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ABSTRACT 

 

 Directed cell migration (chemotaxis) is a fundamental biological process 

necessary for embryonic development, wound healing, and proper function of 

the immune system.  Chemotaxis also plays a significant role in many 

developmental disorders and post-embryonic diseases in humans, such as 

cancer.  Chemotaxis is driven by extracellular cues that act, in large part, to 

induce changes in the actin cytoskeleton, such as actin polymerization, that 

facilitate directed cell migration. 

  

 Myosins are actin-associated motors that have a variety of functions in 

different cellular contexts.  Myosins can effect cortical tension, pseudopod and 

filopodia formation, phagocytosis, the function of sensory structures, and the 

basic mechanics of cell motility.  Members of the MyTH/FERM family of 

unconventional myosins all have roles in actin-based processes and one 

member, vertebrate myosin X, has recently been shown to play a role in actin 

dynamics in response to extracellular migration cues.   

  

The social amoeba Dictyostelium discoideum is a powerful model system 

for dissecting chemoattractant signaling pathways and identifying the 

cytoskeletal components necessary for directed cell migration. MyoG is a novel 

unconventional myosin characterized by two MyTH/FERM domains in its tail 

region. The potential role of this myosin in Dictyostelium cell migration was 
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investigated by analyzing the phenotype of three independent myoG null 

mutants. The initial stages of Dictyostelium development, induced by starvation, 

depend on chemotaxis to cAMP, resulting in the formation of a multi-cellular 

aggregate. Upon starvation myoG —  cells fail to aggregate, arresting as a 

smooth monolayer of cells. The myoG —  cells neither polarize in a cAMP 

gradient nor do they chemotax toward the cAMP source.  Analysis of the ability 

of myoG —  cells to polymerize actin in response to cAMP revealed that the 

response is dampened in the mutants.  myoG —  cells are also defective in 

signaling to PI3K in response to cAMP.  These data show that while the mutant 

cells retain some ability to respond to the gradient, the major pathways 

regulating polarity and chemotaxis are not functional. The mutant phenotype 

suggests that MyoG acts in transducing the chemotactic signal from the cAMP 

receptor to PI3K and the actin cytoskeleton, facilitating the morphological 

changes that lead to polarization and directional migration. 

  

The role of MyoG in chemotactic signaling represents a novel function for 

an unconventional myosin.  The work presented here clearly demonstrates that 

MyoG is necessary for signaling from the cAMP receptor to both PI3K and the 

actin cytoskeleton.  Sequence analysis shows that there is no direct homologue 

of MyoG in other organisms, but the high degree of conservation of the 

chemotactic signaling pathways indicates that there are likely to be functional 

homologues in higher eukaryotic cells, such as neutrophils, that rely on 

chemotaxis for cellular function.    
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Chapter 1 

Myosins in Motility and Chemotaxis 

 

CELL MIGRATION IN DISEASE 

 Cell migration is fundamental to a wide range of biological processes 

such as embryogenesis, immune function, and wound healing.  Embryos are 

patterned, in part, by the migration of cells such as primordial germ cells, 

neural crest cells, and neurons.  Cells in the embryo are generally directed to 

their final destination by extracellular cues.  Signals secreted by one group of 

cells can act as attractants or repellents, thus guiding migrating cells through 

a complex three-dimensional environment.  Post-embryonic processes such 

as the migration of immune cells to sites of infection and the recruitment of 

fibroblasts and endothelial cells to wounds are also dependent on the ability 

of cells to sense and respond to external cues. The directed cell migration 

observed during these processes is known as chemotaxis [1]. 

 

 Chemotaxis plays a major role in human diseases such as cancer and 

neurological disorders.  Tumor cells chemotax in response to secreted 

signals from the vasculature and its associated macrophages, leading to 

intravasation and metastasis [2].  Cancer cells also secrete chemotactic 

factors that recruit immune system cells to the tumor.  These immune cells 

secrete chemokines that induce angiogenesis, ensuring that growing tumors 
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receive nutrients from the blood stream [3].  Multiple angiogenic factors have 

become major therapeutic targets of cancer treatment [4].  Thus, 

understanding how tumor cells induce the migration of immune and 

endothelial cells has given us tools to restrict tumor growth. 

 

The neurodegeneration observed in patients with multiple sclerosis 

(MS) is caused by infiltration of the central nervous system (CNS) by immune 

cells followed by the degradation of axons and myelin [5].  Immune cells are 

induced to cross the blood-brain barrier by chemoattractants secreted in the 

underlying CNS [6].  Recruited immune cells then attack the 

oligodendricytes, myelin sheath of neurons, and axons of the nervous system 

leading to lesions in the CNS.  Accordingly, patients with MS have a wide 

range of neurological symptoms, which can include vision impairment, 

muscle weakness, numbness, loss of coordination, incontinence, cognitive 

dysfunction, sleeping disorders and seizures [7].  As MS progresses, 

inflammatory chemokines in the CNS continue to attract cells of the innate 

immune system, leading to further neurodegeneration.  Chemokines and 

their receptors have thus become attractive potential targets for future MS 

therapies [8].    

 

Extracellular migration cues, such as the chemokines involved in 

cancer metastasis and immune function, largely act by inducing changes in 
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the cytoskeleton of target cells.  Chemotaxis is generally mediated by G-

protein coupled receptors [9] that transduce signals to the actin cytoskeleton, 

reorganizing it in response to migration cues, resulting in cell polarization 

(Figure 1-1).  Actin polymerization at the cortex generates force on the 

plasma membrane inducing the formation of a leading edge that directs cell 

migration [10].  Myosins are actin-associated motors that play critical roles in 

actin filament organization, polymerization, and signaling to the actin network 

in response to extracellular signals, all essential components of chemotaxis.  

A comprehensive appreciation of actomyosin dynamics is, therefore, 

necessary in order to fully understand the regulation of chemotaxis in 

embryonic development, cancer progression, neurological disorders and 

immune function and for the development of therapeutic agents against 

many common human diseases. 

 

MYOSINS IN CELL MIGRATION 

 Myosins are actin-associated molecular motors that use ATP to 

generate force against actin filaments, converting chemical energy into 

mechanical work.  Myosins can be biochemically defined by the actin-

dependent ATPase activity of their N-terminal motor domains and they 

associate with actin filaments in an ATP-sensitive manner.  As the motor 

progresses through the ATPase cycle, its affinity for the actin filament 

changes.  The motor binds weakly to actin when it is in the ADP•Pi state.   
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Release of the phosphate molecule results in strong binding to actin and 

causes a conformational change in the motor that is transduced to the rest of 

the protein resulting in a ratchet-like movement of the myosin relative to the 

actin filament.  Specific sequences in the motor domains of different myosins 

confer differences in the rate of ATP hydrolysis, the amount of time the motor 

is attached to actin and the processive movement of myosin along the actin 

filament [11]. 

 

 All myosins have common structural features in addition to the N-

terminal motor domain (Figure 1-2).  The motor is followed by a neck region, 

which contains light-chain binding sites (IQ motifs).  The light chains regulate 

the activity of the motor domain in response to intracellular calcium levels 

[12].  Following the neck region of myosins are C-terminal tails, which are 

highly divergent between (and sometimes within) myosin classes [13].  The 

different domains present in the tails of different myosins can often account 

for divergent cellular functions.  For example, the tail of Myosin II (often 

referred to as muscle myosin or conventional myosin) is a long alpha helical 

coiled-coil that dictates dimerization and thick filament formation.  Myosin II 

thick filaments are bipolar and their contraction of actin filaments 

simultaneously from both sides of a sarcomere leads to the sarcomere 

shortening responsible for muscle contraction.  Other myosins have coiled-

coil domains in their tails, but cannot form filaments.  Instead, dimerization of 
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molecules like myosin V and XI, contributes to the processive movement of 

these motors on actin filaments allowing them to transport cargo such as 

organelles through the cytoplasm.  Other domains found in myosin tails 

specify interactions with membranes, microtubules and membrane-bound 

proteins.  Our knowledge of the roles of specific tail domains of well-

characterized myosins can help us develop hypothesis as to the cellular 

functions of novel myosins. 

 

 Myosin II is found in the amoebozoa, fungi and metazoa of the 

eukaryotic lineage [14], and plays critical roles in motility and chemotaxis.  

Myosin II filaments control uropod retraction in migrating cells [15, 16].  As a 

cell moves, myosin filaments in the uropod contract actin fibers, generating 

the tension needed to detach the rear of the cell from the substrate.  Myosin 

II filaments also contribute to cell polarity and the directed cell migration 

observed during chemotaxis [17, 18].  Myosin II filaments assemble at the 

sides and rear of a polarized cell where they act on cortical actin to produce 

tension at the cell cortex.  This tension inhibits lateral pseudopod formation, 

greatly enhancing directional migration.  When cells do not have competing 

pseudopods forming on all sides, they can move much more efficiently up a 

chemoattractant gradient.  Both myosin II filament assembly and activation 

are tightly controlled in response to chemoattractants. The roles of myosin II 

in motility and chemotaxis are well established, but what about other myosins 
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(referred to as unconventional myosins)?  Could they also contribute to the 

response of the cytoskeleton to extracellular cues? 

 

The presence of unconventional myosins in single-celled eukaryotes 

allows us to ask if these motors have roles in cell motility and/or chemotaxis.  

The ability to produce insertional mutants in the amoeba Dictyostelium 

discoideum has proven useful in this regard.  The gene encoding myosin IB, 

a myosin I family member, was the first unconventional myosin locus to be 

disrupted in D. discoideum [19].  The myoB —  mutants are defective in cell 

migration due to increased pseudopod formation [20].  Mutations in another 

myosin I family member, myoA also led to defects in cell migration [21].  A 

more detailed analysis of the myoA —  mutants showed that these cells 

formed twice as many pseudopods on the substratum as wild type cells [22].  

This defect leads to more frequent cell turning and a consequent decrease in 

cell motility.  The myoA — /  myoB —  double mutant strains exhibit dramatic 

decreases in resting cortical tension indicating that these myosins play a role 

in regulating the structure of the cortical actin network [23].  This decrease in 

cortical tension is not observed in single mutants, and the double mutant 

does not exhibit migration defects more severe than the single mutants, 

suggesting that MyoA and MyoB act redundantly in cortical tension, but have 

non-redundant roles in migration.  These data suggest that myosin I is acting 
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at the cortex perhaps crosslinking actin filaments to control the location and 

timing of lateral pseudopod formation during cell migration.   

 

Dictyostelium myosin IB is enriched at the leading edge of motile cells 

[24] and interacts with the actin polymerization machinery [25].  The myosin 

IB SH3 domain and a protein called CARMIL mediate this interaction.  

CARMIL is a homologue of an Acanthamoeba protein, Acan 125, which had 

previously been shown to interact with myosin IC in that organism [26].  It 

has since been found that both Acanthamoeba and mammalian CARMIL 

homologues inhibit capping protein, an inhibitor of actin polymerization [27, 

28].  In Dictyostelium, the loss of CARMIL leads to defects in macropinocytic 

cup formation (and hence in pinocytosis), and chemotactic aggregation and a 

reduction in the amount of cellular F-actin.  Dictyostelium myosin Is thus play 

roles in actin dynamics during cell migration, controlling cortical tension, and 

participating in a complex with the actin polymerization machinery.   

 

Vertebrate MyoIf is necessary for migration in neutrophils of the 

immune system [29].  MyoIf localizes to the cell cortex and there is a 

significant decrease in cortical F-actin in the myosin If KO mice.  Neutrophils 

from a mouse knockout (KO) of myosin If exhibit increased granule 

exocytosis resulting in an increase in cell-surface integrin.  This results in 

increased adhesion and decreased motility on integrin-ligand-coated 
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surfaces.  This data indicates that MyoIf plays an important role in neutrophil 

motility in vivo most likely through restriction of exocytosis of integrin-

containing granules by increasing the amount of cortical F-actin, which can 

act as a barrier to exocytosis.  It is also possible that MyoIf directly interacts 

with granules as they approach the plasma membrane, tethering them to the 

cytoskeleton and keeping them from fusing with the membrane.  Though 

MyoIf and Dictyostelium myosin Is appear to play similar roles in regulating 

cortical F-actin during cell migration, it seems that this function has been put 

to divergent uses in different organisms. 

 

One of the more unique unconventional myosins, myosin IX, may also 

play a role in cell motility.  Homologues of this myosin have been identified in 

rat, human, arthropods and the nematode C. elegans [30, 31].  All class IX 

myosins have an N-terminal region preceding the motor domain that is of 

unknown function.  The tails of class IX myosins contain zinc binding and 

RhoGAP domains.  The RhoGAP domain is of particular interest with regard 

to possible roles of myosin IX.  Members of the Rho family of small GTPases 

are known to regulate the actin cytoskeleton in response to extracellular 

signals through a variety of downstream effectors [32].  Different Rho family 

members can affect the formation of structures such as pseudopods, actin 

stress fibers and focal adhesions.  RhoGAPs stimulate the GTPase activity of 

Rho leading to GTP hydrolysis and inactivation of the Rho GTPase.  Thus 
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myosin IX most likely acts as a negative regulator of Rho (and thus actin 

polymerization) in vivo, leading to modulation of cell motility.   

 

The hypothesis that myosin IX regulates actin dynamics is supported 

by localization and expression studies. Human myosin IXB localizes to the 

lamellipodia in mouse melanoma cells, and rat myosin IXA localizes to the 

cell bodies and projections of cultured rat neurons [33, 34].  Rat myosin IXA 

is abundantly expressed in embryonic neurons, which exhibit directed motility 

as they migrate to their final positions in the animal [35].  Expression of 

human myosin IXB is enriched in the highly motile leukocytes of the immune 

system [35].  Neuronal and leukocyte migration and the formation of 

lamellipodia and axonal projections require actin polymerization that is 

regulated, in part, by Rho, thus implicating myosin IX in these processes. 

 

Myosin IX likely plays a role in cell migration through its RhoGAP 

activity. Overexpression of the rat homologue of rat myosin IXB in HeLa and 

normal rat kidney cells leads to loss of actin stress fibers and focal 

adhesions, causing cells to round up [36]. The RhoGAP domain of rat myosin 

IXB has been shown to inactivate RhoA preferentially over other Rho family 

members [36].  RhoA stimulates actin polymerization in the stress fibers at 

the rear of a migrating cell and induces contraction of actomyosin cables 

leading to retraction of the uropod [37]. Inactivation of RhoA leads to 
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weakening of stress fibers and focal adhesions.  One can imagine that a 

rolling inactivation of RhoA at the rear of a migrating cell would be necessary 

for disassembly of stress fibers and older focal adhesions that are no longer 

in contact with the substrate.  It is possible that myosin IX plays a role in the 

control of the activation state of RhoA during cell migration as a target of 

signaling cascades initiated by external cues. 

 

MYOSINS IN CHEMOTAXIS 

 The actin cytoskeleton is the major target of signals that direct cell 

migration.  Existing actin filaments are reorganized to aid in cell polarization, 

actin polymerization generates a leading edge, and actin participates in the 

production of focal adhesion to anchor the leading edge to the substrate.  As 

actin-associated motors, myosins can also be targets of regulation by 

chemotactic signals.  The assembly of myosin II filaments and activation of 

the motor are regulated by chemotactic signals to facilitate cell migration.  

The unconventional myosin, myosin X has recently been shown to also play 

a role in chemotaxis, both in chemotactic receptor localization and in the 

generation of actin-based processes in response to chemotactic signals. 

 

Myosin X appears to play a role in both receptor localization and 

neurite outgrowth in rat cortical neurons [38].  Netrin is a chemoattractant 

that acts as a major guidance cue for axonal projections in the developing 
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nervous system [39].  Migrating axons produce fine extensions, called 

neurites, which act as sensors for guidance cues and help to direct cell 

migration.  The netrin receptor, DCC (Deleted in Colorectal Cancer), normally 

localizes to the cell body and along the entire length of neurites.  

