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Abstract.
In this study a number of approaches were taken to investigate actin and the 

contribution of its associated proteins, particularly myosin, during the cell cycle of 
S.pombe. Methods used included actin purification, drug treatment of whole cells, and 
attempted cloning of genes defective in the actin-dependent event, cytokinesis.

S.pombe is a particularly amenable organism for cell cycle studies as it grows 
only by extension at the tips, hence measurement of cell length provides a convenient 
and accurate marker for cell cycle progression. Actin also undergoes predictable 
rearrangements during the course of the cell cycle anticipating areas of cell wall 
deposition thus providing an alternative cell cycle gauge which is particularly useful 
when cell polarity has been disturbed eg. by pharmacological agents and mutational 
alterations. The main emphasis of this study assesses the effects of three reagents on 
cell cycle events hence this latter stategy for monitoring cell cycle position is 
employed. The drugs used are the actin inhibitors cytochalasins B and D, and a myosin 
inhibitor, 2,3-butanedione-2-monoxime (EDM).

S.pombe was sensitive to both cytochalasin B and cytochalasin D in the range of 
50-100ugml”^ . The effects of both drugs were reversible at SOugml”^. Whilst the 
population numbers and septation indices were similarly affected by each drug, the 
actin configurations were markedly distinct. Cytochalasin B treated cells exhibited an 
increased number of actin rings in the population but, most strikingly, tip staining 
was not lost in these cells, whereas in untreated wild type controls these patterns 
were mutually exclusive. The ability to construct an equatorial actin ring without 
loss of polar staining suggests that, in contrast to mammalian cells, S.pombe is able 
to assemble a cytokinetic ring from a population of actin distinct from that seen at 
the cell tips, thus, in this case, global redistribution of actin during the cell 
cycle may not occur. Additionally, the concentration of actin at both localizations 
was enhanced in the presence of cytochalasin B and cells were correspondingly swollen 
at these regions. By contrast, polarity in cytochalasin D treated cells appeared to be 
diminished, the cells swelling uniformly to create a more rounded phenotype than 
controls. Background staining of actin was high although there was a bias towards 
staining at the cell tips. Where present, actin rings appeared to be contracted.

The role of actin-associated motors, or myosins, has not previously been addressed 
in the fission yeast. In this study, a myosin cross-bridge inhibitor, BDM, was used to 
assess the possible roles of myosin(s) in S.pombe. BDM was found to reversibly inhibit 
S.pombe growth at 20mM. BDM treated cells were uniformly short and less polarized than 
untreated controls. Calcofluor staining, actin localization and FACS analysis 
suggested that BDM arrested the majority of cells (90%) in G1 with a 1C DNA content. 
The remainder of the population appeared to be arrested in cytokinesis with a 2C 
content. The rate of cell elongation was estimated to be inhibited by up to 47% by the 
addition of 20mM BDM, hence although growth was markedly reduced, it was not abolished 
at this concentration. Electron microscopy revealed a complete absence of large 
vacuoles which are normally abundant in S.pombe, and an accumulation of abnormally 
large vesicles close to the nucleus which contained electron dense material. Although 
the origin and nature of these structures remains unresolved, the presence and 
location of these vesicles indicates that BDM may be interfering with intracellular 
transport. Using synchronized cultures of the cell cycle mutant, cdc25.22. it was 
found that BDM increased the length of time required to complete cytokinesis. Thus 
treatment with BDM suggested the involvement of myosin(s) in normal cell growth and 
cytokinesis. Screening of cell division cycle mutants defective in cytokinesis 
revealed two hypersensitive strains, cdc4.8 and cdc7.24. As cdc4 is known to encode 
myosin light chain, this exemplifies the potential use of BDM as a tool for 
identifying myosin interacting proteins or myosin dependent events. In summary, BDM 
points to the potential role of myosin(s) in cell growth and cytokinesis in S.pombe.
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1.1 The Fission Yeast, Schizosaccharomyces vombe as an 
Experimental Organism.

S.pombe is a microorganism from the division 
Ascomycetes of the fungal kingdom. Its popularity as a 
model for fundamental eukaryotic cell studies is a result 
of a variety of characteristics including its simple form, 
ability to proliferate rapidly in defined medium and 
stability in both haploid and diploid forms, all attributes 
that permit ease in genetic tractability, cell cycle and 
biochemical analysis.

