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ABSTRACT

The fission yeast Schizosaccharomyces pombe divides by medial fission and, like many 

higher eukaiyotic cells, requires the function of a F-actin ring for cytokinesis. At the onset 

of mitosis actin forms an equatorial ring, analogous to the contiactile ring of higher 

eukaiyotes. This precedes the formation of the septum and subsequent cytokinesis. During 

cytokinesis in higher eukaiyotes, F-actin, interacting with cytoplasmic myosin, forms the 

contractile ring structure that generates the force required for cytokinesis. It has yet to be 

determined conclusively if the actin ring of S. pombe is a contiactile stiucture or if it is 

essential only for the deposition of septal material. Exhaustive screens have identified 

number of mutants defective in cytokinesis, including the actin binding proteins 

tropomyosin (Cdc8p), profilin (Cdc3p) and a putative myosin light chain (Cdc4p). To date 

all of the screens have failed to identify a myosin. This thesis describes the isolation and 

characterisation of the first myosin to be identified in S. pombe.

The complete gene encoding a type II cytoplasmic myosin in the fission yeast 

Schizosaccharomyces pombe was cloned from a cosmid libraiy. Sequencing of the gene, 

designated myo2+, revealed a single open reading frame, encoding a protein of 1526 amino 

acids, with significant homology to the ‘conventional’ type II class of myosin heavy chain. 

Genetic mapping revealed linkage to the adeô-*- gene on chromosome III. To determine if 

myo2+ is an essential gene, a diploid strain was created with one copy of the gene deleted. 

When sporulated the myo2 null spores gemiinated but were unable to undergo cytokinesis 

and died, but occasionally a microcolony of aberrantly shaped cells with a hyphal 

morphology was formed. Further analysis indicated the presence of a suppressor 

mutation, designated smy2-, which partially rescues the lethality of the myo2 deletion. CeUs 

overexpressing Myo2p became long and multinucleate with diffuse regions of septal 

material. Actin accumulated in patches thioughout the cell. Localisation of actin to the cell 

tips and the site of septum formation did occur but no actin ring stiucture was fonned and 

the cells failed to divide.

These results suggest that myosin II is essential for completion of cytokinesis in fission 

yeast and for the reestablishment of growth polarity in the next cell cycle.
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CHAPTER 1 

Introduction

1.1 THE CYTOSKELETON

1.1.1 Introduction

Many diverse functions such as growth, secretion and nuclear and cell division depend 

upon the cytoskeleton, a complex and dynamic network of cytoplasmic filaments. The 

three component filaments, microtubules, actin microfilaments and intennediate filaments 

are highly conserved and found in virtually all eukaryotes. The thiee filament types will be 

discussed briefly as an introduction to the major topic of this thesis, the actin associated 

protein myosin.

1.1.2 Actin

Actin is often the most abundant protein of the cytoskeleton. The high degree of 

conservation of the entire protein sequence in organisms as diverse as yeasts and humans 

suggest that all pai ts of the protein are essential. The actin monomer (G-actin) is a globulai' 

protein of approximately 43 kD with two asymmetrical domains joined by a short flexible 

loop and a nucleotide binding pocket which is located in the cleft formed by the two

domains (Bremer and Adebi, 1992; Kabasch et al, 1990). G-actin assembles into a-helical 

polar filaments that in muscle cells aie stable but in nonmuscle cells may be moredynamic, 

undergoing assembly and disassembly.

Assembly of a new actin filament requires the formation of an initiation complex, a nucleus 

of three monomers from which polymerisation can occur (Pollard and Craig, 1982). This 

is the rate limiting step of polymerisation and highly dépendait on monomer concentration. 

When observed under the electron microscope, actin filaments show no polarity but 

myosin heads (HMM or S-1, discussed in section 1.2.4.1) bind actin in a specific
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orientation that gives the filaments an ‘aiTow head’ appearance (Huxley, 1963). The two 

ends of the filament can now be identified as the ‘pointed’ and ‘barbed’ ends. 

Polymerisation from short decorated fragments shows that assembly occurs at a faster rate 

at the baited (+) end than at the pointed (-) end, and is depend-ent on the concentiation of 

assembly competent G-actin in solution, so that below a ‘critical concentration’ 

polymerisation will not occur (Pollard and Craig, 1982). Thus, assembly at the baited end 

of the actin filament is favoured as it has a critical concentiation five fold lower than that of 

the pointed end (Bonder et a i,  1983; Pollard and Craig, 1982). Under certain conditions, at 

intermediate concentiation of monomers, actin filaments undergo a phenomenon called 

‘treadmilling’ where there is a steady state of assembly at the barbed end and 

disassembly at the pointed end (Bonder etaL, 1983; Pollard, 1986).

Actin. ATP associates with both ends of the filament at a higher rate than actin. ADP and is 

slower to dissociate than actin.ADP (Pollard, 1986). The pointed end is relatively stable as 

loss of both types of subunit is slower than at the barbed end but, as the critical 

concentration is higher, there is a steady net loss of monomers in low actin concentrations. 

It is not known at what point during assembly ATP hydrolysis occurs but, as the rate of 

hydrolysis is much lower than the rate of monomer association, it has been predicted that 

rapidly elongating filaments contain long stretches of actin. ATP at both ends. This lowers 

the dissociation rate, stabilising the filament, and promoting polymer elongation. However, 

in reduced actin concentrations, when treadmilling causes a flux of subunits through the 

filament, there is an increased probability of a terminal actin. ADP subunit at the pointed 

end, resulting in rapid depolymerisation (Pollaid, 1986) while a cap of actin. ATP stabilises 

the barbed end.

1.1.3 Actin Binding Proteins

In vivo, the assembly and disassembly of filaments is modified and controlled by an array 

of actin binding proteins (ABPs). Actin associated proteins fall roughly into four groups; 

those which control filament assembly and disassembly; cross-linking proteins which

14



organize actin filaments; regulatory proteins which bind calcium (and may also contiol 

filament fonnation and organization), and force producing motors (for reviews see Craig 

and Pollai'd, 1982; Otto, 1994). A host of actin associated proteins aie required for the 

organization and regulation of the dynamic actin cytoskeleton of nonmuscle cells (Welch et 

al., 1997). Proteins associated with actin which aie regulated by the binding of calcium aie 

members of the EF-hand family which includes calmodulin, troponin C, the nonmuscle 

actin bundling protein a-actinin (Otto, 1994), and myosin light chains (for review see 

Kawasaki and Kietsinger, 1995). Assembly of actin can be conti'olled in a number of ways 

by proteins which cap the actin filaments, sequester actin monomers or promote 

depolymerisation. An example of a protein which controls filament assembly is profilin, a 

ubiquitous protein, which has been extensively studied in vitro (for review see Machesky 

and Pollai'd, 1993). It binds stoichiometrically to G-actin and is thought to regulate the 

assembly of microfilaments, at least in part, by sequestering actin monomers (Caiisson et 

at., 1977), thereby depleting the pool of free monomers available for polymerisation. 

However, profilin can also function to promote filament assembly by stimulating 

nucleotide exchange in G-actin (Goldschmidt-Clermont et at., 1992) and reducing the 

critical concentration (Pantaloni and Carrier, 1993). There is evidence that profilin is 

involved in growth factor mediated signal transduction to the cytoskeleton (Goldschmidt- 

Clermont a/., 1991; Goldschmidt-Clermont a/., 1990).

The structural protein tropomyosin, has been best characterised in muscle. The long a- 

herical, coiled-coil tropomyosin proteins associate laterally along each side of an actin 

filament blocking the myosin binding sites (Kabsch and Vandekerckhove, 1992). 

Activation of an associated calcium-dependdnt troponin complex causes tropomyosin to 

shift position, allowing the myosin head to bind and thus regulating acto-myosin activity. 

Although the tropomyosin of nonmuscle cells is thought to associate to actin in the same 

way, nonmuscle cells do not possess a troponin complex and, consequently, tropomyosin 

does not appear to function in the same manner (Pittenger et at., 1994). Mostly localised in 

actin bundles, nonmuscle ti'opomyosin is required for the organization of actin filaments.
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In both muscle and nonmuscle cells actin filaments interact specifically with members of 

the supeifamily of myosin motor proteins. This interaction activates the ATPase activity of 

myosin and generates the force which drives both muscle contraction and many 

intracellulai* processes including organelle movement, secretion, cytokinesis and cell 

locomotion (for reviews see Sellers and Goodson, 1995; Titus, 1997).

1.1.4 Microtubules

Microtubules aie hollow cylindrical polymers consisting of thhteen protofilaments, each of 

which is composed of alternating a  and B heterodimers. The protofilaments associate 

laterally in a staggered fashion such that the heterodimers describe a helical path around the 

polymer (Wade and Hyman, 1997). Microtubules, have an inherent polarity with an 

a-tubulin exposed end, and a 6-tubulin end. This is reflected in the functional properties of 

the microtubule. Like actin filaments, microtubule polymerisation occurs asymmetiically 

and microtubules grow preferentially from the end termed the (+) end while growth from 

the (-) end is slower (Wade and Hyman, 1997). The behaviour of microtubules is 

therefore, superficially similar to that of microfilaments, but their dynamic fluctuations aie 

much more rapid than those observed in actin filaments. While microtubules hydrolyse 

GTP and undergo treadmilling (Margolis and Wilson, 1978), it is thought that this only 

occurs under specific conditions. Both in vitro and in vivo most microtubules show 

dynamic instability, whereby filaments are continuously growing and shiinking but the 

overall mass of polymer remains the same (Mitchison and Kirschner, 1984a; Mitchison 

and Kirschner, 1984b).

In vivo, the micro tubule (-) end associates with a microtubule organising centre (MTOC). 

In animal cells this is the centrosome which contains a third class of tubulin, y-tubulin 

(Oakley et al., 1990). M TO C's are thought to lower the critical concentration for 

microtubule assembly and thus nucleate polymer formation. In addition to microtubule 

organising centres, microtubule behaviour is also regulated by microtubule-associated 

binding proteins (MAPs) which may confer a wide degree of regulation as many MAPs
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are tissue specific (Mandelkow and Mandelkow, 1995). The term MAP describes a lai'ge 

number of specialised proteins which encompasses the microtubule associated motors 

dynein and kinesin (for a review see Goodson etaL, 1997). Analogous to the actin based 

motor myosin, these two or three headed proteins associate with light chains and hydrolyse 

ATP to produce movement. Indeed, the sti'uctural similaiities suggest that the tiansduction 

of energy from the hydrolysis of ATP may follow a similai" cross bridge cycle to myosin 

(Kull et a i ,  1996; Sablin etaL , 1996; Sakowicz and Goldstein, 1996; Trayer and Smith, 

1997). However, unlike acto-myosin based movement, movement along microtubules can 

occur bidirectionally (Hyman and Mitchison, 1991), as dynein is a minus end directed 

motor and most kinesins move towaids the plus end (Goodson et al., 1997).

1.1.5 Intermediate Filaments

Unlike actin filaments and microtubules which are highly conserved, intermediate filaments 

comprise a heterogeneous group of at least five subclasses. Despite the biochemical 

variation which exists within this class of cytoskeletal proteins there is a high degree of 

structural conservation, with sufficient homology to identify the lamins of the nucleai* 

lamina as a new class of intennediate filament (for a recent review see Quinlan et a l ,  

1995).

1.2 MYOSIN

The actin-activated motor protein myosin was originally identified in skeletal muscle cells 

(Hanson and Huxley, 1953). The repeating contractile unit of muscle, the sarcomere, is 

formed by partially overlapping thick filaments of myosin and thin filaments of actin, an 

organization which gives muscle its striated appearance (Figure 1.1a). On contraction, the 

sarcomere shortens but the length of both filaments remains constant. To account for this, 

the sliding filament model proposed that the thin filaments slide over the thick filaments 

towards the centre of the ‘A ’ band (see Figure 1.1a) (Huxley and Niedergerke, 1954;
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A-band

Z disc Z disc

b.

Motor a-H elical
Domain Neck Filament Forming Tail Domain

\  Myosin light chain

Figure 1.1 Myosin in Muscle

a) A simplified diagram of a single sarcomere. Myosin thick filaments (shaded) interact 
with the thin filaments of actin (white bands) via globular heads which protrude from 
the myosin filament, b) The functional domains of conventional myosin.

18



Huxley and Hanson, 1954). Globular myosin heads project from the surface of the thick 

filament and form cross bridges which interact with the interdigitating actin filaments 

(Huxley, 1969). The enzymatic activity of myosin hydiolyses ATP and converts the energy 

into force which pulls on the filaments, causing the saicomere and muscle to contract 

(Huxley, 1969).

Since the initial work on muscle, myosin has been found in the cytoplasm of viitually all 

eukaryotic cells. Nonmuscle myosin is the driving force in a number of cellulai' processes 

such as organelle tiansport, cell division and cell locomotion (for review see Titus, 1997). 

In the past decade a number of myosin-like proteins have been identified in non-muscle 

cells (for review see Mooseker and Cheney, 1995). All have homology to the classical two- 

headed myosin of muscle which is now referred to as myosin II (see section 1.2.3), but 

there aie distinct differences in the size and sti uctural domains of these proteins which have 

been termed the ‘unconventional myosins’. Together with the more traditional myosins 

they constitute the myosin superfamily.

1.2.1 Conventional Myosin

Conventional myosin is a large, hex^meric molecule of two identical myosin heavy chains 

(MHC) and two pairs of myosin light chains (MLC), the regulatory light chains (RLC), 

and the essential light chains (ELC). The length of the heavy chain vaiies considerably in 

different organisms, from 171 kD in Acanthamoeba (Hammer etal., 1987) to 244 kD in 

Dictyostelium (Waiiick eta l., 1986) but all have three characteristic functional domains 

(Figure 1.1b). The N-terminal motor domain of each heavy chain is a globular structure of 

between 720-780 amino acid residues (approximately 80 kD) and contains the nucleotide 

(ATP) binding site and a single actin binding site. The light chains bind to and stabilize the 

neck region which is formed by a long single a-hehcal strand which joins the globular head 

to the two sti'anded filamentous a-helical coiled-coil tail domain formed by the interacting 

heavy chains.
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1.2.2 Unconventional Myosins

In 1973 a myosin like protein was isolated from Acantham oeba  which had the 

characteristic motor domain of a myosin but none of the sequences requhed to form a 

coiled-coil tail (Pollard and Kom, 1973). Consequently this myosin-like protein did not 

fonn dimers and was unable to fonn filaments. This new single headed nonmuscle myosin 

was thus referred to as myosin I. Unlike conventional myosins, the tail of the 

Acanthamoeba  myosin is short and contains three domains previously undescribed in 

myosins. The first, a basic region close to the head, is associated with membrane binding. 

This is followed by a domain rich in glycine, proline and alanine residues (the GPA 

domain) and a src-homology (SH3) domain at the C-terminus of the tail. The two latter 

regions form a second actin binding site (Cheney and Mooseker, 1992).

In the last decade a number of other myosins have been discovered which share many of 

the properties of conventional myosin but aie distinctly different in stiucture. Many are 

similar to the Acanthamoeba myosin and are predicted to be unable to form dimers but 

either lack one of the tail domains found in the Acanthamoeba myosin, or have novel 

structural domains (Mooseker and Cheney, 1995). The Drosophila Nina C myosin, which 

was the first of these to be identified, is the most divergent of the new myosins and has an 

N-teiininal 30 kD protein kinase domain (Montell and Rubin, 1988). In addition to the 

single headed myosins, unusual two headed myosins were identified in budding yeast 

(encoded by the genes M Y02 and M Y04) (Haarer etal.y 1994; Johnston etaL, 1991) and 

mice {dilute) (Mercer et al., 1991) which shared some of the chai'acteristics of both 

myosins I and II. Unconventional myosins have now been identified in protozoa. 

Drosophila, vertebrates and plants (for review see Mooseker and Cheney, 1995 )

1.2.3 Classification of the Myosin Superfamily

Classification of new myosins was originally based on whether the protein formed 

monomers (type I myosins) or dimers (type II myosins). As the discovery of new 

myosins escalated it became clear that this method of classification was inadequate as many
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forms were too diverse to be grouped together (Goodson and Spudich, 1993). In 1993, 

Cheney and Mooseker (Cheney etaL , 1993) compared the sequence of the head domains 

of 35 myosins by phylogenetic analysis and delineated seven major classes. More recent 

analysis incoiporating newly identified proteins indicates that there aie at least eleven, and 

possibly as many as thirteen, distinct myosin classes (Cope et aL, 1996; Mooseker and 

Cheney, 1995) (Figure 1.2). Although the conventional myosins of group II share many 

functional and stiuctural features, maiked differences in sequence and in regulation have led 

to the broad subclassification of myosin II into four groups: 1. vertebrate skeletal and 

cardiac muscle myosin II; 2. vertebrate smooth and nonmuscle myosin II; 3. invertebrate 

muscle myosin II; and 4. protozoan nonmuscle myosin II (Sellers and Goodson, 1996). 

Myosin I can also be divided into at least four subclasses based on motifs in the tail domain 

(Mooseker and Cheney, 1995).

The validity of this method of analysis as a means to identify myosins similai* in both 

sequence and function is supported by comparative analysis of the other functional 

domains which revealed similar correlations in structure (Goodson and Spudich, 1993). 

The motor domain defines the myosin superfamily and is therefore conserved not only in 

sequence but in function throughout all classes. However, the regulatory neck domain and 

the C-tei*minal tails are highly variable between different subclasses but show little intra 

class variability. The functional domains of the classes of myosin identified to date are 

illustrated in Figure 1.3. These regions are thought to confer functional specificity to the 

myosin and it has been postulated that the heads and tails have evolved together, with small 

changes in the motor domain reflecting specific kinetic or biochemical characteristics 

required by different tails to perform distinct functions (Cope etaL, 1996). The changes in 

the motor domain sequence of each class of myosin are sufficiently conserved within the 

class to enable identification of previously unidentified myosins using a PGR based 

strategy |(Bement etal, 1994; Cope et al, 1996; Goodson and Spudich, 1995).
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Figure 1.2 An Unrooted Phylogenetic Tree of the Myosin Supeifamily,

The myosins are divided into 11 classes and the predicted stincture of each class is shown. 

Copied from Mooseker and Cheney (1995). (For details of the sequences used and how the 

analysis was peiformed see Mooseker and Cheney, 1995).
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Figure 1.3 Functional Domains of Unconventional Myosins.

A schematic diagram representing the diversity found in the tail domains of myosins (not 
drawn to scale). Regions of unknown function aie denoted (?). GAP denotes GTPase 
activating protein domain and PH denotes pleckstrin homology domain. (Redrawn from 
Mooseker and Cheney, 1995).
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1.2.4 Myosin Structure

Most of what is known about the structure of myosin has been learned from muscle 

myosin. It is the most abundant of all myosins and can be purified in lai'ge quantities. 

Consequently, the classical myosin Ils have been the most extensively characterised. Little 

is known about the unconventional myosins. This is not solely because of their relatively 

late discovery but also due to their low abundance in cells. Very few have been purified to 

homogeneity and functional studies on these classes of myosin have been limited. 

Consequently only the stmcture and regulation of the type II myosin will be discussed here. 

For a review on the regulation and functions of unconventional myosins see (Hasson and 

Mooseker, 1995; Mooseker and Cheney, 1995; Titus, 1997).

1.2.4.1 Proteolytic Cleavage o f Myosin II

Conti'olled digestion of myosin II with specific proteases produces stable myosin 

fragments which retain similar properties to the native protein. Proteolytic fragments have 

been used in many stiuctural and kinetic studies in place of the intact myosin molecule 

which, due to its size and complexity, has proved difficult or impossible to work with. 

Figure 1.4a. shows the cleavage of myosin into heavy meromyosin (HMM) and light 

meromyosin (LMM). The two headed HMM can be further digested at a point adjacent to 

the regulatory light chain binding domain, releasing an enzymatically active subfragment-1 

(S-1) associated with one or both light chains, and the coiled-coil subfragment-2 (S-2) 

(Figure 1.4b). Further proteolytic digestion divides the S-1 fragment into thiee regions of 

approximately 25 kD, 50 kD and 20 kD (Figure 1.4c) which aie often used to describe 

structural domains within the head but do not represent distinct functional domains.

1.2.4.2 The Head Domain.

The three dimensional stmcture of the motor domain of myosin from chicken fast skeletal 

muscle (Payment etal.,  1993b) and Dictyostelium\tnyosin (Fisher e ta l . ,  1995; Smith and 

Payment, 1995; Smith and Payment, 1996) have been determined. The nucleotide binding 

pocket of chicken skeletal muscle myosin S-1 in the absence of ATP has an open
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Figure 1.4 Proteolytic Cleavage of Myosin II.

The two major proteolytic cleavage sites aie shown. The first (a) cleaves the tail into HMM 

and LMM, and the second (b), cleaves at the base of the neck to produce S-1 and S-2 

fragments. Under certain conditions the regulatory light chain may be lost during cleavage 

at the S-l/S-2 junction, c) There are also two major cleavage sites in the head domain (S- 

1). (Based on a figure in Sellers and Goodson (1995)).
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conformation fonned by seven parallel 6-sheets from each of the proteolytic regions. As 

predicted by amino acid mapping data, highly consei^ved residues thought to be involved in 

nucleotide binding, aie presented on loops connecting the rigid 6-sheets and interact dkectly 

with the nucleotide (Cremo etal.y  1989; Okamoto and Yount, 1985). The conserved 

GESGAGKT motif forms a P-loop (phosphate binding loop) at the base of the binding 

pocket (Sai'aste etal., 1990). A prominent cleft sepai'ates the upper and lower paits of the 

50 kD region, extending from the base of the nucleotide binding site to the actin binding 

site on the opposite side of the head. The cleft is lined with highly conseiwed residues and 

divides two regions predicted to interact with actin. The glycine and lysine rich domain 

joining the 50 kD and 20 kD regions is unresolved in the crystal structure but it is likely 

that this flexible loop region interacts with actin as it is protected from ti'ypsin digestion by 

the binding of actin (Momet et al., 1981) and will cross-link actin (Sutoh, 1982).

The 20 kD region is predominantly a-helical and mns the length of the head, from the tip to 

the base, and on to foim the neck domain at the C-tenninus. Two highly reactive cysteines 

(SHI and SH2) are located at the base of the a-helix, under the nucleotide binding pocket, 

immediately before the start of the regulatoiy domain. In the presence of a nucleotide the 

cysteine residues become reactive, and can be chemically cross-Hnked (Wells and Yount, 

1979; Wells and Yount, 1980). They lie with their active groups pointing in opposite 

directions with SH2 buried in the core of the protein, which implies that a major structural 

change must occui* upon binding of the nucleotide.

1.2.4.3 The Regulatory Domain

The lower portion of the 20 kD region forms the regulatory domain which protiudes from 

the base of the globulai* head as a long single a-helix stabilised by two associated light 

chains. In chicken skeletal muscle the light chains bind sequentially with the essential light 

chain (ELC) binding at the head/neck junction and the regulatory light chain (RLC) binding 

distal to the head, both with opposite polarity to the heavy chain. There are two distortions 

in the stabilised a-helix, a bend in the region between the bound light chains and a sharper

26



~60° turn near the C-terminus (Rayment et a l ,  1993b). The high resolution three 

dimensional crystal stiucture of the regulatory domain of scallop myosin showed the same 

overall topology and allowed closer examination of the interactions involved in light chain 

binding (Xie et ah, 1994).

The IQ motif of consensus sequence IQxxxRGxxxR found in the regulatory domain of the 

myosin heavy chain is believed to be essential for binding light chains (Cheney and 

Mooseker, 1992; Mercer et al.y 1991). Residues on the scallop myosin heavy chain 

associated with the ELC correspond well with this consensus, however, the motif for 

binding the RLC is less well conserved. As in all type II myosins only the first half of the 

IQ motif is present (IQxxxR) and the binding region has a more general motif of two 

ai'omatic long chain hydrophobic amino acids separated by 12 residues (Houdusse, 

personnel communication) (Xie etaU, 1994). This latter motif is common to a number of 

proteins which bind the calmodulin (CaM)Zlight chain family of proteins but which do not 

have the conserved IQ motif (Houdusse and Cohen, 1995). The C-teiminal lobes of both 

light chains make almost identical contacts with the first half of the consensus and the 

N-terminal lobes aie stabilised by interactions with the laige hydiophobic residues at the 

end of the motif. The ELC wraps around the heavy chain helix such that the light chain 

amino and cai'boxyl terminal regions are in close proximity. In the case of the RLC the N- 

and C-terminal halves wrap around the C- and N-terminal parts of the 60° turn in the heavy 

chain respectively. Crosslinking experiments suggest that the light chains overlap 

significantly (Haidwicke et al., 1983; Wallimann et a l,  1982) but structural data shows that 

N-terminus of the ELC and the C-terminus of the RLC only come into contact over a 

limited region (Houdusse and Cohen, 1995; Xie e ta l ,  1994).

1.2.4.4 The Tail Domain

The tail regions of two heavy chains self-associate to form the coiled-coil rod structure 

which enables myosin to form filaments. Although the ciystal structure has not been 

solved, some of the properties of the tail domain are known. It is largely a-helical with a
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characteristic heptad repeat a-b-c-d-e-f-g where residues a and d aie hydrophobic and lie 

within the coiled-coil fonned by the two heavy chains (Figure 1.5). The external residues b, 

c, and f are charged with repeating regions of negative and positive residues about fourteen 

residues apart which generates the 28 residue charge periodicity which is thought to 

mediate the arrangement of the rods into filaments (Atkinson and Stewait, 1991; Hoppe 

and Waterson, 1996; McLachlan and Kani, 1982).

Figure 1.5 Helical Wheel Illustrating the Heptad Repeat of the Myosin II Tail.

The a-helix formed by the myosin tail has approximately seven residues in two turns 

designated a-b-c-d-e-f-g. The a-helices of two heavy chains wind ai’ound one another to 

form the dimeric myosin molecule. This interaction is favoured if the internal residues a 

and d are hydrophobic. Residues b, c and/are often charged.
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1.2.4.5 Filament Formation

In solutions of low ionic sti'ength myosin II aggregates into ordered filaments in vitro. 

There are two types of filament, side polai* or bipolai', depending on the type of myosin. 

Vertebrate stiiated muscle polymerises into bipolai* filaments with a helical periodicity with 

three myosin molecules per repeat (Kensler and Stewait, 1983). In election micrographs 

myosin heads can be seen aitanged on the outer surface of the filament either side of a 

cential baie zone. When polymerised in vitro the length of the filaments varies considerably 

but in muscle fibres the filaments are of a uniform length suggesting that length may be 

regulated by myosin associated proteins (Luther eta l, 1981; Whiting eta l, 1989). The fine 

structure of a filament vaiies between vertebrate and invertebrate stiiated muscle and 

between muscle type. Some invertebrate filaments have four myosin molecules per repeat 

(Crowther et at., 1985) and many contain paramyosin (Cohen et a l, 1971; Hoppe and 

Waterson, 1996). Filaments in the body wall muscle of C. elegans contain two isofoims of 

myosin which differ in their ability to initiate filament formation (Hoppe and Waterson, 

1996; Miller III etal., 1983). Smooth muscle myosin forms side polar filaments, both in 

vivo and in vitro, in which there is no baie zone as all of the rod interactions aie antipaiallel 

(Cooke etal., 1989; Craig and Megerman, 1977). No core or accessory proteins have yet 

been described in smooth or nonmuscle myosin filaments.

1.2.5 Molecular Basis of Structure and Function

Contraction in muscle is caused by the sliding of actin filaments over the thick filaments of 

myosin and nonmuscle myosin functions in the same way. Myosin heads protiuding from 

the thick filament bind to actin,activating the myosin ATPase and the hydrolysis of ATP 

provides the energy for myosin to pull on the actin filament. To accomplish this, the ATP 

and actin binding sites must communicate and the potential energy released from ATP 

must be converted to movement. Recent strtictural data, combined with kinetic studies, 

supports the Cross-Bridge Cycle Model for the coupling of ATP hydrolysis with 

tianslocation of actin (Huxley, 1969; Huxley and Kress, 1985).
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A schematic representation of the cross bridge cycle is shown below. The mechanism 

which couples the hydrolysis of ATP with the prouction of force was proposed by 

Rayment etal (1993). a) A single myosin head is bound to a filament of actin. The cleft at 

the actin binding interface is closed and no nucleotide is bound, b) Binding of ATP causes 

a conformational change which causes the cleft to open and the myosin to dissociate from 

the actin filament, c) Hydrolysis of ATP causes further conformational changes which 

result in the reorientation of the head for binding of the next actin molecule, d) As the head 

rebinds the actin filament the y-phosphate is released, c) The powerstioke is thought to be 

initiated by the release of the y-phosphate. (Sellers and Goodson, 1995)



L2.5.1 The Cross Bridge Cycle

When activated by Mg.ATP conformational changes in the head domain cause the 

regulatory domain to undergo a laige lever aim hke motion in the direction of movement. 

At this point the myosin must be tightly bound to the actin filament for tianslocation to 

occur. The actin is then released to allow the myosin head to return to its relaxed position 

and bind the next actin in the filament to repeat the cycle (Huxley, 1969; Huxley and Kiess, 

1985). This cyclic binding and release of actin is thought to be controlled by the cleft 

running from the nucleotide binding pocket to the actin binding site. Rayment et al (1993a) 

have used the information from the chicken skeletal muscle S-1 stiucture and a model of 

the F-actin filament (Holmes et aL, 1990) to deduce a computer generated model of the 

actin-S-1 complex. Analysis showed a good fit between the predicted actin binding regions 

and the filamentous actin monomers except for a collision aiound the lower portion of the 

50 kD region. However, they predicted that the constraints of the collision could be 

alleviated if the cleft were closed by some confoimational change.

The thiee dimensional structure of Dictyostelium myosin was solved while complexed with 

nucleotide analogues of the ATP bound state (Mg.ADP-beryllium fluoride) and the ATP 

transition state for hydrolysis (Mg.ADP-aluminium fluoride) (Fisher et al., 1995). The 

chicken skeletal myosin structure, which was solved in the absence of nucleotide, is 

essentially the same as that with the ATP bound analogue (for discussion of why see 

Fisher eta l., 1995). In conti'ast, when the ATP hydrolysis tiansition analogue is bound the 

cleft is partially closed and there ai*e confoimational changes in the C-terminal region. 

Hence, communication between the nucleotide and actin binding sites does appear to occur 

via the opening and closing of the cleft. In the stiong binding or rigor state the myosin head 

is tightly bound to actin, the cleft is closed and the nucleotide binding pocket is open. When 

ATP binds, the phosphate moiety first bind to the P-loop at the base of the active site. The 

putative y-phosphate binding site is located at the base of the cleft and it is believed that 

binding of the y-phosphate causes the cleft to open, dissociating the myosin-ATP complex 

from the actin polymer (Ruppel and Spudich, 1996).
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The size of the nucleotide binding pocket and the positions of several photochemically 

labelled residues suggested that the nucleotide binding pocket would close on binding the 

nucleotide resulting in the conformational changes necessaiy for the reorientation of the 

head relative to the actin binding site (Wells and Yount, 1980; Wells and Yount, 1979; 

Wells etal., 1980). However, there is no evidence from structural data to support this, 

neither of the Dictyostelium myosin-ATP analogue complexes show closure of the 

nucleotide binding pocket (Fisher et al., 1995). Instead, during ATP hydrolysis the 

hydi'olysis tiansition state is adopted, in which the products of hydrolysis (ADP and Pi) aie 

tightly bound to the myosin, causing the lower cleft domain to move towaids the upper 

domain paitially closing the cleft (Fisher et a l, 1995). It is thought to be this movement 

which is the source of the confoimational changes that reorientate the head for binding of a 

new actin monomer (Fisher et a l, 1995; Rayment et a l, 1993b; Ruppel and Spudich, 

1995).

Release of ADP and Pi is the rate limiting step of the cycle and requires the rebinding of 

actin. This is thought to occur in a number of stages accompanied by changes in 

conformation. Stiong binding of first the lower, followed by the upper domains of the 50 

kD fragment result in further closure of the cleft (Rayment etal., 1993a; Whittaker etal, 

1995). This results in release of the y-phosphate from the base of the nucleotide binding 

pocket and conformational changes in the C-tenninal region encompassing the reactive 

cysteines, an event which triggers the start of the powerstroke. ADP is released and the 

acto-myosin complex is returned to the rigor state, then the cycle repeats (Rayment et a l, 

1993a).

1.2.5.2 Transduction of Energy

The tiansduction of the chemical energy released from ATP hydrolysis into mechanical 

force occurs during the release of the hydrolysis products while the actin and myosin aie 

tightly bound. Three dimensional maps of SI decorated actin filaments in the presence and 

absence of ADP show few structural differences between the two states in the motor
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domain but major differences in the orientation of the regulatory domain which, stabilised 

by the binding of the light chains, acts as a semi rigid lever arm (Jontes et a l ,  1995; 

Whittaker etal., 1995). The release of ADP causes considerable sti'uctural changes which 

result in a 23° movement of the regulatoiy domain from a fixed point at the base of the 

head (Whittaker et at., 1995). A movement of this magnitude agrees with some 

measurements of step size (Molloy et a l ,  1995) but other studies suggest this represents 

only pait of the power stioke (Finer et a l,  1994).

A conserved glycine sepaiating the two short helices caiiying the reactive thiol groups 

(SHI and SH2) is essential for motor activity and may be the pivot point for the lever aim 

(Kinose etal., 1996). Lying under the nucleotide binding pocket, the SHI helix is dkectly 

linked to the regulatory domain and interacts with a small helix of highly conserved 

residues which originates at the base of the cleft neai* the putative y-phosphate binding site. 

This suggests that the thiol containing helix may play a major role in the transduction of the 

small sti'uctural changes occumng in the head domain to the regulatoiy domain where they 

are amplified into movement. Exactly how this is amplified by the light chain binding 

domain is unknown. Altering the structure of the regulatoi'y domain affects filament 

velocity and force production but has little effect on ATPase activity. Myosin with the 

regulatory domain removed show a large decrease in filament velocity (Uyeda and 

Spudich, 1993). Shortening or lengthening the regulatory domain by the removal or 

addition of one light chain binding site results in a lineai' reduction or increase in filament 

velocity respectively (Uyeda et al., 1996). Recent work suggests striking similarities 

between the structure and mechanisms utilised by myosin (and kinesin) and G proteins 

(Vale, 1996). Such compaiisons should help us understand further the mechanisms 

involved in nucleotide hydrolysis and energy transduction and how this effects myosin 

function.

1.2.6 Regulation of Type II Myosin

Studies have shown that the MgATPase activity of most myosins is regulated. The
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exception is myosin from vertebrate stiiated muscle and possibly some inveitebrate stiiated 

muscle (Lehman, 1977). Regulation is achieved in most cases by the phosphoiylation of 

the heavy chains or the light chains or both depending on the type of myosin. In moUuscan 

muscle myosin, however, regulation occurs by the diiect binding of calcium to the myosin 

light chain. The effect of phosphorylation on the MgATPase activity of different myosins 

also vaiies and in some cases phosphoiylation has no appaient effect.

1.2.6.1 Regulation by Light Chain Phosphorylation

The regulation of avian smooth muscle by the phosphoiylation of SeiT9 on the RLC is the 

most extensively studied case and vertebrate nonmuscle myosins have been shown to be 

regulated in a similai* manner (Adelstein and Conti, 1975; Sellers etal., 1981; Trotter and 

Adelstein, 1979; Yema etal., 1979). Dephosphorylated myosin is able to hydrolyse ATP 

only very slowly in the presence of actin (Sellers, 1985; Trybus, 1989). Phosphoiylation of 

SeiT9 by the Ca^+Zcalmodulin dependant Myosin Light Chain Kinase (MLCK) increases 

this activity 1000-fold but has little effect on the binding of actin (Pearson et al., 1984; 

Sellers, 1985). Phosphorylation and increase in the MgATPase activity conelates with the 

activation of the muscle and the development of force. ThiT8, is also phosphoiylated by 

MLCK but this occurs at a much slower rate and only when all of the SeiT9 sites aie 

phosphorylated (Ikebe etal., 1986). In vitro studies show that although the actin activated 

MgATPase activity of the biphosphorylated myosin is doubled there is no increase in 

motility (Kamisoyama etal., 1994).

Phosphorylation also has a profound effect on the conformation of myosin monomers. 

Smooth and nonmuscle myosins adopt two conformations depending on their 

phosphorylation state (Tiybus et al., 1982). The extended form with a sedimentation 

coefficient of 6S and the folded lOS form aie in constant equilibrium. In conditions of 

physiological ionic stiengths in the presence of MgATP, phosphorylated myosin filaments 

are stable (Ikebe etal., 1983) but dephosphorylated filaments depolymerise (Scholey etal., 

1981). The dissociated myosin adopts the lOS conformation in which the tail bends back
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towards the head/rod junction (Craig et at., 1983) and binds specifically to residues on the 

N-terminal of the regulatory light chain. This simultaneously stabilises the lOS 

confonnation (Ikebe et al., 1994a; Tiybus and Lowey, 1988) and traps ADP and Pi in the 

active site, effectively abolishing all MgATPase activity (Cross et at., 1986; Cross et at.,

1988). Thus the lOS conformation is enzymatically inert and incapable of forming 

filaments or interacting with actin (Ikebe and Hartshorne, 1986). Phosphorylation of the 

RLC destabilises the lOS conformation, causing it to unfold into the assembly competent 

6S conformation (Kamisoyama etal., 1994; Sweeney et al., 1994). The possibility that 

regulation of the active and inactive conformational states in this manner could be a primaiy 

determinant of the activity of myosin is supported by the observation that unregulated 

skeletal myosin does not form the lOS conformation (Trybus and Lowey, 1988). 

However, stabilisation of the 6S conformation by altering the N-terminus of the RLC to 

mimic phosphorylation does not affect the ATPase activity of the molecule and the 

regulation of ATPase activity in HMM is not affected by its inability to adopt the inactive 

lOS state (Sellers etal., 1981; Suzuki etal., 1985). This suggests that phosphorylation and 

not conformation, is the primary activator (Ikebe et al., 1994a; Kamisoyama et a i,  1994; 

Sweeney etal., 1994).

In addition to MLCK,protein kinase C (PKC) and a number of general kinases have been 

shown to phosphorylate the RLC in vitro (Tan et al., 1992). PKC phosphorylates Seri, 

Ser2 and Thr9 of smooth muscle^//? vitro but only Seri and Ser2 in vivo (Bengur etal., 

1987; Erdodi et al., 1988; Ikebe et al., 1987; Kamm etal., 1989; Kawamoto etal., 1989). 

The phosphorylation of these residues in myosin which has already been phosphorylated 

by MLCK appears to decrease the actin activated ATPase by reducing the affinity of the 

myosin for actin (Ikebe et al., 1987; Nishikawa etal., 1984). There is also evidence that 

PKC may affect myosin activity indirectly by decreasing the rate at which MLCK 

phosphorylates Seri9 (Nishikawa et a i,  1984). The cell cycle-dependent protein kinase 

p3 4 cdc2 also phosphorylates RLC on Seri and/or Ser2 and Thr9 in vitro, but only Seri 

and/or Ser2 in vivo (Satterwhite etal., 1992; Yamakita, 1994). Phosphorylation by p3 4cdc2
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kinase only occurs in mitotic cells not during interphase when the MLC is phosphoiylated 

at S eri9 suggests a biochemical mechanism for the timing of cytokinesis, but the actual in 

vivo effects of phosphorylation by p3 4 cdc2 kinase have not been deteimined.

1.2.6.2 Dephosphorylation of Myosin light Chain

A number of general protein phosphatases have been shown to dephosphorylate the MLC 

of both muscle and nonmuscle myosins (Erdodi et al, 1989; Fernandez et al., 1990; 

Kinoshita et al., 1990; Tan etal., 1992 ).

1.2.6.3 Regulation by Phosphorylation of Myosin Heavy Chain

The myosins (types I and II) of both Dictyostelium and Acanthamoeba are regulated by 

phosphoiylation of their heavy chains in non-helical regions of the C-terminus of the tail 

(Collins etal., 1982; Côté etal., 1984; Bgelhoff etal., 1991; O'Halloran etal., 1990; 

Sathyamoorthy et al., 1990). Phosphorylation of Acanthamoeba MHC inhibits actin 

activated ATPase activity (Collins and Korn, 1980). Both phosphorylated and 

dephosphorylated myosins aie enzymatically active but there is cooperativity between 

myosins in a filament such that activity is determined by the overall phosphoiylation state 

of the filament (Kuznicki etal., 1983). Inhibition of activity appears then to be due to the 

effect phosphoiylation has on the conformation of the filament rather than on assembly. 