Overexpression of myosin X leads to redistribution of DCC to myosin X-

containing puncta in neurite outgrowths.  It was also observed that loss of 

myosin X led to loss of DCC in the neurites.  Expression of a motor-less 

myosin X thought to act as a dominant negative led to a dramatic decrease in 

neurite outgrowth in response to netrin.  These data indicate that myosin X is 

not necessary for neurite formation, but is required for translocation of DCC 

to the neurites, allowing neurite outgrowth in response to netrin.   

 

Myosin X has also been shown to have important functions in 

endothelial cell migration in response to bone morphogenic proteins (BMPs) 

[40].  Loss of myosin X in mouse endothelial cells led to a dramatic decrease 

in BMP-induced filopodia formation, cell alignment, and directed migration in 

a BMP gradient.  Interestingly, myosin X also appears to be necessary for 

intracellular amplification of the BMP signal, most likely through enrichment 

of a BMP receptor at initial signaling sites.  This would serve to reinforce 

signaling via a positive feedback loop, leading to signal amplification on the 

side of the cell exposed to high BMP levels. 
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Myosin X is likely a downstream target of phosphatidylinositol 3-kinase 

(PI3K) due to the presence of three pleckstrin homology (PH) domains in the 

myosin X tail.  PI3K converts phosphatidylinositol 4.5-bisphosphate to 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) in response to extracellular 

signals.  PIP3 acts as a docking site on the membrane for a large number of 

PH-domain containing downstream effectors.  PI3K is an important signaling 

molecule in many cellular processes, including cancer and chemotaxis [41, 

42].  Extracellular cues activate PI3K, resulting in the recruitment of PH-

domain containing proteins to the membrane.  During chemotaxis, both BMP 

and netrin induce activation of PI3K [43, 44].  The activation of PI3K by 

chemoattractants would recruit myosin X and its associated receptors to the 

membrane.  This would place myosin X in a positive feedback loop, enriching 

chemoattractant receptors in membranes closest to the source of the signal, 

thus amplifying the signaling cascade and aiding in directional sensing. 

 

CELLULAR ROLES OF MYTH/FERM MYOSINS 

Vertebrate myosin X belongs to a family of unconventional myosins 

known as MyTH/FERM myosins.  MyTH/FERM myosins have been found in 

eukaryotes from amoeba to humans.  The tails of MyTH/FERM myosins 

harbor MyTH4 (Myosin Tail Homology 4) and FERM (band 4.1, ezrin, radixin, 

and moesin) domains.  MyTH4 domains interact with microtubules, while 

FERM domains interact with integral membrane proteins [45-47].  
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MyTH/FERM myosins have cellular roles ranging from substrate adhesion 

and phagocytosis in Dictyostelium, to stereocilia function in the vertebrate 

inner ear.   Myosin X is found exclusively in vertebrates while another 

MyTH/FERM myosin, myosin XV has been found in vertebrates and flies.  

Myosin VII is a MyTH/FERM myosin that is more widespread, being 

expressed in amoeba, worms, flies and vertebrates.   

 

Myosin X is required for the formation and elongation of filopodia [48].  

Myosin X localizes to filopodia tips and has been observed moving toward 

and away from the tips.  Forward movement is relatively fast (~100nm/sec) 

and thought to be mediated by motor activity.  Rearward movement back to 

the cell body is slow (10-20 nm/sec) and presumed to be mediated by 

retrograde flow of actin filaments.  Loss of myosin X in cultured cells leads to 

loss of basal levels of filopodia formation [49].  Overexpression of myosin X 

leads to a large increase in the number of filopodia formed on the cell 

surface.  Clues as to the role that myosin X plays in filopodia formation came 

from the finding that it interacts with Mena/Vasp and localizes these proteins 

to the tips of filopodia [50].  Mena/Vasp molecules inhibit capping protein, 

thus helping to maintain actin polymerization at the barbed end of filaments 

[51].  Thus, by transporting Mena/Vasp to the tips of filopodia, myosin X 

contributes to filopodia growth.  Myosin X also interacts with and transports 

β-integrin along filopodia via the FERM domain, contributing to filopodia 
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stabilization and attachment to the substrate [52].  Finally, myosin X plays a 

cargo-independent role in initiating filopodia formation, most likely through an 

actin bundling mechanism [53].  All of this data indicates that myosin X plays 

a central role in filopodia initiation, elongation and stabilization both 

nonspecifically and in response to extracellular cues.   

 

Myosin XV is a MyTH/FERM myosin with a role in vertebrate hearing.  

Like myosin IX, Vertebrate myosin XV has an N-terminal extension of 

unknown function preceding the motor domain.  The motor is followed by two 

IQ motifs in the neck, a short coiled-coil domain and tandem MyTH/FERM 

domains separated by an SH3 domain (Figure 1). Mutations in myosin XV 

lead to congenital, non-syndromic deafness in mice (shaker-2) and humans 

(DFNB3) [54, 55].  This phenotype is caused by an elongation defect of the 

stereocilia produced by the hairs cells of the inner ear, as observed in the 

shaker-2 mouse.  Stereocilia help to transform physical sound waves into an 

electrical signal that can be transmitted to the brain [56].  Myosin XV 

localizes to the stereocilia tips and acts in concert with the PDZ-domain 

protein whirlin to ensure proper lengthening of the stereocilia.  This is 

achieved through whirlin interactions with the actin polymerization machinery.  

Loss of whirlin in mice leads to a strikingly similar shortened stereocilia 

phenotype as that observed in the shaker-2 mouse.  It is interesting to note 

though, that the loss of myosin XV appears to be more severe, leading to the 
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suggestion that myosin XV may interact with proteins other than whirlin 

during ear development [57].  These data obtained indicate that vertebrate 

myosin XV plays a protein transport role in stereocilia elongation that is 

similar to the role played by myosin X in filopodia formation.  Both of these 

proteins transport molecules to the tips of growing actin-based structures that 

are necessary for continued lengthening and the normal function of those 

structures.  

 

A myosin XV homologue (named sisyphus) has been found in 

Drosophila and is necessary for the integrity of a process called dorsal 

closure that occurs during embryogenesis and has become a model of 

wound healing [58].  Morphogenesis in the Drosophila embryo results in a 

dorsal gap of the epithelial cell layer that must be closed for embryogenesis 

to proceed.  Lateral epithelial cells extend filopodial projections into the open 

space and undergo dramatic cell shape changes until cells from both sides 

meet in the middle forming cell-cell adherins junctions and a smooth 

epithelial sheet that closes the gap. [59].  Segmentation of the animal occurs 

prior to dorsal closure.  Lateral epithelial cells are thus required to 

differentiate between the cells of various segments as they meet in the 

middle of the dorsal gap.  This ensures that they will adhere to cells of the 

appropriate segment to maintain segmental identity around the entire 

embryo.  Animals deficient for myosin XV exhibit filopodia formation defects, 
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the inability of lateral epithelial cells to correctly match with cells of the same 

segment and incomplete cell-cell junction formation during the final zippering 

stage.  This leads to a mismatch of segments, and gaps in the epithelial cell 

sheet, resulting in lethality.   Like myosins XV and X in vertebrates, 

Drosophila myosin XV was found to interact with and localize factors that 

may play important roles in filopodial dynamics.  Interestingly, these factors 

were microtubule-associated molecules and α-tubulin itself.  This indicates 

that like other MyTH4 domains, the MyTH4 domain of myosin XV may be 

interacting with microtubules, allowing it to coordinate the activities of the 

actin and microtubule filaments in filopodial dynamics.  Myosin XV is also 

required for proper localization of the trans-membrane adhesion molecule 

cadherin, which is necessary for adherens junction formation.  This explains 

why the epithelial cell sheet is not able to complete dorsal closure in myosin 

XV knock down animals.  It does not explain why cells of specific segments 

are unable to match properly when they reached the midline and exhibited 

aberrant connections between segments.  The lack of segment matching in 

myosin XV knock-down animals suggests that it may be trafficking molecules 

that are necessary for segment identification to the filopodia.  Myosin XV is 

thus implicated not only in filopodia formation, but also in transport of sensory 

molecules that allow cells to identify and connect to their appropriate 

partners.   
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Finally, myosin VII, a class of MyTH/FERM myosins found in 

numerous phyla also plays a critical role in actin cytoskeletal dynamics and 

hearing.  The tails of class VII myosins have tandem repeats of MyTH/FERM 

domains separated by an SH3 domain (Figure 1).  In Drosophila, defects in 

myosin VIIA lead to embryonic or larval lethality.  A few animals do survive to 

adulthood (so-called “escapers”) and these escapers have gross defects in 

bristle morphology and aberrant distribution and morphology of hairs over the 

entire body [60].  These animals are also deaf [61].  These phenotypes 

indicate that, as in humans, myosin VIIA is necessary for the proper 

formation and/or maintenance of actin-based cellular projections in 

Drosophila pointing toward a conserved function for myosin VII family 

members across phyla. 

 

Mutations in vertebrate myosin VIIA are responsible for Usher 

syndrome type IB in humans and the phenotypes observed in the shaker-1 

mouse [62, 63].  The most dramatic of these phenotypes is loss of hearing in 

both humans and mice.  Like myosin XV, myosin VIIA is found in the 

stereocilia of the vertebrate inner ear [64].  Myosin VIIA is not only found in 

the stereocilia tips, but all along the projections and at the base, in the 

cuticular plate.  Loss of myosin VIIA leads to splaying of the stereocilia 

bundle due to the loss of the connections between individual stereocilia [65].   
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Myosin VII participates in adhesion complexes between adjacent 

stereocilia called ankle links.  Myosin VII interacts with a putative 

transmembrane protein, vezatin, and both proteins localize to the ankle links 

near the base of the stereocilia [66].  Vezatin also interacts with usherin, a 

transmembrane protein with long extracellular regions thought to participate 

in linking adjacent stereocilia through homophilic interactions.  Vezatin is thus 

thought to be an adapter between myosin VII and usherin in the ankle links of 

stereocilia.  These interactions may be responsible for anchoring the ankle 

links to the actin cytoskeleton, producing tension that holds the stereocilia 

together. 

 

An elegant mosaic study in the mouse has recently implicated myosin 

VIIA in the regulation of stereocilia length as well as organization [67].  

Animals mosaic for myosin VIIA were generated by introducing a BAC 

carrying myosin VIIA to the X chromosome via homologous recombination in 

the shaker-1 mutant background.  Random X-inactivation led to expression 

of myosin VIIA in some cells (where the transgenic X was active) while 

others maintained the shaker-1 phenotype (where the transgenic X was 

inactive).  It was found that the stereocilia of mutant hair cells were generally 

50% longer than their wild type neighbors.  Further investigation revealed 

that the developmentally timed loss of whirlin from the stereocilia was 

delayed indefinitely in the shaker-1 mutant hair cells.  Given whirlin’s known 
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role in stereocilia length determination the persistence of whirlin at the 

stereocilia tips of shaker-1 hair cells explains why these stereocilia are longer 

than wild type (see myosin XV discussion above).  This finding also 

indicates, for the first time, that there is cross talk between myosin VIIA and 

XV in stereocilia formation.  The presence of myosin VIIA and whirlin appear 

to be mutually exclusive.  Understanding the mechanism of this interaction 

could shed light on how stereocilia length is maintained in its canonical 

staircase structure throughout the life of the animal.   

 

The MyTH/FERM myosins, VII, X, and XV all participate in the 

formation of actin-based structures.  All three of these myosins interact with 

transmembrane proteins that are part of adhesion complexes, regulating 

substrate adhesion (myosin X), cell-cell adhesion (myosin XV), or adjacent 

stereocilia adhesion (myosin VII).  Myosins VII, X, and XV also all regulate 

the length of actin-based projections through interactions with modulators of 

actin polymerization.  All of these data indicate conserved functions for 

MyTH/FERM myosins in adhesion and the formation of sensory extensions 

from the cell that have adapted to serve specific needs in different tissues in 

higher eukaryotes.   

 

Myosin VII is expressed in single-celled eukaryotes, allowing for the 

investigation of its cellular role from an evolutionary viewpoint.  Thus, 
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researchers can ask how different organisms may have taken advantage of 

the properties of this myosin in different ways.  Studies of myosin VII in the 

social amoeba Dictyostelium discoideum have revealed a conservation of 

function among the MyTH/FERM myosins of different phyla.  In 

Dictyostelium, myosin VII is enriched in phagocytic cups, leading edges and 

filopodial tips, and myosin VII null mutations result in phagocytosis, substrate 

adhesion, and filopodial formation defects [68, 69].  The phagocytosis defect 

is due to a particle adhesion defect.  Phagocytosis receptors are localized 

normally in myosin VII null cells indicating that myosin VII is not trafficking 

receptors, but likely acts as part of a particle adhesion complex linking 

transmembrane proteins to the actin cytoskeleton.  

 

The role played by myosin VII in Dictyostelium filopodial formation 

may be analogous to that of myosin X and XV in vertebrate filopodial and 

stereocilia formation, respectively.  Both of these vertebrate myosins are 

know to traffic molecules to the tips of actin-rich cellular projections to 

facilitate projection growth.  It is possible that Dictyostelium myosin VII is 

trafficking factors necessary for actin polymerization to the tips of filopodia.   

 

The substrate adhesion defect of Dictyostelium myosin VII null cells is 

caused by the inability of the leading edges of newly formed pseudopodia to 

adhere to the substrate.  Another molecule with a role in adhesion to 
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surfaces, talinA, has been identified as a myosin VII partner [70].  The 

Dictyostelium talinA null mutant has particle and surface adhesion defects 

strikingly similar to those observed in the myosin VII null mutant [71]. Though 

talinA and myosin VII co-localize, their localization is not dependent on one 

another.  Instead it seems that myosin VII plays a role in stabilizing cytosolic 

talinA protein levels and that talinA plays a role in the retention of myosin 

VIIA in adhesion complexes [72].  

 

Overall, the data from Dictyostelium suggests that myosin VII in 

amoeba is playing roles in adhesion and actin dynamics similar to those of 

the MyTH/FERM myosins found in higher eukaryotes.  Like vertebrate 

myosin VIIA, Dictyostelium myosin VII is most likely interacting with 

transmembrane molecules (functionally equivalent to vezatin) to stabilize 

adhesion complexes.  Like myosin X and XV, Dictyostelium myosin VII is 

playing a role in the extension of actin-based cellular projections, possibly 

through delivery of actin polymerizing molecules to filopodial tips.  Future 

work to identify more partners of Dictyostelium myosin VII should help to 

determine how it is contributing to filopodia formation and substrate 

adhesion. 
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DICTYOSTELIUM AS A MODEL OF CHEMOTAXIS 

The social amoeba Dictyostelium discoideum has emerged as a 

powerful model of cell motility and chemotaxis.  There is a high degree of 

conservation of the molecules associated with regulating the actin 

cytoskeleton between Dictyostelium and humans.  For example, the actin 

polymerization activator SCAR was first identified in Dictyostelium and later 

found to be a major player in processes ranging from cytoskeletal remodeling 

to brain development [73].  There is a wide array of molecular and 

biochemical tools available for probing cellular events in Dictyostelium.  

Genetic nulls can also easily be produced via homologous recombination in 

Dictyostelium due to the frequency and efficiency of homologous 

recombination in the haploid genome [74].  Genetic screens have produced a 

large collection of chemotaxis mutants, many of which have been molecularly 

characterized.  Thus, we have a relatively detailed picture of how chemotaxis 

occurs in these cells and have found it to be strikingly similar to chemotactic 

events in human cells such as neutrophils and metastatic cancer cells [1]. 

 

Dictyostelium cells use chemotaxis for feeding and development.  

