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KRISHNA GWYNNE PATEL 
Myr S: The First Member of a Novel Myosin Class Is Expressed During Brain 
Development 
(Under the direction of RICHARD S. CAMERON) 

. Neuronal cell migration and cellular differentiation, major phases in the assembly 

process of the mammalian neocortex, involve considerable organelle and cellular 

motility. While the cytoskeletal organization of migrating neurons is well documented, 

and the involvement of the cytoskeleton in modulating intracellular membrane transport 

events during neuronal cell differentiation is well appreciated, identification of selective 

cytoskeletal components underlying these· processes is only beginning to emerge. 

Observations over the past two decades reveal that myosin motors are involved intimately 

in multiple actin-dependent membrane movements, including vesicular trafficking, 

organelle localization and organization, endocytosis, exocytosis, phagocytosis, 

lamellopodial extension, and the more classically defined functions such as cytokinesis, 

contractility, and cell motility or migration. Accordingly, our studies have been directed 

toward the identification and characterization of unconventional myosins that may 

participate in neuronal cell migration and/or differentiation events within the developing 

manlinalian brain. Our analyses identified two myosin isoforms that contribute to a novel 

unconventional myosin class. We have cloned, sequenced, and designated these myosin 

isoforms as myr Sa and Sb (S,. unconventional myosin from rat). Structurally, the head 

domain of myr & contains a large N-terminal extension composed of multiple ankyrin 

repeats similar to· myosin phosphatase. The motor domain is followed by a single 

putative light chain binding domain. The tail domain of myr Sa is comparatively short 

with a net positive charge, whereas the elongated tail domain of myr Sb bears an overall 



neutral charge and reveals several streches of poly-proline residues. Phylogenetic 

analysis indicates that myr 8 is sufficiently divergent from known myosins as to comprise 

a new class of myosins. Northern. analyses demonstrate that the myr 8 myosins are 

expressed predominantly in the nervous system, and are detected principally at 

developmental timeperiods. Indirect-immunofluorescent studies reveal a pattern of 

irmnunoreactivity within forming neuronal and astroglial cell processes located 

throughout the ·developing brain. Taken together these data suggest that this novel myosin 

may play a crucial role in membrane biogenetic events during neuronal and astroglial cell 

differentiation. Given the increasing identification of neurological dysfunctions that arise 

as a consequence of defective myosins, as well as from other cytoskeletal components, it 

is essential to unravel the selective roles in which this novel unconventional myosin may 

participate during neocortical development. 
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INTRODUCTION 

A. Statement of the Problem 

Human behavior is mediated by neural processing within the cerebral cortex. 

Consequently, the effects of neurological diseases often are not isolated to the brain, but 

have devastating systemic consequences. Many neurological abnormalities arise as 

complications of genetic and/or acquired lesions of selective molecules that underlie 

normal neocortical development. Thus, the elucidation of the genetic and molecular 

mechanisms that regulate neocortical development is of critical theoretical and 

biomedical significance. The assembly process of the mammalian neocortex traditionally 

has been categorized into five major developmental epochs: cellular proliferation; 

neuronal cell migration; cellular differentiation, including dendritic and axonal 

elaboration, synaptogenesis, and maturation; selective neuronal cell death; and the 

elimination of transient synaptic connections. Two phases, neuronal cell migration and 

differentiation of neurons and glia, involve extensive cellular and organelle motility. 

One of the basic principles of cerebral cortical development is that its constituent 

neurons are generated in proliferative zones that are located at a distance from their 

resident positio!ls in the adult brain. The intervening process of radially-directed 

neuronal cell migration involves dislocation of postmitotic neurons from other cellular 

elements in the proliferative zone and active movement of undifferentiated neurons along 

a scaffolding of radial glial cell fibers (Rakic, 1971; 1972, 1990; 
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Sidman and Rakic, 1973). Extensive imaging studies, both in vitro and in vivo, reveal that 

migrating neuronal cells display, minimally, two phases of directed movement: 

outgrowth of the leading process and nuclear/somal translocation (Hatten, 1999). Each 

aspect of movement is accompanied by extensive rearrangement of the cytoskeleton 

(Rivas and Hatten, 1995; Rakic et al., 1996). Subsequent differentiation of dendritic and 

axonal processes also rely upon considerable alterations of the cytoskeleton (Tanaka and 

Sabry, 1995; Wang et al., 1996; Suter and Forscher, 1998; Wylie et al., 1998). 

Independent genetic studies have implicated deficiencies in the regulation of both actin 

and microtubule dynamics to impaired neuronal cell migration (Sapir et al., 1997, 1999; 

Morris et al., 1998; Fox et al., 1998; Francis et al., 1999; Gleeson et al., 1999; Horesh et 

al., 1999), as well as to growth cone guidance during axonal elongation (Forscher and 

Smith, 1988; Bridgman and Dailey, 1989; Lu et al., 1997; Lin et al., 1997; Lanier et al., 

1999). Despite these significant advances, an understanding of the molecular machinery 

underlying neuronal cell migration and axonal elaboration is just beginning to emerge. 

Myosin motors represent a superfamily of proteins that are linked intimately to 

the organization and regulation of the actin cytoskeleton (Mooseker and Cheney, 1995). 

The myosin superfamily consists of 15 classes, which are unified by possessing the 

capability to translocate along actin filaments through ATP hydrolysis. Characteristic 

structural motifs define individual myosin classes and are thought to contribute to a 

variety of class-specific motile functions, such as, contractility, organelle transport and 

localization, stabilization of the actin cytoarchitecture as well as endo- and exocytosis 

(Merman et al., 1998). The generation of mechanical force necessary to initiate and 

maintain cellular translocation as well as the transport and localization of the molecular 
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machinery and organelles needed for promoting directed movement are examples of how 

myosin motors may participate in ce)lular motility during·brain development (Jay et al., 

1995; Lin et al., 1997; Svitkina et al., 1997; Wylie et al., 1998). The aims of the present 

investigation were to advance our understanding of the molecular machinery that 

regulates the precision by which neuronal cells move and assemble into organized 

laminae and nuclear structures, and by which axonal processes identify and form 

functional circuits during brain development. 



B. Review of Related Literature 

Cellular motility 

4 

In vitro observations of amoeba, leukocytes, keratocytes, fibroblasts, and neurons 

migrating across a two-dimensional substrata indicate that the process of cellular motility 

is multifaceted. Locomotion depends upon plasma membrane expansion, protein 

complexes that direct the constant remodeling of the cytoskeleton, and receptor 

complexes that mediate cell-cell and extracellular matrix-cell adhesion interactions 

(Hynes, 1992; Bretscher, 1996; Lauffenburger and Horwitz, 1996; Mitchison and 

Cramer, 1996; Svitkina et a!., 1997; Suter and ~orscher, 1998). However, our 

understanding of how these individual events are integrated to form a coordinated, 

specific response is limited and remains to be elucidated. Traditionally, directed cellular 

locomotion has been broken d~wn into four subtypes of movement: i) protrusion -

extension of a lamellipodium, pseudopodium or other locomotory process at the front or 

leading edge; ii) adhesion - formation of cellular process-substratum attachments; iii) 

translocation - forward movement of the cell body and the nucleus toward the leading 

edge; and iv) detachment- deadhesion of the rear part of the cell from the substratum and 

tail retraction (Figure 1) (Stossel, 1993; Lauffenburger and Horwitz, 1996; Mitchison and 

Cramer, 1996; Heidemann and Buxbaum, 1998). 

The processes of protrusion, adhesion, translocation and detachment are 

supported structurally by the formation of actin-based filopodia, lamellipodia and stress 

fibers (Lauffenburger and Horwitz, 1996; Small et a!., 1999). Considerable data indicate 

that the assembly of these actin-based cytoskeletal structures are regulated by upstream 

signaling of the small GTPase proteins, Cdc42, Rae, and Rho (Kozma eta!., 1997; Van 



Figure 1. Tile process of motility comprises 4 subtypes of movement . Locomotion · 

consists of four subtypes of movement: i) protrusion - extension of a lamellipodium or 

other locomotory process at the front or leading edge; ii) adhesion -formation of cellular 

process-substratum attachments; iii) translocation -forward movement of the cell body 

and the nucleus toward the leading edge; and iv) detachment - deadhesion of the rear 

part of the cell from the substratum and tail retraction. Protrusion requires a cycling 

between disassembled and assembled actin, a process which is regulated by many actin 

associated proteins including multiple myosins. Adhesion involves the formation of focal 

adhesion complexes. Translocation may involve actomyosin complexes that generate a 

directed mechanical force forward through contraction or transport of cortical actin 

along filamentous actin "tracks. Detachment occurs through the contraction of stress 

fiber actomyosin complexes. Reprinted from Cell, vol.84, D.A. Lauffenburger and A.F. 

Horwitz, Cell migration: A physically integrated molecular process, pp359-369, 1996, 

with permission from Elsevier Science. 
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Aelst and D'Souza-Schory, 1997; Small et a!., 1999; Aspenstrom, 1999). Signaling 

through Cdc42 and Racl have been implicated in the formation of filopodia! and 

lamellipodial cytoarchitecture in the protruding process of migrating cells, while RhoA

dependent signaling has been shown to regulate membrane detachment and retraction at 

the rear ofthe cell by promoting stress fiber formation and actomyosin contractility (Hall, 

1998; Waterman-Storer and Salmon, 1999). During lamellipodial protrusion, the 

microtubule cytoskeleton is also lengthening, which has been demonstrated to stimulate 

Racl signaling. Likewise, microtubule shortening occurring at the retracting edge of the 

cell has been implicated in initiating RhoA signaling (Best eta!., 1996; Enomoto, 1996; 

Gundersen and Cook, 1999; Waterman-Storer and Salmon, 1999). Additionally, recent 

reports that Rac1 signaling antagonizes the RhoA signaling pathway suggests that the 

small GTPase proteins influence each others signaling cascades (Burridge, 1999; Sander 

et a!., 2000). 

During the process of lamellipodial protrusion the actin cytoskeleton is highly 

dynamic, cycling between filamentous and monomeric actin. -Polymerization of actin 

filaments, which occurs at the most peripheral edge of the extended membrane process, is 

coupled to a retrograde flow of filamentous actin away from the leading edge. This 

retrograde flow of actin is mediated by myosin motor proteins (Jay eta!., 1995; Lin eta!. 

1997; Svitkina et a!. 1997; Wylie et a!., 1998). Following retrograde transport, 

filamentous actin undergoes depolymerization and is recycled back toward the leading 

edge as monomeric actin, where it reassembles into new filaments (Suter and Forscher, 

1998). The constant flux of actin polymerization and depolymerization depends upon 

multiple actin associated proteins (Figure 2). Actin binding proteins such as profilin 



Figure2. Cycling of polymerized and depolymerized actin in extending 

lamellipodia during cell migration. The schematic illustrates the constant flux between 

polymerized and depolymerized actin, which depends upon multiple actin associated 

proteins. During lamellipodial extension, a CO!Jstantflow ofF-actin assembly that occurs 

through polymerization and crosslinking at the leading edge is coupled to a retrograde 

flow ofF-actin away from the front edge. Following retrograde transport, filamentous 

actin undergoes depolymerization and is recycled back toward the leading edge as 

monomeric actin, where it reassembles into new filaments. Reprinted from Current 

Opinion in Neurobiology, vol.4, C.-H . Lin, C.A. Thompson, and P. Forscher, 

Cytoskeletal reorganization underlying growth cone motility, pp640-647, 1994, with 

permission from Elsevier Science. 



7 

Depolymerization Polymerization 

Extended Lamellipodia 

= Actin 

• = Arp 2/3 

(] = Ena/VASP 

• = Profilin 
~ = ADF/cofilin 

0 = Gelsolin 

Modification of Lin et al. , 1994; figure I . 



