore protein centromere protein F (CeNPF) 

and to the ZW10 - kinetochore interactor (Liang et al., 2007; Vergnolle and Taylor, 2007). 

The interaction of NudE/NudEL to LIS1 directs the recruitment of LIS1 to dynein (Guo et 
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al., 2006; Stehman et al., 2007; Vergnolle and Taylor, 2007). Lis1 alone or Lis1 with NudE 

has been show to increase the affinity of dynein for microtubules by helping dynein maintain 

a persistent-force producing state for the transport of high load cargoes (McKenney et al., 

2010; Yi et al., 2011) 

LIS1/NudE/NudEL is implicated in nuclear and centrosomal trafficking in migrating 

neurons (Shu et al., 2004; Tsai et al., 2005; Tsai et al., 2007), alignment of chromosomes and 

orientation of mitotic spindles (Faulkner et al., 2000; Stehman et al., 2007; Vergnolle and 

Taylor, 2007), centrosomal positioning in migrating cells (Dujardin et al., 2003; Shen et al., 

2008), and cell migration (Feng et al., 2000; Shu et al., 2004; Sasaki et al., 2005; Ding et al., 

2009).  
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Dynein Functions 

Dynein performs a wide variety of functions in both mitotic and interphase cells. 

Dynein dependant intracellular transport functions include the trafficking of organelles 

containing cell survival/growth/signaling factors, centrosomal positioning of Golgi, ER to 

Golgi traffic, lysosomal distribution, endosomal traffic/recycling, clearance of mitotic 

checkpoint proteins, poleward movement of chromosomes, and cellular quality control. The 

compositional heterogeneity generated by a range of interacting protein partners help dynein 

adapt for the above listed functions of dynein motor. Several of the functions of dynein were 

revealed by assays that indirectly perturb dynein functions by the overexpression or 

microinjection of dynactin p150 CC1, dynamitin, microinjection of dynein/dynactin function 

blocking antibodies, and RNAi mediated depletion of dynein/dynactin subunits. 

Cargo trafficking 

The cargoes transported by dynein include, neurofilaments (Wagner et al., 2004), 

components for cholesterol sensing (Johansson et al., 2007; Rocha et al., 2009), signaling 

endosomes (Delcroix et al., 2003; Heerssen et al., 2004; Yudin et al., 2008; Rishal and 

Fainzilber, 2010), rhodopsin in photoreceptor cells (Tai et al., 1999), neurotrophins from the 

nerve terminus to the cell body (Yano et al., 2001), ribonucleoproteins (Navarro et al., 2004), 

Piccolo–Bassoon transport vesicles (Fejtova et al., 2009), Rab 4/5/6/7/11 positive vesicles 

representing early/late/ recycling endosomes (Traer et al., 2007; Johansson et al., 2007; 

Wanschers et al., 2008; Horgan et al., 2010b). Dynein transports these components through a 

direct interaction or through membranous vesicles interacting with dynactin. One of the 

major mechanisms of intracellular vesicle-mediated transport is endocytosis. Endocytosis 

mediates the internalization of extracellular material into the cytoplasm. Endocytosis is a 
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vesicle-mediated process that involves multiple steps characterized by 1) the invagination 

and scission of membranes to form vesicles, 2) the fusion of vesicles to early endosomes 3) 

the transport of internalized material for recycling or back to plasma membrane or for 

lysosomal degradation. Dynein plays an important role in the multi-step endocytosis process 

(Driskell et al., 2007; Palmer et al., 2009). Several proteins associated with endosomal 

vesicles (ex. Rab family of GTPases) interact with dynein/dynactin for the transport of 

vesicles to appropriate destinations. Inhibition of dynein function via one of the earlier 

mentioned methods (overexpression or RNAi mediated depletion or microinjection of 

function blocking Abs) all lead to the retardation or inhibition of the motility of endosomes, 

dispersal of endosomes throughout the cytoplasm (Driskell et al., 2007; Loubery et al., 2008; 

Kimura et al., 2009; Flores-Rodriguez et al., 2011; Tan et al., 2011). 

Organelle positioning 

The Golgi apparatus is positioned near the microtubule organizing center/ 

pericentrosomal position (MTOC) of cells. Deletion of DHC in mice led to early embryonic 

lethality and further analysis of DHC null embryos revealed fragmentation of Golgi and the 

distribution of these Golgi fragments throughout the cytoplasm (Harada et al., 1998). 

Microinjection of function blocking antibodies against DIC, overexpression of dynamitin 

(p50 subunit of dynactin, knockout of DHC, disruption of microtubules using microtubule-

disrupting drugs such as Nocodazole (Echeverri et al., 1996; Burkhardt et al., 1997; Harada 

et al., 1998) results in the fragmentation of Golgi apparatus into mini-stacks. These reports 

indicate the role of cytoplasmic dynein and dynactin in the positioning of the Golgi apparatus 

through microtubule based mechanisms. 
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Similar to the reports that identified the role of dynein in Golgi positioning, antibody 

mediated inhibition of DIC or dynamitin overexpression resulted in the redistribution of 

mitochondria from the cell cortex to the nuclear periphery as well as the formation of highly 

branched and elongated mitochondrial structures (Varadi et al., 2004). 

Cell division 

The role of dynein in mitosis has been well established by several studies using a 

multitude of model systems. In mitotic cells, dynein is localized to mitotic spindles, 

kinetochores, and cell cortex (Pfarr et al., 1990; Steuer et al., 1990; Busson et al., 1998; 

O'Connell and Wang, 2000). In Xenopus egg extracts, the microinjection of coiled-coil 1 

(CC1) domain of dynactin p150, which inhibits dynein: dynactin interaction (Karki and 

Holzbaur, 1999; Quintyne et al., 1999) leads to the elongation of mitotic spindles, an 

indication of the role of dynein/dynactin in the regulation of spindle length (Gaetz and 

Kapoor, 2004). Dynein disruption disorganizes the positioning of spindles in mitotic, normal 

rat kidney (NRK) cells (O'Connell and Wang, 2000) and delays the onset of anaphase. 

Dynein disruption in PtK1cells and in Drosophila inhibited the kinetochore disassembly and 

inactivation of spindle checkpoint (Howell et al., 2001; Wojcik et al., 2001). Depletion of 

dynactin in C.elegans leads to the misalignment of mitotic spindles (Skop and White, 1998). 

Depletion of ZW10, a kinetochore associated protein involved in the recruitment of 

dynein/dynactin to kinetochores, or the overexpression of NudEL (an accessory factor in 

dynein: LIS1/NudE pathway) in HEK293T leads to chromosomal misalignment. In 

Drosophila, mutations in ZW10 reduced the rate of poleward movement of chromosomes 

and disruption in chromosome disjunction (Savoian et al., 2000). These studies clearly shows 

the crucial roles played by dynein in mitosis in processes such as organization and assembly 
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of spindles, capture of chromosomes, inactivation of spindle assembly checkpoint, and 

poleward motility of chromosomes. 

Nuclear migration and positioning 

 A multitude of cellular processes such as fertilization (pronuclear migration), cell 

migration (neurons), polarity establishment, cell differentiation, organization of syncytial 

cells (myotubes), and mitosis depend on the movement and positioning of nuclei to specific 

locations in the cell. Mutations in the DHC result in defective nuclear migration in C. elegans 

embryo and (Robinson et al., 1999; Fridolfsson and Starr, 2010; Fridolfsson et al., 2010). 

Several studies have shown the interaction of dynein and its components with proteins on the 

nuclear envelope (Malone et al., 2003; Zhou et al., 2009a). Overexpression of a dominant 

negative dynactin or the treatment of migrating fibroblasts with anti-dynein antibodies 

perturbs the rate of cell migration (Dujardin et al., 2003). In migrating fibroblasts, RNAi- 

mediated knockdown of dynein/dynactin mislocalizes the nuclei to the rear end of the cells 

and slows protrusion in the leading edge (Levy and Holzbaur, 2008).  

During development, neurons generated in one layer (germinal zones) migrate to their 

final positions. An integral part of neuronal migration is the migration of nuclei in a process 

termed as interkinetic nuclear migration (INM). Cytoplasmic dynein has been known to be 

involved in the movement of nuclei in neuroepithelium. Inhibition of dynein function in 

developing neuron leads to defective INM and positioning (Wynshaw-Boris and Gambello, 

2001; Shu et al., 2004; Tanaka et al., 2004; Tsai et al., 2005; Del Bene et al., 2008). RNAi 

mediated knockdown of DHC/DLIC/dynactin p150/ p50 leads to defective pronuclear 

migration in Caenorhabditis elegans embryos (Gonczy et al., 1999; Yoder and Han, 2001). 
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These results strongly suggest the crucial role dynein plays in nuclear migration in a wide 

variety of cells. 

Cellular quality control 

In addition to basic cellular functions, evidence suggests that the retrograde motility 

of dynein has been adapted by cells in the clearance of misfolded protein aggregates. 

Especially in neurons, accumulation of misfolded proteins may induce proteotoxic stress and 

may interfere with normal intracellular transport leading to neuronal death. Cells handle the 

stress induced by protein aggregates by chaperone refolding system and the ubiquitin-

proteasome degradation pathway. When the proteotoxic stress overwhelms cellular refolding 

and degradation machinery, aggresomes are formed at juxtanuclear positions followed by the 

targeting of misfolded aggregates to these structures (Johnston et al., 1998). Aggresomes are 

proteinaceous inclusions formed by misfolded proteins and aggregates. The formation of 

aggresomes requires the adaptor protein histone deacetylase 6 (HDAC6), which binds to 

ubiquitinated proteins as well as dynein/dynactin components (Kawaguchi et al., 2003). The 

role of dynein in aggresome formation was revealed by overexpression of dynactin p150 

(dynamitin), which impaired the formation of aggresomes in cells experiencing proteotoxic 

stress (Garcia-Mata et al., 1999). A  highly active version of Ras homologue enriched in 

brain (Rheb) of mouse embryonic fibroblasts (MEF) leads to disruption of dynein-dependant 

transport of misfolded proteins as subsequent aggresome formation (Zhou et al., 2009b). The 

overexpression of dynactin p50 (dynamitin) abolished the formation of large inclusions of 

mutant superoxide dismutase 1(SOD1) proteins in neuronal as well as non-neuronal cells 

(Strom et al., 2008). It has been proposed that the interaction of HDAC6 with misfolded 

ubiquitinated proteins and dynein, directs the protein aggregates to the aggresomes in a 
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dynein-dependant manner. Another adapter protein, Bcl-2-associated athanogene 3 (BAG3), 

similar to HDAC6, interacts with heat shock protein 70 (Hsp70) - a chaperone and loads its 

substrates on to dynein motor followed by their delivery to aggresome (Gamerdinger et al., 

2011). Upon reaching the destination (aggresomes) the misfolded protein aggregates along 

with the aggresomes may be eliminated by autophagy (Fortun et al., 2003; Wong et al., 

2008). Collectively, these reports strongly support the role of dynein in some pathways of 

cellular quality control. 

Disorders Associated with Dynein Dysfunction 

Due to the ubiquitous role of dynein in a variety of cellular functions, the disruption 

of dynein/dynactin functions through mutations may lead to a variety of disease conditions. 

Dynein-null mutations in mice cause early embryonic lethality where the development 

cannot progress beyond blastocyst stage (Harada et al., 1998). As mentioned earlier, dynein 

plays an important role in the alignment of the mitotic spindle, the movement of 

chromosomes during mitosis, and checkpoint signaling. Defects in any of the mitotic 

functions associated with dynein may lead to abnormal chromosomal segregation leading to 

abnormal chromosome numbers (aneuploidy) that in turn may lead to cancerous conditions 

(Mountain and Compton, 2000). Improper disjunction of chromosomes may lead to several 

genetic disorders such as Down syndrome, Patau syndrome, Edward’s syndrome, Klinefelter 

syndrome, and Turner's syndrome. 

Defects in dynein mediated nuclear migration may lead to several physiological 

disorders. Defective nuclear migration in neurons leads to Lissencephaly – a severe condition 

leading to physical and mental retardation due to imperfections in the folding of the brain’s 

gray matter (Hong et al., 2000), ataxias characterized by lack of coordination and gait 
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disorders (Gros-Louis et al., 2007). Nuclear distribution defects in myotubes may lead to 

muscular dystrophies characterized by deterioration of skeletal muscles and physical 

disability (Burke et al., 2001; Hutchison et al., 2001; Burton and Davies, 2002; Bruusgaard et 

al., 2003). 

Although intracellular transport is necessary for the function of all cells, polarized 

cells, such as neurons, have specific transport needs due to their asymmetry and elongated 

shape. These extraordinary requirements necessitate efficient long range microtubule based 

transport mechanisms (Hirokawa and Takemura, 2005; Zheng et al., 2008; Harada, 2010). 

The anterograde transport needs in these cells are satisfied by a variety of kinesins but only a 

single dynein fulfills the retrograde transport requirements. Dynein plays a critical role in the 

process of axonal transport (long-range trafficking of cargoes between axonal tip and 

neuronal cell body mediated by microtubule-based motors) as well as clearance of misfolded 

aggregate-prone proteins in neurons. Given the critical functions performed by dynein in 

neurons, even a minor dysfunction in the dynein/dynactin pathway may render neurons 

acutely vulnerable and may lead to several neuronal disorders. Defects in retrograde axonal 

transport and formation of aggregates comprising of misfolded proteins have been observed 

in animal models of amyotrophic lateral sclerosis (ALS) (Perlson et al., 2009; Perlson et al., 

2010), Huntington’s disease (Gunawardena et al., 2003; Caviston and Holzbaur, 2009), 

Parkinson’s disease (Tan et al., 2009), and Alzheimer’s disease (Stokin et al., 2005). 

Mutations in the components of dynein/dynactin pathway have been reported to cause 

neurodegenerative diseases. One such mutation was identified in the p150 subunit of 

dynactin. This mutation corresponds to missense substitution of a glycine at amino acid 59 to 

a serine (G59S) and is located in the CAP-Gly domain - one of the two microtubule binding 
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domains of dynactin p150 (Puls et al., 2003). Individuals harboring this mutation develop 

distal spinal and bulbar muscular atrophy (dSBMA), a form of motor-neuron disease 

characterized by vocal fold paralysis, and atrophy in face, hands and legs (Puls et al., 2003; 

Puls et al., 2005). Furthermore, additional mutations in the CAP-Gly domain of dynactin 

p150 are a likely cause of a lethal form of neurodegeneration termed as Perry syndrome 

(Farrer et al., 2009). The mutations were identified as G71R, G71E, G71A, T72P, and Q74P, 

all located close to the G59S. Patients with Perry syndrome exhibit Parkinsonism, 

psychological changes and hypoventilation. Biochemical and cell biological analysis of 

dynactin mutations demonstrated that mutant dynactin p150 exhibit reduced affinity for 

microtubules and have high propensity to misfold resulting in both loss of function as well as 

toxic gain of function that may lead to neurological disorders. Mouse models disrupted for 

dynactin p150 functions support the dynein/dynactin mediated neurodegeneration hypothesis. 

Transgenic mice carrying G59S mutation or overexpressing dynactin p50 (dynamitin) 

subunit exhibit defects in axonal transport and also develop late-onset motor neuron 

degeneration, mimicking conditions observed in patients harboring G59S mutation or 

suffering from ALS (LaMonte et al., 2002; Lai et al., 2007). 

DHC mutations in mice cause neuronal disorders. Three lines of mutant mice, termed 

as “Legs at odd angles” (Loa), “Cramping 1 (Cra1), and “Sprawling” (Swl) have been 

generated via N-Ethylnitrosourea (ENU; Loa, Cra1) and radiation (Swl) based mutagenesis 

approaches (Duchen, 1974; Hafezparast et al., 2003; Chen et al., 2007). The Loa mutation 

corresponds to the missense substitution of phenylalanine at position 580 to a tyrosine 

(F580Y) where as the Cra1 represents Y1055C change. 
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Figure 11.  Representative image showing abnormal posture of Loa+/- mice (adapted from 
Fisher et.al. 2008; Publisher: BioMed Central). As can be seen Loa+/- mouse exhibit unusual 
twisting of the body and clenching of the hind limbs in a tail suspension test. Swl+/- mice 
display a similar phenotype. Chapter 3 describes the introduction and analysis of this mouse 
mutation in N. crassa.  
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In contrast to Loa and Cra1, Swl mutation is a three amino acid deletion at position 1040 -

1043. All mutations are located in the tail domain of DHC that is responsible for dimerization 

and interaction with other protein partners (Tynan et al., 2000a). Characterization of the 

phenotypes of these mouse models in a heterozygous background (Loa+/- and Cra1+/-) shows 

defects in posture and movement (figure 11). These mice also show unusual twisting of body 

and clenching of hindlimbs in a tail suspension test (figure 11) (Rogers et al., 2001). 

Characterization of the Loa and Cra1 shows abnormal distribution of Golgi in neurons 

isolated from heterozygous mice (Loa+/- and Cra1+/-). Homozygotes of mutant mice display 

perinatal lethality and neurons isolated from homozygous mice (Loa-/- and Cra1+/-) exhibit 

reduced retrograde transport velocities (Hafezparast et al., 2003). A study using Loa mice 

reveal that the mutation may affect the processivity of dynein by affecting the head: head 

coordination which in turn could give rise to disease phenotypes (Ori-McKenney et al., 

2010). Until now, dynein neurodegenerative mutations were limited to mouse models. A few 

studies have identified human DHC mutations in the tail (H306R, I584L, and K671E) and the 

AAA5 domain (H3822P) of dynein and these mutations are implicated in neurological 

disorders (Vissers et al., 2010; Weedon et al., 2011).  

In addition to diseases that rise due to dynein dysfunction, viruses also depend on 

dynein machinery for the infection of cells. Viruses gain entry into cells by several 

mechanisms including membrane fusion followed by endocytosis or through membrane 

receptors. Upon entry into cells viruses reach the nucleus by hijacking dynein mediated 

retrograde transport mechanism. Several studies show the direct interaction of viral 

components with dynein motor machinery (Alonso et al., 2001; Douglas et al., 2004; 

Bremner et al., 2009; Kubota et al., 2009; Kannan et al., 2009). Mutagenesis of dynein 
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interaction motifs in the viral proteins results in non-infective virions (Petit et al., 2003; 

Hernaez et al., 2010) or the overexpression of dynactin p50 (dynamitin) alters the retrograde 

transport of viruses (Alonso et al., 2001; Dohner et al., 2002). The reports strongly support 

the role of dynein dysfunction/misregulation in human diseases and warrant a thorough 

understanding of dynein functions that may aid in effective clinical interventions. 

Challenges in Studying Dynein Function 

Despite several biochemical, cell biological and genetic studies, the 

mechanochemistry of dynein and its intracellular functions is not completely understood. As 

mentioned in the previous sections, a majority of knowledge about dynein functions in 

mammalian cells is derived from approaches (function-blocking antibodies, RNAi mediated 

suppression, and overexpression of dynactin subunits) that indirectly perturb dynein function 

in the cells. Even though these approaches are specific to dynein/dynactin functions, given 

the essential role of dynein in several cellular processes, the resulting defects may lead to 

pleiotrophic effects obscuring a correct understanding of dynein function and regulation. One 

of the important approaches in studying protein functions is through mutational analyses. 

This approach has offered a wealth of information about the role and regulation of the 

component under study in a variety of cellular processes (Hartwell et al., 1974; Novick et al., 

1981). Mutational analyses of dynein have not been previously feasible in most eukaryotes 

due to its indispensable role in a variety of cellular processes. The deletion of dynein in mice 

leads to death prior to gastrulation (Harada et al. 1998). Previous reports on dynein mutations 

were limited to heterozygous genotypes of mice due to embryonic/perinatal lethality 

associated with homozygous genotypes (Hafezparast et al. 2003). One of the problems 

associated with studying dynein mutations under heterozygous conditions is that the DHC 
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dimers can have varying allelic compositions resulting in a range of dynein complexes. The 

compositional heterogeneity complicates a thorough understanding of the effects of DHC 

mutations on dynein mechanochemistry and dynein functions. These challenges necessitate 

the development of a good model system to understand dynein mechanochemistry as well as 

its functions. 
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Neurospora Crassa as a Model System for Studying Dynein Function 
 

Neurospora crassa has a haploid genome and exhibits two phases of growth 

characterized by an asexual and sexual cycle. The asexual phase of the cycle is of 

considerable interest for the current study and occurs in the following steps (figure 12 a).  