When the bacterial food supply is plentiful, individual Dictyostelium cells 

chemotax to folic acid secreted by bacteria and subsequently engulf the 

bacterium through phagocytosis [75].  Even in this feeding stage, 

Dictyostelium cells are secreting starvation factors [76].  As the bacterial food 
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supply is depleted, the increased concentration of starvation factors signals 

to the cells that they are about to run out of food.  These signals initiate the 

developmental program (Figure 3).  The first known molecular response to  

starvation factors is the increased expression of genes required for 

chemotaxis, differentiation, and development.  Founder cells in the 

population begin to produce and secrete cyclic AMP (cAMP) into the 

environment.  cAMP acts as a chemoattractant to facilitate the aggregation of 

up to ~100,000 cells into a mound of cells.  These cells maintain contact 

through expression of cell-cell adhesion molecules.  The mound of cells then 

begins to undergo morphogenesis and differentiation.  Only two general cell 

types are specified, pre-stalk and pre-spore cells.  Chemotaxis to cAMP 

occurs during morphogenesis as groups of cells position themselves within 

the mound, the finger stage, and the slug (if the slug is formed – it can be 

bypassed).  This wandering slug eventually stops and undergoes a process 

called culmination.  During culmination, spore cells migrate as a mass up the 

stalk being built by stalk cells, resulting in the formation of what is called a 

fruiting body.  The migration of the spore cells up the stalk is thought to be a 

chemorepellent reaction to ammonia secreted by cells at the base of the 

stalk.   

 

Chemotaxis during aggregation has been intensely studied in 

Dictyostelium leading to a relatively clear picture of the molecular signaling 
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pathways (Figure 4) [77].  The cAMP receptors are seven-pass 

heterotrimeric G-protein coupled receptors.  G-protein activation in response 

to cAMP leads to amplification of the signal to numerous pathways on the 

side of the cell closest to the cAMP source.  The Gα2 subunit activates 

pathways leading to cGMP production, myosin II enzymatic activation, and 

gene expression.  The Gβγ complex is responsible for activation of the small 

GTPases, Ras and Rac.  Ras and Rac play conserved roles in actin 

polymerization, the regulation of PI3K activity and regulation of actomyosin 

filament assembly during migration and chemotaxis [78].   In Dictyostelium, 

Ras activates PI3K in response to cAMP, while Rac activation leads to actin 

polymerization.  PI3K and F-actin then form a positive feedback loop that 

reinforces the leading edge.  At the same time, PTEN is localized to the sides 

and rear of the cell where it acts antagonistically to PI3K, inhibiting PIP3 

production and downstream signaling.  PI3K signaling recruits a large family 

of PH-domain proteins to the membrane.  The effectors of some of these PH-

domain proteins act coordinately with Gα2 effectors at the sides and rear of 

the cell to assemble and activate myosin II filaments.  The activities of 

myosin II and PTEN inhibit lateral pseudopod formation allowing the cell to 

move efficiently in the direction determined by the leading edge.  All of this 

signaling results in a polarized cytoskeleton reinforcing the leading edge and 

directing the cell to move in a linear fashion up the cAMP gradient.  Another 

consequence of signaling is the localization and activation of the cAMP 
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synthesizer, adenylate cyclase (ACA) in the rear of the cell.  This leads to 

secretion of cAMP from the rear producing a signal relay system from cell to 

cell.  Thus, one cell will receive the signal and transduce it to neighboring 

cells generating a phenomenon called streaming wherein cells will follow 

each other in a head-to-tail fashion into the developing mound. 

 

Despite the detailed molecular picture we have of chemotaxis in 

Dictyostelium, fundamental questions remain as to how certain steps in the 

cAMP signaling pathways are carried out.  How Gβγ transduces the signal to 

Ras and Rac is poorly understood.  Also, it is not clear exactly which Ras 

and Rac family members control which parts of the downstream pathways.  

Evidence suggests that there is some redundancy within these families, but 

that each member also has unique roles.  For example, loss of RasG leads 

to complete loss of PI3K activity, and a reduction of ACA activation [79].  

Loss of RasC leads to a dampening of PI3K activity and a greater decline in 

ACA activity than observed in rasG mutants.  Loss of both RasG and RasC 

leads to the complete abrogation of aggregation.  This data indicates that 

these molecules have overlapping functions but are not completely 

redundant.  RacB and RacC also appear to overlap in activation of actin 

polymerization in response to cAMP, but RacC may be playing a role in PI3K 

activation as well by an unknown mechanism [80, 81].  Thus, the crosstalk 

between PI3K and actin polymerization appears to be taking place at the 
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level of G-protein activity.  How is the activation of these molecules 

regulated, and how do their relative levels affect signal transduction to the 

appropriate downstream targets? 

 

The importance of cAMP signaling to the actin cytoskeleton during 

chemotaxis leads us to wonder what roles might unconventional myosins 

play in this response?  Work in mammalian cells implicates myosin X in 

directional sensing and signal amplification during chemotaxis.  Myosin IX 

modifies the organization of the actin network, likely through it’s RhoGAP 

activity, which could be regulated by chemotactic signals.  The MyTH/FERM 

myosins studied to date all have roles in the formation of sensory extensions 

from the cell and the regulation of adhesion, both processes that contribute 

to directed migration.  A complete understanding of chemotaxis requires 

further investigation of how the myosins discussed above, and others, may 

regulate actin polymerization, cell polarization, cortical tension and adhesion 

in response to chemotactic signals.  The conservation of myosin function 

across species allows us to ask questions about the role of myosins in 

chemotaxis in model organisms, like Dictyostelium, that will provide relevant 

information about how chemotaxis is regulated in the cells of higher 

eukaryotes. 
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Figure 1-1: Actin and myosin in polarity and chemotaxis.  A) Simplified 
cartoon of actin polymerization occurring randomly around the periphery of a 
non-chemotactic cell causing membrane protrusions.  B) Simplified cartoon 
of the organization of actomyosin cables around the sides and rear of a 
chemotactic cell.  Actin polymerization at the leading edge drives forward 
movement.  Arrow indicates direction of migration.  Circle inside cells 
represents the nucleus.  Line just inside cell represents actin filaments, while 
dashed line represents myosin II filaments.  The action of myosin II filaments 
against the actin cables creates cortical tension that inhibits lateral 
pseudopod formation during chemotaxis.  
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Figure 1-2: Domain structure of myosins.  Protein domains of various 
myosins are shown.  Dictyostelium MyoG does not fit into one of the known 
classes of myosins.  Adapted from Krendel and Mooseker, 2005, Physiology, 
20, 239. 
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Figure 1-3:  The life cycle of Dictyostelium discoideum.  A) The 
vegetative state when cells are feeding on bacteria in the environment.  B) 
Starvation induces aggregation of up to ~100,00 cells.  C) Large multicellular 
streams move in toward the forming mound.  D) The multicellular slug stage.  
If the slug is formed it can move along the substratum.  Morphogenesis is 
occurring at all stages after (C).  E) Culmination.  The mass of spore cells 
migrates up the forming stalk.  F) The fruiting body.  Depicted are spores 
coming out of the fruiting body allowing cells to emerge and begin the cycle 
anew.  The aggregation stage (B) is the focus of the current work.  Figure is 
adapted from Chisholm and Firtel, 2004, Nat Rev Mol Cell Biol, 5, 531-41. 
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Figure 1-4: cAMP signaling in Dictyostelium discoideum.  Activation of 
the cAMP receptor, cAR1, leads to heterotrimeric G-protein activation, which 
is necessary for cell polarization and directed migration.  Open arrows 
indicate that activation of effectors is not direct.  The letter P in a circle 
indicates phosphorylation.  Arrows with the term “local” next to them indicate 
that the effector is being localized by the upstream component. 



 

 31 

Chapter 2 

MyoG is necessary for chemotaxis in Dictyostelium 

 

INTRODUCTION 

 Cell migration is necessary for activities ranging from the feeding 

behavior of single-celled organisms to innate immunity in higher eukaryotes.  

Single-celled amoeba must navigate complex soil environments to hunt for 

food, while the immune cells of higher eukaryotes traverse relatively vast 

distances to fight infectious agents.  Some forms of cell migration are random 

in nature, but many rely on the ability of cells to sense and respond to 

external cues that specifically direct movement.  The development of multi-

cellular organisms is completely dependent on the directed migration of 

whole populations of cells.  Vertebrate primordial germ cells migrate to the 

genital ridge during embryogenesis to establish the germ line and influence 

sexual differentiation [82].  Neural crest cells migrate throughout the embryo 

and give rise to tissues as variant as cartilage, bone, neurons and pigment 

cells [83].  Once neurons find their place in the nervous system, neurites 

extend from the cell body and can travel large distances before making 

connections with target cells.  The migration of cells and neuronal projections 

in the embryo is largely governed by extracellular stimuli.  Molecules 

secreted by subpopulations of cells can act as either attractants or repellents, 
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thus directing migration of cells and cellular projections through a process 

known as chemotaxis. 

 

 The directed cell migration observed during chemotaxis occurs in a 

number of contexts outside of the developing embryo.  Secreted molecules 

attract leukocytes, epithelial and endothelial cells to sites of tissue damage to 

facilitate wound healing [84].  Chemotaxis guides neutrophils and 

macrophages to sites of infection, allowing these cells to clear away 

infectious agents through phagocytosis [85].  Chemotaxis also plays a major 

role in cancer cell metastasis, allowing tumor cells to migrate to the 

vasculature where they can enter the blood stream and establish tumors in 

peripheral sites [2].  Chemotaxis relies on the cytoskeleton for cell 

polarization and directional migration and the actin cytoskeleton is the major 

target of chemotactic signals. 

 

Reorganization of the actin cytoskeleton is critical for directing cell 

movement.  During chemotaxis, extracellular cues direct the migration of 

cells to specific locations by stimulating actin polymerization and cytoskeletal 

rearrangements.  Actin polymerization induces membrane protrusions that 

form pseudopodia and the leading edges of migrating cells.  A large family of 

actin-associated molecules, including some members of the myosin 
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superfamily, tightly regulates every aspect of actin polymerization and 

dynamic reorganization. 

 

A number of myosins have been shown to play integral roles in cell 

migration and chemotaxis in organisms ranging from amoeba to humans.  

Filamentous Myosin II (M2) plays a key role in the generation and 

maintenance of the cell polarity observed during chemotaxis.  Actomyosin 

cables found under the membrane on the sides and rear of the cell produce 

cortical tension that inhibits lateral pseudopod formation [86].  In addition to 

conventional M2, all eukaryotic cells express unconventional myosins, some 

of which also contribute to directed migration.  Members of the Myosin I (M1) 

family regulate pseudopod formation and are necessary for efficient 

chemotaxis [20].  In the amoeba Dictyostelium discoideum Myosin VII (M7) is 

necessary for substrate adhesion and loss of M7 leads to defects in cell 

migration [68].  Vertebrate Myosin X (M10) is critical for filopodia formation 

and has recently been shown to play a role in the response to migration cues 

in various cell types [38, 40, 49]. 

 

Both M7 and M10 belong to a small family of unconventional myosins 

known as MyTH/FERM myosins.  These myosins harbor MyTH4 (Myosin Tail 

Homology 4) and FERM (band 4.1, ezrin, radixin, and moesin) domains in 

their C-terminal tails.   MyTH4 domains were first identified in vertebrate M7 
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and found to be present in several other myosins as well as an Arabidopsis 

kinesis-like protein (KCBP) [46, 87].  Since their identification, MyTH4 

domains have been shown to mediate the interaction of both the KCBP and 

vertebrate M10 with microtubules [46, 47].  FERM domains were initially 

identified based on shared homology between regions of the human 

erythrocyte protein 4.1, and the actin-binding proteins, ezrin, radixin and 

moesin, and have since been found in a number of membrane-associated 

proteins [45].  FERM domains interact with integral membrane proteins and 

are sometimes found in molecules with actin-binding domains.  MyTH/FERM 

myosins are thus well suited to act as bridges between the membrane and 

the cytoskeleton. 

 

The social amoeba Dictyostelium discoideum has emerged as a 

powerful model system for analyzing the roles that myosins play in cell 

migration and chemotaxis.  Dicytostelium cells express several classes of 

myosins, including two MyTH/FERM myosins, M7 and MyoG.  As mentioned 

above, M7 plays a key role in substrate adhesion during migration.  MyoG is 

a novel myosin recently identified in the genome with a tail domain structure 

strikingly similar to that of M7 (Figure 1-1) [88].  These similarities suggested 

that MyoG might also be playing a role in general cell migration, chemotaxis, 

or both.  The work presented here investigates this potential through the 
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generation of myoG knockout strains and subsequent phenotypic and 

molecular analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 36 

RESULTS 

myoG mutants are unable to develop in response to starvation 

The function of MyoG was investigated by analysis of three 

independent insertional mutants in the myoG locus that were generated 

using standard gene-targeting techniques.  Strains designated 2-13 and 

WM4 were generated through transformations of the same gene disruption 

vector (Figure 2-1A) and gave identical results in all assays performed.  The 

strain designated LB19 was produced with a second vector with homology to 

the 5’ end of myoG harboring a 1Kb deletion (Figure 2-1B).  Meg Titus and 

Zach Ryan generated the 2-13 strain, William Manzel generated the WM4 

strain and Laura Breshears generated the LB19 strain.  LB19 cells did not 

phenocopy the 2-13 and WM4 strains in all assays and the variations are 

discussed below.  Both the 2-13 non-homologous recombinant (NHR) control 

strain, 2-1, and the LB19 NHR control strain, LB39, behaved like wild type 

cells in all assays.  Where these control strains are depicted in figures, the 

strain identity is specified in the figure legend.  The majority of the myoG —  

work described was performed with the 2-13 strain.  Where a specific 

myoG —  strain name is not indicated in figures, this is the strain depicted.  

 

Strikingly, all myoG mutant strains fail to develop in response to 

starvation.  Wild type cells spread on starvation pads form fruiting bodies 

after 24hr whereas myoG —  cells exhibit no developmental structures (Figure 
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2-2A) indicating that they do not respond properly to starvation.  After 

spotting on a bacterial lawn, wild type cells that are starving in the middle of 

an expanding plaque undergo development within 2-3 days whereas 

myoG —  cells form smooth plaques that never show signs of development 

(Figure 2-2A).  The formation of streams of cells that aggregate to form 

mounds is the first visual indication of development.  The lack of mounds or 

even streams of cells in the plaques suggests that the myoG —  defect occurs 

prior to or during aggregation.   When mixed with wild type cells, myoG —  

cells do not polarize and rarely participate in streaming, demonstrating that 

the aggregation defect is cell autonomous (Figure 2-2B).   

 

It should be noted that the 2-13 strain sometimes exhibited normal 

development when cells were cultured for over 8-10 weeks.  This phenotypic 

reversion was accompanied by a reversion at the genomic locus (Figure 2-3).  

These cells were still drug-resistant indicating that the blasticidin resistance 

cassette was still present in the genome.  Sequencing across the insertion 

site showed that the excision of the cassette from the myoG locus was 

precise (Heather Francis - data not shown).  Due to this reversion, 2-13 cells 

were cultured for no longer than ~3-6 weeks and their developmental 

phenotype was confirmed periodically by spotting cells on starvation agar.  It 

is unknown if this reversion could occur in the other strains as they have not 

been passed for periods longer than ~6 weeks.   
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Aggregation is mediated by chemotaxis to cAMP that is secreted by 

cells as part of the initial starvation response.  The cAMP receptor, cAR1 is 

expressed early in development while a second cAMP receptor, cAR3 is 

expressed slightly latter during tight aggregation formation [89].  cAR1 

mutants are aggregation defective, but can be rescued by pulsing with 

exogenous cAMP [90].  This rescue is most likely mediated by redundant 

activity of cAR3 [91].  To investigate the possibility that myoG —  cells may be 

rescued by exogenous cAMP, the mutants were pulsed with cAMP, spotted 

on starvation agar and analyzed ~24 hr later for development.  The 

developmental defect of myoG —  strains was not rescued by pulsing with 

cAMP for up to 12 hr (Figure 2-4).  This suggests that the defect in myoG —  

cells either occurs upstream of cAMP signaling, or in a signaling step that is 

shared between cAR1 and cAR3.   