8 

stimulate actin polymerization and are recruited to areas of remodeling by the 

Ena(Mena)N ASP protein family (Suetsugu et a!. 1998; Prehoda et a!., 1999). The 

Arp2/3 protein complex caps the slow growing ends of filamentous actin, which protects 

them from depolymerization and subsequently stabilizes the filaments and promotes 

branching (Welch et al., 1997a; Mullins et al., 1998; Machesky and Hall, 1999; Svitkina 

and Borisy, 1999). Recycling of actin monomers by depolymerization of the slow 

growing ends of filaments is supported by the severing actions of gelsolin and 

ADF/cofilin (Theriot, 1997; Ayscough, 1998; Suter and Forscher, 1998; Kwiatkowski, 

1999). The regulation of these actin-associated proteins remains to be elucidated; 

however, recent data suggest that dephosphorylation promotes the actin polymerization 

functions of the EnaN ASP protein family and activates the depolymerization actions of 

ADF/cofilin proteins (Moon and Drubin, 1995; Colavita and Culotti, 1998; Lanier and 

Gertler, 2000). 

Following the process of protrusion, extracellular guidance cues prompt the 

extended lamellipodia to adhere to a target substrate. Consequently, the filamentous actin 

previously undergoing retrograde flow becomes stabilized by linking to the substrata 

through integrin-based focal adhesion complexes (Heidemann and Buxbaum, 1998). The 

myosin motors that were engaged in retrograde actin movement now are used to propel 

the cytoplasm forward, thus initiating translocation of the lamellipodia (Suter et al. 1998). 

The molecules that mediate the translocation of the cell body are still under investigation; 

however, myosins are a potential candidate (Svitkina et al., 1997). 

The detachment of the plasma membrane from the substrate along with the 

retraction of the trailing tail occurs at the opposite pole of the cell. This process of 
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retraction results from the formation of actin stress fibers and the concomitant contraction 

of actomyosin filaments (Lauffenburger and Horwitz, 1996; Clow and McNally, 1999). 

Actomyosin contractility is dependent upon the activation of myosin II, which occurs 

through the phosphorylation of myosin light chains. The phosphorylation state of myosin 

light chain is directly dependent upon the enzymatic activities of myosin light chain 

kinase and myosin phosphatase (Alessi et al., 1992; Gallagher et al., 1997; Hartshorne et 

al., 1998). Accordingly, injection of inhibitory antibodies against myosin light chain 

kinase blocked migration in macrophages (Wilson et al., 1991). Additionally Rho kinase, 

a downstream effector of RhoA, has been demonstrated to promote indirectly the 

phosphorylation of myosin light chain. Rho kinase phosphorylates the myosin binding 

subunit of myosin phosphatase, thereby inactivating its phosphatase activity (Kimura et 

al., 1996). 

Neuronal cell migration and differentiation 

One of the basic principles of cerebral cortical development is that its constituent 

neurons are generated in transient proliferative zones that are located relatively far from 

the neurons final positions in the cortical plate (Figure 3). The majority of neurons 

undergoing migration in the neocortex move along a cellular substrate provided by 

elongated radial glial cellS (Rakic, 1971, 1972, 1990; Sidman and Rakic, 1973; Hatten, 

1999). The process of neuronal migration involves dislocation of postmitotic cells from 

other cellular elements in the proliferative zone and active movement of undifferentiated 

neurons in relation to the surrounding cellular milieu. This movement of neurons 

proceeds along ~pecific pathways, occurs according to a well-defined time schedule, and 

ceases at precisely-defined locations (Rakic, 1971, 1972, 1990; Bayer and Altman, 1991; 



Figure3 Process of neocortical neuronal cell migration. A. Illustration 

representing a coronal view of the developing occipital cerebral cortex. The boxed area 

is magnified in B. B. Illustration depicts the process of neuronal cell migration, which 

involves dislocation of post mitotic cells from other cellular elements in the ventricular 

zone and active movement of undifferentiated neurons, in relation to the surrounding 

cellular milieu, along a cellular substrate provided by elongated radial glial cells. Upon 

reaching the correct final position within the cortical plate, neurons cease migration and 

diasadhere from the associated radial glial cells. The boxed area is magnified in C. C. 

Drawing reveals the adherent interaction of the migrating neuron with the extended 

radial glial cell process. Reprinted from Mode of migration to the supeificiallayers of 

fetal monkey neocortex, P. Rakic, Journal of Comparative Neurology, 1972. Reprinted 

by permission ofWiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc. 
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Hatten, 1999). The motility cycle of neuronal cells is not constant, but alternates between 

moving and nonmoving states (Edmonson and Hatten, 1987; Hatten and Mason, 1990). 

The previously described four subtypes of movement underlying cellular locomotion also 

define the movements observed in neurons during neocortical development (Rakic 1990; 

Rivas and Hatten, 1995). Advances made in understanding the cellular mechanisms of 

neuronal cell migration have provided new insights into the pathogenesis of genetically 

predispositioned cortical disorders such as lissencephaly I and II, pachygyria, microgyria, 

agenesis of the corpus callosum, as well as focal, non-genetic neuronal cell heterotopias 

that are considered to underlie chronic neurological handicaps such as profound mental 

retardation; multiple seizure disorders, particularly extrahippocampal epilepsy; impaired 

acquisition of perceptual, linguistic, motor, and cognitive skills (Barth, 1987; Brodtkorb 

et a!., 1992; Lee et a!., 1994; Palmini eta!., 1991; Rorke, 1994; Samet, 1987, 1991, 

1992). 

Evidence obtained from both in vivo (Galileo et al., 1992; Sheppard et a!., 1995; 

Zhang and Galileo, 1998; Anton et al., 1996, 1999) and in vitro reconstitution assays 

(Hatten and Mason, 1990; Fishell and Hatten, 1991; Cameron and Rakic, 1994; Cameron 

et a!., 1997) indicate that adhesive interactions between migrating neuronal cells and 

radial glial cells play a crucial role in determining pathway selection and ultimate 

position of migrating neurons. The profile of cell adhesive interactions modulating 

neuronal migration includes multiple members of the immunoglobulin, cadherin, and 

integrin adhesion receptor superfarnilies (Edelman and Crossin, 1991; Takeichi, 1991; 

Hynes, 1992). The differential distribution of multiple cell adhesion receptors detected 

within the forming neocortex (D' Arcangelo et al., 1995; Ogawa et al., 1995; Sheppard et 
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a!., 1995; Anton et a!., 1996; 1998; Cameron et a!., 1997; Zhang and Galileo, 1998) 

implies that neuronal cell migration relies on a combinatorial and possibly sequential use 

of multiple adhesion receptors, as has been demonstrated for the trafficking of 

lymphocytes (Springer, 1994). In addition to forming mechanical links, recent data 

indicate that the function of cell adhesion receptors appears to be involved in signal 

transduction processes, directly or indirectly (Doherty eta!., 1991; Tsukita eta!., 1991; 

Saffell et al., 1992; Williams et al., 1992; Schaller eta!., 1992; Hamaguchi et al., 1993; 

Williams et al., 1994; Aplin et al., 1998). Accordingly, the process of cell adhesion has 

been implicated in stimulating lipid-mediated signaling cascades as well as activating 

cytoplasmic tyrosine kinases such as focal adhesion kinase, mitogen-activated protein 

kinase, and Src family tyrosine kinases .. In several instances, characterization of genes 

related to human disease isolated by positional cloning has verified the suspected role of 

cell adhesion components in neuronal cell migration. Kallmann syndrome, Miller-Dieker 

lissencephaly, MASA syndrome, X-linked hydrocephalus, Williams syndrome, 

Fukuyama type congenital muscular dystrophy are some examples of human brain 

malformations that arise as a consequence of abnormal neuronal cell migration (Legouis 

eta!., 1991; Ballabio and Camerino, 1992; Rosenthal eta!., 1992; Reiner eta!., 1993; 

Treuwit et al., 1993; Toda et al., 1993; Van Camp et al., 1993; Vits eta!., 1994; Coucke 

et al., 1994; Galaburda et al., 1994; Lutz et al., 1994). To this end, the adhesive 

mechanisms of migrating neurons have been well documented. In contrast, the 
• 

identification of selective cytoskeletal and regulatory components underlying the process 

of neuronal cell motility remain largely uncharacterized (Rivas and Hatten, 1995; Rakic 

et a!., 1996). However, independent genetic studies have implicated deficiencies in the 
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regulation of both actin and microtubule dynamics to impaired neuronal cell migration 

(Sapir et al., 1997, 1999; Morris et al.; 1998; Fox et al., 1998; Francis et al., 1999; 

Gleeson et al., 1999; Horesh et al., 1999), as well as to growth cone guidance during 

axonal elongation (Forscher and Smith, 1988; Bridgman and Dailey, 1989; Lu et al., 

1997; Lin et al., 1997; Lanier et al., 1999) . . . 
Following completion of migration, immature neurons begin to elaborate axonal 

and dendritic processes. The development of an axonal process, most often referred to as 

neurite extension, involves the reorganization of organelles, cytoskeleton and other 

subcellular components (Peters et al., 1976; Tanaka and Sabry, 1995; Heidemann, 1996). 

Similar to neuronal cell migration, lamellipodia protrusion and cellular translocation take 

place; however, rear detachment and retraction does not occur, leaving a trailing edge 

that results in an axon or dendrite (Condeelis, 1993; Heidemann, 1996; Mitchison and 

Cramer, 1996; Heidemann and Buxbaum, 1998). Axons and dendrites contribute to the 

formation, elimination, and rearrang~ment of synaptic circuitry, which is critical to the 

proper functioning of the nervous system and ultimately defines adult cognitive and 

behavioral functions. The establishment of synaptic connectivity during development is 

mediated by the growth cone (Letourneau et al., 1991), which provides the motile force 

for neurite extension and includes the molecular machinery to detect and react to multiple 

cellular and extracellular guidance cues (Tanaka and Sabry, 1995; Katz and Shatz, 1996; 

Lin et al., 1996; Tessier-Lavigne and Goodman, 1996; Suter and Forscher, 1998). 

The process of neurite extension, led by the highly motile peripheral domain of 

the growth cone, involves an initial outgrowth of many small filopodia. Through an 

intimate interplay of extracellular. and intracellular signaling events, one extended 
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filopodium prevails and the others retract to consolidate into a single process (Figure 4) 

(Hynes and Lander, 1992; Heidemann, 1996). Like neuronal cell migration, a multitude 

of adhesion molecules contribute to the proper guidance of the axon (Gumbiner, 1993; 

Lin et a!., 1994; Suter and Forscher, 1998; Suter et a!., 1998). In vivo (Marsh and 

Letourneau, 1984) and in vitro (Bentley and Toroian-Raymond, 1986) studies implicate 

remodeling of the actin cytoskeleton in neurite extension and in directing growth cone 

motility (Letourneau, 1996). The peripheral domain of the growth cone, enriched in actin 

filamentous structures, exhibits remarkable motility. The central domain of growth cones 

is composed of microtubules, which structurally support the extended neurite and provide 

a substrate for organelle/vesicle transport along the axon (Lin et a!., 1994; Tanaka and 

Sabry, 1995; Sheetz eta!., 1998). The actin and microtubule cytoskeletons collaborate to 

generate directed membrane movement through rho- and rac-GTPase signaling feedback 

loops (Pantaloni and Carlier, 1993; Aelst and D'Souza-Schorey, 1997; Kang eta!., 1997; 

Welch eta!., 1997a; Machesky and Insall, 1999; Waterman-Storer and Salmon, 1999). 