Interest in S.pombe was initiated in 1950 when Leupold 
published a paper emphasizing its suitability to standard 
genetic manipulations. Most investigations are carried out 
in the haploid state (In), the predominant life-form in 
optimal conditions, and in which reproduction is asexual. 
If exposed to unfavourable conditions, eg. nitrogen 
starvation (Egel, 1989), S.pombe can be persuaded to enter 
an alternative pathway involving conjugation (diploidy, 2 n) 
and sporulation. Thus, investigators are provided with all 
the flexibility of classical genetic procedures with the 
advantage of being able to return to the haploid form for 
direct analysis of specific gene functions.

Further attention was focussed on S.pombe through the 
pioneering cell cycle work of Mitchison (1957) who chose 
S.pombe primarily because of its mode of growth. S.pombe is 
a rod-shaped unicellular organism that remains isodiametric 
during growth (Johnson et al., 1982), hence increase in 
cell volume is achieved solely by length extension 
(Mitchison, 1970) . Once a critical size has been reached 
(Fantes, 1977), the cell divides by forming a medially- 
located septum which is subsequently degraded by autolysis, 
resulting in a classic binary fission (Johnson, 1982). This 
extensile mode of growth enables easy identification of 
cell cycle progression on the basis of cell length alone. 
For example, average cell length at birth in a logarithmic 
population of the heterothallic wild type strain 972h" is
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approximately 8 ^m (Mitchison, 1970; Fantes, 1977). Growth 
occurs only at the old end of the cell for the first 0.3- 
0.35 of a cell cycle, thereafter, growth at the new end, 
which was formed as the result of the previous septation, 
commences, resulting in a change in growth rate. This is 
referred to as New End Take Off, or NETO (Mitchison and 
Nurse, 1985) and occurs in early G2 once a critical size is 
obtained. Cells continue to extend at both tips until a 
length of approximately 14/im is reached whereupon the cell 
divides. As a result of this growth pattern, separation of 
asynchronous S.pombe cultures by centrifugal élutriation, 
which is based on cell volume, provides a convenient method 
for synchronization (Creanor and Mitchison, 1982) . 
Calcofluor or primulin staining of cells provides a further 
method for rapid identification of cell cycle position. As 
the composition of the septum is distinct from the 
circumferential cell wall and does not react with cell wall 
specific stains, darkened areas, called fission scars, can 
be located (Streiblova et al., 1984; Mitchison and Nurse,
1985). For the first 0.3-0.35 of the cell cycle the new end 
of the cell appears as a darkened hemispherical tip. Once 
NETO occurs the darkened area is pushed back to form the 
distinctive fission scar and the distance between the scar 
and tip end, can be monitored by the increased length of 
fluorescent material. Thus the heritage of each individual 
cell can be traced (Streiblova et al., 1984).

Isolation of temperature sensitive (ts) conditionally 
lethal mutants of S.pombe (Nurse, 1976), which followed 
similar tactics to previous investigations using the 
budding yeast, Saccharomyces cerevisiae, (Hartwell, 1970), 
added to the attraction of S.pombe as a choice organism for 
cell cycle studies. Currently, about 50 cell cycle genes 
have been identified in S.pombe, categorised according to 
the point in the cell cycle at which the gene product 
executes its function (reviewed by Fantes, 1989a).

More recently the usefulness of yeasts in molecular 
bio-technology has been realised (Botstein and Fink, 1988)
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and standard procedures for transformation and cloning have 
been published (Russell, 1989; Moreno et al., 1992). One 
obvious advantage of yeasts is their ability to exist in a 
stable haploid form, which permits, for example, the direct 
analysis of the effect of an introduced, extraneous gene.

Molecular karyotyping of the S.pombe genome by pulsed 
field gel electrophoresis revealed three nuclear 
chromosomes which are estimated to be3-5Mb, V 6 Mb, and5-9-Mb, 
(Mô ê wo et al., 1901). An extensive linkage map exists for 
S.pombe (Kohli, 1987) and many of the aforementioned cell 
cycle genes have been assigned to their appropriate 
location on this map.

In summary, S.pombe is a microorganism with a simple 
growth form, a detailed genetic record and a bank of cell 
cycle mutants, all features which contribute to its 
enormous potential for basic eukaryotic cell research.