1) The microconidia or macroconidium (spores) germinate and exhibit polarized growth by 

elongation of mycelia (hypha; figure 12 b) that are multinucleate and branched, 

 2) The mycelium develops further by forming aerial hyphae that in turn forms the 

macroconidia,  

3) The macroconidia disperse and under appropriate conditions once again gives rise to 

mycelia repeating the cycle.  

The majority of studies on cellular processes related to eukaryotic biology in 

filamentous fungi were carried out at a specific stage (mature hyphae) of the asexual cycle. 

As in other filamentous fungi, the hypha is characterized by long, polarized, filament-like, 

multinucleate cells which form the basic unit of N. crassa. The hyphae grow by the 

expansion of the apex (Bartnicki-Garcia and Lippman, 1969). Hyphal tip expansion 

comprises of the establishment of apical polarity and the maintenance of this polarity 

throughout hyphal growth. The maintenance of hyphal tip polarity in conjunction with 

continuous expansion leads to the formation of long, polarized cells which similar to 

neuronal cells raises new requirements. Several models including biomechanics of the 

hyphae as well as microtubule-based long-range transport mediated tip expansion have been 

proposed so far, of which the latter mechanism is of particular interest for this study. 

According to the microtubule transport tip growth model, hyphal growth is accompanied by 

the coordination of vesicular transport including endo and exocytosis (figure 13). 
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a 

 

             b 

                          

 
Figure 12.  N. crassa asexual life cycle. (a) Asexual lifecycle of N. crassa. Microconidia 
(uninucleate) or macroconidia (multinucleate) can germinate and produces a short germ tube 
(hypha) growth, which creates a mesh of radiating hyphae. Of interest to us is the mycelial 
growth characterized by basic unit of fungal growth, hyphae (b) Representative image of 
hyphal cell. Key structures within the hypha are labeled. Of interest to us is the tip of the 
hyphae spanning ~ 100 µm which is considered as the active region of growth. 
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Exocytosis involves the polarized transport of secretory vesicles comprising membranes, cell 

wall precursors (chitin synthases, lysins) required for growth as well as extracellular enzymes 

released into the medium for substrate lysis (Bartnicki-Garcia and Lippman, 1969; Harold, 

1990; Bartnicki-Garcia and Bartnicki, 1995). The polarized delivery of secretory vesicles, as 

well as components of growth apparatus to the hyphal tip, leads to the formation of 

Spitzenkörper (Spk) - an organized cluster of vesicles at the hyphal apex. In addition to 

exocytosis, the Spk plays a role in endocytosis. The role of Spk in endocytosis is evidenced 

by the internalization of FM4-64 dye into fungal hypha and its incorporation into Spk, the 

apical vesicle cluster, the vacuolar membrane and mitochondria (Fischer-Parton et al., 2000). 

FM4-64 is a fluorescent amphiphilic dye that cannot enter intact cells by unfacilitated 

diffusion and therefore are used as reporters of endocytosis and vesicular traffic (Illinger and 

Kuhry, 1994; Betz et al., 1996). The position of the Spk determines the growth, morphology, 

and direction of hyphal growth in fungal hyphae (Bartnicki-Garcia and Bartnicki, 1995; 

Reynaga-Pena et al., 1997; Riquelme et al., 1998). It has been proposed that the Spk can act 

as a vesicle supply center (Gierz and Bartnicki-Garcia, 2001; Harris et al., 2005; Virag and 

Harris, 2006; Steinberg, 2007; Harris, 2009) and aid in tip expansion through both 

exocytosis-mediated apical delivery and endocytosis-mediated membrane recycling 

processes.  

Microtubule organization in N. crassa 

The microtubules in filamentous fungi, as in other eukaryotes, are dynamic structures and are 

involved in the maintenance and support of the hyphal shape, hyphal growth, and intra- 
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Figure 13.  Model of hyphal tip growth governed by coordinated intrahyphal transport. The 
cartoon represents growing hyphal tip with different spatial distributions of organelles. The 
polarity of the microtubule (green line) is marked with plus end (+) at the extreme tip and 
minus end at the region distal to tip (-). The Spitzenkörper (Spk; purple) located at the 
extreme tip of the hyphae is represented by multi-vesicular structure. Golgi (brown) and the 
secretory vesicles (pink) derived from Golgi are located in the distal regions. Secretory 
vesicles containing cell wall precursors and cell wall synthetic enzymes for growth are 
transported by kinesin. These vesicles fuse with the plasma membrane emptying their 
contents for tip growth. The vacuole (white) is also located in the distal region. Old/less 
active membrane and growth components can be transported by dynein mediated endosomal 
transport back to the Golgi or vacuole for recycling or degradation. Nuclei are positioned by 
the action of dynein/dynactin (blue). Note that endoplasmic reticulum and mitochondria that 
accumulate at the hyphal tip have been omitted for simplicity. 
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hyphal organelle transport (Plamann et al., 1994; Morris et al., 1995; Suelmann and Fischer, 

2000; Horio and Oakley, 2005; Fuchs et al., 2005; Mourino-Perez et al., 2006). 

The microtubule cytoskeleton in N. crassa is complex in comparison to other 

filamentous fungal models (e. g. Aspergillus nidulans and Ustilago maydis). In N. crassa, 

microtubules are long, numerous (as opposed to 3-6 in A. nidulans or U.maydis) and 

arranged parallel to the longitudinal axis of the hyphae (Freitag et al., 2004; Mourino-Perez 

et al., 2006). In contrast to A. nidulans and U.maydis where the microtubule plus ends are 

directed towards the hyphal tips (Zhang et al., 2003; Konzack et al., 2005; Schuchardt et al., 

2005), microtubules in N. crassa exhibit mixed polarity closer to the tips (Mourino-Perez et 

al., 2006). The microtubules in N. crassa originate from the spindle pole body (SPB) - the 

fungal equivalent of centrosomes, embedded in the nuclear envelope (Jaspersen and Winey, 

2004). The SPB contains γ-tubulin, a specialized tubulin isoform required for microtubule 

nucleation (Oakley and Oakley, 1989; Oakley et al., 1990; Horio et al., 1991; Shu and Joshi, 

1995; Jung et al., 2001). Each nucleus in the multinucleate hyphae can act as microtubule 

organizing center (MTOC) giving rise to numerous microtubules that are long and often 

extend into the hyphal apex and pass through the Spk.  

Nuclear migration and positioning in N. crassa 

N. crassa exhibits growth rates of up to 10 µm/min (Steele and Trinci, 1975; Trinci, 

1975; Seiler and Plamann, 2003; Plamann, 2009). The fast growth rates require a constant 

supply of cell wall growth materials that are sustained by the presence of multiple nuclei 

which in turn require appropriately large volumes of cytoplasm. N. crassa undergoes closed 

(intact nuclear envelope), asynchronous nuclear division (Roca et al., 2010) (nuclei divide 

independently of the neighboring nuclei) without cytokinesis that leads to the formation of 
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syncytia (multiple nuclei sharing the same cytoplasm) (Gladfelter et al., 2006). The presence 

of multiple nuclei in the same location may result in clustering and disruption of nucleo: 

cytoplasmic ratios that would in turn interfere with many of the cellular processes. To avoid 

the adverse effects imparted by clustered nuclei as well as to position nuclei in the sites 

(hyphal tips) that requires its (nuclear) functions, the nuclei undergo migration and are more 

or less evenly distributed along the hyphae. 

Colonial temperature sensitive (cot-1ts) gene and the dynein/dynactin pathway 
 

N. crassa strains deficient in dynein/dynactin functions were identified by employing 

a genetic screen for partial suppressors of Cot-1ts strains (Plamann et al., 1994; Bruno et al., 

1996; Tinsley et al., 1996; Minke et al., 1999a). Cot-1 gene encodes for a serine/threonine 

protein kinase and has been implicated in hyphal elongation (Yarden et al., 1992). Mutations 

in the Cot-1 gene lead to a temperature sensitive colony growth phenotype. At permissive 

temperatures (28°C), Cot-1ts colonies exhibit normal radial growth similar to the wildtype 

strains. At restrictive temperatures (37°C), Cot-1ts strains exhibit colonial growth (restricted) 

characterized by compact colonies that display highly branched hyphae (figure 14). By 

utilizing the Cot-1ts strains Plamann et.al, (1994) developed a genetic screen for the 

identification and isolation of strains deficient for dynein/dynactin functions. In this screen, 

colonies arose spontaneously that suppressed the Cot-1ts compact growth phenotype and 

reinstated near-wildtype growth at restrictive temperatures (figure 14). When the Cot-1ts 

suppressor strains are grown at 28°C they exhibit an altered growth phenotype in comparison 

to wildtype that was characterized by “rope” like curled hyphae (referred to as ropy) (figure 

14). The screen isolated over 600 Cot-1ts suppressor strains that exhibited ropy growth 

phenotype (table 2). 
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Figure 14.  N. crassa colony morphology. When a cot1ts (top, left panel) strain is grown at 
permissive temperature (28°C), it exhibits straight hyphal growth morphology. At restrictive 
temperature (top, right panel; 37°C) cot1ts strains exhibit compact colony growth. cot1ts 

suppression mediated by ropy mutations lead to curly hyphal growth morphologies at 
permissive temperatures (bottom, left panel) and enlarged colony morphology at restrictive 
temperatures (bottom, right panel).  
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Further genetic analysis indicated the Cot-1ts suppressor mutations are located in genes 

encoding components of the dynein/dynactin pathway (table 2) implying that the loss of 

dynein/dynactin function leads to Cot-1ts suppression and ropy growth. 

Although the exact mechanism behind the suppression of Cot-1ts growth phenotype 

by dynein/dynactin mutations is not completely understood, a possible mechanism could be 

speculated based on localization and mutational analyses. In wildtype strains, Cot-1 exhibited 

punctate staining that is evenly distributed along the entire length of the hypha. In DHC 

mutant strains, Cot-1 signals exhibited clustering at the hyphal apex (Seiler et al., 2006). In 

strains defective for conventional kinesin (Nkin) the Cot-1signals are localized to subapical 

regions of the hyphae. These results indicate the activity of kinesin for Cot-1 delivery to the 

hyphal apex and the possible role of dynein in the recycling of Cot-1 from the hyphal apex 

back to the subapical regions. Mutations in dynein/dynactin that disrupts retrograde transport 

in the mutant strains leads to the accumulation of partially functional mutant Cot-1in the 

hyphal apex that consequently aids in elongation of hyphae.  

Effect of dynein/dynactin disruption on intracellular functions of the hyphae 
 
  Disruption of dynein and dynactin functions in N. crassa alters multiple aspects of 

fungal growth and maintenance. First, the formation, maintenance and the integrity of the 

vesicle supply center (Spk) is dependent on microtubule network and associated motor 

proteins. The role of microtubule-based transport for proper Spk function is evidenced by 

defects in the formation and behavior of Spk in strains disrupted for microtubule motors 

(Seiler et al., 1997; Riquelme et al., 2000; Riquelme et al., 2002). 
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Table 2.  Conservation of microtubule based transport components in higher eukaryotes and 
N. crassa. 

S.no. Dynein components N. crassa 
Homologs 

Number of 
independent alleles 

1 Dynein Heavy Chain ro-1 290 

2 Dynein Intermediate Chain ro-6 55 

3 Dynein Light intermediate Chain ro-13 38 

4 Dynein Light Chain,LC8 dyn-1 0 

5 Dynein Light Chain,Tctex1 dyn-2 0 

6 Dynein Light Chain, Roadblock dyn-3 0 

 Dynactin components   

7 p150 ro-3 62 

8 P50/dynamitin ro-14 29 

9 p24 ro-10 17 

10 Arp1 ro-4 56 

11 Arp11 ro-7 40 

12 p62 ro-2 31 

13 p25 
 ro-12 5 

14 p27 dyn-4 0 

 Total number of dynein/dynactin mutations 623 

 Other components of transport   

15 Lis1 ro-15 46 

16 NudE ro-11 40 

17 Conventional kinesin Nkin - 

18 Tubulin Bml - 
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The numbers on the right correspond to the number of N. crassa strains carrying mutations in 
components of dynein/dynactin pathway. 
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Movement of vesicular organelles in mutant strains were greatly reduced suggesting that 

defective transport of components could lead to defects in Spk formation and functions. 

Several studies have revealed the role of cytoplasmic dynein in the organization of 

microtubules and the maintenance of hyphal morphology. Strains null for DHC (ro-1) or 

dynactin p150 (ro-3) exhibit disorganization of microtubules, reduction in the number of 

microtubules, altered microtubule dynamics, variations in the size of Spk, altered hyphal 

elongation rates and morphology (Riquelme et al., 2000; Riquelme et al., 2002; Uchida et al., 

2008; Ramos-Garcia et al., 2009). These reports demonstrate the crucial role of dynein in the 

organization and maintenance of an intact microtubule network necessary for normal hyphal 

growth.  

N. crassa employs a dynein based mechanism for nuclear migration. The role of 

dynein/dynactin in nuclear migration is revealed by studies that isolated N. crassa ropy 

mutants that are defective in nuclear migration (Plamann et al., 1994; Bruno et al., 1996; 

Minke et al., 1999a; Minke et al., 1999b). In ropy strains nuclei undergo divisions but the 

divided nuclei are clustered at distal regions (conidia) of the hyphae due to defects in 

migration (figure 15). Similar defective nuclear migration phenotypes have been observed in 

other fungal systems such as A.nidulans (nuclear distribution - Nud), A. gossypii , N. 

haematococca, U.maydis, and S. cerevisiae that are defective in dynein/dynactin functions 

(Eshel et al., 1993; Yeh et al., 1995; Suelmann et al., 1997; Carminati and Stearns, 1997; 

Kahana et al., 1998; Inoue et al., 1998; Alberti-Segui et al., 2001; Straube et al., 2001; Xiang 

and Fischer, 2004) further supporting a dynein-mediated nuclear migration mechanism. 
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Figure 15.  Nuclear distribution in N. crassa. (a) DAPI stained germlings of wildtype and 
DHC null strains. Hyphal growth initiates in the conidia (large swelling) giving rise to the 
germ tube that latter develops into mature hyphae. In wildtype cells nuclei migrate from the 
conidia and move through the germ tube towards the growing hyphal tip. Notice that WT 
nuclei are more are less evenly distributed across the length of the hyphae. In DHC null 
mutant (DHC knockout) nuclei are clustered in the conidia. (b) Nuclei visualized by GFP 
(Green Fluorescent Protein) tagged histone-H1 in the mature hyphae of wildtype and DHC 
null strains. In the mature hyphae of wildtype strains, nuclei are more numerous in 
comparison to the germlings and are transported towards the hyphal tip. Note the gap 
between the leading nuclei and the extreme tip. This gap is termed as the “Nuclear Exclusion 
Zone”. In DHC null strains nuclei can migrate and can reach closer to tips through 
cytoplasmic bulk flow but may require dynein for positioning as seen by the increased 
nuclear exclusion zones. Scale bar = 10 µm. (adapted with permission from Ramos-Garcia et 
al., 2009; copyright 2009, American Society for Microbiology) 
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Advantages of Using N. crassa as a Model System 

N. crassa offers several significant advantages for studying microtubule based 

transport mechanisms and can be used as an alternative model for studying long range 

trafficking. Several of the intracellular transport components including dynein found in 

higher eukaryotes are conserved in N. crassa (table 2). As discussed in the previous sections, 

similar to higher eukaryotes, dynein performs multiple functions in the fungal hyphae that 

range from organellar motility, microtubule organization, and nuclear migration and 

positioning. The limitations, such as developmental defects and embryonic/perinatal lethality 

associated with studying dynein (DHC) mutations in diploid organisms, can be circumvented 

by employing N. crassa as a model system. Unlike other eukaryotes where dynein is essential 

for the survival of cells, N. crassa does not depend on dynein function for cellular viability. 

The non-requirement of dynein for cellular viability aids in an elegant, unmatched, and a 

straightforward way to isolate mutations in dynein associated components. Some of the 

components of the dynein complex such as the DHCs are structurally conserved between N. 

crassa and higher eukaryotes (figure 16). N. crassa has a haploid genome, which ensures that 

any mutation or alteration introduced in the single locus of any dynein gene will result in a 

homogenous pool of motor complexes. Finally, the polarized growth of fungal hyphae and its 

dependence on microtubule-based long-range transport mimics neuronal maintenance and 

growth.  
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Figure 16.  DHC sequence similarity. The matrix analysis shows the alignment of DHC 
sequences from Neurospora and yeast with mouse DHC. Regions of similarity stand out as 
diagonal dotted lines. Note the yeast DHC shows a low sequence similarity with mouse 
DHC. The Pustell plot was generated using a PAM 250 scoring matrix, a minimum similarity 
score of 60%, and a window size of 12 and a hash value of 2. Accession numbers for N. 
crassa DHC (XP_962616.1), S.cerevisiae (NP_012980.1), and M.musculus (NP_084514.2). 
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CHAPTER 2 

MATERIALS AND METHODS 

Strains, Media and Growth Conditions 

Table 3 shows a list of primary N. crassa strains used and their genotypes. N. crassa 

strains were grown on Vogel’s minimal medium, supplemented with 2% sucrose (VSM) at 

28°C. All reagents for media, supplements and buffers were purchased from Fisher Scientific 

unless otherwise indicated. Radial growth rates were determined from appropriate strains that 

were centrally inoculated on 150 x 15 mm petri dishes and grown for 16 hrs. After this initial 

growth period, fungal colony diameters were measured at 8 hr intervals over the next 48 

hours.   

Generation of Constructs and Strains with Dynein & Dynactin Fluorescent Fusions 
 

DIC-mCherry was created by fusing mCherry (CLONTECH laboratories, Inc.) to the 

C-terminus of N. crassa dynein intermediate chain (ro-6) by PCR techniques and cloned into 

pBluescript to generate pDIC-mCherry. A ten amino acid, (GGGGS)2 flexible linker 

(Wriggers et al., 2005) was added between DIC and mCherry coding sequences. EGFP-p150 

was created by fusing EGFP (Enhanced Green Fluorescent Protein; CLONTECH 

laboratories, Inc.) to the N-terminus of N. crassa dynactin p150 (ro-3). All fusion protein 

constructs were cloned inframe and confirmed by DNA sequencing.   

Transformation. A 2.7 kb fragment encoding 1.8 kb DIC sequence, mCherry 

fluorescent tag, and a 0.8 kb DIC downstream sequence from the pDIC-mCherry was PCR 

amplified to generate a linear transformable DNA. This DNA fragment was integrated into 

the native DIC locus (ro-6) by homologous recombination (figure 19 a). The DNA was 

transformed into a N. crassa DIC mutant ropy strain that carried a 7 bp deletion at nucleotide 
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position 1695 (ro-6 Δ 1695-1702) in the DIC coding sequence (Davis, 2000). DIC-mCherry 

positive colonies were identified based on 1) transformation mediated rescue of ropy 

phenotype of DIC-mutant strain leading to wildtype growth, and 2) detection of mCherry 

fluorescence. The correct integration of DIC-mCherry onto the native locus was verified by 

genome sequencing. The colony morphology and radial growth rates of the DIC-mCherry 

strain were indistinguishable from untransformed wildtype strain (figure 19 b, c). A similar 

approach was used to generate an N-terminal EGFP fusion of the p150 subunit of dynactin. 