The ATPase activity of Dictyostelium is also inactivated by heavy chain phosphoiylation 

but this results in depolymerisation of myosin filaments into bent tailed monomers (Côté 

and McCrea, 1987; Kuczmarski etal., 1987; Pasternak etal., 1989; Ravid and Spudich,

1989). Regulation of the assembly of myosin filaments in this manner is an effective 

mechanism for regulating myosin localisation and several kinases have been isolated which 

phosphoiylate the heavy chain at different periods in the life cycle (Kolman etal., 1996; 

Ravid and Spudich, 1989). However, un]ik.c Acanthamoeba, Dictyostelium myosin is also 

regulated in the same manner as other regulated myosins by the phosphorylation of its 

RLC, probably on SeiT3 or Seri4 as determined by sequence homology (Tafuri et al., 

1989; Griffith gr a/., 1987).
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Myosin filaments in muscle cells are well ordered and relatively static. In nonmuscle cells 

however, myosin filaments undergo constant relocalisation, especially in locomoting cells 

such as Dictyostelium. Heavy chain phosphoiylation plays a key role in the regulation of 

myosin activity and localisation in these highly dynamic systems (Kolman etal., 1996; 

Yumura and Kitanishi-Yumura, 1993). Heavy chain regulation of myosin II has also been 

obseiwed in a vaiiety mammalian cells (Hodge eta l, 1992; Maeda etal., 1991). In most of 

these systems the effect of heavy chain phosphorylation is not known but a common 

secondaiy mechanism of contiol may exist to vaiying degrees in all nonmuscle cells.

1.2.6.4 Regulation by Câ + Binding

The regulation of molluscan myosin is unique as the actin activated ATPase activity is 

regulated by the diiect binding of Ca2+ to the light chains. All myosins bind divalent cations 

(either Mg2+ or Ca2+) via their light chains (or calmodulin) which belong to the same 

EF-hand family of calcium binding proteins as calmodulin and tioponin C (Kawasaki and 

Kretsinger, 1995). Ca2+ binds non-specifically to the EF-hand motif helix-loop-helix which 

is present in each of these proteins. Sequence analysis shows that although EF-hand 

proteins normally have four structural motifs, the scallop light chains only have one each, 

in the N-teiTninal region of the RLC and in the C-terminal of the ELC (Trayer, 1994). Non 

specific Ca2+ binding to the RLC stabilises interactions with the heavy chain and is required 

for inhibition of ATPase activity (Chantier and Szent-Gyorgyi, 1980; Jansco and Szent- 

Gyorgyi, 1994; Kendrick-Jones et al., 1976). Sui*prisingly, the EF-hand motif in the ELC 

does not bind any metal ions; and the regulatory Ca2+ instead binds specifically to the 

N-terminal region, which is stabilised by interactions with the RLC and the heavy chain 

(Kwon et al., 1990; Xie et a i, 1994). Ca^+ regulates myosin confoimation in the same way 

as light chain phosphorylation. In the absence of specifically bound Ca2+ scallop myosin 

folds into the inactive lOS conformation adopted by other myosins (Craig etal., 1983), 

which is destabilised by the binding of regulatoi'y Ca2+ into the assembly competent 6S 

state (Ankiett eta l, 1991).
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1.2.6,5 Molecular Mechanism of Regulation

Phosphoiylation occurs at the N-terminus of the RLC at the head/rod junction and 

stimulates the release of ADP and Pi. (Cross et al., 1988; Sellers etal., 1981). As the 

nucleotide binding site is located in the distal region of the head it is unlikely that this could 

be achieved via a direct interaction. The current hypothesis suggests that communication 

may occur via the same mechanisms, but in reverse, as those used in energy transduction.

Phosphorylation of the RLC changes the state of the head/rod junction sufficiently to 

dissociate the specific interactions formed with the heavy chain tail in the 1 OS conformation 

(Ikebe etal., 1994a), a change in conformation which is believed to be a key factor in 

myosin activation (Ikebe etal., 1994b). The RLC winds aiound the hook like bend neai* the 

C-terminus of the SI heavy chain, and makes a number of contacts with the heavy chain 

which could be significant in transmitting changes in conformation to the hook at the 

head/rod junction (Rayment et al., 1993b; Trybus and Chatman, 1993; Xie et al., 1994). 

The C-terminus of the RLC, which is essential for regulation (Ikebe etal., 1994b; Jansco 

and Szent-Gyorgyi, 1994), interacts with both the heavy chain and the ELC. Any structural 

changes could therefore be tiansmitted to the ELC by the heavy chain or the RLC. As the 

C-teiminus of the ELC interacts extensively with the heavy chain neai* the mobile thiol 

region at the base of the head, this may tiigger the domain reairangements necessaiy for the 

activationjof actin activated ATPase activity.

1.2,7 In vivo Function of Nonmuscle Myosin II

Genetically tiactable systems including Dictyostelium, Drosophila and yeast have been 

invaluable in the investigation of myosin function in vivo, as each have a single myosin II 

gene. The slime mould Dictyostelium discoidium has been the system of choice for many 

investigators due to its haploid nature and ability to undergo homologous recombination. 

This enables genes to be deleted and the resulting phenotype to be obseiwed. Deletion of the 

Dictyostelium myosin II gene results in viable cells in which motile events aie laigely 

unaffected. However, these cells do not cap surface receptors, have a reduced cortical
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tension and aie unable to undergo cytokinesis in suspension, although they do divide if 

grown on a surface by a process called traction mediated fission (De Lozanne and Spudich, 

1987; Knecht and Loomis, 1988; Manstein e ta l., 1989; Wessels and Soil, 1990; Wessels 

etal., 1988). As ectopic expression of wild type myosin rescues this phenotype (Egelhoff 

etal., 1990), tiimcated or mutated myosin has been expressed in the null cells in an attempt 

to dissect the vaiious functions Dictyostelium  myosin has within the cell (Egelhoff et al., 

1993; Uyeda eta l., 1994; Uyeda and Spudich, 1993). In budding yeast, disruption of the 

myosin II gene (MYOl) caused defects in cytokinesis and the deposition of chitin to the 

cell wall (Brown, 1997; Rodriguez and Paterson, 1990; Watts et al., 1987). The MYOl 

null cells were viable but did not maintain the noiTnal axial pattern of bud site selection and, 

unable to divide, fonned chains of enlaiged cells with a deformed morphology. Similaiiy, 

in Drosophila, mutants lacking myosin II aie defective in cytokinesis and morphogenesis 

(Young et al., 1993). Hence, myosin II is involved in a number of cellulai' processes and is 

universally required for the maintenance of cell shape and cytokinesis. However, myosin II 

may also be requiied for the generation of cellulai* polarity as budding yeast cells lacking 

M yolp have an altered budding pattern (Watts etal., 1987; Rodriguez and Paterson, 1990). 

Consistent with this is the discovery that myosin II (NMY2) is required for the 

establishment of polaiity in C. elegans embryos (Guo and Kemphues, 1996).

1.3 CYTOKINESIS

The division of mitotic cells was observed for the first time more than one hundred years 

ago but it was not until the 1950’s that Marsland and Landon proposed that cleavage of 

animal cells occurred by the contraction of a cortical band of cytoplasm. Around the same 

time, Hoffman-Berling discovered that cytokinesis and muscle contiaction shaied some 

common characteristics, notably a dependence on Mg.ATP (Sattem hite and Pollard, 

1992). This observation developed into the ‘sliding filament contractile ring model’, which 

is today the most commonly accepted model for the mechanism of cytokinesis.
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1.3.1 The Purse String Model

Based on the sliding filament model for muscle contiaction, the contiactile ring model 

proposes that cleavage occurs via the contraction of a nairow ring of actin and myosin. 

Actin filaments airanged circumferentially around the cell equator interact with myosin 

filaments and apply tension to the plasma membrane. This generates a localised 

constiiction, analogous to the drawing of a purse stiing, which pinches the cell in two. The 

involvement of actin and myosin in this process, which is called furrowing, has been 

confkmed using fluorescence antibodies which reveal an accumulation of cortical actin 

(Cao and Wang, 1990a) and myosin II (Fujiwai*a and Pollai’d, 1976; Mittal et al., 1987; 

Yonemura etal., 1991; Yumura and Fului, 1985) in the cleavage furrow. The essential 

nature of this interaction was illustrated when contraction was inhibited by the injection of 

myosin 11 antibodies (Mabuchi and Okuno, 1977). Deleting myosin 11 in Dictyostelium 

(De Lozanne and Spudich, 1987; Knecht and Loomis, 1987) and RLC in Drosophila 

(Karess et al., 1991) also disrupted cytokinesis, providing further evidence that active 

myosin is required for contiaction. However, although this has been the predominant 

model for cytokinesis for over twenty years little known about the biochemical 

mechanisms of the assembly and function of the contractile ring.

1.3.2 Structure of the Contractile Ring

1.3.2.1 Assembly

The contractile ring is formed during mitosis at a time when the entire cytoskeleton 

undergoes reairangement (Cao and Wang, 1990a; Cao and Wang, 1990b; Mittal et al., 

1987; Sanger et al., 1989). Localisation of myosin 11 is one of the earliest events in the 

formation of the contractile ring. During early anaphase, myosin 11 relocalises from the 

cytoplasm to the cell cortex and becomes concentrated around the aiea where the furrow 

will form (Mittal et al., 1987). It is not yet cleai' if myosin is redistiibuted as monomers or 

filaments, nor if the actin ring is formed de novo or by reorganisation of existing stiuctures. 

Experiments using the di*ugs phalloidin, which stabilises actin filaments, and cytochalasin, 

which caps the barbed ends of actin filaments, give conflicting results; actin filaments
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stabilised by phalloidin in vivo relocalise to the conti'actile ring during anaphase (Cao and 

Wang, 1990a). Microinjected filaments stabilised with phalloidin tiavel through the cortex 

to the furrow, a phenomenon which is often obseiwed in during eaiiy cytokinesis (Bray and 

White, 1988; Cao and Wang, 1990b). Such results suggest that the ring does not form de 

novo and is composed of relatively stable filaments of actin. However, treatment of cells 

with phalloidin during cleavage stops furrow fonnation (Hamaguchi and Mabuchi, 1982) 

and tieatment with cytochalasin causes the contiactile ring to break and the furrow to 

regress, indicating that the actin filaments of the contractile ring aie dynamic (Satterwhite 

and Pollai'd, 1992).

1.3.2.2 Organization

The actin filaments aie anchored to electron dense plaques distiibuted at many sites in the 

plasma membrane (Maupin and Pollaid, 1986; Schroeder, 1972), via theii* baited  ends 

(Mabuchi et al, 1988). Small bipolar' filaments of myosin II appeal* to interdigitate between 

the actin filaments which are organised in overlapping airays with opposite polaiities 

(Maupin etal., 1994; Maupin and Pollaid, 1986; Verkhovsky and Borisy, 1993; Yumura 

and Fului, 1985). Such an anangement is, as myosin is a baibed end directed motor, an 

integral requirement of the contiactile ring model. In the cleavage fuiTOw, actin is arranged 

in bundles of approximately twenty five filaments (Maupin and Pollard, 1986), which in 

sea urchin eggs and Dictyostelium appear to be formed by the reorganisation of short 

randomly orientated actin filaments as cleavage progresses (Fukui et al., 1990). 

Constriction then occurs by the tangential contraction of the short acto-myosin bundles. The 

width and thickness of the actin ring remains constant as the volume of the actin ring 

decreases (Schroeder, 1972). As the number of actin filaments per bundle does not change 

(Maupin and Pollard, 1986), any reduction in actin is due to a gradual loss by the 

shortening of filaments, probably by disassembly from the pointed-end.

1.3.2.3 Other Cytoskeletal Proteins

By analogy to acto-myosin organization in smooth muscle it may be reasonable to assume
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that the contractile ring contains an array of proteins which are required to regulate its 

contiaction and stmcture. Indeed, protein extiacted from isolated cleavage fuiTOws revealed 

a number of proteins in addition to actin and myosin but these have yet to be identified 

(Yonemura et a l, 1991). Actin associated proteins such as a-actinin, (Fujiwaia et a/., 1978; 

Nunnally e ta l, 1980),! filamin (Nunnally et a l, 1980), and radixin (Sato e ta l, 1991) 

have been shown by antibody immunofluorescence to accumulate in the furrow during 

cytokinesis. It has been proposed that radixin, a barbed-end capping protein, may 

participate in binding actin to the election dense plaques in the plasma membrane (Sato et 

a l, 1991) but the role of the others is unknown. Tropomyosin (Balasubramanian et al., 

1992), a protein which, in muscle, can regulate the interaction of actin with myosin, and 

proteins such as cofilin (Moon et a l, 1993) and profilin (Balasubramanian etal., 1994), 

which control actin assembly, also localise to the contiactile ring and are essential for 

cytokinesis. In contiast, the proteins caldesmon (Hosoya eta l, 1993) and coronin (Cramer 

and Mitchison, 1995; Hostos et al., 1993) aie requiied for cytokinesis but do not localise to 

the cleavage fuiTow.

While it is not clear if these proteins have the same functions as their counterpaits in 

muscle cells, there is some evidence that their roles aie indeed conserved (Balasubramanian 

et a l, 1994). In budding yeast, the unconventional myosin V (M Y02), thought to be 

involved in membrane targeting and secretion (Govindan et al., 1995; Johnston et a l, 

1991), localises to the mother bud neck during cytokinesis and is essential for cytokinesis 

(Lillie and Brown, 1994). Overexpression of a second myosin V (M Y04) delays 

completion of cell division and chains of unseparated cells are formed (Haarer et al, 1994). 

The mode of division in budding yeast is unusual and is not thought to involve a contiactile 

structure but requires the localised secretion of cell wall material, a process which, if 

disrupted affects cell division. Interestingly, Myo2p has been shown to be a target for the 

regulatory protein calmodulin which localises to the bud neck in yeast (Brockerhoff et al.,

1994). Reducing the amount of cellular calmodulin in Dictyostelium does noti affect 

contraction of the cleavage furrow but the midbody does not break and the cells I  fail to
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SGpaiate (Liu etal., 1992). Hence, myosin V is unlikely to be involved in contiaction but it, 

or similar calmodulin regulated proteins, may be requiied for the secretion of cellular 

material essential for reorganisation of the plasma membrane during the final stages of 

cytokinesis.

1.3.3 Alternative Models for Cytokinesis

Recent advances in understanding the cortical cytoskeleton and the identification of new 

genes and proteins involved in cytokinesis have lead some workers to review the basic 

tenets of the contiactile ring model. Fishkind and Wang (1993) noticed that rat kidney cells 

undergoing rapid cleavage did not have organised bundles of actin and that highly 

organised actin was found instead in cells unable to divide because of contact inhibition. 

They proposed that cortical actin organization may be a consequence of contiaction rather 

than a cause and provided two alternative mechanisms for contiaction. In the fii'st, cleavage 

is achieved by a random network of actin filaments which interact with myosin to cause 

contiaction of the equatorial region in all diiections. Actin filaments in the second model aie 

associated end-on with the plasma membrane and extend either inwards towards the 

cytoplasm or to the poles. Generation of tension would, then simultaneously constiict the 

membrane inwards and divide the equatorial region into daughter cells (Fishkind and 

Wang, 1995).

Margolis and Andreassen (1993) also contest the contiactile ring model, suggesting that all 

organisms requiie actin and myosin for cytokinesis but utilize it in different ways 

(Margolis and Andreassen, 1993). They concur with Fishkind and Wang that the organised 

cortical ring of actin may be a consequence of cleavage. While the data from maiine 

embryos showing the concentration of organised actin in the cleavage fuiTow is undisputed, 

they are unconvinced about the formation of an actin ring structure in mammalian cells 

(Andreassen e ta l., 1991; Cao and Wang, 1990a). In the absence of the contractile ring, 

cells requiie an alternative mechanism by which to organize actin and myosin for cleavage. 

The model they foimulated developed from the discovery of a new organelle present
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during cytokinesis in mammalian cells called the telophase disc (Andreassen etal., 1991). 

The telophase disc anticipates the site of cleavage. Spanning the anaphase cell it is 

constiicted by the cleavage furrow and eventually becomes pait of the midbody. The 60 kD 

protein (TD-60) which foiTns the stmcture is located on the chiomosome centiomeres until 

mid anaphase when it relocalises to the midzone of the spindle. The TD-60 antigen then 

spreads laterally thiough the cytoplasm to foim the telophase disc which is responsible for 

recruiting and aligning myosin, which in turn organises the cortical actin. Contraction 

would then occur radially rather than tangentially. Such a model has an intiinsic mechanism 

for conti’olling the timing of cytokinesis and positioning the cleavage plane.

1.3.4 Cytokinesis in Plant Cells

Plant cells aie surrounded by a rigid cell wall, which necessitates the use of a different 

cytokinetic mechanism to ensure the formation of a new cell wall at the site of division 

whilst maintaining the shape of the cell. Immediately prior to prophase microtubules 

relocalise and form an equatorial ring, called the pre-prophase band (PPB), which overlays 

the nucleus in the plane of cell division (Clayton and Lloyd, 1985). As the nucleus divides 

the PPB is replaced by spindle micro tubules which, in late anaphase, coalesce centrifugally 

to form the phragmoplast, a cytoplasmic structure of short microtubules arranged in 

parallel with the spindle microtubules (Clayton and Lloyd, 1985; Zhang et a l,  1993). Actin 

does not localise to the PPB or the spindle but is required in the phi*agmoplast during 

cytokinesis. The phragmoplast is responsible for the transport of vesicles towards the 

centre of the cell where they fuse to form the eaiiy cell plate which grows centrifugally 

from this point. As the cell plate is formed the phragmoplast expands to the side walls, and 

the number of central microtubules decreases. Actin remains evenly distiibuted in the 

phragmoplast throughout this process (Zhang et a l ,  1993). On completion of the cell plate 

the actin filaments and microtubules are completely disassembled. Plant cells therefore, do 

not utilize a contiactile ring but employ acto-myosin and microtubule based tiansport 

systems to direct the synthesis of a structure which divides the cell.
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1.3.5 Cytokinesis in Fungi

Fungal cells are also surrounded by a cell wall but divide by a process called septation 

which is in many ways analogous to the formation of the eaily cell plate in plant cells. 

However, the deposition of septal material occurs centiipetally rather than centiifugally and 

does not appeal* to involve a microtubule based sti*ucture. Instead a filamentous ring of actin 

forms over the nucleus prior to septation (Marks and Hyams, 1985; Giibardt, 1979). There 

is still much discussion concerning the function of this actin ring, which in some fungi 

appeal's to be contractile (Alfa and Hyams, 1990; McCollum et a l ,  1995). Following the 

completion of septation the daughter cells of some fungi aie sepaiated by the action of a 

hydrolytic enzyme which digests the eaily septal material at the centre of the new cell wall. 

Budding yeast aie exceptional in that they divide asymmetrically, but the process of 

septation is similai*. Clusters of actin form a ring at the incipient site of bud formation. 

Actin thereafter is predominantly localised in the tip of the growing bud but returns to the 

mother budneck during septation and cytokinesis (Adams and Pringle, 1984; Kilmaitin and 

Adams, 1984).

Parallels can be drawn between each of these methods of cytokinesis; all involve the 

positioning of a band of cytoskeletal filaments prior to cytokinesis, the phragmoplast could 

be analogous to the telophase disc observed in mammalian cells, and all require the 

localised secretion of cellulai* material driven by the acto-myosin network. It is possible 

therefore that the underlying principles governing the execution and regulation of cell 

division aie universal.

1.3.6 Regulation of Cytokinesis

1.3.6.1 Temporal Regulation

The spatial and temporal contiol of cytokinesis is critical to the survival of the cell and is 

tightly contiolled. Cytokinesis must only occur when sister chromatids have been sepaiated 

during anaphase. It is now accepted that the timing of cytokinesis is regulated by signals 

emanating during mitosis. Mitosis itself is controlled by the maturation-promoting factor
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(MPF) which is a complex formed by a regulatoi'y cyclin and the p3 4 cdc2 kinase (Nurse,

1990). MPF activity oscillates through the cell cycle, it peaks at the onset of mitosis then is 

rapidly degraded at the beginning of anaphase (Munay and Kirschner, 1989). Mitotic cells 

can be prevented from completing mitosis by maintaining high levels of MPF activity 

(Munay et <2/., 1989). Thus, MPF activation initiates mitosis and its inactivation is essential 

for exit from mitosis. As all eukaiyotic cells have homologues of the p3 4 cdc2 kinase and 

the mitotic cyclin that constitute MPF, this is a basic universal mechanism for contiol of 

mitosis (Nurse 1990). An additional obsei'vation suggests that there is also a correlation 

between MPF activity and cytokinesis which is initiated shortly after inactivation of MPF at 

the stai't of anaphase. Unfertilised Xenopus eggs, which are unable to divide due to the 

absence of a spindle, undergo a wave of contiaction and relaxation corresponding to the 

activation and inactivation of MPF and which can be inhibited by preventing MPF 

inactivation (Haia etal., 1980). How MPF activity regulates cytokinesis is unknown.

Recently, attention has centred aiound the regulation of myosin II during cytokinesis. The 

activity of myosin II is contiolled by phosphorylation of the MLC, the MHC or both. In 

vitro p3 4 cdc2 can dii ectlyphosphorylatethe negative regulatory sites on the RLC of myosin 

(Satterwhite et a l, 1992). This would result in suppression of myosin activity until MPF 

inactivation at anaphase. There is no diiect evidence that p3 4 cdc2 phosphorylates MLC in 

vivo. However, the level and sites of MLC phosphorylation do change during mitosis and 

myosin II is phosphorylated by both mitotic and MLC kinases during cell division 

(Yamakita, 1994). Interestingly, two phosphatases, PP2A and PP l, which are also requiied 

for entiy and exit from mitosis respectively (Kinoshita et at., 1990), dephosphoiylate MLC 

in vitro (Erdodi et at., 1988). PP2A preferentially dephosphorylates the inhibitory sites 

while P P l, which has been shown to be a MLC specific phosphatase in vivo, 

dephosphoi'ylates the activating site (Fernandez eta l, 1990).

Disruption of the RLC gene in Drosophila {spaghetti-squash mutants) (Kaiess et a l,

1991) and of either the RLC or the ELC genes in Dictyostelium (Chen et al, 1994; PoUenz
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etaL, 1992) causes defects in cytokinesis. In contiast, removal of the RLC binding site of 

Dictyostelium myosin had little effect on cytokinesis (Uyeda and Spudich, 1993) and 

expression of a mutant RLC, which could not be phosphorylated, rescued the phenotype of 

the MLC deletion (Ostrow et at., 1994). Both findings suggest that the regulation of 

myosin RLC is not essential for myosin function during cell division.

In sea urchin eggs the phosphoiylation state of the MHC changes during cytokinesis; MHC 

phosphorylation decreases and predominantly dephosphorylated MHC is localised to the 

cleavage furrow (Laiochelle and Epel, 1993). Further support for the involvement of MHC 

phosphoiylation in the control of cytokinesis comes from the expression of MHC mutated 

to mimic dephosphorylated MHC and constitutively phosphorylated MHC in 

Dictyostelium. Only the phosphorylated myosins were able to rescue cytokinesis (Egelhoff 

etal., 1993). However, recent work suggests that neither the phosphorylation of the RLC 

nor the MHC is required for localisation of myosin to the cleavage fun ow, or for its in vivo 

function (Yumura and Uyeda, 1997).

Another cytoskeletal protein, caldesmon, can also be phosphorylated by p34cdc2 in vitro 

(Hosoya et al., 1993). Caldesmon is a calcium/calmodulin activated actin binding protein 

which can regulate actin assembly and the actin-activated ATPase activity of myosin. 

During cell division phosphoiylated caldesmon does not associate with actin in the cleavage 

furrow but, coincident with the inactivation of mitotic kinase, caldesmon is 

dephosphorylated and reassociates with actin in the late stages of cytokinesis (Hosoya et 

al., 1993).

The contiol of cytokinesis is unlikely to be this simple; p3 4 cdc2 has many substrates and 

there is evidence that a number of signal transduction genes are also involved in regulating 

cytokinesis (Gaicia-Bustos etal., 1994; Kobori etal., 1994; Sazer and Nurse, 1994). For 

example, a member of the rho family of small GTP-binding proteins has been identified 

which is specifically required for cytokinesis in Dictyostelium (Laiochelle e ta l, 1996).
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Additionally, a number of studies propose that calcium is a potential secondary messenger 

in the regulation of cytokinesis (Mabuchi, 1986). In eaiiy embryos, calcium oscillations are 

cell cycle dependent (Kubota et al., 1993) and correlate well with levels of inositol 

triphosphates (Ciapa e ta l., 1994). Mechanically altering the concentration of calcium in 

mitotic embryos greatly affects the timing and duration of cytokinesis, suggesting that the 

tr ansient rise in calcium concentr ation at anaphase plays an important role in its regulation 

(Miller e ta l ,  1993; Snow and Nuccitelli, 1993).

1.3.6.2 Spatial Regulation

In dividing cells the plane of cleavage must ensure that the chromosomes and, in most 

cases, cytoplasmic organelles, are segregated evenly into the daughter cells. Unlike the 

regulatory mechanisms controlling cytokinesis which appear*, at least at a basic level, to be 

conserved in a number of diverse organisms, the mechanisms used to contr ol the plane of 

cell division vary. In higher eukaryotic cells the position of the cleavage furrow is 

deter*mined by signals from the mitotic spindle (for review see Strome, 1993). However, in 

budding yeast, positioning of the bud site is independent of the mitotic appar atus and is 

determined by a cortical marker (for reviews see Chant, 1996; Longtine et al., 1996). A 

third method has been proposed for hyphal fungi in which the undivided nucleus positions 

the site of division (Girbardt, 1979).

1.3.7 Septins

A relatively new family of proteins have been identified which have been called septins 

because of their involvement in cytokinesis and septation. The first septins were discovered 

in budding yeast as the products of four cell cycle genes, CDC3, CDCIO, C D C ll and 

CDC12, required for cytokinesis (Ford and Pringle, 1991; Haarer and Pringle, 1987; Kim 

et a l.,\9 9 \) .  In Drosophila, peanut (pnut) an essential gene required for cytokinesis which 

localises to the cleavage furrow and midbody of dividing cells, was found to encode a 

protein similar* to the budding yeast proteins (Neufield and Rubin, 1994). Subsequently, 

homologous proteins, all of which are involved in cytokinesis, have been identified in a
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wide range of organisms (Cooper and Kiehait, 1996; DiDomenico et a i,  1994; Paies et a l, 

1995).

It is not clear how septins function, nor at what stage during cytokinesis they aie requiied. 

In budding yeast the septins aie thought to be major components of the 10 nm filaments 

which encircle the neck of a dividing budding yeast cell (Ford and Pringle, 1991; Haaier 

and Pringle, 1987; Kim et al., 1991). They localise to the incipient bud site independently 

of, but at approximately the same time as, actin (Ford and Pringle, 1991), before the 10 nm 

filaments are formed and the bud emerges. Like the budding yeast actin ring,the ring of 

septin does not appeal* to be contractile (Ford and Pringle, 1991; Haaier and Pringle, 1987; 

Kim et a l,  1991) and localisation persists after the 10 nm filaments disappeai* prior to 

completion of cytokinesis. The septin ring is often still present in newly divided mother 

cells and buds (Ford and Pringle, 1991; Haarer and Pringle, 1987; Kim et at., 1991). 

Despite a similarity in diameter, there is no evidence that the 10 nm filaments of budding 

yeast contain actin (Adams and Pringle, 1984), nor aie they related to the intermediate 

filaments of higher eukaryotes. The discrepancy between septin localisation and the 

appeaiance of the 10 nm filaments suggests that the filaments aie regulated independently 

of theii* localization to the bud site. The functional significance of the tiansient 10 nm neck 

filaments is unknown. With the exception of the related yeast C. albicans, no similai* 

structures have been observed in other organisms. However, the three septins of 

Drosophila self-associate and can assemble into filaments in vitro (Faies etal., 1995; Field 

et al., 1996). Election micrographs of the midbody of dividing cells reveals electron dense 

material with a vaguely coiled-coil sti*ucture underlying the plasma membrane, suggesting 

that higher-order sti*uctures can be formed in vivo (Neufield and Rubin, 1994). In fission 

yeast six septins have been identified (Spnlp-Spn6p) which aie involved in the late stages 

of septation (Longtine et al., 1996).

It is thought that in budding yeasts septins act as a cortical maiker for bud site selection 

(Chant, 1996; Chant and Herskowitz, 1991). Inherited from the previous division, they act
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as a cortical cue for the localisation of proteins such as Bud3p and Spa2p, which aie 

requiied for maintenance of axial and bipolai* budding patterns and have been shown to 

interact with septins (Drubin, 1991; Drubin and Nelson, 1996; Flescher et al., 1993). 

Septins also appeal* to be involved in mating and sporulation, cell surface organization 

(Fai'es e ta l., 1995), morphogenesis and, in Drosophila, differentiation of photoreceptors 

(Neufield and Rubin, 1994). The multiple septins that have been identified in each 

organism studied may therefore reflect the functional diversity of this family of proteins 

(for review see Longtine et a i,  1996).

Localisation of septin appeal's to be under cell cycle control (Faies et at., 1995). As total 

protein levels, as detected by immunofluorescence and western blotting, do not appeal' to 

vary through the cell cycle, control may be mediated by an as yet unidentified 

post-tianslational modification (DiDomenico et at., 1994). In budding yeast, localization 

appeal's to be mediated by two RAS-related GTP-binding proteins (Rsrlp and Cdc24p) and 

Cdc42p, the polarity establishment protein (Drubin and Nelson, 1996; Lew and Reed,

1995) but it is not known how this occurs. One common feature of the septins is the 

presence of a P-loop consensus sequence, a predicted nucleotide binding site (Longtine et 

at., 1996). Nucleotide hydrolysis has not been demonstrated in vivo, but the Drosophila 

septin complex can hydrolyse GTP in vitro. It is therefore, possible that nucleotide binding 

may regulate septin assembly, or function, in a manner analogous to the control of actin 

and tubulin.

1.4 FISSION YEAST

1.4.1 Introduction

For a number of yeais yeasts have been utilised as model systems for the investigation of 

fundamental cellular processes. They offer especially useful systems in which to study 

cytokinesis as, unlike other genetic systems, they do not have to accommodate gross
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changes in cell shape and/or cell locomotion. Consequently, their cytoskeleton is almost 

exclusively concerned with growth and cell division. Thus, in the two most extensively 

studied yeasts, the budding yeast Saccharomyces cerevisiae and the fission yeast 

Schizosaccharomyces pombe, the gene families for the cytoskeletal proteins actin and 

tubulin aie amongst the simplest yet described. However, the two yeast are evolutionarily 

divergent and it is likely that S. cerevisiae, which divides by budding, a highly atypical 

foiTn of division among eukaiyotes, is not a good model for studying cytokinesis in higher 

organisms. S. pombe has a more typically eukaiyotic division cycle culminating in medial 

fission and is therefore, potentially, a better model.

Schizosaccharomyces pombe has been used in cell cycle reseaich since the 1950’s 

(Mitchison, 1957). It was chosen largely because of its linear growth pattern and 

symmetrical division but there aie a number of other chaiacteristics which make it 

amenable to studying cellular processes. Fission yeast has a small genome of 14 Mb 

contained within 3 chromosomes which have been extensively mapped by linkage 

analysis. Although it exists in a predominantly haploid form, diploid stiains are stable 

under appropriate nutiitional conditions. Importantly today, S, pombe is also amenable to 

molecular genetics (Russell, 1989). The last decade has seen a rapid improvement in the 

molecular techniques used to manipulate fission yeast. A number of high copy number 

shuttle vectors aie now available with both constitutive {adh) (McLeod et al., 1987) and 

inducible (nmtl) (Maundrell, 1993) promoters for the ectopic expression of genes. Several 

good libraries exist and two ordered cosmid libraries are also available (Hoheisel etal., 

1993; Mizukami etal., 1993). Consequently, S. pombe genes are now cloned routinely 

and, as foreign cDNAs can be expressed in this system, it can be also used to clone 

functionally conseiwed genes from other organisms (Lee and Nurse, 1987). A number of 

Drosophila cytoskeletal genes have been identified in this way (Edwaids etal., 1994). An 

additional advantage of this system is the high rate of homologous recombination, 1000 

times greater than non-homologous recombination, which enables genes to be specifically 

introduced or removed by stable integration into the genome. Finally, with the fission yeast
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genome project well underway, S. pombe is a powerful system for both moleculai' and 

genetic studies of genes involved in all cellulai* processes.

1.4.2 Cytology of Growth and Septation

S. pombe is a rod shaped organism which grows by apical extension. In a newly divided 

cell, growth occurs solely at the old end of the cell which was present in the mother. One 

third of the way through the cell cycle the new end, fonned by the splitting of the division 

septum, also begins to grow at a point called NETO (New End Take-Off). Growth stops 

during the so called ‘constant volume stage’ of the cell cycle while the cells undergo 

mitosis and cell division. Both NETO and the onset of mitosis are regulated by a size 

contr ol, such that a critical volume must be reached before either is initiated (Mitchison and 

Nurse 1985.

In order to grow a fission yeast cell must extend its cell wall. In plant cells, this is achieved 

by a weakening of the cellulose cell wall matrix allowing the predominantly str aight chain 

13-1,-4 linked glucan molecules to slide in response to turgor pressure. However, this is 

unlikely to occur in fission yeast as the major structural cell wall polysaccharides are the 

branched 6-1,3- and 6-1,6- linked glucans. The exact mechanism by which extension 

occurs is still unknown but the most popular model suggests that a hydrolytic enzyme first 

cuts the existing 6-glucan structure. Turgor pressure then pushes on the weakened wall 

allowing covalent insertion of new oligosaccharides.

The septum formed at the approximate mid-point of the cell during cell division is also 

composed of cell wall polysaccharides. The septum has two structurally distinct 

components. First the primary septum of Calcofluor positive material grows centripetally 

from the periplasmic space just outside the plasma membrane to bisect the cell. Then, 

before this is complete, the secondary septum of electron dense material, which does not 

stain strongly with calcofluor, begins to form on either side of the primary septum. 

Separation of the two daughter cells is then achieved by endohydrolytic degradation of the
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old cell wall, and enzymatic digestion of the primaiy septa (Robinow and Hyams, 1989).

1.4.3 The Fission Yeast Cytoskeleton

Early studies of the yeast cytoskeleton focused on analysis of the cytoplasmic 

ultiastructure by electron microscopy (EM). Unfortunately this was limited by the poor 

preservation of cytoplasmic filaments by the chemical fixation techniques used. Although a 

freeze substitution technique for EM has been successfully applied to fission yeast (Tanaka 

and Kanbe, 1986), it was the development of immunofluorescence techniques which 

enabled a number of cytoskeletal stiuctures to be visualised (Hagan and Hyams, 1988). 

Progression through the cell cycle is reflected by dramatic rearrangements in the 

cytoskeleton, in yeast the most stiiking of these occurs at the transition between interphase 

and mitosis when the cytoplasmic microtubules are completely replaced by the spindle 

appai'atus, and the actin microfilaments relocate to form a ring at the midpoint of the cell 

(Hagan and Hyams, 1988; Maiks and Hyams, 1985). No intermediate filaments have as 

yet been identified in fission yeast.

1.4.3,1 S. pombe Actin

The disti'ibution of actin in fission yeast can be obseiwed by indhect immunofluorescence 

using monoclonal antibodies which recognize both G-actin and F-actin, or the cytotoxin 

phalloidin (from the death cap mushroom Amanita phalloides) conjugated to the 

fluorescent dye rhodamine, which binds only to actin filaments. Identical patterns of actin 

staining are revealed by both methods. Although phalloidin can be introduced to cells 

without digestion of the cell wall, it binds irreversibly to filamentous actin and can not be 

used on living cells. To circumvent this problem Marks and Hyams (1985) were able to 

reconstruct changes in actin distribution as cells progressed through the cell cycle by 

j  comparing the length of the cell and the position of the nuclei with the rhodamine conjugated 

phalloidin image of fixed cells (Figure 1.6).
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Figure 1.6 Cell Cycle Dependant Localisation of Actin in Fission Yeast.

A  series of cells depicting the progression of a fission yeast cell through a single cell cycle. The top panel shows nuclei stained with DAPI 
and septal material stained with Calcofluor. The bottom panel shows F-actin stained with rhodamine-conjugated phalloidin.

At the beginning of the cell cycle actin is localised in dots and patches at the old end of the newly divided cell, consistent with the unipolar 

growth pattern observed during the first third of the cell cycle (a-f). The appearance of actin staining at the new end of the cell signifies the' 
switch to bipolar growth at NETO. When cells reach the constant volume phase and mitosis is initiated, growth stops and actin is rapidly 
relocalised. The end staining disappears and a ring of actin is formed overlaying the nucleus and anticipating the formation of the septum at' 

the cell equator (k-n). The ring structure is maintained through anaphase until the formation of the septum begins at the end of mitosis. At 
which time the ring is replace by dots of actin which accumulate as the septum is formed (o-r). During the final stages of cytokinesis : 
Calcofluor staining of the septal material diminishes and the actin present on either side of the septum begins to disperse but is often stUl 
observed in the new ends of daughter cells (a and b) (Marks and Hyams, 1985).
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The spatial and temporal coincidence between actin localisation and growtl^impliesa role for 

the actin cytoskeleton in growth and cell wall deposition. However, the nature of this 

relationship is still uncleai', as is the exact nature of the actin dots and patches. EM studies 

have identified a system of vesicles and filasomes associated with sites of growth (Kanbe 

etal., 1989). While it seems probable that these aie the same stiaictures observed as actin 

patches in phalloidin stained cells, the conelation has yet to be proven. The role of actin in 

cytokinesis is also incompletely understood. It is still disputed if the actin ring stimcture is 

contr actile and analogous to the contractile ring of higher eukaryotes. The other possibility 

remains that it is more akin to the actin rings observed in other cells which have cell walls, 

and is only required to direct the centripetal deposition of the septum. In a similar study of 

actin disti'ibution in Schizosaccharomyces japonicus yoi' versatilis {S. japonic us ), another 

member of the genus Schizosaccharomyces, the actin ring clearly behaves in a contiactile 

manner (Alfa and Hyams, 1990). However, it can not be inferred from this observation 

that the actin ring of S.pombe is also contiactile as there aie differences between the actin 

localisation of the two organisms in a number of aspects (Alfa, 1989). That the actin ring is 

capable of contraction has been shown in Rhodamine-conjugated phalloidin stained 

spheroplasts (Jochovâ et al., 1991), but the question still remains whether conti'action is 

the primaiy mechanism of cytokinesis as it is in other eukai'yotic cells.

A single intron-less actin gene has been identified in S. pombe (Mertins and Gallwitz, 

1987). It is an essential gene and, as yet, only one mutation has been isolated. The mutant, 

called cps8, has a single point mutation in a region believed to be important in stabilising 

the actin filament (Ishiguro and Kobayashi, 1996). The mutant cells are viable at 25°C but 

most fail to complete cytokinesis and have multiple nuclei partitioned by septa. On shift to 

the resti-ictive temperature (36®C) they undergo rapid division and arrest with incompletely 

separated nuclei and a relatively normal morphology. Immunofluorescence microscopy 

showed a reduced actin staining in the arrested cells indicative of a collapse of actin 

stmctures. Spindle microtubules in cells were replaced by abnormal cytoplasmic 

microtubule airays resulting in the incomplete nuclear segregation observed (Ishiguro and
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Kobayashi, 1996). Duplication of the wild type actin gene also disrupts actin stmctures and 

cells have a higher septation index than wild type cells and increased septal abnormalities, 

but aie viable (Mai'ks, 1988). However, in the presence of a mutation in the gene ben4, the 

duplication is lethal (Marks, 1988). The gene product of ben4 is unknown although it has 

been shown to interact genetically with 6 -tubulin (Roy and Fantes, 1982; Schroder-Lorenz 

et aL, 1988). Mutants have a defective spindle but normal cytoplasmic microtubule 

aiTangement and arrest with abnormal actin disti'ibution (Mai'ks, 1988). Such results not 

only confum the importance of actin in cell division, but also provide tentative evidence for 

direct communication between the component systems of the cytoskeleton.

The lack of viable actin mutants available in S. pombe prompted a different approach to 

investigating actin function. Dmgs which affect the stability of microtubules have been 

affective in the investigation of microtubule function and in analogous experiments the 

cytochalasin family of reversible cytotoxins have been used to determine the effect of 

microfilament disruption on growth and cytokinesis in S. pombe. Cytochalasins are 

thought to disrupt actin filaments primarily by capping the barbed (+) end of growing 

filaments, resulting in shortened filaments. However, theii' interaction with actin may be 

multifaceted as there is also evidence that they interfere with nucléation of filament 

assembly and may cleave existing filaments (Cooper, 1987). Cytochalasins have been used 

previously to study growth in fungi (Kanbe et aL, 1993). In S. pombe, cytochalasin A 

(CA) not only has marked effects on growth but prevents the foi'mation of the actin ring 

and subsequent septum deposition (Kanbe et aL, 1993). The relocalisation of actin is 

inhibited and actin remains trapped at the ends of the cell. Electron micrographs show 

microfilaments amassed at the ends of the cell and vesicles carrying cell wall material, 

which are usually localised to the growing cell ends, are dissociated from the 

microfilaments and accumulate in the cytoplasm. Thus, CA treatment severely disrupts the 

secretory pathway and conrii'ms the involvement of actin in directing the secretion of cell 

wall material to aieas of active growth.
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Mutations in genes other than actin can also effect the formation of the F-actin ring. 