Therefore, in conjunction with adhesion proteins, the rearrangement of the cytoskeleton 

is associated wi.th multiple types of motility within the growth cone, including the 

formation of filopodia (Forscher eta!., 1992), the retrograde flow of cortical actin (Okabe 

and Hirokawa, 1991; Forscher and Smith, 1988; Smith, 1988), and the anterograde 

movement of membrane proteins (Sheetz et a!., 1990). Myosin proteins aid in the 

rearrangement of the actin cytoskeleton by supporting the retrograde flow of actin and in 

the generation of contractile force (Condeelis, 1993; Suter and Forscher, 1998). 

Accordingly, multiple members of the myosin superfamily have been localized to 

neuronal growth cones, including myosin I (Wagner et a!., 1992; Ruppert et a!., 1993; 



Figure 4. Structural organization of the cytoskeleton during neurite extension. 

The extending neurite consists of a central domain and a peripheral domain. The central 

domain is composed of microtubules, which provide structural support and act as a 

substrate for organelle/vesicle transport along the axon. The peripheral domain of the 

growth cone is enriched in actin filaments and exhibits remarkable motility involving 

outgrowths of many small filopodia. Reprinted from Current Opinion in Neurobiology, 

vol.4, C.-H. Lin, C.A. Thompson, and P. Forscher, Cyto.skeletal reorganization 

underlying growth cone motility, pp640-647, 1994, with permission from Elsevier 

Science. 
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Lewis and Bridgman, 1996), myosin II (Miller et al., 1992; Rochlin eta!., 1995; Wylie et 

al.,1998), and myosin V (Wang et al., 1996; Evans et al., 1997). 

Myosin molecular motors 

Molecular motors are proteins that use the energy from hydrolysis of adenosine 

triphosphate (A TP) to generate directed mechanical force along the cytoskeleton. The 

molecular motor superfamilies comprise the kinesin and dynein motors, which 

translocate along microtubules; and the myosin motors, which move along actin filaments 

(Cheney and Mooseker, 1992; Vallee and Gee, 1998; Mandelkow and Hoenger, 1999). 

While the role of microtubule motors has been restricted largely to the translocation of 

organelles (Hirokawa, 1998; Hirokawa eta!., 1998; Morris eta!., 1998), myosin motors 

have been implicated in a much wider spectrum of motile events. Multiple lines of 

evidence indicate that myosins are involved in multiple cellular and subcellular functions, 

including vesicle and organelle movement, exo- and endocytosis, cytokinesis, membrane 

process extension, membrane ruffles, cellular motility, and muscle contraction (Figure 5) 

(Hasson and Mooseker, 1997; Titus, 1997 and 1998; Merman et al., 1998). 

Myosin proteins are composed of a complex of heavy chain polypeptides and 

light chain polypeptides. All myosin heavy chain polypeptides share a common structural 

organization consisting of (i) a highly conserved N-terminal motor domain composed of a 

consensus ATP binding site (NGXXXXGK(Sff/G) as well as an ATP-dependent actin 

binding site (PHFIRCIKPN); (ii) a neck domain binding to a variable number of light 

chains, typically members of the calmodulin/EF-hand protein family, by the IQ 

consensus binding motif (IQXXXRGXXXRK); and (iii) a highly divergent C-terrnlnal 

domain that likely confers selective subcellular localization and functions (Cope et a!., 



Figure 5. Diversity of cellular functions mediated by unconventional myosin 

classes. Schematic illustration indicating the diverse array of cellular and subcellular 

functions mediated by members of the myosin superfamily. Functions depicted include: 

cell growth and development (Class I); endocytosis and exocytosis (Class I); organelle 

particle movement (Class V); melanosome transport (Class V); rhabdomere integrity 

(Class Ill); phototransduction and photoreceptor membrane trafficking (Class III); 

stabilizing or anchoring stereocilia (Class VI and VII); hair cell adaptation (Class I); 

and signal transduction (Class IX). The structures are not drawn to scale. 

Abbreviations: M, myosin; and the number designates the myosin class. Reprinted figure 

with permission from Science, V. Mermall, P.L. Post, and M.S. Mooseker, 

Unconventional myosins in cell movement, membrane traffic, and signal transduction, 

vol.279, pp527-532, 1992. Copyright 1992, American Association for the Advancement 

of Science. 
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1996; Merman et al., 1998). Myosins are subdivided into distinct classes on the basis of 

amino acid sequence divergence within the motor domain. Presently, 15 distinct classes 

of myosins have been identified, 8 of which are expressed in vertebrates (Merrnall et al., 

1998; Probst et al., 1998; Wang et al., 1998). These 8 vertebrate myosin classes include 

conventional myosin, myosin class II (skeletal muscle myosin), and seven 

unconventional myosin classes, myosins -I, -V, -VI, VII, -IX, -X, and XV. To date, 

known conventional and unconventional myosins map to 26 distinct loci in mouse 

chromosomes (Hasson et a!., 1996). With the exception of class· I and IX, the 

mammalian myosin classes contain a coiled-coil structural motif within the C-terminus, 

which predicts that these myosins exist in d!merized forms. Other motifs such as 

membrane binding sites (Class I), SRC homology 3 domains (Class I, IV and VII), 

MyTH4 domains (Class IV, VII, X, XII and XV), FERM domains (Class VII, X, and 

XV), rhoGAP sites (Class IX), and PH domains (Class X) have been identified within the 

tail domains of specific myosin classes (Figure 6) (Coluccio, 1997; Merrnall eta!., 1998; 

Oliver et al.,l999). Each class has been postulated to partic:!pate in specific functions that 

are associated with these protein motifs. 

Myosin serves as a potential motor for the generation of force at multiple stages in 

the process of cellular motility. Regulation of motor activity, studied in the greatest 

detail for class II myosins, depends upon phosphorylation of the heavy and light chains 

(Figure 7). While the precise function of phosphorylation on the heavy chain remains to 

be elucidated, the specific phosphorylation site, Ser 19, on the regulatory light chain has 

been linked to stimulation of the actin-activated ATPase activity and myosin filament 

assembly (Y ama:kita et al., 1994). Rho kinase, a downstream effector of Rho A modulates 



Figure 6. Schematic representation of the different protein motifs identified within 

individual myosin classes. Shown for each myosin class is an example that displays the 

protein motifs that are characteristic of the tail domain of that class. Motor domains are 

blue; with inserts depicted as hatched boxes. Abbreviations: GPQ, glycine, proline, and 

glutamine-rich region; ++,positively charged region; SH3, Src homology 3 domain; CC, 

coiled-coil domain; MyTH4, myosin tail homology 4 domain; DLC, presumptive dynein 

light chain binding domain; FERM, talin and band-4.1/ERM family homology domain; 

Zn2+, zinc binding domain; rhoGAP, rho-GTPase activating protein domain; and, PH, 

p/eckstrin homology domain. Reprinted figure with permission from Science, V. Mermal/, 

P.L. Post, and M.S. Mooseker, Unconventional myosins in cell movement, membrane 

traffic,. and signal transduction, vol.279, pp527-532, 1992. Copyright 1992, American 

Association for the Advancement of Science. 
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Figure 7. Cell signaling·pathways regulate the activation of class II myosins. The 

activation of myosin II depends upon the phosphorylation status of the regulatory light 

chains. The state of light chain phosphorylation is mediated through a cell signaling 

cascade; some effectors involved are the small GTPase proteins, Rho, Rae, and Cdc42, 

and myosin light chain kinase and myosin phosphatase. Upon activation, myosin II 

undergoes filament assembly and ATPase-dependent actin binding. Association with 

actin allows for contraction of stress fibers and formation of focal adhesion sites. 

Abbreviations: MLCK, myosin light chain kinase; MLC, myosin light chain; and 

encircled P represents the phosphorylated state of the protein. Reprinted from Current 

Opinion in Cell Biology, vol.ll, A.R. Bresnick, Molecular mechanisms of nonmuscle 

myosin-II regulation, pp26-33, Copyright 1999, with permission from Elsevier Science. 
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the phosphorylation state of both the myosin light chain (Amano et al., 1996) as well as 

the myosin phosphatase (Kimura, et al., 1996). Kinase activity on either substrate 

ultimately results in the activation of myosin II with subsequent formation of stress fiber 

and focal adhesion complexes (Amano et al., 1998; Hirose et al., 1998; Katoh et al., 

1998). In contrast, Rae may serve to counteract the effects of Rho signaling by activating 

p21-activated kinase(PAK) (Sanders et al. 1999). This kinase inhibits the 

phosphorylation of myosin light chain through the phosphorylation and consequential 

inactivation of myosin light chain kinase. 

Almost every myosin class identified within vertebrate and invertebrate species 

has been localized to the nervous system. These myosin classes include: I, II, III, V, VI, 

VII, IX, and XV [(I: Li and Chantler, 1992; Koslovsky et al., 1993; Ruppert et al., 1993; 

Sherr et al., 1993; Bahler et al., 1994; Lewis and Bridgman; 1996; Steyger et al., 1998), 

(II: Kawamoto and Adelstein, 1991; Miller et al., 1992; Takahashi et al., 1992; ltoh and 

Adelstein, 1995; Rochlin et al., 1995; Wylie et al., 1998), (III: Montell and Rubin, 1988), 

(V: Espindola et al., 1992; Espreafico et al., 1992; Cheney et al., 1993; Nascimento et al., 

1996; Provance et al., 1996; Takagishi et al., 1996; Wang et al., 1996; Zhao et al., 1996; 

Evans et al., 1997; Prekeris and Terrian, 1997; Evans et al., 1998; Tabb et al., 1998), 

(VI: Avraham et al., 1995; Lantz and Miller, 1998), (VII: Gibson et al., 1995; Hasson et 

al., 1995; Weil et al., 1995, 1997), (IX: Chieregatti et al., 1998), (XV: Probst et al., 1998; 

Wang et al., 1998)]. While the morphological distributions of these myosins have been 

discerned, knowledge of their specific function within the neryous system is rudimentary. 

Mutational analyses carried out on specific myosin isoforms have provided 

insight into the functional roles of myosins within cells. Null mutations of class I myosin 
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isoforms within Dictiostylium and Acanthamoeba have demonstrated compromised 

pseudopodia! motion (Ostap and Pollard, 1996). Similar observations of compromised 

cellular function within mammalian organisms by mutated myosin isoforms suggest that 

individual myosins participate in unique or nonredundant roles within cells. For 

example; null mutations of murine myosin isoforms class lib and lid led to 

musculoskeletal defects (Acakpo-Satchivi et al., 1997); a myosin class V mutant mouse, 

dilute, has pigmentation and neurological defects (Mercer et a!., 1991; Takagishi et a!., 

1996); mutant mice models of the class VI, Snell's waltzer (Avraham et al., 1995), class 

VIla, shaker-! (Gibson et al., 1995; Wei! et al., 1995), and class XV, shaker-2 (Wang et 

al., 1998), individually are associated with sensorineural deafness (Hasson et a!., 1997). 