 

 Some aggregation mutants in Dictyostelium can be partially or fully 

rescued by spotting cells at high density on starvation agar.  For example, 

cells expressing a chimeric cAMP receptor with a low affinity for cAMP 

cannot develop under normal conditions, but are able to develop when 

spotted at high density [92].  Mutations in the cAMP-responsive transcription 

factor CRTF also lead to an aggregation defect that can be rescued by 

spotting cells at high density [93].    If the need to aggregate in response to 

starvation is bypassed in these mutants, they are able to proceed through 
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some or all subsequent stages of morphogenesis.  This suggests that when 

these aggregation mutants are spotted in an artificial “mound”, they are able 

to signal and adhere to one other, differentiate, and form the structures of 

latter developmental stages.  MyoG may play a specific role such as inducing 

cell polarity during the aggregation stage.  If so, It is possible that its 

requirement during aggregation could be bypassed by spotting myoG —  cells 

at high density.  myoG —  cells  were spotted at high density on starvation 

agar to investigate the possibility that their developmental defect may be 

rescued under these conditions.  myoG —  cells did not show any signs of 

development when spotted at densities up to 1x109 cells/ml (Figure 2-5).  

This data indicates that MyoG is required for developmental stages beyond 

aggregation alone.  

 

The initial phenotypic analysis of myoG —  cells indicates that these 

mutants have a cell-autonomous defect in an early step of the starvation 

response.  myoG —  cells cannot be rescued by cAMP pulsing or high-density 

spotting, suggesting that their defect either occurs upstream of cAMP 

signaling (perhaps in the ability to sense starvation), or in signaling events 

that are common to multiple cAMP receptors and that MyoG has a role in 

post-aggregative morphogenesis. 
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myoG mutants have no gross defects in actin-based processes 

It is possible that myoG —  cells cannot develop due to a general 

cytoskeletal defect.  For example, defects in cell division, pinocytosis and 

phagocytosis could indicate a general inability to reorganize the cytoskeleton.  

Like chemotaxis, these processes require dynamic regulation of actin 

polymerization, filament organization and connections between the 

membrane and the cytoskeleton.  Analysis of cell growth in axenic media 

showed that myoG —  cells are able to grow normally under these conditions 

(Figure 2-6A).  This means that myoG —  cells are able to divide and 

pinocytose normally, suggesting they do not have gross defects in the ability 

to reorganize the actin cytoskeleton in a basal manner.  Analysis of growth in 

bacterial suspension does indicate that mutant cells have a phagocytosis 

defect (Figure 2-6B).  In bacterial suspension, wild type cells have a doubling 

time (DT) of 3.4 ± 0.2 hr while mutants exhibit a DT of 5.0 ± 0.3 hr.  The 

change in DT from wild type to myoG —  cells is significant, but it does not 

abrogate growth on bacteria.  While this defect suggests a role for MyoG in 

phagocytosis in vegetative cells and should be investigated further, it cannot 

explain the developmental defect observed in myoG —  cells because other 

mutants with more severe phagocytosis defects (such as myosin VII 

mutants) do not exhibit developmental deficiencies [69]. 
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 Regulation of both actin and microtubules is necessary for polarization 

of the cell during chemotaxis and formation of the leading edge through actin 

polymerization is required for directed cell migration [94, 95].  If myoG —  

cells cannot form pseudopodia or have disorganized actin or microtubule 

filament systems, this could contribute to the developmental phenotype we 

observe in these cells.  Preliminary confocal imaging revealed no gross 

defect in microtubule organization in vegetative myoG —  cells (Figure 2-7).  

This data indicates there is no obvious defect in microtubule organization that 

would preclude cell polarization in the gradient.  Organization of actin was 

also analyzed in vegetative cells (Figure 2-8).  Here we observe a difference 

between the 2-13 and LB19 strains.  The vegetative 2-13 cells look relatively 

normal when compared to controls.  These cells have actin-rich 

macropinocytic cups called crowns that are also observed in wild type.  It 

should be noted that the 2-13 cells do appear to make fewer filopodia than 

wild type cells under these conditions.  The LB19 mutants look different than 

both wild type and 2-13 cells.  In the LB19 cells, the entire cortex shows an 

enrichment of F-actin.  This indicates that there is a difference in actin 

organization between these mutant strains, but this difference cannot 

account for the lack of development since both strains fail to develop. 

 

 Another possible explanation for the lack of development in myoG —  

cells would be a general motility defect.  If the mutant cells cannot move due 
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to defects in processes such as pseudopod extension, substrate adhesion, or 

uropod contraction, aggregation and development could be affected.  Cell 

motility was analyzed using time-lapse microscopy and the Dynamic Image 

Analysis System (DIAS) software [96].  While 2-13 cells show no defects in 

basal cell migration, the LB19 cells exhibit a significant decrease in cell 

motility (Figure 2-9).  The NHR controls moved at 2.62 ± 0.75 µm/min, while 

the 2-13 cells moved at 2.83 ± 0.76 µm/min and the LB19 cells moved at 

1.24 ± 0.48 µm/min.  This observation suggests that the F-actin defects 

observed in vegetative cells may cause a motility defect in the LB19 strain.  If 

the LB19 cells were attempting to form leading edges all around the cortex, 

this would lead to little movement in one direction.  This defect cannot be the 

sole cause of the developmental phenotype because all strains analyzed fail 

to develop, while only this strain exhibits reduced motility.  Also, other 

Dictyostelium mutants with similar motility defects, such as myoA — , and 

myoB —  cells, are still able to chemotax and undergo development [20, 21].  

 

 It is possible that myoG levels are transcriptionally regulated in 

response to starvation cues.  The lack of aggregation in the myoG —  cells 

indicates that their defect occurs early (within the first 6hrs) in the 

developmental program.  To investigate the possibility that MyoG is 

necessary at a specific early developmental time-point, RT-PCR of a six-hour 

starvation time-course was performed.  It was observed that myoG is not 
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regulated at the transcriptional level during the transition from growth to 

development that occurs early in the starvation response (Figure 2-10A).  

The relatively constant expression of myoG suggests that an increase in 

expression in the early stages of development is not necessary for MyoG 

function.  Transcription of myoG was also analyzed by RT-PCR at 0 and 6hr 

into development in the 2-13 and LB19 mutant strains (Figure 2-10B).  

Surprisingly, preliminary results show that transcription of the 3’ end of myoG 

occurs in the myoG —  cells.  The motor-encoding region of myoG is 

disrupted in all three mutant strains suggesting that only portions of the 

MyoG tail could be expressed in these cells, if protein synthesis occurs.  

Presumably, any MyoG protein product made in the mutants would be a 

truncation due to the presence of the blasticidin resistance cassette in the 5’ 

end of the gene.  RT-PCR of a 5’ region of myoG downstream of the Bsr 

insertion cassette at 6hr into development in the LB19 strain revealed that 

this portion of myoG is not being transcribed in the mutant (Figure 2-10C).  

Thus, the 3’ transcription observed must start downstream of the sequence 

homologous to this 5’ PCR product.  The nearest downstream, in frame, ATG 

codes for a methionine that is approximately 300 amino acids upstream of 

the first MyTH4 domain in the MyoG tail (see Figure 1-2).  Expression from 

this methionine through the rest of the tail would represent the largest MyoG 

product that could possibly be produced in the LB19 cells.  If the LB19 strain 

is expressing a truncated tail portion of the MyoG protein, it could possibly 
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still interact with partners of MyoG and have phenotypic effects.  There is 

precedent for this, as the tail of myosin VII is able to rescue talinA levels in a 

myosin VII null background [72].  The myosin VII tail cannot rescue the 

adhesion or phagocytosis defects observed in the myosin VII null cells, 

suggesting that the motor domain is necessary for myosin Vii function.  This 

indicates that the motor domain of MyoG may also be necessary for MyoG 

function, and that expression of a tail fragment may only have minimal 

phenotypic effects.  Production of an antibody specific for the MyoG tail will 

be necessary to confirm that a truncated MyoG tail is not being produced in 

the mutant strains. 

 
 
myoG mutants are able to sense starvation and chemotax to folic acid 

One possible reason for the developmental defect of myoG —  cells is 

that they are unable to sense starvation signals.  The first major response to 

starvation is the upregulation of chemotaxis genes such as the cAMP 

receptor cAR1 and the cAMP synthesizer adenylate cyclase (aca) [97, 98].  

The possibility that myoG —  cells cannot respond to starvation was 

investigated by examining the expression of these genes during the first six 

hours of development by RT-PCR.  It was found that myoG —  cells are able 

to respond to starvation by increasing expression of cAR1 and aca normally 

(Figure 2-11A).  This data indicates that myoG —  cells are able to sense and 

respond to starvation signals and that the cAMP receptor CAR1 is expressed 
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in the mutants.  Another potential reason for the observed developmental 

defect is the inability of mutant cells to traffic the cAMP receptor to the cell 

surface.  The localization of the receptor was examined to determine if MyoG 

plays a role in receptor trafficking.  In wild type cells, a CAR1-GFP fusion [99] 

localizes to the cell cortex.  This fusion also localizes to the cortex in 

myoG —  cells (Figure 2-12).  Together, these data indicate that the lack of 

development in myoG mutants is not due to the inability of cells to respond to 

starvation or the aberrant localization of the cAMP receptor suggesting that 

the defect lies in the chemotactic response. 

 

Chemotaxis to folic acid was investigated to determine if the myoG —  

defect is specific to starvation-induced chemotaxis or in a process necessary 

for response to all chemoattractants.  A spot assay was used to determine if 

myoG —  cells are able to sense and respond to folic acid [100].  It was found 

that after 2 hr, 93% of wild type cell spots and 90% of myoG —  cell spots 

showed positive chemotaxis to folic acid (n=30 for each strain from 3 

experiments) (Figure 12B).  These data show that signals from the folic acid 

receptor are transduced to the cytoskeleton to facilitate chemotaxis in the 

myoG —  cells.  Both cAR1 and the folic acid receptor (FAR) signal through 

heterotrimeric G-proteins [101].  Because the Dictyostelium genome encodes 

single Gβ and Gγ subunits, these molecules must be shared by cAMP and 

folic acid signaling.  Chemotaxis to folic acid is normal in myoG —  cells, 
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suggesting that MyoG is not required for general heterotrimeric G-protein 

signaling. The defect in myoG —  cells must, therefore, lie specifically in a 

cAMP-signaling pathway. 

 

myoG mutants are unable to chemotax to cAMP 

A quantitative analysis of cell behavior in the presence and absence of 

cAMP was performed to determine how myoG —  cells respond to a 

chemoattractant gradient.  Cells pulsed with cAMP for six hours (defined as 

aggregation competent cells) were placed in either a buffer perfusion 

chamber or a cAMP gradient chamber and their behavior was recoded and 

analyzed with DIAS.  Perimeter tracks of control cells in a buffer perfusion 

chamber (no chemotactic signaling) show highly active cells producing 

multiple pseudopodia at random sites around the cell periphery (Figure 2-

13A). In contrast, myoG mutant cells appear rounder with fewer pseudopodia 

extending from the cell body (Figure 2-13C).  When placed in a gradient of 

cAMP, control cells polarize move up the gradient with an average velocity of 

6.4 ± 2.3 µm/min and a chemotactic index (CI) of 0.54 ± 0.20 (Table 1, Figure 

2-13B).  myoG —  cells do not exhibit an increase in velocity or polarize in the 

cAMP gradient (Figure 2-13D, Table 1).  The mutants also exhibit a lack of 

chemotaxis, having a CI of only 0.05 ± 0.22.  One notable difference between 

mutant cells placed in a buffer perfusion chamber and in the cAMP gradient 

is observed in the persistence parameter.  Persistence measures how well 
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cells are able to move in one direction for a period of time.  The persistence 

of wild type cells almost triples when comparing cells in buffer alone (0.20 ± 

0.18) to cells in a gradient (0.59 ± 0.19). The persistence of myoG —  cells 

doubles when comparing cells in buffer (0.12 ± 0.07) to those in the gradient 

(0.24 ± 0.18), but the direction of persistent movement is random and not 

oriented toward the cAMP source (Table 1, Figure 2-13, C-D).  This suggests 

that the mutant cells are able to respond to the chemoattractant, but the 

response is not robust enough to induce polarization or directional migration.   

 

cAMP signaling to PI3K and to the actin cytoskeleton is defective in 

myoG mutants 

Signaling molecules downstream of Gβγ become enriched on the side 

of the cell that is closest to the cAMP source when wild type aggregation 

competent cells are exposed to a cAMP gradient (Figure 2-14).  These 

signaling molecules include activated Ras, PI3K and PIP3 binding proteins 

such as the Cytosolic Regulator of Adenylate Cyclase (CRAC) [42, 102-104].  

The mislocalization of any of these molecules would be indicative of defects 

in upstream signaling events from the cAMP receptor.  It is possible that 

MyoG plays a role in localization, and/or retention of some of these early 

signaling molecules at the plasma membrane.  MyoG may also be necessary 

for signaling events upstream of the recruitment of molecules such as PI3K 

to the membrane.  Localization of PI3K in response to cAMP was analyzed 
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using the N-PI3K-GFP N-terminal PI3K reporter [102].  Wild type cells in a 

cAMP gradient show localization of N-PI3K-GFP to the leading edge of 

polarized cells moving up the gradient (Figure 2-15, left panels).  In contrast, 

myoG —  cells in a gradient show localization of N-PI3K-GFP to cellular 

projections appearing randomly around the cell (Figure 2-15, right panels).  

This localization is identical to what is seen in vegetative cells (data not 

shown) and is due to signal-independent PI3K enrichment at sites of random 

actin polymerization [105].  This data indicates that the basal levels of PI3K 

at the membrane observed in vegetative cells are not dependent on MyoG, 

but that enrichment of PI3K in response to cAMP is MyoG-dependent. 

 

Activated PI3K produces PIP3 which acts as a docking site for PH-

domain containing proteins like CRAC.  CRAC-GFP is a standard reporter of 

PI3K activity in Dictyostelium [106].  Activation of PI3K in response to cAMP 

was investigated by placing myoG —  cells expressing the CRAC-GFP 

reporter in a cAMP gradient.  Wild type cells in the gradient exhibit a 

polarized distribution of CRAC-GFP with clear localization to the side of the 

cell closest to the cAMP source (Figure 2-15, c-d).  In contrast, the myoG —  

cells exhibit CRAC-GFP localization to areas of membrane protrusions that 

are randomly located around the cell periphery (Figure 2-15, g-h).  The same 

localization is observed in both wild type and myoG —  vegetative cells (data 

not shown) and is most likely due to random, signal-independent activation 



 

 49 

by Ras of the basal PI3K associated with the plasma membrane [105].  A 

stable gradient of cAMP may mask transient PI3K activation events, so PI3K 

activity was also assayed in cells pulsed with a uniform concentration of 

cAMP.  Within 3-6 sec of a cAMP pulse, wild type cells exhibit enrichment of 

the CRAC-GFP reporter at the cell cortex.  This enrichment is transient, 

dissipating after ~ 9 sec and is not dependent on F-actin (Figure 2-16).  In 

contrast, myoG —  cells show no changes in CRAC-GFP localization in 

response to the cAMP pulse (Figure 2-15).  These data show that even 

though PI3K can be activated basally in myoG —  cells (as observed in 

vegetative cells) it is not activated in response to cAMP signaling.       

 

The Gβγ complex signals to PI3K through Ras, but it also signals to 

the actin polymerization machinery downstream of cAMP through Rac 

(Figure 2-14) [107].  Stimulation of aggregation competent wild type cells with 

cAMP results in two characteristic peaks of actin polymerization [108, 109].  

The initial peak occurs approximately 5 sec after a cAMP pulse, increases 

cellular F-actin content about 2-fold and corresponds to a global increase of 

F-actin at the cortex of the cell.  After this initial peak in F-actin, cells round 

up and a second smaller, broader peak of F-actin is observed approximately 

45-60 sec after the cAMP pulse.  This second peak corresponds to the 

extension of small pseudopodia over the entire cortex of the cell.  As this 

peak dissipates, the cell establishes a new leading edge pseudopod and 
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returns to random migration.  An actin polymerization assay was performed 

to determine if signaling to the cytoskeleton was defective in myoG —  cells.  