Cloning revealed that some of these genes, cdc3, cdc8 and cdc4, encode the actin binding 

proteins (ABP) profilin, tropom yosin and an EF-hand protein respectively 

(Balasubramanian et aL, 1994; Balasubramanian et aL, 1992; McCollum et aL, 1995). 

These genes aie discussed in detail in section 1.4.5.1.

1.4.3.2 S. pombe Microtubules

Fluorescence microscopy has also been of considerable value in understanding the 

organization and role of microtubules in S. pombe. Monoclonal antibodies to yeast tubulin 

were used in the same way as actin antibodies to allow the visualisation of microtubule 

arrays through the cell cycle (Hagan and Hyams, 1988). Cells in interphase exhibit a 

number of longitudinally airanged microtubules extending between the ends of the cell. 

When mitosis is initiated the interphase airay is replaced by an inti*anucleai* mitotic spindle 

which elongates to the ends of the cell duiing anaphase (Hagan et aL, 1990). When mitosis 

is complete microtubules which will form the interphase airay of the two daughter cells 

nucleate a MTOC at the cell equator.

The two genes encoding a-tubulin and the single gene for 6 -tubulin were cloned by 

complementation of the fission yeast cold sensitive conditional mutants nda2 (a-tubulin) 

(Toda et at., 1984) and nda3/benl (6 -tubulin) (Hiraoka et aL, 1984). At the restrictive 

temperature these mutants fail to form a mitotic spindle and arrest in eaidy metaphase with 

some chromosome condensation. The fact that the cytoplasmic microtubules are also 

disrupted is manifested in the swollen branched moiphology of these cells (Toda et al.,

1983). Interestingly, the undivided nucleus is often eccentiically placed suggesting that the 

cytoplasmic microtubules also help to maintain the position of the nucleus.

Clearly, the microtubules which form the mitotic spindle aie essential for chromosome 

segregation during mitosis. The mechanisms involved in chromosome movement aie still 

unknown but there aie believed to be three forces involved. A pulling force draws the

57



chl'omosomes to the spindle poles while a pushing force maintains the sepaiation of the 

said poles. The third force has only recently been obseiwed and involves the action of the 

cytoplasmic astial microtubules on the spindle pole body (Hagan and Hyams, 1996). It is 

now widely accepted that both plus-end and minus-end diiected micro tubule motors aie 

responsible for the generation of force during mitosis (Hyman and Mitchison, 1991). 

However, that exact role they play in the complex choreography of chromosome 

segregation is unknown. Both plus and minus end motors have been identified in S. 

pombe. One such protein, cut 7 is a kinesin like protein which has been localised with or 

very near to the spindle pole body (Hagan and Yanagida, 1992). The localisation of other 

known kinesin like proteins has yet to be confirmed.

1.4.4 The Cell Division Cycle

Proliferating cells undergo periods of DNA synthesis (S-phase) and mitosis (M-phase) 

sepaiated by two periods of growth (G1 and G2). These four phases comprise the cell 

division cycle. Due to the growth pattern of S. pombe, cell length provides a visible 

measure of position in the cell cycle (Mitchison, 1957). As the G1 period in S. pombe is 

short, it is usually completed by the time cell cleavage occurs, a newly divided cell is 

therefore entering S-phase and has an average length of approximately 7 pim. NETO 

occurs early in G2, the longest growth period in the fission yeast cell cycle. Growth stops 

when a length of approximately 14 jim is reached and mitosis is initiated. Towaids the end 

of mitosis the septum is fonned and the cell undergoes cytokinesis.

In 1976, Nurse et al isolated a series of temperature sensitive mutants defective at stages in 

the cell cycle which they called ado mutants. Cdc mutants progress normally through the 

cell cycle until shifted to the restiictive temperature where upon the cells stop growing at a 

specific stage in the cell cycle defined by the point of execution of that gene product. 

Genetic analysis of these mutants identified two major control points in the cell cycle, the 

first during G1 called Stait, controlling entry into the cell cycle, and a further control acting 

at the G2/M boundary which regulates entry into mitosis. (Nurse et a l,  1976).
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The cdc mutants fall into three classes depending on whether they function duiing G1 or S- 

phase and airest with a single unreplicated nucleus, or during G2 or mitosis with a single 

2C nucleus. The third group classified as ‘septation mutants’ define genes involved in 

septum foi'mation and cytokinesis. These complete nucleai' division but aie either unable to 

foi*m septa or produce abenant septa and so, unable to divide, airest as elongated cells with 

multiple nuclei (Nurse etaU, 1976). Such studies show that progression through the cell 

cycle is depend<^nt upon completion of a previous event such that DNA replication and 

mitosis are mutually interdependent. However, although septation, and hence cytokinesis, 

is depend-ent on mitosis (although, only some eaiiy points in mitosis must be completed 

for initiation) the nuclear division cycle (DNA-replication and mitosis) can occur 

independently of cell (cytoplasmic) division.

1.4.5 Cytokinesis in S. pombe

Cytokinesis in fission yeast occurs in three stages; actin ring formation, followed by 

septation and then cell division. As in all eukaryotes, cytokinesis is believed to be initiated 

by the inactivation of the p3 4 cdc2 mitotic kinase at the metaphase-anaphase boundary. 

However, in contiast to other eukaryotes, the earliest event in cytokinesis, the foi'mation of 

the F-actin ring which precedes septum foi’mation, occurs in early mitosis rather than at the 

end. Analysis of the septation mutants and other genes (Table 1.1) which have been found 

to effect cell division allude to a model for the contr ol of cytokinesis.

1.4.5.1 The Septation Mutants

The mutants defective in septation and cytokinesis are divided further into three groups 

depending on the tr ansition point of the gene. The first group, defined by mutations in the 

genes cdc7, c d c ll, cdc 14 and cdcl5, were termed early cell plate mutants as they do not 

accumulate septal material. However, growth, DNA replication and mitosis continue in the 

absence of cell division and c d c ll  and cdc 14 form transient actin rings after each mitosis 

(Marks, 1988), before arresting as highly elongated cells with 4-16 nuclei. The second 

group, cdcS, cdc4, cdc8 and cd c ll, which anest as swollen elongated cells with 2-4 nuclei.
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Table 1.1 S. pombe Genes Involved in Septum Foi'mation and Cytokinesis

Gene
Mutant

Phenotype
Protein
Encoded Reference

The Septation Mutants

cdcS Disorganized septum Profilin Balasubramanian etcd., 1994
cdc4 Disorganized septum EF-hand protein McCollum et a l.,1995

cdc7 No septum Protein kinase Fankhauser and Simanis, 1994a
cdc8 Disorganized septum Tropomyosin Balasubramanian et al., 1992
cd c ll No septum Unknown (not cloned) -
cdc 12 Disorganized septum New family of proteins (1) Chang et al., 1997
cdcl4 No septum Unknown (2) Fankhauser and Simanis, 1993

cdclS No septum Unknown (2) Fankhauser et al., 1995
cdcl6 Multible septa Checkpoint protein (3) Fankhauser et al., 1993

Other Genes Influencing Cytokinesis

byr4 Multiple septa Unknown (2) Song et al., 1996
cps8 (actl ) Delayed cell separation Actin Ishiguro and Kobayashi, 1996
diml Septate in the abs ence of a spindle Checkpoint protein Murone and Simanis, 1996
dnfl Eccentrically placed septa Unknown (2) Sohrmann eta l., 1996
nuc2 Single septum, no cleavage RCC1/TC4 homologues Yüianoetal., 1988
ppbl Delayed cell separation protein phosphatase 2B Yoshida et al., 1994
pbnl Single septum, no cleavage Nuclear scaffold protein Matsumoto and Beach, 1991
plol No septum polo-lïke kinase Ohkura etal., 1995
sepl Cells fail to separate Transcription factor Sipiczki et al., 1993
sop2 Abberant or no septa 6-Transducin repeat protein Balasubramanian et al., 1996
spgl No septum ms GTPase Simanis pers. com.
spil Single septum, no cleavage RCC1/TC4 homologues Matsumoto and Beach, 1991
spll Abberent septum Unknown (2) Sipiczki et al., 1993
spnl-6 Delayed cell separation Septins Longtine et al., 1996
cdcl3-117 Multiple septa B-type cyclin Nurse et al., 1976

cdc2E167 Multiple septa, delayed separation Protein kinase Doucommon etal., 1991
CTnn\c\ pt ni 1Q01

(1) Includes Aspergillus FigA, Drosophila Diaphanous and the mouse formins.
(2) Have been cloned, but protein shows no significant homology to known protein family.
(3) Homologous to S. cerevisiae BUB2.
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do accumulate septal material but aie defective in its organization and aie therefore referred 

to as late septation mutants. The sole member of the thiid group, cdcl6, forms multiple

discrete septa after a single mitosis but does not undergo cleavage, suggesting that cdcl6  is 

requked for the regulation of septation (Fankhauser et a l  y 1993; Minet et a l, 1979).

One conclusion drawn from the phenotypes of these mutants was that the genes defined by 

the early septation mutants regulate septum formation while the products of the late 

septation genes are involved in its assembly and organization. All of the late septation 

genes aie essential and thek protein products localise to the actin ring. Cloning revealed that 

all but one of these genes, c d c ll, encode homologues of known cytoskeletal proteins. The 

cdc3 gene encodes a homologue of profilin which sequesters monomeric actin and is 

requked for actin filament formation (Balasubramanian etal., 1994). It is essential for the 

formation of the filamentous actin ring and overexpression results in the disappeaiance of 

all detectable F-actin structures as determined by rhodamine-phalloidin staining. The 

functions of fission yeast profilin therefore, appear to be the same as those observed in 

other organisms. Indeed, cells in which profilin has been deleted can be rescued by the 

overexpression of the Drosophila profilin chika dee (Balasubramanian et a l ,  1994). The 

cdc8 gene encodes a ti'opomyosin which, like profilin, also localises to cytoplasmic actin 

structures during interphase, suggesting that these proteins are requked for the organization 

of actin thi oughout the cell cycle and not specifically during cytokinesis (Balasubramanian 

et a l ,  1992). Analysis of the cdc4 gene revealed homology to the family of EF-hand 

proteins, which aie regulated by the binding of Ca2+ and to which the light chains of 

myosin belong (McCollum et a l ,  1995). Cdc4p has homology to both the essential and 

regulatoiy light chains, and forms a complex with a 200 kD protein which can be cross- 

linked to UTP, suggesting that cdc4 could encode a new type of light chain. However, the 

200 kD protein could not be positively identified as a MHC as it failed to cross react with a 

number of anti-myosin antibodies and, as no myosins have previously been identified in 

fission yeast, no specific antibodies are available. Cdc4p did not colocalise with any actin 

structures except the medial ring, suggesting that it is essential for F-actin function only
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duiing cytokinesis. The function of c d c ll  could not be inferred from sequence analysis but 

it shows homology to a family of proteins involved in cytokinesis, including the 

diaphanous gene product from Drosophila, budding yeast BN Il, and Aspergillus FigA 

(Chang etal., 1997). Interestingly, BNIl was identified by its genetic interaction with the 

septin CDC 12 (Longtine eta l,, 1996) and mutations in diaphanous result in a defect in 

cytokinesis similai* to the deletion of the Drosophila septin pnut, suggesting that Cdcl2p 

may interact with the recently identified group of proteins required for cytokinesis, the 

septins.

All of the early septation genes with the exception of c d c l l  have been cloned, but 

comparative sequence analysis has shed little light on the biochemical function. All of the 

proteins have putative protein binding domains, cdcl5  also has a PEST region and SH3 

homology and cdc7 is a protein kinase (Fankhauser eta l., 1995; Fankhauser and Simanis, 

1994a; Fankhauser and Simanis, 1993). Surprisingly, cdcl6  was found to have homology 

to the S. cerevisiae checkpoint protein BUB2, which prevents eaiiy exit from mitosis and 

is required for maintenance of high levels of p3 4 cdc2 during mitosis (Fankhauser et al., 

1993).

1.4.5.2 Regulation o f Cytokinesis

In an attempt to understand the interrelationships of the early septation genes Marks et al 

performed an epistasis test on the cdc7, cd c ll, cdcM, cdcl5  and cdcl6  strains (Marks et 

al., 1992). Double mutants were obtained by crossing each of the mutants in turn, then the 

phenotype was assessed. The resulting phenotypes fell into thiee classes which signify the 

nature of the relationship between the two gene products; 1. Mutual suppression and 

viability at the restrictive temperature of the parent; 2. Synthetic lethality, inviability at the 

permissive temperature, both strong indications that the gene products interact; 3. The 

phenotype of one parent at the restiictive temperature suggests the phenotypically dominant 

gene product lies upstream in a dependent pathway. They found that two alleles of c d c ll 

were epistatic to cdc 16 which is consistent with the cd c ll  gene product acting upstream of
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cdcl6. However, a third allele cdcll. 136 showed mutual suppression suggesting that these 

genes interact. Lethal interactions between cdc7, cdcl 1.136, cdcl4  and cdcl6  implies that 

these four gene products also interact. Osmotic suppression of the synthetic lethality 

showed that cdc7  and cdcl4  also act upstieam of cdcl6. All strains were epistatic over 

cdcl5 except cdcl6, implying that cdcl5 acts downstieam from cdc7, cd c ll and cdcl4  but 

upstieam of cdcl6.

The genetic model for the regulation of septation deduced from these interactions proposed 

that the products of cdc7, c d c ll  and cdcl4 fonn a complex, that may also include cdc 16, 

which must be activated to initiate septation. The complex then activates cdcl 5, thus 

initiating septum formation. When the septum is complete a signal alters the activity of 

cdcl 6, inactivating the complex and inhibiting further septum formation. However, 

subsequent in vivo analysis of these gene products suggests that the roles of the individual 

proteins aie more complex.

The occunence of septa in mutants such as nda3, which airest in prophase (Hiraoka et al., 

1984), suggest that the initiation of actin ring fonnation and septation is controlled by an 

event eaiiy in mitosis, and requires the activation of p3 4 cdc2 at the onset of mitosis. 

Overexpression of Cdcl5p in G2 arrested cells bypasses this requiiement leading to the 

formation of an actin ring although no septum is formed (Fankhauser et at., 1995). 

Normally, transcription of cdcl5p mRNA increases aiound mitosis and the protein is 

hypophosphoi^ylated during actin ring formation. Cdcl5p forms an equatorial ring which 

colocalises with the actin ring but it does not localise with actin at any other time duiing the 

cell cycle. Dephosphorylation may therefore directly regulate the localisation and/or the 

organization of the actin ring in a cell cycle-dependent manner. As the septum is initiated, 

the C dcl5p ring does not break down but becomes smaller as the protein becomes 

hypeiphosphorylated (Fankhauser e ta l., 1995). The fact that cells overexpressing Cdcl5p 

in G2 failed to foim a septum suggests that additional factors aie required for progression 

to septation. Indeed, the transient actin rings formed during subsequent mitotic divisions in
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the cdcll and cdc 14 mutants indicate that initiation of the actin ring does not commit a cell 

to the cytokinetic pathway (Mai’ks, 1988).

The dependence of cytokinesis on the activity of the p3 4 cdc2 kinase is demonstiated in cells 

lacking the sucl protein, which airest in late anaphase with high levels of cdc2  kinase 

activity (Moreno et aL, 1989). Such cells form an actin ring but fail to initiate septation 

(Fankhauser and Simanis, 1994b), which indicates the inactivation of cdc2 is requiied not 

only for exit from mitosis but for signalling cytokinesis. Further support for this 

hypothesis comes from the mts2 mutant which anests in mitosis, again with high levels of 

cdc2  kinase activity, but the decay of kinase activity is accompanied by the foi’mation of a 

septum (Gordon et al., 1993). How the activity of the cdc2 kinase regulates cdcl5  and 

septation is unknown but it may act, probably indiiectly, thiough the other septation 

mutants which act upstream of cdcl5.

1.4.5.3 Coordination o f Mitosis and Cytokinesis

Similai’ work showed that Cdcl4p was not only required for cytokinesis but was able to 

conti’ol the initiation of mitosis. Although not required for enti’y into mitosis, Cdcl4p can 

delay its onset by acting directly or indirectly through the mitotic inhibitor w e e l  

(Fankhauser and Simanis, 1993). These obsei’vations were unsuprising as the requiiement 

for a mechanism to ensure the coordination of mitosis and cytokinesis has long been 

acknowledged. The involvement of C dcl4p in both events provides a potential 

mechanism.

C dcl6 p, also functions during both mitosis and cytokinesis and is thought to play a major 

role in ensuring this coordination (Fankhauser et at., 1993). Cells with defective C dcl6 p 

must enter mitosis to initiate septum formation but are then unable to turn septation off, 

even when the nuclei have aii’ested in 02 . Cdcl6  acts as a positive regulator of mitosis and 

negative regulator of septation. During mitosis the role of cd c l6p appeal’s to be analogous 

to that of BUB2 in S. cerevisiae. Both proteins delay exit from mitosis by maintaining high
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levels of cdc2 kinase activity (Fankhauser etaLy 1993). Chang and Nurse (1993) propose 

that the mitotic activity of C dcl6 p is inactivated by the presence of the mitotic spindle, 

leading to a rapid decay in cdc2 kinase activity and hence tiiggering cytokinesis (Chang and 

Nurse, 1993). However, the presence of the spindle alone is unlikely to be sufficient to 

initiate cytokinesis as mutants such as dis2 and sds22 anest with a spindle but do not 

septate (Ohkura etal., 1989; Ohkura and Yanagida, 1991) and, as discussed eaiiier, sucl 

null mutants which arrest in late anaphase with a normal spindle also fail to initiate 

septation. It is possible that C dcl6 p monitors the integrity of a component of the spindle, 

delaying cytokinesis if stiucture or function aie compromised (Fankhauser et a/., 1993).

Mutants in nuc2 and pim i are defective in the late stages of mitosis and, although an actin 

ring and septum aie formed, they are unable to divide (Hirano e ta l.y 1988; Matsumoto and 

Beach, 1991). This suggests that an additional signal is also required for commitment to 

the final stages of cytokinesis. This thiid signal may be requked, upon completion of the 

septum, to coordinate cell separation with the prior initiation of chromosome segregation. 

The phenotype of the cdcl6  mutant suggest that the C dcl6p might be involved, preventing 

the formation of multiple septa by allowing the cell to progress through cytokinesis rather 

than by inactivating septum formation per se.

Recently, a novel gene,;6yr4, has been identified which, when deleted, arrests cells in late 

mitosis with multiple septa and mis-segregated nuclei (Song et a/., 1996). Cells 

overexpressing byr4 accumulate actin at the cell equator during mitosis but fail to form a 

ring or complete later events of cytokinesis. The similarity of this phenotype to the cdcl6 

mutant, along with the finding that mutant forms of cdc 16 prevent the post tianslational 

modification of \byr4 which is seen in wild type cells, suggests the two genes may be pait 

of the same signalling pathway. Interestingly, \byr4 was isolated in a screen for genes 

which bypass the requirement of rasl in conjugation and shows genetic interaction with 

rasl.
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1.4.5.4 The Role o f Phosphorylation in the Regulation o f Cytokinesis

The implication of the p3 4 cdc2 kinase in initiation of cytokinesis suggests that protein 

phosphorylation is an important mechanism in its regulation, a hypothesis which is 

supported by the cell cycle regulation of Cdcl5p. Some of the regulators which may act 

downstream of p3 4cdc2 have been identified. The activity of the cdc7 kinase is known to be 

requked for septation as overexpression of a catalytically inactive form of Cdc7p fails to 

initiate this process (Fankhauser and Simanis, 1994a). Overexpression of wild type Cdc7p 

results in multiseptate cells with a similar" phenotype to the cdc 16 mutants, but is unable to 

initiate septation in G2 arrested cells, indicating that it cannot bypass the dependency of 

cytokinesis on the initiation of mitosis. A second kinase p lo l, regulates both mitotic events 

and septation (Ohkura et al., 1995). I n te r e s t in g ly ,a p p e a r s  to promote the initiation of 

cytokinesis and its overexpression induces septation in both G1 and G2 arrested cells. The 

regulators and substrate of both plol and cdc7 have yet to be identified.

In higher eukaryotes there is evidence that p3 4 cdc2 kinase may contiol some aspects of 

cytokinesis directly by phosphorylating MLC, thus inhibiting myosin activity until 

cytokinesis is initiated (for review see Fishkind and Wang, 1995, discussed in section 

1.2.6.1). It is not yet known if this occurs in fission yeast as there is no information 

regarding phosphorylation of the putative MLC (Cdc4p). Two mitotic phosphatases, PPl 

and PP2A which have been shown to dephosphorylate MLC in mammalian cells have 

fission yeast homologous (Kinoshita et al., 1990; Ohkura et a i ,  1989). The type 2A 

(Ppa2p) phosphatase, along with a type 2B phosphatase (Ppblp), appears to be involved in 

cytokinesis (Kinoshita et al., 1996; Yoshida et al., 1994).

1.4.5.5 Determining the Site o f  Cell Division

The actin i"ing and septum in fission yeast is positioned in the centre of the cell such that on 

division the cell is cleaved into two daughters of approximately equal size, thus ensuring 

even distribution of the genome and other cellular* components. The for-mation of the actin 

ring is the earliest visible event in cell division and little is known about the spatial
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positioning of this structure which acts as a template for septum deposition and 

cytokinesis.

As discussed earlier (section 1.3.6.2) different organisms appeal* to utilise different 

mechanisms for detennining the plane of division. Two such mechanisms aie obsei*ved in 

many higher eukaryotic cells, in which the cleavage plane is determined by the mitotic 

spindle (Strome, 1993), and in budding yeast where a cortical marker organises the 

division plane (Chant, 1996). However, in fission yeast certain mutants such as nda3 anest 

in mitosis before spindle formation with normal actin ring localisation (Hiraoka et a/.,

1984). Additionally, cells with altered growth or morphology such as the tea mutants also 

position the actin ring correctly (Chang and Nurse, 1996; Snell and Nurse, 1994). If the 

site of septation were determined by a cortical maiker originating from a previous 

generation or eaily in the cell cycle it might be expected that any alteration in growth such 

as that observed in these mutants would result in eccentiic division. Thus, there is little 

evidence to support either of these two models in fission yeast.

The fact that the actin ring foi*ms over the undivided nucleus, which is located at the centre 

of the cell, and is correctly localised in interphase cells which aie overexpressing Cdcl5p 

and Plolp  (Fankhauser et al., 1995; Ohkura et at., 1995), suggests that the positioning 

signal is present as eaily in the cell cycle as G l. This is consistent with a third model, 

which proposes that the site of septation is determined by the position of the nucleus 

(Girbardt, 1979). Due to the symmetric morphology of S. pombe there is the possibility 

that a signal originating from the poles, analogous to the moiphogen gradients present in 

Drosophila embryos, impaits spatial information. This does not, however, account for the 

localisation of the tiansient actin rings formed between each dividing nucleus in the cd c ll  

mutant. At 36°C c d c ll  forms elongated multinucleate cells, during the first mitosis the 

actin ring is positioned conectly at the centie of the cell. But, following the first mitosis 

nuclei aie no longer centrally placed equidistant from the poles, yet the actin rings form not 

at the centie of the cell, but overlaying each nucleus (Marks, 1988).
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Recently a mutant defective in the placement of the actin ring was isolated called dm fl 

{m idi) (Sohrmann et al., 1996). Although the position of the nucleus in these cells is 

normal the actin ring is formed asymmetiically or obliquely with respect to the cleavage 

plane, implying that localisation is uncoupled from the nucleai' positioning signal. Which 

component of the nucleus signals the site of division has yet to be detei-mined and how this 

signal is related to initiation of cytokinesis aie still questions which remain to be answered.

Objectives of this Thesis

This thesis describes the identification and isolation of the first member of the myosin 

superfamily to be identified in the fission yeast Schizosaccharomyces pombe. The gene 

was called myo2+ as analysis of the putative protein sequence revealed significant 

homology to the type II myosins. Chapter 3 describes the cloning of myo2 + and a detailed 

analysis of the predicted protein it encodes, which justifies the classification of this fission 

yeast protein as a type II myosin. In the remaining chapters the in vivo function Myo2p is 

investigated using a range of moleculai' genetic techniques. Finally the role of Myo2p is 

discussed and suggestions for further work presented.
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CHAPTER 2 

Materials and Methods

2.1 MATERIALS

2.1.1 Chemicals

All chemicals were purchased from Sigma or BDH unless otherwise stated. Media 

reagents were supplied by Difco.

2.1.2 Strains and Media

The E, coli strain JA226 {recBC, leuB6, trpE5, HsdR-, H sd  M+, lacY, E600) was 

maintained on Luria-Bertani (LB) medium (10 g/1 bactotryptone, 10 g/1 NaCl and 5 g/1 

yeast extract). Transformants were selected and maintained on LB with 100 pg/ml 

ampicillin.

All Schizosaccharomyces pombe strains used in this study and their origins are 

summai'ised in Table 2.1. Yeast cells were maintained on yeast extiact (YE) (5 g/1 yeast 

extract and 30 g/1 glucose) or Edinburgh minimal medium (EMMp) with phthalate (20 g/1 

glucose, 5 g/1 NH 4CI, 2.2 g/1 Na2H P0 4  and 3 g/1 phthalic acid) supplemented with

10,000X minerals stock, lOOOX vitamins stock (Alfa etal., 1993) and 75 |ig/ml adenine, 

leucine or uracil as required. Solid media was made with the addition of 20 g/1 agar. 

Repression of transcription from the nm tl promoter (Maundrell, 1990; Maundrell, 1993) 

was achieved by the addition of 4 |ig/ml thiamine.

2.1.3 Plasmids

The plasmid pBluescript (SK-) (Stratagene) was used for subcloning, and as a parental 

vector in the engineering of integration cassettes. For expression in yeast, the vectors pREP 

41 and pRep3X-GFP (a gift from K. Sawin) carrying the inducible nmtl promoter were
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used (Basi et al., 1992; Maundrell, 1993). The latter carries the gene for GFP (Green 

fluorescent protein) under the contiol of the nm tl promoter and was used for protein 

tagging. Plasmids constructed in this study are illustiated in Figure 2.1-2.3.

Table 2.1 S. pombe Sti ain List

Strain Genotype Source

PBll 972 h- P. Nurse
PB 12 975 h+ P. Nurse
PB 112 leul'32 h- V. Simanis
KMY18 cdc4-̂  ura4-V>\̂  h- V. Simanis
KMY20 cdc7'24 «ra4-D18 /r V. Simanis
KMY28 cdcl4-il8 ura4-DlS h- V. Simanis
PB 127 ade6-210 leul'32 «ra4-D18 A+ P. Nurse
PB 129 adeô-216 leul'32 ura4-DI8 h- P. Nurse

PB130 ade6-216 leul-32 ura4-T>\8 h+ P. Nurse

KMYl ade6-210!adeô-216 leul~32Ueul~32 wro4-D 18/wra4-D 18 A+ //*+ This study
KMDl myo2::ura4lmyo2+ KMYl This study
KMY2 myo2::ura4 smy2- adeô-210 leut32 ura4-D\  ̂h- This study
KMY53 smy2- ura4-DlS h- This study
KMY57 smy2- cdc4~8 hr This study
KMY44 cdc7'24 KMY2 This study
KMY65 cdcl4-118YMY2 This study
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H indlll.EcoRV.EcoR I.PstI.Sm al.
Kpnl.Apal.Sall.Clal.Hindlll BamHI.SpeI.Xbal.NotI.SacII.SacI

ura4

pKB-URA4

amp

Figure 2.1 Plasmid pKB-ura4 (SK)

The S, pombe ura4+ gene was inserted in the unique Hindlll site of pBluescript. With the 

exception of Hindlll and EcoRV all of the unique restriction sites of pBluescript are 

maintained. The vector is a useful tool for the disruption or deletion of genes by 

replacement with the ura4+ auxoti'ophic maiker gene (see Chapter 4).
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Figure 2.2a Subcloning the Gene

myo2'^ was subcloned from the two overlapping fragments pMHl and pMBl. To facilitate cloning 
and expression of the gene a Ndel site was engineered by PCR into the initiating ATG with a Hindi! 
site immediately upstream. The restriction sites were introduced using the primer 19090 (pg 74) t( 
amplify the 5’ end of the gene from the construct Scl which carries the 5’ coding and none coding 
regions on a Hindlll/Clal fragment in pBluescript. For the reverse primer the T7 prime., 
corresponding to PBluescript sequences was used. To remove the non-coding region the resulting 
PCR product was digested with Hindlll and Pstl then cloned into pBluescript. The remaining codin 
regions were obtained from pMHl (f2= Pstl/BamHl fragment) and pMBl (f3= BamHl fragment).



Hindlll Ndel
fl Pstl f2 BainHI BamHl

A AGC TTA GAG AGT AGC CAT ATG ACA GAA 
V Met Thr Glu

K p n l S a c l

(pBluescript)

amp

Figure 2.2 Plasmid pKB-myo2.

Using the primer 19090 (Table 2.2) and PCR techniques, Hindlll and Ndel sites were 

engineered into the non-coding region at the start of the myo2 gene. The resulting PCR 

product was digested at an internal Pstl site and the Hindlll/PstI fragment (fl) cloned into 

pBluescript. The remainder of the gene was inserted as a Pstl/BamHI (f2) and a 

BamHI/BamHI fragment (f3). Sequencing of the joining regions confirmed that the open 

reading frame was maintained.
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N d e l X b a l / S m a l

nmtl Stop

pRep41 ARS

leu2

Figure 2.3 Plasmid pRep41-myo2

The myo2+ gene was excised from pKB-myo2 as an Ndel/Xbal fragment. The Xbal site 

was blunt-ended and and the fragment was cloned into the Ndel and Smal sites down 

stream of the nmtl promotor in pRep41.
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2.1.4 Oligonucleotides

All oligonucleotides (Table 2.2) were synthesised by Cruachem Ltd (Glasgow). T3 and T7 

primers were purchased from Promega and the -40 primer used for sequencing was 

provided with the Sequenase 2.0 kit (Amersham).

Table 2.2 Oligonucleotides

Sequencing Primers

SPl 5 ' ATTCCAATGCCCAAAGCTACT 3 '

SP2 5 ' TCGGTGTTCTTCTCCAGCCA 3 '

SP3 5 ' TACGAGAACTTGAAACGAGCT 3 '

SP4 5 ' CGGGAATATTATGTACAGCTG 3 '

5' Ndel site Primer

19090 5 ' GCATAAGCTTAGAGAGTAGCCATATGACAGAAG 3 '
Hindm Ndel
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2.2 PREPARATION AND MANIPULATION OF NUCLEIC ACIDS

2.2.1 Phenol;Chloroform Extractions of DNA

Contaminating proteins were removed from solutions of DNA by extiaction with an equal 

volume of phenol (chloroform (1:1) followed by phase sepai ation at 13,000 rpm for 10 

minutes. Tris (pH 8.0) equilibrated phenol was purchased from Fisons.

2.2.2 Precipitation of DNA

DNA was precipitated from aqueous solution by the addition of 0.1 volume of 3 M 

sodium acetate pH 5.2 and 2 volumes of ice cold 100% ethanol, mixed and incubated at 

-20“C for 10 minutes. Precipitated DNA was pelleted by centrifugation at 13,000 i*pm for 

10 minutes, then washed in 70% ethanol, ah' dried and dissolved in TE (10 mM Tris-HCl, 

pH 8.0, 1 mM EDTA) or sterile water.

2.2.3 Determination of Nucleic Acid Concentration

The concentration of nucleic acids in an aqueous solution was determined by 

spectrophotometry at 260 nm. An absorbance of 1.0 cm-i was taken to be equivalent to 50 

|Xg/ml DNA. The concentration of very small amounts of DNA was estimated by spotting 

0.5 \il of solution onto a 1% (w/v) agaiose plate containing 0.5 pg/ml ethidium bromide, 

and comparing the intensity of the fluorescence with that of known standaids on a UV light 

box. The standaids used were prepared from Hindni/EcoRI digested X DNA.

2.2.4 Restriction Analysis

Restriction enzymes and the conesponding reaction buffers from New England Biolabs, 

and Gibco BRL were used in cloning and restiiction analysis. All reactions were caiiied out 

in the supplied buffers following manufacturers recommendations. To avoid the possibility 

of ‘star activity’ the glycerol concentiation was adjusted such that it was never more than 

8 % (v/v) of the total reaction volume.
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2.2.5 Agarose Gel Electrophoresis

DNA was fractionated according to size through SeaKem GTG agarose (Flowgen Ltd) 

using a horizontal submerged minigel appaiatus (Pharmacia). Gels were made with 0.7 - 

2.0% (w/v) agarose in IX TBE buffer (9 mM Tris-borate, 0.1 mM EDTA) with 10 ng/ml 

ethidium bromide added. DNA was mixed with 1/2 vol FOG loading buffer (15% (w/v) 

Ficoll 0.25% (w/v) Orange G) prior to loading. The gel was submerged in IX TBE and 

electrophoresed at 8 Volts/cm. Lambda DNA (Boehringer Mannheim) cut with 

Hindlll/Hindlll.EcoRI or a 123 base paii* ladder (Sigma), was used as DNA standard size 

markers . DNA was visualised by illumination with medium wave (302 nm) ultraviolet 

light.

2.2.6 Blunt-ending DNA Fragm ents

Blunting the teimini of DNA fragments by filling-in the recessed termini was performed 

using 5 units of Klenow enzyme (MBI Fermentas) IX Klenow buffer (50 mM Tris-HCl, 

pH 8.0, 5 mM MgCl2, 1 mM DTT) and 100 |iM dNTPs in a final volume of 40 |il and 

incubating at room temperature for 15-20 minutes

2.2.7 Dephosphorylation of Plasm id DNA

Following restiiction digestion, vector DNA was routinely dephosphoiylated using 2 units 

(per pg plasmid) of calf intestinal alkaline phosphatase (CIAP) (MBI Fermentas) 

(Sambrook et aL, 1989) added directly to the restiiction digest. The DNA was incubated at 

37°C for 30 minutes and then electrophoresed through an agarose gel for purification.

2.2.8 Recovery of DNA Fragm ents from  Agarose Gels

The required fragment was excised from the gel using a clean razor blade with minimum 

exposure to UV light. The DNA was then extiacted from the agaiose using the Geneclean 

Kit (Bio 101, Anachem.) following the recommended procedure.
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2.2.9 Ligations

Ligations of vector and insert were peifoimed using T4 ligase (MBI Fermentas) for both 

cohesive-end and blunt-end DNA. 10 p,l reactions containing 5 units T4 ligase (10 u for 

blunt ends), IX  ligase buffer (40 mM Tris-HCl, 10 mM MgCl2, 10 mM DTT, 0.5 mM 

ATP) and a vector to insert ratio of 1 to 5 were incubated at 16"C overnight

2.2.10 Cloning in E.coli

2.2.10.1 Preparation o f Competent Bacteria

Competent bacterial cells were prepaied using the calcium chloride method (Sambrook et 

al 1989), and frozen at -70"C as 200 |il stocks containing 30% (v/v) glycerol. For greater 

transformation efficiency a modified Hanahans Protocol was used. 20 ml SOB media (20 

g/1 tryptone, 5 g/1 yeast extiact, 0.5 g/1 NaCl, 2.5 mM KCl and 10 mM M gCli) was 

inoculated with a single colony from a freshly plated culture and was incubated at 37"C for 

about 4 hours until a density of A6so=4.5 was obtained. The bacteria were then chilled on 

ice for 15 minutes before centi'ifuging at 3,500 ipm and 4°C for 10 minutes. The pellet was 

washed once in ice cold TFB (10 mM MES pH 6.2, 100 mM KCl, 45 mM MnCl2, 10 

mM CaCl2 , 3 mM hexamine cobalt chloride) and centiifuged again at 3,500 rpm, 4°C. The 

pellet from this second spin was resuspend in 1.6 mis cold TFB supplemented with 50 |il 

of DTT ( 2.25 M Dithiothreitol in 40 mM potassium acetate, pH 6.0) and incubated on ice 

for 5 minutes. 50 |il of DMSO (Sigma) were added and the cells were mixed gently and 

left on ice for a further 10 minutes. Finally, a second aliquot of 50 |il DTT was added, the 

cells were mixed gently and incubated for at least 5 minutes on ice. At this point the cells 

were transforaied directly or frozen in glycerol as with the calcium chloride method.

2.2.10.2 Transformation o f Competent Bacteria

5 }xl of ligation reaction were added to 200 |xl of competent bacteria in a 6  ml Falcon tube 

(Becton Dickinson, 2063) and left on ice for 30 minutes. The cells were heat shocked at 

42°C for 90 seconds and put on ice for 2 minutes before recovery in 800 |il SOC (SOB 

with 20 mM Glucose) (prewarmed to room temperature) at 37°C for 1 hour.
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Transformants were selected on LB plates containing 100 ptg/ml ampicillin overnight at 

37"C. Conti'ol tiansformations were included in each experiment. These included a ligation 

reaction of vector alone to determine the background of vector religation; a tiansfoimation 

with 10 (il water (ie. “no DNA”) as a negative contiol, and a tiansformation with 5 ng 

undigested pBluescript as a standaid of the efficiency of the ti'ansfonnation in a paiticulai" 

experiment.

2.2.10.3 Amplification and Recovery o f Plasmid DNA

Plasmid DNA was amplified by inoculating a single colony of E.coli containing the 

required plasmid into LB-broth with ampicillin and growing at 37°C with shaking at 250 

rpm. To analyse ligation reaction products 2 ml cultures were grown for 4-5 hours or 

overnight, cells were harvested from 1.5 ml of this culture and the pellet resuspended in 

150 |xl solution I (50 mM Tris/HCl, 10 mM EDTA, pH 8.0). The cells were lysed by the 

addition of an equal volume of solution II (200 mM NaOH, 1% SDS), mixed by gentle 

inversion and kept at room temperature for 4-5 minutes. This solution was neutialised by 

the addition of solution III (2.55 M KAc, pH 4.8) mixed immediately by gentle inversion. 

An equal volume of phenol-chloroform was added dhectly to this viscous solution, mixed 

well and microfuged 1300 rpm for 10 minutes. The precipitate of SDS, proteins and 

genomic DNA collects at the aqueous interface. The extracted plasmid DNA was 

recovered from the aqueous phase by ethanol precipitation at -20°C and dissolved in water 

with 50 fxg/ml RNase A.

Plasmid DNA to be sequenced was prepared using a Qiagen mini-prep kit. This system 

follows a similar protocol to that above but the plasmid DNA is purified from the cell 

lysate using an anion-exchange resin resulting in a purer DNA sample that yields higher 

quality sequence data than the method above. For lai*ge scale prepaiations of plasmid DNA 

100-400 ml cultures were grown overnight and the plasmid extiacted using the Qiagen 

Midi or Maxi-Prep Kit (Qiagen Ltd.).
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2.2.11 Dideoxy Chain Termination Sequencing

Nucleotide sequences were determined by the dideoxy chain termination method (Sanger et 

a l,  1977). The sequencing primer was first annealed to the DNA. Then, during a labelling 

reaction DNA was synthesised from the primer incorporating a radiolabelled nucleotide. 

The labelling reaction is terminated by the addition of 2 ’,3’-dideoxynucleoside 

5 ’-triphosphates (ddNTPs) nucleotide analogues lacking the 3’-OH groups required for 

DNA elongation. Labelling and termination reactions were performed using reagents from 

the Sequenase version 2.0 kit (USB, Amersham).

2.2.11.1 Dénaturation and Primer Annealing

A 20 |il sample containing 1-2 \ig of the DNA to be sequenced was denatured by the 

addition of 2 |il of 2 N NaOH, 2 mM EDTA and incubating at 70"C for 5 minutes. The 

volume was adjusted to 30 |il and the DNA recovered by ethanol precipitation. After air 

drying the DNA was then resuspended in 8 |il of water containing 2.5 ng primer 

(Amersham, Sequenase 2.0 kit) and incubated at 42°C to allow the primer to anneal.

2.2.11.2 Labelling Reaction

Standard labelling reactions were performed in 15.5 |xl aliquots containing the annealed 

primer and template (8  |il), 1 jil DTT (0.1 M), 2 |il labelling mix (IX  1.5 p,M dGTP, 1.5 M 

dCTP, 1.5 \iM  dTTP), 2 [Û reaction buffer (5X 200 mM Tris-HCl, pH 7.5, 100 mM 

MgCU, 250 |iM NaCl), 0.5 p.l35S-ATP (Amersham) and 2 |il Sequenase enzyme (1.5 u) 

diluted 1:9 in ice cold enzyme dilution buffer (10 mM Tris-HCl, pH 7.5, 5 mM DTT, 0.5 

mg/ml BSA) immediately before use. The reaction was incubated at room temperature for 

exactly 3 minutes following the addition of sequenase.