Significantly, defects within human myosin isoforms, which are homologous to the 

impaired myosins that result in animal mutant phenotypes, cause specific human 

diseases. The mutated class V myosin, which generates the dilute mouse phenotype, is 

the source of Gricelli's disease in humans, which consist of albinism, immunological and 

neurological deficits (Hurvitz et al., 1993). The mutations in human MY07A and MYO 

15, which cause human hereditary deafness, are analogous to the animal mutant models 

shaker-1 and shaker-2, respectively (Gibson et al., 1995; Wei! eta!., 1995; Petit, 1996; 

Liu et al., 1997; Wei! et al., 1997; Probst et al., 1998; Wang et al., 1998). Interestingly, 

many of the diseases caused by myosin defects result in compromised neurological 

functions. Because the absence of myosin isoforms can cause neurological disorders and 

a large number myosin class members have been detected in brain tissue, it is essential to 

unravel the roles t!Iat these motors play in the proper functioning of the brain. 
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C. Hypothesis 

During the assembly process of the mammalian neocortex, neuronal cell 

migration and differentiation of neurons and glia involve extensive cellular and organelle 

motility. Observations over the past two decades reveal that myosin motors are involved 

intimately in multiple actin-dependent motility events, including membrane trafficking, 

membrane process extension and retraction, as well as cellular motility. As an initial 

means to determine the spectrum of myosin isoforms that could underlie neuronal cell 

migration during brain development, we carried out PCR amplifications of cDNAs 

prepared from migrating cerebellar granule neurons as well as from type 1 astrocytes 

using degenerate primers that corresponded to conserved sequences within the motor 

domain of known myosins. While compiling the profile of amplified myosin fragments, 

sequence analyses revealed a PCR fragment that was suggestive of a novel myosin. It 

was our hypothesis that this PCR fragment represented a novel myosin that 

participates in the process of cellular motility during brain development. 

The specific aims of my studies were: 

Specific Aim 1: To determine the complete amino acid sequence of the novel myosin 

through eDNA library screening and, subsequently, to carry out a primary structural 

analysis of the novel myosin by identification of characteristic protein motifs. 

Specific Aim 2: To determine the class specificity of the novel myosin by constructing a 

phylogenetic tree. 

Specific Aim 3: To determine the tissue, cell, and subcellular distribution of the novel 

myosin by pursuing Northern blot analyses as well as by the development of antibodies 

specific to the novel myosin for use in immunolocalization and immunoblot studies. 



MATERIALS AND METHODS 

Materials 

Female adult and timed-pregnant Sprague-Dawley rats were obtained from Harlan 

(Indianapolis, IN). Postnatal animals were sacrificed by deFapitation under deep ether 

anesthesia. New Zealand white rabbits (female, 2-2.5 kg) were purchased from Myrtle's 

Rabbitry (Thompson Station, TN). All animal use protocols were reviewed and approved 

by the Committee on Animal Use in Research and Education at the Medical College of 

Georgia. All supplies were obtained as indicated or were from general distributors. All 

images were scanned into and edited with Adobe Photoshop (San Jose, CA). 

Cells 

Primary cultures of type 1 astrocytes were prepared from <24 hour neonatal rat 

cerebral cortices as described (Levison and McCarthy, 1991; Cameron and Rakic, 1994). 

Cell cultures wen~ maintained in minimal essential medium (Earle's salts) containing 15% 

newborn calf serum (Gibco/Bethesda Research Laboratories, Gaithersburg, MD) at 37oc 

in a humidified atmosphere of 5% COz. Cerebellar granule neurons were isolated 

(Hatten, 1985; Cameron and Rakic, 1994) from postnatal day 10 rat cerebelli by velocity 

centrifugation in Percoll (Pharrnacia, Piscataway, NJ). 

PCR-based screen for the identification of myosin sequences 

Total RNA was extracted from primary cultures of type 1 astrocytes and isolated 

cerebellar granule neurons using TRizol reagent (Life Technologies, Inc., Gaithersburg 

24 
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MD). Oligo dT primed first-strand cDNAs were generated from total RNA using the 

eDNA cycle kit (In Vitrogen, Carlsbad, CA). PCR amplification of cDNAs were carried 

out using Taq (Stratagene, LaJolla, CA) and degenerate primers (Life Teclmologies, Inc., 

Gaithersburg MD) corresponding to conserved sequences of known rat myosins (Bement 

et al. 1994); sense primer [5'-GGIGA(A/G)(Aff)(G/C)IGGIG~IGGlAA(A/G)AC-3'] and 

antisense primer [5'-GT(C/T)TTIGC(A/G)TTICC(A/G)AAIGC(C/T)TC)-3'] with the 

following conditions (94°C x 2mins; 40 cycles of: 94°C x 1 min, 45°C x 1 min, 62°C x 3 

mins; 72°C x 10 rnins). PCR products were cloned into XL-1 Blue bacteria using the 

PCR-Script TM SK(+) cloning kit (Stratagene, LaJolla, CA). The isolated DNA clones 

were reamplified by PCR (conditions as above), subjected to single restriction enzyme 

digestion using Hae III, Fnu 4H1 and Sea I (New England Biolabs, Beverly, MA) and 

resolved by polyacrylamide gel electrophoresis, in order to group clones into restriction 

enzyme fragment patterns. Plasmid DNA of clones selected from each group were 

purified using the Wizard kit (Promega, Madison, WI) and sequenced to determine the 

myosin isoforrns represented for each restriction enzyme fragment pattern. Sequencing 

was carried out using an ABI PRISM 377 automated DNA sequencer with XL upgrade 

(Perkin Elmer, Foster City, CA) by the Molecular Biology Core Facility at the Medical 

College of Georgia and analyzed using the Wisconsin Package Version 10.0, Genetics 

Computer Group (GCG; Madison, WI). 

eDNA Library Screening 

Random primed 32P-labeled (5'-a-32P deoxycytosine triphosphate, Amersham, 

Piscataway, NJ) probe 1, nucleotides 1705-2220, was used for the initial screen of a 

custom made oligo dT primed eDNA library (Stratagene, LaJolla, CA) generated from 
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primary cultures of type 1 astrocytes. This probe did not overlap with any of the highly 

conserved domains of the myosin superfamily. Hybridization-positive phages were 

purified and inserts were rescued by helper-phage-mediated excision. Plasmid DNA was 

purified using a Wizard kit (Promega, Madison WI) and sequenced in both directions 

using multiple internal primers. Additional library screens used probes representing 

sequences further downstream of probe 1 in clone 4: probe 2, nucleotides 2788 - 3237; 

and probe 3, nucleotides 3436- 3675. Identification of clones 8 and 18 were carried out 

using probe 4, which was generated by PCR amplification using the KIAA0865 specific 

antisense primer as described below for "PCR amplification of myr 8 isoforms." Probe 4 

represents nucleotides 3905 - 4600 of the myr 8b sequence. 

Northern Blot Analyses 

Total RNA was extracted from primary cultures of type 1 astrocytes and rat 

tissues using TRizol reagent (Life Technologies, Inc., Gaithersburg, MD). Poly (A) 

RNA was isolated from total RNA using PolyATtract mRNA Isolation Systems 

(Promega, Madison, WI). RNA samples (15f!g total RNA or 2.5 f.lg poly (A) RNA) and 

RNA size standards (Life Technologies, Inc., Gaithersburg, MD) were separated on GTG 

agarose (FMC, Rockland, ME) I formaldehyde gels and transferred to Gene Screen 

membranes (Dupont I NEN, Boston, MA). Nylon membranes were prehybridized 

overnight at 65°C in Church buffer (Church and Gilbert, 1984) and hybridized with the 

random primed 32P-labeled (5' -a-32P deoxycytosine triphosphate, Amersham, Piscataway, 

NJ) eDNA probe (probe 1, 2, 3, 4, or 5) overnight in the same buffer. After hybridization, 

membranes were washed with 2X SSC I 0.1% SDS at room temperature, 0.1X SSC I 

0.1%SDS at 65DC and then exposed to Hyperfilm MP (Amersham, Piscataway, NJ). 
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Nucleotide sequence for probes 1, 2, 3, and 4 are described above. Probe 5 represents 

nucleotides 4110-4771, which corresponds to sequence within the tail doniain that is 

unique to the myr 8b isoform. 

PCR amplification of myr 8 isoforms 

PCR amplification of cerebellar granule neuron eDNA was carried out using Taq 

with a common sense primer [5'-CTCCACCCAAGCCAAAGAGG-3'] and either myr 8 

antisense primer [5'-ACCAGAACCCAGCCCATGA-3'] or KIAA0865 antisense primer 

[5'-AGGCGGGGGAGCAGGTGAC-3'] with the following PCR conditions: (A) 94°C x 

2 mins; 40 cycles of: 94°C X 1 min, 55°C X 1 min, 72°C X 2 mins; 72°C X 10 min with the 

myr 8 antisense primer; or (B) 94°C x 2mins; 40 cycles of: 94°C x 1 min, 45°C x 1 min, 

62°C X 3 mins; 72°C X 10 mins with the KIAA0865 antisense primer. Probe 4, used for 

eDNA library screening and Northern analyses, was generated using the common sense 

primer and the KIAA0865 antisense primer. 

Polyclonal Antibody Development 

New Zealand white rabbits were bled prior to immunization to obtain preimmune 

serum. Three peptide sequences unique to myr 8 (designated 1A -

KTQASKQIMKHLTSRASSSC; 1B - RYVSQGMREDVSTAERSLNKERLAC; 1C

CLQSQDEYKSLQTLD; and 8b - CSRDEPSSSEMASETQDRNANNHG) were 

synthesized by the Protein and Molecular Biology Core Facility, (Medical College of 

Georgia) and conjugated to keyhole limpet hemocyanin using the Sulfhydral Imject 

Activated Immunogen Conjugation Kit (Pierce, Rockford, IL). Conjugated peptides were 

suspended in phosphate buffered saline (10 niM sodium phosphate, 150 niM NaCl; pH 

7.4) and emulsified with Freund's adjuvant (complete for initial injection; incomplete for 
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booster injections). Antiserum was collected and antibodies were precipitated with 50% 

saturated ammonium sulfate (pH 7.4) and then dialyzed against 10 mM Tris, 150 mM 

NaCl; pH 7 .4. Affinity purification of the peptide antibodies was carried out with the 

SulfoLink kit following the manufacturer's protocol (Pierce, Rockford, IL). 

Also used for antibody development were purified polypeptide sequences 

corresponding to the myr 8 N-terrninus domain (nucleotides 43 - 195; 6,199 Da); the 

ankyrin repeat and ATP binding site region (nucleotides 43- 1563, 59,000 Da); and the 

8b tail domain (nucleotides 5254-5553; 10,763 Da). These sequences were PCR 

amplified and ligated into the pCR T7 /NT-TOPO prokaryote expression vectors. This 

vector system provided a high yield of recombinant protein expression and contained an 

N-terrninal poly-histidine (6XHis) tag, which permitted purification on a Nickel resin 

column (pCR T7 TOPO TA cloning kit and Xpress System Protein Purification, 

Invitrogen, Carlsbad, CA). 

Immunofluorescence 

For localizing antigens in cultured cells, type 1 astrocytes were plated on 

untreated glass coverslips at 2 x 104 cells/cm2. Astrocyte cultures at -75% confluency 

were rinsed with minimal essential media and fixed with 3% formaldehyde (freshly 

prepared from paraforrnaldehyde) in 120 mM sodium phosphate (RT, 20 minutes). For 

localizing antigen in tissues, rats were perfused transcardially with 3% paraforrnaldehyde 

under deep ether anesthesia. The cerebellum and brainstem were dissected out and fixed 

for 3 additional hours (4°C). Tissues were infiltrated with 12%, 16%, and 20% sucrose 

in 120mM sodium phosphate (pH7.4), then submerged in Tissue Tek compound (Miles 

Laboratories) and. frozen in liquid nitrogen cooled isopentane. Frozen tissue was 
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sectioned at 7 microns using a cryostat. The distribution of myr 8 was visualized by 

using primary affinity purified, anti-myr 8 peptide antibodies, and secondary Cy-3 

conjugated goat u-rabbit·IgG antibodies (Jackson Immuno Research Laboratories Inc., 

West Grove, PA). Control experiments with secondary antibodies alone reveal no 

immunofluorescence. FITC-phalloidin (Molecular Probes, Eugene, OR) was used to 

label the actin cytoskeleton. Coverslips and slides were mounted in a freshly prepared 

solution of 10 mM sodium phosphate (pH 7.4), 150 mM NaCl, 70% glycerol and 1 

mgiml p-phenylenediamine (no p-phenylenediamine was used for mounting tissue slides) 

Cells were viewed through a Zeiss Axiophot microscope equipped with epifluorescent 

optics and photographed using Kodak Select Elite Chrome ASA 160T film. 