This assay measures the amount of cortical F-actin at a given time-point after 

the administration of a cAMP pulse to aggregation competent cells.  Cortical 

F-actin levels are indirectly measured using TRITC-conjugated phalloidin and 

a standard fluorometer.  We found that the first peak of actin polymerization 

is severely dampened and the second canonical broad peak is absent in 

myoG mutants (Figure 2-17).  These data show that myoG —  cells are 

severely impaired in actin polymerization in response to cAMP.  The lack of 

PI3K activation and the dampened response of the actin polymerization 

machinery in response to cAMP suggest that the defect in myoG —  cells lies 

somewhere between the Gβγ complex and effectors of the small GTPases, 

Ras and Rac. 
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Figure 2-1:  Generation of myoG mutants.  Schematic of insertional 
mutagenesis strategies for disruption of the myoG locus with representative 
Southern blots used to identify positive clones.  A). Insertional mutagenesis 
with the pDTx4 vector.  This vector was used to generate the 2-13 and WM4 
strains.  DNA was digested with ApaL I prior to running on an agarose gel.  
B) Insertional mutagenesis with the pDTx25 vector.  This vector was used to 
generate the LB19 strain.  DNA was digested with Bgl II prior to running on 
an agarose gel.  Open boxes represent myoG exons on chromosome 2 
(wavy lines), light grey boxes represent homologous regions of myoG in 
insertion vector, and dark grey boxes represent the blasticidin resistance 
cassette (Bsr).  Arrows indicate the direction of transcription.  The black bar 
labeled “probe” represents the PCR product used to probe the southern 
blots.  The unlabeled black bars represents the PCR products produced by 
the oligos used for the RT-PCR depicted in figure 2-10.  WT = wild type 
myoG locus, KO = knockout myoG locus. 
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Figure 2-2: myoG —  cells exhibit a cell-autonomous developmental 
defect.  A) The developmental defect of myoG —  cells (bottom panels) 
shown on both starvation pads (left) and bacterial lawns (right).  B) Coronin-
GFP expressing 2-1 NHR (top) and myoG —  cells (bottom) mixed with 
unmarked wild type cells were starved with cAMP pulsing for 6hr and imaged 
in both the DIC and fluorescent channels during streaming. Scale bar = 
20µm. 
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Figure 2-3:  Genotypic reversion of the 2-13 myoG —  strain.  A) Amplified 
region of the Bsr insertion site in the 2-1 NHR strain (left), the 2-13 KO strain 
(center), and 2-13 cells that had phenotypically reverted (Rev).  B) Southern 
blot of ApaL I digested genomic DNA.  The left lane is the wild type band of 
the 2-1 NHR strain.  The middle lane is the 2-13 KO band.  The band on the 
right shows the myoG locus in 2-13 cells that had phenotypically reverted to 
wild type.  “Rev” = revertant.   
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Figure 2-4: The developmental defect of myoG —  cells is not rescued by 
pulsing with cAMP.  Wild type Ax2 (left) and myoG —  cells (right) spotted at 
1x107 cells/ml on starvation agar after 4hr (top), 8hr (center), or 10hr 
(bottom) of pulsing with exogenous cAMP.  Cells were photographed 33 hr 
after spotting. 
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Figure 2-5: Spotting cells at high density does not rescue development 
in myoG —  cells.  10µl of Wild type Ax2 (left) and myoG —  cells  (right) 
spotted on starvation agar at increasing concentrations and imaged 24 hr 
later.  Concentrations given are in cells/ml. Scale bar = 1mM. 
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Figure 2-6:  Analysis of growth rate of myoG —  cells.  A) Doubling time of 
Ax2 controls and two myoG —  strains grown in axenic media.  B) Doubling 
time of Ax2 controls and two myoG —  strains grown in bacterial suspension. 
n ≥ 4 growth curves for all strains generated from at least 2 independent 
experiments.  The mean ± standard deviation is shown. 
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Figure 2-7:  
Microtubule 
organization 
appears normal in 
myoG —  strains.  
Confocal images of 
Ax2 control (top) and 
two myoG —  strains 
(middle and bottom) 
stained for β-tubulin 
(n=1).  Scale bar = 
10µM. 
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Figure 2-8: Actin 
staining reveals 
differences between 
myoG —  mutant 
strains.  Confocal 
images of vegetative 
cells stained for F-
actin.  Ax2 was used 
as the wild type 
control (top).  The 2-
13 myoG —  cells 
(center) look 
relatively normal with 
many actin-rich 
crowns (arrows) and 
some filopodia.  The 
LB19 myoG —  cells 
(bottom) have a 
global cortical 
enrichment of F-actin 
(n=2).  Scale bar = 
10µM. 
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Figure 2-9:  Analysis of vegetative motility reveals differences between 
myoG —  mutant stains.  DIAS analysis of vegetative motility in the LB39 
NHR control and two myoG —  strains.  n ≥ 58 cells from 3 independent 
experiments for all strains. The mean ± standard deviation is shown. 
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Figure 2-10:  Analysis of myoG expression indicates it is not regulated 
during the transition from growth to development.  A) A six-hour RT-
PCR time-course of the 3’ end of the myoG locus in wild type cells.  B) RT-
PCR of the 3’ end of myoG at zero and six hours into development in two 
mutants strains.  The H7 gene was used as a control for total RNA. C) RT-
PCR of a 5’ region of myoG in wild type cells (WT) and the LB19 cells 6 hr 
into development.  The box outlines where the expected band should be 
based on PCR product size (338 bp).  The upper bands are nonspecific 
background bands.  See figure 2-1 for location of myoG 3’ & 5’ RT-PCR 
products. 
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Figure 2-11: myoG —  cells exhibit normal developmental gene 
expression and chemotaxis to folic acid.  A) RT-PCR of RNA samples 
collected over an eight-hour developmental time-course showing expression 
of cAR1, aca, and the control gene H7 in Ax2 control and myoG —  cells.  B) 
Spot assay of vegetative NHR control and myoG —  cells exposed to buffer 
alone (upper panels) or a folic acid gradient (lower panels).  Spots are shown 
after 2 hr with a black circle overlay representing the circumference of the 
spot at the 0 hr time-point.  Scale bar = 1mM. 
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Figure 2-12.  CAR1 is properly localized in myoG —  cells.  Vegetative 2-1 
NHR control (left) and myoG —  (right) cells expressing a CAR1-GFP fusion.  
Scale bar = 10 µm. 
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Figure 2-13. myoG —  cells do not polarize or chemotax in response to 
cAMP.  Cells were pulsed with cAMP for 6 hr and placed in a buffer 
perfusion chamber or a cAMP gradient. Shown here are representative 
perimeter tracks of LB39 NHR control (A,B) and myoG —  (C,D) cells in the 
gradient (A,C) or buffer (B,D).  The filled dark grey cell perimeter represents 
the cell’s position in the last frame of the movie.  Perimeters shown are from 
every 5th frame (starting with frame 1) of a 10 min movie captured at 15 
frames/min. 
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Figure 2-14: cAMP signaling is defective in myoG —  cells.  Activation of 
the cAMP receptor, cAR1, leads to heterotrimeric G-protein activation, which 
is necessary for cell polarization and directed migration.  PI3K and F-actin 
are boxed, as activation of these molecules is defective in myoG —  cells.  
Open arrows indicate that activation of effectors is not direct.  The letter P in 
a circle indicates phosphorylation.  Arrows with the term “local” next to them 
indicate that the effector is being localized by the upstream component. 
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Figure 2-15. myoG —  cells do not localize or activate PI3K in response 
to cAMP. Ax2 control (top) and myoG —  (bottom) cells expressing an N-
PI3K1-GFP (left panels) or a CRAC-GFP fusion protein (right panels).  
Aggregation competent cells were exposed to a cAMP gradient in a Zigmond 
chamber and photographed after ~15 min.  Scale bar = 10 µm.  
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Figure 2-16. myoG —  cells do not activate PI3K in response to cAMP. 
Ax2 control (top) and myoG —  (bottom) cells expressing a CRAC-GFP fusion 
protein.  Time points below panels are in reference to when the cAMP pulse 
was administered, at the 0 time-point (not depicted).  Arrows indicate 
membrane localization of the CRAC-GFP reporter.  Scale bar = 10µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 69 

 
 
 
 
 
 
 

 
 
Figure 2-17. Actin polymerization in response to cAMP is dampened in 
myoG —  cells. Analysis of F-actin levels in both Ax2 control () and 
myoG —  (∆) cells after receiving a 100nM cAMP pulse. Data shown represent 
the mean ± SD of control curves from 4 independent experiments and 
myoG —  curves from 5 independent experiments.  The value at the 0 time-
point was set to 100% and all other time-points were normalized to the 0 time-
point for each individual curve prior to averaging. 
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DISCUSSION 

The unconventional myosin, MyoG, plays a key role in the aggregation 

stage of Dictyostelium development.  Aggregation is mediated by chemotaxis 

to secreted cAMP and the data presented here show that mutations in myoG 

lead to defects in chemotaxis and cAMP signaling.  Investigation of early 

events necessary for aggregation such as gene expression and cAMP 

receptor localization showed these processes to be normal in myoG —  cells.  

myoG —  cells do not polarize or chemotax when placed in a cAMP gradient.  

The mutants are able to chemotax to folic acid, indicating that their defect is 

specific to cAMP chemotaxis.    Strikingly, both actin polymerization and PI3K 

activation are dampened or absent in myoG —  cells.  These data indicate 

that the myoG —  defect lies upstream of both of these crucial events in 

response to cAMP.  This is a novel role for a myosin and adds a new player 

to chemotactic signaling. 

 

Two differences were observed between the 2-13 and LB19 myoG —  

mutants.  First, vegetative LB19 cells have excess cortical F-actin when 

compared to wild type cells and the 2-13 mutants by confocal microscopy.  

Second, the LB19 cells exhibit a decrease in vegetative cell motility that is 

not observed in the 2-13 strain.  These differences could be due to 

expression of a truncated MyoG protein in the LB19 strain, or a random 

difference in the genetic background of these cells that affects cortical F-actin 
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polymerization and cell motility.  Production of an antibody to MyoG and 

another strain using the same vector as that used to generate the LB19 

strain should help to distinguish between these two possibilities.  This may 

also shed light on the cause of the differences between the LB19 and 2-13 

strains.  Regardless of these observed vegetative differences, both strains 

still fail to chemotax to cAMP and cannot aggregate in response to 

starvation.  The fact that other Dictyostelium mutants with defects in F-actin 

organization and general motility rarely exhibit a complete lack of 

aggregation indicates that the aggregation defect of the LB19 strain is most 

likely due to defects shared between all myoG —   mutants strains.   

 

The presence of FERM domains in the MyoG tail and the localization 

of other MyTH/FERM myosins predict that MyoG will be found at the cell 

cortex.  FERM domains facilitate interactions with integral membrane 

proteins and membrane lipids [45].  All other Myth/FERM myosins can be 

found at the membrane, in actin-based structures.  Dictyostelium myosin VII 

localizes to phagocytic cups, pseudopodia and filopodia [68], regions where 

dynamic actin reorganization and polymerization produces forces on the 

membrane that lead to membrane protrusion form the cell body.  Vertebrate 

myosin VIIA and myosin XV localize to the stereocilia of the inner ear and are 

required for hearing.  Both myosin VIIA and myosin XV regulate stereocilia 

length and myosin VIIA is important for maintaining connections between 
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individual stereocilia.  Vertebrate myosin X localizes to filopodia and 

lamellipodia and is necessary for filopodial formation.  All of these 

Myth/FERM myosins are thus found at the membrane participating in 

organization and regulation of actin.  The hypothesis that MyoG is acting at 

the membrane is thus supported by the localization of other MyTH/FERM 

myosins. 

 

How could MyoG be affecting both PI3K activation and actin 

polymerization in response to chemoattractant?  The key may lie in the small 

GTPases upstream of both PI3K and actin polymerization in the cAMP 

response pathway (Figure 2-14).  Small GTPases play critical roles in 

signaling to the cytoskeleton and other effectors in response to external cues 

[78].  In Dictyostelium, two Ras proteins, RasG and RacC have unique and 

overlapping functions in chemotaxis to cAMP [110].  RasG largely mediates 

activation of PI3K basally, in the absence of external signals, and in 

response to cAMP, while RasC plays a larger role in ACA activation [79, 

105].  The signal-independent basal activity of PI3K (and therefore Ras) is 

normal in myoG —  cells (Figure 2-4).  This suggests that MyoG is specifically 

required for signal-dependent activation of PI3K.  The rasG-/rasC- double 

mutant strains have the same developmental defect as myoG —  cells, 

exhibiting a complete loss of aggregation in response to starvation.  An 

inability to signal to RasG and RasC in response to cAMP could thus explain 
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the lack of aggregation observed in the myoG —  cells.  Actin polymerization 

in response to cAMP is also defective in myoG —  cells, suggesting that 

MyoG plays a broader role than Ras activation alone.  The small GTPase 

RacB is downstream of Gβγ and is required for most of the initial peak in 

actin polymerization observed in response to cAMP [81].  racB— cells exhibit 

the same actin polymerization profile as that observed in myoG —  cells.  All 

of these data suggest that MyoG is playing a role in both Ras and Rac 

signaling in response to cAMP.  Two GEFs, RacGEF1 and RasGEFR are 

upstream of RacB and RasG, respectively [81, 111].  RacGEF1 becomes 

enriched at the plasma membrane in response to cAMP, while the 

localization of RasGEFR is unknown.  It is possible that MyoG is playing a 

role in localization and/or retention of these GEFs or their effectors at the 

membrane in response to cAMP.  While both actin polymerization and PI3K 

activation are known to be downstream of the Gβγ complex, a direct 

interaction between Gβγ and the GEFs mentioned above has not been 

shown.  MyoG could be part of a complex at the membrane that is a central 

hub for early signaling from the Gβγ complex to RacGEF1 and RasGEFR as 

well as other unknown signaling molecules.   

 

myoG —  cells grow slowly in bacterial suspension suggesting they 

may have a phagocytosis defect.  In Dictyostelium, the Gβ subunit of 

heterotrimeric G-protein complexes is necessary for phagocytosis as are a 
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number of small GTPases [112].  Like chemotaxis, phagocytosis relies on 

communication between receptors in the membrane and the actin 

cytoskeleton [113, 114].  Receptors on the cell surface interact with particles 

to be ingested, triggering formation of the phagocytic cup.  This initial step in 

phagocytosis, as well as subsequent particle internalization is actin-

dependent.  Thus, both phagocytosis and chemotaxis in Dictyostelium rely 

on G-protein coupled receptors, heterotrimeric G-proteins, small GTPases 

and dynamic regulation of actin.  A phagocytosis defect in myoG —  cells 

would suggest that MyoG is playing a similar role in the related processes of 

particle uptake and chemotaxis. 

 

Dictyostelium MyoG likely represents an evolutionarily early example 

of the role played by MyTH/FERM proteins in signaling and the generation of 

cell polarity.  There is no direct sequence homolog of MyoG in higher 

eukaryotes.  The high degree of conservation of chemotactic signaling 

pathways indicates that there is likely to be a functional homolog of MyoG in 

higher eukaryotes that aids in signaling to the cytoskeleton in response to 

guidance cues.  In the future, work on MyoG will be directed at pinpointing its 

exact function in the cAMP-signaling pathway.  This work will focus on 

determining the localization of MyoG and which proteins it is interacting with 

during the vegetative and aggregation stages.   
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MATERIALS AND METHODS 

Cell Growth and Development.  

 Dictyostelium strains were maintained using standard methods [115]. 