2.2.11.3 Termination Reaction

2.5 |xl of each termination mix A, T, G, and C (80 |iM  each dNTP, 8 |iM  of one ddNTP, 

50 mM NaCl) was aliquoted into a separate well in a Teriaki dish and prewarmed to 42°.

3.5 |il of the labelling reaction was added to each and incubated at 42°C for 10 minutes. The
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reaction was stopped by the addition of 3 |il 2X sample buffer (95% formamide, 20 mM 

EDTA, 0.05% Bromophenol blue, 0.05% Xylene Cyanol blue).

2.2.11.4 Denaturing Gel Electrophoresis

Reactions were analysed using a 20 cm x 50 cm sequencing gel (Cambridge 

Electrophoresis). A 6 % (w/v) Aciylamide, 7M Urea, IX TBE gel (Easigel, Scotlab) 

wedge gel was prepared and used the same day. Gels were pre run at 40 Watts for 30 

minutes. Immediately prior to loading, wells were washed thoroughly to remove any urea. 

Gels were run at 35-40 Watts for 1.5-6 hours depending on length of sequence required. 

To aid drying, gels were washed and fixed in 30% Methanol, 10% Acetic acid for 45 

minutes, then dried on to Whatman 3MM paper for 1 hour 30 minutes before exposure to 

Fuji medical X-ray film for 1-3 days.

2.2.11.5 Sequence Analysis

Computer aided analysis of nucleotide sequences was performed using the DNASTAR 

package suit of programs (DNASTAR Inc., Wisconson, USA). Phylogenetic analysis of 

the deduced protein sequence was performed using the PHYLIP package (Joe Felsenstein, 

University of Washington, USA. Obtained from ‘evolution.genetics.washing.edu’).

2.2.12 Preparation of Yeast Genomic DNA

The required strain of yeast was inoculated into 30 ml of the appropriate medium and 

grown overnight at 25"*C, 30*C or 36“C (as specified), with shaking at 160 rpm, until 

saturation. The cells were harvested by centrifugation at 2,500 rpm for 5 minutes, and 

protoplasted by resuspending in 1.5 ml of solution SPl (1.2 M D-sorbitol, 50 mM sodium 

citrate, 50 mM sodium phosphate, 40 mM EDTA) containing 3 mg of Zymolyase, and 

incubating at 37°C for approximately 20 minutes with occasional shaking. To stop the 

digestion the cells were centiifuged and caiefully resuspended in 500 \i\ of 5X TE, then 

lysed by the addition of 50 |il of 10% SDS, and incubation at 65°C for 20 minutes. 200 pi 

of 5M potassium acetate was added and the solution was incubated on ice for 30 minutes.
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The solution was then microfuged at 13,000 rpm for 5 minutes at room temperature, and 

the supernatant collected and extracted with 400 |il of phenol:chloroform. Following 

ethanol precipitation the DNA was resuspended in 300 |il TE overnight. Contaminating 

RNA was removed by incubating at 37°C for 1 hour with 50 ng RNase A. The DNA was 

precipitated with 500 \l\ isopropanol, and resuspended in 100 |ll TE. The concentiation and 

quality of the DNA was estimated by mnning 5 |il on a 0.7% agaiose gel.

2.2.13 Southern Hybridisation Analysis of Genomic DNA

2.2.13.1 Sample Preparation

Approximately 2 jig of genomic DNA was digested with 50 units of Bam HI at 3 T C  

overnight. The digested DNA was then precipitated with 2 volumes of ethanol and 

resuspended in 30 [lI TE. 15 |xl of 5 x loading buffer (FOG) was added and the DNA 

electrophoresed on a large (20 x 20 cm) 0.7% SeaKem (Flowgen Ltd.) agarose gel (with 

10 ng/ml ethidium bromide) at 50 Volts for 10 hours.

2.2.13.2 Capillary Blotting

Following electrophoresis and photography the DNA was transferred to Hybond N 

charged nylon membrane (Amersham, Ltd) using an alkaline tiansfer procedure which 

does not require HCl treatment to depurinate the DNA. The agarose gel was rinsed in 

distilled water while the capillary blot appaiatus (Bios Corporation, USA) was prepaied 

with 2 sheets of Whatman 3MM soaked in 0.4 N NaOH covering the platform and 

extending into the reservoir of 0.4 N NaOH. The nylon membrane and two sheets of 

Whatman 3MM paper were cut to the same size as the gel and soaked in 0.4 N NaOH. The 

gel was then transferred to the platform, and the nylon membrane placed on the gel surface 

followed by the two sheets of Whatman 3MM and several sheets of green paper hand 

towel. The weighted lid was placed on top and left overnight for transfer to occur. The 

DNA was fixed to the membrane by baking at 80°C for 2 hours.
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2.2.13.3 Preparation o f Hybridisation Probes.

Double sti'anded DNA fragments to be used as probes were labelled with a-32P-CTP (10 

|iCi/p,l, Amersham) using the Prime-It II random primer labelling kit (Stratagene) 

according to the manufacturers insti*uctions. Radiolabelled probes were not sepaiated from 

unincoiporated nucleotides prior to use.

2.2.13.4 Hybridisation

Southern blots were pre-hybridised in hybridisation solution (5X SSPE; (750 mM NaCl, 

45 mM NaH 2P0 4 , 20 mM EDTA, pH 7.4), 5X Denhaidts solution (5OX stock solution:

2.5 g/1 Ficoll, 2.5 g/1 polyvinylpyrrolidone, 2.5 g/1 BSA), 0.5% (v/v) SDS) at 65°C for 1 

hour in a Hybaid hybridisation tube. This was then removed and a fresh volume of 

hybridisation solution (pre-heated to 65°C) was added containing the radiolabelled probe 

which had been denatured by heating to 70“C. Hybridisation was peifoimed overnight at 

65“C in a Hybaid rôtisserie oven. Filters were washed at 65“C initially with 2X SSC (300 

mM NaCl, 30 mM sodium citiate, pH 7.0) for 15 minutes then 2X SSC, 1% SDS for 20 

minutes and finally with O.IX SSC for 10 minutes. The filter was air dried before being 

wrapped in thin plastic (Saianwrap) and exposed to Fuji medical X-ray film at -70°C with 

an intensifying screen for 1-5 days.

2.2.14 Polymerase Chain Reaction

Polymerase chain reactions (PCRs) were performed on 2-10 ng of template DNA in 50 p.1 

volumes in the presence of 10 pmoles of each primer, 400 pM each deoxyribonucleic acid 

(Phannacia), 2 mM MgSO^, vent buffer (10 mM KCl, 10 mM, (NH4)2S0 4 , 20 mM Tris- 

HCl (pH 8 .8 ), 2 mM MgS0 4 , 0.1% Triton X-100) and 1 unit of vent polymerase (New 

England Biolabs Ltd.). The reaction was denatured at 95°C for 2 minutes before the 

addition of the polymerase and stait of cycling. In general reaction conditions used a 

dénaturation stage of 95°C for 30 seconds; an annealing temperature 5-10 degrees below 

the estimated melting temperature (T^) of the primers (where T ^  =4(G-kC) + 2(A+T)) 

(Suggs etaly 1981) for 30 seconds, and an extension stage at 72°C for 30-60 seconds for

82



30 cycles, followed by a final extension at IT C  for 10 minutes.

2.3 PREPARATION AND ANALYSIS OF PROTEINS

2.3.1 Extraction of Protein from Yeast

Proteins were extracted from yeast using a method modified from Booher et al (1989). 50 

ml yeast cultures were grown to a cell density of 1 x 10^ at 29°C. The cells were haiwested 

by centiifugation at 2,500 rpm at 4°C for 3 minutes and the pellet washed once in 10 ml 

PBS (Phosphate Buffered Saline; 137 mM NaCl, 3 mM KCl, 8 mM Na2 HP0 4 , 1 mM

KH 2PO4, PH 7.4), then once in 1 ml of PBS before resuspending in 250 pi freshly

prepared extraction buffer (25 mM Tris, 80 mM 6 -glycerophoshate, 15 mM

/?-nitrophenylphosphate, 20 mM EGTA, 15 mM M gCh, 1 mM DTT, 0.1 mM NaF, 0.1%

Nonidet P-40, 1 mM PMSF (phenylmethylsulphonyl fluoride) and 10 pg/ml each of 

leupeptin, aprotinin, and pepstatin). To break open the cells an equal volume of ice cold 500 

pm acid washed glass beads (Sigma) were added to the cell pellet. This mixture was then 

vortexed vigorously for 30 seconds at 30 second intervals on ice for 6  minutes. The 

resulting sluriy was centiifuged at 13,000 rpm at 4°C, for 2  minutes, and the supernatant 

collected and the protein concentration determined using the Bradford protein assay 

(Biorad).

2.3.2 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE)

Discontinuous SDS-PAGE was performed using resolving gels of 7% acrylamide 

overlaid with a 5% stacking gel. A 30% (w/v) acrylamide stock was used (Aciylamide : 

Bisacrylamide, 37.5 : 1). The resolving gel contained 400 mM Tris-HCl, pH 8.8  and 0.1% 

SDS (v/v), w hich was m ixed p rio r to the add ition  of 0.1% (v/v)

N,N,N’,N’-teti*amethylethylenediamine (TEMED, Sigma) and 0.05% (w/v) ammonium 

persulphate for polymerization. The stacking gel was prepaied in the same way and
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contained 100 mM Tris-HCl, pH 6 .8 , 0.1% SDS, 0.2% TEMED and 0.4% ammonium 

persulphate. Protein samples were prepaied in IX sample loading buffer (50 mM Tris.Cl, 

100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% Glycerol) and boiled for 5 

minutes. Electrophoresis was performed using the Mighty Small electrophoresis system 

(Hoeffer) with protein electiophoresis buffer (25 mM Tris-HCl, 200 mM glycine, 0.1% 

SDS). Gels were run at 25-50 volts. 6 H High molecular weight markers (Sigma) were 

used as standaids.

2.3.3 Analysis of Proteins by Coomassie Staining

After electiophoresis, proteins on a SDS-PAGE gel were fixed and visualised by immersion 

of the gel in Coomassie Blue stain (0.25% (w/v) Coomassie Brilliant Blue R250 (Sigma), 

50% (v/v) methanol, 10% (v/v) acetic acid) at room temperature with gentle agitation 

overnight. The stain was then removed and the gel destained with successive washes in 

destain (35% (v/v) methanol, 12% (v/v) acetic acid) until the background was cleai*.

2.3.4 Analysis of Proteins by Immunoblotting.

Following SDS-PAGE, proteins were transferred to immobilon-P (Millipore) membrane, 

which was permeablised by tieatment with methanol prior to use, for 16 hours at 10 volts 

when using a BIORAD electioblotting wet system, or for 1 hour at 25 mA when using a 

Semi-dry system (Millipore). Transfer buffer was the same for both systems (12.5 Tris, 

96 mM glycine and 0.01% (w/v) SDS) methanol was omitted from the tiansfer buffer to 

aid the tiansfer of laige proteins. Following transfer the membrane was blocked for 1 hour 

in PBS/2% (w/v) di*y milk powder, washed 10 minutes with PB ST (PBS with 0.2% (v/v) 

Tween 20) and incubated overnight at 4°C with the primaiy antibody (see Table 2.3 for the 

details of the antibodies used ), diluted in PB ST/2 % (w/v) dry milk powder/0.01 % (w/v) 

sodium azide. The filter was then washed 3 times for 10 minutes in PB ST before 

incubating for 1 hour 30 minutes at 4°C with the appropriate secondaiy antibody (Table 

2.3), diluted 1:100 in PB ST/2 % (w/v) Marvel. Finally, the blots were washed 2 times for 

15 minutes in PBST before detection with ECL chemiluminescent reagents (Amersham).
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Table 2.3 Antibodies used for Immunoblotting

Antimyosin Antibodies Screened for Cross Reactivity witli Myo2p

Antibody Type Origin Dilution Source

S. pombe actin 
binding proteins

polyclonal Rabbit 1/250 Wheatly, 1993

Acanthamoeba (Mil) polyclonal Rabbit 1/1000 A gift from C. King 
(UCL)

Drosophila non-muscle 
myosin II

polyclonal Rabbit 1/500 A gift from D. Kiehart 
(Young et al, 1993)

smooth muscle 
myosin

monoclonal Mouse 1/100 Sigma
X7678

S .cerevisiae. 
Myo2p (V)

polyclonal Rabbit 1/200 A gift from S. Brown 
(Lillie and Brown, 1994)

Anti-peptide
C24914

polyclonal Rabbit 1/500 A gift from I. Baines

Anti-peptide
TMAl

polyclonal Rabbit 1/500
A gift from T. 
Mitchison

Secondary Antibodies

Antibodies Conjugate Dilution Source

Goat anti-rabbit 
IgG

Horse radish 
peroxidase

1/100 Sigma

Rabbit andi-mouse 
IgG

Horse radish 
peroxidase

1/100 Sigma
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2.4 YEAST CELL BIOLOGY

2.4.1 General

2A.1.1 Re-Isolation o f Yeast Strains

Yeast sti’ains were stored on glycerol at -70°C and were re-isolated by patching a small 

amount of the frozen glycerol stock onto a YE plate and incubating at 25°C for 3-4 days. 

The yeast were then stieaked to single colonies on a YE plate and incubated for a further 2 

days before replica plating onto YE with 20 |ig/ml phloxin B (Magdala red) at 25°C to test 

ploidy; YE with phloxin at 36"*C to test for a cdc phenotype and onto MM without the 

appropriate supplement to determine auxotrophy where applicable. Single colonies with the 

correct phenotype were maintained on solid media for use in this study.

2.4.1.2 Mating Type Testing

The mating type of strains isolated in this study were determined by mating with test 

strains of known phenotype as described in Alfa et al., 1993.

2.4.2 Isolation of Diploid strains

2.4.2.1 By Conjugation

Strains PB 127 and PB 129 (Table 2.1) (with complementing ade6-210 m d  cide6-216 

alleles) were mated by mixing the cells with a drop of sterile water on a malt exti act plate 

(ME) (30 g/1 malt extract, 20 g/1 agar) and incubated at 25°C for 12-20 hours. Diploids 

were then isolated by streaking the mating mix to single colonies on MM with leucine and 

uracil if sporulation was required, or on YE if the diploids were to be maintained for 

transformation.

2.4.2.2 By Protoplast Fusion

Sporulation deficient h+/h+ diploids were formed by the fusion of two h+ protoplasts (Alfa 

et al., 1993). Strains PB 127 and PB130 (with complementing ade6-210 md\ade6-216 

alleles) were grown in low glucose (0.5% (w/v)) MM with supplements. The cells were
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fil'st washed in osmotically buffered solution I (1.2 M D-sorbitol, 50 mM sodium citiate, 

50 mM sodium phosphate, 40 mM EDTA, pH 5.6) with 0.002% (v/v) 2-mercaptoethanol 

then the cell walls were removed by digestion with lysing enzyme (Sigma, L2265) in 

solution n  (1.2 M D-Sorbitol, 50 mM sodium citrate, 50 mM sodium phosphate, pH 5.6). 

The enzyme was removed by washing twice in solution III (1.2 M D-sorbitol, 10 mM 

Tris-HCl, pH 7.6) before resuspending the pellet in 1 ml solution III containing 40 mM 

calcium chloride. 100  |il of each of the two protoplasted stiains were mixed, 1 ml of 

solution IV (20% (w/v) polyethylene glycol (PEG 3350), 10 mM Tris-HCl, 10 mM 

calcium chloride) was added and the protoplasts were left to fuse at room temperature for 

30 minutes. Diploid strains were isolated by plating the cells on minimal medium 

containing 1.2 M sorbitol and the required supplements, but lacking adenine. Rare 

sporulation competent diploids were then identified by exposure to iodine vapours for 1-2  

minutes.

2.4.3 Yeast Transformation

2.4.3.1 The Alkaline Cation Method

The lithium acetate protocol was used for all routine transformations. The method 

described in Alfa et al (1993) was followed exactly with the only exception being the use 

of YE or MM media rather than MB in all cases.

2.4.3.2 Electroporation

100 ml cultures were grown in minimal medium (diploids were grown in YE) to a density 

of As95=0 .5 . The cells were harvested and washed 3 times in 10 ml of ice cold 1.2 M

sorbitol. Finally, the cells were resuspended in 1.2 M sorbitol to give a final cell density of 

109 cells/ml. Keeping the cells on ice, 0.5 |ig of DNA was mixed with 100 |il of cells and 

dispensed into a prechilled 0.2 cm BIORAD gene pulsar cuvette. An electiic pulse was 

applied to the cells at a setting of 1.6 kV, 25 |iF  and 200 ohms. 800 |il of 1.2 M sorbitol 

was added and 1 0 0 -2 0 0  |il aliquots of this cell suspension were plated onto selective 

minimal medium. Plates were incubated at 25°C or 29"C for 6-7 days.
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2.4.4 Gene Replacement.

The gene of interest (m yo2) was replaced with the ura4+ auxotrophic marker by

homologous recombination. A 300 bp Clal-Clal fragment from the 5’ coding region and a 

900 bp EcoRI-BamHI fragment from the 3’ non-coding region of the i7iyo2 gene were 

cloned into plasmid KB-ura4 such that they flank the ura4+ gene. The construct was 

digested with Sail and Xbal and the integration cassette consisting of the ura4+ gene and 

flanking niyo2+ regions was isolated by recover from an agaiose gel. This lineai" fragment 

was then introduced into the uracil auxoù'ophic diploid strain KMYl, or a spomlating h+!h- 

diploid lacking the same prototiophic maikers, by electiotiansformation and tiansformants 

were selected on minimal plates lacking uracil. The resulting colonies were replica 

plated five times at 1 day intervals onto media containing uracil to allow the loss of any 

autonomously replicating ura4+ DNA, and subsequently replica plated back onto selective 

media lacking uracil. Clones which remained prototiophic for uracil were tieated as 

putative stable integrants. Genomic Southern blot analysis was used to confirm stable 

integration of the ura 4+ gene at the myo2 locus.

2.4.5 Yeast Classical Genetics

2,4.5.1 Tetrad Analysis

Tetrads were dissected from a 2 day old mating mix or from isolated diploid strains 

sporulated on minimal medium (MM or ME). YE medium with adenine (YEA) plates 

were caiefully prepaied ensuring a flat even surface. Using a steiile tooth pick a colony of 

spomlating diploids was stieaked thinly, in a stiaight line down the left hand side of the 

plate. A micromanipulator (Singer Instruments) was used to dissect 10-20 asci from 

vegetative cells, and position them 6  mm apait in a line perpendiculai* to the initial streak. 

The plate was then incubated at 19"C, 25°C or 30°C for 5-24 hours to allow the asci walls 

to break down and the spores to be released. The spores from each ascus were dissected 6  

mm apait in a straight line and the plate was incubated at 25"C for 3-4 days. Spores from 

each tetiad were scored for viability and auxotrophy.
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2.4.5.2 Random Spore Analysis

A  sterile tooth pick was used to transfer a scraping of cells from the centie of a thiee day 

old mating mix into 1 ml of sterile water containing 0.5% (v/v) glusulase (Sigma). The 

cells were vortexed and incubated at 37°C over night to digest the walls of the vegetative

cells and the asci. The spores were washed twice in sterile water and the spore

concentiation was estimated using a haemocytometer. 200 spores were plated onto YEA 

and the requiied selective media.

2.4.6 Overexpression of myo2+

PCR techniques were used to engineer an Ndel site at the initiating ATG of myo2+. The 

entire gene was then assembled as three fragments in pBluescript to generate plasmid 

KB-myo2 (Figure 2.2). A Ndel-Xbal fragment containing myo2+ and 400 bp of the 3’ 

untranslated region were cloned into the pREP41 vector (Maundrell, 1993) creating 

plasmid pRep41-myo2 (Figure 2.3). pRep41-myo2 was tiansformed into a leu /.32-sti*ain 

(PB 112) by the lithium acetate procedure and tiansformants were selected on media 

containing 4 jiM thiamine. The nmt promoter was turned on by the removal of thiamine 

from the media.

2.5 CYTOLOGY

2.5.1 Staining of Nuclei with 4’, 6-diamino-2-phenylindoIe (DAPI)

A 1 ml sample of a cell culture was washed twice in PEM (100 mM PIPES, pH 6.9, 1 

mM EGTA, 1 mM MgS0 4 ), and then the pellet was resuspended in a further 50-100 jil of 

PEM. 5 pi of this cell suspension was spread onto a microscope slide and dried for 30 

seconds on a hot block. A 2.5 pi drop of mounting medium (50% (v/v) glycerol, 1 ng/pl 

DAPI, 1 pg/pl p-phenylenediamine (antifade) was placed on to the cells. A coverslip was 

applied with slight pressure and sealed with nail varnish.
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2.5.2 Staining of Septal Material with Calcofluor

A stock solution of 5 mg/ml Calcofluor in PEM, was prepaied and stored in the dark at 

4*C. This was diluted 1 : 10 in PEM, centiifuged to remove any undissolved paiticles of 

Calcofluor, and 20 |xl added to 100 |il of cell suspension before mounting.

2.5.3 Localisation of Actin

Rhodamine conjugated phalloidin was prepaied as a 20 mg/ml stock in PEM. 1.5 ml of an 

exponentially growing culture was centiifuged at 3,000 rpm for 2 minutes and the pellet 

washed in PEM before resuspending in 900 |il PEM. To fix the cells, 100 \x\ of 37% (w/v) 

formaldehyde was added and incubated at room temperature for 15 minutes. The cells 

were then washed three times in PEM and peimeablised by resuspending the cell pellet in 

1 % (v/v) Triton X-100 in PEM for exactly 30 seconds. After washing thiee more times in 

PEM, the cells were resuspended in 70 |il PEM, 100 p,l Rhodamine conjugated phalloidin 

and 30 jil Calcofluor (0.5 mg/ml)

Table 2.4 Antibodies used in Immunofluorescence

Antibody Origin Dilution Source

JLA20
(anti-actin)
monoclonal

Mouse 1/50 Amersham

TATI
(anti-tubulin)
monoclonal

Mouse 1/20
a Gift from 
K.Gull

Secondary antibody

Antibody Conjugate Dilution Source

rabbit
anti-mouse

Rhodamine 1/50 ICN
Biochemicals
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For immunolocalisation of actin, an exponentially growing culture was fixed using the 

methanol fixation or formaldehyde fixation methods according to Alfa et al (1993). While 

both methods gave similar results, formaldehyde fixation was prefened for the localization 

of actin in myo2 null cells, which appealed to be less fragile during digestion of the cell 

wall when fixed with formaldehyde. Also, generally, a better quality of DAPI staining was 

achieved in cells fixed with foimaldehyde. The primaiy and secondaiy antibodies used aie 

shown in Table 2.4.

2.5.4 Microscopy and Photography

Cells were viewed with a Zeiss photomicroscope II fitted with epifluorescence optics using 

a planachromat 63X 1.25 NA objective. DAPI and Calcofluor staining was viewed using 

the 48 77 02 filter set, and the rhodamine staining using the 48 77 12 filter set. Images 

were either photographed using Kodak T-MAX 400 ASA film developed according to the 

manufacturers instructions, and printed onto Rapitone P I-4 paper (Agfa), or tiansferred 

diiectly into an Improvision file using OpenLab computer softwaie. The captured images 

were then printed using a Fotofun printer.
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CHAPTER 3 

Cloning and Characterisation 

of a Fission Yeast Myosin Gene

3.1 IN TRO D U C TIO N

The first cytoplasmic myosins were described thirty years ago (Adelmen and Taylor, 

1969; Hatana and Tazawa, 1968; Hatano and Oosawa, 1966). These shared many 

important chaiacteristics with muscle myosin, including structure and actin activated 

ATPase activity and they possessed the same motive properties. Myosin has since been 

found ubiquitously in the cytoplasm of all eukaryotic cells including plant cells (Mooseker 

and Cheney, 1995; Sellers and Goodson, 1996). Many new unconventional myosins have 

subsequently been discovered and, with the recent classification of the myosin supeifamily 

into thiiteen stmcturally distinct classes, it has become apparent that most cells possess 

myosins from at least two classes (Cope et al., 1996). Eaidy evidence suggested that 

cytoplasmic myosin was involved in secretion, cytokinesis and cell locomotion (Adelstein, 

1975; Korn, 1976), and with the advent of moleculai* genetic technology has come the fiist 

direct evidence for the role of myosin in these cellulai* processes. Furthermore, loss of 

function studies in a number of organisms have shown that the in vivo functions of the 

different classes of myosin are distinct (Titus, 1997). A number of model systems have 

been employed to investigate the role of the cytoplasmic myosins, one of the most fruitful 

of which has been the slime mould Dictyostelium. As Dictyostelium is motile, it is a good 

organism for studying all aspects of myosin function. However, motility demands a high 

degree of cytoskeletal organization and regulation in addition to the requirements of basic 

cellulai’ processes such as secretion and cell division.

The budding yeast S. cerevisiae, and the fission yeast S. pombe are extensively
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chai'acterised, nonmotile, organisms that aie widely used in many aie as of cell biological 

reseai’ch. The entire complement of myosins present in budding yeast is now known as 

completion of the genome sequencing project has revealed only the five previously 

identified myosin genes. These fall into three classes; a single type II myosin (MYOl) 

(Watts etaL , 1985; Watts etaL , 1987), two myosins I (M Y03 and M Y05) (Goodson et 

aL, 1996; Goodson and Spudich, 1995), and two myosins V (M Y 02 and M Y04) 

(Haarer etal.y 1994; Johnston etaL, 1991). None of these myosins colocalise and deletion 

of each myosin type results in a unique phenotype. Confirming observations in other 

systems, both myosins V disrupt secretion of specific vesicles (Govindan et aL, 1995; 

Johnston etaL , 1991). The myosins I, which aie functionally redundant to each other, 

cause defects in polaiised growth and organization of the cortical actin cytoskeleton 

(Goodson et aL, 1996; Goodson and Spudich, 1995) and aie required for receptor 

mediated endocytosis (Geli and Riezman, 1996). Surprisingly, deletion of the type II 

myosin (MYOl), which is essential for cytokinesis in most eukaiyotes, did not result in a 

severe phenotype. A proportion of the null cells failed to divide and foimed chains but, on 

close examination, the defect appealed to be in cell separation and not cytokinesis per se 

(Rodriguez and Paterson, 1990). M yolp is not functionally redundant to any of the other 

myosins (Brown, 1997) but its role during cell division remains uncleai*. Whilst it does not 

appeal* to be involved in the assembly and function of a contractile actin ring, localisation 

of M yolp to the mother bud neck suggests an alternative function may be to localise 

secretion of the primaiy septum (Brown, 1997; Rodriguez and Paterson, 1990).

Prior to the stait of this project, nothing was known about myosin in fission yeast. Other 

components of the cytoskeleton, such as actin and tubulin, have been well chaiacterised in 

this organism (Hagan and Hyams, 1988; Hiraoka et aL, 1984; Ishiguro and Kobayashi, 

1996; Maiks and Hyams, 1985; Meitins and Gallwitz, 1987; Toda et aL, 1984), but no 

myosin has previously been described. As cell division in fission yeast involves an 

organised band of actin filaments analogous to the contiactile ring in higher eukaryotes 

(Mai'ks and Hyams, 1985) it might be expected that myosin also plays an important role in
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cytokinesis. Genetic screens for mutants defective in cytokinesis have identified a number 

of genes necessary for assembly and placement of the actin ring and completion of 

cytokinesis (Nurse et aL, 1976). However, a recent screen for temperature sensitive 

cytokinesis mutants only one novel gene was identified {dm fl/m idl) suggesting that the 

screen had reached saturation (Chang et a l, 1996).

It is highly unlikely that all of the proteins involved in cytokinesis have been identified. 

Genes such as actin, myosin II heavy chain and the septins, which aie implicated in 

cytokinesis in other organisms, were not identified in the past genetic screens. There aie a 

number of explanations as to why this may be so. The first is obviously that the protein 

does not exist. But both actin (Mertins and Gallwitz, 1987) and septins (Longtine etaL, 

1996) have been identified in S, pombe using other methods. Alternatively, the expected 

phenotype may not manifest itself due to functional redundancy or, alternatively, may 

simply be missed. Genetic screens such as the one conducted by Chang et al (1996) select 

phenotypes under stiict criteria, which aie deteimined by the hypothetical effect mutating a 

specific class of proteins will have on a paiticulai* cellulai* process. It is therefore, highly 

likely that the mutant phenotypes of other proteins involved in cytokinesis aie missed by 

such screens.

The mutants isolated in the above screens can be used to identify other proteins which at 

high levels suppress the original mutant phenotype. Such proteins usually interact with the 

defective protein or are at least involved in the same pathway. Recently, this method has 

been used to isolate a number of high copy suppressors of mutations causing defects in 

cytokinesis, including dm al (Murone and Simanis, 1996), sopl (M. Balasubramanian, 

personal communication), sop2 (Balasubramanian et aL, 1996), and dm fl (Sohrmann et 

aL, 1996). These previously unidentified genes were all found to be essential for normal 

cytokinesis.

A second more direct method of isolating new genes involves the screening of genomic
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DNA or cDNA libraiies with specific DNA probes. This requiies some knowledge of the 

sequence or protein to be targeted. The head domain of myosin heavy chain is highly 

conserved in organisms as diverse as slime mould and man but contains regions where the 

conservation is specific to a paiticulai* class of myosin (Cope etaL , 1996). Such sequences 

have been used to design degenerate PCR primers for the identification of new myosins 

(Bement et al, 1994; Goodson and Spudich, 1995; Knight and Kendrick-Jones).

This chapter describes the cloning and chaiacteiisation of a myosin II gene, designated 

myo2+ (May et aL, 1996), from fission yeast. The gene was identified by screening a 

librai*y with a DNA probe designed to identify ATP binding proteins, and was therefore 

nonspecific with respect to myosin class (N. Jones, ICRF London, personal 

communication). The entire coding region was subcloned from the cosmid libraiy of 

Hoheisel et al (1993) and sequenced. Although, the predicted amino acid sequence showed 

a high degree of homology to the type II myosins, Myo2p possesses a number of features 

unusual in a myosin of this type. A theoretical analysis of the protein sequence is described 

and the functional domains of Myo2p ai*e identified by a comparison to other known 

myosins. Predicted structural differences and their possible effect on function are 

discussed.

3.2 RESULTS

3.2.1 Cloning the myo2* Gene

Two overlapping fragments of genomic DNA, which can*ied the myosin gene were cloned 

from cosmid 28H3, a gift from the cosmid libraiy of Hoheisel etal, (1993) by F. Watts 

(University of Sussex). To determine the degree of overlap the two clones, designated 

M BI and M Hl, were analyzed with resti*iction endonucleases and a restriction map was 

generated revealing a region of approximately 6.0 kb (Figure 3.1).
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Figure 3.1 Restiiction Map of myo2'  ̂and Sequencing Stiategy

Schematic diagram showing the two overlapping clones, MBI and MHl which contain 

the entire coding region of the gene (shaded). Following restriction mapping the
MB 1 and MH1 inserts were digested with a range of enzymes and the overlapping 
fragments were cloned into pBluescript for sequencing. Regions sequenced ai'e denoted 
by aiTows which indicate the direction of sequence.
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3.2.2 Sequence Analysis

For detennillation of nucleotide sequences, clones MBI and M Hl were digested with a 

number of restriction endonucleases into overlapping fragments of 1 0 0 -1 2 0 0  bp and 

subcloned into pBluescript SK-. Each clone was sequenced manually in both directions at 

least twice by the dideoxy chain termination method (Figure 3.1). Regions of anomaly 

were resequenced in a different constmct and regions which could not be reached using 

this sti'ategy were sequenced using specific PCR primers (Materials and Methods, Table 

2.2). Analysis of the nucleotide sequence identified a single open reading frame of 4578 

bp, potentially encoding a 1526 amino acid polypeptide (Figure 3.2), which has been 

submitted to the Genbank database under the accession number U75357. The gene canies 

no sequences conforming to the S, pombe intion consensus (Russell, 1989) and the entire 

coding region of the MBI and M Hl mRNA was protected from digestion in SI nuclease 

mapping (data not shown), indicating that the gene contains no intions. There is a putative 

TATA box 131 bp upstieam from the predicted initiating methionine which is consistent 

with the position of the TATA boxes of a number of cytoskeletal genes (Balasubramanian 

et al., 1994; Balasubramanian etal., 1996; Meitins and Gallwitz, 1987).

The deduced amino acid sequence shown in Figuie 3.2 was entered into a computer seai'ch 

of the entire SwissProt and Genbank databases using the BLAST program. This revealed 

that the myo2+ gene encoded a previously unidentified myosin with a high degree of 

homology in the N-terminal region with the head domain of the myosin type II, 

suggesting that myo2+ encodes a myosin II heavy chain.

3.2.3 Features of Myo2p

Detailed analysis of the amino acid sequence identified the head, tail and regulatory 

domains of Myo2p. At 1526 amino acids, with a predicted moleculai* weight of 177 kD, 

Myo2p is small for a type II myosin, as most members of this class have a moleculai* 

weight of approximately 220 kD. However, when compared to several other myosins 

from a range of organisms (Figure 3.3) it is obvious that Myo2p is in fact slightly laiger
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Figure 3.2 Nucleotide Sequence and the Predicted Amino Acid Sequence of myo2'^

Nucleotide position 1 denotes the stait of the myo2 coding region. The putative TATA 
box is underlined.

A TA G TTC TTTA A CG TTTTCTCTG TG CA TTTG TTG A TCCTTCTTTTCG G A TA TA TCT^G CTA TCTTTTTG G A TTTTTTCA CTCTTTG A TTTTTG G TCTA  - 8 9

TCCTTATTGTTTTACAAGGTTTTGGTATTGTACACCGCATTGTTTATTTTCAGGAAAGGCGGTAAATAACCGTCTTAGAGAGTAGCCCGATGACAGAAGT 11
M T E V

AATATCTAATAAAATAACTGCAAAAGATGGTGCAACTAGTCTGAAGGATATTGATGATAAACGATGGGTTTGGATTTCCGACCCAGAGACTGCCTTTACC 1 11
I S N K I T A K D G A T S L K D J D D K R W V W I S D P E T A F T

AAGGCTTGGATTAAAGAGGATCTGCCAGACAAGAAATATGTTGTTCGGTATAATAATTCCAGGGATGAGAAGATCGTTGGTGAGGATGAAATTGATCCGG 2 1 1
K A W I K E D L P D K K Y V V R Y N N S R D E K I V G E D E I D P

TGAATCCTGCCAAGTTTGATAGAGTCAATGACATGGCTGAGTTGACATACTTAAACGAGCCTGCAGTCACATACAATCTTGAACAGAGATATCTCTCTGA 3 1 1
V N P A K F O R V N D M A E L T Y L N E P A V T Y N L E G R Y L S D  

TCAAATTTATACCTATTCTGGGCTCTTTCTCGTTGCGGTCAATCCTTATTGTGGACTACCAATCTATACGAAGGACATCATTCAATTGTACAAAGATAAA 4 1 1
Q I Y T Y S G L F L V A V N P Y C G L P I Y T K D I I Q L Y K D K

ACACAAGAGCGCAAGCTACCTCATGTCTTCGCAATCGCGGATTTAGCATACAATAACCTTTTAGAAAATAAGGAAAATCAATCGATTCTTGTAACTGGTG 5 1 1
T Q E R K L P H V F A I A D L A Y N N L L E N K E N G S I L V T G

AGTCCGGCGCAGGTAAAACAGAGAATACCAAAAGAATCATCCAATATCTTGCAGCAATTGCTAGCTCGACTACCGTTGGCTCTAGTCAGGTTGAAGAGCA 6 1 1
E S G A G K T E N T K R I I G Y L A A I A S S T T V G S S G V E E G  

GATCATTAAAACGAATCCTGTGCTCGAATCATTTGGTAATGCTCGTACCGTACGCAACAACAATTCTTCTCGTTTTGGAAAATTCATTAAAGTTGAGTTT 7 1 1
I I K T N P V L E S F G N A R T V R N N N S S R F G K F  1 K V E F  

TCTTTGAGTGGGGAAATTTCGAATGCCGCCATAGAATGGTATCTTCTTGAAAAATCTCGCGTTGTTCATCAGAACGAGTTTGAAAGAAACTACCATGTTT 8 1 1
S L S G E I S N A A I E W Y L L E K S R V V H G N E F E R N Y H V

TTTATCAGCTTTTAAGTGGTGCTGATACTGCTCTCAAGAACAAACTTCTTTTAACCGATAACTGTAATGATTATCGATATTTGAAGGATTCGGTTCACAT 9 1 1
F Y G L L S G A D T A L K N K L L L T D N C N D Y R Y L K D S V H l

TATTGATGGAGTTGACGATAAAGAAGAGTTTAAAACTCTTTTAGCTGCTTTTAAAACTCTTGGATTTGACGATAAAGAGAACTTTGATTTATTTAATATA 1 0 1 1
I D G V D D K E E F K T L L A A F K T L G F D D K E N F D L F N I

CTTTCCATTATTCTACATATGGGAAATATTGATGTCGGTGCTGATCGCTCTGGTATAGCTCGTCTTCTCAATCCTGATGAGATTGACAAGCTCTGTCATT 1 1 1 1
L S I I L H M G N I D V G A D R S G I A R L L N P D E I D K L C H

TGCTTGGTGTGTCTCCGGAGTTATTTTCACAAAATCTTGTTCGACCTCGTATTAAAGCAGGCCATGAATGGGTTATCAGCGCTCGAAGTCAAACTCAAGT 1 2 1 1
L L G V S P E L F S G N L V R P R I K A G H E W V I S A R S G T G V

CATTTCGTCCATTGAAGCATTAGCAAAAGCCATATACGAAAGGAATTTTGGATGGCTGGTAAAGCGACTTAACACTTCCTTGAACCATTCCAATGCCCAA 1 3 1 1
I S S I E A L A K A I Y E R N F G W L V K R L N T S L N H S N A G

AGCTACTTTATTGGTATTTTAGATATCGCCGGTTTCGAAATCTTTGAGAAAAACAGTTTTGAACAACTTTGCATTAATTACACAAATGAAAAGTTGCAAC 1 4 1 1
S Y F I G I L D I A G F E I F E K N S F E G L C I N Y T N E K L G  

AATTCTTTAACCATCACATGTTCGTATTGGAGCAAGAAGAATATATGAAAGAAGAAATTGTATGGGATTTCATTGATTTTGGACATGATTTACAGCCGAC 1 5 1 1
Q F F N H H M F V L E G E E Y M K E E I V W D F I D F G H D L G P T

TATTGATTTAATCGAGAAAGCAAACCCAATAGGTATTCTTTCATGTTTGGATGAAGAATGTGTTATGCCGAAAGCAACTGATGCTACGTTTACTTCTAAA 1 6 1 1
I D L I E K A N P I G I L S C L D E E C V M P K A T D A T F T S K

CTTGATGCTCTTTGGAGGAACAAGTCGCTAAAATATAAACCTTTTAAGTTTGCCGATCAAGGTTTTATTTTGACTCATTATGCCGCTGATGTTCCTTACA 1 7 1 1
L D A L W R N K S L K Y K P F K F A G G G F  I L T H Y A A D V P Y  

GTACAGAAGGTTGGCTGGAGAAGAACACCGATCCTTTGAATGAAAACGTTGCTAAGTTGCTTGCGCAATCTACTAACAAGCATGTCGCTACACTATTTTC 1 8 1 1
S T E G W L E K N T D P L N E N V A K L L A G S T N K H V A T L F S

TGATTATCAGGAAACTGAGACTAAAACTGTTAGGGGAAGGACGAAAAAGGGCCTTTTTCGAACTGTTGCTCAAAGGCATAAAGAGCAGCTCAATCAGCTT 1 9 1 1
D Y G E T E T K T V R G R T K K G L F R T V A G R H K E G L N G L

ATGAATCAATTTAACTCGACCCAACCTCACTTTATTCGTTGTATTGTTCCAAACGAAGAAAAGAAAATGCACACCTTTAATAGACCCCTCGTTTTAGGAC 2 0 1 1
M N G F N S T G P H F I R C I V P N E E K K M H T F N R P L V L G  

AACTTCGATGTAATGGTGTTTTGGAAGGAATCAGAATCACAAGGGCTGGTTTTCCTAACCGTTTACCATTTAATGATTTTAGAGTCAGATATGAGATAAT 2 1 1 1
O L R C N G V L E G I R I T R A G F P N R L P F N D F R V R Y E I M
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GGCGCATTTACCAACAGGTACCTATGTGGAATCTCGACGTGCTTCTGTCATGATTTTGGAGGAGTTGAAAATTGACGAAGCATCTTATCGAATTGGTGTT 2 2 1 1
A H L P T G T Y V E S R R A S V M I L E E L K I D E A S Y R I G V  

TCAAAAATATTTTTCAAAGCAGGTGTTTTAGCAGAATTAGAGGAGAGGCGCGTAGCGACTTTACAAAGACTGATGACTATGCTACAAACAAGGATCCGTG 2 3 1 1
S K I F F K A G V L A E L E E R R V A T L Q R L M T M L Q T R I R