The DIC-mCherry strain was crossed with all the 34 DHC mutant strains (Fig. 1; Table S1) 

using standard procedures (Davis, 2000). Once the 34 DHC mutant strains with DIC-

mCherry were isolated, genetic crosses were made with strains carrying EGFP-p150, β-

Tubulin- GFP (FGSC # 9520) and histone H1-GFP (FGSC # 9518) to generate progeny that 

carried DHC mutations and were double labeled (table 3). A sequence encoding dual affinity 

tags comprising of a hexahistidine (HHHHHH) and a Strep-tag II (WSHPQFEK) tag 

(Schmidt and Skerra, 2007) were fused to the C-terminus of DIC using a strategy similar to 

the one employed to generate the DIC-mCherry strain. 
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Table 3.  Primary Neurospora crassa strains used in this study 

Genotype Source Description 

mat a FGSC WT strain (FGSC # 4200) 

mat A FGSC WT strain (FGSC # 2489) 

mat a; kin-1 FGSC Nkin mutant strain (FGSC # 
9939) 

mat a; ro-3::hygr FGSC Dynactin p150 Δ mutant 
strain (FGSC # 14726) 

mat A his-3+::Pccg-1-hH1+-sgfp+ FGSC Histone h1-GFP strain 
(FGSC # 9518) 

mat a ro-6 7bp Δ 1695 This study DIC mutant strain 

mat A ro-6+::mCherry+; Δ ro-3 This study Dynactin p150 Δ mutant - 
DIC-mCherry strain 

mat A ro-6+::mCherry+; kin-1 This study Nkin mutant - DIC-mCherry 
strain 

mat A ro-6+::mCherry+; Δ ro-3 This study Dynactin p150 Δ mutant - 
DIC-mCherry strain 

mat A; C102(t); qde-2::Bml^R; Δ mus-
52::bar+ 

This study Cot-1 temperature sensitive 

mat a; ro-1K770*; qde-2::Bml^R; Δ mus-
52::bar+ 

This study 

 
DHC K770Stop 

mat a; ro-1F607Y; qde-2::Bml^R; Δ mus-
52::bar+ 

This study 

 
DHC Loa 

mat A ro-6+::mCherry+ This study 

 
WT DIC-mCherry 

mat A; ro-3+::EGFP+ This study 

 
WT EGFP-dynactin p150 

rid(RIP1) mat A his-3+::Pccg-1-Bml+-
sgfp+ 

FGSC 

 
Tubulin-GFP (FGSC # 9520) 

FGSC – Fungal Genetics Stock Center 

Table 3 continued 
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Genotype Source Description 

mat a his-3+::Pccg-1-Bml+-sgfp+ ro-
6+::mcherry+ 

This study 
 

WT, DIC-mCherry - Tub-GFP 

his-3+::Pccg-1::tdimer2(12)::cax+ 
 

FGSC 
 

WT RFP-Cax (FGSC # 10157) 
 

mat A ro-6+::hs+ 
 

This study 
 

WT DIC-6xHis-Strep-tag II 
strain 
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Generation of the DHC Loa Mutant Strain 

A DNA fragment encoding the N-terminal 840 amino acids of the DHC (ro-1) was 

cloned into pBluescript using standard PCR and cloning techniques to generate pDHC. This 

plasmid was used as a template for the introduction of the stop mutation and Loa mutation to 

generate the plasmids pDHCK770* and pDHCF607Y, respectively. The Loa mutant strain was 

generated in two steps (figure 33). The dynein loss of function mediated Cot-1ts partial 

suppression (Plamann et al. 1994) was utilized for generating a ropy strain carrying a 

premature stop codon at position 770. Using the plasmid pDHCK770* as a template, a 1.1 kb 

linear transformable DNA fragment encoding the stop mutation and flanking DNA sequences 

was PCR amplified for integration into the native DHC locus. The DNA was transformed 

into the Cot-1strain modified for efficient homologous recombination (Ninomiya et al. 2004; 

Kuck and Hoff 2010). Strains carrying the stop codon mutation were identified by Cot-1ts 

suppression and ropy growth phenotype at restrictive and permissive temperatures 

respectively. The presence of the stop codon at position 770 was confirmed by DNA 

sequencing. The DHCK770* strain was then transformed with a DNA fragment encoding the 

Loa mutation. Integration of the transformed DNA rescued the ropy growth phenotype but 

did not suppress Cot-1ts indicating that the mutation does not impart a complete loss of 

dynein function. Strains exhibiting rescued growth were subject to DNA sequencing, which 

confirmed the presence of the Loa mutation and the replacement of the K770 stop codon. 

Generation of Heterokaryons 

To study colocalization of EGFP-dynactin p150 with VMA-1/ CAX -RFP fusions 

heterokaryon strains were generated. Heterokaryons were used instead of strains doubly 

labeled because N. crassa employs several mechanisms to silence repetitive DNA sequences 
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during specific stages of its sexual phase of life cycle (Selker 1990; Cogoni and Macino 

1999; Shiu et al. 2001). Because the endomembrane markers were labeled with tDimer2 (12), 

which is a direct tandem repeat of the dsRed fluorescent tag, the gene would have been 

silenced by the genomic-defense mechanisms of N. crassa during mating (Selker 2005). To 

generate heterokaryons, conidia from the corresponding strains were collected and suspended 

in VSM media using standard techniques. 

Imaging 

For live-cell imaging, strains were grown on a slide coated with a thin film of VSM 

agar for 16-18 hrs at 28°C. Epi-fluorescence microscopy was performed using an Olympus 

BX50 microscope equipped with a mercury light source. Samples were visualized using U 

Plan FI dry 20X (0.50 na) or oil immersion 100X (1.3 na) objective lenses. The GFP and 

mCherry fluorescence was detected by appropriate emission and excitation filter sets. Images 

and movies were captured with a SPOT RT-SE 18 camera system (Diagnostic Instruments) 

using SPOTTM software (v3.5.9). The images were processed in Adobe Photoshop. 

Classifications of the dynein localization phenotypes were performed manually by visual 

examination of at least 50 low as well as high magnification fluorescence micrographs from 

each strain studied. The spatial variations in dynein fluorescence in relation to the hyphal 

structure were confirmed by fluorescence intensity profiles. The line-scan analysis tool in 

Metamorph software (Molecular Devices) was used for the measurement of fluorescence 

intensity (expressed as mean gray values) profiles. The area of analysis was defined by a line 

width that covered the width of the hyphae and a line length drawn from the hyphal tip up to 

120 µm back from the tip. Fifteen hyphae from each class were randomly chosen from 

images taken at the same magnification and exposure settings for fluorescence intensity 
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determination. Fluorescence intensity values from an untransfected control strain were used 

to determine the background fluorescence that was then subtracted from the values derived 

from other strains. The mean and the standard error were plotted using Kaleidagraph. 

Fluorescence intensities of the spherical structures in wildtype and Loa mutant strains 

were determined using NIH ImageJ software. The fluorescence intensity (expressed as mean 

gray values) of individual spheres were determined by manually selecting spheres and 

measuring the mean gray value within the selection and normalizing the data with the gray 

value measurements of regions close to corresponding spheres. The final fluorescence 

intensity measurement from each strain was determined from the average of the gray values 

from measuring 25 individual spheres from each strain. 

Distance measurements were made using SPOT software. Data are expressed as the 

mean ± S.D. Fluorescence intensity of the comet tails from wildtype and class 3 mutant 

strains were determined using NIH ImageJ software. The fluorescence intensity (expressed as 

mean gray values) of individual comet tails were determined by manually selecting a comet 

tail and measuring the mean gray value within the selection and normalizing the data with the 

gray value measurements of regions close to corresponding comet tails. The final 

fluorescence intensity measurement from each strain was determined from the average of the 

gray values from measuring at least 40 individual comet tails from each strain. 

Benomyl Treatment 

  VSM liquid media containing 10 µM benomyl (DuPont, Wilmington, DE) was added 

to a colony on the slide cultures at room temperature. Benomyl treatment led to the 

disruption of microtubules in approximately five minutes after which the hyphae were 

imaged. As a control, media containing DMSO was added to the colony. 
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Purification of Dynein from N. crassa 

N. crassa strains expressing DIC-His-Strep affinity tags were homogenized with 

buffer A (35 mM PIPES, pH 7.0, 5mM MgSO4) supplemented with 1mM EGTA, 0.5 mM 

EDTA, 1mM DTT, 0.5 mM ATP and protease inhibitor cocktail (0.25 mM 

phenylmethanesulfonyl fluoride , 0.5 g/ml Leupeptin, 1.0 µg/ml Pepstatin A, 10 µg/ml 

tosylphenylalanine chloromethyl ketone, 10 µg/ml N-tosyl- L-lysine chloromethyl ketone, 10 

µg/ml p- toluenesulfonyl-L-arginine methyl ester). The supernatant after ultracentrifugation 

was loaded on to a SP Sepharose column (GE Healthcare Uppsala, Sweden) and bound 

protein was eluted with 500 mM KCl in buffer A. The eluted fraction was then loaded onto 

HiTrap chelating HP column (GE healthcare, Uppsala, Sweden) charged with CoCl2 (Fisher 

Scientific) and the bound protein was eluted with 250 mM imidazole (Acros, New Jersey) in 

buffer A. The eluted protein was then loaded onto a StrepTrap column (GE Healthcare 

Uppsala, Sweden) and the bound protein was finally eluted with 2.5 mM d-Desthiobiotin 

(Sigma) in buffer A supplemented with 1mM EGTA, 0.5 mM EDTA, 1mM DTT, 10 µM 

ATP. A schematic of the purification procedure and profile of samples from various stages of 

are shown in figure 17. 

Microtubule Cosedimentation Assay 

Purified N. crassa dynein was incubated at 32° C for 20 mins with 5 µM taxol 

stabilized microtubules in the presence of 1mM ATP, ADP, AMP-PNP or nucleotide-free 

conditions. Samples were subject to centrifugation and the supernatant and pellet fractions 

were resolved by electrophoresis through 7.5 % acrylamide gel, stained with Coomassie 

Brilliant Blue and were digitized using a Hewlett Packard Scanjet 7400c scanner. Digital  
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Figure 17.  Purification of dynein from N. crassa. (a) Purification scheme showing the steps 
involved in the isolation of fungal dynein. The initial chromatographic step utilizes the SP-
Sepharose cation exchange resin for the capture and concentration of proteins from the 
lysate. Following cation chromatography, dual-affinity tags; hexahistidine and Strep II tag 
(HS) fused to the C-terminus of the DIC were utilized for further purification and polishing 
steps. (b) A silver-stained gel illustrating samples from different stages of the purification 
protocol ran on a SDS-PAGE gel. Note the purity of dynein at the final stage of the 
preparation (StrepTactin).  
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images were analyzed using NIH ImageJ software and dynein heavy chain bands in the 

supernatant and pellet fractions were quantified densitometrically. 

ATPase Assay 
 

The ATPase activity of N. crassa dynein was measured by a radio thin-layer 

chromatography (TLC) assay (Gilbert and Mackey, 2000; Mesngon et al., 2006). The 

reactions were performed in BRB80 buffer (80mM PIPES, 1mM EGTA, 1mM MgCl2, pH 

6.9) supplemented with 1mM ATP, and 10 µCi α-32P-ATP (Perkin Elmer, Boston, MA) in 

the absence or presence of 5 µM taxol stabilized microtubules. The amount of radiolabeled 

ADP generated after 60 min’s was determined to measure the rate of ATP hydrolysis. 

Reaction samples spotted onto PEI-Cellulose F TLC plates (EMD Chemicals, Gibbstown, 

NJ) were resolved by TLC that was subject to phosphor imaging (Molecular Dynamics, 

Sunnyvale, CA). ATP and ADP spots were quantified densitometrically using ImageQuant 

software (Molecular Dynamics, Sunnyvale, CA). The specific activity was measured by 

quantifying the concentration of dynein isolated from wildtype and AAA3 E/Q strains 

relative to purified bovine dynein.  

Vanadate Mediated UV Photolysis of N. crassa Dynein 

N. crassa dynein was subject to vanadate mediated photolysis as described by 

Gibbons et al., 1987. The major site of cleavage is termed the V1 site and the cleavage 

reaction components termed as V1 condition demands specific requirements such as UV 

irradiation, Mg2+ and ATP. The V1 site cleavage leads to the formation of high (HUV) and 

low (LUV) molecular weight UV fragments. Substitution of Mg2+ with Mn2+as a divalent 

metal ion suppresses V1 cleavage (Gibbons et al., 1987). The amount of cleavage products  
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generated in the presence of magnesium (V1 Mg2+) or manganese ions (V1 Mn2+) was used 

to measure the extent of vanadate photolysis. Samples in cleavage buffer (80 mM PIPES, pH 

6.9) supplemented with 1mM ATP, 2 mM MgCl2 or MnCl2 , 500 µM Na3VO4 (Fisher 

Scientific) was irradiated with UV (365nm) light using UVL-56 BLAK-RAY lamp (UVP 

Inc., San Gabriel, CA) for 60 minutes on ice. Cleavage fragments were resolved by 

electrophoresis through 7.5 % acrylamide gel, stained with Coomassie Brilliant Blue and the 

gels were digitized. The UV fragments were quantified by densitometry using NIH ImageJ 

software.  

Motility Assay 

In vitro bead based motility assays were performed as reported earlier (King and 

Schroer, 2000; Mallik et al., 2004; Culver-Hanlon et al., 2006). Purified tubulin was used to 

generate polymerized microtubules that were bound to a flow-chamber coated with poly-

lysine. Unbound microtubules were washed away by the addition of final dilution buffer 

(33mM Pipes, pH 7.0, 0.7mM EGTA, 0.3mM MgSO4, 1mM GTP, and 20 µM paclitaxel). 

Dynein purified from specified N. crassa strains were bound to polybead carboxylate 

microspheres (0.21µm diameter; Polysciences, Warrington, PA) by nonspecific adsorption at 

varying molar ratios (20:1 - 40:1 dynein: bead) in the presence of 10 µm ATP. The beads 

were added to the flow chamber and viewed by Video-enhanced differential interference 

contrast microscopy. Custom-built image-processing software (Labview 6.1, National 

Instruments) was used for tracking the beads that exhibit directional motion. The run lengths 

and velocities of motility events were determined from the tracking data. The wildtype and 

Loa velocity histograms were generated using Kaleidagraph (4.0) software and were fitted 

with a single Gaussian function. 



70 
 

CHAPTER 3 
 

CHARACTERIZATION OF DYNEIN HEAVY CHAIN MUTATIONS IN N. CRASSA 
 

Introduction 

Chapter 1 discussed the composition, mechanics and properties of molecular 

components involved in intracellular transport processes. The microtubule motor mediated 

transport in polarized cells (figure 13), which is characterized by several distinct spatio-

temporal regulatory mechanisms, raises a series of questions pertinent to the basic steps 

involved in intracellular trafficking. How the dynein or kinesin motors are positioned at the 

cargo recruitment sites? How are the motors activated upon cargo interaction? How are the 

activated motors loaded on to microtubule tracks for their journey towards destined cargo 

release sites at distal regions? Once at the destination, how are the cargoes and associated 

motors release and how are the motor components recycled back to the cargo recruitment site 

for further rounds of transport?  

This chapter describes the utilization of a mutational approach to examine the 

structure/function relationships of DHC and its relation to intracellular trafficking. Thirty 

four N. crassa strains carrying spontaneous mutations in DHC were studied; these mutations 

spanned almost all the domains of the dynein heavy chain. Chimeric fusions of 

dynein/dynactin genes with various molecular and fluorescent tags were generated by 

homologous recombination. Live-cell imaging analyses utilizing fluorescently tagged DIC 

revealed the presence of five major classes of dynein mislocalization phenotypes in N. crassa 

strains carrying DHC mutations, indicating the entrapment of dynein at different stages of the 

dynein transport cycle. The DHC mutations altered microtubule organization and nuclear 

distribution to varying degrees. 
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Dynein was purified from wild type and mutant strains using chimeric affinity tags 

for in vitro characterizations. Biochemical analyses of dynein from one of the mutant strains 

revealed a potential link between in vitro biochemical properties and intracellular function of 

dynein. Based on the results from in vivo and in vitro analyses a model is proposed in which 

dynein normally cycles to the hyphal tip and from there to distal regions as it performs its 

transport functions.   

N. crassa DHC Mutant Strains 

In this work various DHC mutant strains isolated from a genetic screen were studied 

(Plamann et al., 1994). The genetic screen utilized the phenomenon of partial suppression of 

cot-1ts as described earlier (Section - Colonial temperature sensitive (cot-1ts) gene and 

dynein/dynactin pathway, Pg. 47 - 49). First, several hundred spontaneous mutations were 

isolated that result in a classic N. crassa ropy growth phenotype. Of these, 290 mutations 

were mapped to the DHC (ro-1) gene by genetic complementation tests. Of those DHC 

mutant strains, 34 strains produced a gene product that was full length as determined by 

Western blot analysis with anti-DHC antisera as described in previous studies (Minke et al., 

1999; Kumar et al., 2000; Minke et al., 2000; Lee et al., 2001). The entire ~ 14 kb DHC gene 

in all 34 strains was sequenced and the genetic lesion associated with the ropy phenotype 

were identified (figure 18, table 5). A majority of the mutations were missense point 

mutations and the mutations spanned the entire length of the DHC gene. All the DHC 

mutations were recessive in nature and identified during the initial steps of the screen which 

included heterokaryon or complementation analysis. These tests are based on the fact that 

two nuclei having recessive mutations in different genes will yield a wildtype phenotype in a 

heterokaryon test  
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Figure 18.  Schematic representation of dynein heavy chain from N. crassa showing the 
mutations analyzed. The relative positions of dynein heavy chain mutations are shown with 
corresponding amino acid changes. Numbers 1-6 indicate respective AAA domains. MT and 
C represent the microtubule binding stalk and C-terminal region respectively. Note the 
mutations span the entire length of the DHC. Color coding represents grouping of different 
mutations to classes 1-5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 
 

(Beadle and Coonradt, 1944). This is because the mutant allele will be recessive to its 

dominant allele in the other nuclei. In the case of ropy mutations, two ropy strains having 

mutations in different loci (for example, DHC and DIC) when inoculated together will 

complement each other resulting in a wildtype growth pattern. Non-complementation of two 

ropy strains can only occur if the mutation is in the same gene in both the strains or if the 

mutation is dominant. All the DHC mutants studied exhibited complementation with strains 

carrying mutations in dynactin p150 mutants revealing the difference in the loci as well as 

the recessive nature of the mutations. 

Results 

Generation of mCherry tagged DIC 

To better understand the roles that dynein motors normally play in polarized growth, 

live-cell imaging approaches were utilized. Native dynein molecules in growing hyphae were 

visualized by replacing the endogenous DIC with DIC that encoded a C-terminal mCherry 

tag (figure 19 a). The replacement of the single copy of the DIC gene by homologous 

recombination in the haploid genome ensured that DIC-mCherry was expressed under the 

control of its native promoter and that all DIC present in the strain was tagged. The presence 

of the mCherry tag had no effect on the normal function of the DIC as determined by hyphal 

morphology and colony growth rates equivalent to wildtype strains (figure 19 b, c), 

confirming that DIC-mCherry expressing cells have wildtype dynein function. 