S.pombe is homologous to higher eukaryotes in a number 
of ways, and, in particular, in the regulation of its cell 
cycle. For example, human cdc2+ can complement a defect in 
yeast cdc2~ (Lee and Nurse, 1987); and mammalian oncogenes 
and S.pombe rasl+ are highly homologous (Nadin-Davis et al., 
1989) . However, it has some limitations and physical 
differences that need to be recognized. First, S.pombe has 
a tensile cell wall composed of /3-glucan, a-glucan and 
galactomannan (Mateos and Dominguez, 1991) which makes 
protoplasting an essential preliminary for permitting 
access of antibodies and large molecules to the plasma 
membrane. Consequently, experiments on live S.pombe are 
restricted. Second, S.pombe reacts differently from other 
cells to many classic antimitotic agents eg. it is 
insensitive to the widely used anti-microtubule drug, 
nocodazole (Walker, 1982). Additionally, assays utilizing 
chemical compounds frequently require comparatively high 
concentrations of reagents to affect a physiological 
change. Third, in contrast to higher eukaryotes, the 
nuclear envelope and the nucleolus remain intact during the 
otherwise orthodox eukaryotic mitosis (Tanaka and Kanbe,
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1986) . Fourth, although the protein kinase can
phosphorylate an exogenous histone HI substrate in vitro, 
unlike higher eukayotes, no endogenous histone HI nor 
nuclear lamin has yet been detected in S.pombe. Provided 
such differences are borne in mind, the contribution of 
S.pombe as a model system for basic eukaryotic cell cycle 
and cytoskeletal analysis is difficult to surpass.

1.2 The Cell Division Cvcle.
The cell cycle is the complete sequence of events that 

results in the production of two daughter cells from one 
mother cell and is essentially the same in all eukaryotic 
cells. The four phases of the cell cycle focus on events 
pertaining to the DNA cycle with DNA synthesis (S-phase) 
and mitosis (M-phase) punctuated by "gaps" of varying 
length called G1 and G2. With the exception of M-phase, 
cells increase in mass throughout the cell cycle. In
S.pombe G1 is very brief and is usually complete by the
time cell separation is accomplished (Simanis and Nurse, 
1989; Fantes, 1989a). S-phase is also short, approximately
0.1 of a cell cycle (Fantes, 1989a), thus S.pombe spends 
the majority of the cell cycle in G2 with a 2C DNA content. 
In microorganisms, if conditions are unsuitable for growth, 
cells can opt out of the mitotic cycle and enter a 
quiescent phase termed GO (stationary phase). A similar GO 
phase can be seen in confluent, non-transformed tissue 
culture cells in which cells greatly reduce their metabolic 
activity, remaining viable but non-proliferative (Pardee, 
1989). Many cells have the option to enter an alternative 
pathway eg. differentiation in some higher eukaryotes or 
conjugation in lower eukaryotes, provided they have not 
already passed the control point known as START (Pringle 
and Hartwell, 1981; Simanis and Nurse, 1989) . START is the
transition in G1 which commits cells to S-phase and
completion of a further mitotic cycle. A second control 
point operates at the G2/M boundary regulating entry into 
mitosis.
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Identification of the control elements responsible for 
progression from G2 to M has seen the unification of two 
bodies of research. First, biochemists studying oocyte 
maturation in unfertilized Xenopus laevis eggs found that 
this transition could be prematurely induced by the 
phosphorylation dependent action of a multicomplex called 
"maturation promoting factor" (MPF), (reviewed by Mailer et 
al., 1989). Concurrent with this finding, genetic studies 
revealed that the product of the cdc2+ gene, p34, a protein 
kinase, was the main regulator of entry into mitosis in 
S.pombe (Nurse and Bisset, 1981; Moreno et al., 1989). 
Subsequent Western blot analysis of oocyte extracts using 
antibodies raised against a peptide sequence, PSTAIR, 
unique to cdc2  protein kinases, revealed that a p3 4 cdc2 
homolog was a primary component of MPF (Gautier et al.,
1988) . This, together with complementation of S.pombe cdc2~ 
with a human cdc2+ (Lee and Nurse, 1987) identified cdc2 as 
the universal regulator of mitosis.

Regulation of both Gl/S and G2/M transitions in the 
fission yeast depend primarily on the activity of cdc2 + 
(the equivalent of S.cerevisiae CDC28), (Draetta and Beach,
1989) . Activity of p 3 4 cdc2  ̂ a phosphoprotein itself, is 
associated with dephosphorylation of specific 
phosphotyrosine (TyrlB)

and inactivation is associated with the 
corresponding re-phosphorylation at these sites (Clarke et 
al., 1993). The cdc2+ gene product (p34‘̂‘̂'̂ )̂ is transcribed 
at a constant level throughout the cell cycle (Simanis and 
Nurse, 1986), thus the cyclical regulation of cell cycle 
progression is not due to fluctuations p34̂ "̂  ̂production.