Polyacrylamide Gel Electrophoresis and lmmunoblotting 

For one-dimensional SDS-PAGE analyses, reduced protein samples were 

resolved in 8% acrylamide gels in Laemmli buffer system (1970). Protein samples (75 

J.lg) were solubilized in 4% SDS and 40 mM dithiothreitol prior to isoelectric focusing. 

Protein was determined according to the manufacturer's instructions (Pierce Chemicals, 

Rockford, IL) using bovine serum albumin as a standard. Fractionated polypeptides were 

transferred electrophoretically to nitrocellulose according to the procedure of Towbin et 

al. (1979). Immunoblots were incubated in blocking buffer (5% non-fat dry milk, 10 mM 

Tris, 150 mM NaCl; pH 7.5) for 60 min, and subsequently overnight in blocking buffer 

containing primary antiserum (1 J.Lg/ml). Bound antibodies were detected using iodinated 

goat anti-rabbit IgG (0.5 mCi/ml, 90 min). Immunoblots were exposed to Amersham 

Hyperfilm at -700C with intensifying screen for 24 to 72 hours. 



RESULTS 

Identification of Myosin Classes in Astrocytes and Migrating Neurons 

To identify the myosin motors that could participate in neuronal cell migration, 

we initiated studies directed toward the identification and characterization of 

unconventional myosins in migrating cerebellar granule neurons isolated from 10 day 

postnatal rat cerebelli and type 1 astrocytes isolated from new born cerebral corticies. 

cDNAs were prepared from migrating cerebellar granule neurons and type I astrocytes 

and PCR amplifications were carried out using degenerate primers that corresponded to 

highly conserved sequences within the motor domain of known rat myosins (Bement et 

a!., 1994). To differentiate the myosins represented in the amplified pool of 

heterogeneous 180 base pair fragments, restriction enzyme digests of individual clones 

were resolved by acrylamide gel electrophoresis and grouped according to restriction 

enzyme fragment patterns (Figure 8). Representative clones from each group were 

sequenced and the myosin class was assigned by homology to known myosins. As 

demonstrated previously for other vertebrate cell types, (Bement eta!., 1994; Sole eta!., 

1994), isoforms of most mammalian myosin classes were present in both astrocytes and 

neurons, although smooth muscle myosin appeared unique to astrocytes and myr 1 

myosin appeared unique to cerebellar granule neurons (Table 1). Also identified were 

myosin isoforrns that, although characterized in other mammalian cells, have not been 

described in rat; e.g., a class X myosin (78% identity to bos taurus), and a class VI 
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Figure 8. Restriction fragment patterns of cloned PCR products. Figures A. and 

B. are representative of the strategy used to identify myosin isoforms in cerebellar 

granule neurons and astrocytes. Restriction enzyme digests of amplified PCR products 

from individual clones were resolved by acrylamide gel electrophoresis and grouped 

according to restriction enzyme fragment patterns. Restriction enzyme fragment patterns 

are shown for (A) 35 clones amplified from cerebellar granule neurons, and (B) 31 

clones amplified from astrocytes digested with Hae Ill. The restriction enzyme digest 

patterns are color coded. Selected clones from each group were sequenced and the 

myosin class determined by homology to known myosins. Color codes: red - class I myr 

3; purple - class I myr I and myr 2; green - class I myr 3 and myr 3 isoform, class II 

nonmuscle heavy chain B and smooth muscle myosin, class VI [85% homologous to 

human class VI myosin], and class IX myr 7; yellow - class II nonmuscle heavy chain A; 

pink- class X [78% homologous to bos taurus class X myosin]; and, blue -novel myosin. 

For those groups of which sequence analyses indicated multiple myosin isoforms (e.g., 

green group) additional pattern analyses were carried out using Fnu 4Hl and Sea I. 
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Table I. Spectrum of myosin isoforms detected 
in neurons and astrocytes 

PCR Amplification Screen 
Astrocytes Neurons 

Clones analyzed: 122 93 Homolog 
Class of Myosin: Percent Composition Accession 

CLASS I: 
Myr 1- 0% 3.2% x68199 
Myr2- 6.5% 1.0% x74800 
Myr3- 38% 25.5% x74815 
Myr 3 isoform - 2.4% 5.0% x97650 

CLASS IT: 
Nonmuscle 
Heavy chain A - 43.4% 16.0% Ul5764 
Nonmuscle 
Heavy chain B *- 1.6% 6.0% M69181 
Smooth muscle - 1.6% 0% S61948 

CLASS VI: 
Human VI*- 0.8% 3.0% U90236 

CLASS IX: 
Myr5- 0.8% 1.0% 77609 
Myr7- 1.6% 12.7% AJ001713 

CLASS X: 
Bos taurus X* - 0.8% 2.0% U55042 

UNIDENTIFIED - 1.6% 22.0% 
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myosin (85% identity to human). Additionally, a sequence was present in astrocytes and 

cerebellar granule neurons that was not homologous to any known myosins outside of the 

shared conserved myosin motifs defined by the primers (Table 1). These data suggested 

that we had identified a novel myosin. 

Identification and Characterization of Myr Sa Sequence 

The initial identification of the novel myosin .utilized PCR primers designed about 

highly conserved myosin sequences. Selection of unique sequence within the initial 140 

bp fragment allowed for the continued use of a PCR-based approach to obtain additional 

C-terminal directed sequence. As a sense-primer, we selected the sequence [5'

GCTCCAGCTGTACCATGTTTGA-3'] unique to the novel140 bp fragment. To extend 

sequence further in the 3 '-direction, we designed a degenerate antisense-primer [5'

RAAIAYYTCRAAICCRTADATRTC-3'] from a consensus map of multiple myosin 

classes found within the human, rat and mouse. Subsequent PCR amplification revealed a 

800 base pair fragment, thus providing - 720 more nucleotides downstream (Figure 9). 

Combining the sequence obtained from both PCR experiments resulted in a 867 bp DNA 

fragment. Analyses using gcg FAST A searches through Genbank and EMBL indicated 

that the 867 bp sequence shared 30% and 50% amino acid and nucleotide homology, 

respectively, to multiple classes of myosins. 

To obtain the full length sequence for this novel myosin, a eDNA probe (probe 1), 

generated from sequence that did not overlap with any of the highly conserved domains 

present within the myosin protein family, was used for hybridization screening of an 

oligo-dT primed Uni-ZAP custom eDNA library prepared from primary cultures of type 

1 astrocytes (Figure 9). Sequencing of positive clones, carried out through primer 



Figure 9 Schematic representation of PCR products and hybridization probes 

used in the analysis of clone 4 The schematic illustrates the location in clone 4 of the 

PCR products amplified in the original myosin screen as well as the hybridization probes 

used for the library screens and Northern blot analyses. Nucleotide( NT) numbering ( 1-

4144) begins at the 5 '- end of clone 4. 
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walking in both the 5' and 3' direction, revealed that one clone (clone 4) with a -4150 bp 

insert contained a continuous open reading frame of 4008 bp, which is predicted to 

encode for a protein of 1335 amino acids (Figure 10). Multiple hybridization screens 

carried out using probe 1 as well as alternative probes revealed additional positive clones 

that shared overlapping sequence with clone 4 but were smaller in size. Sequence 

comparisons to other known myosins revealed that the clone 4 sequence contained 

several motifs characteristic of myosins, including an ATP-binding site [GERGSGKT] 

and an actin binding site [SPHFILCVKPN] (Bement et a!., 1994; Hasson and Mooseker, 

1994; Mooseker and Cheney, 1995). Additionally, an aspartate residue located 16 

positions upstream from the conserved DLLAK motif within the motor domain indicates 

that the clone 4 sequence conforms to the TEDS rule (Bement and Mooseker, 1995). The 

extended N-terminus revealed an array of eight ankyrin/ankyrin-like repeats (Figure 11). 

This N-terminal domain bears -30% identity to the ankyrin-repeat domain described for 

the large targeting subunit of myosin phosphatase (Chen et a!., 1994; Shimizu et al., 

1994; Fujioka et al., 1998). Immediately p~eceding the first ankyrin-repeat is the motif 

[KVRF], which is conserved in all type 1 protein phosphatases [PPic binding motif 

consensus R/K-V 11-X-F], and is thought to be important for mediating the interaction 
r 

with the protein phosphatase type 1 catalytic subunit (Egloff eta!., 1997; Hirano et a!., 

1997; Jolmson eta!., 1997). Additionally, a potential protein kinase C phosphorylation 

site at amino acid 53(S.QK) of the myr 8 amino-terminus correlates to the 

phosphorylation &ite at amino acid 34-(Threonine) of the large targeting subunit of 

myosin phosphatase (Hartshorne, D.J., 1998). Similarly, the location of the potential 

phosphorylation site, amino acids 726-729 (RRHT), in myi" 8 is comparative to the 



Figure 10 Nucleotide and deduced amino acid sequences of myr Sa (clone 4) 

eDNA. The deduced amino acid sequence of myr Sa clone 4 eDNA is shown in single 

letter code below the nucleotide sequence. The potential start sequence is indicated in 

bold. The TAG stop codon is indicated by an asterisk, nt 4006-4008. The consensus 

polyadenylation signal (AATAAA) is located at nt 4122-4127. The ATP binding site is 

denoted by white letters on a black background and the actin binding site is underlined 

twice. The IQ motif is indicated by underlined bold letters. A consensus TEDS site is 

framed by a gray box. The peptide sequences 1-A (aa 503-522), 1-B (aa 620-643), and 

1-C (aa 759-773) used to generate the polyclonal antibodies are indicated by dashed 

underlines. The nucleotide probes used to detect the myr S clone in the eDNA library 

screens and to detect message by Northern blot analyses are boxed. These sequence data 

are available from GenBank/EMBUDDBJ under accession number AF209114. 
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Figure 11 N-terminal extension of myr 8 shows eight ankyrin repeat sequences. 

Alignment of myr 8 (clone 4) sequence with the consensus sequence for ankyrin repeats 

reveals an array of 8 ankyrin repeats in the N-terminal extension. Amino acids in myr 8 

that are identical to the ankyrin consensus sequence are indicated by gray boxes. Amino 

acid numbering for ankyrin repeats are indicated to the left of the consensus sequences. 

The consensus sequence for ankyrin repeats is taken from Michaely and Bennett, 1992. 
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putative inhibitory phosphorylation site, amino acid 696 (Threonine), in the human large 

targeting subunit of myosin phosphatase (MYPT) (Hartshorne, 1998). The putative neck 

domain contains a single region [CQKVIRGFLARQ] similar to the IQ consensus 

sequence [IQxxxRGxxxRK]; a region predicted to serve as the calmodulin/light chain 

binding site (Mooseker and Cheney, 1995; Houdusse eta!., 1996). The C-terrninal tail of 

clone 4, composed of 158 amino acids, is relatively short when compared to other 

myosins. The tail domain has a net positive charge with a pi of 9.6, contains a short 

proline-rich region, and is not predicted to display extensive a-helical coiled-coil 

structure. We have designated this myosin as myr Sa (8'h unconventional myosin from 

rat) according to the convention of Bahler and colleagues for naming rat myosins 

(Ruppert et a!., 1993; Bahler et a!., 1994; Reinhard et a!., 1995; SHiffler et a!., 1995; 

Chieregatti eta!., 1998). 