Wildtype dynein localization 

When dynein localization in actively growing hyphae was observed, dynein 

fluorescence was predominantly found in the extreme tips of the hyphae (figure 20 a). The  
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a 

 

 

b              c  

 

Figure 19.  Generation of DIC-mCherry expressing N. crassa strain. (a) A schematic 
representation of the targeting DNA consisting of mCherry coding sequence flanked by 
upstream (1.8kb) and downstream (0.8 kb) homologous sequences to the genomic locus of 
DIC. DIC mutant strain (ro-6 7bp Δ 1695) exhibiting ropy hyphal growth morphology was used 
for transformation. Homologous recombination of the targeting DNA into the ro-6 7bp Δ 1695 
locus resulted in the rescue of the ropy phenotype and restoration of wildtype hyphal growth 
morphology. (b) Comparison of colony morphologies between wildtype, DIC mutant ro-6 7bp 

Δ 1695 and wildtype DIC-mCherry strains. Note the wildtype DIC-mCherry strain exhibits 
growth morphology indistinguishable from the wildtype strain. (c) Bar graph showing radial 
growth rates of wildtype, DIC mutant ro-6 7bp Δ 1695, WT - DIC-mCherry strains. Data are 
shown as mean ± S.D. 
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fluorescent signal tapered off dramatically within approximately 50 microns (average 45 ± 11 

µm; figure 22) and the signal gradient maintained its location at the hyphal tip even though 

the hyphae itself was growing at ≥ 1µm/sec (Steele and Trinci, 1975; Trinci, 1975; Seiler and 

Plamann, 2003; Plamann, 2009). Very little substructure could be observed at intermediate 

magnification across the hyphal tube. 

At higher magnification, additional details of the hyphal tip accumulation could be 

observed. Most images showed mCherry fluorescence in both short linear tracks and 

spherical structures in the region immediately following the hyphal tip (figure 20 b). The 

spherical structures were reminiscent of endomembrane organelles that have been described 

in previous studies (Bowman et al., 2009). The short linear tracks resembled the comet tail 

tip accumulation of dynein at microtubule plus-ends that has been reported by studies in 

other systems ranging from fungi to mammalian neurons (Xiang et al., 1995; Vaughan et al., 

1999; Xiang et al., 2000; Han et al., 2001; Ma and Chisholm, 2002; Zhang et al., 2003; Lenz 

et al., 2006; Zhang et al., 2010; Arimoto et al., 2011; Zhang et al., 2011; Schuster et al., 

2011a; Markus et al., 2011). Apart from the spherical structures and short linear tracks, no 

additional substructures were visible upon low exposure settings or photobleaching the bright 

hyphal tip dynein fluorescence (figure 21). 

Microtubule dependence of wildtype dynein localization 

To determine if the short linear tracks were microtubule-based, DIC-mCherry strain 

was crossed to a strain expressing β-tubulin-GFP (Freitag et al., 2004). In these cells, the 

microtubules were abundant and were predominantly arranged parallel to the longitudinal 

axis of the hyphae, consistent with previous reports (Riquelme et al., 2002; Freitag et al., 

2004; Sampson and Heath, 2005). Dynein mCherry short linear track signals were co-linear  
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Figure 20. Localization of dynein in wildtype and mutant strains of N. crassa. (a) Hyphae 
from the colony edge of different N. crassa strains were visualized at intermediate 
magnification to show the distance between dynein signal and the hyphal tip (arrowheads). 
Note the bright dynein signal at wildtype hyphal tip and its loss in mutant strains (b). Hyphae 
visualized using higher magnification show details of dynein localization. The wildtype 
dynein localization includes a prominent hyphal tip gradient as well as localization to short 
linear tracks (white arrows) and to other structures. In the mutant strains, dynein was 
mislocalized to particular hyphal structures and/or into a disperse signal. Left panels = 
transmitted light; right panels = mCherry fluorescence. Arrowheads indicate position of the 
hyphal tip. White arrows indicate that the hyphal tip was located outside the frame. Enlarged 
views of the boxed regions are shown on the right; white arrows indicate short linear tracks 
in wildtype and class 3 mutant strains. Scale bars in a = 50 µm, in b = 10 µm.   
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Figure 21.  Photobleaching of wildtype hyphal tip dynein fluorescence. An 8-second time 
series showing photobleaching of bright hyphal tip dynein fluorescence in a wildtype strain. 
Note the lack of any prominent structures underneath the hyphal tip bright dynein 
accumulation. Bars: 10 µm. 
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Figure 22.  Line scan analysis of dynein fluorescence intensities. DIC-mCherry fluorescence 
intensity is plotted as a function of distance from the hyphal tip. Fluorescence signals in the 
wildtype strains (Gray) exhibited an initial maximum closer to the hyphal tips and gradually 
taper off at regions far from the tip. In Class 1 (distal linear tracks) strains, fluorescence 
signals (medium blue) were low/absent at regions closer to tips but displayed increased 
signal intensities at distal regions from the tips. The class 2 (apical linear tracks) strains 
exhibited elevated fluorescence intensities (black) closer to the tips that gradually tapered off 
as a function of distance from the hyphal tip. Class 3 (comet tail) strains also exhibited 
increased fluorescence intensities (green) closer to the tips. Class 4 (aggregate) strains show 
irregular increased fluorescence (purple) at distal regions. The fluorescence intensity in class 
5 (disperse) strains (brown) is slightly higher than the fluorescence signals of p150 Δ strains 
(aqua), but both profiles show a uniform distribution along the entire length of the hyphae. 
Nkin mutant strains exhibit faint fluorescence (red) at distal regions. Data are shown as mean 
± S.E. (n = 15 for all classes). 
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with segments of the tubulin GFP signals (figure 23). To examine dynein localization with 

respect to microtubules, growing colonies were treated with benomyl, a cell-permeable 

microtubule-depolymerizing drug. Treatment with 10 µM benomyl for 5 minutes 

depolymerized microtubules and resulted in non-linear, diffuse tubulin-GFP signal 

throughout the hyphae with occasional GFP puncta. Following microtubule 

depolymerization, the short linear tracks of DIC-mCherry signal were abolished and the high 

concentration of dynein at the hyphal tip began to expand distally along the hyphae (figure 

24). Longer treatment times resulted in a loss of dynein signal at the hyphal tip, showing that 

the maintenance of the hyphal tip accumulation gradient requires a normal microtubule 

network. The data confirms that the short linear tracks are associated with microtubule ends 

in a characteristic “comet tail” pattern.  

Dynein localization requires kinesin and dynactin 
 
Multiple studies have shown that kinesin and dynactin play essential roles in the localization 

of dynein within cells (Brady et al., 1990; Echeverri et al., 1996; Waterman-Storer et al., 

1997; Vaughan et al., 1999; Martin et al., 1999; Duncan and Warrior, 2002; Januschke et al., 

2002; Zhang et al., 2003; King et al., 2003; Ligon et al., 2004; Theiss et al., 2005; Lenz et al., 

2006; Arimoto et al., 2011). To determine if conventional kinesin (Nkin) or dynactin have 

similar functions in N. crassa, DIC-mCherry strain was crossed to either a strain carrying 

repeat-induced point (RIP) mutations in conventional kinesin (Seiler et al., 1997) or a 

dynactin p150 (ro-3) null strain. In the Nkin mutant strain, hyphal tip accumulation of dynein 

was completely abolished; regions closer to the tips were devoid of any dynein signal but 

distal regions of the hyphae displayed a faint fluorescence (figure 20 a, b; figure 22). Similar  
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Figure 23. Localization of dynein and microtubules in wildtype and DHC mutant strains. 
Epifluorescence images showing hyphal localization of DIC-mCherry (left panels) and β-
tubulin-GFP (middle panels) in wildtype and DHC mutant strains. Overlay images are shown 
in the right panels. Enlarged views of the boxed regions are shown on the right. Yellow 
arrows indicate that the hyphal tips were located outside the frame. Dynein in wildtype, 
mutant class 1, 2, 3 and 4 strains was found along microtubule structures. Class 5 mutant 
strains did not show dynein colocalization with microtubules. Bars: 10 µm.  
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Figure 24.  Dependence of dynein localization patterns on intact microtubule network. 
Treatment with benomyl depolymerizes microtubules and alters dynein localization in 
wildtype and DHC mutant strains expressing DIC-mCherry and β-tubulin-GFP. Dynein (red) 
is shown in left panels; microtubules (green) are shown in the middle panels; overlay images 
are shown in the right panels. In wildtype and class 3 mutant strains, dynein localization to 
comet tails was disrupted immediately upon benomyl treatment. The cloud of dynein at the 
hyphal tips in wildtype strains disappeared after longer treatment times. Mutant class1, class 
2, and class 4 strains displayed punctate dynein signals that showed extensive overlap with 
microtubule remnants. Bars: 10 µm. 
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Unlike the Nkin mutant strain, a diffuse dynein signal was found along the entire length of 

hyphae (figure 20 a, b; figure 22). As an alternative to analyzing deletion strains, 

colocalization between dynein and dynactin in a strain expressing both DIC-mCherry and 

EGFP-p150 was examined. Dynactin exhibited almost complete colocalization with dynein 

to the hyphal tip, to the comet tails, and to spherical structures near the hyphal tip (figure 25). 

These data together illustrate that the function of dynactin and kinesin is required for the 

correct cellular localization of dynein in N. crassa hyphal growth. 

Mutations in the DHC lead to multiple dynein mislocalization phenotypes 
 

To characterize dynein function within the hyphal tip of N. crassa, dynein 

localization studies were performed on the 34 DHC mutant strains. The mCherry-DIC strain 

was crossed with all the 34 DHC mutant strains so that dynein molecules could be tracked in 

the mutant strains. All 34 strains lacked the bright hyphal tip accumulation observed in 

wildtype strains (figure 20 a, b; figure 22). The remaining dynein molecules in the DHC 

mutant strains were mislocalized into one of five distinct classes of phenotypes that were 

termed class 1 - 5 (figure 18; figure 22; table 4).   

The dynein localization signal in six class 1 mutant strains was found in long linear 

tracks arranged mostly parallel to the hyphal axis (figure 20 b). This signal pattern was 

readily distinguishable from the comet tails described earlier for wildtype dynein localization 

in length of the track and location within the hyphae (Fig. 2 B). The dynein signal in the long 

linear tracks occurred in distal regions approximately 100 ± 30 µm away from the tip and 

extended even further into distal regions far from the tips (figure 20 a, b; figure 22). The four 

class 2 DHC mutant strains, in contrast to class 1 mutant strains, showed long linear tracks 

that occurred at apical regions close to the tip of the hyphae that ran until approximately 75 ± 
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15 µm back from the tip (figure 20 a, b; figure 22). A mutant strain that exhibited one of 

these two mutant localization phenotypes (class 1 or class 2) consistently showed the 

specified localization pattern and did not exhibit the alternate class phenotype. The long 

linear tracks observed in both class 1 and class 2 likely reflect dynein associated with 

microtubules given that microtubules are the only structures that exhibit long parallel 

arrangement inside the hyphae. 

The class 3 mutations were comprised of nine strains that each had residual DIC-

mCherry fluorescence in hyphal tips that was concentrated in comet tail structures (figure 20 

a, b; figure 22). The comet tails in the class 3 mutant strains appeared more numerous than in 

the wild type strain. Measurements of individual comet tail fluorescence intensities indicated 

a two-fold increase in the mCherry fluorescence in class 3 mutant comet tails in comparison 

with wildtype comet tails. The localization pattern observed with class 3 mutant dynein was 

most similar to wildtype and may indicate enhanced microtubule plus end association at the 

expense of hyphal tip accumulation.  

The three class 4 mutant strains displayed phenotypes where dynein accumulated 

distally as large “aggregates” starting approximately 85 ± 20 µm back from the hyphal tips 

(figure 20 a, b; figure 22). Interestingly, these aggregates were evenly spaced on an average 

of 11 ± 5 µm from one another along the hyphae. At higher magnifications these strains 

revealed the presence of “aster-like” dynein signals expanding from a central aggregate mass.  

The remaining twelve DHC mutations in class 5 resulted in the disperse localization 

of dynein along the hyphae (figure 20 a, b). In these strains diffuse dynein fluorescence of 

equal intensity throughout the hyphae was observed (figure 22). A few punctate foci of 

dynein signal were also observed (figure 20 b). 
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To gain further insight into how particular DHC mutations could alter dynein function 

between different classes of DHC mutant strains, the role of microtubules and dynactin in the 

altered dynein localization phenotypes were examined. The effect of dynein mutations with 

respect to microtubule organization was tested by examining all the DHC mutant strains in a 

DIC-mCherry: tubulin-GFP background (figure 23; table 4). In all classes of mutant strains, 

microtubules were less abundant in the apical regions in comparison to the wildtype strain 

and the microtubules no longer showed parallel arrangement seen in wildtype hyphae. Prior 

studies that probed the effect of dynein disruption also observed altered microtubule 

dynamics and organization (Koonce et al., 1999; Riquelme et al., 2002; Uchida et al., 2008). 

In class 1 mutant strains, microtubules in the distal regions (where dynein was found) had a 

thicker appearance than microtubules in the wildtype strain. Similarly, in class 2 mutant 

strains the apical microtubules along which mutant dynein appeared thicker than apical 

microtubules in the wildtype and other classes of DHC mutant strains. The thickness of the 

microtubules in class 1 and 2 indicates that microtubules bundling may have occurred. Class 

3 mutant strains had disorganized microtubule networks with the microtubules showing 

excessive curvature along the hyphal periphery. Class 4 mutant strains showed unique aster-

like microtubule pattern in regions away from the hyphal tip. Class 5 mutant strains had 

disorganized microtubule networks and showed microtubules that were perpendicular to the 

hyphae in contrast to the normal parallel arrangement in wildtype hyphae.   

The class 1, class 2, class 3, and class 4 mutant dynein localization patterns 

colocalized with subsets of visible microtubules (figure 23). The disperse distribution of 

dynein in class 5 DHC strains had no overlap with microtubules (figure 23) and the spots of 

dynein fluorescence present in the class 5 mutant strains were unaffected by benomyl 
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treatment (figure 24). As expected for microtubule-dependent localization patterns, 

microtubule depolymerization with benomyl disrupted dynein localization to the long linear 

track, comet tail, and aggregate structures in mutant class 1 – 4 strains (figure 24). After 

microtubule depolymerization, mutant class 1, class 2, and class 4 strains showed prominent 

punctate dynein signals that commonly overlapped with tubulin-GFP puncta. The presence of 

overlapping punctate fluorescence signals instead of diffuse signals as seen with wildtype 

suggests that the mutant dynein altered microtubule associated structures and remained 

bound in some way. In contrast, instead of comet tail localization, mutant class 3 strains 

showed diffuse dynein signals after benomyl treatment, suggesting complete dispersion of 

dynein in these strains. The variation in dynein dispersion upon microtubule 

depolymerization indicates heterogeneity in how dynein is interacting with microtubules in 

the different mutant strains. These data reiterate the importance of dynein function in 

microtubule organization and confirm the presumption that the dynein in mutant class 1, 2, 3, 

and 4 strains are associated with microtubules.  

To see if the mutations altered the localization of dynactin, the localization of 

dynactin was examined in the DHC mutant strains in a DIC-mCherry: EGFP-p150 

background. In all classes of DHC mutant strains, the dynactin signal was disrupted and there 

was a loss of the bright cloud of accumulation at the hyphal tip (figure 25). In class 5 mutant 

strains, the dynein and dynactin signals were each diffuse; therefore it was impossible to 

determine the extent, if any, of colocalization between dynein and dynactin. In all other  
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Figure 25.  Colocalization of dynein and dynactin in wildtype and DHC mutant strains. 
Epifluorescence images of growing hyphae in strains expressing DIC-mCherry and EGFP- 
dynactin p150. Note dynactin reflects the localization of dynein in wildtype and mutant 
strains of N. crassa. Left panels: dynein; middle panels: dynactin, right panels: overlay. Bars: 
10 µm. 
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mutant strains, dynactin and dynein distribution was indistinguishable from each other 

(figure 25, table 4). Preliminary experiments on strains carrying dynactin p150 deletion 

showed that a subset of classes (class 3- comets and class 4- aggregates) may require 

dynactin function for canonical dynein mislocalization phenotypes. 

Nuclear distribution in strains expressing wildtype and mutant DHC 

N. crassa hyphae are multinucleate and these nuclei are normally randomly 

distributed along the length of the hyphae except for a clear nuclear exclusion zone (NEZ) 

within 25 µm of the hyphal tip (average 25 ± 5 µm, n = 20; figure 26 a, b). The NEZ is  

a common phenomenon observed in filamentous fungi and has been reported previously in N. 

crassa (Freitag et al., 2004; Ramos-Garcia et al., 2009). The role of dynein in the migration, 

distribution and positioning of nuclei in cells has been well established (Plamann et al., 1994; 

Inoue et al., 1998; Alberti-Segui et al., 2001; Duncan and Warrior, 2002). The effect of DHC 

mutations on nuclear distribution was examined in strains expressing DIC-mCherry and 

histone H1-GFP. Class 1, class 2, class 3 and class 5 mutant strains exhibited a reduction in 

the length of the NEZ (NEZ size for class 1 = 15 ± 5 µm, class 2 = 10 ± 4 µm, class 3 = 12 ± 

5 µm, and class 5 = 11 ± 5 µm; n = 30 for all classes; figure 26 a). It is highly likely that the 

altered microtubule organization observed with the DHC mutant strains contributed to NEZ 

size anomalies. Abnormal microtubule arrangement alone may not cause alterations in NEZs 

because a previous report (Ramos-Garcia et al., 2009) observed no change in NEZs upon 

disruption of MTs via benomyl treatment. The alteration in NEZ could be due to dynein 

dysfunction coupled to MT disorganization (Ramos-Garcia et al., 2009). Although the NEZ 

of the mutant class 1, class 2, class 3 and class 5 strains was altered, nuclei in these strains 

were randomly distributed similar to wildtype strains (figure  



94 
 

 

a 
20x Overlay 

(H1-GFP - Transmitted light) 

Wildtype " ,J • ':(~, l ' 
. '''''.! . ~ "~ ~."It~_" ~ ... . 

Class 1 

Class 2 >;........ , .;,, ' '". '" ~ '" 
' .. ' .' ,-: ' . ~, ~" l"--

Class 3 
~ I f / 

. . __ ~~ ..__J'- • . " ~,~ , 
~ .,.,. ~, 

~) 

Class 4 
I ," 

/ 1'.( 
---'-.- ,..~'~~' ,/ . , . 

Class 5 
('I 

,.: -,~ . Of ' I ~"";,'14"~ ) 
.J. .~ . ' .. :.' ... -. • ' 

b 

, . .,. ' .~: ----. 
., "l~-' . 

... ----... • ." 
.... .. .-' 

f ,.... ~. . • "'':'l''~'~ .". 
, -'!;', ~:l" ." 

... 
!h •. "\ .... M 
I:.(~ ') {'" ,,, -

----. 
~"~"": . • . 1,,' -' ~ :;." _ 

\ol 

;'.0\- ~-

Histone H1-GFP 

I .idJ!" ~ ... . o.~' _. "''l.. .. . .~ .•. 
, ... .. ..... .. ----. 
. ' rli , 'f!J . , 

, ~ pi 
,.., ~ ~""1 

P6' j 

..... , -., ' , L" ~. 
<I,{ •• 

.',' '\' , ~"~ ' . 
.~ :t.. ' ~ ...... ---+ 
- --;-.... I IIIII~ ~ , 

l'. ~· .I ,If'- ~ ,., 4' i~.'1~ ; , 

Overlay 

epf' · .. • ~-,. . 
. .. . 4f ~ • ,- h ' 

,. ..... .. ----. 
• I ~ . ' I' " ' ... .. I>. J 

....... , ... .... ... r '" .l'" 
~'. fI 

\ 

." ~ ; 

----. 
. ~ .... 