GCTTTCTTCAAAGAAAAATTTTTCAAAAGCGATTGAAGGACATACAAGCCATCAAATTACTACAAGCAAATTTGCAAGTGTACAATGAATTTAGAACTTT 2 4 1 1
G F L Q R K I F Q K R L K D I Q A I K L L Q A N L Q V Y N E F R T F

TCCTTGGGCTAAGTTATTTTTCAATCTAAGGCCCTTATTAAGTAGTACTCAAAATGATAAGCAGCTTAAAAAGCGAGATGCTGAAATCATAGAGCTGAAG 2 5 1 1
P W A K L F F N L R P L L S S T Q N D K G L K K R D A E l l E L K

TACGAGCTGAAAAAACAACAGAATTCAAAATCTGAGGTAGAGCGTGATCTCGTCGAGACCAACAATTCTTTAACTGCTGTTGAAAATTTGCTTACTACTG 2 6 1 1
Y E L K K Q Q N S K S E V E R D L V E T N N S L T A V E N L L T T

AACGTGCGATAGCCCTTGATAAGGAGGAAATATTACGTCGAACACAGGAAAGGCTTGCAAACATAGAAGATTCGTTTAGCGAAACAAAACAGCAAAATGA 2 7 1 1
E R A I A L D K E E I L R R T Q E R L A N I E D S F S E T K Q Q N E

AAATTTGCAACGAGAGTCAGCGTCATTGAAACAGATTAATAACGAATTAGAAAGTGAGTTACTAGAAAAAACTTCCAAGGTTGAGACTTTGTTATCAGAA 2 8 1 1
N L Q R E S A S L K Q I N N E L E S E L L E K T S K V E T L L S E

CAGAACGAACTGAAAGAAAAACTGAGTTTGGAAGAGAAGGATTTGCTAGATACAAAGGGAGAACTTGAGTCTTTACGTGAGAACAATGCAACTGTTTTAT 2 9 1 1
Q N E L K E K L S L E E K D L L D T K G E L E S L R E N N A T V L

CAGAAAAAGCAGAGTTCAATGAACAATGTAAAAGTTTACAGGAAACTATCGTTACCAAGGATGCTGAACTTGATAAACTCACTAAATATATTTCTGACTA 3 0 1 1
S E K A E F N E Q C K S L G E T I V T K D A E L D K L T K Y I S D Y  

TAAAACTGAAATTCAAGAAATGAGACTGACAAATCAGAAGATGAATGAAAAGAGTATTCAGCAGGAAGGTTCTTTATCTGAGAGTCTCAAACGAGTCAAA 3 1 1 1
K T E I G E M R L T N G K M N E K S I G G E G S L S E S L K R V K

AAATTAGAACGTGAAAATTCTACTCTTATAAGCGACGTCTCTATTTTAAAACAGCAGAAAGAAGAGTTAAGCGTCTTGAAAGGAGTGCAAGAGTTAACAA 3 2 1 1
K L E R E N S T L I S D V S I L K G G K E E L S V L K G V G E L T  

TAAATAACTTAGAAGAGAAGGTTAATTATTTGGAAGCCGATGTCAAACAGCTTCCGAAATTGAAGAAAGAACTAGAATCCTTGAATGACAAAGATCAACT 3 3 1 1
I N N L E E K V N Y L E A D V K G L P K L K K E L E S L N D K D G L

TTATCAGCTCCAGGCTACCAAAAATAAAGAACTGGAAGCCAAAGTTAAAGAATGTTTAAATAACATCAAATCGTTAACGAAAGAGCTTGAAAATAAGGAA 3 4 1 1
Y G L G A T K N K E L E A K V K E C L N N I K S L T K E L E N K E

GAGAAATGCCAAAATTTGTCAGATGCTTCTTTAAAGTACATTGAATTGCAAGAAATCCATGAGAATTTACTTCTTAAAGTTAGCGACTTGGAGAATTACA 3 5 1 1
E K C G N L S D A S L K Y I E L G E I H E N L L L K V S D L E N Y

AGAAAAAATATGAAGGACTTCAGCTGGACTTGGAGGGGTTAAAAGACGTCGATACAAACTTTCAGGAACTTTCGAAAAAACATCGTGATTTGACCTTTAA 3 6 1 1
K K K Y E G L G L D L E G L K D V D T N F G E L S K K H R D L T F N

TCATGAAAGTCTTCTTCGGCAATCGGCGTCCTACAAGGAAAAGCTTTCGTTGGCGAGCTCCGAGAATAAAGATCTCTCTAATAAGGTATCGAGTTTGACG 3 7 1 1
H E S L L R G S A S Y K E K L S L A S S E N K D L S N K V S S L T  

AAGCAAGTAAATGAACTTTCTCCAAAAGCATCTAAGGTTCCCGAACTTGAGAGGAAGATTACTAACTTAATGCACGAGTACAGTCAACTCGGTAAGACCT 3 8 1 1
K G V N E L S P K A S K V P E L E R K I T N L M H E Y S G L G K T

TTGAAGATGAAAAGCGTAAAGCATTGATAGCTAGTCGAGATAACGAAGAATTACGCTCTTTGAAATCAGAGTTGGAGAGTAAACGAAAGCTTGAAGTTGA 3 9 1 1
F E D E K R K A L I A S R D N E E L R S L K S E L E S K R K L E V E  

GTATCAAAAGGTACTAGAAGAAGTAAAAACAACTAGAAGCCTCCGTTCGGAAGTCACCCTTTTAAGGAACAAAGTTGCTGATCATGAAAGTATACGTAGA 4 0 1 1
Y G K V L E E V K T T R S L R S E V T L L R N K V A D H E S I R R

AAGCTTTCAGAAGTAGAAATGAAGCTGGTTGATACTCGAAAGGAACTGAATTCTGCTCTTGATTCCTGCAAGAAGCGAGAGGCAGAGATACATCGCCTTA 4 1 1 1
K L S E V E M K L V D T R K E L N S A L D S C K K R E A E I H R L

AAGAACATAGACCGTCCGGAAAGGAGAATAATATACCGGCTGTCAAAACTACGGAACCCGTTTTGAAAAATATTCCACAACGAAAGACAATTTTTGATTT 4 2 1 1
K E H R P S G K E N N I P A V K T T E P V L K N I P G R K T I F D L  

ACAGCAAAGAAATGCAAATCAAGCGTTATACGAGAACTTGAAACGAGACTACGACCGTCTTAATCTTGAGAAGCACAACTTAGAGAAGCAAGTTAATGAG 4 3 1 1
G G R N A N G A L Y E N L K R D Y D R L N L E K H N L E K G V N E

TTAAAAGGGGCCGAAGTATCACCTCAACCTACTGGCCAATCTTTGCAACATGTCAACTTGGCTCATGCTATTGAATTGAAAGCTCTGAAGGATCAAATAA 4 4 1 1
L K G A E V S P G P T G G S L G H V N L A H A I E L K A L K D G I

ATAGCGAAAAGGCAAAAATGTTTTCCGTTCAAGTACAATATGAAAAACGTGAGCAGGAGTTACAAAAACGAATTGCTTCTTTGGAAAAA6TGAACAAAGA 4 5 1 1
N S E K A K M F S V G V G Y E K R E G E L G K R I A S L E K V N K D

TTCGTTAATAGATGTGAGAGCTTTACGAGATCGCATTGCAAGCCTTGAAGATGAGTTGCGCGCCGCATGAAGTTAAATGATTTTGTAATGATGAACCTTT 4 6 1 1
S L I  D V R A L R D R I A S L E D E L R A A

ATTAATTATATTATATATACTGACATATACTTCTCTTATAAGTTTACGAGCTATTTTTTTATTTTTTTTATTTACAGCTGTACATAATATTCCCGCTATA 4 7 1 1

TAACCAAATATACATCTTAAATTTATATCGAGATATTAGCACGCATATAGGAACTTAAATAATATTACGAATTTTTTTGTAGTAGCGGAGTAAGTATACA 4 8 1 1

ATAGCATTAACATGAGACGAGCATAATGTAAAAACCTAAGAGTCATCTATGCTGCACTTGAGGAAGATTGATTCTGATACTCCTGCCGATATTCGGTTAA 4 9 1 1

TAGAGCATCCATATCAATGTCTGAATCCGGAAAGAACTCTGTAACGAATGATTTCAAGCCTTCAATAGAAATTTCAGTTACTGCACGGGATCC 5 0 0 4
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than the Acanthamoeba myosin II, so it is unusual, but not unknown, for a myosin of this 

class to be in this size range. Figure 3.3 also illustrates the fact that the discrepancy in size 

amongst myosins II is almost entirely due to differences in the tail length.

The N-terminal 80 amino acids aie poorly conseiwed in all myosins and form a domain of 

unknown function which lies by the head/neck junction. The remainder of the head forms 

the catalytic domain which forms the ATP and actin binding sites. As expected these 

domains aie highly conseiwed in fission yeast myosin. The N-terminal region cairies an 

ATP-binding site at residues 150-188 (Figure 3.4). Compaiison with the head sequences 

of other myosins II and the three dimensional structure of chicken skeletal myosin 

(Rayment et al., 1993a; Rayment et at., 1993b) identified the conseiwed regions believed to 

interact with actin, and the active thiol domain which in higher organisms caiiies the two 

highly reactive cysteines that mediate the structural changes which occur when the 

nucleotide binds to the head (Figure 3.4). A glycine residue (G676 in Myo2p), thought to 

be the pivot point for the lever aim movement during actin tianslocation is also conseiwed 

(section 1.2.5.2, (Kinose et a i ,  1996)). The neck domain contains a single conserved IQ 

motif at residues 765-775, and a regulatoiy light chain (RLC) binding site at residues 

791-813 (Figure 3.5).

The tail domain of type II myosins is not well conseiwed and, as illustiated in the dot plots 

in Figure 3.6, no significant alignments between the Myo2p tail sequence and the tails of 

other myosins could be made. However, despite the difference in primaiy sequence, there 

aie normally stiong similaiities in the chemical nature of the tail. The tail is typically 

a-helical with a conserved periodic arrangement of hydrophobic residues and a 

chai'acteristic 28-residue repeat of charged residues. Therefore, an analysis of the 

secondary stmcture of the 711 amino acid Myo2p tail domain was performed. The 

hydrophobic periodicity was predicted by aligning the tail residues in groups of seven 

amino acids, a-b-c-d-e-f-g, where a and d are hydrophobic in most myosins. As the 

Myo2p tail did not appear to have a strong hydrophobic repeat its ability to form a
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MTEVISNKITAKDGATSLKOIDDKRWVWlSDPETAFTKAWIKEDLPDKKY 50 

VVRYNNSRDEKIVGEDEIDPVNPAKFDRVNDMAELTYLNEPAVTYNLEQR '00  

YLSDQIYTYSGLFLVAVNPYCGLPIYTKDIIQLYKDKTQERKLPHVFAIA '50  

^ m ^ D ^ ^ N ^ J j L V T G ^ ^ ^ D ^ ^ I Q ^ A I A S S T T V G S S Q  200
ATP-binding

VEEQIIKTNPVLESFGNARTVRNNNSSRFGKFIKVEFSLSGEISNAAIEW 250 

YLLEKSRVVHQNEFERNYHVFYQLLSGADTALKNKLLLTDNCNDYRYLKD 300 

SVHI IDGVDDKEEFKTLLAAFKTLGFDDKENFDLFNILSI ILHMGNIDVG 360 

A D R S G I A R L L N P D E I D K L C H L L G V S P E L F S Q N L V f ^ y ^ ^ ^ g y y ^ ^ A R S  400

Actin binding

QTQVISSIEALAKAIYERNFGWLVKRLNTSLNHSNAQSYFIGILDIAGFE 450 

IFEKNSFEQLCINYTNEKLQQFFNHHMFVLEQEEYMKEEIVWDFIDFGHD 500 

LQPT IDL IE K A N ^ n G ^ L S C L D E E C V M P m  550

Actin binding

PFKFADQGF1LTHYAADVPYSTEGWLEKNTDPLNENVAKLLAQSTNKHVA 600 

T LF S D Y Q ET ET K T VR G R T K KG ^R T V AQ R H ^LN Q L f lN Q F N S T Q PH F lR  650

Actin binding

C 1VPNEEKKMHTFNRPLVLGQLRCf0VLEGIRITRAGFPNRLPFNDFRVR 700□ □
SH-2 SH-1

YEIMAHLPTGTYVESRRASVMILEELKIDEASYRIGVSKIFFKAGVLAEL 750 

EERRVATLQRLMTM 764

Figure 3.4 Functional Domains in the Myo2p Head Region.

To identify the putative functional regions within the head domain of Myo2p the amino acid 
sequence was first aligned with type II myosins from other organisms (see Appendix 3.1). 
The function of conserved regions was then deduced by comparison with chicken skeletal 
muscle myosin (Rayment et al., 1993a; Rayment et at., 1993b). The nucleotide binding 
loop is identified by a broken line and the regions predicted to interact with actin aie 
highlighted by a solid line. The essential glycine residue which lies between the two a- 
helices of the active thiol region is boxed.
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Figure 3.5 Alignment of the Regulatory Domains of Type II Myosins.

The essential light chain (ECL) binds to the fiist IQ motif (boxed). The regulatory light 
chain (RLC) binding region is well conserved but contains only the first half of the IQ 
motif (boxed). Below the alignment is the consensus binding motif for each light chain 

(where ‘x’ represents any residue).
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Figure 3.6 A Dot Matiix Compaiison of Myo2p with Four Different Type II Myosin 

Heavy Chains.

Arrows denote the start of the tail sequence. Each analysis was performed using Align 

from the DNASTAR suite of programs with a window of 30 and a minimum score of 25. 

The similai ity in the head region is indicated by the solid line. As expected the tail regions 

showed no significant homology.
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coiled-coil was predicted using the MIT Paii*Coil program (Berger et al., 1995). 

Unusually, the analysis revealed a break down in the heptad repeat of hydrophobic amino 

acids and in ability to forai a coiled-coil (Figure 3.7).

The breaks in coiled-coil aie almost certainly due to the presence of nine proline residues in 

the C-terminal half of the tail region. As shown in Figure 3.7 the fiist approximately one 

thii'd of the tail is predominantly a-helical, and displays the chai'acteristic heptad repeat of 

hydrophobic residues observed in other myosins. This is followed by several breaks in the 

coiled-coil, all of which coincide with the positions of the proline residues. The fii'st break 

in the coiled-coil prediction coincides with the position of the first proline residue (Pio9o)- 

The positions of the remaining prolines, located in three clusters between residues 1245 

and 1447, also overlap with the breakdown of coiled-coil stinicture. Following these 

interruptions, the C-terminal residues resume the hydrophobic periodicity and probably a 

coiled-coil stiucture. Prolines are known to disrupt a-helices and, with the exception of 

Acanthamoeba myosin II and budding yeast MYOl (myosin II), aie rarely found in the 

myosin II tail sequence. The tail of Myo2p is therefore different from the majority of 

myosins which fall into this class and may be compromised in its ability to form 

filaments.

3.2.4 Phylogenetic Analysis of Myo2p

Although the head domain shows homology to myosins II, the size and stiiictural 

differences observed in the tail domain presented the possibility that Myo2 might be a 

novel myosin, or belong to one of the recently discovered myosin classes. To eliminate 

this possibility, and to confiim the classification of Myo2p as a type II myosin, the fiist 

760 amino acids corresponding to the entiie head domain (without the regulatory domain) 

were compaied to the head domains from twenty two different myosins representing all 

classes of myosin identified to date (where the sequence was available). The amino acids 

were aligned using the CLUSTALW program (Feng and Doolittle, 1987) (Appendix 3.1), 

then analyzed using two commonly used methods of phylogenetic analysis; distance
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Figure 3.7 Coiled-coil Predictions for Myosin II Tail Sequences.

a) PaiiCoil analysis (Berger e ta l,  1995) revealed several segments of coiled coil sti'ucture 

in the Myo2p tail. The breaks in coiled-coil coincide with the positions of the four clusters 

of proline residues. Most type II myosins, for example Acanthamoeba myosin H (b) and 

human embryonic skeletal muscle myosin (c), have only one or two breaks in the coiled- 

coil structure. The exception is budding yeast myosin II (MYOl) which is predicted to 

have only two regions capable of forming strong coiled-coils (d). (Horizontal axis; amino 

acids. Vertical axis; probability of forming a coiled-coil).
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Figure 3.8 Phylogenetic Analysis of the Myo2p Head Domain.

Um'ooted phylogenetic ti*ee was then consti'ucted by the neighbor joining method with the 

NEIGHBOR program of the PHYLIP package using a Dayhoff PAM distance matiix. 

The bootstrap values from 100 sampling tiials are shown at the nodes sepaiating each 

protein. All bootstrap values aie 100% unless otherwise indicated, values less than 35% aie 

denoted (# ). The branch lengths aie proportional to evolutionary distance measured as a 

percentage of divergence. Trees based on the maximum paisimony method (using 

PROTPARS from the PHYLIP package) and least squares distance matiix methods (using 

FITCH from the PHYLIP package) gave tiees with similai' branching patterns. The overall 

topology of the tree is in general agreement with previous reports (Cheney e ta l., 1993; 

Cope eta l., 1996). On the basis of this analysis Myo2p clearly clusters with the type II 

myosins and is most similai" to M yolp.
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matrix and maximum parsimony. The distance matiix method calculates the differences 

between all possible pairs of sequence. A tiee is then constiiicted stai'ting with the most 

similar pair of sequences followed by the successive addition of the next sequence with 

high similarity. Maximum paisimony methods assume that evolution occurs via the 

simplest route possible and constiucts a tiee with the smallest number of evolutionaiy 

changes possible to explain sequence differences between the proteins. The unrooted 

phylogenetic tree in Figure 3.8 was then constructed by the distance matrix 

neighbor-joining method using the PHYLIP package. To estimate the degree of confidence 

in the ti*ee branching pattern the tiee was bootstiapped 100 times. Bootstrapping randomly 

samples the protein alignment and redraws a tiee for each sample. The values obtained 

indicate the number of times a sequence clusters in the position shown in the original ti'ee. 

Hence low values indicate uncertainty about the position of a given branch. Myo2p 

therefore, clusters with the conventional type II myosins and with the budding yeast 

myosin II (MYOl) in 99% of the trials. This is in agreement with a similai' analysis of the 

Myo2p head sequence by R. Cheney using the CLUSTALW program to align Myo2p 

with 42 different myosins (personal communication).

3.3 DISCUSSION

A gene encoding a type II myosin heavy chain, designated myo2+ (May et a l,  1996), has 

been isolated from fission yeast. Myo2p was initially classified as a type II myosin by the 

high degree of homology shown with other type II myosins, compared to the relatively 

low degree of homology observed with unconventional myosins, as identified in a 

database search using Myo2p sequences (data not shown). The protein sequence can be 

divided into three regions which form the three functional domains of a myosin. The 

N-tei'minal amino acids 1-760 form the head or motor domain, which carries the ATP and 

actin binding sites, the active thiol region at the base of the head and the C-tei*minal tail 

domain. The sequence of the head domain is consei'ved in all myosins and comparison of
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the Myo2p sequence with the sti'uctural data obtained for chicken skeletal myosin, and 

myosins from other organisms, enabled the identification of the critical catalytic domains 

in Myo2p.

As expected all of the major functional domains in the head show significant similaiity to 

myosins from organisms as diverse as Dictyostelium and humans (Appendix 3.1). Other 

sti'uctural features such as the residues which line the cleft in the 50 kD region aie also 

highly conserved. The major difference between Myo2p and myosins from higher 

organisms is the absence of several residues from the glycine/lysine rich regions which 

sepai'ate the 25-, 50- and 20 kD regions in the head (see section 1.2.4.1). These regions aie 

believed to be involved in ATP and actin binding respectively and aie thought to modify 

enzymatic activity (Rayment et a l ,  1993b; Spudich, 1994; Uyeda e ta l ,  1994). In many 

vertebrate nonmuscle myosins these regions aie differentially spliced to produce multiple 

myosin isoforms (Nyiti'ay et at., 1994; Takahashi eta l., 1992). There is no evidence for 

differential splicing of myo2+. The gene has a single open reading frame and no fission 

yeast consensus splice sites have been identified.

The regulatory or neck domain which binds the myosin light chains (MLC) is less well 

conserved than the head domain, and the number of light chains bound to this region vaiies 

between myosin classes. Type II myosins typically contain two MLC binding sites on each 

heavy chain which are called IQ motifs (section 1.2.4.3) (Xie etal., 1994). As expected, 

Myo2p has two IQ motifs. However, only the N-terminal most motif had the perfect 

consensus LQxxxRGxxxR, the second site proximal to the tail was incomplete as only the 

first half of the motif was present. When compaied to the corresponding sequences of 

other myosins II however, it was cleai' that the second IQ region was incomplete in all 

myosins examined (Figure 3.5). It therefore appeal's that while the fiist IQ motif, to which 

the ELC binds, is conserved in all myosins II, the RLC binding site is chaiactenstically 

less well consei'ved. A more general motif of two ai omatic long chain hydrophobic amino 

acids sepaiated by 12 amino acid residues was suggested by Xie et al (1994) to be the
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RLC binding site. The Myo2p motif corresponds well with this, and the residues which 

contiibute to light chain binding aie conserved.

Comparison of the three dimensional structures of the regulatory domains of chicken 

skeletal myosin and scallop myosin showed that light chain and heavy chain interactions 

were very similai' in myosins from these diverse organisms. Potential interactions between 

the Myo2p heavy chain and the potential light chains were therefore predicted by a 

compaiison of conserved residues with residues known to interact with light chains in 

these myosins. The two lobes of the potential ELC can be predicted to bind such that the 

C-tem inal lobe binds to the first half of the motif (in Myo2p L765-Q766-XX-I769-R770) and

the N-tei'minal lobe binds to the second pait of the motif ( R 7 7 0 - G 7 7 1 - X X X - R 7 7 5 ) .  However, 

while the C-terminal lobe of the potential RLC binds to the conserved IQ motif 

L791-Q792-XX-L795-Q796 in the same manner as the ELC, the N-tei'minal lobe has a different 

target and binds to the hydrophobic region W 806-xx-L809-F8io-xx-L8i3 (in scallop 

W 826-XXX-Y830-XXX-V833) (Houdussc and Cohen, 1995). Thus the RLC binding motif can 

be extended to include this region which contains the three hydrophobic residues required 

for light chain binding. In scallop myosin there is a shaip turn near the C-terminus of the 

heavy chain, between the two potions of the RLC binding site, which positions the 

hydrophobic residues for light chain binding (Xie etal., 1994). The two lobes of the RLC 

chain therefore wind ai'ound either side of the turn and stabilize the conformation. This 

region, which is believed to be important in tiansducing sti'uctural changes caused by RLC 

phosphorylation to the head, is also conserved in Myo2p (F804-P805-W806)* Overall this

suggests that the structure of the regulatory region of Myo2p is very similar to the 

regulatory domains of other myosins II and probably functions in the same way.

No myosin light chains have yet been isolated from fission yeast, but a potential novel light 

chain has been identified. The gene product of one of the cytokinesis mutants, cdc4 

encodes an EF-hand protein which has homology to both types of light chain and 

calmodulin (McCollum e ta l., 1995). Cdc4p is most similai' to the RLC as it cairies
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mutations in three out of four of its potential calcium binding domains and has a 4 amino 

acid insertion in the second calcium binding domain. However, it also has features 

chai'acteristic of the ELC and when compaied to a number of light chains Cdc4p fails to 

cluster with either the essential I  or regulatory classes of light chain (McCollum et aL, 

1995). Light chains aie known to be essential for cytokinesis in other organisms (Chen et 

al., 1994; Kaiess et al., 1991; Pollenz et al., 1992) and McCollum etal (1995) suspected 

that Cdc4p represented a novel class of myosin light chain. By immunoprécipitation Cdc4p 

was found to interact specifically with a protein of 200 kD which cross-links UTP, a 

common chai'acteristic of myosins. However, this protein showed no cross-reactivity with 

a number of antibodies raised against myosin II from other organisms. Thus, it has still 

not been shown conclusively that Cdc4p interacts with myosin.

Phylogenetic analysis of Myo2p shows that it is most closely related to the budding yeast 

myosin II (MYOl). Both possess a number of unusual chaiactenstics for myosins of this 

class and it is interesting that conventional myosin light chains have not been identified in 

either yeast. A search of the S. cerevisiae genome database revealed only two protein 

sequences with homology to Cdc4p, one encoded calmodulin, the second a previously 

unidentified protein of 149 amino acids. The identification of Cdc4p as a potential light 

chain therefore, intioduces the possibility that the yeast type II myosins interact with a 

novel class of light chain. Despite the unusual properties of the yeast myosins II the light 

chain binding regions aie highly conserved. However, myosin light chains and calmodulin bind 

the heavy chain in a similar manner (Houdusse and Cohen, 1995) and the properties that 

determine whether a myosin binds calmodulin or light chains are not known. Hence, 

binding of different calcium-binding proteins does not appeal' to necessitate large 

differences in the binding motif. Therefore, while Myo2p appear s to be structurally capable 

of binding the essential and regulatoi'y light chains found in other organisms it is possible 

that it instead binds a novel foi'm of EF-hand protein such as Cdc4p.

The tail of the Myo2p is only 711 amino acids long. This is much shorter than the tails of
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many other type II myosins which aie on average formed by approximately 1000 amino 

acids. This difference in tail length accounts almost entirely for the discrepancy in the size 

of Myo2p when compared to other myosin II heavy chains (Figure 3.3). As expected, the 

tail region could not be aligned in any meaningful way with the tail sequences of other 

myosins II but, surprisingly, the Myo2p tail did not appear to have the same a-helical 

confoimation and heptad periodicity of hydrophobic residues. Despite the lack of sequence 

similaiity this is normally a highly consei'ved feature of the myosin II tail. The a-helix 

formed by the tail has a heptad repeat of approximately seven residues denoted 

a-b-c-d-e-f-g, (see section 1.2.4.4, Figure 1.5). When the heavy chains of two myosin 

molecules interact to form the myosin dimer the a-helices wind around one another, an 

interaction which is favoured if the internal amino acid side chains a and d are 

hydrophobic. Thus, the probability of forming a coiled-coil stiucture is increased if this 

periodicity is maintained. The regions of Myo2p where the periodicity of hydrophobic 

residues is weak may, therefore, be compromised in their ability to form coiled-coils. This 

rough prediction does not take into consideration other vai'iations which would affect the 

helical conformation, and may therefore be inaccurate. Analysis using the Paii'Coil 

program, which analyses all of the amino acids and predicts the overall probability of each 

region forming a coiled coil, confirmed that the Myo2p tail is more likely to form several 

segments of coiled-coil rather than a single continuous stietch of almost perfect coiled-coil. 

Breaks in the confoi'mation coincide with the positions of the four clusters of proline 

residues present in the C-terminal half of the tail (Figure 3.7). Prolines are potent a-helix 

breakers. Due to steric hinderance caused by the rigid 60" dihedral bond angle cp the 

formation of a normal a-helix is prevented and they aie therefore, raiely found in myosin 

tail sequences.

Disruption of the a-helical coiled-coil in the terminal residues of the tail is common in 

myosin II and prolines have been found in these non-helical tail pieces in other myosins 

(Hammer etal., 1987). Often these non-helical regions contain phosphorylation sites and 

may facilitate phosphorylation of the heavy chain which regulates ATPase activity and

113



filament formation in both Acanthamoeba and Dictyostelium (Côté et al.y 1984; Hodge et 

al.y 1992; Maeda éta l., 1991). A number of myosins aie also known to have one or two 

hinge regions in the tail, caused by breaks in the coiled-coil stiucture, where flexibility is 

regulated by phosphorylation (Pasternak et al., 1989). However, there are extensive 

disruptions of the coiled-coil structure within the C-terminal half of the Myo2p tail, whilst 

the temiinal 80 amino acids appeal' to resume hydrophobic periodicity.

Acanthamoeba myosin II is the smallest yet identified and the tail with 663 amino acids is 

smaller than that of Myo2p. It contains a single proline (an additional proline is present in 

the non-helical tail piece) which dismpts the a-helical conformation two thirds of the way 

along the tail at a site where the tail is cleaved into S-2 and heavy meromyosin (HMM) by 

proteolysis. Election microscopy revealed a hinge like bend in the tail which is coincidental 

with the break in the tail stiucture. The significance of this flexible hinge is not yet known 

but there is similarity between the tail conformation and the folded lOS conformation 

adopted in solution by nonmuscle myosins under regulation by RLC (section 1.2.6.1, 

(Craig e ta l ,  1983; Hammer gra/., 1987).

With a length of 1004 amino acids the tail of the S. cerevisiae myosin II (M YOl) is more 

typical than that of Myo2p but it also contains several proline residues scattered through the 

first two thirds of the sequence. As predicted for Myo2p, the S. cerevisiae M yolp tail also 

shows many segments of coiled-coil and appears more structurally similar* to Myo2p. 

M yolp is biochemically less well characterised than the Acanthamoeba  homologue. 

Hence, the actual str ucture and filament foi*ming properties of this myosin and how it is 

regulated are unknown. Although there is in vivo evidence that the heavy chain is 

phosphorylated on thr ee of the terminal Ser residues, the effect on enzymatic activity and 

confoi'mation has not yet been investigated (Negron et al., 1996).

The head and regulatory regions of Myo2p are highly homologous with the conesponding 

domains of myosins II from other organisms. However, the tail domain is unusual for a
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myosin of this class and, while there aie similaiities between Myo2p and S, cerevisiae 

M yolp, the possibility that Myo2p represents a novel myosin or is distantly related to one 

of the other classes of myosin was investigated by phylogenetic analysis of the head 

domain sequence. This confirmed that Myo2p is a true myosin II. Myo2p clustered with 

M yolp in 99% of tiials indicating that the head sequences of these myosins aie closely 

related. This is interesting as, as discussed eailier, the tail domains of these myosins ai*e 

also more closely related to each other than to any other myosin. This supports the 

obseiwation that differences in the head domain correspond to sti'uctural differences in the 

tail domains. It is thought that these differences within the head and tail co-evolved and aie 

reflected in the functional properties of each myosin (Cope et aL, 1996; Goodson and 

Spudich, 1993). This suggests that the myosins of these two yeasts may not only be 

structurally similar but may also shaie similai' mechanisms of regulation and function. The 

degree of similaiity of Myo2p to M yolp is unusual as S. pombe proteins raiely show 

significant homology to theii' countei'paits in S. cerevisiae over and above any homology 

with proteins from other organisms including mammals (Russell, 1989). This therefore, 

may be another indication that the two myosins have more in common than theii' sti'uctural 

similarity.

While it seems probable that both Myo2p and M yolp are capable of forming the two 

headed myosin dimer characteristic of type II myosins by virtue of the segments of 

coiled-coil forming regions which are present in the tail, the question remains whether or 

not they are capable of fom ing filaments. As discussed in section 1.2.4.4, the ability of 

myosin to form bipolai' filaments is dependent not only upon the periodic airangement of 

hydrophobic residues but also upon the anangement of chaiged amino acid residues in the 

tail (Atkinson and Stewai't, 1991; Hoppe and Waterson, 1996). The interaction of myosin 

tails within a filament is mediated by a 28-residue chaige periodicity of regions of 

alternating positive and negative chaige (Atkinson and Stewart, 1991). The 28-residue 

chai'ge periodicity of the Myo2p tail was not determined as prediction of the charged 

regions requires analysis by a process called Fourier transfoi'mation. It is therefore not yet
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known whether filament foiTnation is compromised by the kregulaiities in the Myo2p tail. 

A large degree of variation exists in the sti'ucture of filaments formed by different 

myosins, which presumably reflects not only small differences in stiucture but differences 

in the mechanistic nature of the filament. It is therefore possible that Myo2p assembles into 

a filament that is structurally distinct from those formed by other myosins. Another 

possibility is that Myo2p is not compromised in its ability to form filaments and that the 

segments of coiled-coil afford the Myo2p tail more flexibility than nom ally observed in 

myosin.

It will be interesting to learn if Myo2p assembles into the bipolar filaments fom ed  by 

other nonmuscle myosins and whether the unusual stiucture shaied by the yeast myosins 

is significant for the regulation or function of the protein. Type II myosins can be 

subclassified into at least four groups based on differences in stmcture and the mode of 

regulation (see section 1.2.3). The yeast myosins may, therefore, represent a new form of 

myosin II with yet another mode of regulation. In the future it is planned to cairy out 

deletion and mutational analysis of the C-terminus of Myo2p. This may define those 

regions of the tail that are essential for both sti'uctural interactions and regulation. 

Investigation into the regulation of S. cerevisiae myosin II has begun (Negron et a i, 1996), 

but biochemical studies on the properties of Myo2p have yet to be initiated. The following 

chapters of this thesis will therefore focus on preliminary investigations of the cellular 

functions of Myo2p.
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APPENDIX 3.1 

Multiple alignment of Myo2p for Phylogenetic Analysis.

A3.1.1 Construction of the Alignment

Myosin sequences use to construct the following alignment were obtained from the 

SwissProt and EMBL/Genbank databases. There are now a huge number of myosin 

sequences available. However, the object of this analysis was to deteimine whether or not 

Myo2p is more similai* to the type II myosins than the so called unconventional myosins, 

and not to conduct a detailed analysis of evolutionaiy relationships within the myosin 

supeifamily. Therefore, the sample size was limited to include at least one myosin from 

each of the classes defined in Cope et al 1996, and a range of type II myosins in an effort to 

represent the different subclasses found in this group. A total of 22 different myosin 

sequences were aligned with Myo2p.

The accession numbers and amino acid residues used in this alignment aie listed below;- 

Acantham oeba  M-IB, 1-676, P19706; chicken brush border M-I, 1-651, X58479; 

Dictyostelium M-V^, 1-660, M26037; S. cerevisiae M Y03, 1-714, \ Acanthamoeba M-II, 

1-787, P05659; chicken nonmuscle M-IIA, 1-775, P14105; chicken smooth muscle M-II, 

1-789, P I0587; Dictyostelium M-II, 1-758, P08799; Drosophila non-muscle M-II, 1-827, 

M35012; human embiyonic skeletal muscle M-II, 1-779, PI 1055; scallop adductor muscle 

M -n, 1-774, P2473; S. cerevisiae M YO l, 1-788, P08964; Drosophila ninaC, 329-1031, 

P10676; A cantham oeba  HMW, 1-750, J05678; mouse dilute, 1-762, X57377; S. 

cerevisiae M Y 0 2 ,1-780, P I9524; S. cerevisiae M Y04, 1-776, M90057; Drosophila 95F, 

1-766, X67077; pig myosin VI, 1-769, PIR u S m S ;  Arabidopsis ATM2, 1-759, Z34292; 

Rat myr 5, 141-952, X77609; Arabidopsis MYA 1, 1-658, Z28389.
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A preliminary alignment was made using the CLUSTALW program (Feng and Doolittle, 

1987). The sequences were then trimmed to produce a core motor domain corresponding 

to residues 83-754 in Myo2p. The amino acids removed were from the N-terminal domain 

which shows little sequence conservation. Gaps in the alignment were included in the 

analysis

The following abbreviations aie used in the alignment;

Ac Acanthamoeba castellanii

AM adductor muscle

At Arabidopsis thaliana

BB brush border myosin I

Dd Dictyostelium discoidium

Dm Drosophila melanogaster

ESk embiyonic skeletal muscle myosin II

Mm Mus musculus

nm non-muscle myosin II

Sc Saccharomyces cerevisiae

Sm smooth muscle myosin

Sp Schizosaccharomyces pombe
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A3.1.2 Myosin Sequence Alignment

1. S.p myo2 MAELTYLNEPAVTYNLEQRYLS-DQIYTYSGLFLVAVNPYCGLP-IYTKDIIQLYKDKTQ-------------
2. Chicken nm MAELTCLNEASVLHNLKERYYS-GLIYTYSGLFCWINPYKNLP-IYSEEIVEMYKGKKR-------------
3. Chicken sm MAELTCLNEASVLHNLRERYFS-GLIYTYSGLFCWINPYKQLP-IYSEKIIDMYKGKKR-------------
4. Dd M-II MSELSYLNEPAVFHNLRVRYNQ-DLIYTYSGLFLVAVNPFKRIP-IYTQEMVDIFKGRRR-------------
5. Dd M-IB LVMLPKVSEDEICENLKKRYMN-DFIYTNIGPVLISVNPFRNLN-NSGPD-FIEAYRGKH-------------A
6. Dm 95F NCELMLLNEATFLDNLKTRYYK-DKIYTYVANILIAVNPYREIKELYAPDTIKKYNGRS--------------L
7. Dm nm M-II MAELTCLNEASVLHNIKDRYYS-GLIYTYSGLFCVWNPYKKLP-IYTEKIMERYKGIKR-------------
8. Human ESk MAMLTHLNEPAVLYNLKDRYTS-WMIYTYSGLFCVTVNPYKWLP-VYNPEWEGYRGKKR-------------
9. Mm dilute LTALSYLHEPAVLHNLRVRFIDSKLIYTYCGIVLVAINPYEQLP-IYGEDIINAYSGQNM-------------
10. Dm ninaC LAALENPVDENIIESLRHRILM-GESYSFIGDILLSLNSNEIKQ-EFPQEFHAKYRFKSR-------------
11. Ac M-IB LVLMPKITEQDICANLEKRYFN-DLIYTNIGPVLISVNPFRRID-ALLTDECLHCYRGRY-------------Q
12 . Pig M-VI NCSLMYLNEATLLHNIKVRYSK-DRIYTYVANILIAVNPYFDIPKIYSSETIKSYQGKS--------------L
13. Rat myr5 LCNLPELNEANLLQSLKLRFVQ-QKIYTYAGSILVAINPFKFLP-IYNPKYVKMYENQQ--------------L
14 .Scallop AM MANMTYLNEASVLYNLRSRYTS-GLIYTYSGLFCIAVNPYRRLP-IYTDSVIAKYRGKRK-------------
15. S.c MY03 LTLLSKISDESINENLKKRFKN-GIIYTYIGHVLISVNPFRDLG-IYTNAVLESYKRKKN------------ R
17. S.C myo2 LTSLSYLNEPAVLHAIKQRYSQ-LNIYTYSGIVLIATNPFDRVDQLYTQDMIQAYAGKRR-------------
18. S.c MY04 LTTLSYLNEPAVLHAIKKRYMN-GQIYTYSGIVLIAANPFDKVDHLYSREMIQNYSSKRK-------------
19. Ac M-II MGELGYLNEPAVLHNLKKRYDA-DLFHTYSGLFLVWNPYKRLP-VYTPEIIDIYRGRQR-------------
20. Ac HMW LVQMDDINEAMIVHNLRKRFKN-DQIYTNIGTILISVNPFKRLP-LYTPTVMDQYMHKVP-------------
21. At ATM2 LIQLSYLNEPSVLYNLRVRYLQ-DVIYSKAGPVLIAVNPFKNVE-IYGNDVISAYQKKVM-------------
22. At MYA2 MTKLSYLHEPGVLRNLETRYEL-NEIYTYTGNILIAVNPFQRLPHIYETDMMEQYKGIAL-------------
23. chicken BB ---------------------------------- QWISVNPYKPLP-IYTPEKVEEYHNCN------------- F