Cells were grown on tissue culture plates in HL5 growth medium 

supplemented with 10,000 U/ml penicillin G (Fisher Scientific, Pittsburgh, PA) 

and 10µg/ml streptomycin sulfate (Sigma Chemical Co., St. Louis, MO). Null 

mutant, Ax2 parental and the NHR control strains were maintained under 

constant selection in HL5 supplemented with 10 µg/ml Blasticidin S (ICN 

Biomedicals, Costa Mesa, CA).  Aggregation competent cells were obtained 

by washing and resuspending log phase cells in MMC (20mM MES, 2mM 

MgSO4, 0.2mM CaCl2) or LPS (20mM KCl, 0.24mM MgCl2, 40mM Na2HPO4, 

pH 6.4) to a final density of 1-2 x 107 cells/ml. The cells were shaken at 150-

200 rpm and after 1hr, 50-100nM cAMP pulses were administered every 6 

min for 4-7hr as indicated [116].  

 

Generation of the myoG null mutant and reporter strains.   

A myoG disruption plasmid was created by first PCR cloning 1.4 Kb of 

the 5’ region of the gene (cDNA nts 2386-3769, Genbank #XM_638108), and 

then inserting a blasticidin resistance cassette into the internal ClaI site.   

The resulting pDTx4 plasmid was linearized and electrotransformed into Ax2 

cells as previously described [117, 118].  A second myoG disruption plasmid, 

pDTx25, was created by PCR cloning two fragments of the 5’ region of the 
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gene (cDNA nts 210-934 and 1733-2785) with a linker region, 5’-

CCGCGGGTCGAC-3’ between the two fragments harboring a unique Hinc II 

restriction site.  An ~1.5 Kb Sma I fragment of the pLPBLP plasmid 

containing a blasticidin resistance cassette flanked by loxP sites [119] was 

then cloned into the Hinc II site.  The pDTx25 plasmid was linearized and 

electrotransformed into Ax2 cells.  Colonies selected for growth in blasticidin 

were screened for homologous recombinants by Southern blotting using the 

Roche DIG system.  Two mutants generated independently with the pDTx4 

plasmid (designated 2-13 & WM4) had identical phenotypes in all assays 

where both were analyzed.  For simplicity only results from the 2-13 line are 

presented.  Another mutant strain, designated LB19, was generated with the 

pDTx25 plasmid.  Results are shown for this strain as it did exhibit some 

phenotypic variations when compared to the 2-13 and WM4 strains.  Non-

homologous recombinant (NHR) strains generated from each transformation 

were used as controls for the presence of the disruption cassette in the 

genome.  All NHR controls gave identical results to the Ax2 parental strain.  

The Coronin-GFP [120], cAR1-GFP [99] or CRAC-GFP [106] expression 

plasmids were electrotransformed into the wild-type Ax2, NHR control, or 

myoG —  backgrounds and transformants were maintained in HL5 

supplemented with 10 µg/ml G418 (Fisher Chemical, Fairlawn, NJ).  
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RNA Isolation and RT-PCR.   

Bacterially grown early log-phase (i.e. 0.8-1.0 x 106 cells/ml) cells 

were washed into MMC and pulsed to 100nM cAMP for several hours while 

shaking. At each time point, RNA was isolated from samples using TRIZOL 

(Invitrogen). Oligo dT-primed cDNA was prepared using MuLV reverse 

transcriptase (New England Biolabs). The following primer sets were used 

for subsequent PCR:  

H7: H7-S: 5’-ACGTTCAAACTAAATACGGAGCTGGT-3’ and  

H7-AS: 5’-TTTGAGTGGTTTGCCAATTTCTTTT-3’;  

car1: carA-1S: 5’-GGTTGTATGGCAGTGTTGATTGG-3’ and  

carA-2AS: 5’-CAAATCTTTCTGGTTCTGGTTCTC-3’;  

aca: aca-3S: 5’-ATGGCGGTTTCAGGTTTAGATGG-3’ and  

aca-4AS: 5’-TGAGCCAATTTCACCCAAGAGCG-3’; 

myoG; X57: 5’-CAAAGAATGGGATGGCGTTGAAAG-3’; and 

X58: 5’-CCTCAGAGATGATTGGAGTGTC-3’.  For RT-PCR of the 5’ region of 

myoG, the oligo myx39 was used for cDNA production:  

5’-GAATAAAGATAATCTTGAGCA-3’.  The following primer set was used for 

PCR: X59: 5’-GGATCCTGTACTCAAGATAATGCTACCTC-3’; and 

X39: 5’-GAATAAAGATAATCTTGAGCA-3’. 

The amount of cDNA template added to each PCR was normalized with 

respect to H7 RNA levels to allow for comparisons between samples.   
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Phenotypic Analysis.   

Chemoattractant-stimulated changes in actin polymerization were 

assayed as described [121].  Briefly, aggregation competent cells were 

pulsed with cAMP and added to a buffer containing formaldehyde, Triton, 

and TRITC-phalloidin.  The Triton-insoluble cytoskeleton was spun down and 

the TRITC-phalloidin bound to F-actin in the pellet was extracted with 

methanol.  Fluorescence was measured with a Wallac (PerkinElmer) Victor 

plate reader (excitation 530 nm, emission 590 nm).  For F-actin and tubulin 

visualization, vegetative cells adhered to coverslips were formaldehyde fixed 

[122] and stained with 1:500 Alexa 488-phalloidin (Molecular Probes) or 

1:1000 anti-α-tubulin (Sigma T9026) with an Alexa 488 goat α mouse 

secondary (Molecular Probes) at 1:1000 for tubulin staining.  Confocal 

images were obtained with a Nikon TE200 microscope and Nikon Plan-Apo 

60X oil, 1.40 NA objective.  CAR1-GFP expressing vegetative cells were 

allowed to adhere to coverslips, washed with MMC and photographed within 

30 min.  For mixing experiments, aggregation competent cultures consisting 

of 85% Ax2 cells and 15% either NHR cells or myoG —  cells expressing 

Coronin-GFP were allowed to adhere to coverslips and streaming was filmed 

for 10 min at 15 frames/min.  Fluorescent images were taken directly before 

and after the movies were made.  Aggregation competent CRAC-GFP and 

N-PI3K1-GFP expressing cells were adhered to the bridge of a Zigmond 

chamber (Neuro Probe) and exposed to a cAMP gradient as described 
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below.  For analysis of PI3K activation in response to a cAMP pulse, 

aggregation competent CRAC-GFP expressing cells were allowed to adhere 

to coverslips and either treated or not with latrunculin for 20 min prior to 

cAMP pulsing.  cAMP was administered to a final concentration of 100nM 

during the second frame of each movie.  Movies were made for 45 sec at 20 

frames/min.  Images were obtained with a Zeiss Axiovert microscope and 

63X Plan-APO 1.4 NA oil immersion lens.  A small drop folic acid chemotaxis 

assay on vegetative cells was performed as described [100].  To assay 

cAMP chemotaxis, aggregation-competent cells were washed twice with LPS 

and diluted to 5 x 105 cells /ml for chemotaxis analysis and 2.5 x 105 cells /ml 

for perfusion analysis. A Sykes-Moore perfusion chamber (Bellco Glass, 

Vineland, NJ) was used to analyze cell behavior in the absence of 

chemoattractant, as described [123]. Cells adhered to a 25 mm glass 

coverslip inside the chamber were perfused with LPS at a rate that turned 

over one chamber volume-equivalent every 15 sec.  Cells adhered to the 

bridge of a Plexiglass chamber [124] designed after that of Zigmond [125] 

were used to analyze cell behavior in a spatial gradient of cAMP. LPS alone 

was added to one trough, while LPS containing 1 µM cAMP was added to 

the other trough and cells were photographed after 10-15 min in the 

chamber. 2D-DIAS (Two-dimensional Dynamic Image Analysis System) 

software was used for all quantitative analysis of cell behavior [96].  
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Chapter 3 

Discussion 

 

EUKARYOTIC CHEMOTAXIS 

The significant role of chemotaxis in human development and disease 

warrants a complete description of the molecular events that are required for 

directed migration across different phyla.  Chemotaxis been most intensely 

studied in the leukocytes of the vertebrate immune system, and the social 

amoeba, Dictyostelium discoideum.  These studies have revealed a high 

degree of conservation of chemotactic signaling pathways, across millions of 

years of evolution, between amoeba and humans [18].  Thus, studies in 

Dictyostelium have significant relevance for teasing apart the molecular 

mechanisms of chemoattractant signaling that contribute to human immune 

function and disease. 

  

Neutrophils (and macrophages) are phagocytic leukocytes that 

extravasate from the bloodstream in response to infections and tissue 

damage.  Once activated, neutrophils travel to sites of infection or tissue 

damage where they participate in phagocytosis of pathogens and secrete 

chemotactic signals to recruit other cell types to these sites [126].  Targeting 

of neutrophils to these sites is mediated by chemotaxis to a variety of signals 

secreted by both pathogens and the host tissue [127].   
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A number of human diseases are caused by the inability of leukocytes 

to chemotax.  Wiskott-aldrich syndrome (WAS) is an X-linked congenital 

disorder characterized, in part, by chronic infections due to defects in 

macrophage and dendritic cell chemotaxis [128].  These defects are caused 

by loss of expression of, or functional mutations in, the WAS protein (WASP).  

WASP is only expressed in the hematopoietic cells that give rise to 

leukocytes and it regulates actin polymerization through the Arp2/3 complex 

in response to external cues.  Macrophages of WAS patients do not polarize 

in a chemoattractant gradient, do not assemble the dynamic, actin-rich, 

adhesion structures, called podosomes, at the cell-substrate interface, and 

are unable to chemotax.  The Dictyostelium homologue of WASP is also 

required for chemotaxis [129].  Cells with low levels of WASP expression do 

not polarize in a cAMP gradient, have lower levels of F-actin and exhibit a 

developmental phenotype similar to that of myoG —  cells.  These 

observations in Dictyostelium not only attest to the conservation of 

chemotactic signaling pathways across phyla, but also further implicate 

MyoG in the regulation of actin dynamics in response to cAMP.  

 

Shwachman-Bodian-Diamond Syndrome (SBDS) is caused, in part, 

by defects in neutrophil chemotaxis [130].  Neutrophils from SBDS patients 

exhibit the inability to orient in gradients of chemoattractant.  These cells 
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move slightly slower than controls, are somewhat less polarized, and exhibit 

an increase in direction change in a chemoattractant gradient.  These defects 

would lead to the inability of neutrophils to traffic properly to sites of infection 

or tissue damage, thus resulting to chronic infections (among other 

phenotypes).  The SBDS gene is mutated in the majority of SBDS patients.  

This gene is thought to code for a protein involved in RNA processing or 

transport, but its role in chemotaxis is still not understood.  Several mRNAs 

have been found in the leading edges of migrating cells, including those for 

β-actin and all of the Arp2/3 complex members [131, 132].  Local protein 

synthesis of factors that regulate the actin network is also necessary for 

growth cone guidance during axonal migration [133].  Together, these data 

suggest that SBDS may traffic mRNA to the leading edge of migrating cells 

for local translation and enrichment of the actin polymerization machinery.  

Dictyostelium expresses an ortholog of SBDS that localizes to pseudopodia 

in response to cAMP [134].  Dictyostelium could thus prove useful in 

dissecting the cellular defects associated with specific mutations in the SBDS 

gene found in SBDS patients and may reveal a novel role for RNA transport 

in eukaryotic chemotaxis.   

 

Chemotaxis in Dictyostelium and neutrophils relies on signaling 

through G-protein coupled receptors (GPCRs) to induce cell polarity and 

directional sensing [18, 135].  In Dictyostelium, the small GTPases Ras and 
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Rac are the major targets of the Gβγ complex, while Gα effectors regulate 

gene expression and myosin II activation.  Members of the Rho family of 

small GTPases are not found in Dictyostelium, but are important regulators of 

actin dynamics and myosin II in neutrophils [136].  Unlike Dictyostelium, 

neutrophils quickly establish a Rho-dependant persistent polarity in response 

to chemoattractant, even in the absence of a gradient [137].  The stable 

polarization of neutrophils allows them to move quickly, as lateral pseudopod 

formation is completely inhibited so there is no competition between 

pseudopods to become the leading edge. Neutrophils also use multiple 

heterotrimeric G-protein complexes to regulate different effectors of 

chemoattractant signaling, whereas Dictyostelium rely on a single complex 

for each receptor.  During neutrophil chemotaxis, the GαI subunit activates 

Rac leading to actin polymerization at the front of the cell, while the Gα12-13 

subunit activates RhoA leading to myosin II filament assemble and activation 

at the rear of the cell.  In Dictyostelium, the cAMP receptor binds only to a 

single GαGβγ complex, requiring downstream effectors to establish the 

delineation between the front and back of the cell.  This indicates that over 

time, neutrophils evolved to make use of multiple similar signaling systems 

that likely act to increase the efficiency of chemotaxis by partitioning G-

protein activity between the front and rear of the cell.   
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The small GTPases activated by heterotrimeric G-proteins at the front 

of the cell during chemotaxis have the same effectors in neutrophils and 

Dictyostelium.  In both systems, Ras proteins regulate PI3K activity, while 

Rac (and Cdc42 in neutrophils) regulates actin polymerization at the leading 

edge.  RacB in Dictyostelium appears to be the functional equivalent of Rac1 

in neutrophils as both are required for actin polymerization at the leading 

edge and myosin II filament assembly in the rear of the cell [81, 135].  RacB 

null cells have polarity defects and the same dampened actin polymerization 

profile as is observed in the myoG —  cells (Figure 2-17).  In Dictyostelium, 

RacC is required for the second peak of actin polymerization that localizes 

PI3K to the membrane in response to cAMP [80].  Rac2 has the analogous 

function in neutrophil chemotaxis [138].  Expression of dominant negative 

Rac2 or RacC in neutrophils or Dictyostelium, respectively, leads to severe 

polarization and chemotaxis defects due to a marked decrease in F-actin 

polymerization and PI3K recruitment to the leading edge.  Both RasG and 

RasC have partially overlapping roles in PI3K and ACA activation, 

respectively, during Dictyostelium chemotaxis.  While the single RasG and 

RasC null mutants exhibit varying chemotaxis defects, the RasG/RasC 

double mutant is completely unable to chemotax and aggregate in response 

to starvation [79].  Overexpression of dominant negative RasG does not 

affect Dictyostelium development, but overexpression of constitutively active 

RasG leads to abolishment of aggregation in response to starvation [139].  



 

 85 

This defect can be partially rescued by cAMP pulsing, though the fruiting 

bodies formed by these cells are much smaller than wild type.  These data 

indicate there is conserved function of the small GTPases downstream of 

heterotrimeric G-proteins in Dictyostelium and neutrophil chemotaxis. 

 

It is still unknown how heterotrimeric G-proteins signal to the GEFs 

that are upstream of Ras and Rac in response to chemoattractants.  

Because so much of the chemotaxis machinery is conserved across 

eukaryotic phyla, it is likely that the mechanisms of communication between 

heterotrimeric G-proteins and their effectors on the membrane will also be 

conserved.  The work presented here shows that the novel MyTH/FERM 

myosin, MyoG, is necessary for activation of PI3K and actin polymerization in 

response to cAMP in Dictyostelium.  Like other MyTH/FERM myosins, MyoG 

appears to play a role in reorganization of the cytoskeleton, but it does so in 

response to specific external stimuli.  The phenotypes of myoG —  cells and 

the rasG — /rasC —  double mutant are identical, and myoG —  cells share 

common defects in actin polymerization with the racB —  mutants.  Our data 

indicate that MyoG is playing a role in both the Ras and Rac signaling 

pathways from Gβγ.  We propose that MyoG is acting in a macromolecular 

complex at the membrane to regulate the small GTPases, Rac and Ras that 

are necessary for actin polymerization and PI3K activation, respectively.  

This would represent a novel function for an unconventional myosin.  The 
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high degree of conservation of the chemotaxis machinery indicates that 

functional orthologs of MyoG probably exist in higher eukaryotes. Further 

investigation of the MyTH/FERM myosins in other organisms will be 

necessary to determine if they also may play a role in signaling to G-proteins 

during chemotaxis. 