'-t ,! -, 

.. . 
~ .. ... -'t •• • 



95 
 

Figure 26.  Nuclear distribution in wildtype and DHC mutant strains. (a) Intermediate 
magnification overlay images of hyphae from wildtype and DHC mutant N crassa strains 
expressing histone H1-GFP. Upward pointing arrowheads indicate the position of the nucleus 
closest to the hyphal tip. Note the variations in the nuclear exclusion zone between wildtype 
and DHC mutant strains. Scale bars = 50 µm. (b) Epifluorescence images of hyphae from 
wildtype and DHC mutant strains expressing DIC-mCherry and histone H1-GFP. Left 
panels: dynein; middle panels: nuclei, right panels: overlay. Nuclei are absent from the 
extreme tips of all hyphae and appear randomly dispersed in the remainder of the hyphae in 
wildtype, mutant class 1, 2, 3 and 5 strains. In class 4 mutant strains there is abnormal 
clustering of nuclei around the aggregate dynein foci. Bars: 10 µm. 
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Table 4.  Summary of dynein, dynactin, microtubule, and nuclear phenotypes in wildtype and 
mutant strains of N. crassa 

Classification Dynein Dynactin Microtubules Nuclei 

Wildtype 
 

Bright hyphal tip 
accumulation; 

comet tails 

Bright hyphal tip 
accumulation; 

comet tails 

Long, parallel 
arrangement 

 Normal NEZs*; 
random 

distribution 

Class 1 Distal - long 
linear tracks 

Distal - long 
linear 
tracks 

Distal - bundled 

Reduced 
NEZs; random 

distribution 
 

Class 2 Apical - long 
linear tracks 

Apical - long 
linear tracks 

Apical - 
bundled 

Reduced 
NEZs; random 

distribution 
 

Class 3 Comet tails Comet tails 
Disorganized; 
excessively 

curved 

Reduced 
NEZs; random 

distribution 

Class 4 Distal - 
aggregates 

Distal - 
aggregates 

Distal – aster-
like appearance 

Normal NEZs; 
clustered 

distribution 

Class 5 Diffuse Diffuse Disorganized 
Reduced 

NEZs; random 
distribution 

*NEZ  -  Nuclear Exclusion Zone 
 
. 
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26). Class 4 strains had a NEZ that was similar in size to that of wildtype strains yet the 

nuclei displayed dramatic clustering around the aggregates in distal regions with a few single 

nuclei extend on into more apical regions. This pattern suggests that the mutant dynein from 

class 4 may have a unique mechanism of interaction with both microtubules as well as 

nuclear cargoes. Collectively, these observations indicate that the different DHC mutations 

affect nuclear positioning to varying degrees (table 4).  

Mapping of DHC mutations onto S.cerevisiae DHC and mouse microtubule binding domain 
crystal structures 

 
To gain a better understanding of the structure/function relationship of DHC, the 

mutations were mapped onto the DHC crystal structure (figure 27). Structural studies on D. 

discoideum (PDB ID: 3AY1) (Kon et al., 2011) and S.cerevisiae (PDB ID: 3QMZ) (Carter et 

al., 2011) were able to achieve resolutions of 4.5- 6 Å which is sufficient enough to reveal 

secondary structures as well as the organization of the motor domains. Both studies used a 

truncated version of DHC carrying the linker (part of the tail domain), and motor domain. In 

addition, the yeast DHC lacked part of the stalk. Even though the D.discoideum DHC 

structure has been published, PDB coordinates for the corresponding structure is unavailable 

at this time. Therefore, yeast DHC structural data was used in this analysis. A previous study 

by Carter et.al (Carter et al., 2008) solved a portion of the microtubule binding stalk closer to 

the microtubule binding domain (PDB ID: 3ERR; 2.3 Å) which was used to map a few 

mutations. The final mutation map shows some correlations between different mutation 

polypeptide positions and dynein mislocalization phenotypes. The correlations drawn by 

mapping the mutations led to able to inferences on new interactions between dynein domains 

that may further our knowledge about dynein mechanism. 
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Class 1 mutations. The class 1 (distal linear tracks) mutations are located in the p-

loop of AAA1 domain (G1946R), helix 4 (H4) of AAA1 (R2056H), H3 of AAA2 (S2333R, 

L2335P), Walker B of AAA3 (E2675Q), and AAA5 CC1 (6 aa deletion at 3739) (figure 27; 

table 5). The p-loop and AAA3 Walker B mutations have been reported to inhibit, ATP 

binding at AAA1 and ATP hydrolysis at AAA3 respectively (Silvanovich et al., 2003; Kon et 

al., 2004; Cho et al., 2008). The loss of ATP binding/hydrolysis at AAA1 may block the  

interaction of AAA1 with AAA2 breaking the communication pertinent to the AAA1 

nucleotide status. This block in communication may result in a rigor like microtubule 

interaction similar to the behavior of dynein in nucleotide-free/ADP or AMP-PNP bound 

states. The R2056H mutation is present in the second region of homology (SRH) domain. 

The SRH domain has been implicated in sensing nucleotide status as well as in the 

stabilization of the transition state of ATP hydrolysis (Ogura et al., 2004). Mutations in the 

SRH domain in AAA family of proteins have been shown to ablate ATP hydrolysis (Karata 

et al., 1999; Steel et al., 2000; Song et al., 2000). This suggests that R2056H may inhibit 

ATP hydrolysis leading to a phenotype similar to p-loop (G1946R) and AAA3 Walker B 

mutations (E2675Q). The S2233R, and L3335P are located in the H3 helix of the large 

domain of AAA2 and based on the positions, are likely to disrupt the interaction between the 

large domain of AAA2 with the small domain of AAA1, blocking the transduction of AAA1 

nucleotide status. Alternatively, due to the proximity of the mutations to the H3- β4 insert, 

which has been proposed to act as a secondary docking site for the linker (Carter et al., 

2011), these mutations may distort the AAA2/linker interaction. Such a distortion would 

likely affect the positioning of the linker relative to the AAA1 domain and alter the  
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Tail 

Class 1 
(Distal linear tracks) 

Class 4 
(Aggregates) 

Class 3 
(Comets) 

G3215D-~~~-3756QLEKKLL3762 /', 

Class 2 
(Apical linear tracks) 

Mouse MT bi nding stalk 

Class 5 
(Disperse) 

terminal 

D4296E;4397LW4399/', 
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Figure 27.   Mapping of DHC mutations onto yeast crystal structure. Mapping of DHC 
mutations onto the crystal structure of S.cerevisiae DHC (PDB ID 3QMZ) and microtubule- 
binding domain from mouse cytoplasmic dynein (PDB ID 3ERR). Different structural 
domains of the motor are color coded as in the linear representation shown above the 
mutation maps. The motor is shown as ribbon molecular representation and visualized from 
the linker face. The linker is omitted in most panels for clarity. Each panel represents a single 
class of DHC mutations grouped through dynein mislocalization data. Mutations are 
indicated by red spheres and are labeled. Mutations were located based on sequence 
alignment between the DHC sequences of N. crassa (XP_962616.1) and S.cerevisiae 
(NP_012980.1). For residues lacking structural data the nearest residue with structural data is 
labeled. Ribbon representations were generated using PyMOL (www.pymol.org). 
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Table 5.  Summary of dynein mislocalization phenotypes. 
Mislocalization 

phenotype Domain Mutation 

AAA1 (β1/p-loop) 

 

G1946R 

 AAA1 (H4) 

 

R2056H 

 AAA2 (H3) 

 

S2333R 

 AAA2 (H3-β4 insert) 

 

L2335P 

 AAA3 (β3/Walker B) 

 

E2675Q 

 

Class 1 
(Distal - 

long linear 
tracks) 

AAA5 (H5/ Buttress CC1) 

 

6 aa Δ 3739 (RRSNLI) 

 AAA1(β4) N2050S 
AAA3 (β4) C2722R 

MT-binding stalk (CC1) 9 aa Δ 3268 (SLEIQAALE) 

Class 2 
(Apical - 

long linear 
tracks) AAA6 (H1) V4049D 

Tail Y110S 
Tail W1308G 

Linker (H5) R1672S 
MT-binding stalk (CC1) D3224P 
MT-binding domain (H1) 

o)MTBD 

T3323P 
MT-binding stalk (CC2) L3332P 
MT-binding domain (H7) R3396G 
MT-binding stalk (CC2) 9 aa ins.3446 

Class 3 
(Comet tails) 

AAA6 (H11) L4333Stop 
AAA1 (H3) S2009W 

MT-binding stalk (CC1) G3215D Class 4 
(Aggregates) 

AAA5 (H5 Buttress CC1) 7 aa Δ 3756 (QLEKKLL) 
AAA1 (H0) L1933P 
AAA1 (H1) G1961R 
AAA1 (H4) K2065E 
AAA1 (H8) T2166P 
AAA3 (β4) V2719D 
AAA5 (H0) I3591P 
AAA6 (H5) G4146A 
AAA6 (H6) E4168K 

AAA6 (between H7-H8) I4232N 
AAA6 (H10) D4296E; 3 aa Δ 4297 (LVV) 
AAA6 (H10) W4311Stop 

Class 5 
(Disperse) 

AAA6 ( between H10-H11) P4316S 
AAA- AAA domains of dynein, MT – microtubule, H –helix, β – strand, CC- coiled-coil, aa 
- amino acid, Δ - deletion, ins - insertion. 
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The table summarizes the dynein mislocalization classes, canonical DHC mutations, and 
corresponding locations on the DHC crystal structure.  
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communication leading to the tight interaction of dynein to microtubules. The buttress region 

has been proposed to relay rigid body motions between AAA4 and AAA5 domains into shear 

motions between the helices of the stalk coiled-coil (Sakakibara and Oiwa, 2011). Therefore 

it is likely that the deletion mutation (6 aa deletions at 3739 in AAA5) in the buttress region 

may interfere with the communication of the signal pertinent to the microtubule interaction 

status of the stalk to the AAA1 leading to a rigor-like microtubule-binding. This rigor like 

binding may lead to linear track phenotypes (figure 20; figure 23) due to tight microtubule 

interaction exhibited by mutant class 1 dynein. 

Class 2 mutations. The class 2 (apical linear track) mutations are located on the β-4 of 

the AAA1 (N2050S), β-4 of the AAA3 (C2722R), CC1 of the AAA4 microtubule-binding 

stalk (9 aa deletion at 3268) and H1 of the AAA6 (V4049D) domain (figure 27; table 5). The 

AAA1 and AAA3 mutations are located in the sensor 1 regions of the respective domains. 

The sensor 1, which is a part of the SRH domain, has been reported to contact the Walker B 

domain and the γ-phosphate of the ATP, and has been proposed to act as a switch in 

mediating conformational changes (Liu et al., 2000a; Ogura and Wilkinson, 2001; Davies et 

al., 2008). Mutations in the sensor 1 region in AAA family of proteins have previously been 

shown to reduce the rate of ATP hydrolysis (Song et al., 2000; Hattendorf and Lindquist, 

2002b). This suggests that the microtubule decoration phenotype observed in these strains 

may be caused by a decrease in the ATPase rates of the motor without any drastic effect on 

the microtubule-binding behavior of dynein seen with class 1 mutations. One possibility is 

that the decreased ATPase rates due to the mutations leads to significantly increased dwell 

times (time spent on microtubule between binding and detachment) of dynein on 
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microtubules which ultimately results in the observed apical microtubule decoration 

phenotype (figure 20; figure 23).  

Class 3 mutations. Class 3 mutations are located in the tail domain (Y110S, W1308G) 

where structural data is not available , H5 of the linker ( R1672S), CC1 of AAA4 (D3224P), 

H1 of putative microtubule-binding interface AAA4 (T3323P), CC2 of microtubule-binding 

stalk of AAA4 (T3332P), H7 between CC1 and CC2 of the microtubule-binding stalk of 

AAA4 (R3396G), CC2 of the microtubule-binding stalk of AAA4 (9 aa insertion at 3446), 

and H11 of AAA6 (L4333*) (figure 27; table 5). The tail domain has been reported to be 

involved in the homodimerization of DHC as well as interaction with DIC, DLIC and Lis1 

(Habura et al., 1999; Tynan et al., 2000a; Tai et al., 2002). Perturbation of the tail domain 

integrity alters the motility properties of dynein (Pollock et al. 1998; Ori-McKenney et al. 

2010; Markus and Lee 2011). A previous study showed that a mutation (Loa) in the tail 

domain alters the coordination between the motor heads (Ori-McKenney et al., 2010). The 

linker makes extensive contacts with the small domain of AAA6, which is the location of 

L4333* mutation. It is likely that these mutations alter the function of the linker in 

propagating signals pertinent to the nucleotide status of the AAA1 to the stalk, leading to an 

altered microtubule interaction behavior. A majority of class 3 mutations are located in the 

microtubule-binding stalk/domain. Alterations in the coiled-coil registries of microtubule-

binding stalk alter the ATPase activity as well the microtubule affinity (Carter et al., 2008; 

Kon et al., 2009). It is plausible that the stalk mutations may alter the sliding of the coiled-

coil registries as well as dynein/microtubule interaction leading to increased or decreased 

affinity for microtubules (figure 20; figure 23). It is intriguing that all the class 3 mutations 

are concentrated at the microtubule-binding stalk and the tail domain. Based on the available 
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structural data both the regions do not contact each other, which suggests a long range 

communication between the stalk and tail and an important role of tail domain in modulating 

the microtubule-binding behavior of dynein.  

Class 4 mutations. The Class 4 (aggregate) phenotype is characterized by mutations 

in the H3 of the AAA1 domain (S2009W), CC1 of the microtubule-binding stalk of AAA4 

(G3215D) and H5 in the buttress of AAA5 (7 aa del 3756) (figure 27; table 5). Of the three 

mutations, two are located in the highly conserved glycine of AAA4 and the buttress of 

AAA5. This position has been proposed as an interface between the microtubule-binding 

stalk and the buttress and the disruption of this previously unknown contact might lead to a 

blockade in the relay of AAA 4-5 domain rigid body motions to shear motions between the 

stalk coiled-coil. It is interesting to see that a mutation in the AAA1 domain (S2009W) 

causes a similar phenotype. This suggests the participation of the AAA 1 H3 helix of the 

large domain in the communication of the conformational changes to and from the 

stalk/buttress region. What is intriguing is that the class 4 mutations share the locations 

similar to mutations causing other class of mislocalization phenotypes and yet cause a 

distinct phenotype.   

Class 5 mutations. The disperse class 5 mutations are located in the H0, H1, H4 and 

H8 of AAA1 (L1933P, G1961R, K2065E, and T2166P), β4 of AAA3 (V2719D), H0 of 

AAA5 (I3591P), H5, H6, H7-H8, H10, H10-H11 of AAA6 (G4146A, E4168K, I4232N, 

D4296E_ 3 aa Del 4397 LVV; W4311*, P4316S) (figure 27; table 5). It is interesting that the 

class 5 mutations are predominantly located at AAA6. The AAA6 domain is positioned close 

to the C-terminus of the DHC and removal of the C-terminus has previously been shown to 

reduce enzymatic activity through a yet unknown mechanism (Hook et al., 2005). The same 
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report proposed a possible role of C-terminus in the closure of the motor ring in via its 

interaction with AAA1 in a cross-bridge cycle-dependent manner. An EM study shows the 

lack of a structural role by C-terminus in the closure of the ring (Roberts et al., 2009) and a 

report implicates the C-terminus in modulating the processivity of the motor (Numata et al., 

2011). One of the striking differences between the DHC of fungi and higher eukaryotes is the 

absence of C-terminal regions. Fungal dyneins may employ alternate mechanisms of 

communication between AAA6 and AAA1/linker. It is likely that the group of AAA6 

mutations distorts this communication. If this communication is pertinent to intramolecular 

processivity enhancement mechanism, then microtubule-binding characterized by linear 

tracks or comet like dynein signals should have been observed in class 5 mutants. However, 

dynein signals were dispersed (figure 20) indicating lack of association with structures such 

as microtubules (figure 23). It is likely that the class 5 mutations alter a yet unknown 

mechanism of intramolecular communication within the DHC. 
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Biochemical Analyses of Wildtype and Mutant Dynein Motors 

          To determine if N. crassa dynein is functionally equivalent to dynein from other 

sources and to examine a possible mechanism of dynein mislocalization, dynein from a 

wildtype as well as a representative DHC mutant strain was purified. The E2675Q mutation  

 (hereafter referred to as AAA3 E/Q) grouped under a class 1 mutant strain that exhibits the 

distal long linear track microtubule-associated dynein localization phenotype was chosen. 

This mutant strain was selected from among the other DHC mutations because 1) the 

mutation is located on the Walker B domain of AAA3 (as mentioned in the section - Class 1 

mutations, Pg. 98) that is implicated in ATP hydrolysis based on mutational analysis on 

various AAA family proteins (Whiteheart et al., 1994; Babst et al., 1998; Hartman and Vale, 

1999), and 2) previous studies have shown that the disruption of AAA3 ATP 

binding/hydrolysis functions can alter ATPase activity at AAA1, microtubule interaction, and 

motility properties of dynein (Silvanovich et al., 2003; Cho et al., 2008). To test if the 

cellular localization phenotype of this mutant strain is a reflection of such altered 

biochemical properties of dynein, biochemical analyses were performed. 

To study dynein motors from these strains a new purification protocol was developed 

(figure 17) that did not rely upon nucleotide-dependent microtubule-binding. This was 

because it was expected that the AAA3 E/Q mutation would likely alter dynein mechanics 

and would prevent efficient motor purification with conventional approaches. Briefly, 

hexahistidine and Strep-tag II affinity tags were fused to the C-terminus of the DIC by 

employing a strategy similar to DIC-mCherry generation. Dynein complexes were purified 

using this dual affinity tag (figure 28).  
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Figure 28.  Representative silver-stained gel images showing wildtype and AAA3E/Q dynein 
preparations. The arrow points to the DHC band. 
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Wildtype and mutant dynein microtubule-binding behavior 

Dynein interaction with microtubules is normally modulated by different nucleotide 

conditions (Shpetner et al., 1988; Mizuno et al., 2007; Imamula et al., 2007). To determine if 

the AAA3 E/Q mutation affected this modulation, the microtubule-binding behavior of 

wildtype and AAA3 E/Q dynein under varying nucleotide conditions was examined using a 

microtubule copelleting assay. As expected for wildtype dynein motors, the presence of 1mM 

ATP resulted in low percentage of dynein cosedimentation with microtubules (figure 29 a, 

b). Under nucleotide-free, ADP, or AMP-PNP conditions a significant increase in dynein 

cosedimentation with microtubules in comparison to the ATP condition was observed (figure 

29 a, b). These observations are consistent with the nucleotide-sensitive microtubule-binding 

behavior exhibited by cytoplasmic dynein from other sources (Shpetner et al., 1988; Hays et 

al., 1994; Imamula et al., 2007). AAA3 E/Q dynein displayed a microtubule dependent 

cosedimentation behavior similar to wildtype dynein under nucleotide-free, ADP, or AMP-

PNP conditions (figure 29 a, b). In contrast to wildtype dynein, the presence of ATP did not 

significantly lower the cosedimentation of AAA3 E/Q dynein with microtubules (figure 29 a, 

b). These results indicate that nucleotide-sensitive microtubule- binding behavior of N. 

crassa wildtype dynein is similar to microtubule-binding characteristics of cytoplasmic 

dynein from other sources and that the AAA3 E/Q mutation perturbs dynein so that its ability 

to bind microtubules is insensitive to the presence of ATP. The ATP-insensitive microtubule-

binding ability of AAA3 E/Q is consistent with the rigor-like microtubule-binding reported 

for similar AAA3 mutants in previous studies (Silvanovich et al., 2003; Kon et al., 2004; Cho 

et al., 2008). The results from the AAA3 E/Q  
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Figure 29.  Effect of nucleotides on the cosedimentation of wildtype and AAA3 E/Q dynein 
with microtubules. (a) Representative silver-stained gel images showing microtubule 
cosedimentation of dynein isolated from wildtype and AAA3 E/Q strains under varying 
nucleotide conditions. Mixtures were centrifuged and the supernatant (S) and pellet (P) 
fractions are shown. Regions boxed in red indicate dynein sedimentation in the presence of 
ATP. Note the increase in the level of wildtype DHC in the supernatant (S) fractions in the 
presence of ATP in comparison to AAA3 E/Q DHC under the same conditions. 
(b) Quantification of the percentage of dynein in pellet fraction in comparison to total dynein. 
Cosedimentation was quantified from three independent experiments. Data shown as mean ± 
SEM. Wildtype dynein cosedimentation in the presence of 1mM ATP was significantly less 
than wildtype dynein cosedimentation in the other conditions examined (t-test, P < 0.05). 
AAA3 E/Q dynein cosedimentation in the presence of ATP was not significantly different 
from the other conditions (t-test, P > 0.05) 
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cosedimentation experiments suggest that the linear track phenotype observed in class 1 

mutant strains may be a result of a rigor-like microtubule-binding. 