I. ERKLPHVFAIADLAYNNLLENKENQSILVTGESGAGKTENTKRIIQYU^IASST------ TVGS-------SQVEEQIIKTNPVL
2 . HEMPPHIYAITDTAYRSMMQDREDQSILCTGESGAGKTENTKKVIQYLAHVASSHKSKKD-----------QGELERQLLQANPIL
3. HEMPPHIYAIADTAYRSMLQDREDQSILCTGESGAGKTENTKKVIQYLAWASSHKGKRTPASLKVHLFPYGELEKQLLQANPIL
4. NEVAPHIFAISDVAYRSMLDDRQNQSLLITGESGAGKTENTKKVIQYLASVAGRNQANGS------------ GVLEQQILQANPIL
5 . QEVPPHVYQLAESAYRAMKNDQENQCVIISGESGAGKTEAAKLIMGYVSAISGSTE-------------- KVEYVKHVILESNPLL
6. GELPPHVFAIADKAIRDMRVYKLSQSIIVSGESGAGKTESTKYLLKYLCYSHDSAG------------------PIETKILDANPVL
7. HEVPPHVFAITDSAYRNMLGDREDQSILCTGESGAGKTENTKKVIQFLAYVAASKPKGSG— AVPHPAVLIGELEQQLLQANPIL
8. QEAPPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIAATGDLAKKKDS----KMKGTLEDQIISAMPLE
9 . GDMDPHIFAVAEEAYKQMARDERNQSIIVSGESGAGKTVSAKYAMRYFATVSGSAS------------ EAN - - VEEKVLASNPIM
10. SENQPHIFSVADIAYQDMLHHKEPQHIVLSGESYSGKSTNARLLIKHLCYLGDGNR---------------- GATGRVESSIKAI
II. HEQPPHVYALAEAAYRGVKSENINQCVIISGESGAGKTEASKLVMQYVAAVSGNSG-------------- GVDFVKH SNPLL
12 . GTMPPHVFAIADKAFRDMKVLKLSQSIIVSGESGAGKTENTKFVLRYLTESYGTGQ------------------DIDDRIVEANPLL
13 . GKLEPHVFALADVAYYTMLRKHVNQCIVISGESGSGKTQSTNFLIHCLTALSQKG--------------- YASGVERTILGAGPVL
14. TEIPPHLFSVADNAYQNMVTDRENQSCLITGESGAGKTENTKKVIMYLAKVACAVKKKDEEASD KKEGSLEDQIIQANPVL
15 . LEVPPHVFAIAESMYYNLKSYNENQCVIISGESGAGKTEAAKRIMQYIAAASNSHS-------------- ESIGKIKDMVLATTLL
16. EKLPPHIFAIAEEAYENLLSEGKDQSILVTGESGAGKTENTKKILQYLASITSGSPSNIAPVSGSS IVESFEMKILQSNPIL
17. GELEPHLFAIAEEAYRLMKNDKQNQTIWSGESGAGKTVSAKYIMRYFASVEEENSATVQ------ HQVEMSETEQKILATNPIM
18. DELEPHLFAIAEEAYRFMVHEKANQTVWSGESGAGKTVSAKYIMRYFASVQESN--NRE------ GEVEMSQIESQILATNPIM
19 . DKVAPHIFAISDAAYRAMLNTRQNQSMLITGESGAGKTENTKKVIQYLTAIAGRAEG--------------- GLLEQQLLEFNPIL
20 . KEMPPHTYNIADDAYRAMIDNRMNQSILISGESGAGKTECTKQCLTYFAELAGSTN------------------GVEQNILLANPIL
21. D— APHVYAVADAAYDEMMRE-KNQSLIISGESGAGKTETAKFAMQYLAALGGGS------------- CGV EYEILKTTCIL
22. GELSPHVFAIGDAAYRAMINEGKNNSILVSGESGAGKTETTKMLMRYLAFLGGRSG------------- VEGRTVEQQVLESNPVL
23. FAVKPHIYAIADDAYRSLRDRDRDQCILITGESGAGKTEASKLVMSYVAAVSSKGE-------------- EVDKVKEQLLQSNPVL

1. ESFGNARTVRNNNSSRFGKFIKVEFSLSGEISNAAIEWYLLEKSRWHQNEFERNYHVFYQLLSGAD-T-ALKNKLLLTDNCNDY
2. EAFGNAKTVKNDNSSRFGKFIRINFDVNGYIVGANIETYLLEKSRAIRQAKEERTFHIFYYLLSGAG-E-HLKTDLLLEPYN-KY
3. EAFGNAKTVKNDNSSRFGKFIRINFDVTGYIVGANIETYLLEKSRAIRQAKDERTFHIFYYLIAGAS-E-QMRNDLLLEGFN-NY
4. EAFGNAKTTRNNNSSRFGKFIEIQFNNAGFISGASIQSYLLEKSRWFQSETERNYHIFYQLLAGATAE-E-KKALHLAGPE-SF 
5 . EAFGNAKTLRNNNSSRFGKYFEIQFDKAGDPVGGKIYNYLLEKSRWYQNPGERNFHIFYQLLRGASAQ-EKRDYVLSSPES - - Y
6. EAFGNAKTTRNNNSSRFGKFIEVHYDAKCQMVGGYISHYLLEKSRICTQSAEERNYHVFYMLLAGAPQQ-LRDKLSLGKPDD- -Y
7. EAFGNAKTVKNDNSSRFGKFIRINFDASGFISGANIETYLLEKSRAIRQAKDERTFHIFYQLLAGAT-P-EQREKFILDDVK-SY
8. EAFGNAKTVRNDNSSRFGKFIRIHFGTTGKLASADIETYLLEKSRVTFQLKAERSYHIFYQILSNKK-P-ELIELLLITTNPYDY
9. ESIGNAKTTRNDNSSRFGKYIEIGFDKRYRIIGANMRTYLLEKSRWFQAEEERNYHIFYQLCASAKLP-EFKMLRLGNADS--F
10. LMLVNAGTPVNNDSTRCVLQYCLTFGKTGKMSGAVFNMYMLEKLRVATTDGTQHNFHIFYYFYDFINQQNQLKEYNLKADRN--Y
11. EAFGNAKTLLNNNSSRFGKYFEIHFNRLGEPCGGRITNYLLEKSRVTFQTRGERSFHIFYQLLAGASDA-EAQEMQLYAPEN— F
12. EAFGNAKTVRNNNSSRFGKFVEIHFNEKSSWGGFVSHYLLEKSRICVQGKEERNYHIFYRLCAGASED-IRERLHLSSPDN--F
13. EAFGNAKTAHNNNSSRFGKFIQVNYLESGIVRGAWEKYLLEKSRLVSQEKDERNYHVFYYLLLGVSEE-ERQEFQLKQPQD--Y
14. EAYGNAKTTRNNNSSRFGKFIRIHFGPTGKIAGADIETYLLEKSRVTYQQSAERNYHIFYQICSNAI-P-ELNDVMLVTPDSGLY
15. ESFGCAKTLRNNNSSRHGKYLEIKFNSQFEPCAGNITNYLLEKQRWGQIKNERNFHIFYQFTKGASDT-YKQMFGVQMPEQ--Y
16. ESFGNAQTVRNNNSSRFGKFIKIEFNEHGMINGAHIEWYLLEKSRIVHQNSKERNYHIFYQLLSGLDDS-ELKNLRLKSRNVKDY
17. EAFGNAKTTRNDNSSRFGKYLEILFDKDTSIIGARIRTYLLERSRLVYQPPIERNYHIFYQLMAGLPAQ-TKEELHLTDASD--Y
18. EAFGNAKTTRNDNSSRFGKYLQILFDENTTIRGSKIRTYLLEKSRLVYQPETERNYHIFYQILEGLPEP-VKQELHLSSPKD--Y
19. EAFGNAKTTKNNNSSRFGKFIELQFNAGGQITGANTFIYLLEKSRVTAQGAGERNFHIFYQILSKAMPE-ELKQKLKLTKPE-DY
20. ESFGNAKTLRN-NSSRFGKWVEIHFDQKGSICGASTINHLLEKSRWYQIKGERNFRIVATELVKAPPR-SRGGGGSSPARPESF
21. EAFGNAKTSRNANSSRFGKLIEIHFSAMGKICGAKLETFLLEKSRWQLFNGERSYHIFYELCAGASPI-LKERLKLKTASE--Y
22. EAFGNAKTLRMMMSSRFGKFVEIQFDKNGRISGAAIRTYLLERSRVCQISDPERMYHCFYLLCAAPPE— DIKKYKLENPHK— F
23. EAFGNAKTIRNDNSSRFGKYMDVEFDFKGDPLGGVISNYLLEKSRIVRHVKGERNFHIFYQLLAGGSAQ-LLQQLKLRPDCS--H
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I. RYLK----------------------------- D-SVHIIDGV-DDKEEFKT--- LLAAFKTLGFDDKENFDLFNILSIILHMGNID
2 , RFLS----------------------------- N-GHVTIPGQ-QDKDMFQE---- TMEAMRIMGIPDEEQIGLLKVISGVLQLGNIV
3 . TFLS----------------------------- N-GHVPIPAQ-QDDEMFQE---- TLEAMTIMGFTEEEQTSILRWSSVLQLGNIV
4 . NYLN----------------------------- QSGYVDIKGV-SDSEEFKI---- TRQAMDIVGFSQEEQMSIFKIIAGILHLGNIK
5 . YYLN----------------------------- QSQCYTVDGI-NDVSDYAE---- VRQAMDTIGLTAQEQSDIIRIVACVLHIGNIY
6. RYLS-GCTQYFANAKTEQLIPGSQKSKNHQQKGPLKDPII-DDYQHFHN--- LDKALGRLGLSDTEKLGIYSLVAAVLHLGNIA
7 . AFLS----------------------------- N-GSLPVPGV-DDYAEFQA---- TVKSMNIMGMTSEDFNSIFRIVSAVLLFGSMK
8 . PFIS----------------------------- Q-GEILVASI-DDREELLA---- TDSAIDILGFTPEEKSGLYKLTGAVMHYGNMK
9 . HYTK----------------------------- QGGSPMIEGV-DDAKEMAH---- TRQACTLLGISESYQMGIFRILAGILHLGNVG
10 . RYLR------------------------- VPPEVPPSKLKYRRDDPEGNVERYREFENILRDIDFNHKQLETVRKVLAAILNIGNIR
II, NYLN-----------------------------QSACYTVDGI -DDIKEFAD--- TRNAINVMGMTAEEQRQVFHLVAGILHLGNVA
12. RYLNRGCTRYFANKETDKQILQNRKSPEYLKAGSLKDPLL-DDHGDFIR MCTAMKKIGLDDEEKLDLFRWAGVLHLGNID
13 . FYLN---------------------------- QHNLNIEDGE-DLKHDFER-----LQQAMEMVGFLPATKKQIFSVLSAILYLGNVT
14 . SFIN---------------------------- Q-GCLTVDNI-DDVEEFKL---- CDEAFDILGFTKEEKQSMFKCTASILHMGEMK
15 . lYTA---------------------------- AAGCTTADTI-DDVKDYEG---- TLEAMRTIGLVQEEQDQIFRMLAAILWIGNIS
16 . KILS----------------------------N-SNQDIIPG-IDVENFKE---- LLSALSIIGFSKDQIRWIFQWAIILLIGNIE
17 . FYMN---------------------------- QGGDTKINGI-DDAKEYKI---- TVDALTLVGITKETQHQIFKILAALLHIGNIE
18 . HYTN----------------------------QGGQPNIAGI-DEAREYKI---- TTDALSLVGINHETQLGIFKILAGLLHIGNIE
19 , FFLN---------------------------- QNACYTVDDM-DDAKEFDH---- MLKAFDILNINEEERLAIFQTISAILHLGNLP
20 , KFLS---------------------------- QSGCIDVEGV-DDVKEFEERVLCHGQARVRVQFSEDDINNCMELISAILHLGNFE
21. TYLS----------------------------- QSDCLTIAGV-DDAQKFHK--- LLEAFDIVQIPKEHQERAFALLAAVLWLGNVS
22 . HYLN---------------------------- QSSCYKLDGV-DDASEYLE---- TRRAMDWGISNEEQEAIFRWAAILHLGNID
23 . YGYL---------------------------- NHEKSVLPGM-DDAANFRA---- MQDAMAIIGFAPAEVTALLEVTAWLKLGNVK

I. VGAD-RSG---lARLLNPDE--IDKLCHLLGVSPELFSQNLVRPRIKAGHEW--------- VISARSQTQVISSIEALAKAIYER
2 . FKKERNTD----QASMPDNTA--AQKVSHLLGINVTDFTRGILTPRIKVGRDY---------VQKAQTKEQADFAIEALAKATYEQ
3 . FKKERNTD----QASMPDNTA--AQKVCHLMGINVTDFTRSILTPRIKVGRDV--------- VQKAQTKEQADFAIEALAKAKFER
4. FEKG-AGE---GAVLKDKTA--LNAASTVFGVNPSVLEKALMEPRILAGRDL--------- VAQHLNVEKSSSSRDALVKALYGR
5. FIEDDKG----NAAIYDPNA--LELAASMLCIDSATLQNAILFRVINTGGAGGAGNRRSTYNVPQNVEQANGTRDALARTIYDR
6. FEEIPDDVRGGCQVSEASEQ— SLTITSGLLGVDQTELRTALVSRVMQSKGGG FKGTVIMVPLKIYEASNARDALAKAIYSR
7 . FRQERNND----QATLPDNTV--AQKIAHLLGLSVTDMTRAFLTPRIKVGRDF--------- VTKAQTKEQVEFAVEAIAKACYER
8 . FKQKQREE----QAEPDGTEV--ADKTAYLMGLNSSDLLKALCFPRVKVGNEY---------VTKGQTVDQVHHAVNALSKSVYEK
9. FASRDSDS---CTIPPKHEP--LTIFCDLMGVDYEEMCHWLCHRKLATATET--------- YIKPISKLQATNARDALAKHIYAK
10. FRQN--GK---YAEVENTDI--VSRIAELLRVDEKKFMWSLTNFIMVKGGIAE--------- RRQYTTEEARDARDAVASTLYSR
II, FHDGGKG TAAVHDR---------------- TPFALKNALLFRVLNTGGAG--AKKMSTYNVPQNVEQAASARDALAKTIYSR
12. FEEAGSTSGGCNLKNKSTQA--LEYCAEKLLGLDQDDLRVSLTTRVMLTTAGG AKGTVIKVPLKVEQANNARDALAKTVYSH
13 . YKKRATGR— DEGLEVGPPE— VLDTLSQLLKVKRETLVEVLTKRKTITVNDK---------LILPYSLSEAITARDSMAKSLYSA
14. FKQRPREE---QAESDGTAE--AEKVAFLCGINAGDLLKALLKPKVKVGTEM--------- VTKGQNMNQWNSVGALAKSLYDR
15 . FIENEEG----NAQVGDTSV--TDFVAYLLQVDASLLVKCLVERIMQTSHGMK RGSVYHVPLNPVQATAVRDALAKAIYNN
16. FVSD-RAE---QASFKN--D--VSAICSNLGVDEKDFQTAILRPRSKAGKEW--------- VSQSKNSTKLSSLLNALSRNLYER
17 . IKKTRND----ASLSADEPN--LKLACELLGIDAYNFAKWVTKKQIITRSEK--------- IVSNLNYSQALVAKDSVAKFIYSA
18. MKMTRND----ASLSSEEQN--LQIACELLGIDPFNFAKWIVKKQIVTRSEK--------- IVTNLNYNQALIARDSVAKFIYST
19 . FIDV-NSE---TAGLKDEVE--LNIAAELLGVSAAGLKAGLLSPRIKAGNEW--------- VTRALNKPKAMASRDALCKALFGR
20. FVSGQGKN-VETSTVANREE VKIVATLLKVDPATLEQNVTSKLMEIKGCDP------- TRIPLTPVQATDATNALAKAIYSK
21. FRVTDNEN---H V E WADEA--VANAAMLMGCNTEELMWLSTRKLQAGTDC--------- lAKKLTLRQATDMRDGIAKFIYAN
22. FGKGEEID SSVIKDKDSRSHLNMAAELLMCNAQSLEDALIRRVMVTPEEI---------ITRTLDPDNAIASRDTLAKTIYSH
2 3. LSSSFQASGMEASSIAEPRE LQEISQLIGLDPSTLEQALCSRTVKVRDES-------- VLTALSVSQGYYGRDALAKNIYSR

1. NFGWLVKRLNTSLNHSNAQ SYFIGILDIAGFEIFEKNSFEQLCINYTNEKLQQFFNHHMFVLEQEEYMKEEIVWDFIDFG
2. MFRWLVMRINKALDKTKRQG ASFIGILDIAGFEIFELNSFEQLCINYTNEKLQQLFNHTMFILEQEEYQNEGIEWNFIDFG
3. LFRWILTRVNKALDKTKRQG ASFLGILDIAGFEIFEINSFEQLCINYTNEKLQQLFNHTMFILEQEEYQREGIEWNFIDFG
4. LFLWLVKKINNVLCQERK------ AYFIGVLDISGFEIFKVNSFEQLCINYTNEKLQQFFNHHMFKLEQEEYLKEKINWTFIDFG
5. MFSWLVEKVNQSLSYYKSP YQNVIGILDIFGFEIFEKNGFEQFCINFVNEKLQQFFIELTLKAEQEEYVREGIKWEPIKYF
6. LFDRIVGLINQSIPFQASN------ FYIGVLDIAGFEYFTVNSFEQFCINYCNEKLQKFFNDNILKNEQELYKREGLNVPEITFT
7. MFKWLVNRINRSLDRTKRQG ASFIGILDMAGFEIFELNSFEQLCINYTNEKLQQLFNHTMFILEQEEYQREGIEWKFIDFG
8. LFLWMVTRINQQLDTKLPR QHFIGVLDIAGFEIFEYNSLEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFG
9. LFNWIVDHVNQALHSAVKQ HSF— IGVLDIYGFETFEINSFEQFCINYANEKLQQQFNMHVFKLEQEEYMKEQIPWTLIDFY
10. LVDFIINRINMNMSFPRAVFG--DTNAIIIHDMFGFECFNRNGLEQLMINTLNEQMQYHYNQRIFISEMLEMEAEDIDTINLNFY
11. MFDWIVSKVNEALQKQGGSG-DHNNNMIGVLDIFGFEIFEQNGFEQFCINYVNEKLQQYFIELTLKAEQEEYVNEGIQWTPIKYF
12. LFDHWNRVNQCFPFETSS------ YFIGVLDIAGFEYFEHNSFEQFCINYCNEKLQQFFNERILKEEQELYQKEGLGVNEVHYV
13. LFDWIVLRINHALLNKKDMEEAVSCLSIGVLDIFGFEDFERNSFEQFCINYANEQLQYYFTQHIFKLEQEEYQGEGISWHNIDYT
14. MFNWLVRRVNKTLDTKAKR NYYIGVLDIAGFEIFDFNSFEQLCINYTNERLQQFFNHHMFILEQEEYKKEGIAWEFIDFG
15. LFDWIVDRVNVSLQAFPGA DKSIG-ILDIYGFEIFEHNSFEQICINYVNEKLQQIFIQLTLKAEQETYEREKIKWTPIKYF
16. LFGYIVDMINKNLDHGSAT LNYIGLLDIAGFEIFENNSFEQLCINYTNEKLQQFFNNHMFVLEQSEYLKENIQWDYISYG
17. LFDWLVENINTVLCNPAVN--DQISSFIGVLDIYGFEHFEKNSFEQFCINYANEKLQQEFNQHVFKLEQEEYVKEEIEWSFIEFN
18. LFDWLVDNINKTLYDPELDQQDHVFSFIGILDIYGFEHFEKNSFEQFCINYANEKLQQEFNQHVFKLEQEEYVKEEIEWSFIEFS
19. LFLWIVQKINRILSHKDKT ALWIGVLDISGFEIFQHNSFEQLCINYTNEKLQQFFNHHMFTLEQQEYEREKIDWTFVDYG
20. LFDWLVKKINESMEPQKG AKTTTIGVLDIFGFEIFDKNSFEQLCINFTNEKLQQHFNQYTFKLEEKLYQSEEVKYEHITFI
21. LFDWLVEQINIALEVGKSR TGRSISILDIYGFESFKNNSFEQFCINYANERLQQHFNRHLFKLEQEEYEEDGIDWTKVEFV
22. LFDWIVNKINTSIGQDPRS KSIIGVLDIYGFESFKCNSFEQFCINFTNEKLQQHFNQHVFKMEQEEYTKEEIAWSYIEFI
23. LFDWLVNRINTSIQVKPGK QRKVMGVLDIYGFEIFQDNGFEQFIINYCNEKLQQIFILMTLKEEQEEYVREAIQWTPVEFF
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1. HDLQPTIDLIEKAN-PIGILSCLDEECVMPKATD---ATFTSKLDALWRNK--SLKYKPFKFADQ------------ GFILTHYA
2. LDLQPCIDLIEKPAGPPGILALLDEECWFPKATD---KSFVEKWQEQG-T--HPKFQKPK---------- QLKDKADFCIIHYA
3 , LDLQPCI ELI ERPTNPPGVLALLDEECWFPKATD---TSFVEKLIQEQG-N— HAKFQKSK---------- QLKDKTEFCILHYA
4 . LDSQATIDLIDGRQ-PPGILALLDEQSVFPNATD---NTLITKLHSHFSKK- -NAKYEEPR------------ FSKTEFGVTHYA
5. NN-QIVCDLIEGKSPP-GIFSLLDDICSTLHAQSTGTDQKFLEKMAGIYDGH--LHWR---------------- GMTGAFAIKHYA
6. DN-QDIIELIEAKSN--GIFTLLDEESKLPKPSY---SHFTAEVHKSWANHYRLGLPRSSRLKAHRTLR-----DEEGFLVRHFA
7 , LDLQPTIDLIDKPG GIMALLDEECWFPKATD---KTFVDKLVSAHS-M- -HPKFMKT----------- DFRGVADFAIVHYA
8. MDLAACIELIEKPMG IFSILEEECMFPKATD---TSFKNKLYDQHLGK--SNNFQKP--KV------VKGRAEAHFSLIHYA
9 . DN-QPCINLIESKLG ILDLLDEECKMPKGTD---DTWAQKLYNTHLN--KCALFEKPRMS------------ NKAFIIKHFA
10 , DN-KTALDNLLTKPD— GLFYIIDDASRSCQDQN-----LIMDRVSEKHS-------QFVKKHT------------- ATEISVAHYT
11. NN-KWCELIEGKRPP-GIFSLLDDICFTMHAQSDGMDGKFLQKCQGGFPSH--LHFR---------------- GMNNAFSIKHYA
12. DN-QDCIDLIEARLV--GILDILDEENRLPQPSD---QHFTSAGHQKHKDHFRLSIPRKSKLAIHRNIA---- YDEGFIIRHFA
13 . DN-VGCIHLISKKP--TGLFYLLDEESNFPHATS---HTLLAKFKQQHEDN KYFLGTP------------ VLEPAFIIQHFA
14. MDLQMCIDLIEKPMG ILSILEEECMFPKADD---KSFQDKLYQNHMGK--NRMFTKPGKPT------RPNQGPAHFELHHYA
15 . DN-KWCDLIEAKNPP-GILAAMNDSIATAHADSNAADQAFAQRLN-LFNSN--PYFE---------------- LRANKFVIKHYA
16 . KDLQLTIDLIEARG-HDRVLPLLVEEAVLPKSLM---ESFYSKLISTWDQN- -SSKFKRSALKN--------------GFILKDYA
17 . DN-QPCIDLIENKLG ILSLLDEESRLPAGSD---ESWTQKLYQTLDKSPTNKVFSKPRFG------------ QTKFIVSHYA
18. DN-QPCIDLIENKLG ILSLLDEESRLPSGSD---ESWASKLYSAFNKPPSNEVFSKPRFG------------ QTKFIVSHYA
19 . MDSQDCIDLIE-KK-PMGILPLLDEQTVFPDADD---TSFTKKLFQTHEN HRNFRRPR-------------FDANNFKIVHYA
20 . DN-QPVLDLIEKKQPQ-GLMLVLDEQISIPKSSD---ATFFIKANQTQAAR--STQLRGGEDS------------ RTDFIIKHYA
21. DN-QECLDLIEKKPIG--LLSLLDEESNFPKATD---LTFANKLKQHLKTN SCFKGERG---------------RAFRVNHYA
22 . DN -QDVLELIEKKPGG- -11SLLDEACMFPKSTH---ETFSQKLFQTFKEH ERFAKPKLS-------------RTDFTISHYA
23. DN-SIICDLIE-NSKV-GILAMLDEECLRPGTVN EDTFITKLNQIFASH KRYESKETLNAKHVTDVSLPLRCFRIHHYA

I. ADVPYSTEGWLEKNTDPLNENVAKLLAQSTN--------------------------KHVATLFS-------------------- DYQE
2 . GKVDYKADEWLMKNMDPLNDNIATLLHQSSD---------------------------KFVSELWKD------- VDRIVGLDQVAGMS
3 . GKVTYNASAWLTKNMDPLNDNVTSLLNQSSD---------------------------KFVADLWKD------- VDRIVGLDQMAKMT
4 . GQVMYEIQDWLEKNKDPLQQDLELCFKDSSD-------------------------- N W T K L F N D -----------PN----------
5 . GEVTYEAEGFSDKNKDTLFFDLIEAIQCSKM--------------------------PFLASLFNE------------------------
6 . GAVCYNTEQFIEKNNDALHASLEGLVQECDN--------------------------PLLQTLFPSGS---------------------
7 . GRVDYSAAKWLMKNMDPLNENIVSLLQGSQD---------------------------PFWNIWKD------- AEIVG MAQQA
8 . GTVDYSVSGWLEKNKDPLNETWGLYQKSSN---------------------------RLLAHLYAT------- FATADADS-------
9 . DKVEYQCEGFLEKNKDTVFEEQIKVLKSSKF--------------------------KMLPELFQD DEKAISPTSATSSGRTP
10 . GRIIYDTRAFTDINRDFVPPEMIETFRSSLD--------------------------ESIMLMFTNQLTKAGNLTMPFEAVQHKDES
II. GEVTYEAEGFCEKNKDTLFDDLIAVIQESEN--------------------------RLLVSWFPE------------------------
12 . GAVCYETTQFVEKNNDALHMSLESLICESRD--------------------------KFIRELFESSTN--------------------
13. GRVKYQIKDFREKNMDYMRPDIVALLRGSDSSYVRQLIGMDPVAVFRWAVLRAAIRAMAVLREAGRLRAERAEKAEAGVSSPVTR
14 . GNVPYSITGWLEKNKDPINENWALLGASKE-------------------------- PLVAELFKA-------- PEEPAGG-------
15 . GDVTYDINGITDKNKDQLQKDLIELIGTTTN--------------------------TFLSTIFPD------------------------
16 . GDVNTLWKAGYPK-TDPLNDNLLSLLSSSQN--------------------------DIISKLFQP--------EGGKNLLVCGVEAN
17 . LDVAYDVEGFIEKNRDTVSDGHLEVLKASTN--------------------------ETLINILEGLEKAAKKLEEAKKLELEQAGS
18 . VDVEYEVEGFIEKNRDSVSLGHLDVFKATTN--------------------------PIFKQILD NRELRSDDAPEEQNTEK
19 . GEVEYQTSAWLEKNRDPLEDDLSNLCKKSSV--------------------------RFVTGLFDEDLM-PSFKAAPAEEEKAAAGG
20 . GDVIYDSTGMLEKNKDTLQKDLLVLSESSKQ--------------------------KLMKLLFPP------------------------
21. GEVLYDTNGFLEKNRDPLPADLINLLSSCDC--------------------------QLLKLFSTKMR GKSQKPLMLSDSTN
22 . GEVTYQSNHFIDKNKDYIVAEHQALFTASNC--------------------------KFVAGLFH---------ALHEDSSRSSKFS-
23 . GKVTYNVTGFIEKNNDLLFRDLSQAMWAARH--------------------------TLLRSLFPE------------------------

1. TETKTVRGRTKKGL--------------------------------------------------------------------------------
2. ETALPGAFKTRKGM--------------------------------------------------------------------------------
3. ESSLPSASKTKKGM--------------------------------------------------------------------------------
4 . ----lASRAKKGAN--------------------------------------------------------------------------------
5. --DTGSL-QKKRPT--------------------------------------------------------------------------------
6 . ------STSVRGKLN--------------------------------------------------------------------------------
7. LTDTQFGARTRKGM--------------------------------------------------------------------------------
8. — GKKKVAKKKGSS--------------------------------------------------------------------------------
9. LTRVPVKPTKGRPGQ-------------------------------------------------------------------------------
10. ERKSYALNTLSAGCISQVN--------------------------------------------------------------------------
11. --DTKQL-QKKRPT--------------------------------------------------------------------------------
12. -NNKDTKQKAGKLS--------------------------------------------------------------------------------
13. SHVEELPRGANTPSEKLYRDLHNQIIKSLKGLPWQGEDPRRLLQSLSRLQKPRTFFLKSKGIKQKQIIPKNLLDSKSLRLIISMT
14. — GKKK--KGKSSA--------------------------------------------------------------------------------
15. --DVDKD-SKRRPP--------------------------------------------------------------------------------
16. ISNQEVKKSARTST--------------------------------------------------------------------------------
17. KKPGPIRTVNRKP---------------------------------------------------------------------------------
18. KIMIPARLSQKKP---------------------------------------------------------------------------------
19. SRNRSTGRGKGGAQ--------------------------------------------------------------------------------
20  . ------SEGDQKTSK--------------------------------------------------------------------------------
21. ------------------------------------------------------------------------------------------------
22. ------------- S----------------------------------------------------------------------------------
23. --GDPQRPSLKLPP--------------------------------------------------------------------------------
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I. -------------------FRTVAQRHKEQLNQLMNQFNSTQ---PHFIRCIVPNEEKKMHTFNRPLVLGQLRCNGVLEGIRITRAG
2 .  FRTVGQLYKEQLAKLMATLRNTN---PNFVRCIIPNHEKKAGKLDPHLVLDQLRCNGVLEGIRICRQG
3 .  FRTVGQLYKEQLTKLMTTLRNTN---PNFVRCIIPNHEKRAGKLDAHLVLEQLRCNGVLEGIRICRQG
4 .  FITVAAQYKEQLASLMATLETTN---PHFVRCIIPNNKQLPAKLEDKWLDQLRCNGVLEGIRITRKG
5 .  TAGFKIKTSAGELMKALSQCT---PHYIRCIKPNETKKAKDWENSRVKHQVQYLGLLENVRVRRAG
6.  FISVGSKFKTQLGELMEKLEQNG-- TNFIRCIKPNSKMIDRQFEGSLALAQLKCSGTISVLELMEHG
7 .  FRTVSHLYKEQLAKLMDTLRNTN---PNFVRCIIPNHEKRAGKIDAPLVLDQLRCNGVLEGIRICRQG
8 ,  FQTVSALFRENLNKLMSNLRTTH-----PHFVRCIIPNETKTPGAMEHSLVLHQLRCNGVLEGIRICRKG
9 .  TAKEHKKTVGHQFRNSLHLLMETLNATT---PHYVRCIKPNDFKFPFTFDEKRAVQQLRACGVLETIRISARG
10.  NLRTLAANFRFTCLTLLKMLSQNANLGVHFVRCIRADLEYKPRSFHSDWQQQMKALGVLDTVIARQKG
II, ---------------------TAGFKLKTSCDALMEALSRCS---PHYIRCIKPNDNKAYHDWDATRTKHQVQYLGLLENVRVRRAG
12 . -------------------FISVGNKFKTQLNLLLDKLRSTG-- ASFIRCIKPNLKMTSHHFEGAQILSQLQCSGMVSVLDLMQGG
13. LHDRTTKSLLHLHKKKKPPSISAQFQTSLNKLLEALGKAE-- PFFIRCIRSNAEKKELCFDDELVLQQLRYTGMLETVRIRRSG
14. -------------------FQTISAVHRESLNKLMKNLYSTH-- PHFVRCIIPNELKQPGLVDAELVLHQLQCNGVLEGIRICRKG
15 . ---------------------TAGDKIIKSANELVETLSKAE-- PSYIRTIKPNQTKSPNDYDDHQVLHQVKYLGLQENVRIRRAG
16.  FKTTSSRHREQQITLLNQLASTH-- PHFVRCIIPNNVKKVKTFNRSLILDQLRCNGVLEGIRLAREG
17 . ---------------------TLGSMFKQSLIELMNTINSTN---VHYIRCIKPNADKEAWQFDNLMVLSQLRACGVLETIRISCAG
18 . ---------------------TLGSMFKKSLGELMAIINSTN---VHYIRCIKPNSEKKPWEFDNLMVLSQLRACGVLETIRISCAG
19 . -------------------FITVAFQYKEQLAHLMSMLSSTA-- PHFIRCIIPNLGKKPGWSDQLVLDQLKCNGVLEGIRIARKG
20 . --------------------VTLGGQFRKQLDSLMTALNATE-- PHYIRCIKPNSEKQADLFHGFMSLQQLRYAGVFEAVRIRQTG
21.  QTVGTKFKGQLFKLMNKLENTS---PHFIRCIKPNSKQLPRVYEEDLVLQQLRCCGVLEWRISRSG
22 . ---------------------- IGSRFKQQLHSLMESLNGTE-- PHYIRCIKPNNVLKPGIFENFNVIHQLRCGGVLEAIR-----
23 . ---------------------TTGSQFKASVATLMKNLYSKN---PNYIRCIKPNDTKTAMLFTPDLVLAQVRYLGLMENVRVRRAG

I. FPNRLPFNDFRVRYEIMAHLPTGTYVES--------- RRASVMILEELKIDE------ASYRIGVSKIFFKA-GVLAELEERR
2 . FPNRWFQEFRQRYEILTPNAIPKG-FMDG-------- KQACVLMIKALELDS------NLYRIGQSKVFFRA-GVLAHLEEER
3 . FPNRIVFQEFRQRYEILAANAIPKG-FMDG-------- KQACILMIKALELDP------NLYRIGQSKIFFRT-GVLAHLEEER
4 . FPNRIIYADFVKRYYLLAPNVPRDAEDS-----------QKATDAVLKHLNIDP------EQYRFGITKIFFRA-GQLARIEEAR
5. FAYRNTFDKVLKRYKKLSSKT-WGIWGEWKGDAI----EGCKTIFQDMNLEA------GQWQLGKTKVFIRHPETVFLLEEAL
6. YPSRVLFADLYSMYKSVLPPELVSLPAR-----------TFCEAMFQSLNLSA------KDFKFGITKVFFRP-GKFVEFDRIM
7 . FPNRIPFQEFRQRYELLTPNVIPKG-FMDG-------- KKACEKMIQALELDS------NLYRVGQSKIFFRA-GVLAHLEEER
8. FPNRILYGDFKQRYRVLNASAILEGQFIDS------- KKACEKLLASIDIDH------TQYKFGHTKVFFKA-GLLGTLEEMR
9 . FPSRWTYQEFFSRYRVLMKQKDVLGDRKQ------------TCKNVLEKLILDK------DKYQFGKTKIFFRA-GQVAYLEKLR
10. FSSRLPFDEFLRRYQFLAFDFDEPVEMT----------KDNCRLLFLRLKMEG-------- WALGKTKVFLRY— YNDEFLAR-
II. FAYRAEFDRFLRRYKKLSPKT-WGIWGEWSGAPK----DGCQTLLNDLGLDT------SQWQLGKSKVFIRYPETLFHLEECL
12 . FPSRASFHEVYNMYKKSLPDKLARLDPR-----------LFCKALFKALGLNE------IDYKFGLTKVFFRP-GKFAEFDQ--
13 . YSAKYTFQDFTEQFQVLLPKDVQP------------- CREAIAALLEKLQVDR------QNYQIGKTKVFLKETERQALQER--
14. FPSRLIYSEFKQRYSILAPNAIPQG-FVDG------- KTVSEKILAGLQMDP------AEYRLGTTKVFFKA-GVLGNLEEMR
15 . FAYRQTFEKFVERFYLLSPDCSYAGDYTWDGDTL----EAVKLILRDAMIPE------KEFQLGVTSVFIKTPESLFALEDMR
16. YPNRIAFQEFFQRYRILYPENSTTTTFSSKL--KASTKQNCRFLLTSLQLDT------KVYKIGILTVFQKL-EYWSDLEKQK
17. FPSRWTFEEFVLRYYILIPHEQWDLIFKKKETTEEDIISWKMILDATVKDK------SKYQIGNTKIFFKA-GMLAYLEKLR
18. FPSRWTFDEFVQRYFLLTDYSLWSGILYNPDLPKEAIVNFCQSILDATISDS------AKYQIGNTKIFFKA-GMLAFLEKLR
19 . WPNRLKYDEFLKRYFLLKPGATPTSPST--------- KDAVKDLIEHLIAKEPTKVNKDEVRFGVTKIFFRS-GQLAAIEELR
20. YPFRYSHENFLKRYGFLVKDIHKRYGPN-------- LKQNCDLLLKSMKGDW------ SKVQVGKTRVLYRAPEQRGLELQRN
21. YPTRLTHQEFAGRYGFLLSDKKVAQDPLS-----------VSIAVLKQYDVHP------EMYQVGYTKLYLRT-GQIGIFEDRR
2 2 . -----------------------------------------------------------------------------------------------------------------------------------------------------
23 . YAFRQLYQPFLERYKMLSRKT WPRWTGGDR EGAEVLLAELKFPP------ EELAYGHTKIFIRSPRTLFDLEKRR
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CHAPTER 4 

Deletion of the myo2+ Gene

4.1 IN TR O D U C TIO N

One of the important chai'acteristics of fission yeast as an experimental organism is the 

ease with which genes can be replaced by homologous recombination. This is a powerful 

technique that often gives a direct insight into the in vivo function of a gene product. 

Specific genes can be deleted or disrupted by the stable integration of a selectable maiker 

gene into the chromosome. As S. pombe is a haploid organism, the effects, should there be 

any, of deleting a gene are manifest in the phenotype of the cells. However, in 

consideration of the possibility that a deletion may be lethal, it is usually constiucted in a 

diploid which is then spomlated to produce haploids for phenotypic analysis.

Diploid cells can aiise spontaneously in most S. pombe strains but aie non-spomlating and 

therefore of little use for gene replacement. Sporulation competent diploids can be isolated 

by mating h- and h+ haploids but these aie unstable and sporulate spontaneously on 

minimal medium after a short period. This can be overcome by constructing the diploid 

using auxoti’ophic ade6-210 and ade6-216 haploids. On low adenine containing medium 

such as YE, ade6-210 colonies aie red and ade6-216 colonies aie pink and diploids aie 

white due to complementation of the two alleles. As the mutations aie tightiy linked within 

the same gene the frequency of intragenic recombination is low. Thus, any spores 

generated aie unlikely to be prototrophic and will be unable to grow on selective medium. 

An alternative method involves forcing protoplasted h+ haploid cells to fuse and results in 

a stable h+/h+ diploid. Although unable to sporulate, such diploids undergo mating type 

switching at a high frequency to become spomlation competent and can therefore be used 

to consti'uct deletions.
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In an attempt to determine the in vivo function of myosin II in fission yeast the myo2+ gene 

was deleted in a h+/h+ diploid strain by replacement with the ura4+ selectable maiker. 

Deletion of the gene was confiimed by Southern blot analysis and the diploid was 

spomlated. The resulting tetrads typically produced only two viable ura4- spores 

suggesting that niyo2+ is an essential gene. Whilst analyzing the effects of deleting myo2+ 

an extragenic suppressor of the lethality of the niyo2+ deletion, designated siny2+ (for 

suppressor of myosin II), was identified. In this chapter the effects of deleting myo2+ are 

presented and the possible functions of myosin II in fission yeast discussed. The 

significance of sniy2+ as a means of maintaining a viable strain lacking the myosin II gene 

and the possibilities this presents for further analysis of Myo2p function are also 

discussed. Finally, a preliminaiy attempt to identify the function of smy2+ is described.

4.2 RESULTS

4.2.1 Construction of the myo2+ Null Mutant

To delete the myo2+ gene an integration cassette was consti*ucted in the plasmid KB-ura4 

(Materials and Methods Figure 2.1) by inserting nryo2+ sequences flanking the ura4+ gene 

so that approximately 70% of the myo2+ coding region was replaced (Figure 4.1). The 

lineaiised DNA cassette containing this myo2::ura4+ allele was used to transform the 

diploid KMYl to uracil prototrophy. To confirm the replacement of a single wild type 

copy of myo2+, genomic DNA was isolated from a stable ura4+ integrant (KMDl) and 

the myo2+/myo2+ diploid (KM Yl) and digested with Bam Hl. A Southern blot was 

probed with a radioactively labelled 900 bp fragment of the myo2+ gene from outside of 

the deleted region. Replacement of the myo2+ sequence removes an internal BamHl site

causing a retaidation of the ura4+ integrant compared to wild type (Figure 4.2),

demonstrating that the deletion was successful. The myo2+/myo2::ura4+ diploid (KMDl) 

had no obvious phenotypic defects due to the loss of one copy of the myosin gene.
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Figure 4.1 Deletion of myo2+ by Replacement with the ura4+ Gene.

The open reading frame is shown as a shaded bai* below which the functional domains of 

Myo2p aie represented diagrammatically.

125



1 2 3 kb

6.6

3.5

2.3

Figure 4.2 Southern Blot Analysis ConfiiTning the Deletion of the niyo2+ Gene.

BamHl digested genomic DNA from the diploid KMYl (lane 1), the ura4+ diploid 

KMDl (lane 2), and a myo2+ haploid (lane 3) was probed with an EcoRl/BamHl fragment 

from the 3’ noncoding region of the myo2+ gene. The deletion results in the production of a 

new band of approximately 7.2 kb (in addition to the paiental 2.7 kb band) (lane 2). This 

fragment was also recognised by a ura4+ probe (not shown).



4.2.2 Analysis of the myo2^ Null Spores

Sporulating colonies of the ura4+ diploid KM Dl grown on minimal medium were 

identified by iodine staining. Tetiads were dissected on rich medium (YEA) and the spores 

germinated at 30"C for thiee days. In 17 out of 20 tetrads only two spores formed colonies 

(Figure 4.3A). Of the remainder only one colony was formed. All of the colonies were 

ura4- and had a wild type phenotype suggesting that the failure of the other spores to fonn 

colonies was due to the absence of the myo2+ gene. Fission yeast myosin II is therefore 

essential for cell proliferation. When analyzed more closely it was apparent that the spores 

which had failed to foi*m a colony had in fact germinated and grown but were unable to 

divide and had arrested as highly elongated cells, many of which were branched (Figure 

4.3B), and about 25% of which lysed.