Cyclins were first discovered in extracts of sea 
urchin eggs (Evans et al., 1983), and, as the name implies, 
are a group of proteins that accumulate and are destroyed 
in a cyclical manner (reviewed by Hunt, 1991). Members of 
this family physically interact with p3 4 cdc2 , conferring an 
oscillatory activity which is intrinsically lacking in the 
p3 4 cdc2 itself. The mitotic, B-type cyclin in S.pombe, the

16



product of the cdcl3+ gene  ̂ (Brizuela, et al.,
1987; Gutz et al., 1988; Booher et al., 1989) is required 
to associate with p3 4 cdc2 pĝ cdc2 j_g t̂o reach its target 
destinations within the nucleus (Alfa et al., 1989; Alfa et 
al., 1991) . In S.pombe two antagonistic genes act on cdc2 + 
and are rate-limiting in the control of entry into mitosis 
from G2/M (reviewed by Fantes, 1989a) . These are weel+ 
(activator/protein kinase; Nurse, 1975; Russell and Nurse, 
1987) and cdc25+ (inhibitor/protein phosphatase; Russell 
and Nurse, 1986) which, in turn are regulated by a number 
of other proteins such as niml* and cdrl+ (negative 
regulators of weel*; Russell and Nurse, 1986); winl+ (cdc25 
by-pass) and wisl+ (winl suppressor; Fantes et al., 1991). 
A further component, sucl* (Hayles, et al., 1986; Brizuela 
et al., 1987) is a suppressor of certain alleles of cdc2+ 
and which interacts directly with the p34'̂ ‘̂'̂ /̂p63‘̂‘̂̂  ̂complex 
(Booher et al., 1989) preventing entry into mitosis.

1.3a Cytokinesis.
Simultaneously with the DNA cycle, the cytoplasm and 

its constituent organelles (reviewed by Rappaport, 1986) 
also duplicate and divide. The literature is inundated with 
hypothetical models for cytokinesis but the actual
mechanism and, in particular, its control, have remained 
enigmatic (Schroeder, 1975; Rappaport, 1986; Satterwhite
and Pollard, 1992). Cytokinesis, which results in the 
production of two, usually equal, daughter cells,
simultaneously marks the termination of one cell cycle and
the initiation of the next. To achieve this, the 
cytoskeleton undergoes a major reorganization which 
commences while the cell is in mitosis, typically during 
anaphase/early telophase (Satterwhite and Pollard, 1992).

In many animal cells, a transient ring of cytoskeletal 
filaments forms in a narrow cortical band at a location 
determined by the position of the metaphase spindle 
(Rappaport, 1986) . This tends to be at a central position 
although there are some notable exceptions, such as the
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formation of polar bodies in cleaving sea urchin eggs 
(Schroeder, 1975) . It is generally agreed that actin 
(Schroeder, 1975) and myosin II (Fujiwara and Pollard, 
1976; Mabuchi and Okuno, 1976) are predominant in the 
molecular inventory of the cytokinetic ring (Satterwhite 
and Pollard, 1992), although their relative abundance in 
different cell types may vary considerably. There is also 
consensus that cleavage is ATP-dependent and begins during 
the late stages of mitosis (Rappaport, 1986) .

Many early theories revolved around changes in the 
dimensions of the mitotic apparatus (MA) being physically 
involved in cell cleavage. These were discarded when it was 
discovered that, after a certain point, around anaphase, 
cells could cleave despite the absence of the MA, hence the 
physical elements responsible for the two mechanisms, 
mitosis and cytokinesis, were distinct (Rappaport, 1986). 
Removal of much of the subcortex demonstrated that the 
components of the cytokinetic machinery were located in the 
cortical region, close to the cell periphery. Thus the MA 
has a critical but transitory influence on cytokinesis. The 
nature and exact origin of the signal is contentious: some 
suggest that it emanates from the asters of the mitotic 
spindle and causes relaxation of the poles (White and 
Borisy, 1983), while others prefer the hypothesis that its 
influence is twofold, first increasing the rigidity of the 
cell cortex causing the cells to round up, and second, 
initiating contraction at the equator.