Wildtype and mutant dynein enzymatic behavior 

         Dynein has an intrinsic basal ATPase activity that is enhanced by the presence of 

microtubules (Shpetner et al., 1988; Silvanovich et al., 2003; Kon et al., 2004). The effect of 

the AAA3 E/Q mutation on both the basal and microtubule stimulated dynein ATPase 

activity was investigated. The basal ATPase activities of wildtype and AAA3 E/Q dynein 

motors were significantly different (table 6). The ATPase rate of wildtype N. crassa dynein is 

115 nmol ATP/mg dynein/min and in range with reports that probed the ATPase activity of 

dynein from mammalian sources (Ferro and Collins, 1995; King and Schroer, 2000; 

Mesngon et al., 2006). Surprisingly, the AAA3 E/Q dynein showed a basal ATPase activity 

approximately four-fold higher (table 6). For both wildtype and AAA3 E/Q dynein, the 

addition of microtubules stimulated the ATPase activity approximately two-fold in 

comparison to the corresponding basal activities (table 6). This means that each motor sensed 

and responded to the presence of microtubules with a doubling in its own inherent ATPase 

rate. The enhanced ATPase rates (both basal and microtubule stimulated) observed with 

AAA3 E/Q motor were unexpected based on the nucleotide-insensitive microtubule-binding 

behavior that was observed (figure 29 a, b) as well as previous reports that saw a reduction in 

ATPase activity upon AAA3 Walker mutations (Silvanovich et al., 2003; Kon et al., 2004; 

Cho et al., 2008). The discrepancies in the ATPase data in this work in comparison to 

previous reports could be explained by the position of the AAA3 mutation as well as the 

nature of the constructs used. Two of the  
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Table 6. ATPase activities of dynein isolated from wildtype and AAA3 E/Q strains. 

Dynein Basal ATPase 
(nmol/min/mg dynein) 

MT-Stimulated ATPase 
(nmol/min/mg dynein) Fold change 

Wildtype 115 ± 7 201 ± 3 ~ 1.7 

AAA3 E/Q 418 ± 35 729 ± 60 ~ 1.7 

 

Basal and microtubule-stimulated ATPase activities are expressed as mean ± SD derived from 
three independent experiments. The basal and microtubule-stimulated ATPase rates are 
significantly different from each other in both wildtype and AAA3 E/Q dynein (t-test, P < 
0.05). 
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previous studies (Silvanovich et al., 2003; Kon et al., 2004) analyzed DHC molecules 

carrying Walker A mutations that may prevent ATP binding at AAA3 as opposed to the 

Walker B mutation used in this study. Walker B mutations may not prevent ATP binding by 

may ablate ATP hydrolysis indicating that ATP hydrolysis at AAA3 is required for proper 

motor functioning. A study that analyzed AAA3 Walker B mutation (Cho et al., 2008) 

utilized a truncated, artificially dimerized yeast dynein, which is structurally and functionally 

different from the native motor tested in this work. Due to the above mentioned reasons, 

conflicting results may have been observed. 

Wildtype and mutant dynein Vanadate mediated photolysis 

         Dynein undergoes a signature, site-specific, UV photolysis induced by vanadium ions 

(VO4) - a structural analog of inorganic phosphate (Gibbons et al., 1987). Vanadate mediated 

photolysis has been considered a defining characteristic of dynein and can be applied as a  

tool to probe the conservation of active site (ATPase) conformation and any alterations to 

this conformation (Grammer et al., 1988; Gibbons and Mocz, 1991).Vanadate mediated 

photolysis experiments were performed on N. crassa dynein. It was found that the wildtype 

dynein was susceptible to vanadate mediated photocleavage using a standard Mg2+ condition 

(V1 Mg2+) (figure 30 a). Quantification of the cleavage products showed that almost 50% of 

the total dynein was cleaved (figure 30 b). When Mn2+ instead of Mg2+ was substituted in V1 

conditions (V1 Mn2+), wildtype dynein vanadate cleavage was reduced approximately two-

fold in comparison to V1 Mg2+ condition (figure 30 a, b). The reduction in cleavage upon the 

substitution of the coordination metal (Mg2+) is in line with observations from previous 

studies (Gibbons et al., 1987). Collectively, these observations demonstrate that the structural 

features responsible for V1 site cleavage is conserved between N. crassa dynein and dynein  
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Figure 30.  Effect of divalent metal ion on the vanadate mediated V1 photocleavage pattern 
of wildtype and mutant dynein. (a) Representative silver stained gel images showing 
vanadate photocleavage of DHC from wildtype (left panel) and AAA3 E/Q (right panel) 
under V1 Mg2+ and V1 Mn2+ conditions. High and low molecular weight UV cleavage 
products are indicated by (*) and (>) respectively. Additional prominent cleavage products 
found in AAA3 E/Q V1 Mn2+ conditions are indicated by (►). (b) Quantification of the 
percentage of dynein cleaved in comparison to total dynein in the sample. Percent cleavage 
was quantified from three independent experiments. Data shown as mean ± SEM. 
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studied from other sources (Gibbons et al., 1987; Schnapp and Reese, 1989; Hays et al., 

1994; Gatti et al., 1994; Allan, 1995; Kon et al., 2004). 

AAA3 E/Q dynein showed a V1 Mg2+ cleavage pattern similar to wildtype dynein 

(figure 30 a, b). In contrast, under V1 Mn2+ conditions, AAA3 E/Q dynein did not show as 

great of a reduction in cleavage (figure 30 a, b). In addition, there was cleavage of AAA3 

E/Q dynein at a second site under V1 Mn2+ conditions. The alteration of AAA3 E/Q dynein 

V1 Mn2+ cleavage patterns indicates that the AAA3 E/Q mutation alters the active site 

conformation of dynein. The alteration in vandate cleavage seen for AAA3 E/Q could be 

related to the observed elevated ATPase activity (table 6).  

Motility properties of Wildtype and mutant dynein 

The motility properties of N. crassa wildtype and AAA3 E/Q dynein was probed 

using in vitro microtubule-based bead motility assay. Beads coated with wildtype dynein 

exhibited motility as seen by the directional motion of the beads on microtubules. Wildtype 

dynein moved with an average velocity of 0.7 µm/sec (table 7), which is consistent with the 

dynein velocities observed in previous studies (King and Schroer, 2000; Toba et al., 2006; 

Ori-McKenney et al., 2010). The mean run length of wildtype dynein (table 7) was well 

within the range of in vivo dynein based motility events (Ma and Chisholm, 2002; Pilling et 

al., 2006; Ori-McKenney et al., 2010). When beads with AAA3 E/Q dynein were examined, 

enhanced binding of beads to microtubules in the motility chambers was observed. Further 

analyses showed that none of these bound motors moved along microtubules. This inability 

to move is consistent with the in vivo microtubule decoration phenotype (figure 20 b; figure 

23) and the nucleotide-insensitive microtubule-binding phenotypes (figure 29 a, b). It is 

intriguing that the elevated ATPase rate (table 6) did not translate into a  
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Table 7.  In vitro motility characteristics of beads coated with dynein isolated from wildtype, 
and AAA3 E/Q strains. 

Dynein MT-
Binding Motility Velocity 

(µm sec-1) 
Distance 

(µm) n 

Wildtype + + 0.7  ±  0.3 2.6  ±  1.7 104 

AAA3 E/Q +++ - 0.0 0.0 155 

 
Velocities and distances are expressed as mean ± S.D.; n = number of events tracked. AAA3 
E/Q dynein exhibited enhanced microtubule-binding, which is represented by (+++) and lack 
of motility (-).  
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faster motor. The properties exhibited by AAA3 E/Q dynein such as the nucleotide-

insensitive microtubule-binding, enhanced ATPase activity and inability to translocate along 

microtubules are analogous to characteristics observed with kinesin and myosin motors 

bearing uncoupling mutations (Ruppel and Spudich, 1996; Song and Endow, 1998; Brendza 

et al., 2000; Heuston et al., 2010). Uncoupling mutations are able to disengage a motor’s 

intra-domain coordination mechanisms in a way that results in constitutive cytoskeletal 

filament-binding as well as enzymatic and motility behaviors that are independent of each 

other (Ruppel and Spudich, 1996; Song and Endow, 1998; Brendza 

et al., 2000; Heuston et al., 2010). The biochemical analyses of AAA3 E/Q dynein is 

consistent with those studies and strongly suggest that the AAA3 E/Q mutation is an 

uncoupling mutation. These results indicate that the N. crassa wildtype dynein exhibits 

motility properties comparable with dynein from other sources and that the AAA3 E/Q 

mutation uncouples the critical dynein motor functions of microtubule interaction and 

nucleotide hydrolysis. 
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Discussion 

In this study of dynein function in N. crassa a fluorescent imaging approach was 

utilized to observe wildtype dynein in growing polarized hyphae. Initial characterizations 

were performed for over 30 DHC mutant strains, and biochemical analyses were used to 

analyze in detail one of those mutant strains. The combination of these approaches has 

provided several new insights into dynein function.   

Wildtype dynein accumulated most prominently at the extreme tip of the hyphae; the 

dynein signal dropped as a gradient at positions farther away from the tip. This accumulation 

most likely represents a reservoir of dynein being retained at the hyphal tip for future cargo 

transport. Wildtype dynein was also found on the ends of microtubules near the hyphal apex 

in the classic comet tail structures described in a variety of past studies (Xiang et al., 1995; 

Vaughan et al., 1999; Xiang et al., 2000; Han et al., 2001; Ma and Chisholm, 2002; Zhang et 

al., 2003; Lenz et al., 2006; Zhang et al., 2010; Arimoto et al., 2011; Zhang et al., 2011; 

Schuster et al., 2011a; Markus et al., 2011). Dynactin and kinesin have different roles that 

affect dynein’s ability to accumulate at hyphal tips and comet tails. The loss of kinesin 

function resulted in a diffuse dynein presence in distal regions of the hyphae with a 

concomitant absence of dynein in apical regions. The data with defective kinesin strains 

supports work from others that illustrates an essential role for kinesin in the plus-end 

accumulation of dynein (Brady et al., 1990; Echeverri et al., 1996; Waterman-Storer et al., 

1997; Vaughan et al., 1999; Martin et al., 1999; Duncan and Warrior, 2002; Januschke et al., 

2002; Zhang et al., 2003; King et al., 2003; Ligon et al., 2004; Theiss et al., 2005; Lenz et al., 

2006; Arimoto et al., 2011).The loss of dynactin function resulted in a subtly different 

phenotype where diffuse dynein signal was present throughout both apical and distal regions 
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of the hyphae. These data suggest that dynactin is also required for the correct localization of 

dynein in the cell. 

The screen for dynein heavy chain mutations was quite successful at identifying 

specific amino acid changes associated with altered dynein activity. The mutant alleles 

examined in this study all resulted in non-lethal colony growth phenotypes (classic ropy 

phenotypes) as seen in dynein null mutations (Plamann et al., 1994). Altogether, the cellular 

phenotypes of more independent mutant dynein alleles were examined than any other 

previous screen in any other organism. Factors that aided the ability to identify such a large 

number of mutant dynein alleles in N. crassa include the haploid genome, the non-lethal 

nature of the mutations, and the particular temperature sensitive screen utilized (Plamann et 

al., 1994; Bruno et al., 1996; Tinsley et al., 1996).  

All ropy phenotype DHC mutant strains examined in this study demonstrated one 

common feature: a loss of the cloud of dynein that normally accumulates at the hyphal tip. It 

could be proposed that this cloud is a reservoir of dynein and that the loss of such a pool in 

ropy strains may indicate altered dynein function. In addition to the loss of tip accumulation, 

DHC mutant strains exhibited varying degrees of altered microtubule networks and displayed 

one of five distinct classes of dynein mislocalization phenotypes. The observation that there 

are multiple mislocalization phenotypes in the collection of DHC mutations suggests that 

there must be at least five distinct ways that dynein function can be perturbed yet still impart 

a ropy colony morphology. The range of mutant mislocalization phenotypes observed in 

conjunction with the number and placement of DHC mutations (figure 18; figure 27; table 3) 

was initially surprising, as this phenotypic diversity had not previously been described for 

dynein. The complexity of the results from this study appears quite similar to the initial 
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genetic and cell biological studies that investigated key cellular processes such as the cell 

cycle (Hartwell et al., 1974) or secretory pathway (Novick et al., 1981). In these two classic 

studies, a large number of mutant alleles were required to point out and define discrete steps 

in those respective pathways. The current study is different in that all the mutant alleles occur 

within the same polypeptide, but the similarities provide the framework to suggest that there 

is a dynein transport cycle within cells and that the mutations likely block discrete steps 

within the cycle. 

In figure 31 a model has been presented that depicts the dynein transport cycle 

occurring through a series of steps and speculations have been made upon how the different 

DHC mutations could trap dynein at particular positions along this transport cycle. This 

model is speculated using dynein mislocalization data from mutation at a single DHC site 

and may require more experiments with DHC double mutants to define the exact order of the 

events. 

The dynein cycle begins with the binding of dynein to microtubules in the hyphal 

tube and the transport of dynein along these microtubules to the hyphal tips by kinesin. Many 

studies have shown that dynein and kinesin motors are present on the same cargoes. For the 

current model, it could be proposed that kinesin is preferentially active compared to dynein 

for a subset of cargoes (black box in step 1 of figure 31) as has been previously presented 

(Valetti et al., 1999; Gross et al., 2002; Fridolfsson and Starr, 2010; Encalada et al., 2011). 

This transport by kinesin generates a large dynein pool as the amorphous cloud at the tip. In 

the absence of kinesin function, it was found that the wildtype dynein tip accumulation was 

abolished. There was actually a clear zone in the apical regions of the hyphae in kinesin 

deficient strains, suggesting that dynein requires kinesin for transport to the extreme  
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Figure 31.  Model of dynein cycle in N. crassa hyphae. Dynein molecules cycle between 
various regions of the hyphae. Details of the model are discussed in the text. 
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hyphal tip and that any dynein found or synthesized near the hyphal tip can move distally 

along the cellular microtubules. One possibility that arises from a consideration of these data 

is that the class 1 long linear track phenotype is a result of a deficiency in this kinesin- 

dependent transport step of the cycle. In class 1 DHC mutant strains, very strong dynein 

signals along microtubules in regions distal to hyphal tips, at approximately the same 

distance back from the tip was observed and this may reflect the remaining dynein signal in 

the kinesin mutant strains. In the characterizations of the AAA3 E/Q class 1 mutant strain, it 

was determined that the long linear track cellular phenotype was ultimately caused by an 

uncoupling mutation that enhanced the binding of dynein to microtubules relative to wildtype 

(figure 29 a, b). It appears that the AAA3 E/Q mutant dynein may actually be in a rigor-like 

association with microtubules (figure 20 b; figure 23; figure 29 a, b). Instead of being 

transported by kinesin, altered AAA3 E/Q motors could bind microtubules with sufficiently 

high affinity to prevent kinesin-based transport. This uncoupled binding would effectively 

trap dynein, leading to the long linear track patterns and blocking progression into 

subsequent steps of the dynein cycle. It will be interesting to determine if dynein from all 

class 1 mutant strains have increased microtubule-binding and uncoupled functions. 

The next step in the dynein transport cycle is the actual accumulation of dynein at the 

hyphal tip, which may provide a reservoir for dynein molecules. The gradient of the observed 

dynein signal would be maintained by the continual action of kinesin transporting those 

dynein molecules that were either found far from the tip or diffusing away from the hyphal 

tip. As noted, the cloud of dynein molecules at the tip in wildtype strains slowly dissipates 

after treatment with the microtubule-depolymerizing drug benomyl and is absent in kinesin 

mutant strains. Based on these data the maintenance of the hyphal gradient of dynein appears 
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to be an active process requiring kinesin transport along microtubules. Dynein accumulation 

at the extreme tips of similarly polarized systems has been previously observed (Lenz et al., 

2006; Myers et al., 2007; Ha et al., 2008).  

The third step in the dynein cycle involves the loading of dynein from the reservoir at 

the hyphal tips to the plus ends of microtubules. The comet tails observed with wildtype 

dynein illustrate this step of the cycle. Data from studies in U.maydis have shown that 

endosomal cargoes recruit dynein motors located in the comet tails rather than dynein from 

the soluble pool (Schuster et al., 2011c; Schuster et al., 2011a), further supporting comet tail 

formation as a necessary step in the dynein cycle (Vaughan et al., 1999). The enhanced 

localization of dynein to microtubule ends in class 3 (comet tail) mutant strains may reflect 

the entrapment of dynein in this step of the dynein cycle. It is intriguing that five of the seven 

mutations that occur within the dynein microtubule-binding stalk fall into the class 3 strains. 

Future work will be required to determine if specific alterations in microtubule-binding 

ability or some other biochemical alterations may lead to the enhanced comet tail class 3 

phenotype.  

The subsequent step in the cycle is the transport of cargo-laden dynein along 

microtubules to the distal regions of the hyphae. This classic function of dynein in 

intracellular transport has been well-studied in a variety of systems. In N. crassa cargoes 

include endosomes, recycling vesicles, and nuclei. It can be proposed that the apical long 

linear track phenotype of the class 2 mutant strains is due to a block in this transport step of 

the cycle. The class 2 mutant strains have dynein molecules that are persistently found on 

microtubules in the apical regions of the hyphae. Even in newly elongated hyphae, these 

tracks are found spanning the regions (~75 microns) closest to the tip, suggesting that dynein 
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molecules in these strains retain a mechanism for getting to the apical regions. It is likely that 

the dynein molecules in these class 2 mutant strains were delivered to the hyphal tips via 

kinesin and were trapped after binding to microtubules in apical regions, and became a 

dynein sink in these strains as the hyphae continued to grow. This dynein behavior is in 

contrast to the long linear tracks in distal regions observed in the class 1 mutant strains such 

as AAA3E/Q where it seems most plausible that the dynein molecules were never delivered 

to the apical regions by kinesin. The similarity in microtubule localization phenotypes 

between class 1 and class 2 mutant strains (both being preferentially bound to microtubules 

in specific regions of the hyphae) makes it appealing to suggest that the uncoupling 

phenotype of AAA3 E/Q may manifest in some similar way in the class 2 mutant strains. 

There is also a separate possibility that in class 2 mutant strains, dynein was successfully 

transported to hyphal tips by kinesin but once at hyphal tips, that dynein was unable to 

release from the microtubules. Further analyses will be needed to distinguish between these 

possibilities. 

 The next to last step of the proposed dynein cycle is the release of dynein molecules 

from those cargoes such as nuclei that the motors are transporting distally along the hyphae. 

It appears likely that class 4 mutant strains may have defects in this portion of the dynein 

cycle. In the class 4 mutant strains, there were large complex assemblies of dynein, dynactin, 

nuclei, and aster-like microtubule structures into characteristic aggregate foci. In particular, 

the stellate patterns of nuclei around the aster-like microtubule network were quite striking 

and suggested that the nuclei were cross-linked to the abnormal microtubule asters. Both 

microtubule motors (dynein and kinesin) have been implicated in microtubule aster 

formation in vivo and in vitro under specific conditions (Verde et al., 1991; Vaisberg et al., 
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1993; Gaglio et al., 1996; Heald et al., 1996; Inoue et al., 1998; Nilsson and Wallin, 1998). 

All of these previous studies point to a few key necessities for motor dependant aster 

formation such as 1) stable microtubules, 2) accumulation of motors to one of the 

microtubule ends, and 3) motor dependent cross linking and sliding of the microtubules. The 

data collected so far on the class 4 mutant strains is compatible with these three points.  