The open reading frame of clone 4 contains a Kozak start site, and a stop codon 

and a consensus polyadenylation sequence [AATAAA], indicating that the 3'-coding 

sequence is complete (Kozak, 1991). Sequence homology comparisons of this myosin to 

known protein sequences in data banks reported 78% amino acid and 79% nucleotide 

identity to a human brain eDNA, KIAA0865 (Nagase eta!., 1998). Alignment of myr 8 

and KIAA0865 sequences reveal that the consensus start site indicated for the KIAA0865 

sequence predicts a protein that contains the actin binding site and the IQ motif, but lacks 

the consensus ATP-binding sequence characteristic to all myosins. Additionally, the 

KIAA0865 sequence extends the open reading frame in the 3' -direction for an additional 

1590 base pairs because it lacks the stop codon located in clone4/myr Sa. The 3'

terrninus of the KIAA0865 sequence does not reveal significant homology to any known 
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myosins. These data are consistent with the possibility of multiple myr S isoforms arising 

as a consequence of differential splicing of the tail domain. Splice variants have been 

described previously for multiple marmnalian unconventional myosins, including myosin 

I (Sherr et a!., 1993); myosin V (Huang et a!., 199Sa,b; Lambert et a!., 199S), myosin 

VIlA (Chen eta!., 1996; Kelley eta!., 1997; Mburu eta!., 1997), myosin IXA and IXB 

(Chieregatti eta!., 199S Grewal eta!., 1999), and class XV (Liang eta!., 1999). 

Identification and Characterization ofMyr Sb Sequence 

To evaluate the possibility of multiple splice variants, we carried out PCR-based 

analyses with cDNAs prepared from postnatal day 10 rat cerebellar granule neurons using 

a sense primer common to both myr 8 and KIAAOS65 and antisense primers that were 

unique to either myr S or to KIAAOS65 (Figure 12). PCR amplification with the 

antisense primer unique to the 3'-sequence of myr Sa generated a eDNA product whose 

sequence was identical to myr Sa (clone 4 ), including the stop codon. PCR amplification 

using the antisense primer unique to the 3'-sequence of KIAAOS65 yielded a eDNA 

product whose sequence lacked the stop codon identified in myr Sa, and thus, continued 

further in the 3'-direction in open reading frame. This extended 3'-sequence obtained for 

rat was 71% identical at the amino acid level to the human KIAAOS65 protein. The 

variance in sequence likely reflects the difference in species. These data are consistent 

with the interpretation of two myr S isoforms, myr Sa and myr Sb, that differ only in the 

length of the C-terminal tail domain. Thus, the eDNA KIAAOS65 likely represents in 

human the longer myr S isoform, myr Sb. 

To confirm the presence of a second myr S isoform, the PCR product generated 

with high homology to the KIAAOS65 sequence was used as a eDNA probe (probe 4) to 



Figure 12 Comparative alignment of the amino acid sequences deduced from PCR 

products amplified using sense primers common to both myr Sa clone 4 and eDNA 

KIAAOS65 and antisense· primers unique to either myr Sa or KIAAOS65. PCR 

amplifications were carried out using eDNA. obtained from granule neurons isolated 

from postnatal day 10 rat cerebellum. Sequence 1 was generated using a sense primer 

common to both myr Sa and K1AA0865 with an antisense primer unique to myr Ba. This 

product is identical to the 3 '-tenninus of myr Ba clone 4. Sequence 2 was generated using 

the sense primer common to both myrB and KIAA0865 with the antisense primer unique 

to K1AA0865. This product extends the sequence of myr Ba clone 4 in the C-tenninal 

direction and is 71% identical to the sequence described for the human eDNA KIAA0865. 

The sense and antisense primers correspond to the nucleotides of the amino acids 

indicated in bold text. 
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KRAEDQGGCR HAHSNSVPVP MAVDSLAQAL AGPSSRSPSL HSVFSMDDST 

KRTDDKSGPR HFHPSSMSVC AAVDGLGQCL VGPSIWSPSL HSVFSMDDSS 

1301 1350 
---------P PKPKRDPNTR LSASYEAVSA CLSATKDAAS EG*PREGQVN 
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further screen the astrocyte eDNA library (Figure 13). The screen identified two clones; 

clones 8 and 18. Sequence analyses indicate that clones 8 and 18 share 100% identity to 

the PCR product used as a hybridization probe and 73% identity to KIAA0865 sequence 

(Figure 14). Clone Slacked the stop codon translated in clone 4 (myr 8a) and extended 

the sequence in open reading frame for an additional 590 amino acids. A stop codon 

followed by a 3' untranslated region and a polyadenylation signal were identified in clone 

8; thereby, indicating that this sequence represented the complete extended tail of the myr 

8b isoform. The extended C-terminal tail of myr 8b (clone 8), comprising 750 amino 

acids, bears a neutral charge and reveals multiple stretches of poly-proline residues. 

Similar to myr 8a, the extended tail domain of myr 8b does not contain any predicted a

helical coiled-coil structures, insinuating that myr 8b exists in monomeric form. The 

open reading frames of myr 8a and 8b correlate to predicted molecular masses of 

approximately 148 kDa and 210 kDa, respectively (Figure 15). 

Unrooted phylogenetic tree of the myosin superfamily. 

In comparison to known myosins, myr 8 sequence reveals low identity to 

numerous myosins of multiple classes, - 30 and 50% at the amino acid and nucleotide 

levels, respectively. The regions of identity lay only within the head domain and 

correlate to the presence of conserved motor motifs; e.g., ATP and actin binding sites. 

Thus, the assignment of myr 8 to a myosin class was not readily apparent. Therefore, 

because the myosin classification system is based upon sequence divergence within the 

head domain, the sequence of the myr 8 head domain was aligned with representative 

members of all myosin classes and a phylogenetic tree was constructed (Figure 16). 

Forty myosin proteins available from public data bases were aligned to amino acids 213-



Figure 13 Schematic representation of PCR product and hybridization probes used 

in analysis of clone 8. The schematic illustrates the location in clone 8 of the PCR 

product amplified with the KIAA0865 specific antisense primer and the hybridization 

probes used for the library screens and Northern blot analyses. Nucleotide(NT) 

numbering of clone 8 (3994-6843) is a continuation from the 5' -end of clone 4 (1-3993). 
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Figure 14 Nucleotide and deduced amino acid sequences of myr 8b eDNA carboxy-

terminus, clone 8. The deduced amino acid sequence of myr 8b, clone 8 eDNA is shown 

in single letter code below the nucleotide sequence. The TAG stop codon is indicated by 

an asterisk, nt 5776-5778. The consensus polyadenylation signal (AATAAA) is located at 

nt 6825-6831. The peptide sequence 8b (aa 1763-1785) used to generate polyclonal 

antibodies is indicated by dashed underlines. The nucleotide probes used to detect the 

myr 8b clone in the eDNA library screens and to detect message by Northern blot 

analyses are boxed: black box, probe 4; and gray box, probe 5. The numbering of the 

nucleotide and amino acid sequences are based upon the presumed sequence of the entire 

myr 8b myosin isoform. 
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Figure 15 Schematic of myr 8 isoforms. The sequencing data is consistent with the 

presence of two myr 8 isoforms that differ only in the length of their C-terminal tail. The 

overlapping region of identity for the rat myr 8 clone 4, clone 8, and the human 

KIAA0865 sequences is indicated by the hatched pattern. At the 3 '-terminus clone 4 

(white) sequence diverges from clone 8 and KIAA0865 sequences (gray). The 5'

terminus of clone 4 (black) contains the ATP binding site and the ankyrin repeats. 

Abbreviations: Actin, actin binding site; Ank, ankyrin repeats; ATP, ATP binding site; 

IQ, IQ motif domain; M, Kozak start sites; *, stop codon. The scale bar represents 

nucleotide number. The predicted nucleotide length and molecular masses are noted for 

myr 8a and myr 8b. 
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Nina C (p10676); class IV- Aca HMW (j05678); class V- Gg pl90 (z11718), Mm dilute 

(x57377), Rn myr 6 (u60416), Sc myo2 (VA) (pl9524), Sc myo4 (VB) (p32492); class VI

Dm 95F (Q01989), Mm Snell's waltzer (u49739), Ss VI (a54818); class VII- Hs VI/a 

(u55208), Mm shaker-I (U81453); class VIII- At ATM A (x67104), At ATM B (z34292), 

Ha myl (U94781); class IX - Hs M/Xb (u42391), Rn myr 5 (x77609), Rn myr 7 

(AJOOJ713); class X- Bt X (U55042); class XI- At myal (z29389), At mya2 (z34294); 

class XII- Ce XII (z66563); class XIII- Acl Ml (U94397), Acl M2 (U94398); class XIV

Tox A (af006626), Tox B (af006627), Pf XIV (y09693); class XV - Mm myo15 

(AF053130); class XVI- Rn myr 8 (AF209114). 



Figure 16 Unrooted phylogenetic tree of the myosin superfamily. Head domains of 

40 myosin proteins available from public data bases were aligned to amino acids 213-

511 of the chicken fast skeletal myosin (Gg FSK), a class 11 myosin, using the default 

CLUSTAL method settings [Lasergene/DNASTAR]. The PHYLIP phylogeny package 

[http://evolution.genetics. washington.edulphylip.html] was used to generate a genetic 

distance tree; 1000 bootstrap data sets were generated and analyzed with the programs 

PROTDIST and NEIGHBOR. The programs CONSENSE, FITCH and DRA WTREE were 

utilized to produce the unroofed distance tree. The frequency of node placement for 1000 

bootstrap trials is indicated as >90%, >70%, and >50% by solid circles, gray circles, 

and open circles, respectively. Sequence divergence is proportional to the length of the 

branches. The length of the bar equals 5% sequence divergence. Myosin classes are 

indicated by Roman numerals. The species represented are: Acanthamoeba castellanii 

(Aca), Acetabularia cliftonii (Acl), Arabidopsis thaliana (At), Brugia malayi (Bm), Bas 

taurus (Bt), Caenorhabditis elegans (Ce), Dictyostelium discoidium (Dd), Drosophila 

melanogaster (Dm), Gallus gallus (Gg), Helianthus annus (Ha), Homo sapiens (Hs), 

Mus musculus (Mm), Plasmodium falciparum (Pf), Rattus norvegicus (Rn), 

Saccharomyces cerevisiae (Sc), Sus scrofa (Ss), and Toxoplasma gondii (Tax). The 

accession numbers for the sequences by class are: class I - Dd MIA (P22467), Dm MIA 

(S45573), Gg BBMI (U04049), MmiA (L00923), Rn myr 1a (X68199), Rn myr 2 

(X74800), Rn myr 3 (X74815), Rn myr 4 (X71997); class II- Bm II (M74000), Dd II 

(p08799), Dm NM2 (P05661). Gg Fsk (P13538), Sc myo1(IIA) (S46773); class III. Dm 
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511 of the chicken fast skeletal myosin (Gg FSK), a class II myosin, using the default 

CLUSTAL method settings [Lasergene/DNASTAR]. The PHYLIP phylogeny package 

[http://evolution.genetics.washington.edu/phylip.htrnl] was used to generate a genetic 

distance tree (Felsenstein, 1993). 1000 bootstrap data sets were generated and analyzed 

with the programs PROTDIST and NEIGHBOR. The programs CONSENSE, FITCH 

and DRA WTREE were utilized to produce the unrooted distance tree. Analysis of this 

unrooted genetic distance tree indicates that myr 8 is sufficiently divergent from known 

myosins as to comprise a new class of myosins, which, in keeping with previous 

numbering of myosin claSS\lS, we have designated as class XVI (Mermall et a!., 1998; 

Probst et al., 1998; Wang et al., 1998). 