The contractile ring hypothesis is a variation on the 
sliding filament theory of muscle contraction. A large body 
of evidence exists, from studies using echinoderm eggs and 
some mammalian culture cells, which supports this model, 
including: an increased concentration of cortical actin at 
the furrow location; the prevention of contraction by the 
actin inhibitor, cytochalasin B (Schroeder, 1975); the 
localization of myosin to the circumferential ring 
(Fujiwara and Pollard, 1976); the inhibition of contraction 
upon microinjection of anti-myosin II antibodies (Mabuchi
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and Okuno, 1976) ; and, lastly, the localization of MLCK 
(Karess et al., 1991; Satterwhite and Pollard, 1992) and 
other potential contraction-related proteins. Recently 
three centromere proteins have been found that travel to 
the contractile ring from their orignal location in the MA. 
Two of these are termed INCENPS (135kD AND IBOkD) and have 
been shown to have homology to ABPs and tropomyosin binding 
proteins (Satterwhite and Pollard, 1992) hence they are 
probably involved structurally in the circumferential band. 
The third is CENP-E which has homology to members of the 
kinesin superfamily, a group of microtubule-motor proteins 
(Margolis and Andreassen, 1993). The INCENPS support the 
currently favoured model of cleavage: a contractile ring 
develops tension, thus constriction, through the 
interaction of actin and myosin (Schroeder, 1975; 
Rappaport, 1986; Satterwhite and Pollard, 1992). The 
contribution of CENP-E as a kinesin type protein is 
indicative of some form of communication from the MA to the 
cell cortex, perhaps the vehicle for delivering the 
induction message (Margolis and Andreassen, 1993). 
Whatever, the main players that are required to develop 
tension have all been identified in the ring of various 
cell types.

For directionality, the sliding filament theory depends 
upon the association of antiparallel arrays F-actin and 
their association with bipolar myosin II filaments 
(Satterwhite and Pollard, 1992). Although the full 3D 
arrangement of actin in the ring has not been conclusively 
determined, actin filaments have been shown to be 
discontinuous, overlapping and arranged with opposite 
polarities (Satterwhite and Pollard, 1992) . Preliminary 
evidence also suggests that the arrangement of myosin II is 
in accordance with this model (Satterwhite and Pollard, 
1992). If contraction of the ring is to be translated into 
furrowing, connection with the plasma membrane is 
essential. Consistent with this, the actin component of the 
ring has been shown to be fixed to the plasma membrane via
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F-actin barbed end binding proteins such as radaxin and 
spectrin (Bonder et al., 1988). Whether the myosin 
component is similarly attached to the membrane is unknown, 
however, the anchoring of one element is sufficient in this 
model.

The contractile ring hypothesis has dominated theories 
of cytokinesis for a number of years and succinctly 
explains the stages of cytokinesis in some but not all 
models. In HeLa cells, a novel structure, the telophase 
disc, similar to a modified cytoplasmic structure called a 
diasteme, proposed almost a century ago (reviewed by 
Rappaport, 1986), has recently been seen which may act as 
a template for the position of the cytokinetic furrow 
(Margolis and Andreassen, 1993). One component of this 
structure (antigen T60 from an autoimmune patient) was seen 
to radiate from its initial location in the MA mid-zone to 
the cell periphery thus implying a communication between 
the MA and the cell cortex. Hence the telophase disc could 
potentially coordinate mitosis and cytokinesis. The 
telophase disc has an affinity for myosin II filaments 
(Margolis and Andreassen, 1993) which may align actin, 
filaments, often recruited from other areas of the cell 
(Cao and Wang, 1990) , at the interphase between the cell 
cortex. The contractile telophase disc hypothesis also 
infers a more common ancestral mechanism for cell division 
between the animal and plant kingdoms than previous 
observations of either would suggest.