The phenotypes resulting from the loss of myo2+ were further chaiacterised by spore 

gennination in liquid medium. Following spomlation of the diploid, vegetative cells and 

asci walls were removed by digestion with 13-glucuronidase. Spores were then germinated 

in rich medium and selective medium lacking uracil (to allow only the myo2+ deleted cells 

to grow). The cells elongated and became thickened and swollen (Figure 4.4). DAPI and 

Calcofluor staining showed that cells undeiivent multiple rounds of nucleai* division. Septa 

were formed between each nucleus but occasionally appealed incomplete or formed 

obliquely. Some cells showed patches of septal material throughout the cell. As discussed 

below, a proportion of these cells were able to eventually complete cell division. Such cells 

were almost indistinguishable from the inviable cells by DAPI and Calcofluor staining but 

were less swollen and did not appeal* to have the random patches of septal material 

observed in some of the inviable cells (Figure 4.4). Thus, deletion of myo2+ appeal's to 

affect the late stages of cytokinesis, cell separation, rather than septation itself. Although 

Myo2p does not appeal* to be essential for growth per se, the swollen morphology and 

high percentage of cells which lyse suggest that certain aspects of growth may be 

compromised.
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Figure 4.3 Tetrad Analysis of the myo2+lmyo2::ura4+ Diploid.

Panel A) Tetrad slab showing 8 dissected tetrads derived from the KMDl diploid (1-8). 

Only two spores from each tetrad formed a colony. B) Microscopic analysis of one of the 

tetrads, a and d) colonies fonned by the wild type ura4^ spores, b and c) myo2 null spores, 

which fail to fonn a colony.



Figure 4.4 Phenotype of the myo2::ura4+ Spores.

Spores isolated trom the diploid KMDl were germinated in liquid medium and stained 

with DAPI and Calcofluor (a and c). Septum separate each nucleus, but the cells fail to 

divide. The cells have an increased diameter and an irregulai* morphology which can be 

clearly seen when the same field of cells is viewed with phase contiast (b and d). A small 

proportion of the elongated ura4+ cells had a more regular shape than the other myo2 null 

cells. Panels c and d compare one such cell (1) with the typical myo2 null cell (2) and a 
wild type cell (3). (Bar = 10 pm)



4.2.3 Anomalies in Spore Viability

4.2.3.1 Viable myo2::ura4+ Spores

Surprisingly, after prolonged incubation at 30°C (7 days), four of the myo2+ null cells 

formed ura4+ microcolonies. Dissection of the colonies revealed a majority of highly 

branched cells with an almost identical phenotypes to the nonviable myo2+ null cells. 

However, there were also small number of cells with a wild type phenotype (Figure 4.5). 

When the cells with normal moiphology were incubated further they also failed to divide 

and formed elongated branched cells with multiple nuclei and septa, suggesting that they 

were formed by successful separation from the main body of undivided cells. Dissection 

of a further 48 tetrads revealed that approximately 29% of the resulting myo2+ null spores 

were viable and eventually formed a microcolony (see section 4.2.5).

4.2.3.2 Low Spore Viability

As with the original set of teti ads, the second set of 48 teti ads contained a high proportion 

of spores which failed to geiTninate, resulting in incomplete teti ads. The possibility that this 

unusually laige number of ungerminated spores was due to the effect of deleting myo2+ 

was investigated. The number of wild type, ura4- and myo2::ura4+ spores which failed to 

germinate in all 48 tetrads was deduced from the phenotypes of the spores which did

gertninate (Figure 4.6). A comparison of these figures show that marginally more wild

type spores failed to gem inate than myo2+ null spores, suggesting that absence of myosin 

per se does not affect spore germination. This was confirmed by tetrad analysis of the 

equivalent wild type diploid (K M Y l), which produced a sim ilar number of 

non-germinating spores (Figure 4.6).

4.2.4 Genetic M apping of the myo2+ Deletion

The genotype of all viable colonies was analyzed with respect to the auxotiophic markers 

carried by the paiental stiains. This is essential, not only to determine the segregation of the 

marker with which a gene is deleted (in this case ura4+), but to check that other maikers 

are segregating coiTectly. When the colonies produced by spomlation of the
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Figure 4.5 Dissection of a Viable myo2 Null Colony.

a) A viable myo2 null colony, b) When the colony was teased apart, in addition to the 

highly elongated branched cells, a number of single cells of wild type size and morphology 

(aiTOws) were observed.
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Figure 4.6 Germination of Spores from myo2+ Homozygous and Heterozygous 

Diploids.

myo2+/myo2::ura4+ diploid were analyzed it became obvious that the two adenine alleles 

were not segregating randomly (Figure 4.7a and b), suggesting that myo2+ and ade6 are 

linked. The data from 66 tetrads was analyzed and the recombination frequency was 

calculated to be 8.3% (Figure 4.7c). Random spore analysis of 2050 viable spores gave a 

similar result (a recombination frequency of 8.7%). This agrees with the physical mapping 

data that myo2+ lies on chromosome III, close to the ade6 gene (Hoheisel etuL, 1993). As 

physical mapping data also places the cdc7+ gene in close proximity to adeô distal to the 

centromere (Hoheisel etaL, 1993), the position of myo2+ was mapped with respect to 

cdc7+. From 18 complete tetrads 2 parental ditypes and 16 tetratypes were obtained, 

suggesting that the two genes segregate randomly and are not linked. While this is in 

disagreement with physical mapping data, it supports previous genetic mapping data that 

cdc7+ does not lie on chromosome III (Fankhauser and Simanis, 1994a).

132



a.

b.

Gcnolypc of 
pmcnlal diploid

Possible
Phenotypes

ade.6-
2 1 U.m \’o 2 : :u r a 4 +

o r c id e6 -2 I0 . i i r a 4 -

a d e 6 - 2 I 6 .m v ü 2 : 'M r a 4 +

a d e 6 - 2 l O
(red)

a d e 6 - 2 W
(red)

a d e 6 - 2 l 6
(pink)

u d e 6 - 2 1 6
(pink)

Total number 
ol' spores

Expected
Segregation

Expected when 
m y o 2 à  is lethal

Observed

66

0

0

66

66

11

66 66 

0 66

0 221

264

132

132

C.

Diploid Genotype
a d e 6 - 2 1 0 .m y o 2 : : u r a 4 +
c id e6 -2 1 6 .u ra 4 -

Teuad Type PD TT NPD
%

recombination

Number of 
Teuads 55 11 0 8.33

Figure 4.7 Genetic Analysis of KMDl

a) From nine dissected tetrads grown on low adenine medium, only one of the viable 
spores carried the ade6-210 allele (red colony), b) Segregation ratios resulting from 

spomlation of KMDl. The high proportion of viable pink colonies {ade6-216.myo2+) 

suggests that the genes are linked and that the phenotype of the parental dipoid was ade6- 

210.myo2::ura4/ade6-2I6jnyo2'^. c) The segregant types for each tetrad were deduced 

from the phenotype of the viable spores (PD = paiental ditype; TT = tetratype and NPD = 
non-parental ditype. The calculated recombination frequency can be converted to a map 
distance of 8.3 cM (1% recombination = 1 cM).
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4.2.5 Analysis of the Viable myo2 Null Cells

Although the viable ura4+ spores did not segregate with Mendelian ratios, it was possible 

that a second gene (designated smy2+) was suppressing the lethality associated with 

myosin deficiency. To test this hypothesis, the viable myo2+ null strains, cairying the 

postulated suppressor smy2-, were mated with complementaiy myo2+ ura4-D18 strains 

lacking the suppressor and diploids selected after 12 and 18 hours. The mating was 

successful and niyo2+ ura4-D18/myo2::ura4+ diploids were isolated. Of 12 complete 

teti'ads 46% of the myo2::ura4+ cells were viable, while the remainder failed to form 

colonies and showed the chaiacteristic terminal phenotype. This is a higher proportion of 

viable cells than observed in the original deletion and, representing approximately one 

quai'ter of all spores, it is chaiacteristic of the classical Mendelian segregation of two 

unlinked genes. Back crossing the myo2::ura4+ smy2- stiain showed the same segregation 

of phenotypes suggesting that the smy2- allele was not carried by either of the paiental 

strains. Hence, the viability of these myo2+null mutants is likely to be due to the 

serendipitous emergence of an unlinked heterologous suppressor, smy2-, which is 

discussed in detail in section 4.2.7. The viable myo2+ null stiain with the genotype 

myo2::ura4+ smy2- will be referred to as stiain KMY2.

4,2.5.1 Phenotype

KMY2 cells were phenotypically almost identical to the myo2+ null cells, but were able to 

proliferate and occasionally complete cell division. To tiy and account for this, a closer 

look was taken at septum deposition, actin distiibution and nucleai* segregation in these 

cells. Mitosis appeared to be unaffected and a discrete septum was placed between each 

nucleus, but the cells failed to divide and subsequent nucleai* divisions followed by septum 

deposition gave rise to a hyphal moiphology in which the nuclei were paititioned by septa 

(Figures 4.8 to 4.12). As observed in dissected colonies of KMY2, some attempts at 

division were successful and produced viable cells with an approximately wild type 

morphology (Figure 4.8). Cells which undei*went successful sepaiation remained attached 

to the pseudohypha for a prolonged period but division otherwise appealed normal and
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septal material disappeai'ed from between the dividing cells, consistent with the enzymatic 

degradation of the primaiy septum. However, the majority of division attempts were not 

completed and multiple discrete septa accumulated in close association between the nuclei 

and many ‘cells’ within the hypha died (Figure 4.8). Election micrographs of septating 

myo2 null cells show that the septum closes but is clearly aberrant (Figure 4.9). As the 

septum grows centripetally it also becomes excessively thickened. Many septja i were 

observed which grew passed the centie of the cell without making contact with the septum 

forming from the opposite wall.

4.2.5.2 Actin Localisation

Rhodamine conjugated phalloidin was used to visualize actin in KMY2 cells as septal 

material can be simultaneously stained with Calcofluor without adversely affecting the 

detection of actin. Experiments using anti-actin antibody produced similai' results (not 

shown). The localisation of actin was more diffuse than in wild type cells but, by and laige, 

appeared unaffected by the absence of Myo2p. In Figure 4.10, which shows a laige hypha 

of approximately 20 cells and some recently divided cells, and the older hyphae in Figure 

4.11, actin can be seen localised in discrete dots at the ‘old ends’ of the teiTninal cells of the 

hypha and as a band anticipating the site of septum deposition between the dividing nuclei. 

In a lai'ge number of cells actin remained associated with the sides of the septum. This 

suggests that actin remains localised to the septum longer than in wild type cells where 

such staining is obseiwed in only a small percentage of cells.

4.2.5.3 Growth Polarity

Branching occurred from internal cells within the hyphae adjacent to a septum. This 

suggests that cells attempt to reestablish polaiised growth following a failed cytokinesis. 

The exposed ends of the terminal cells were able to grow noimally but the ends of the 

internal cells were presumably capped by septal material and unable to support growth. 

Therefore, growth switches to the nearest site where growth can occur. Actin localises to 

the tips of the bump like swellings which form in branching cells (Figure 4.11 and 4.12).
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Figure 4.8 DAPI and Calcofluor Staining of Viable myo2 Null Cells

Panels a-c) A selection of KMY2 cells, d) Wild type cells (972 h). All cells ai-e stained 

with DAPI and Calcofluor. Septum deposition initially appears normal (1), but deposition 

continues in the absence of cell division (2 ) and a mass of septal material often builds up 

throughout the whole cell (3). Panels b and c illustiate the hyphal morphology of KMY2 

cells. Some cells divide, but separation is slow and cells remain attached to the sister cell 
for a prolonged period (4).
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Figure 4.9 Septum Formation in myo2 Null Cells.

Electron micrographs of aldehyde fixed KMY2 cells illustrating the abnormal deposition 

of septal material. In addition to the abnoiTnal thickening of the septa the centripetal growth 

of the septum appears uncoordinated such that growth often continues past the centime of the 
cell without making contact with the septum foming from the opposite wall (1). This may 

give the impression, as observed by light microscopy, that two septa have been formed. 

The aberrant septa appear to completely bisect most cells. Fractures within the thickened 

septa may by due to either enzymatic degradation or shearing (2). (Electron microscopy by 
G. Reiss, UCL).
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Figure 4.10 Actin Staining of a myo2 Null Hypha.

KMY2 cells were grown in liquid medium and stained with a) Rhodamine conjugated 

phalloidin, and b) the same hypha stained with DAPI and Calcofluor. Actin localises to the 

growing tips of the tenninal cells (1) and to the incipient site of septation in anaphase cells 

(2). Deposition of the septum looks almost normal and bisects a dividing cell (3). In many 
cells within the hypha actin remains associated with the completed septum. (Bar = 10 |im)



Figure 4.11 Actin staining of myo2 Null Cells.

KMY2 cells were stained with a) Rhodamine conjugated phalloidin, and b) the same field 

of cells stained with DAPI and Calcofluor. In addition to the localisation of actin at the tips 

of external cells and the site of septation, actin also localises to the tips of the nascent 

branches forming subapically from the inner cells (1). Large aieas of the hypha do not stain 
with actin, this corresponds to areas densely packed with septal material (2).
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Figure 4.12 Branching Patterns of niyo2 Null Hyphae.

The branching patterns of two KMY2 hyphae aie shown; (a and b); i and iv) actin stained 

with Rhodamine conjugated phalloidin, and ii and v) DAPI and Calcofluor. Panels iii and 

vi show the predicted cell lineage of the same cells, where cells are numbered in the order 

of their birth, eg. 1/1 and 1/2 are the first and second daughters of the initial cell, 

respectively (see Sipiczki etaL,  1993). a) The internal cells (1 and 1/1) appear to have 

initiated growth from their ‘old ends’ resulting in bilateral branching either side of the 

septum, b) Cell 1 appeal's to be still undergoing septation while cell 1/1 has initiated 

subapical growth at the predicted ‘old end’. Assuming that the predicted lineage of the cells 

is correct this may be due to unequal growth rates.



In the majority of cells branching did not appeal' to occur adjacent to a newly formed 

septum ie. the ‘new end’ but occuned at the opposite ‘old end’ (Figure 4.12). This implies 

that the polarity of growth is maintained in cells lacking Myo2p.

4.2.5A Growth and Maintenance

On solid media KMY2 grew slowly and foi'med colonies with a distinctive mffled edge. 

In liquid the cells formed large clumps and grew best with little agitation. Due to clumping, 

cells could not be counted and a growth curve could not be obtained in the normal manner. 

To over come this the cell number was estimated by detemining the absorbance at A 550 at 

hourly intei'vals. The addition of IM sorbitol to the medium of some of the fission yeast 

cdc cytoskinesis mutants pai'tially rescues the ts phenotype (Mai'ks et al., 1992). IM 

sorbitol had no effect on the phenotype of KMY2 grown on either solid or liquid medium 

and although the rate of growth was reduced fractionally this did not appeal' to be 

significant as the growth rate of the wild type contiol was equivalently reduced. In an 

attempt to determine the viability of KMY2 the cell density was estimated as above and 

cells were plated every 2 hours. The results obtained from a number of experiments (not 

shown) were erratic and suggested that this was not a reliable method for estimating the 

viability of KMY2. All future investigations were caii'ied out by estimating the cell density 

initially by absorbance at Aggo but cells were then serially diluted and aliquoted onto solid 

medium under a range of growth conditions. The type of medium had no effect on the 

growth of KMY2, however a weak temperature sensitive effect was observed at 19°C. 

Cells showed little growth even after extended periods of up to 10 days and many cells 

lysed.

4.2.5,5 Conjugation and Spore Formation

Genetic data obtained by crossing KMY2 to wild type suggested that KMY2 was not 

compromised in its ability to undergo conjugation and spore formation. The hypha in 

Figure 4.13a contains a single tetrad of spores at one end whilst the opposite end is 

conjugating with a wild type cell and Figure 4.13b shows a hypha containing two tetiads of
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Figure 4.13 Conjugation and Sporulation of myo2 Null Cells

KMY2 h- cells were mated with 975 /?+ cells for 2 days at 25“C, then stained with DAPI. 

The panels show: a) A KMY2 hypha undergoing both conjugation (1) and spomlation (2),

b) A KMY2 hypha containing two tetrads of spores, c) Conjugating /?+ and h- wild type 
cells, and d) A wild type asciis.



spores. ConfiiTning the genetic data that conjugation and spomlation were not dismpted by 

deletion of myo2+ sporulating KMY2 cells such as these were common in a mating 

culture. Furthermore, this illustrates the fact that ‘cells’ within a hypha function 

autonomously. Mating was not resti icted to the cells at the ends of the hyphae and internal 

cells frequently mated and foi'med asci.

4.2.6 Genetic Analysis of the Viable myo2 Null Cells

The phenotypes of the myosin deficient cells in the presence or absence of smy2- with 

respect to growth pattern, nucleai* division and septation were remai'kably similai*. This 

suggested that the presence of smy2- may be useful for maintaining a viable stiain in the 

absence of myosin which could be used for genetic analysis of myosin function. The 

viable myo2 null stiain (KMY2) was therefore crossed with the eaily {cdc7 (Fankhauser 

and Simanis, 1994a), cdcl4  (Fankhauser and Simanis, 1993), cdcl5  (Fankhauser etaL, 

1995)) and late {cdc3 (Balasubramanian eta l, 1994), cdc4 (McCollum etaL, 1995), cdc8 

(Balasubramanian e ta l., 1992) and cdcl2  (Chang et a i ,  1997)) cytokinesis mutants and 

with cdcl6  a mutant which foi*ms multiple septa at the restiictive temperature (Fankhauser 

et a i, 1993). The triple mutant KMY2/cdc7 {myo2::ura4+/smy2-/cdc7-) was the fiist to be 

isolated. At 25“C these cells were highly elongated and a single spore gave rise to a cell that 

grew to be visible with the naked eye as a fine filament before lysing. Growth of this stiain 

was slow but it could be maintained on rich medium. The presence of IM sorbitol 

prevented lysis but had no effect on the overall phenotype. At the permissive temperature 

KMY2/cJc7- appealed to manifest phenotypes of both KMY2 and cdc7-, being highly 

elongated and branched. However, further microscopic analysis revealed that unlike the 

parental strains, these cells showed a gross increase in diameter and formed syncytial 

hypha (Figure 4.14). In some cells the initiation of septation was not completely 

suppressed and, while occasionally the cells attempted to form a septum, the majority of 

septal material was abenantly localised. Similaily, a number of cells contained dense caps 

of septal material at the terminal ends of the branched filaments (Figure 4.14). Nuclear 

division appealed unaffected by this genetic background and nuclei underwent multiple
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Figure 4.14 K M Y 2 /c y /c 7 -  Cells Stained with DAPI and Calcofluor.

Panel a) The highly elongated and branched KMY2/a/c7- cell extends out of the frame of 

the picture. There are many nuclei but no septa have been formed; only random and diffuse 
deposits of septal material are present in some regions of the cell, b) As in (a) the cell 

contains many tens of nuclei and parts of the cell are greatly increased in diameter. Caps of 
septal material accumulate at the ends of the branches. (Bar = 10 pm)



mitoses in the absence of cell division. But, in contrast to the cdc7- phenotype, 

KMY2/cr/c7- cells did not arrest after three nucleai* divisions and produced a swollen 

thallus containing many clusters of nuclei. Superficially, the phenotype of the 

K M Y 2lcdcl4-  strain appeared similar to that of KMY2/cJc7-. The phenotypes of the 

remaining mutants have yet to be chaiactensed.

4.2.7 Analysis of the Suppressor smy2-

To isolate the smy2- allele in the absence of the myosin deletion, the viable myosin null 

stiain (cairying smy2-) was mated with a wild type stiain lacking the suppressor (section 

4.2.5). A wild type spore (postulated to be myo2+lsmy2-) was taken from a tetiad of two 

ura4- sui*viving spores (and in which the two inviable spores had airested with the myosin 

null phenotype) and backcrossed to the viable myosin null sti*ain. That the resulting diploid 

was heterozygous for myo2::iira4+ and homozygous for smy2- was confirmed by the 

viability of all four spores in 15 out of 18 tetiads . All viable ura4- colonies now caii'ied the 

smy2- allele.

In a wild type background smy2- grew more slowly than wild type cells but growth was 

maintained at all temperatures tested (20®C, 25°C, 29°C and 36"C) and there were no 

obvious phenotypic effects. To determine if smy2- interacted with any of the known 

cytokinesis mutants it was crossed to the eaily (cdc7, cd c ll, cdc 14, cdcI5) and late (cdc3, 

cdc4, cdc8 and cdcI2) cytokinesis mutants and to cdcl6 . The products of all of these 

crosses were viable, and with the exception of the cdc4-/smy2- double mutant, the smy2- 

allele had no obvious effect on phenotype. At 25°C a laige proportion of cdc4/smy2- cells 

showed an elongated multiseptate branched phenotype that was strikingly similai* to the 

phenotype of KMY2 (Figure 4.15). Additionally, at elevated temperatures (29"C and 

36”C) these cells underwent cell cycle arrest but the terminal phenotype appealed more 

closely related to the KMY2 cells than to cdc4 cells at the same temperature.
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Figure 4.15 The smy2-lcdc4- Double Mutant

smy2-lcdc4- cells were grown at the permissive temperature for cdc4- (25°C) then stained 

with DAPI and Calcofluor. As shown in panels a-c) the cells form microhyphae with 

dividing nuclei separated by the formation of a septum, which only occasionally appears 

abenant (1). Branching often occurs from internal cells. The smy2+/cdc4- cells in panel d) 
grow normally at this temperature. (Bar = 10 pm).



4.3 DISCUSSION

4.3.1 Deletion of myo2+

In higher eukaiyotes myosin II has been shown to interact with actin in the contiactile ring 

and is believed to be the motor that drives contiaction during cytokinesis (see Intioduction 

section 1.3.2). However, this is unlikely to be the sole function of myosin II in non-muscle 

cells. In Dictyosteliwn, the deletion of the myosin II gene revealed an additional role for 

this important motor protein in vai’ious cell surface-associated phenomena (Fukui et al., 

1990; Wessels and Soil, 1990; Wessels etal., 1988). Similaiiy, S. cerevisiae cells deleted 

for M YOl aie not only defective in cell separation but are osmotically fragile, again 

suggesting a role for myosin II in the organisation of the cell surface (Rodriguez and 

Paterson, 1990; Watts et a l,  1987). Cell division in fission yeast involves the formation of 

a cytokinetic actin ring but also requires the formation of a septum which must be 

degraded following cytokinesis (Marks and Hyams, 1985). Formation of the actin ring 

precedes septum deposition and is one of the earliest cytological events in cytokinesis. The 

medial actin ring is transient and appeals to diiect the placement of the septum before 

breaking down into dots and patches of actin which disperse as the septum is formed 

(Marks and Hyams, 1985). The dots and patches of actin may be involved in the tiansport 

of vesicles carrying septal material to target sites at the centie of the cell or they may 

stabilize the ‘new’ end of the cell during septum formation. However, it is still uncleai* 

whether the actin ring possesses contractile properties which aie requked to constiict the 

cytoplasm ahead of the centripetally forming septum or whether it merely serves a 

positional role.

Deletion of myo2+ showed that myosin II is an essential protein in fission yeast. 

Microscopic analysis of the spores lacking Myo2p showed that they are able to germinate 

and sustain growth for a limited number of nucleai* divisions but fail to divide. Nucleai* 

division, however, appeared unaffected and the cells formed septa between the dividing 

nuclei (Figure 4.4). A small number of myo2 null spores were isolated which had the same
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branched phenotype but were viable and were occasionally able to complete cell division. 

The presence of extragenic suppressors which paitly rescue the effects of deleting specific 

genes has been reported in S. cerevisiae (Lemmon and Jones, 1987). Therefore, to 

investigate the possibility that a second mutation existed in these cells which partly 

compensated for the absence of myo2+, the viable myo2 null stiain was crossed with a 

complementary wild type strain. In the resulting tetrads, approximately 50% of the 

myo2::ura4+ spores were viable, representing a classical 1 : 2 : 1  Mendelian segregation of 

two unlinked genes. Thus, the presence of a mutation in a second gene, designated smy2+, 

suppresses the lethality associated with the deletion of inyo2+. Backcrossing KMY2 (the 

viable myo2 null strain) also resulted in a 1 : 2  : 1 segregation of phenotypes suggesting 

that the suppressor was not present in either of the paiental strains.

Whilst there were no stiiking differences in phenotype between KMY2 and the in viable 

cells, the KMY2 cells had a more regular morphology, being less swollen and smaller in 

diameter, than cells lacking smy2-. Thus, apait from a slight difference in overall 

morphology, there appeals to be little to distinguish the phenotypes of the KMY2 cells and 

those lacking smy2- suppressor which could explain the viability confened by smy2-.

The fact that septa are coirectly localised at the incipient site of cell division in myo2 null 

cells means that Myo2p is not essential for the initiation of septation nor for the 

detennination of the cleavage plane. Septum formation is indicative of the prior foimation 

of an actin ring which has been shown to be requiied for septation (Marks and Hyams, 

1985; Sti'eiblovâ etaU, 1984). Formation of an actin ring in KMY2 cells is confirmed by 

the localisation of a broad band of actin at the centre of KMY2 cells during anaphase. That 

many of the septa produced become either aberrantly thickened or that two septa were 

initiated adjacently suggests that Myo2p is essential for some, as yet unknown, later stage 

of cytokinesis.

Budding yeast cells lacking myosin II also form chains of undivided cells, although the
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cells are viable and were originally believed to be defective in cytokinesis (Watts et aL, 

1987). However, subsequent work showed that they were in fact defective in the 

deposition of chitin (septal material), which is localises to the mother bud neck in wild type 

cells but had a diffuse distiibution in M YOl null cells (Rodriguez and Paterson, 1990). 

The swollen morphology and tendency of myo2 null cells to lyse suggests that Myo2p 

may also play a role in cell wall formation or organisation. However, as the deposition of 

septal material was not randomly localised it is unlikely that Myo2p is dkectly involved in 

the deposition of septal material.

Electron micrographs of the septa foiTned by KMY2 cells indicates that closure of the 

septum eventually occurs, but confimied that septation was abnormal. Although the 

septum still grows centiipetally its formation appears uncoordinated and it became grossly 

thickened and raiely made contact with the septum fonning from the opposite wall when 

observed in the same plane of focus. This suggests that the ‘iris-like’ closure of the septum 

is perturbed in the absence of Myo2p. This is in many ways similai* to the abnormal 

septum formation in cells tieated with cytochalasin A, which disrupts actin strtictures 

(Kanbe et aL, 1993). It seems likely therefore that myosin is required to guide the 

centripetally fonning septum.

Once the formation of the septum is complete, divided cells aie separated by the lytic 

degradation of the primaiy septum by a 13-glucanase (Horisberger and Rouvet-Vauthey, 

1985). Enzymes such as 6 -glucanase are targeted to their sites of action by vesicular 

transport, a process which is thought to be mediated by actin. A similai* situation occurs in 

budding yeast where the mother and daughter cells are separated by the action of an 

endochitinase (Elango etaL , 1982). In the absence of this activity, cells fail to separate 

normally and form chains (Kuranda and Robbins, 1991). However, there is no evidence 

that either Myo2p or M yolp aie involved in the secretion of this enzyme. In fact sister 

KMY2 cells which complete cell division remain attached for a prolonged period but, as 

determined by the lack of Calcofluor staining at the new ends of these cells, the primary
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septum is eventually completely digested.

If Myo2p plays a similar role in cytokinesis as myosin II in higher eukaiyotes, it might be 

expected that Myo2p would be a component of the actin ring and that deletion would have 

a similar effect as the deletion of other actin ring components which are required for 

cytokinesis. However, the phenotype of the niyo2 null cells is different to that of cells 

lacking the Cdc3, Cdc4, Cdc8 and Cdcl2 proteins, which are known to localise to the actin 

ring and which arrest uniform ally as dumbbell shaped cells. While all are multi-nucleate, 

these mutants do not form medial actin rings and only cdc3 and cdc4 attempt to deposit 

septa. In contrast, the myo2 null phenotype is less severe than might be expected for a 

protein which is predicted to be an integral component of the actin ring. This poses the 

possibility that there is some residual myosin activity in these cells. It is unlikely that 

sufficient parental Myo2p activity was present in the germinating spore to account for the 

difference in phenotype as this has not been observed to occur with the deletion of other 

structural proteins (Balasubramanian e ta l., 1994; Balasubramanian etal., 1992; Chang et 

al., 1997; McCollum et al., 1995). Alternatively, as only 70% of the coding region of 

myo2+ was deleted, the resulting ti'uncated protein may account for any residual activity. 

The remaining coding region accounts for the first 296 amino acids of the head domain, 

which encodes an N-terminal domain of unknown function and part of the ATP-binding 

pocket, and the tenninal 172 amino acids of the tail. Both aie highly unlikely to form an 

active peptide and the phenotype observed is likely to represent the tiee effect of deleting 

myo2+.

Two other mutations cause a phenotype similar to that of KMY2 cells; a mutation in the 

gene sepl (Sipiczki et a l,  1993), which encodes a tianscription factor (B. Ribai* personal 

communication), and a mutation in one of the septin genes spnl (Longtine e ta l,  1996). It 

is not yet known why sepl effects cytokinesis, but the septins aie known to be required for 

cytokinesis in a number of organisms, and Spnlp localises to the site of septation shortly 

after the fonnation of the actin (Longtine eta l., 1996). However, the question remains why
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does the absence of these proteins cause only a delay in cell division rather than complete 

arrest. Multiple septins have been found in each organism in which these proteins have 

been identified and, as fission yeast has six septins, the weak phenotype may reflect 

functional redundancy among this family of proteins (Longtine e ta l., 1996). The severity 

of the effects of deleting nryo2+ have akeady been lessened by a mutation in a second gene 

in the KMY2 strain and it is possible that the phenotypes of both the myo2 null cells and 

KMY2 are due to functional redundancy between Myo2p and an as yet unidentified protein 

in fission yeast. It is not yet known if other myosins exist in fission yeast, but 

representatives from a number of different classes of cytoplasmic myosin have been 

identified in all organisms studied. Thus, it is highly unlikely that fission yeast encodes 

only one myosin. Budding yeast contains five myosins, only one of which is a myosin II 

(Watts et at., 1985; Watts et at., 1987), and there was no evidence for functional 

redundancy between this and the other classes of myosin (Brown, 1997). Therefore, the 

possibility of functional redundancy among myosins in fission yeast awaits the 

identification of other members of the myosin superfamily.

The branched morphology obseiwed in myo2 null cells suggests that they not only initiate 

the next cell cycle following a failed cytokinesis but reinitiate polarised growth. Growth 

cannot occur from the ‘ends’ of an internal cell as they are capped with septal material. 

Instead, growth is initiated from an adjacent point which is able to support growth and 

results in the branched phenotype. Indeed, actin localised not only to the tips of the tenninal 

cells but to the bulges of nascent branches growing from internal cells. A detailed pedigree 

of the cells within a hypha was not determined but the branching patterns observed 

indicate that the polai ity of growth is maintained and most cells initiate growth from what 

would be termed the ‘old end’ following a new round of septation. A similar" ‘hyphal’ 

phenotype can be induced in wild type cells by adjusting growth conditions using a 

chemostat, however such cells revert to normal morphology when returned standard 

laboratory growth conditions (Johnson and McDonald, 1983).
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The classical fission yeast cytokinesis (cdc) mutants which are defective for the Cdc3, 

Cdc4, Cdc8 and Cdc 12 proteins arrest following a failed cytokinesis. Even if the next 

nucleai* division cycle is initiated, the cells reinitiate growth at a much reduced level. Cells 

thus become thickened and swollen (Nurse et aL, 1976; Sti’eiblovâ et a i,  1984). Cdc3p 

(profilin) and Cdc8 p (tropomyosin) localise to interphase actin stiuctures indicating that 

they may be required for growth, although this deduction should be tieated with caution as 

the dots and patches of actin at the growing ends of the cell appeal* unaffected by the cdc3 

mutation (Balasubramanian et aL, 1994; Balasubramanian et aL, 1992). Cdc4p and 

C dcl2p localise with actin only during cell division, and at the restrictive temperature 

(36°C) cdc4 and cdcl2  mutants show noi*mal interphase actin sti*uctures, suggesting that 

these proteins aie specifically involved in cytokinesis (Chang etal., 1997; McCollum et a l, 

1995). Each of these mutants initiate septation and deposit dispersed septal material or 

aberrant septa (Balasubramanian etal., 1994; Balasubramanian etal., 1992; Chang e ta l., 

1997; McCollum etal., 1995). Following each nucleai’ division cdc4 mutants form up to 

three septa which aie less distorted than those observed in the other mutants of this class, 

and in this respect the cdc4 temperature sensitive allele is some what similar to the myo2 

null allele. However, branching is not observed in cdc4 mutants. This suggests that growth 

is initiated from the old end, but due to the incomplete septum the cells aie unable to initiate 

bipolai’ growth at NETO.

Thus, it appeal’s that completion of cytokinesis is not required for reinitiation of the growth 

cycle, but the formation of a second ‘end’ is essential for the initiation of NETO. The 

trigger for NETO is not known, but it could be envisaged that during the period of 

monopolar growth the ‘new end’ matures into a structure which can support growth. 

During this time spatial organising proteins such as Tea Ip, which maiks the ends of the 

cell as points of growth, accumulate at the newly formed end (Mata and Nurse, 1997). It 

has not yet been detei’mined if Tea Ip begins to localise with the aberrant septal deposits in 

cdc4 and cdcl2  mutants, or if localisation of T ealp  requires the prior formation of a 

septum which completely bisects the cell. It will be interesting to detei’mine the localisation
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of Tealp in myo2 null cells

Deletion of Myo2p does not [affect nuclear division, cell cycle dependent actin localisation, 

polarised growth or the initiation of septation but it does prevent the completion of 

cytokinesis perse . Although, as in wild type cells, the septum appeal's to grow such that it 

bisects the cell, its aberrant stiucture suggests that myosin is requiied to accurately direct 

the centripetally forming septum. By analogy with homologous proteins from other 

organisms, Myo2p may be a component of the actin ring and may therefore interact with 

the actin ring to mediate this process. However, while deletion of Myo2p suggests such a 

role for myosin II in fission yeast, further analysis is required to confirm this 

inteipretation. This will be discussed fui'ther in Chapters 5 and 6 .

4.3.2 An Extragenic Suppressor of the Lethality of the myo2 Null 

Whilst analyzing the cells in which myo2+ had been deleted, a mutation in a second gene, 

smy2+ (suppressor of myosin IT) was identified which pai tly suppressed the effects of the 

Myo2p deficiency. Numerous crosses of KMY2 with strains from different genetic 

backgrounds suggested that suppression was achieved by a mutation in a single gene. This 

gene was unlinked to myo2+ or to leuL  The mutation was not present in either of the 

paiental strains used to make the diploid and must, therefore, have aiisen spontaneously. 

However, 30% of the myo2::ura4+ spores analyzed carried the smy2- mutation. This 

represents a surprisingly high rate of mutation, one which may only be explained if the 

presence of a single copy of the myosin gene was detrimental to the diploid. This would 

produce a strong selective pressure for mutations which could in some way compensate 

for the Myo2p deficiency. Diploids carrying the deletion appeared phenotypically 

unchanged, however, any delay in growth rate or cell division might be sufficient to give 

advantage to cells canning smy2-.

In a preliminary attempt to identify the nature of the smy2+ gene, the smy2- allele was 

isolated in a wild type back ground and its phenotype investigated under a range of
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conditions. Smy2- cells grew more slowly than wild type cells but had no obvious 

morphological phenotype when grown on either rich or minimal media, nor at any of the 

temperatures tested. To assess the possibility of a genetic interaction with any of the other 

proteins involved in cytokinesis, smy2- was crossed with the early and late septation 

mutants. A strong genetic interaction was observed with cdc4- at the permissive 

temperature (25°C). The double mutant was viable but grew slowly and had a phenotype 

unlike either smy2- or cdc4-. In fact, the phenotype more closely resembled the 

myo2::ura4+/smy2- double mutant in that the cells formed septa but failed to complete 

cytokinesis and form elongated and branched cells. The phenotypes of the other double 

mutants remain to be chaiacterised.

In the absence of a temperature sensitive myo2- mutation, it was appaient that smy2- could 

be used to maintain a viable myo2 null stiain for generic analysis. This was supported by 

the fact that the in viable myo2 null cells and KMY2 appealed phenotypically similai* and 

that smy2- showed no obvious interaction with any of the cytokinesis mutants except cdc4-. 

Thus, myo2+ could be deleted in each these genetic backgrounds and the viability of the 

strain, in the absence of any synthetic lethality, maintained by the presence of siny2-. 

Crosses were conducted in which only KMY2 earned the smy2- allele and in which both 

parental strains contained the smy2- allele. From this it was determined that none of the 

crosses showed synthetic lethality in the triple mutants. Unsuprisingly, all of the cdc/myo2 

double mutants were inviable but the terminal phenotypes have yet to be examined.

The phenotype of only one of the ti*iple mutants, KM Y2/cdc7  has been examined. At 25°C 

the KM Y2/cdc7  triple mutant formed hugely elongated thick and branched cells which 

contained many nuclei and very few septa. At first it appealed that this was an additive 

effect of both the cdc7- and KMY2 phenotypes, rather than an interactive effect. At the 

very most could only suggest a weak interaction as implied by the reduced restiictive 

temperature of the cdc7- phenotype. However, these cells have a number of unusual 

characteristics. In contiast to either parent, they were extremely swollen and each contained
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neai'ly a hundred nuclei. Very few septa were foiTned but septal material often accumulated 

as caps at the ends of the cell branches. The phenotype of the YiMYHcdc7- mutant is very 

complex and, because of the presence of smy2-, any interpretation must be treated with 

caution. However, analysis^this and the other triple mutants may give important clues as to 

the nature of any possible interactions with Myo2p.

The mechanism by which the suppressor mutation, smy2- acts is unknown. It may be 

directly related to myosin function or it may act indirectly to allow the essential nature of 

myosin function to be bypassed. The swollen morphology and high degree of lysis 

observed in the nonviable myo2 null cells compared to KMY2 raised the possibility that 

smy2- maintains the viability of myo2  null cells by a mechanism which is incidental to the 

function of Myo2p during cytokinesis. For example, it has been demonstrated in other 

organisms that myosin II is required for certain aspects of cell wall/cell surface 

organisation. Altering the wall structure or osmotic sensitivity of the cells may prevent 

lysis and allow the cells to proliferate with out reducing the primar y effects of the myo2+ 

deletion. The strong specific interaction smy2- with cdc4- which is defective in the protein 

believed to be a myosin light chain, which is specifically involved in cytokinesis 

(McCollum et aL, 1995) suggests that smy2- may either encode a protein which is involved 

in cytokinesis or another component of the cytoskeleton.
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CHAPTER 5 

Overexpression of Myo2p

5.1 IN TRO D U C TIO N

As with type II myosins from other organisms, the fission yeast myosin II, Myo2p, is 

essential for cytokinesis. Deletion of Myo2p showed that it was not required for the 

localisation of actin to the incipient site of septation, nor for the fonnation of the actin ring. 

The formation of a septum and the subsequent failure of the cells to divide suggests that 

there was sufficient actin organization to initiate septation in the noimal manner but not to 

complete septation satisfactorily. Thus, unlike the fission yeast profilin (Balasubramanian 

etal., 1994), tropomyosin (Balasubramanian e ta l., 1992) and Cdc4 proteins (McCollum 

et a l ,  1995), which are required for actin organization during cytokinesis, Myo2p is not 

required for the general organization of actin during cell division. There are two 

interpretations of the role of Myo2p which can be drawn from this phenotype. Myo2p 

may be requiied to form a functional actin ring which contiacts and directs the centiipetally 

forming septum to complete cytokinesis. Alternatively, while deletion of myo2+ does not 

grossly effect the deposition of septal material as does the budding yeast homologue 

MYOl (Rodriguez and Paterson, 1990), the formation of an abenant septum suggests that 

Myo2p may direct the secretion septal material to the site of cell division. Thus, deletion of 

Myo2p does not clarify whether or not septation requires a contiactile ring or whether the 

actin ring merely deteiTnines the plane of septal growth.

In an attempt to distinguish between the possible roles of Myo2p the protein was 

overexpressed in wild type cells. The effect of overproducing a protein can often provide 

infoimation about its function that complements that of deleting the protein (Fankhauser et 

aL, 1995; Fankhauser and Simanis, 1994a; Fankhauser and Simanis, 1993). The thiamine 

repressible promoter, nm tl (Maundrell, 1990; Maundrell, 1993), is now widely used for
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the ectopic expression of both homologous and heterologous genes in S. pombe 

(Balasubramanian etal.., 1994; Edwards et al., 1994; Fankhauser and Simanis, 1994; 

Murone and Simanis, 1996). The promoter is repressed by the presence of thiamine, but 

will drive protein expression approximately 12 hours after removal of thiamine from the 

medium (Maundrell, 1990). The original nmtl promoter was not completely repressed by 

thiamine so the promoter was modified to generate the weaker promoters nmt41 which is 

referred to as a medium stiength promoter and nm tSl which gives the weakest level of 

expression (Basi et a!., 1992). This chapter describes the effects of overexpressing the full 

length Myo2 protein under the medium stiength promoter nmt41 in the vector pRep41.