Myr 8 is Expressed Predominantly in the Nervous System 

Northern blot analysis of poly (A) RNA prepared from type 1 astrocytes revealed 

a single prominent hybridization signal of approximately 7.2 kb in size (Figure 17A). 

Probes that represented sequence predicted to be common to myr Sa and 8b were used 

(probe 1, 2, and 3), as well as probes representing sequence unique to the 8b tail domain 

(probe 4 and 5). The same 7.2 kb size hybridization signal was detected using probes 

representing both nucleic acid sequence common to the isoforms and sequence unique to 

the myr 8b tail domain. To determine if the expression of myr 8 mRNA might correlate 

temporally to a particular aspect of brain development, we carried out Northern blot 

analyses of poly(A) RNA and total RNA extracted from neocortex and cerebellum, 

respectively, at multiple developmental time-points (Figure 17B, C, and D). The data 

reveal a prominent signal of -7.2 kb in apparent size for both neocortex and cerebellum. 

Although the signal at - 7.2 kb was detected at all developmental ages, the expression 



Figure 17 Myr 8 expression is developmentally regulated: Northern blot analyses. 

Northern blots of (A) poly (A) RNA (2.5 Jlg/lane) from type 1 astrocytes; (B) total RNA 

(15 ugllane) from cerebelli at indicated developmental ages; and (C and D) poly (A) RNA 

(2.5 Jlg/lane) from neocortices at indicated developmental time points were hybridized 

with 32P-labeled probe 1 (A, B), probe 2 (C), and probe 5 (D). A prominent signal of 

-7.2 kb was detected at all developmental ages for both neocortex and cerebellum, 

although the expression level peaked during the first and second postnatal weeks with the 

message levels being significantly reduced in the adult. Equal RNA loads were verified 

by ethidium bromide staining. RNA size standards are indicated in kilobases. 

Abbreviations: Ad, adult; E, embryonic day;' and P, postnatal day. 
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level detected in both neocortex and in cerebellum peaked during the first and second 

postnatal weeks. The message levels were significantly reduced in the adult. These data 

are consistent with the interpretation that myr 8 mRNA expression in brain tissue is 

developmentally regulated. 

To evaluate the possibility that myr 8 mRNA expression was limited to the 

nervous system, total RNA was prepared from multiple neural and non-neural tissues at 

10 days postnatal and processed for Northern blot analysis. A hybridization signal at -

7.2 kb was detected at a prominent level for multiple regions of the central nervous 

system but at a minimal level for cardiac and skeletal muscle (Figure 18 A and B). No 

signal was detected in other peripheral tissues. A weaker signal observed at -9.2 kb, 

identified only by Northern blot analyses carried out using total RNA, was restricted to 

regions of the central nervous system. 

Identification and Characterization of the myr 8 Myosin Antigen 

To identify the polypeptide corresponding to the myr 8 nucleotide sequence, 

rabbit polyclonal antibodies were generated against peptide /polypeptide sequences 

unique to the myr 8 myosin sequence (Figure 19). Two strategies were used to obtain 

antibodies: (1)- unique peptides, approximately 20 amino acids in length, were 

synthesized, conjugated to KLH protein, and injected into rabbits (antibodies: lA, lB, 

lC, and 8b), and (2)- unique polypeptides, approximately 300 nucleotides in length, were 

PCR amplified from the isolated library clones (4 and 8), ligated into. expression vectors 

tagged with poly-histidines, purified on metal-binding resin columns, and injected into 

rabbits (antibodies: TOPO-NT14, TOPO-ANK4, and TOP0-8b). Developed anti-peptide 



Figure 18 Tissue specific expression of myr 8: Northern blot analyses. Northern 

blots of total RNA ( 15 11gllane) from the indicated tissues obtained at postnatal day I 0 

were hybridized with 32P-labeled probe 2(A) and probe 4(B). The - 7.2 kb myr 8 

transcript (arrow) is detected predominantly in the central nervous system and to a 

significantly lesser degree in heart and skeletal muscle. Equal RNA loads were verified 

by ethidium bromide staining. RNA size standards are indicated in kilobases. 

Abbreviations: sk. muscle, skeletal muscle; sm. intest., small intestine. 
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Figure 19 Schematic representation of peptide sequences selected to generate 

polyclonal antibodies to myr 8 .isoforms. The region of peptide sequence used to 

generate polyclonal antibodies in rabbits is depicted as lines under the predicted 

sequences ofmyr Sa and myr Sb isoforms. Antibodies Bb and TOPO-Bb are specific to 

the myr Bb isoform, where as antibodies JA, JB, JC, TOPO-NTJ4, and TOPO-ANK4 are 

predicted to recognize both isoforms. Abbreviations: Actin, actin binding site; Ank, 

ankyrin repeats; ATP, ATP binding site; IQ, IQ motif domain; M, Kozak start sites; *, 

stop codon. The scale bar represents nucleotide number. 
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antibodies were affinity purified and evaluated by indirect immunofluorescence and 

immunoblot studies (fable II). 

Double label indirect-immunofluorescence analyses on aldehyde-fixed primary 

cell cultures of type-1 astrocytes compared the localization of the peptide antigen to the 

distribution of polymerized actin (Figure 20). Immunoreactivity of peptide antibodies 

1A, 1B, and 1C distributed as intensely fluorescent puncta located throughout the 

cytoplasm (Figure 21). The punctate staining was particularly prominent when displayed 

as organized linear arrays that, in comparison to the distribution of FITC-phalloidin, 

resembled the pattern of the actin cytoskeleton. However, caution is warranted in the 

interpretation of the data derived from using the peptide antibodies because· of potential 

problems with cross-reactivity. Antibody 1A immunoreactivity displayed a 

mitochondrial-like tubular pattern within a S)11all subpopulation of cells, which was 

discerned by protein purification and sequencing to be due to the cross-reactivity of 4-

arninobutyrate transaminase, a mitochondrial inner membrane protein. Concurrent with 

the punctate staining, immunoreactivity of antibody 1B distributed ubiquitously to the 

nucleus. Interestingly, irnrnunoblot analyses using antibody 1B detected an 

immunoreactive species at approximately 143 kDa that could be specifically competed 

out by the addition of lB peptide .. This molecular mass is consistent with the predicted 

mass of 148 kDa for rnyr Sa. The generation of peptide antibody Bb and the expression 

vector generated polypeptide antibodies TOPO-NT14, TOPO-ANK4,and TOPO-Bb are 

currently in progress. In summary, the consistent immunofluorescent staining pattern 

observed by the peptide antibodies is a punctate pattern that colocalizes to the actin 

cytoskeleton, but our interpretations are tentative. 
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Figure 20 Myr 8 immunoreactivity colocalizes with F-actin. Primary cultures of 

type 1 astrocytes were double labeled with rabbit anti-peptide antibody JA (A) and FJTC

coupled phalloidin (B). Myr 8 immunoreactivity is detected as numerous puncta 

organized in linear arrays that extend across the length of each cell (A) resembling the 

distribution of actin stress fibers (B). A double exposure of Cy3 (myr 8) and FJTC 

(phalloidin) fluorescence demonstrating the co-alignment of myr 8 immunoreactivity with 

actin stress fibers (C). Bars, 20 f.ll11. 
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Figure21 Indirect immunofluorescence of myr 8 antibodies IA, IB, and IC in 

cultured astrocytes. Primary cultures of type 1 astrocytes were labeled with rabbit anti

peptide antibodies JA (A), JB (B), and double labeled with rabbit anti-peptide antibody 

JC and FJTC-coupled phalloidin (C). Myr 8 immunoreactivity is detected as numerous 

puncta organized in linear arrays that extend across the length of each cell (A and B) 

resembling the distribution of actin stress fibers. Immunoreactivity of antibody 1 C ( Ci) 

is detected as punta that have a coincident distribution with actin (Cii). A double 

exposure of Cy3 (myr 8) and FITC (phalloidin) fluorescence demonstrate the co

alignment ofmyr 8 immunoreactivity with filamentous actin (Ciii). 
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To evaluate the distribution of myr 8 in developing brain, frozen sections 

prepared from cerebellum at multiple developmental ages were processed for indirect 

immunofluorescence using the 1A affinity purified antibodies as the primary antibody 

and observed at the light microscopic level. The results revealed a spatial and temporal 
' 

differential distribution of immunofluorescence (Figure 22). Maximal 

immunofluorescent levels were observed around postnatal day 10, which is consistent 

with the developmental ages revealing peak RNA message expression by Northern 

analyses. 

At postnatal day 2, 1A immunoreactivity is associated principally with Purkinje 

cells that form an aggregated cell layer beneath the developing molecular layer. In 

comparison, the elongated processes of Bergmann glial cells are not labeled as 

prominently by 1A antibodies. By postnatal day 5, Purkinje cells have completed their 

migration (Altman and Bayer, 1985; Voogd and Glickstein, 1998; Hatten, 1999), and the 

distribution of 1A immunoreactivity remains associated principally with Purkinje cell 

somas). At postnatal day 8, Purkinje cells are arranged as a monolayer and 1A 

immunoreactivity is detected throughout the expanding dendritic tree. Additionally, 

immunoreactivity is displayed by astrocytes located throughout the internal granule cell 

layer as well as by the processes of Bergmann glial cells that course through the external 

granule cell layer. At postnatal day 12, the Purkinje cell dendritic tree has expanded 

considerably. Immunoreactivity appears to be localized principally to the'1° dendritic 

branches of Purkinje cells with 2° and 3° branches displaying lower levels of 

immunoreactivity. Except for the prominently immunoreactive processes of Bergmann 

glial cells, the external granule cell layer remains unstained. In the adult cerebellum, KP-



Figure22 Indirect immunofluorescence analyses of rat brainstem and cerebellum. 

Frozen sections of aldehyde fiXed brainstem and cerebellum were prepared at multiple 

ages during development and processed for indirect immunofluorescence using 

polyclonal antibody, JA. The distribution of immunoreactivity appears to correlate, both 

spatially and temporally, to periods of membrane process elaboration for both neuronal 

and astroglial cells. 
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lA immunoreactivity is distributed throughout the molecular, Purkinje and internal 

granule cell layers. Immunoreactivity is localized principally to astrocytes and Bergmann 

glial cell bodies and processes. Purkinje, stellate, and basket neurons appear to be largely 

immunonegative. Presently, these immunolocalization studies suggest that the antigen 

recognized by the antibody lA may play a crucial role in membrane biogenetic events 

during elaboration of astroglial and neuronal processes. 



DISCUSSION 

Structural Features of myr 8 Define a Novel Mammalian Myosin 

We have cloned and sequenced two novel unconventional myosin isoforms present in the 

developing nervous system of rat. These myosins have been designated myr Sa and myr 

8b (8th unconventional myosin from rat) according to the terminology of Bahler and 

colleagues (Ruppert eta!., 1993; Bahler eta!., 1994; Reinhard eta!., 1995; Stoffler eta!., 

1995; Chieregatti et al., 1998). Analysis of the myr 8 motor domain sequence reveals 

multiple motifs characteristic of all myosins, including the ATP and actin binding sites. 