Coordination of cytokinesis as an integral part of the 
cell cycle is as important as the aforementioned regulation 
of mitosis. Until recently, however, the dramatic 
cytoskeletal rearrangements that are seen in cytokinesis 
have distracted scientists from investigating the elements 
responsible for the precision of these transitions. 
Evidence is now amassing to suggest cytokinesis and mitosis 
are orchestrated by the same principal conductor, namely 
cdc2+ (Yamishiro and Matsumara, 1991; Satterwhite and 
Pollard, 1992; Lew and Reed, 1993) . In particular. Lew and
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Reed, (1993) have shown that the striking changes in actin 
localization during the cell cycle can be induced by 
activation of CDC28 with the appropriate cyclin for that 
event. For example, activation of CDC28 with G1 cyclins was 
found to promote polarization of the cortical actin 
cytoskeleton to the presumptive bud emergence site, whereas 
CDC2 8 activity promoted by G2 cyclins triggered 
depolymerization of actin from polar locations. 
Inactivation of CDC28 in G2 cells induced preparation for 
cytokinesis at the mother/bud isthmus. These results 
suggest that the action of kinases such as CDC2 8 (p34‘̂'̂°̂) , 
may be more directly linked to the cytoskeleton itself than 
was initially appreciated. Many of the alterations 
described above are probably monitored by actin binding 
proteins, eg. the actomyosin regulator, caldesmon, 
dissociates from microfilaments at mitosis, apparently as 
a consequence of pĝ cdcz kinase action (Yamashiro and 
Matsumuara, 1991). It is interesting to note also that the 
recently discovered subset of novel actins, act2 {S.pombe; 
Lees-Miller, Henry and Helfman, 1992), ACT2 {S.cerevisiae; 
Schwob and Martin, 1992), and centractin (mammalian; Clark 
and Meyer, 1992) are present only at a point late in the 
cell cycle (Schwob and Martin, 1992). S.pombe act2 has a 
TPLK consensus motif that is indicative of a substrate for 
phosphorylation by p3 4 = 6 0 2 (schwob and Martin, 1992) . Until
the discovery of this second set of actins, Tetrahymena 
actin was the most divergent form known. Interestingly it 
was found that in Tetrahymena the cdaAl gene product, p85, 
(mitotic protein phosphatase) colocalized to the base of 
actin filaments just prior to cytokinesis (Hirono et al.,
1987) .
1.3b Plant Cell Cytokinesis.

In higher plants, cell plate formation is preceded by 
the construction of a cytoskeletal-based structure called 
the preprophase band (PPB) at the predicted plane of cell 
division during anaphase (Zhang et al., 1993) . Within the 
phragmoplast, is a complex structure comprising of a
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cytoplasmic disc that forms centrifugally from the nucleus, 
much like the telophase disc proposed for animal cells 
(Margolis and Andreassen, 1993). The PPB and membranous 
components which conduct vesicle flow to the developing 
cell plate (Lloyd, 1989; Zhang et al., 1993) are integral 
in the phragmoplast. The phragmoplast is responsible for 
the correct alignment of cellulose microfibrils at the cell 
equator, thus it acts as a template for cell plate 
construction (reviewed by Staiger and Lloyd, 1991). 
Although the septum in S.pombe develops centripetally, the 
method of cell plate formation via the PPB in plants 
provides a valuable parallel for determining the dependence 
of septum construction on the centrally located F-actin 
ring in S.pombe (see section 1.3c) . As plant cells have 
rigid cell walls, cells do not separate after the 
completion of the cell cycle, rather, termination of the 
cell cycle is marked by consolidation of the cell plate 
which compartmentalizes the cells. Consequently, in 
contrast to the cytokinetic apparatus in mammalian cells, 
the circumferential cytoskeletal structure seen in plant 
cells may not be required to participate in a contractile 
event.
1.3c Cytokinesis and S.vombe.

Wild type S.pombe cells divide by medial binary 
fission once the critical length of 14/xm has been attained. 
This length is reached at approximately 0.75 of the cell 
cycle (Mitchison and Nurse, 1985; Fantes, 1977) and 
maintained for the latter 0.25 of the cell cycle in what is 
considered to be a "constant volume" stage. Septation 
occurs in two distinct stages (Johnson et al., 1982) :

(i) elaboration of the medially located primary and
secondary septa, termed septation.

(ii) enzymatic fission at the septum to yield two
isovolumetric daughter cells.

The centripetal development of the primary septum 
implies that a regulatory signal is targetted to the plasma 
membrane to initiate this event (Girbadt, 1979). Preceding
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septation, an F-actin ring develops at the equator of the 
cell, prefiguring the cytokinetic location (Marks and Hyams 
1985).