The final step of the dynein transport cycle resets the system so that dynein motors 

can re-enter the cycle for subsequent rounds of motility. Specifically, this last step requires 

free (unbound to cargo) dynein to bind to microtubules in distal regions. Once bound to 

microtubules in these distal regions, the transport cycle starts over again with kinesin 

dependent movement of dynein to the hyphal tip. One possibility is that the diffuse dynein 

localization pattern in class 5 mutant strains occurs because dynein molecules in those strains 

are unable to bind microtubules. An inability to bind microtubules would prevent kinesin 

mediated apical transport of dynein (step 1), plus-end comet tail binding of dynein at the 

apical tip (step 3), and transport of cargoes away from the hyphal tip by dynein (step 4). 

Thus, dynein molecules that were unable to bind to any microtubule-based cytoskeletal 

structures would be left to diffuse freely in the cytosol, as observed with class 5 mutant 

strains. 

The experiments and observations described in Chapter 3 shows the utilization of the 

filamentous Neurospora crassa in a series of genetic, cell biological and biochemical 

analyses to study dynein function and regulation. Thirty-four dynein heavy chain mutant 

strains isolated in a genetic screen and the wildtype strains were characterized by performing 

a series of localization studies. The live-cell imaging revealed that dynein can mislocalize as 

long linear tracks, comet tails, aggregates, and dispersed signals in mutant strains and can 
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alter microtubule organization and nuclear distribution to varying degrees. Biochemical 

analyses of dynein from one of the mutant strains (AAA3 E/Q) revealed the uncoupling 

effect of the mutation on dynein enzymatic and motility activities and established a potential 

link between in vitro biochemical properties and intracellular localization of dynein. Based 

on the available localization and biochemical data, a model has been proposed in which 

dynein normally cycles to the hyphal tip and from there to distal regions as it performs its 

transport functions. The multiple mislocalization phenotypes observed in these studies may 

represent the entrapment of dynein at different stages of the dynein transport cycle.  
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CHAPTER 4 

ANALYSES OF A MOUSE NEURODEGENERATIVE DHC MUTATION IN 
NEUROSPORA CRASSA 

 
Introduction 

 
  The DHC is comprised of a ~4300 - 4600 amino acid polypeptide chain that can be 

divided into two regions, a motor head and a tail domain. The motor head is responsible for 

ATP hydrolysis as well as the microtubule interaction of the dynein complex (Gibbons et al. 

1987; Gee et al. 1997; Koonce 1997). The tail domain is involved in the homodimerization of 

DHC as well as interaction with the other dynein subunits (figure 1; figure 9; Pg. 20) (Habura 

et al. 1999; King 2000; Tynan et al. 2000). The motor head and a part of the tail domain 

termed the linker have received much attention due to their involvement in dynein force 

production (Gee et al. 1997; Burgess et al. 2003; Mallik et al. 2004; Kon et al. 2005; Numata 

et al. 2008; Roberts et al. 2009). Several studies have reported recombinant dynein motors 

lacking the tail domain to be functional (Nishiura et al. 2004; Reck-Peterson et al. 2006; 

Shima et al. 2006; Mogami et al. 2007; Cho et al. 2008). Perturbation of the integrity of the 

dynein tail domain alters motility properties of dynein (Pollock et al. 1998; Ori-McKenney et 

al. 2010; Markus and Lee 2011).  

  A few studies have reported mutations in the tail domain of DHC in mice 

(Hafezparast et al. 2003; Chen et al. 2007). One mutation is an ethylnitrosourea-induced 

missense mutation (F580Y) termed as the Legs at odd angles (Loa) mutation. Mice bearing a 

heterozygous Loa genotype (Loa+/-) exhibit abnormal posture (figure 11); late-onset 

neurodegeneration, and defects in muscle force, motor function, and neuronal migration 

(Hafezparast et al. 2003; Ilieva et al. 2008; Ori-McKenney and Vallee 2011). Mice 

homozygous for Loa mutation (Loa-/-) exhibit perinatal mortality and neurons cultured from 
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the homozygotes display retrograde axonal transport defects as well as Lewy body–like 

cytoplasmic aggregates (Hafezparast et al. 2003). Collectively, these studies suggest a 

regulatory role of the tail domain on dynein function. Despite efforts to understand the effect 

of Loa mutation in dynein function and its implications on neurodegeneration (Hafezparast et 

al., 2003; Myers et al., 2007; Ori-McKenney et al., 2010; Deng et al., 2010), a thorough 

understanding is yet to be accomplished. Reports that studied the Loa mutation were limited 

to heterozygous genotypes of Loa mice due to embryonic/perinatal lethality associated with 

the homozygous Loa genotype. Under heterozygous conditions the DHC dimers can have 

varying allelic compositions (WT, Loa+/-, Loa -/-) resulting in a range of dynein complexes. 

Although the Loa mutation is an autosomal semi-dominant mutation (imparts a phenotype 

under heterozygous conditions Loa+/- and perinatal lethality at homozygous Loa -/- 

conditions), the compositional heterogeneity of dynein complex complicates a thorough 

understanding of Loa mutation’s effect on dynein mechanochemistry.  

  The limitations associated with studying DHC mutations in diploid organisms in 

which dynein performs essential functions can be circumvented by employing the fungal 

model system Neurospora crassa. DHCs show high structural conservation between N. 

crassa and higher eukaryotes (figure 16; figure 32). Unlike other eukaryotes where dynein is 

essential for the survival of cells, N. crassa does not depend on dynein function for cellular 

viability. N. crassa has a haploid genome, which ensures that any mutation introduced in the 

single DHC locus will result in a homogenous pool of dynein complexes.   
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Figure 32.  Schematic representation of the cytoplasmic dynein heavy chain from N. crassa 
showing the position of the Loa mutation. Numbers 1-6 indicate appropriate AAA+ domains. 
MT and C represent the microtubule-binding domain and C-terminal region respectively. The 
alignment of a subset of sequences shows the conservation of the DHC Loa mutation 
(F607Y) between N. crassa and other species. Black letters indicate conservation, green 
letters indicate altered amino acids, and red letters indicate the Loa mutation.  
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  This chapter describes the introduction of dynein tail mutation observed in Loa mice 

into the N. crassa genome and the characterization of the effect of tail mutation on dynein 

function by utilizing cell biology and complementing biochemical approaches. It was 

determined that the Loa mutation exhibits several subtle defects upon dynein function in N. 

crassa that were not seen in mice, including alterations in dynein localization and in the 

biochemical properties of purified motors. This work provides new information on the role of 

the tail domain on dynein function and points out areas of future research that will be of 

interest to pursue in mammalian systems. 

Results 
 

Generation of a fungal strain carrying a mammalian disease mutation 

Complete loss of function of the DHC gene in N. crassa leads to an altered hyphal 

growth phenotype termed ropy (Plamann et al. 1994; Bruno et al. 1996). Utilizing this 

phenomenon, initial attempts were made to introduce the Loa mutation in the native DHC 

locus using a one-step homologous recombination based strategy. It was reasoned that if the 

Loa mutation causes a complete loss of dynein function, transformed strains carrying the Loa 

mutation would display a ropy growth phenotype and therefore could be easily identified in a 

screen for strains exhibiting abnormal growth. After a series of transformation experiments, 

none of the resultant transformation progeny exhibited the ropy growth phenotype. An 

alternative possibility was considered in which the Loa mutation may not lead to a complete 

loss of dynein function. A two step strategy was devised to generate the Loa mutant strain 

(figure 33 a). First, a stop codon was introduced into a wildtype DHC gene sequence at 

amino acid position 770 to generate a DHC mutant strain (DHCK770*) that encoded a 

truncated form of the DHC polypeptide. This mutant strain  
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Figure 33.  Generation of an N. crassa strain carrying Loa mutation. (a) A schematic 
representation of the two step strategy used to generate the Loa mutant strain. Step 1, 
introduction of a stop mutation to generate the ropy strain DHCK770*. Step 2, introduction of 
the Loa mutation and the rescue of the stop mutation. (b) Comparison of colony 
morphologies between wildtype, mutant DHCK770* and Loa mutant strains. Note the Loa 
mutant strain exhibits mild ropy growth morphology in comparison to the wildtype strain. 
(c) Bar graph showing radial growth rates of wildtype, mutant DHCK770* and Loa mutant 
strains. Data are shown as mean ± S.D. 
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exhibited altered hyphal morphology resulting in a severe ropy growth phenotype and slow 

colony growth rates (figure 33 b, c). The mutant growth morphology exhibited by DHCK770* 

strain was equivalent to DHC null N. crassa strains (Seiler et al. 1999; Riquelme et al. 2000) 

suggesting that there was a complete loss of dynein function in the DHCK770* strain. In the 

second step, the DHCK770* mutant strain was transformed with a DNA fragment that encoded 

the Loa mutation (F607Y) along with flanking native DHC DNA sequences that would 

rescue the K770* nonsense codon. Therefore, the second round of transformants were 

screened for improved growth phenotypes, which could indicate that homologous 

recombination occurred between the transforming DNA and the DHCK770* locus. Twenty-

four improved growth transformants were isolated and six of those transformants were 

chosen for sequencing the entire ~15 kb DHC gene. It was determined that all six 

transformants carried the Loa mutation without any other genomic defects. The mutant Loa 

strains exhibited hyphal growth morphology and colony growth rates (figure 33 b, c) that 

were intermediate between wildtype and DHCK770* strains. The intermediate effect of the Loa 

mutation on N. crassa growth phenotype is consistent with the initial hypothesis that the Loa 

mutation may not cause a complete loss of dynein function.  

Loa mutation alters dynein localization to membranous organelles 
 

To examine the effect of the Loa mutation upon dynein localization in cells, the Loa 

strain was crossed with a strain that expresses DIC-mCherry. The incorporation of the DIC-

mCherry into Loa dynein allowed for the localization of dynein in live cells.  

As shown in the previous chapter, in wildtype strains, dynein accumulates as a bright 

cloud at the hyphal tips (figure 20; figure 34 a). This fluorescent signal at the tip gradually 

tapered off as a function of distance from the hyphal tips in wildtype cells (figure 34 c). 
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Further analyses showed that dynein can be localized to additional locations including 

microtubule end-binding comet tails and what appear to be spherical organelles (figure 34 b). 

The previous chapter showed the examination of 34 DHC mutations and their effect in 

trapping dynein in different stages of a dynein transport cycle, leading to several classes of 

cellular dynein localization phenotypes. When the localization of mutant Loa dynein 

molecules in actively growing hyphae was characterized, a reduction in the accumulation of 

dynein fluorescence to the hyphal tips was observed (figure 34 a, c). This was approximately 

two-fold in comparison to wildtype in the apical 20 microns of the tip. The Loa tip-based 

dynein fluorescence mirrored that of wildtype dynein in more distal regions. Further 

examination revealed that the Loa dynein localized to comet tails and associated with 

spherical organelles similar to wildtype dynein behavior (figure 34 b). Despite these 

similarities there were three subtle, but significant, variations in how mutant Loa dynein 

localized to spherical organelles in comparison to wildtype strains. First, fluorescence 

intensity measurements of the mutant Loa spherical structures indicated a greater than 2-fold 

increase in mCherry fluorescence in comparison to wildtype spherical structure fluorescence 

(in arbitrary units, wildtype =16 ± 6, Loa = 40 ± 8; n = 25; p < 0.005). Second, the Loa 

spherical structures were located much closer to the hyphal tips than their wildtype 

counterparts (wildtype = 47 ± 10 µm, Loa = 23 ± 5 µm; n = 20; p <0.005). In addition to 

these differences, Loa spherical structures more often appeared to be clustered than the 

wildtype spherical structures (figure 34 b). 
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Figure 34.  Localization of dynein in wildtype and Loa strains of N. crassa. (a) Hyphae from 
the colony edge of wildtype and Loa mutant strains were visualized at intermediate 
magnification to show the distance between dynein signal and the hyphal tip (arrowheads). 
Bars: 50 µm. (b) Hyphae visualized using higher magnification show details of dynein 
localization. In wildtype strains dynein is accumulated at hyphal tips and localizes to comet 
tails (red arrows) and to spherical structures (green arrows). In the Loa mutant strains, dynein 
showed reduced accumulation to hyphal tips and localization to comet tails as well as 
enhanced localization to spherical structures. Left panels = transmitted light; right panels = 
mCherry fluorescence. Arrowheads indicate position of the hyphal tip. Bars: 10 µm. (c) 
Fluorescence intensity profiles as a function of distance from the hyphal tips for wildtype 
(olive) and Loa strains (maroon). For comparison purposes fluorescence intensity scan from 
class 3 (comet tail) hyphae is shown. Data are shown as mean ± S.E. (n = 15 hyphal tips for 
each strain). 
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The mild alterations observed with Loa dynein localization (reduced hyphal tip accumulation 

and altered vesicle organelle localization) are distinct from the more pronounced mutant 

dynein mislocalization phenotypes reported in other DHC mutations and indicate that the Loa 

mutation alters dynein function by a distinct mechanism compared to those other mutations. 

Loa dynein colocalizes with dynactin 

A previous report suggested that the Loa mutation may reduce the interaction 

between dynein and dynactin (Deng et al. 2010). To test if the Loa DHC mutation had any 

effect on dynein-dynactin interactions in vivo, the localization of dynactin in Loa mutant 

strains was examined. These experiments revealed that dynactin (as seen by EGFP-p150 

signals) was colocalized with Loa dynein to hyphal tips, comet tails and the clustered 

spherical structures (figure 35; figure 36). The colocalization of the mutant Loa dynein with 

dynactin is consistent with the earlier observation of dynein-dynactin colocalization in the 

other DHC mutant strains and indicates that Loa mutation does not significantly affect the 

interaction of Loa dynein with dynactin in cells.  

Loa dynein colocalizes with calcium transporters 

Because there was an interesting difference in how Loa dynein interacted with 

spherical organelles, the identity of the spherical structures was further explored. Strains 

expressing RFP (Red Fluorescent Protein- tDimer2 (12)) labeled N. crassa endomembrane 

markers such as CAX, NCA-2, NCA-3, VMA-1 and VAM-3 (Bowman et al. 2009) were 

utilized. Because the membrane markers were labeled with RFP, EGFP (Enhanced Green 

Fluorescent protein)-p150 dynactin was used as a marker of dynein. Due to the detrimental 

action of the N. crassa genetic defense mechanism with the repeated RFP tag, generation of 

double mutant strains were unattainable and therefore heterokaryon strains expressing GFP  
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Figure 35.  Colocalization of dynein, and dynactin in wildtype and Loa mutant strains. 
Epifluorescence images of growing hyphae in strains expressing DIC-mCherry and EGFP- 
dynactin p150. Dynactin colocalizes with dynein in wildtype as well as Loa strains. Left 
panels: dynein; middle panels: dynactin, right panels: overlay. Dynein mCherry fluorescence 
colocalizes with dynactin GFP fluorescence. Bars: 10 µm. 
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Figure 36.  Line scans showing colocalization of dynein and dynactin. Representative line 
scans from analysis of dynein (red) and dynactin (green) fluorescence intensities from three 
different hyphae from each wildtype and Loa strains. 
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labeled dynactin and RFP labeled endomembrane markers (see methods) were utilized. In 

both the wildtype DHC and Loa DHC heterokaryons, no colocalization between dynactin and 

NCA-2, NCA-3, or VAM-3 was observed. The spherical structures visualized by dynactin 

localization did exhibit colocalization with either VMA-1 or CAX spherical structures in 

both wildtype and Loa strains (figure 37; figure 38). VMA-1, a subunit of the vacuolar 

ATPase, and CAX, a Ca2+/H+ exchanger, are both localized to a novel organelle implicated in 

calcium sequestration (Bowman et al. 2009; Bowman et al. 2011).  

In polarized cells, a multitude of intracellular processes rely on the prompt 

clearance/delivery of cargoes. Especially in fast growing fungi like N. crassa (Steele and 

Trinci, 1975; Trinci, 1975; Seiler and Plamann, 2003; Plamann, 2009), timely delivery of 

cargoes is very crucial to sustain hyphal growth rates. The association of dynein with 

organelles implicated in calcium homeostasis suggests the possible involvement of dynein-

mediated transport in calcium regulation. Polarized cells like fungal hyphae, neurites of 

higher eukaryotes, pollen tubes, and root hairs of higher plants all have a high calcium 

gradient at the apical regions (Jaffe et al., 1975; Connor, 1986; Silverman-Gavrila and Lew, 

2001; Silverman-Gavrila and Lew, 2003). Especially in N. crassa, the hyphal tip-high 

calcium gradients are maintained by internal calcium stores rather than tip localized 

exogenous Ca2+ influx as seen with other systems involving tip extension mode of growth 

(Takeuchi et al., 1988; Levina et al., 1995; Lew, 1999). To maintain tip-high Ca2+ gradients, 

sub-apical cytosolic Ca2+ has to be kept at low levels to avoid branching or growth at 

undesired sites, which is achieved through recycling Ca2+ ions within the hyphae. 
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Figure 37.  Colocalization of dynactin, and CAX in wildtype and Loa mutant strains.  
 Colocalization of dynactin with CAX organelles. Left panels: EGFP-dynactin p150; middle 
panels: RFP-CAX, right panels: overlay. The majority of CAX positive organelles have 
dynactin p150 on their surface in both wildtype and Loa mutant heterokaryons. Bars: 10 µm. 
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Figure 38.  Line scans showing colocalization of dynactin and CAX. Representative line 
scans from heterokaryons of wildtype and Loa strains expressing dynactin (green) with 
strains expressing RFP-CAX (red). 
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Besides Ca2+ homeostasis, vacuolar ATPases and associated vesicles have been implicated in 

protein sorting, receptor-mediated endocytosis, and pH homeostasis, reservoirs for amino 

acids, protein degradation, and toxic ion sequestration sites (Davis, 1986; Klionsky et al., 

1990). Given the critical role played by vacuolar ATPases and Ca2+/H+ exchanger in 

regulating polarized tip growth (Schmid and Harold, 1988; Jackson and Heath, 1993; 

Torralba and Heath, 2001; Silverman-Gavrila and Lew, 2003; Bowman et al., 2011), the 

altered characteristics of the CAX/VMA-1 organelles in the Loa mutant strains could 

potentially give rise to the observed altered growth morphology.  

Loa mutation may alter dynein: microtubule interaction 

In the previous chapter, it was determined that DHC mutations may alter microtubule 

organization patterns and that the acute loss of microtubules can affect dynein 

mislocalization phenotypes. To determine if the localization of dynein to CAX/VMA-1 

organelles requires microtubules DIC-mCherry Loa mutant strain was crossed to a strain 

expressing β-Tubulin GFP. In these strains, fewer microtubules were observed closer to the 

tips than in wildtype and these microtubules were predominantly arranged parallel to the 

longitudinal axis of the hyphae. As expected, the comet tails in wildtype and Loa mutant 

strains showed colinearity with microtubules (figure 39 a). To test the microtubule 

dependence of dynein localization patterns, the wildtype and Loa mutant strains were treated 

with the microtubule depolymerizing drug, benomyl. In wildtype strains, as observed before, 

benomyl-mediated microtubule disruption lowered dynein accumulation to hyphal tips and 

completely abolished dynein localization to comet tails and spherical structures (figure 39 b). 

Benomyl treatment of Loa mutant strains led to the disruption of dynein comet tail and  
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Figure 39.  Localization of dynein and microtubules in wildtype and Loa mutant strains. (a) 
Epifluorescence images displaying hyphal localization of DIC-mCherry (left panels) and β-
tubulin-GFP (middle panels) in wildtype and Loa mutant strains. Overlay images are shown 
in the right panels. Comet tail dynein fluorescence in wildtype and Loa mutant strains 
localize with microtubules. Bars: 10 µm. (b) Dependence of dynein localization patterns on 
intact microtubule network. Benomyl treatment depolymerizes microtubules and alters comet 
tail localization and tip accumulation of dynein in wildtype and Loa mutant strains 
expressing DIC-mCherry and β-tubulin-GFP. Dynein is shown in left panels; microtubules 
are shown in the middle panels; overlay images are shown in the right panels. In Loa mutant 
strains, dynein localization to spherical structures was persistent even after benomyl 
treatment. Bars: 10 µm. 
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 the hyphal tip fluorescence, similar to wildtype. Dynein remained colocalized with the 

spherical structures even after the complete disruption of microtubules in the Loa mutant 

strains (figure 39 b). These data suggest that the comet tails and the hyphal tip accumulation 

of dynein in the wildtype and Loa mutant strains are dependent on microtubules. Loa dynein 

displayed enhanced association with CAX/VMA-1 vesicles even in the absence of 

microtubules. 