 

MyTH/FERM MYOSINS IN EVOLUTION 

 MyTH/FERM myosins are thought to be cenancestral in the eukaryotic 

lineage, meaning that the last common eukaryotic ancestor carried a 

MyTH/FERM myosin.  This ancestral myosin was then lost, modified or 

duplicated in subsequent phylogenetic branching events [140].  FERM 

domains bind to integral membrane proteins, and this basic function has 

been conserved among the MyTH/FERM myosins that have been studied, 

indicating that there may be some degree of conservation of the cellular roles 

of these myosins as well.  The MyTH4 domains of vertebrate myosin X and 

the Arabidopsis thaliana kinesin, KCBP, interact with microtubules, 

suggesting a conserved function of the MyTH4 domain across phylogeny 

[46].  This supports the hypothesis that different MyTH/FERM myosins may 

have similar cellular functions, even in highly divergent organisms.   

 

To date, seven classes of MyTH/FERM myosins have been identified: 

classes IV, VII, X, XII, XIV, XV, and XXII [141], only three of which (VII, X, 
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and XV) have been analyzed in detail.  Some of these, like class VII myosins, 

have been found in numerous phyla, from amoeba to humans.  Conversely, 

class XXII myosins have only been found in diatoms, apicomplexans (i.e. 

Toxoplasma gondii) and arthropods [31, 142].  Orphan MyTH/FERM myosins 

that do not belong to any established class have been identified in C. 

elegans, Drosophila, and the plant pathogen Phytophthora ramorum [140].  

Dictyostelium MyoG is also considered an orphan myosin [88], but may be 

classified with other myosins as they are identified in newly sequenced 

genomes, especially those of other single-celled eukaryotes. 

 

The MyTH/FERM myosins that have been studied in detail all have 

roles in adhesion and the regulation of the length of actin-based extensions 

from the cell body.  Vertebrate myosin X and myosin XV both traffic factors 

that assist in actin polymerization to the tips of growing filopodia and 

stereocilia, respectively [50, 143].  Myosin X is also required for neurite 

outgrowth in response to netrin, possibly through the transport of actin 

polymerization factors, as observed during filopodial elongation [38].  The 

Drosophila homologue of myosin XV is necessary for filopodia formation 

during dorsal closure, but myosin XV localizes molecules associated with 

microtubule dynamics to filopodia in this circumstance [58].  These data 

indicate that the general transport function of myosin X and XV in the 

elongation of cellular extensions is conserved across phyla, but that this 



 

 88 

function has adapted to specific cellular needs in different biological contexts.  

Dictyostelium myosin VII also plays a role in filopodial elongation, but by an 

undetermined mechanism [70].  Based on the data from myosin X and XV, it 

seems likely that myosin VII is contributing to filopodial dynamics in 

Dictyostelium through the transport of elongation factors to the tips of 

filopodia.  Vertebrate myosin VII is required for loss of the actin 

polymerization factor, whirlin, from stereocilia tips indicating that myosin VII 

plays an inhibitory role in the elongation of stereocilia [67].  This is the first 

example of such a role for a MyTH/FERM myosin, and further investigation is 

necessary to determine the molecular basis of the interplay between whirlin 

and myosin VII in the vertebrate inner ear.     

 

Myosins VII, X, and XV also play various roles in adhesion in different 

contexts.  Vertebrate myosin VII is necessary for the links that form between 

individual stereocilia within the stereocilia bundle.  Myosin VII interacts with 

vezatin in the ankle links and localizes an F-actin bundling protein, harmonin, 

to the stereocilia [144].  Vezatin and harmonin likely act as links between the 

transmembrane adhesion molecules, usherin and cadherin 23, and the actin 

cytoskeleton, respectively. Dictyostelium myosin VII plays a role in substrate 

adhesion, but by an unknown mechanism.  Myosin VII is unlikely to be 

necessary for the initial formation of adhesion complexes (since the 

localization of another molecule, talinA, to adhesion sites is not dependent on 
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myosin VII), but probably plays a role in adhesion complex stability by 

strengthening the links between adhesion receptors in the membrane and 

the actin cytoskeleton.  Identification of myosin VII binding partners in 

adhesion complexes should help to elucidate its function in substrate 

adhesion.  Vertebrate myosin X functions in substrate adhesion through the 

transport of β-integrin along filopodial extensions.  Attachment of filopodia to 

the substrate serves to stabilize filopodia and promote filopodial extension.  

Finally, Drosophila myosin XV localizes cadherin to the leading edge of 

epithelial cells during dorsal closure.  Cadherin is necessary for adherens 

junction formation between opposing epithelial cells, stabilizing the new cell-

cell contacts and completing dorsal closure.  Taken together, the 

observations of MyTH/FERM myosin function in different organisms suggests 

that these myosins play similar, yet distinct, roles in adhesion depending on 

the biological context. 

 

Dictyostelium MyoG plays a role in the formation of the leading edge 

during chemotaxis and may function in phagocytosis.  The potential role of 

MyoG in phagocytosis needs to be investigated to determine if this 

MyTH/FERM myosin functions in particle adhesion (like myosin VII) or may 

be necessary for communication between GPCRs and the actin cytoskeleton 

during particle uptake.  Either of these possibilities would fit well with what is 

already known about other MyTH/FERM myosins in adhesion, or the 
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potential role of MyoG in GPCR signaling during chemotaxis.  Investigation of 

signaling events upstream of PI3K activation and actin polymerization during 

chemotaxis should help to further pinpoint the role of MyoG in the cAMP 

signaling cascade.  Both RasG and RacB are activated downstream of Gβγ 

and their activation states in the myoG —  cells in response to cAMP should 

be investigated to determine if MyoG acts upstream or downstream of 

GTPase activation.  The identification of MyoG interacting partners during 

aggregation could shed light on the mechanism by which MyoG is 

participating in cAMP signaling through Gβγ.  It is possible that MyoG is 

interacting with the cAMP receptor (or another transmembrane protein), the 

Gβγ complex, Gβγ effectors, and the actin network to facilitate local activation 

and recruitment of the molecules necessary for actin polymerization and the 

initiation of polarization at the leading edge.    

 

Myosin X, and now Dictyostelium MyoG, are the only MyTH/FERM 

myosins that have been shown to have roles in chemotactic signaling.  

Further examination of MyoG function in chemotaxis will undoubtedly be 

useful in increasing our understanding of the cellular response to 

chemoattractants. The conservation of protein function between 

Dictyostelium and leukocyte chemotaxis highlights the usefulness of the 

amoeba in discovering novel players in chemotaxis and dissecting the 

molecular interactions that occur in response to external migration cues.  As 
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more genomes are sequenced, we are sure to discover novel MyTH/FERM 

myosins, as well as orthologs to those that have already been identified.  The 

study of a few MyTH/FERM myosins, has so far shown that they are all 

involved in the regulation of actin-based processes at the membrane.  The 

most exciting work lies ahead, as we discover how the conserved molecular 

functions of these motors have been adapted for diverse cellular roles 

throughout evolution. 
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Appendix 

Recombination and phenotypic analysis of C. elegans carrying the 

hum-6(ok632) myosin VII allele. 

 

INTRODUCTION 

Mutations in members of the myosin VII family of molecular motors 

cause defects in actin-based structures in organisms ranging from amoeba to 

humans.  Mutations in vertebrate myosin VIIA result in deafness in shaker-1 

mice and both deafness and blindness in humans (Usher’s syndrome type 

1B) [62, 63].  These phenotypes are caused by defects in the stereocilia of 

the inner ear and the photoreceptor cells of the human eye [65, 145].  In 

Drosophila, myosin VII mutations lead to deafness and aberrant bristle 

morphology in the adult fly [60]. In the amoeba Dictyostelium discoideum, 

mutations in myosin VII lead to phagocytosis and substrate adhesion defects 

[68, 69].  The C. elegans genome encodes a single class VII myosin, hum-6 

[146].  The tail region of HUM-6 lacks the coiled-coil and SH3 domains found 

in vertebrate myosin VII (Figure A-1).  Also, worms do not have the auditory 

and visual structures found in flies or vertebrates.  During C. elegans 

embryogenesis, hum-6 is expressed in the hypodermis, pharynx and 

intestine [147].  These observations suggest that HUM-6 may have a cellular 

role in C. elegans that differs from the role of myosin VII in higher organisms.  

A hum-6 deletion strain was obtained from the C. elegans gene knockout 
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consortium (provided by Gary Moulder and Robert Barstead) and analyzed to 

determine the function of myosin VII in worms. 

 

The ok632 allele is a 943 bp deletion in the hum-6 locus (X 

chromosome) that could be followed by PCR (Figure A-2B).  This deletion 

removes part of exon 13 and all of exon 14 introducing a premature stop 

codon in the sequence coding for the first FERM domain  (Figure A-2A).  

While the original VC435 strain (Table A-1) was being outcrossed to wild 

type, no animals homozygous for the ok632 allele could be found.  This 

suggested that the allele may be homozygous lethal.   When hum-6(ok632) 

progeny were scored on agar plates, 17.1% of the embryos laid by 

heterozygous hermaphrodites arrested during development (Table A-2).  

These arrested embryos appeared to be fragile with a tendency to burst 

suggesting that they may be undercounted by this method.  Analysis of the 

development of embryos of hum-6(ok632) hermaphrodites by time-lapse 

microscopy revealed that ~1/4 of the embryos arrested during 

embryogenesis (Figure A-3).  These arrested embryos display a stereotypical 

“paralyzed and arrested at two-fold” (PAT) phenotype (Figure A-4) [148].  

PAT animals arrest at the two-fold stage of embryogenesis and display 

limited movement in the eggshell. Several unsuccessful attempts were made 

to rescue the PAT phenotype of hum-6(ok632) animals by injection of the 

entire genomic hum-6 sequence (Ann Rougvie and Meg Titus).  The lack of 
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rescue observed led us to believe that there may be a closely linked second 

mutation in the DU33 strain that is responsible for the PAT phenotype.  

Therefore, recombination analysis was performed to determine if the PAT 

phenotype was linked to the hum-6(ok632) deletion.   
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RESULTS 

Balancing the hum-6(ok632) allele 

Recombination analysis of the DU33 strain required the generation of 

a strain carrying phenotypically visible markers flanking the hum-6 locus in 

trans to the hum-6(ok632) chromosome.  Recombination events between 

hum-6(ok632) and the markers could then be found by analyzing the 

phenotypes of subsequent generations.  Because hum-6 is on the X 

chromosome, any hum-6(ok632)/O males generated from crossing a wild 

type (N2) male into the DU33 strain would have the PAT phenotype.  This 

meant that males carrying the ok632 allele could not be generated for 

crossing into a balancer line.  Many X chromosome balancer strains also do 

not produce males that will mate very well due to the mutations on the X that 

make the strain a good balancer.  We took advantage of the fact that tra-1 

homozygous animals are sex-reversed meaning that an XX animal that is 

homozygous for mutations in tra-1 will be male as opposed to a 

hermaphrodite.  We were thus able to generate XX male worms 

heterozygous for the ok632 allele (Figure A-5).  These males were then 

crossed with a balancer line homozygous for unc-2(e55) and dpy-3(e27) 

(Figure A-6). hum-6 is on the left arm of the X chromosome at position -14.99 

flanked by unc-2 at position -13.16 and dpy-3 at position -16.40 (Figure A-7).  

The resulting hum-6(ok632) / unc-2(e55) dpy-3(e27) strain was designated 

DU44.  DU44 worms can be maintained by picking wild type animals.  Those 
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homozygous for the hum-6(ok632) chromosome will arrest as embryos and 

those homozygous for the balancer chromosome will be Unc and Dpy.  

These worms could also be used to look for recombination events between 

the hum-6(ok632) allele and unc-2 or dpy-3. 

 

Recombination analysis of DU44 

Recombination analysis of the DU44 strain was performed to 

determine if the PAT phenotype we observed in worms homozygous for the 

hum-6(ok632) allele was due to the ok632 deletion.  Wild type DU44 worms 

were picked to individual plates and all of their progeny were phenotypically 

scored for recombination between hum-6 and unc-2 or hum-6 and dpy-3.  A 

total of 1781 F1 progeny from nine DU44 worms were analyzed (Table A-3).   

 

We would expect a total of ~57 recombination events to be 

represented in the 1781 F1 progeny.  This is because the map distance 

between unc-2 and dpy-3 is 3.24 map units (Figure A-7).  Animals that do not 

carry a recombined chromosome will be wild type, Unc and Dpy or arrest as 

hum-6(ok632) homozygous embryos.  Of the 57 predicted recombinants ~1/3 

would be wild type due to pairing of gametes carrying unc-2 or dpy-3 alone 

with gametes carrying the hum-6(ok632) allele.  These animals would not be 

scored as recombinants because we would not be able to tell them apart 

from animals with the parental genotype.  The 41 animals that were observed 
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to be either Unc or Dpy were thus scored as recombinants between the unc-

2 and dpy-3 alleles (Figure A-8).  It is possible that the recombination events 

that gave rise to these animals occurred between the hum-6(ok632) allele 

and an unknown background mutation that may contribute to the PAT 

phenotype.  These animals were thus further analyzed to determine if there 

was a strict correlation between the presence of the hum-6(ok632) allele and 

arrested embryos in the next generation.  

 

All 41 Dpy and Unc worms were allowed to lay eggs on individual 

plates.  Their progeny were scored for the presence or absence of arrested 

embryos (the PAT phenotype).  These F1 worms were then lysed and used 

as the template for single-worm PCR to determine if they carried the hum-

6(ok632) deletion (Table A-4).  If the hum-6(ok632) deletion is responsible for 

the PAT phenotype, the recombination analysis would show that all worms 

carrying the deletion still lay embryos that arrest and die at the two-fold 

stage.  As shown in Table A-4, the worm designated 7-1U was found to carry 

the hum-6(ok632) allele by PCR, but did not lay embryos that arrested at any 

time during development.  There are two possible explanations for this 

observation.  One, it is possible that the 7-1U worm carries a suppressor of 

the PAT phenotype picked up by random mutation.  It is also possible that 

the hum-6(ok632) allele is not responsible for the PAT phenotype observed 

in DU33 and DU44 worms and that the true lesion causing this phenotype 
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was separated from the hum-6(ok632) deletion in the 7-1U worm.  Analysis 

of the progeny of the 7-1U worm would allow us to ask if a suppressor of the 

PAT phenotype is present in this worm, or if the phenotype has been lost due 

to recombination.   

 

Analysis of 7-1U progeny for the presence of a hum-6(ok632) 

suppressor 

Animals homozygous for the hum-6(ok632) allele were needed to 

determine if the PAT phenotype was lost due to the presence of a 

suppressor.  The progeny of the 7-1U worm included Unc and Unc Dpy 

worms.  Since PCR showed that 7-1U also carried the hum-6(ok632) allele, 

the genotype of this worm was: 

 

The Unc progeny of the 7-1U worm were allowed to lay embryos and then 

screened by PCR for the absence of a wild type band from the hum-6 locus.  