The head domain of myr 8 contains an N-terminal extension composed of multiple 

ankyrin repeats. The pattern of ankyrin repeats appears similar to that identified for the 

large targeting subunit of myosin phosphatase (Chen et al., 1994; Shimizu et al., 1994; 

Fujioka et al., 1998). Because the ankyrin-repeat domain also contains the conserved 

catalytic subunit binding motif, [KVRF], theN-terminal extension of myr 8 may serve as 

a mechanism to target the catalytic subunit of protein phosphatase 1. Long N-terminal 

extensions, although unusual, have been described for class III, class IX, class XII, and 

class XV myosins (Montell and Rubin, 1988; Reinhard et al., 1995; Baker and Titus, 

1997; Battelle et al., 1998; Liang et al., 1999). Myr 8 reveals a single IQ motif, and 

further studies will determine whether this IQ-motif serves as the calmodulin/light chain 

binding site as demonstrated for other myosins (Mooseker and Cheney, 1995; Houdusse 

et al., 1996). 
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Confirmation of the shared N-terrninal sequences for myr Sa and myr Sb will be 

carried out through genomic sequencing. With this in consideration, presently the 

sequence variation between myr S isoforms appears to be restricted to the C-terminus, 

. . 
which is that domain of myosins considered to diCtate specific intracellular interactions 

and/or subcellular localization (Porter eta!., 1992; Catlett eta!., 199S; Reck-Peterson et 

a!., 1999; Schott et a!., 1999; Tsakraklides et al., 1999). Consequently, the potential 

identification of differential splice variant tail domains raises the possibility of selective 

cellular and subcellular localizations and functions for individual myr S isoforms. 

Because the C-terrninal tails are not predicted to display extensive a-helical coiled-coil 
: 

structure, myr S isoforms likely function as single-headed myosins. The tail domain of 

myr Sa, which is relatively short and bears a net positive charge (pi of 9.6), resembles the 

C-terrninal tails of class I myosins. Thus, myr Sa may bind anionic phospholipids as has 

been demonstrated for class 1 myosins (Adam and Pollard, 19S9; Hayden et al., 1990). 

However, myr Sa shows no sequence homology and lacks the conserved myosin I tail 

homology motif (Bahler eta!., 1994). The extended tail domain of myr Sb has an overall 

neutral charge (pi of 6.9) and several short domains enriched in poly-proline residues. 

Poly-proline motifs, such as FH1and EVH motifs, are often present in proteins that 

associate with the actin cytoskeleton (Schluter et al., 1997; Wasserman, 199S; Prehoda et 

al., 1999). Myr Sb tail contains an enriched polyproline domain (amino acids 15SS -

1596) that conforms to the S-10 polyproline consensus binding site sequence for profilin 

(Schluter et a!., 1997). Additionally, the myr Sb amino acid sequence FPPTP (amino 

acids 1510 - 1514) loosely adheres to consensus binding site sequence FPPPP for the 

Ena!V ASP protein family (Prehoda et al., 1999). These potential binding sites intimately 
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link myr 8b to several regulators of actin polymerization and consequently, may 

influence the dynamics of cellular motility (Suetsugu et a!., 1998; Ayscough, 1998; 

Machesky and Insall, 1999). Therefore, myr 8b plausibly could serve to transport and 

localize actin regulatory proteins along the actin cytoskeleton. 

Structural Features ofmyr 8 Define a New Class in the Myosin Superfamily 

With unique qualities in both the head and tail domains, myr 8 appeared 

sufficiently divergent in both sequence and structure from known myosins as to comprise 

a new class of myosins. Phylogenetic mapping confirmed that these myosins belong to a 

separate class of myosins. In keeping with previous numbering for myosin classes 

(Mermall eta!., 1998; Probst eta!., 1998; Wang eta!., 1998), we have designated myr 8 

as a class XVI myosin. The phylogenetic analysis of the motor domain suggests that myr 

8 branches with the class IX myosins. However, myr 8 lacks the GTPase-activating 

protein domain and the zinc-binding CJf2 motif located within the C-terminal tail of class 

IX myosins (Reinhard eta!., 1995; Wirth eta!., 1996; Muller eta!., 1997; Chieregatti et 

a!., 1998; Gorman eta!., 1999; Grewal eta!., 1999). 

Structurally, myr 8 appears most closely related to the class III myosins. The 

phylogenetic placement of ninaC, however, appears in less than 50% of the bootstrap 

data sets. Nonetheless, ninaC is predicted to function as a single-headed myosin and 

bears a positively charged C-terminal domain of two different lengths that contribute to 

two differentially expressed isoforms (Porter et a!., 1992). While the N-terminal 

extension of myr 8 reveals potential protein phosphatase function, the similarly sized N

terminal extension of ninaC and related class III myosins de!llonstrates serine/threonine 

protein kinase activity (Montell and Rubin, 1988; Ng eta!., 1996; Battelle eta!., 1998). 
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The length and content of the N-terminal extension of myr 8 mimics that of the large 

targeting subunit of myosin phosphatase (Shimizu et a!., 1994). The large targeting 

subunit of myosin phosphatase (MYPT) represents one of three subunits of the 

phosphatase holoenzyme and serves to target the catalytic subunit to the proper cellular 

location. Formation of the holoenzyme has been demonstrated to confer greater 

phosphatase activity than the catalytic subunit alone (Alessi et a!., 1992; Hartshorne, 

1998). Additionally, phosphorylation in conjunction with complex formation appears to 

regulate phosphatase activity (Hartshorne, 1998). The N-terminus of rnyr 8 could 

potentially function similarly to MYPT and dephosphorylate the same substrates as 

myosin phosphatase through binding with the phosphatase catalytic subunit. The 

presence of the actin binding motor domain would aid in positioning myr 8 to areas of 

localized myosin phosphatase activity. Alternatively, once complexed with the 

phosphatase catalytic subunit, myr 8 could act to dephosphorylate other substrates 

distinct from myosin light chain (the principle substrate of myosin phosphatase). In 

contrast, the N-terminus of myr 8 might serve to specifically sequester the catalytic 

subunit away from the MYPT subunit in areas of localized myosin phosphatase activity, 

thus inactivating enzymatic activity through promoting holoenzyme dissociation. 

I_nterestingly, other myosins classes have been reported to be linked to cell 

signaling events such as class IX myosins possessing an active Rho-GAP site within the 

tail domain (Reinhard eta!., 1995; Bahler, 1996; Wirth eta!., 1996; Muller eta!., 1997; 

Chieregatti et a!., 1998). Additionally, a class V myosin has been shown to complex and 

activate Ca+ dependent calmodulin kinase ll, thus serving to transport and localize kinase 

activity (Costa eta!., 1999). Taken together, class Ill, class V, class IX and now class 
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XVI myosins comprise an expanding subset of myosins with the capability of promoting 

interactions with the cytoskeleton coupled with regulatory signaling functions. Thus, 

while traditionally myosin is thought of as a motor, these molecules might have a much 

deeper complexity involving both roles of transport as well as localizing and participating 

in cell signaling within the cell. 

Myr 8 is Preferentially Expressed in the Nervous System 

Northern blot analyses of poly(A) RNA consistently detect a single, prominent 

transcript of- 7.2 kb in size. The apparent size distinction between the eDNA and the 

detected mRNA has been described for multiple other myosins (e.g., Sherr et al., 1993; 

Hasson and Mooseker, 1994). The same size band is detected using hybridization probes 

that represent sequence for both the abbreviated and elongated tail forms of myr 8. This 

may be a consequence of differential expression levels of mRNA of the two different 

isoforrns. Clearly, the myr 8b signal is represented by the 7.2 kb message because this 

signal was detected using both the common and the myr 8b unique hybridization probes. 

However, the myr 8a message may be of minor contribution to the total mRNA pool; 

therefore, myr Sa message maybe too low in concentration to be identified by Northern 

analyses. Alternatively, a variation in the length of the 5' untranslated region of each 

isoforrn could ultimately result in equivalent message sizes of 7.2 kilo bases. Further, 

these data show that myr 8 is expressed predominantly in the nervous system and 

principally at developmental timeperiods within the cerebellum and the neocortex. The 

expression of myr 8 is apparent in both neurons and astrocytes and encompasses the 

events of neuronal migration and process differentiation in both cerebellum and 

neocortex (Bayer and Altman, 1991; Altman and Bayer, 1997). The apparent complexity 
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of myr 8 expression may be a consequence of different isoform expression. In situ 

hybridization and immunolocalization analyses of myr 8 and rdated isoforms in 

developing neocortex and cerebellum will be crucial to elucidating the functional role(s) 

for class XVI myosins in brain development. 

Potential Functional Model for Myr Sa and Sb 

Functional studies of myosin classes I' and II have demonstrated that myosin 

motors are a necessary componenno the process of cell migration (Wessels et al., 1991; 

Titus et al., 1993; Svitkina et al., 1997; Wylie et al., 1998; Clow andMcNally, 1999). 

Myr 8 may serve to transport, localize and enzymatically regulate proteins that mediate 

the process of cellular motility. Analysis of domains within the myr 8 structure provides 

some insight into the roles that myr 8 may play within the cell (Figure 23). 

All myosins that reveal motifs that imply cell signaling capabilities, such as the 

kinase domain in a class III myosin (Ng et al., 1996) and the Rho-GAP domain in class 

IX myosins (Muller et al., 1997) have proven to display activity upon functional analysis. 

The amino terminus of myr 8 contains ankyrin repeats and other motifs that liken it to the 

large binding subunit of myosin phosphatase. If this potential phosphatase activity 

proves to be the principle function of myr 8, the ultimate effect of myr 8 function on cell 

motility depends upon the affected substrates. Three potential downstream targets of myr 

8 phosphatase activity could involve myr 8 myosins in the process of cellular motility. 

First, myr 8 may mimic the role of the large binding subunit of myosin phosphatase, and 

thus act on the same substrates as myosin phosphatase, which participate in the formation 

and regulation of actomyosin stress fibers. Second, myr 8 phosphatase may act on 

different substrates that participate within the same signaling cascade as myosin 



Figure23 Proposed model of myr Sa and myr Sb isoform function. A. The N-

terminus of the myr 8 isoforms contain amino acid sequences that share homology to the 

large targeting subunit of myosin phosphatase. Accordingly, myr S may display 

phosphatase activity. The motor domain and tail domain are predicted to localize the 

phosphatase activity to the plasma membrane (myr Sa) and areas of actin remodeling 

(myr Sb). B. The schematic illustration depicts the localization ofmyr Sa and myr Sb 

isoforms. These structures are not drawn to scale. 
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phosphatase, which again mediates stress fiber formation. For example, the phosphatases 

regulating the dephosphorylation and subsequent activation of myosin phosphatase and 

myosin light chain kinase are still unknown (refer to Figure 7). Third, myr 8 may target 

proteins involved in actin cytoskeleton remodeling that are independent of stress fiber 

activation. For example, proteins regulating actin polymerization such as the Ena!V ASP 

family and the ADF/cofilin family are known to be regulated by phosphorylation (Moon 

and Drubin, 1995; Colavita and Culotti, 1998; Lanier and Gertler, 2000). 

The motor domain of myr 8 possesses the characteristic ATP and actin binding 

sites implying that this myosin can associate with the actin cytoskeleton. Thus upon 

binding to actin, myr 8 may contribute to the structural integrity of the cytoskeleton, as 

observed with class I, VI, and VII myosins in auditory hair call stability as well as class 

III myosin in rhabdomere stability (Porter and Montell, 1993; Avraham et al., 1995; 

Hasson et al., 1995). Alternatively, the association of myr 8 with actin may serve to 

transport and localize its potential phosphatase activity. Localization of cell signaling 
• 1 

activity has been previously described for class III and V myosins (Porter and Montell, 

1993; Costa et al., 1999). The tail domain further contributes to the possible localization 

of phosphatase activity. The myr Sa tail bears a basic charge, which predicts that this 

myosin could associate with the plasma membrane. This membrane association could 

target phosphatase activity near membrane ·edges where actomyosin complexes are 

forming. The myr 8b tail contains polyproline motifs, which suggest that the myosin is 

linked to protein complexes involved in actin remodeling. Thus, myr 8 is predicted to 

modulate the organization of the actin cytoskeleton during cellular motility by using its 

tail and motor domains to target its putative phosphatase activity. Clearly, myr 8 
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represents an intriguing myosin whose function(s) may prove critical to cellular processes 

occurring during brain development. 
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