5.2 RESULTS

5.2.1 Subcloning myo2^ into pRep41

To express myo2+ under the nmt41 promoter an N del site was intioduced by PCR 

techniques at the initiating codon ATG. The entke coding region was then spliced together 

as three fragments in pBluescript to generate the plasmid pKB-myo2 (Figure 2.2). The 

joining regions of each fragment were sequenced to confirm that no frameshift mutations 

had been introduced. The N del-X bal fragment was then subcloned into pRep41, and the 

resulting construct (pRep41-myo2) was transformed into stiain PB 112 using the lithium 

acetate procedure (Alfa e ta l., 1993). Transformants were selected on minimal medium 

containing thiamine, and grown for 5 days at 30°C.

5.2.2 The Effects of Overexpressing Myo2p

A growth curve of cells expressing Myo2p, was performed and showed that 22 hours 

after the removal of thiamine cells began to elongate and by 28 hours the aheady elongated 

cells had not increased further in length and the cell number had plateaued (Figure 5.1). 

Curiously, after incubation for a further 15 hours the majority of cells had a wild type 

phenotype. To investigate this apparent loss of phenotype further, the pRep41-myo2
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Figure 5.1 Growth Curve of S. pombe Cells Overexpressing Myo2p.

Cells carrying wyo2+ cloned into the expression vector pREP41 grew essentially as 

wild type in the presence of thiamine, but growth was airested when Myo2p expression 
was induced in the absence of thiamine. Cells were grown at 29°C.
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ti'ansformants were streaked out on minimal medium lacking thiamine and incubated for 

36 hours at 30®C. After 16 hours the cells were noticeably elongated, but overexpression 

of Myo2p did not prevent cell proliferation and after 36 hours very few of the cells showed 

this phenotype, although there were a number of clumped elongated dead cells.

The elongated cells contained up to four nuclei and many had multiple septa (Figure 5.2). 

As observed in the null mutant, the septa were correctly localised and formed 

compai'tments containing a single nucleus but the cells failed to sepaiate. However, not all 

cells were able to form septa. An approximately equal number of cells with 2 or 4 nuclei 

deposited diffuse patches of septal material (Figure 5.2). Although this was predominantly 

obseiTed between the dividing nuclei, ! wispy patches of septal material were occasionally 

seen in cells which had already foiTned septa and this was randomly localised (Figure 5.2). 

None of the cells branched. Actin localised to the tips of cells and to the incipient site of 

septation but, unusually, localisation to the sites of growth and septation was often 

simultaneous (Figure 5.3A.(a)). Some cells in eaily and late anaphase had clumps of actin 

localised between the dividing nuclei but on one side of the cell only (Figure 5.3A.(c)). A 

proportion of cells showed no actin staining (Figure 5.3A). Conversely, a number of cells 

there appealed to be an excessive amount of actin which, although concentiated at the tips 

and sites of septation, was also randomly localised as dots and patches thioughout the cell 

cortex (Figure 5.3B).

Nuclear division did not appear to be affected by Myo2p overexpression, however the 

second nuclear division within a cell in which no septum was foimed, often appealed to be 

asynchronous. To determine if this was due to a defect in microtubule structure cells were 

examined by anti-tubulin immunofluorescence (Figure 5.4). The stiucture of the spindle 

microtubules did not appear to be |affected by overexpression of myosin and, as 

deteiTnined by the size of the spindles, nuclear division appeared, in fact, to be 

synchronous (Figure 5.4a). While the airangement of the interphase microtubules was 

more disorganized than in wild type cells (Figure 5.4b) this is thought to be a
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Figure 5.2 The Phenotypic Effects of Myo2p Overexpression.

Cells expressing Myo2p were stained with DAPl and Calcofluor 28 hours after the 

removal of thiamine. This field of cells shows the range of phenotypes observed. The 

majority of cells contain 4 nuclei. Some cells have two or more septa (1), but many cells 

show only diffuse deposits of septal material between two nuclei (2) or, less commonly, 
random deposits of septal material (3). (Bar = 10 pm)



Figure 5.3A Immunofluorescent Localization of Actin

Cells overexpressing Myo2p were fixed in methanol 28 hours after the removal of 

thiamine, then stained with anti-actin antibody (a and c). The coiresponding panels (b and 

d) show the same cells stained with DAPl. a) Actin is localized simultaneously at both the 

incipient site of septation and the cell tips, b) Actin accumulates at the sides of the cell 

between the dividing nucleus. A number of cells show no discernable actin staining (cells 
1-3). (Bar = 10 pm).
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Figure 5.3B Immunofluorescent Localization of Actin.

Cells from the same preparation as those shown in Figure 5.3A; a and c) stained with anti- 

actin antibody, b and d) the same field of cells stained with DAPl. The cells appear to 

contain more actin than cells in which the expression of Myo2p is repressed (inset). (Bar = 
10 pm).
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Figure 5.4 Immunofluorescent Localization of Microtubules.

Cells overexpressing Myo2p were fixed in methanol and stained with anti-tubulin antibody 

(a and c) and DAPl (b and d). a) The two nuclei in cell 1, have short spindles of equal 

length and are therefore both in early anaphase. Microtubule arrays in wild type cells 

(inset); (i) interphase and (m) mitotic spindle, c) Interphase airangement of microtubules in 
cells with 4 nuclei.



consequence of the elongated multinucleate phenotype rather than a direct result of 

overexpression of Myo2p.

5.3 DISCUSSION

Overexpression of Myo2p in wild type cells caused a range of abnonnalities in the actin 

cytoskeleton and septation and also inhibited cell division. Different levels of expression of 

Myo2p, caused by differences in plasmid copy number, resulted in phenotypes with 

varying severity, but enabled the effects of increased amounts of Myo2p to be more 

closely examined. In confirmation of the conclusion drawn from the phenotype of the 

myo2 null cells, overexpression of Myo2p did not prevent the initiation of septation, nor 

the localisation of actin to the sites of growth and cytokinesis in many cells.

Many cells overexpressing Myo2p appeared to contain abnormally lai'ge amounts of actin. 

In some of these, actin was randomly localised throughout the cell (Figure 5.3), but in 

most cells actin was localised at both the cell tips and the division site (Figure 5.3). 

Elevated levels of actin were coincidental with failure to form a septum. Such an increase 

in severity of the phenotype suggests that the high levels of actin aie most likely to be due 

to higher levels of Myo2p expression in these cells compaied to cells which appeared to 

have more normal levels of actin and formed a septum. How an increase in cytoplasmic 

myosin could cause an increase in the level of actin is not known.

The simultaneous localisation of actin at both the growing tips of the cell and between the 

dividing was not obseiwed in the null mutant. Mutants such as cd c ll  and cdcl4, in which 

cytokinesis and the nuclear division cycle are uncoupled, maintain the cell cycle dependent 

localisation of actin (Mai'ks et aL, 1986). Actin rings aie formed following the initiation of 

mitosis, but cytokinesis is not initiated and the actin disappears from the incipient site of 

septation and relocalises to the cell tips at the end of mitosis. In contrast, cells
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overexpressing Myo2p were able to reinitiate growth whilst septation was still occurring. 

The fact that, in general, actin appeared to localise between dividing nuclei and did not 

bisect the nucleus, as in the cut mutants (Hirano etal., 1986), suggests that actin does not 

prematurely localise to the site of septation whilst the cells aie still in the growth phase. 

This can be interpreted in two ways. Increased amounts of myosin may somehow 

ovenide the normal requirement for the completion of cytokinesis before the initiation of 

the next cell cycle. Alternatively, such high amounts of myosin may prevent dispersal of 

actin away from the site of septation. An additional inference of this phenotype is that actin 

relocalisation is achieved by the de novo formation of actin stiuctures rather than the 

recycling of actin from one location to the next.

In cells where there appealed to be more normal levels of actin, the structures formed 

could be distinguished more clearly. Whilst tip staining appealed normal, no actin rings 

were observed. Actin did localise to the incipient site of septation but, instead of fonning a 

ring around the centre of the cell, it fonned a patch at one side of it (Figure 5.4). 

Interestingly, it has been reported elsewhere that when the product of cdcl2+  is 

overexpressed, it localises as a dot on one side of the cell between the nucleus and the 

cortex during interphase, anticipating the site of actin ring formation (Chang etal., 1997). 

While this could be an artefact of overexpression it led Chang etal (1997) to sunnise that 

actin ring assembly is initiated from a single point determined by Cdcl2p. Cdcl2p is 

essential for the formation of the actin ring and the septum, and in wild type cells localises 

to the actin ring (Chang et a l ,  1997; Nurse et al., 1976). However, in the cdc4 mutant, 

Cdcl2p localises as a dot at the centre of the cell throughout mitosis which colocalises with 

the patch of actin formed in these cells. In contrast, no Cdcl2p is present during mitosis in 

the cdc3, cdc8 and cdclS  mutants at the restrictive temperature. Whilst the similarity 

between the localisation of actin in cells overexpressing Myo2p and the localisation of 

Cdcl2p may be coincidental, it can not be overlooked. Indirect immunofluorescence of 

cells stained with both anti-actin and anti-Cdcl2p antibodies will confirm whether or not 

the cortical patch of actin formed in these cells colocalises with Cdcl2p.
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Surprisingly, in contrast to the cells containing increased amounts of actin, a small 

proportion of cells had no discernable actin staining. The reason for this is unknown and it 

is unlikely that very low levels of expression would have this effect, as actin staining 

would be expected to be similai* to wild type in this instance. Most of the cells which 

apparently ‘lacked’ actin were small, and may therefore have lost the plasmid which 

conferred leucine prototiophy. Alternatively, it is possible that even greater levels of 

expression of Myo2p prior to the initiation of growth prevents the localisation/formation of 

new actin sti*uctures.

Overexpression did not cause complete ai*rest in all cells. The difference in levels of 

expression of Myo2p was apparent in the phenotypes observed. In addition to the cells 

described above, a number of cells appealed to be expressing lower levels of Myo2p and 

were capable of forming septa but cytokinesis was delayed. The discrepancy in expression 

levels is mostly due to plasmid copy number. Most S. pombe plasmids are mitotically 

unstable and have a low copy number (Russell, 1989). Therefore, the number of plasmids 

per cell can potentially be reduced with each cell division. Thus, cells capable of 

completing cell division may express levels of Myo2p low enough to allow continued 

proliferation.

Although Myo2p is not essential for the formation of the actin ring, the fact that increased 

levels of Myo2p disiupts the actin ring strongly suggests that Myo2p is a component of 

the actin ring.
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CHAPTER 6 

Localisation of Myo2p

6.1 INTRODUCTION

The localisation of a protein such as Myo2p through the different stages of the cell cycle 

can reveal much about its role in cellulai* processes. Many of the stmctui'al proteins known 

to be involved in cytokinesis in fission yeast localise to the actin ring. While a number of 

these proteins aie only associated with cytokinetic actin (Chang etal., 1997; McCollum et 

aL , 1995), a proportion also to co-localise with interphase actin structures 

(Balasubramanian eta l., 1994; Balasubramanian e ta l., 1992), suggesting that they may 

also be required for actin organization in general, and/or cell growth. The abnormalities in 

actin organization and septation caused by overexpression and deletion of Myo2p suggest 

that fission yeast myosin II is a component of the actin ring and is essential for actin ring 

function during cytokinesis. Unlike profilin {cdc3) and tropomyosin {cdc8), myosin is not 

known to be required for the general organization and regulation of actin filaments. 

However, the high degree of lysis and swollen morphology observed in cells lacking 

Myo2p suggest that, while it is not essential for growth per se, it may be involved in this 

process. Therefore, to confimi the association of Myo2p with the actin ring, and to 

determine whether or not Myo2p is associated with actin at any other stage of the cell cycle 

an attempt was made to localise Myo2p.

Traditionally the protein of interest was detected by indirect immunofluorescence 

microscopy using an antibody specific to that protein. However, recent moleculai* cloning 

techniques enable proteins to be fused with a short protein ‘tag’ which is then recognised 

by a specific antibody (Cravchik and Matus, 1993; Field et al., 1988). The advantage of 

this technique lies in the fact that a single epitope and antibody can be used to detect
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different proteins without the time consuming process of raising a specific antibody to each 

protein. This chapter describes the attempted localisation of Myo2p using two approaches. 

As no specific antibodies have yet been raised against Myo2p, antibodies raised against 

myosins II from other organisms, and several antibodies raised against peptides of 

consei*ved myosin sequences, were screened for cross-reactivity with Myo2p.

The second strategy entailed using moleculai* cloning techniques to fuse the N-teraiinus of 

Myo2p with Green Fluorescent Protein (GPP) from the jellyfish Aequorea victoria. 

Following the cloning of the gene for GFP (gfplO) five yeai's ago (Prasher e ta l., 1992) it 

was shown that expression of GFP in a vaiiety of organisms produced a fluorescent 

protein (Chalfie, 1995; Chalfie et al., 1994; Cubitt et al., 1995). Unlike many other 

bioluminescent proteins, such as those of the luciferase family, GFP does not appeal* to 

requiie a substiate or other co-factors, and its fluorescence activity is not species specific 

(for review see Chalfie, 1995; Cubitt et al., 1995). Indeed, rather than binding a 

fluorophore, the GFP fluorophore is intiinsic to the primary stmcture of the protein and 

forms autocatalytically. Lying on a cential helix, the fluorophore is sunounded by eleven 

6-strands and is only fluorescent when completely encapsulated inside the protein in this 

way.

Conventionally, the use of molecular tagging to determine the localisation of a specific 

protein has involved the addition of short antigenic peptide sequences, such as the HIS and 

HA tags, to the amino of caiboxyl termini of the protein (Cravchik and Matus, 1993; Field 

et al., 1988). However, immunological detection of the epitope requiies the cells to be 

fixed and provides no information about the dynamics of the protein in a living cell. Until 

recently, localisation of proteins in living cells involved a time consuming process where 

by the purified taiget protein was covalently attached to a fluorophore such as rhodamine 

or fluorescfein (Ludin et al., 1996). The conjugated protein then had to be intioduced into 

the cells by microinjection. This technique has been successfully used to study dynamic 

proteins such as micro tubules in mammalian cells (Sammak and Borisy, 1988), but is not
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practical for use with much smaller cells like S. pombe. Although immunolocalisation in 

fixed cells has provided a wealth of information about the function of proteins such as actin 

and tubulin (Hagan and Hyams, 1988; Maiks and Hyams, 1985) localisation of Myo2p in 

living cells is preferable as it may provide more of ai^insightinto the nature of the fission 

yeast actin ring than could be obtained in fixed cells. Tagging with GFP allows 

noninvasive detection of the taiget protein as when excited by blue light (475 nm) GFP 

emits a green light which can be detected in living cells by standaid microscopy techniques 

(Cubitt gf (f/., 1995).

Protein tagging requiies that both the physiological function of the tai'get protein and the 

fluorescence of GFP are maintained. A range of proteins have been successfully tagged 

with GFP on both the N-teiminus and the C-teiminus (Cubitt et aL, 1995). Thus, although 

GFP is a relatively lai'ge protein (27 kD or 30 kD), this does not appeal' to be detiimental to 

the function of the taiget protein over and above the effects observed with the smaller 

epitope tags. There aie however some drawbacks associated with the biochemical nature of 

the native protein. One of the major problems encountered is the low fluorescence intensity 

of GFP. In an attempt to improve this a number of GFP mutants were made. Whilst many 

mutations cause a paitial or complete loss of fluorescence, several ‘bright’ mutants were 

isolated (Heim et aL, 1995). Analysis showed that most of these mutations were due to the 

substitution of one of five amino acids at Ser65, and caused a shift in the absorption peak 

to 490 nm accompanied by a 6-fold increase in brightness. Some of the other propei'ties of 

the original mutant (S65T) were also advantageously altered, namely that following protein 

synthesis the time taken for the fluorophore to form is four times faster than in the native 

protein and photobleaching occurs at a much slower rate.

A range of modified GFP proteins aie now available which both overcome some of the 

problems caused by low fluorescence intensity and codon bias and enable the development 

of new applications for this protein. S65T mutants canying a second mutation (F64L) are 

thirty five times brighter than the native protein (Cormack et aL, 1996), and mutants
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carrying silent base mutations which optimize the codons for use in mammalian cells and 

plants have been developed to increase expression in these systems (Yang etal., 1996).

GFP has already been heterologously expressed in S. pombe (Atkins and Izant, 1995) and 

a number of proteins have been successfully tagged, apparently without loss of 

physiological function (Nabeshima et aL, 1995; Sawin and Nurse, 1996). The fusion of 

Myo2p with the bright mutant S65T-GFP was constiucted in a pRep based vector under 

the control of the stiongest nm tl promoter, thus giving the best chance of visualisation of 

the protein should it be stably expressed.

6.2 RESULTS

6.2.1 Anti-myosin II Antibody Screening

In an attempt to identify an anti-myosin antibody which cross reacts with Myo2p, total 

protein extiacts were prepaied from a wild type stiain and the KMY2 stiain which lacks 

Myo2p. The total protein concentration of each sample was estimated by the Bradford 

assay and 10 |ig of protein separated by SDS-PAGE and transferred to immobilon 

membrane by Western blotting. To facilitate the transfer of high molecular weight proteins, 

methanol was omitted from the transfer buffer. Transfer was determined to be complete 

when no protein could be detected on the acrylamide gel by Coomassie staining. The blot 

was then incubated with the antibody to be tested which was diluted as recommended in 

1% Marvel, PBS/0.2% Tween 20. The details of the antibodies screened and their origins 

are shown in Materials and Methods, Table 2.3. The blot was incubated in blocking 

solution (1% Marvel/PBS) prior to incubation with a peroxidase conjugated secondaiy 

antibody, diluted 1 : 250. Following each stage of the procedure the blot was washed in 

PBS/0.2% Tween 20.
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The antibodies raised against Acanthamoeba myosin (a gift From I. Baines), Drosophila 

non-muscle myosin (Young et aL, 1993) and S. pombe actin binding proteins (Wheatly, 

1993) showed a high background over the entire filter but there was no evidence of specific 

binding. The monoclonal smooth muscle myosin antibody (Sigma), and the S. cerevisiae 

M Y 02 antibody (raised against a type V myosin) (Lillie and Brown, 1994) showed no 

background staining and no cross reactivity, although the S. cerevisiae antibody reacted 

with a band of approximately 180 kD from a 5. cerevisiae protein extiact. This suggests 

that Myo2p does not cross-react with any of the antibodies tested.

C24914 Peptide 1 YGFEIFGKNGFEQLCINFVNEKLQQIF 27
Myo2p Sequence 447 AGFEIFEKNSFEQLCINYTNEKLQQFF 473

TM Al Peptide 1 NPVLEAFGNARTVRNNNSSRFG 22
Myo2p Sequence 209 NPVLESFGNARTVRNNNSSRFG 231

Figuré 6.1 Comparison of the Peptide Sequences to which the Antibodies C24914 

and TMAl were Raised with the Corresponding Myo2p Sequences.

Both antibodies were raised against synthetic peptides based on highly conserved regions 

in the myosin head. The sequences aie also highly conserved in Myo2p. Differences in 

sequence aie indicated in bold.
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The sequences recognised by the peptide antibodies C24914 and TM Al aie highly 

conserved in Myo2p (Figure 6.1) and were therefore expected to recognize Myo2p. Both 

antibodies showed a high degree of background staining and cross-reacted with a number 

of proteins. C24914 is unlikely to specifically cross react with Myo2p as all of the proteins 

recognised by this antibody were present in the contiol extiact which lacks Myo2p (Figure 

6.2a). Antibody TM Al on the other hand appealed to specifically cross react with a 200 

kD protein which was present in wild type cells, but absent in the KMY2 cells. The 

cross-reactivity of TM Al with other proteins could not be diminished by changing the 

immunoblotting conditions, without also reducing the signal of the band of interest.

In spite of the cross reactivity of the peptide antibody TM Al with proteins other than 

Myo2p, it was used to ti*y to detect myosin in wild type cells by immunofluorescence 

microscopy. The cells were fixed by both methanol and formaldehyde procedures; 

unfortunately, no staining was detectable by either technique.

6.2.2 N-terminal Tagging of Myo2p with GFP

The fission yeast vector pRep3X (Forsburg, 1993) containing the S65T GFP gene under 

control of the nm tl promoter (gift from K. Sawin, ICRF) was used to constiuct the GFP- 

Myo2p fusion protein. The vector exists in thiee forms which differ only by the insertion 

of one or two base pairs upstream of the unique Sail site in the polycloning region. This 

causes a shift in the reading frame such that the gene of interest can be inserted into the 

coiTect open reading frame by cloning into the Sail site (Figure 6.3a). Plasmid KB-myo2 

carrying the myo2-^ gene, which was used for cloning into the pRep41 vector, has a unique 

Sail site in the polycloning region of the vector, 33 bp upstieam of the initiating ATG. The 

requiied reading frame was determined and the upstream vector sequences were not 

predicted to contain any stop codons (Figure 6.2b). To facilitate cloning, linkers (Promega) 

were used to engineer an AscI site into the Xbal site at the 3’ end of myo2+ and the Smal 

site of the pRep3X-GFP vector. The Sail-AscI fragment containing the entiie myo2+ gene 

was then inserted in to the Frame A vector.
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Figure 6.2 Detection of Myo2p by Western Blotting Using Anti-myosin Peptide

Antibodies.

Total protein extracts from myo2+ cells and myo2 null cells (KMY2) were probed with; a) 
Peptide antibody C24914. Lane 1; wild type (4- Myo2p) protein. Lane 2; KMY2 (- Myo2p) 

protein. Lane 3; molecular weight markers. All of the bands recognised were present in 

both extracts, b) Peptide antibody TMAl. Lane 1; molecular weight markers. Lane 2; 

KMY2 protein. Lane 3; wild type protein. This antibody specifically recognises a band of 

approximately 200 kD, which is only present in the myo2+ cells.
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Frame A gfjy a t g  g a t  g a a  c t a  t a g  a a a  g g t  a c c  g c g  g c c  g c g  t c g  a c t  g a g  t g a  g t g
Met Asp Glu Leu Tyr Lys Gly Thr Ala Ala Ala Ser Thr Glu STOP

Frame B gfj) 

Frame C gfp

ATG GAT GAA CTA TAG AAA GGT ACC GCG GCC GCT GTC GAG TGA GTG AGT GA 
Met Asp Glu Leu Tyr Lys Gly Thr Ala Ala Ala Val Asp STOP

T
ATG GAT GAA CTA TAG AAA GGT ACC GCG GCC GCT TGT CGA CTG AGT GAG TGA 
Met Asp Glu Leu Tyr Lys Gly Thr Ala Ala Ala Cys Arg Leu Ser Glu STOP

b.

SaU

^ T C G  ACG GTA TCG ATA AGC TTA GAG AGT AGC CAT ATG ACA myo2
TGC CAT AGC TAT TCG AAT CTC TCA TCG GTA TAG TGT DNA

Vector GCG g c c  g c g
CGC CGG CGC AGC 

▲
.........Ala Ala Ala Ser Thr Val Ser lie Ser Phe Glu Ser Ser His Mot Th r .....

9  1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  2 1  2 2  1  2

Figure 6.3 Cloning myo2* into pREP3X-GFP

a) Base pair insertions (in bold) in the poly linker immediately downstream of the gfp 

coding region causes a frame shift such that the gene of interest can be inserted into any 

reading frame when cloned into the unique Sail site, b) tnyo2+ was cloned into the Sail site 

of the ‘Frame A’ vector which inserts myo2+ in the same reading frame as gfp. This 

introduces a 22 amino acid linker of non-gfphnyo2 sequence which does not contain any 

stop codons and is therefore unlikely to interfere with tianslation of the gene.
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Figure 6.4 Expression of GFP-Myo2p.

Cells carrying the KGFP-myo2 construct were grown in medium lacking thiamine. After 

16 hours a diffuse fluorescent staining of varying intensity was observed in most cells. 

This localisation is indistinguishable from the staining observed in cells expressing GFP 

alone (inset).
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The consti'uct was transformed into strain PB 112, by electi'oporation, and tiansformants 

were initially selected on minimal medium containing thiamine to suppress expression. 

Following expression for 16 hours, the cells were viewed microscopically under the 

fluorescene channel (blue light). A bright but diffuse green fluorescence was observed in 

most of the cells indicating that GFP was being expressed Figure 6.4. However, this 

ubiquitous localisation was identical to the localisation of GFP in the control cells which 

were expressing only GFP (Figure 6.4 inset). Expression of GFP-Myo2p had been 

expected to produce a phenotype sim ilar to that observed in the control cells 

overexpressing Myo2p alone but no such phenotype was observed.

6.3 DISCUSSION

6.3.1 Antibody Screening

Following the identification of myosin in nonmuscle cells, investigations into the function 

of the cytoplasmic myosins were hindered by the small amounts of myosin found in these 

cells. For example, in Acanthamoeba 14% of the total protein is actin while cytoplasmic 

myosin II constitutes just 1.2% (Pollard, 1981). However, with the development of simple 

purification procedures (Daniel and Sellers, 1992) and the use of molecular cloning 

techniques to express large quantities of myosin polypeptides (Burns, 1995; Lillie and 

Brown, 1994), antibodies raised against the classical cytoplasmic myosin II, and many of 

the diverse cytoplasmic myosins recently identified, are now available (Titus, 1997).

Due to the degree of conservation observed in type II myosins it was considered feasible 

that one of the antibodies raised against myosin II from other organisms might cross-react 

with fission yeast Myo2p. Unfortunately, none of the antibodies used to probe Western 

blots of fission yeast protein extracts recognised Myo2p. This does not suggest that 

Myo2p is more divergent than the other myosins of this class. The epitope could lie 

anywhere on the protein, and although the heads of these proteins are highly conserved
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there is little consei’vation in the tail. Thus, there is a high probability that the epitope lies in 

a poorly consei'ved region. It has been reported elsewhere that a range of antibodies failed 

to recognize a protein believed to be fission yeast myosin II which was 

co-immunoprecipitated with Cdc4p, which has homology to myosin light chain 

(McCollum e ta l ,  1995).

Anti-peptide antibodies have been shown to be useful in detecting myosins by 

immunofluorescence (Baines et aL, 1995), and the antibodies used in this study have been 

shown to recognize myosins II from a range of organisms (I. Baines and T. Mitchison, 

personal communication). Although the sequence recognised by the C24194 antibody is 

highly conserved in Myo2p, this antibody did not appear to specifically recognize Myo2p. 

The TM Al antibody recognised a band of approximately 200 kD (the predicted size of 

Myo2p is 177kD), which was absent in the KMY2 extiact. However, TM A l also 

recognised a number of other proteins (Figure 6.2b). While it is possible that this is due to 

nonspecific binding of the antibody it is equally possible that these aie other myosins. The 

target sequence of TMAl lies in a region that foims pait of the nucleotide binding pocket 

(Rayment et a i,  1993b), which is highly conseiwed in all classes of myosin (Figure 6.5). It 

is unlikely that S, pombe contains only one type of myosin as the other classes of myosin 

have been shown to have distinct, and in many cases discrete functions (Brown, 1997; 

Hasson and Mooseker, 1995). However, conformation of this awaits the identification of 

other myosins in fission yeast.

Unfortunately, when TM Al was used for indirect immunofluorescence, even at high 

concentiations, no signal could be detected. This suggests that either the antibody binds to 

Myo2p and the signal is too weak to be detected, or that the antibody only recognises 

denatured protein and epitope is masked in the native protein when in situ.
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6.3.2 GFP Tagging

Localisation of Myo2p using the Fluorescent protein GFP fused to the N-terminus also 

proved to be unsuccessful. Following the removal of thiamine, fluorescence was detected 

in most of the cells, indicative of the expression of GFP. However, the staining observed 

in cells expressing the fusion protein was identical to the staining in cells expressing GFP 

alone. That this ubiquitous cytoplasmic staining was not the tme localisation of functional 

Myo2p was confiiTned by the lack of phenotype in these cells compaied to cells expressing 

the myo2+ insert in the vector pRep 41. This suggests that either Myo2p was not being 

expressed due to the presence of a stop codon, or Myo2p was being expressed but the 

presence of GFP prevented the expressed myosin from functioning, and therefore 

disrupted localisation.

The vector used in this experiment, pREP3X-GFP Frame A was chosen from the family 

of three vectors which differ only in the reading frame in which the protein of interest is 

inserted. The frame A vector was compatible with the reading frame of myo2+ when the 

gene was inserted using the Sail site 33 bp upstieam of the initiation codon (Figure 6.3). 

As the upstieam sequences were predicted to encode 11 amino acids with no stop codons, 

it was expected that gfp, and myo2+, and the intervening sequences would be translated. 

Indeed, as a control, myo2+ was cloned into the pRep41 vector, which had been used 

previously to overexpress Myo2p, using the same upstream Sail site. This vector has an 

initiation codon upstieam of the Sail site so that the 33 bp of intervening sequence before 

the stai’t of the myo2+ gene will be expressed. Myo2p was correctly expressed in these 

cells as deteiTOined by the phenotype 24 hours after the removal of thiamine, which was 

indistinguishable from that seen in cells expressing Myo2p without the additional 

N-terminal sequences. Thus, the presence of these additional 33 bp does not appear to 

adversely effect myo2+ expression or function.

Twelve independently isolated clones were expressed and all showed nonspecific 

localisation of GFP suggesting that lack of myosin localisation was unlikely to be due to a
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frame shift mutation acquired during the cloning procedure and that a more fundamental 

problem had ai'isen. The region joining the two proteins must be sequenced to determine 

whether or not myo2+ was in the correct reading frame in the Frame A vector. If it is 

determined that for some reason cloning into this vector does not in fact place myo2+ in 

frame, one of the alternative vectors may be used. Anti-GFP antibodies are available and 

could be used to probe a protein extract from cells thought to be overexpressing 

GFP-Myo2p. This would reveal the size of the protein being expressed and, as the 

moleculai* weight of both GFP and Myo2p aie known it could be determined from the size 

if all, pait or none of Myo2p is present.

If Myo2p was being expressed then the presence of GFP may inhibit Myo2p function and 

hence disrupt its localisation. A number of proteins have been successfully tagged on both 

the carboxyl and amino termini without disrupting function (Cubitt et aL, 1995). The 

decision was made to construct the fusion at the N-terminal of Myo2p as the small 

globular domain which forms the N -tem inal is not thought to be involved in actin 

activated ATPase activity (Rayment et al,, 1993b). Thus, it was felt that the addition of 

GFP to this domain would be less intrusive than addition to the C-terminal of the tail 

which may be involved in filament formation. However, these considerations are 

theoretical and for most proteins it can not be predicted what effect the tag will have in vivo. 

As GFP is a rigid globular protein it is optimal to have a short linker region of amino acids 

which separates it from the protein to which it is fused (Cubitt et at,, 1995). In addition to 

the linker of 11 amino acids introduced whilst cloning myo2+ pREP3X-GFP also encodes 

a linker region of 11 amino acids (Figure 6.3). It is not known if these 22 amino acids in 

addition to the GFP interfere with Myo2p function in a way which would not occur if the 

linker were shorter.

Fusing Myo2p with the fluorescent protein GFP to localise myosin in vivo was an exciting 

prospect. The localisation of a proteins such as actin, Cdc4p and Cdcl2p which make up 

the cytokinetic actin ring give the impression that this is a contractile structure which
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shrinks to the centre of the cell as cytokinesis progresses (Chang etal.y 1997; Marks and 

Hyams, 1985; McCollum et al., 1995). Visualisation of myosin dynamics in a living cell 

may have given a better indication of the nature of the actin ring. However, before an 

attempt is made to continue N-terminal tagging with GFP or begin tagging of the 

C-terminus it must be deteiTnined why GFP-Myo2p failed to localise.

The N-terminus of myosin heavy chain has been successfully tagged with GFP (GFP- 

myosin) in Dictyostelium  (S.L. Moores eta l., 1996). GFP-myosin was fully functional 

and rescued all myosin null cell defects. Consistant with these observations is the recent 

report by Kityama et al (1997) of the successful fusion of GFP with the N-terminus of the 

fission yeast myo2+ gene, which was isolated independantly of this report. This suggests 

that an N-terminal GFP fusion does not disrupt myosin function.
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CHAPTER 7 

Summary, Conclusions and Future Directions

The putative fission yeast myosin gene myo2+, was isolated whilst screening for ATP 

binding proteins in fission yeast. Phylogenetic analysis of the putative protein encoded by 

myo2+ confirmed that Myo2p was a type II myosin which was most similai* to M yolp, the 

budding yeast myosin II. Both myosins have unusual tail stmctures. Unlike most myosins 

of this class, the tail consists of several segments of coiled-coil instead of one almost 

unbroken continuous stretch. Although M yolp was first isolated over 10 yeais ago, 

investigations into the biochemical properties of this protein have only recently begun 

(Negron et a l ,  1996). It is therefore not yet known how the unusual tail structure affects 

the ability of the yeast myosins to form dimers and filaments. The stiucture of the tail is 

important in the regulation of nonmuscle myosins. Breaks in the coiled-coil structure allow 

greater flexibility than is the case for most nonmuscle myosins which have only one or, at 

most, two flexible regions. Often, the flexibility of these regions is regulated by 

phosphoiylation which affects the filament foi'ming potential, and hence the activity, of the 

protein (Pasternak etal., 1989; Tan etal., 1992). There aie however, marked differences in 

the modes of regulation of different myosins. The divergent structure of the tails of M yolp 

and Myo2p may therefore reflect a mode of regulation which is unique to the yeast 

myosins II.

The two major modes of regulation in non-muscle myosins involve the phosphoiylation of 

the RLC and the MHC. Only one putative MLC has been identified in fission yeast. The 

product of the cdc4+ gene has characteristics of both the ELC and RLC. Although an 

interaction with myosin has not yet been biochemically proven, it is thought to encode a 

novel MLC (McCollum et al., 1995). An extensive screen using PCR techniques has failed 

to identify a second light chain (T. Pollaid personal communication). Interestingly, a seai'ch 

of the complete S. cerevisiae genome database identified only two MLC/calmodulin-like
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sequences, one encoded calmodulin, the second encoded an unidentified gene with 

extensive homology to Cdc4p. Both M yolp and Myo2p have two conserved light chain 

binding sites in the regulatoiy domain. The binding of calmodulin as a myosin light chain 

is nonnally a feature of the unconventional myosins and has not been described in type II 

myosin regulation (Wolenski, 1995). The absence of a second light chain therefore suggests 

an unusual mode of regulation which involves the binding of two identical light chains, or a 

light chain and a calmodulin, or two calmodulins.

It will be interesting to determine how important the stiucture of the Myo2p tail is for the 

function of the protein. Expressing an integrated copy of Myo2p, with C-terminal 

truncations, and deletions within the tail, in a Myo2 null strain may indicate regions 

essential for regulation and function. Similai" experiments in Dictyostelium  identified 

regions required for filament assembly and HC phosphorylation (O'Halloran e ta l., 1990; 

Côté and McCrea, 1987). Although the experiments in Dictyostelium were not conducted at 

the cellular level, dismption of these processes in fission yeast is likely cause a phenotypic 

change if they aie required for Myo2p function. A site directed mutagenesis approach 

could also be used to determine if the proline residues aie important for the tail stiucture 

and hence if the unusual tail sti'ucture is important for function. The C-terminal region of 

the tail contains a number of serine and thieonine residues, but it could not be predicted 

from the sequence which if any of these were likely to be phosphorylated. To determine if 

Myo2p HC is phosphorylated requires in vivo and/or in vitro biochemical analysis. If 

Myo2p is phosphorylated one of the inherent advantages of fission yeast as an 

experimental organism, the ability to synchronize a population of cells, can be exploited to 

determine the in vivo phosphoiylation state thiough the cell cycle.

The major pait of this thesis concentrated on the in vivo functions of Myo2p. Myo2p is an 

essential gene. Cells lacking Myo2p became elongated and swollen and a large proportion 

lysed at the tips suggesting that Myo2p is involved in some aspect of cell wall synthesis 

and/or metabolism. Consistent with the observations in many organisms that myosin II is

182



essential for cytokinesis, inyo2 null cells were unable to complete cytokinesis.

As the mode of cell division in fission yeast involves the formation of a septum, which 

could negate the requhement for the contiactile mechanism employed by other eukaiyotes, 

it was important to ti y to determine the precise role of Myo2p. Disruption of the actin ring 

in cells overexpressing Myo2p indicates that Myo2p interacts with the actin ring, which is 

requhed for septation. But, Myo2p was not required for the localisation and organisation of 

actin ring, nor was it required for the initiation of septation. The foimation of septa at fust 

suggested that the defect was not in cytokinesis per se but in cell separation following 

cytokinesis. The abnormalities observed in the formation of the septa, however, are 

inconsistent with this and imply that although Myo2p is not requhed for septum deposition 

it is required for noimal septum formation.

Kanbe eta l., (1989) have shown that bundles of actin filaments are associated with the 

growing edge of the centiipetally forming septum in high resolution election micrographs 

of septating cells. Vesicles aie associated with both the inner maigin of the septum and the 

microfilament bundles and, perpendicular to the microfilaments, microtubules cross the 

dividing cytoplasm. The data obtained from the deletion and overexpression of Myo2p can 

therefore be interpreted in two ways. The first assumes that no contiactile mechanism is 

requhed and the primaiy function of the actin ring is to organise the deposition of septal 

material. Vesicles caiTying cell wall material aie tiansported to the centie of the cell where 

they associate with the actin ring/microfilament bundles which tiansports the new material 

to the growing edge of the septum. The exact role of Myo2p is not clear as myosin II is not 

usually associated with vesicle tiansport. One apparent exception is in the null mutants of 

budding yeast M yolp where the secretion of chitin is severely disrupted whilst other 

secretoiy functions aie unaffected (Rodriguez and Paterson, 1990). The fact that random 

deposition of septal material was only observed in cells overexpressing Myo2p in which 

actin strtictures aie disrupted, and not in cells lacking Myo2p, would seem to imply that 

Myo2p is not required for the localised secretion of cell wall material. However, random
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localisation of septal material would not be expected to occur in myo2 null cells if the actin- 

myosin cytoskeleton was required only to organise deposition of cell wall material at the 

inner margin of the forming septum.

The second interpretation assumes that the interaction of Myo2p with the actin ring has a 

contiactile function. It has been demonstrated in fission yeast spheroplasts that the actin 

ring is contractile (Jochova et al., 1991) and the data shown in this study is also consistent 

with the existence of an acto-myosin contractile structure. This would fulfil the same 

function as the analogous structures of higher eukaryotes, and generate a localised 

constriction in the plasma membrane. The septum would then form behind the contracting 

membrane. An argument against this interpretation is the redundancy of having a 

contractile mechanism in a septating cell. However, it appears that contraction of the 

plasma membrane may be essential to guide the centripetally forming septum.

An important tool in the attempt to understand the role of a protein is to determine its 

cellulai* localisation. Unfortunately, none of the antibodies used in this study could be 

detected in fission yeast by immunofluorescence microscopy and Myo2p with a C- 

terminal fusion of GFP failed to show a distinct localisation. It is important to understand 

why the fusion of Myo2p with GFP failed. The most obvious problem, a frame shift, can 

be easily^by sequencing the GFP-Myo2p joining region, and determining the size of the
f  .'ore. ̂

fusion^by Western blotting using an anti-GFP antibody. If a frame shift is not the cause 

th n an alternative method must be attempted, as antibodies are essential for the 

development of any research which involves biochemical investigation into the function of 

a protein. A number of methods are available and an attempt should be made to design 

anti-Myo2p peptide antibodies, or raise antibodies against Myo2p fragments expressed and 

purified from E. colL

During the course of this study a gene designated siny2- was identified which rescued the 

lethality of the inyo2 null mutation. In a wild type background smy2- has no obvious
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phenotype, there is a genetic interaction between smy2- and cdc4. The data presented here 

whilst preliminary suggests that smy2- may be associated with the cytoskeleton. It will be 

interesting to characterise this gene further and attempt to clone the smy2+ gene. The 

relatively high proportion of viable cells may be the result of the appeaiance of different 

suppressor genes. A single viable myo2 null strain was used to isolate siny2-, it must 

therefore be deteimined if the other viable myo2 null cells which result from the spomlation 

of KMDl caiTy the same gene.

Unfortunately, during the course of this work the myo2+ gene was cloned by Kitayama et 

al., (1997). The findings of Kitayama et at., (1997) aie essentially the same as those 

reported here and in an earlier report (May et al., 1996). However, they reported the 

localisation of the GFP tagged Myo2p to be specific to the actin ring, as Myo2p did not 

localise to other actin stmctures. The size of the Myo2p ring decreased in size as septation 

progressed decreased in size as cytokinesis progressed. The myo2 gene has also been 

cloned as a multicopy suppressor, s o p l,  of the cdc3  mutation and shows a genetic 

interaction with cdc3, cdc4 and cdcl5  (M. Balasubramanian personal communication).
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