Those animals that were homozygous for the hum-6(ok632) deletion (and 

unc-2) were kept and this new strain was designated DU46.  These animals 

were crossed to wild type males to determine if there was a suppressor of 

the PAT phenotype present in the DU46 strain: 
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All male progeny will carry the hum-6(ok632) allele.  If the DU46 

hermaphrodites carry an autosomal recessive suppressor, then all of the 

male progeny will arrest as embryos because they will carry the hum-

6(ok632) allele on their single X chromosome and only one copy of the 

suppressor (Figure A-9A).  If the DU46 worms carry a dominant suppressor, 

then all males will survive and be Unc if the hermaphrodite was homozygous 

for the suppressor (Figure A-9B) and 1/2 of the males will be Unc and 1/2 will 

arrest as embryos if the hermaphrodite was heterozygous for the suppressor 

(Figure A-9C).  If the DU46 animals do not carry a suppressor and represent 

the loss of the mutation that caused the PAT phenotype, all of the male 

progeny will be Unc (Figure A-9D).  We will thus be able to ask if the DU46 

hermaphrodites carry a recessive autosomal suppressor by analyzing the 

phenotypes of the males in the F1 generation.  If all of the male progeny are 

Unc, then the DU46 worms may be homozygous for a dominant suppressor, 

or they do not carry a suppressor and represent a true recombination event 

between the hum-6(ok632) allele and the mutation causing the PAT 

phenotype.  Upon analysis, no arrested embryos were observed and all male 

F1 progeny were Unc.  WT F1 hermaphrodites were picked to single plates 

and their F2 progeny were scored for the presence of arrested embryos.  If 
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there were a dominant suppressor present, the F1 worms would be 

heterozygous for it.  Therefore 1/16 of the self-fertilized progeny of these 

animals would be homozygous for the hum-6(ok632) allele and not carry the 

suppressor and would arrest as embryos (Figure A-10A).  If there is no 

suppressor and the loss of the PAT phenotype was due to a recombination 

event, all of the F2 progeny will survive and 1/4 of them will be Unc (Figure 

A-10B).  This was the observed result when 12 F1 worms were picked to 

individual plates and their progeny scored for the presence of arrested 

embryos.  This data shows that the 7-1U worm recovered from the 

recombination analysis of the DU44 strain did not carry an autosomal 

suppressor of the PAT phenotype.  Therefore, this worm represents a 

recombination event between the hum-6(ok632) allele and another mutation 

that is the true cause of the PAT phenotype.  It is still formally possible that a 

suppressor mutation resides on the X chromosome and is carried with the 

hum-6(ok632) deletion.  I do not believe this to be the case because there 

would be some recombination frequency between the suppressor and hum-

6(ok632) leading to the emergence of the PAT phenotype in the population.  I 

have not observed this phenotype on any plates since recovering the 7-1U 

worm, suggesting that there was not a suppressor on the X chromosome of 

this recombinant. 
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Analysis of hum-6(ok632) homozygotes 

 The DU46 strain is homozygous for unc-2 (e55) and hum-6(ok632) on 

the X chromosome.  The Unc phenotype of these worms would preclude us 

from determining if the hum-6(ok632) allele causes a phenotype by itself.  It 

was thus necessary to isolate hum-6(ok632) away from the unc-2 (e55) 

allele.  Worms homozygous for only hum-6(ok632) were generated through 

recovery of recombinants between unc-2 (e55) and hum-6(ok632) (Figure 

11).  The resulting strain was designated DU45.  These hum-6(ok632) 

homozygous worms have no apparent phenotype.  I looked at these worms 

with Dr. John Yochem and he did observe some minor differences between 

the DU45 strain and wild type worms.  Some DU45 worms had clear areas in 

the head and seemed constipated.  They also have slightly more fat bodies 

in the hypodermis and are a little smaller than wild type.  These differences 

were not observed in all DU45 worms and were considered to be too subtle 

to be significant.  
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Figure A-1:  Schematic diagram of MVII proteins.  C. elegans HUM-6 is 
depicted above vertebrate myosin VIIA.   
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Figure A-2:  PCR screening for the hum-6(ok632) allele. A) Box diagram 
of the hum-6 locus.  Grey boxes represent sequences coding for the motor 
domain.  Blue boxes represent MyTH4 encoding exons and red boxes 
represent FERM domain coding sequences.  The arrows represent the 
positions of the primers used to genotype single worms via nested PCR.  The 
ok632 deletion is depicted as a black bar.  B) A representative example of 
the PCR products of wild type and hum-6(ok632)/+  heterozygous single 
worms.  The wild type band is ~2.5Kb while the deletion band is ~1.5Kb. 
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Table A-1:  List of strains used.  C. elegans strains used in the analysis of 
hum-6(ok632).  The DU33 strain resulted from outcrossing the VC435 strain 
nine times and was the strain used for all subsequent ok632 analysis. 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Genotype Reference 

VC435 +/szT1[lon-2(e678)] I; hum-
6(ok632)/szT1 X 

C. elegans Gene 
Knockout 

Consortium 

DU33 hum-6(ok632) X ; let-x This study 

CB2590 tra-1(e1099)/dpy-18(e1096) III Hodgkin and 
Brenner, Genetics 

86, 1977 

SP521 dpy-(e27) unc-2(e55) X Dr. Robert 
Herman 

DU44 dpy-3(e27) unc-2(e55)/ hum-6(ok632)  X 
; let-x 

This study 

DU46 hum-6(ok632) unc-2(e55) X This study 

CB27 dpy-3(e27) X Brenner, Genetics, 
77, 1974 

DU45 hum-6(ok632) X This study 

DU20 hum-6(ok136) X This study 
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Table A-2:  hum-6(ok632) Progeny Scoring.  The progeny of 15 wild type 
and 28 hum-6(ok632)/+  heterozygous worms were analyzed for the 
presence of L1 larvae and arrested embryos (AE).  Data collected by 
Margaret Titus. 
 

Parental F1 Progeny 

  L1 Larvae AE 

WT (n=15) 3440 215 

% 94.1 5.9 

ok632/+ (n=28) 4154 855 

% 82.9 17.1 
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Figure A-3:  Development of DU33 
embryos.  Seven hours after embryos 
have been removed from 
hermaphrodites, wild type embryos have 
elongated past the two-fold stage (upper 
panels).  Within a population of DU33 
embryos (lower panels), ~1/4 of them do 
not make it past the two-fold stage.  
Numbers in each panel indicate hours 
after removal from parental worm. 
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Figure A-4:  The PAT phenotype.  Described by Williams and Waterston, 
the PAT phenotype refers to embryos that are Paralyzed and Arrested at 
Two-fold (red box).  These embryos do not elongate past the two-fold stage 
and generally die as shortened hatchlings.  Figure adapted from Williams 
and Waterston, 1994, J Cell Biol, 124, 475-90. 
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Figure A-5: Scheme for generating hum-6 (ok632) males.  A) Allow tra-
1/dpy-18 worms to self-fertilize, giving rise to tra-1 XX males and dpy-18 XX 
hermaphrodites.  B) Cross the dpy-18 hermaphrodites from (A) with wild type 
males.  All male progeny will carry a single copy of the dpy-18 (e1096) allele.  
C) Cross the dpy-18 / + males from (B) with hum-6 (ok632) / + 
hermaphrodites.  All progeny that throw arrested embryos and Dpy worms 
carry single copies of hum-6 (ok632) and dpy-18 (e1096).  D) Allow the dpy-
18 / + ; hum-6 / + hermaphrodites to self-fertilize.  Dpy progeny that throw 
arrested embryos carry a single copy of the hum-6 (ok632) allele.  E) Cross 
the dpy-18 ; hum-6/+ hermaphrodites from (D) with the tra-1 XX males from 
(A).  All progeny will be tra-1/dpy-18.  Those that throw arrested embryos are 
also heterozygous for hum-6 (ok632).  F) Allow worms throwing arrested 
embryos from (E) to self fertilize.  All of the male progeny are tra-1 XX males.  
Those males that give rise to arrested embryos in subsequent crosses also 
carry the hum-6 (ok632) allele. 
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Figure A-6:  Scheme for balancing the hum-6 (ok632) allele.  A) Cross 
tra-1; hum-6 / + males with hermaphrodites homozygous for unc-2 (e55) and 
dpy-3 (e27).  B) Allow the tra-1 / + ; hum-6 / unc-2 dpy-3 hermaphrodites to 
self-fertilize.  Hermaphrodites that throw no arrested embryos and no males 
will be heterozygous for the hum-6 (ok632) allele and the unc-2 (e55) dpy 
(e27) chromosome. 
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Figure A-7:  Positions of hum-6 
and flanking markers on the X 
chromosome.  Shown is a portion of 
the left arm of the X chromosome 
where dpy-3, hum-6, and unc-2 are 
located.  The numbers refer to 
genetic map distances.  Adapted from 
www.wormbase.org. 
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Table A-3:  DU44 recombination analysis.  Nine DU44 worms gave rise to 
1781 F1 animals that were phenotypically screened for recombination 
events.  Animals that were Unc or Dpy only represent recombination 
between the unc-2(e55) and hum-6(ok632) or the hum-6(ok632) and 
dpy(e27) alleles, respectively. 

              Recombinants 
P   F1 Phenotypes     Total Observed Predicted 
  WT UD U D       
1 171 40 2 3 216 5 7 
2 59 29 2 2 92 4 3 
4 145 59 1 1 206 2 7 
6 117 45 0 0 162 0 5 
7 171 50 3 4 228 7 7 
8 112 60 4 5 181 9 6 
9 101 58 0 0 159 0 5 

11 206 72 6 2 286 8 9 
12 188 57 4 2 251 6 8 
             

Total 1270 470 22 19 1781 41 57 
             

% 71.3 26.4 1.2 1.1   2.3 3.2 

P = parental worm, WT = wild type, UD = Unc Dpy worms, U = Unc alone, D = Dpy alone 
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Figure A-8: Predicted outcomes of DU44 recombination.  A) A 
recombination event between hum-6 and dpy-3 and the subsequent X 
chromosome pairings that could occur during fertilization.  B) A 
recombination event between unc-2 and hum-6 is depicted.  The left arm of 
the X chromosome from -13 to -17 is depicted 
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Table A-4:  Analysis of F1 recombinants.  All F1 recombinant worms were 
allowed to lay embryos on separate plates.  Their progeny were scored for 
the presence of arrested embryos (PAT F2 column) and the parental worms 
were lysed for single worm PCR to determine if they still carried the hum-6 
(ok632) allele (Genotype column).  The highlighted row shows the 7-1 U 
worm recovered that retained the hum-6 (ok632) allele but did not throw 
arrested embryos.  D = Dpy, U = Unc. 
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F1 Worm PAT F2 Genotype 
1-1 D No WT 
1-2 D No WT 
1-3 D Yes ok632 
2-1 D No WT 
2-2 D UTD ok632 
4-1 D No WT 
7-1 D No WT 
7-2 D Yes ok632 
7-3 D No WT 
7-4 D Yes ok632 
8-1 D No WT 
8-2 D No WT 
8-3 D No WT 
8-4 D Yes ok632 
8-5 D Yes ok632 

11-1 D No WT 
11-3 D Yes ok632 
12-1 D Yes ok632 
12-2 D No WT 
1-1 U No WT 
1-6 U No WT 
2-1 U Yes ok632 
2-2 U No WT 
4-2 U No WT 
7-1 U No ok632 
7-2 U No WT 
7-4 U Yes ok632 
8-1 U Yes ok632 
8-3 U No WT 
8-6 U Yes ok632 
8-7 U No WT 

11-1 U No WT 
11-2 U Yes ok632 
11-3 U Yes ok632 
11-4 U No WT 
11-5 U Yes ok632 
11-6 U No WT 
12-1 U No WT 
12-2 U Yes ok632 
12-3 U No WT 
12-4 U Yes ok632 
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Figure A-9:  Predicted outcomes of suppression. A) A WT male crossed 
with a hermaphrodite homozygous for a recessive autosomal suppressor.  B) 
A WT male crossed with a hermaphrodite homozygous for a dominant 
autosomal suppressor.  C) A WT male crossed with a hermaphrodite 
heterozygous for a dominant autosomal suppressor.  D) A WT male crossed 
with a hermaphrodite that has lost the mutation responsible for the PAT 
phenotype and therefore is not carrying a suppressor.  “sup” and “S” refer to 
autosomal recessive and dominant suppressors, respectively. 
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Figure A-10: Determination of the presence of a dominant suppressor.  
A) If the F1 worms carry a single copy of a dominant suppressor, 1/16 of their 
progeny will arrest as embryos.  B) If no suppressor is necessary for loss of 
the PAT phenotype, all embryos will survive.  The large “S” indicates a 
dominant suppressor present on an autosomal chromosome. 
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Figure A-11:  Isolating the hum-6 (ok632) allele.  A). Cross WT males with 
dpy-3 (e27) homozygous hermaphrodites and recover all Dpy males.  B) 
Cross Dpy males with DU46 hermaphrodites and recover WT 
hermaphrodites.  C) Cross WT hermaphrodites from (B) with WT males.  
Male progeny that are WT represent a recombination event between unc-2 
and hum-6 and must carry the hum-6 (ok632) allele.  D) Cross any WT males 
recovered from (C) with DU46 hermaphrodites.  The WT progeny of this 
cross are homozygous for the hum-6 (ok632) allele and heterozygous for the 
unc-2 (e55) allele.  E) Allow WT hermaphrodites from (D) to self-fertilize and 
screen progeny for loss of the X chromosome carrying the unc-2 (e55) allele.  
These animals are homozygous for the hum-6 (ok632) allele.  Outlined boxes 
indicate desired genotypes. 
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DISCUSSION 

It is striking that loss of myosin VII leads to no easily discernable 

phenotype in C. elegans.  In all other organisms studied, loss of myosin VII 

has obvious effects, from adhesion and phagocytosis defects in D. 

discoideum to loss of hearing in mice and humans.  Two possible 

explanations for this observation come to mind.  First, it is possible that a 

truncated myosin VII protein is being expressed in the hum-6(ok632) 

animals.  The ok632 deletion introduces a stop codon in the sequence 

coding for the first FERM domain.  If this protein were being expressed as a 

truncation, it could retain motor activity and even the first MyTH4 domain 

could be active.  There is precedent for this as the motor, neck and initial part 

of the tail of another MyTH/FERM myosin, myosin X, can induce filopodia 

formation in COS7 cells [49].  This data suggests that a major function of 

myosin X in mammalian cells is not dependant upon domains in the tail. 

Production of an antibody to a region of myosin VII that is upstream of the 

ok632 deletion site may be useful in determining if a truncated protein is 

being expressed from this allele.  Another possible explanation for the lack of 

a striking phenotype in the hum-6(ok632) animals is that another myosin may 

be able to compensate for loss of myosin VII in worms.  C. elegans hum-4 

encodes a class XII MyTH/FERM myosin of unknown function.  It is possible 

that myosin VII and this novel myosin XII have partial or complete 

redundancy in C. elegans.  Future work should include investigation of the 
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phenotype of hum-6 hum-4 double mutants to determine if loss of both 

myosins has a synergistic effect.   
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MATERIALS AND METHODS 

All strains were maintained using standard methods on OP50 bacteria 

[149]. Strains VC435, CB2590, SP51 and CB27 were obtained from the 

Caenorhabditis elegans Genetics Center (University of Minnesota).  

Outcrossing VC435 to wild type nine times produced strain DU33.  L4 

animals were used for all crosses to ensure mating would occur prior to self-

fertilization in the hermaphrodites.  N2 was the wild type strain used for all 

crosses and microscopic analysis. The strain carrying the ok632 deletion was 

designated VC435 by the Gene Knockout Consortium.  This strain was out-

crossed to wild type nine times in the Titus lab and the resulting strain was 

designated DU33 (Table A-1).  Adult DU33 worms that were throwing 

arrested embryos were cut in half to release embryos that had recently been 

fertilized.  The embryos were placed on agar pads on glass slides and 

covered with coverslips that were then sealed with Vaseline.  Time-lapse 

analysis of these embryos was performed on a Zeiss Axioplan 2 upright 

microscope with a 40X 1.3NA oil DIC objective.  4D movies were made at 1 

frame every ten minutes for 12 hours.  The Z plane image that was in focus 

at each time point was used to edit together the movies.  Nested PCR was 

used to follow the ok632 deletion using the following primers pairs:  5’ – 

GCCATCTGACGGGAAAGA – 3’ and 5’ – 

AGTGTCGGTTGTACTTCGTTTTC – 3’ for the outside reaction and 5’ – 

CTCTCGATCATCAACCACATAGAC – 3’ and 5’ – 
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GAAAGTACGCGGCAACATTC – 3’ for the inside reactions.  Using these 

oligo sets, a wild type band would be ~2.5 Kb while an hum-6(ok632) 

deletion band would be ~1.5 Kb.  For progeny scoring (Table A-2), individual 

L4 larvae were placed on separate plates and transferred to a fresh plate 

twice a day over the course of 3 days (three independent experiments).  The 

plates were scored for the presence of L1 larvae or arrested embryos 12 hr. 

later.  The parental worm was removed and analyzed by PCR for the wild 

type or deletion hum-6 allele. 
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