Biochemical Analyses of Loa Dynein 

To determine the possible alterations to the biochemical properties of dynein by the 

Loa mutation, biochemical analyses were performed on purified Loa dynein. Dynein motors 

were purified from Loa mutant strains by using an affinity based method as described in the 

previous chapter. The purification profile of the Loa dynein was indistinguishable from that 

of the wildtype dynein indicating that the mutation did not result in gross alterations to 

dynein composition. 

Microtubule-binding behavior of Loa dynein 

The dynein-microtubule interaction can be modulated by different ATP and ATP 

analog nucleotide conditions (Imamula et al. 2007; Mizuno et al. 2007). The Loa mutation 

alters dynein’s affinity to microtubules (Ori-McKenney et al. 2010). To examine the effect of 

the Loa mutation on the nucleotide-sensitive microtubule binding behavior of dynein, Loa 

dynein was tested under varying nucleotide conditions using a microtubule cosedimentation 

assay. In the presence of 1 mM ATP, Loa dynein showed reduced cosedimentation with 

microtubules in contrast to the robust cosedimentation observed under nucleotide-free or in 

the presence of 1 mM ADP or AMP-PNP (figure 40). Loa dynein exhibited nucleotide- 
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Figure 40.  Quantification of the percentage of dynein in pellet fractions in comparison to 
total dynein. Cosedimentation was quantified from three independent experiments. Data 
shown as mean ± SEM. Wildtype and Loa dynein cosedimentation in the presence of 1mM 
ATP was significantly less than dynein cosedimentation in the other conditions examined (t-
test, P < 0.05). There was no significant difference between wildtype and Loa dynein at any 
single nucleotide condition (P > 0.05). 
 

 

 

 

 

 

 

 

 

sensitive microtubule binding behavior similar to that of wildtype dynein and suggests that 

the Loa mutation does not significantly alter the microtubule interaction behavior of dynein. 
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Enzymatic properties of Loa dynein 

The effect of the Loa mutation on the ATPase activity of dynein was examined by 

measuring the basal and microtubule-stimulated ATPase rates of the mutant dynein 

molecules. The basal ATPase rate of Loa dynein was approximately 50% higher than the 

wildtype basal ATPase rate (table 8). In the presence of microtubules, the ATPase rate of Loa 

dynein doubled its basal ATPase. These results indicate that the Loa mutation significantly 

alters the basal enzymatic activity of dynein with no apparent effect on the mechanisms 

employed for sensing and responding to microtubules.  

Motility properties of Loa dynein 

Because the Loa dynein showed a microtubule binding behavior similar to wildtype 

dynein but displayed altered enzymatic properties, Loa dynein was examined in an in vitro 

microtubule-based bead motility assay to more precisely analyze its function. In this assay 

Loa or wildtype dynein molecules were coated onto polystyrene beads and these beads were 

added to a chamber with microtubules adhered to coverslip surface. The properties of N. 

crassa wildtype dynein are quite similar to mammalian dynein in terms of velocity and 

processivity (table 9; figure 41). When the Loa dynein coated beads were examined, it was 

observed that the beads bound to microtubules and moved along those microtubules as far as 

wildtype dynein (table 9). The average velocity of Loa dynein was reduced almost 2-fold in 

comparison to wildtype dynein (table 9; figure 41).  
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Table 8.  ATPase activities of dynein isolated from wildtype and Loa strains. 

Dynein Basal ATPase 
(nmol/min/mg dynein) 

MT-Stimulated ATPase 
(nmol/min/mg dynein) Fold change 

Wildtype 115 ± 7 201 ± 3 ~ 1.7 

Loa 166 ± 20 350 ± 28 ~ 2.1 

Basal and microtubule-stimulated ATPase activities are expressed as mean ± SD derived 
from three independent experiments. The basal and microtubule-stimulated ATPase rates 
are significantly different from each other in both wildtype and Loa dynein (n = 3; t-test, P 
< 0.005). 
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Table 9.  In vitro motility characteristics of beads coated with dynein isolated from 
wildtype, and Loa strains. 

 

Dynein Velocity(µm sec-1) P Distance (µm) P n 

Wildtype 0.7  ±  0.3 - 2.6  ±  1.7 - 104 

Loa 0.4  ±  0.3 <0.001 2.3  ±  1.3 >0.001 98 

Velocities and distances are expressed as mean ± S.D.; P = probability from a Student’s t test 
in comparison to wildtype dynein velocities. n = number of motility events tracked. 
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Figure 41. Histogram of velocity distributions of wildtype and Loa dynein in in vitro motility 
assay. The dashed and solid curved lines correspond to a Gaussian fit of the wildtype and 
Loa dynein velocity distributions respectively. Note the shift towards lower velocity events 
in Loa dynein. 
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Discussion 

The construction and initial characterizations of an N. crassa dynein strain with a tail 

mutation revealed that the Loa mutation caused a ropy colony morphology phenotype that 

was intermediate between that seen by wildtype or dynein null strains (figure 33 b, c). When 

the effect of the Loa mutation was examined at the growing edge of N. crassa hyphae, the 

dynein localization patterns in both wildtype and Loa strains initially appeared to be similar 

(dynein was found as a hyphal tip accumulation, in comet tails, and on spherical structures). 

There were subtle but reproducible differences in the overall pattern of Loa dynein 

distribution at the hyphal tip: the overall amount of Loa dynein at the extreme apex of the 

hyphae was reduced about two-fold and the binding of Loa dynein to a specific subset of 

vesicle structures was altered (figure 34; figure 37). In Loa strains, the microtubule network 

was slightly disorganized compared to wildtype (figure 39). The studies on Loa+/- and Loa-/- 

mice have not examined the intracellular localization of dynein, or the potential interplay 

between Loa mutations and the cellular microtubule network. Based on the current study in 

N. crassa it will be very interesting to determine if similar dynein mislocalization and 

organelle distribution phenotypes are present in mammalian systems. 

When the biochemical properties of homozygous Loa dynein motor from N. crassa 

was explored, an increase in ATPase activity and a reduction in the velocity of the Loa 

dynein motors was observed. The enzymatic and motility behaviors of Loa dynein from N. 

crassa are different from a previous report that saw no alteration in the ATPase rates from 

heterozygous Loa+/- mice and a reduction in the processivity of dynein isolated from either 

homozygous Loa-/- mice or heterozygous Loa+/- mice (Ori-McKenney et al. 2010). The 

difference in the motility properties from processivity to velocity in the dynein preparations 
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from the two organisms initially seemed surprising. However, the velocity reduction 

observed with N. crassa Loa dynein is consistent with studies that observed a reduction in the 

velocity of dynein driven intracellular retrograde movements in mouse neurons bearing 

homozygous Loa-/- mutations (Hafezparast et al. 2003; Ori-McKenney et al. 2010) and is 

further supported by reports that observed a similar effect on motor velocity upon 

perturbation of dynein tail domain integrity (Pollock et al. 1998; Markus and Lee 2011). In 

regards to the difference in ATPase rates of the two different Loa dynein preparations, there 

are significant compositional variations of dynein complexes in heterozygous Loa+/- mice 

(two headed dynein molecules will be 25% Loa+/+ motors, 50% Loa+/- motors and 25% Loa-/- 

motors). The two-fold change in ATPase rates observed with homogeneous N. crassa Loa 

dynein could have been masked in such a complex mixture of motors. In support of this 

hypothesis, the processivity defect previously seen with Loa-/- dynein was less apparent in a 

Loa+/- background (Ori-McKenney et al. 2010). The observed reduction in motor velocity 

and enhanced ATPase activity could be a consequence of the loss of dynein head-head 

coordination (as demonstrated by a previous report (Ori-McKenney et al. 2010)) that in turn 

may uncouple communication between ATP consumption and motility. The data from the 

current study in conjunction with previous reports demonstrates the important role of an 

intact tail domain for proper dynein function in systems ranging from mammals to fungi. 

The previous chapter (Chapter 3) showed the characterization of 34 mutant strains 

with DHC mutations and revealed how that these mutations entrapped dynein in one of five 

positions in an intracellular dynein cycle. It was determined that all 34 of those strains 

exhibited three common phenotypes: severe ropy colony growth morphology, complete loss 

of the hyphal tip accumulation of dynein, and severe disorganization of the hyphal 
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microtubule network. In comparison to these severe phenotypes, the N. crassa Loa mutation 

causes an intermediate ropy phenotype, a modest microtubule organization defect, and the 

Loa mutant strain actually exhibit hyphal tip accumulation of dynein, albeit reduced relative 

to wildtype strains. The N. crassa Loa mutation does not appear to entrap dynein in a 

particular stage of the dynein cycle, instead the N. crassa Loa dynein appears to have partial 

function. These results are consistent with comparisons of homozygous dynein null and 

homozygous dynein Loa-/- mutations in mice. The mouse dynein null mutations only develop 

to late blastula stage (Harada et al. 1998) whereas mouse Loa-/- embryos survive until birth 

(Hafezparast et al. 2003), showing that some partial dynein activity is present. 

By using N. crassa as the model system to study the effect of mutations on the 

function of dynein in cells, the following advantages were exploited 1) high sequence 

conservation with mammalian dynein genes, 2) dynein function being nonessential for 

viability of the organism, 3) a haploid genome so all mutations are homozygous, 4) an 

organism with well-defined genetics, and 5) the ability to purify enough motor for 

biochemical and motility assays. The work in this model system provides new information on 

the role of the tail domain on dynein function and points out areas of future research that will 

be of interest to pursue in mammalian systems. 
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CHAPTER 5 

Conclusions 

Characterization of spontaneous DHC mutations in N. crassa 

Since the discovery of dynein approximately five decades ago (Gibbons and Rowe, 

1965) a plethora of studies have been conducted to understand the structure/function 

relationship of the dynein heavy chain, the motor component of dynein. These studies have 

succeeded in the identification as well as assignment of functions to individual domains of 

dynein (Gibbons et al., 1987; Paschal and Vallee, 1987; Gee et al., 1997; Silvanovich et al., 

2003; Hook et al., 2005). Even though information from these studies offer valuable insight 

into individual functions of each domain, the allosteric regulations between these domains is 

less understood. One of the reasons that complicate a thorough understanding of dynein 

structure function relationship in the past was the lack of structural data owing to DHCs large 

structure (500 kDa) and complex mechanics. A parallel approach towards understanding the 

structure/function relationships in the absence of structural data is through mutational 

analysis, especially through missense point mutations. A few studies have successfully 

generated DHC point or small lesion mutations or in S.cerevisiae - 2 mutations (Cho et al., 

2008), A.nidulans - 2 mutations (Zhuang et al., 2007), D.melanogaster - 2 mutations 

(Silvanovich et al., 2003), D.discoideum - 4 mutations (Kon et al., 2004), and M.musculus -3 

mutations (Hafezparast et al., 2003). About half of these mutations were generated by site-

directed mutagenesis. The genetic screen utilized in this thesis identifies key elements in 

DHC through a random mechanism and may reveal new information. The total number of 

DHC mutations isolated (~ 14) and studied thus far in all organisms does not match the 

number of mutations (34 and counting) isolated in N. crassa. Thus the genetic screen 
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described here offers valuable knowledge in identifying key structural and functional 

elements that were underappreciated.  

DNA sequence analysis of the isolated N. crassa DHC mutant strains showed that the 

mutations spanned the entire length of the DHC gene. The similarity in ropy growth 

phenotypes led to the assumption that the mutations may have uniformly caused a complete 

loss of dynein function in cells. The initial hypothesis was that strains carrying different 

DHC mutations would exhibit a uniform dynein localization pattern indistinguishable 

between different mutant strains. The localization data painted a different picture and 

revealed that different mutations alter dynein function in at least five different ways 

corresponding to the five major classes of dynein mislocalization phenotypes. While this 

work was in progress a few groups succeeded in obtaining the crystal structures of dynein 

from S.cerevisiae and D.discoideum DHCs (Kon et al., 2011; Carter et al., 2011). Mapping 

the 34 mutations onto the yeast crystal structure showed a correlation between the locations 

of the mutations and corresponding mislocalization phenotypes. Although all mutation 

classes merit thorough analyses, the class 3 and class 4 showed intriguing features with 

reference to their mislocalization phenotypes and structural locations. As can be seen in 

(figure 18; figure 27; table 5) a majority of comet tail class 3 mutations are located in the tail 

and the stalk domain. This leads to the idea that the tail domain may be involved in 

regulating the microtubule binding behavior of dynein. Even though the linker, which is part 

of the tail domain, has been implicated in a power stroke mechanism of dynein movement 

(Burgess et al., 2003), this study suggests a potential structural/functional link between the 

tail domain and microtubule interaction behavior of dynein. Class 4 mutations with the 

aggregation phenotype are of special interest. Two of the class 4 mutations are located in 
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positions where the stalk interacts with the buttress (figure 27) and these mutations may 

distort interactions between the base of microtubule binding stalk and the buttress. The 

localization data shows the concentration of dynein at specific sites and accumulation of 

organelles (nuclei) and the formation of asters at those sites. As described in (Chapter 3, 

Discussion - Pg. 125 -126), these mutations satisfy requirements for aster formation possibly 

due to concentration at the microtubule minus-ends. Taking the structural location of the 

mutations and localization data into account, it can be hypothesized that the distortion of 

stalk/buttress interaction might lead to increased affinity of dynein towards microtubule 

minus-ends, ultimately causing the specific class 4 phenotypes. These observations suggest 

that the stalk/buttress interaction may play a crucial role in dictating the directionality of the 

motor. These hypotheses will need to be tested with purified dynein from corresponding 

strains.  

One of the problems associated with the biochemical analysis of wildtype and mutant 

N. crassa dynein was obtaining dynein at high purity. To bypass potential problems with 

purification schemes that utilizes dynein’s microtubule affinity states (Schroer and Sheetz, 

1991; Bingham et al., 1998) an affinity based purification procedure was developed for 

isolating dynein from wildtype as well as mutant strains (Pg. 65; figure 17; figure 28). This 

should allow the purification and study of dynein bearing any mutation, no matter how it 

affects the properties of the motor.   

In addition to probing the structure/function or mutation/function relationships, the 

identification of transport cycle described in chapter 3 addresses several questions revolving 

around polarized transport in cells. Even though tip localization of dynein has been observed 

in other fungi (Xiang et al., 2000; Han et al., 2001; Lenz et al., 2006), the dynein signal 
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appeared as streaks suggesting microtubule plus-end binding. The localization data in this 

study revealed that wildtype dynein is concentrated at the extreme tip of the polarized cells 

similar to dynein localization observed with PC12 cells (neuronal cells) (Ha et al., 2008). 

This accumulation has been proposed to act as a dynein reservoir from which the motor may 

be recruited by cargoes. It is well known that efficient intracellular trafficking requires 

kinesin and dynein as well as the coordination between the two motor classes (Martin et al., 

1999; Gross et al., 2002; Pilling et al., 2006; Barkus et al., 2008; Uchida et al., 2009). One 

important question was, what aspect of kinesin activity does dynein require for its efficient 

functioning? Even though a previous report (Zhang et al., 2003) showed that kinesin is 

required for microtubule plus end localization of dynein in growing hyphae, that study did 

not observe any dynein misaccumulation at distal regions of the hyphae as observed in our 

study (figure 20; figure 22). These observations along with the five major mislocalization 

phenotypes observed led to the proposal of a transport cycle. Future experiments to test this 

hypothesis will need to be conducted on the sequence of steps in transport cycle. One 

approach would certainly employ double mutant strains representing two classes of 

mislocalization phenotypes. Based on the resulting dominant localization phenotypes, the 

sequence of steps should be able to be defined. One more question that remains to be tested is 

the effect of impaired dynein transport cycle on vesicular transport inside the cells.  

Currently, experiments are being carried out with a membrane marker (FM 4-64) to probe 

vesicular transport inside the hypha. A better understanding of the transport cycle should be 

possible when these experiments are expanded to include all the mutant strains.  
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Analyses of a mouse neurodegenerative DHC mutation in Neurospora crassa 
 

Chapter 4 describes a proof-of-principle study in which N. crassa strain bearing a 

mouse neurodegenerative mutation (Loa) was analyzed. Loa mutation was first isolated in 

mice by chemical mutagenesis and was found to induce posture abnormalities, 

neurodegeneration in heterozygotes (Loa+/-) (Hafezparast et al., 2003). Due to the location of 

the mutation on the dynein heavy chain (tail domain) as well as its neurodegeneration link 

this mutation brought much excitement to the dynein community. A series of biochemical 

studies were conducted to study the effects of Loa mutation on dynein properties and the 

manifestation of the altered properties if any into neurodegenerative conditions (Hafezparast 

et al., 2003; Ori-McKenney et al., 2010; Deng et al., 2010). Despite these studies, a clear 

understanding of the effect of the tail mutation on dynein function was not clearly 

established. One of the limitations associated with the Loa mutation is that under 

homozygous background (Loa-/-), the mutation imparts perinatal lethality and therefore a 

majority of the studies used dynein isolated from heterozygous mice (Loa+/-).  

Therefore the Loa mutation was introduced into haploid N. crassa. This ensures that 

all dynein heavy chains will be derived from a single DHC gene, preventing the molecular 

heterogeneity problems associated with diploid organisms. N. crassa does not need a 

functional dynein for survival, which makes the introduction of mutations as well as 

propagation of mutant strains practical. When generated, the Loa N. crassa strain, a mild 

ropy growth phenotype was observed indicating a partial disruption of dynein function. 

Although it was intriguing to observe a mouse neurodegenerative mutation causing growth 

defects in N. crassa, the level of structural (figure 16; figure 32) and functional conservation 

(figure 29; figure 30; table 6; table 7) between N. crassa DHC and its mammalian 
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counterparts rationalized the alteration in hyphal growth characteristics. Live-cell imaging 

revealed additional phenotypes including organellar clustering in Loa strains. Previous 

studies on Loa-/- mice neurons have reported a similar clustering of inclusions that are part of 

cellular protein degradation machinery (Hafezparast et al., 2003; Ravikumar et al., 2005). 

The clustering of inclusions (protein aggregates) in mouse models bearing the Loa mutation 

as well as the clustering of organelles in the hyphae of N. crassa Loa strains may initially 

seem unrelated. Considering that the clustered entities in both systems are dynein dependent 

cargos, it is conceivable that the aggregation may be due to a common underlying 

mechanism that occurs with this form of impaired dynein transport. Biochemical analyses of 

the Loa dynein revealed motor property alterations that conflicted with previous studies (Ori-

McKenney et al., 2010). The conflicting results between this study and Ori-McKenney et al., 

(2010) could be due to molecular heterogeneity issues discussed earlier (Pg. 155).   

The Loa mutation-mediated cellular, and biochemical phenotypes demonstrated in 

this study draws interesting parallels between N. crassa and higher eukaryotes and makes it 

attractive to utilize the N. crassa system to study dynein mutations that are lethal in 

mammals. Until now dynein neurodegenerative mutations were limited to mouse models. A 

few reports have identified mutations in the tail domain (H306R, I584L, and K671E), and 

AAA5 (H3822P) of DHC implicated in human neurological disorders (Vissers et al., 2010; 

Weedon et al., 2011). The amino acid positions corresponding to these mutations are 

conserved in N. crassa. Given the abilities of N. crassa model system it will be interesting to 

study these mutations to understand the effect(s) of mutations on dynein structure as well as 

the manifestation of these effects into a disease condition.  
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