Studies with reverting protoplasts (yeast cells that 
have had their cell walls completely removed) have 
demonstrated that the equatorial F-actin ring has 
contractile properties (Jochova et al., 1991) and 
contraction proceeds in a manner analogous to the 
centripetal furrowing of the cytokinetic ring in animal 
cells (Alfa and Hyams 1990b) . This feature of the F-actin 
ring was found to be exaggerated in Schizosaccharomyces 
japonicus, a close relative of S.pombe (Jochova et al.,
1992) . Thus cytoplasmic division in S.pombe may be, in some 
ways, akin to the contractile division seen in animal 
cells.

To obtain two normal daughter cells, cytokinesis has to 
be coordinated with nuclear division. As mentioned in 
section 1.3a, positioning of the cytokinetic apparatus in 
higher eukaryotes is dependent upon the position of the MA 
(Rappaport, 1986). In S.pombe, however, the septum can form 
at the correct location despite aberrations in MA formation 
and chromosome segregation. This lack of interdependency is 
demonstrated by mutants defective in chromosome separation 
such as toD2~ (deficient in DNA topoisomerase II) and a 
novel group of ts strains called "cut" mutants (cells 
untimely torn), (Yanagida, 198 9). In these mutants a 
mitotic spindle forms at a central location but the DNA is 
unable to separate symmetrically (Hirano et al., 1986; 
Yanagida, 198 9) . As a result the septum bisects the 
undivided nucleus. Moreover, a and /3-tubulin mutants, nda2~ 
and ndaS" respectively (Toda et al., 1983; Hiraoka, 1984), 
which cannot construct a spindle can, nevertheless, 
initiate centripetal formation of the septum at the correct 
location. However, in these cells, where the nuclear 
material aberrantly localizes to one end of the cell, the 
septum does not continue to develop and hence cytokinesis 
is not attempted. In another strain, nuc2~. (defective in a
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nuclear scaffold protein; Hirano et al., 1988) a spindle is 
found associated with the misaligned chromosomes. In this 
case the septum does fully traverse the cell at the central 
location (Yanagida, 198 9), but again, cytokinesis is not 
attempted. As septum construction is initiated in nda2~ and 
nda3~ cells, the signal for induction of septum formation 
must be independent from the existence of a mitotic 
spindle. Completion of septum construction seems to require 
a spindle to be present, however, as demonstrated in nuc2~ 
cells, it need not be at the correct site for precision of 
septum location. Only where the DNA and the spindle were 
present in the correct vicinity was cytokinesis executed. 
Thus it would appear that in S.pombe, cell separation is 
dependent on a central location of the spindle, chromosomes 
or both, but elaboration of the septum is not.

1.4 S.Dombe Septation Mutants.
In the original nitrosoguanadine screen for cell cycle 

mutants (Nurse, et al., 1976) a number of temperature 
sensitive (ts) conditionally lethal mutants defective in 
septum formation or control were obtained. These were 
categorised into three groups :

1. early septation mutants (cdc7, cdcll, cdcl4. cdclS).
2. late septation mutants (cdc3, cdc4. cdc8. cdcl2).
3. defective in regulation of septation (cdcl6).
Early septation mutants continue to grow at their ends

and divide their nuclei but cannot construct a septum. 
Consequently they become multinucleated and elongated. In 
early septation mutants, such as cdcll. constant volume 
constraints are still observed and the cell continues to 
grow periodically suggesting that the signal to cease tip 
growth and construct a septum is dependent on mitosis 
(Mitchison, 1989) . An apparent exception to this rule is 
the cyclin-B mutant, cdcl3-117 (Nasmyth and Nurse, 1981), 
which occasionally forms multiple, centrally located septa 
without completing nuclear division (Nurse et al., 1976). 
The condensed nature of the chromosomes in this mutant
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implies that it is blocked in nuclear division and is 
probably committed to septum formation. A null mutation of 
cdcl3 (Booher and Beach, 1988) , however, does not form 
multiple septa, suggesting that the cdcl3-117 phenotype is 
the result of a "leaky" gene function.

In contrast, late septation mutants are arrested in the 
"constant volume" stage and typically block with 2 to 4 
nuclei per cell. Although they do not grow at the
restrictive temperature, these cells tend to swell, 
increasing in width and forming dumbells.

The mutant cdcl6-116 falls into a class of its own 
(Minet et al., 1979) completing nuclear division and
forming multiple non-functional septa at the central 
location. Cdcl6-116 appears to be defective in a regulatory 
signal that registers the completion of septum formation 
(Minet et al., 1979).

Primarily through the construction of double mutants, 
Marks et al., (1992) have attempted to order the sequence 
in which the early septation genes execute their functions 
in the regulation of septum formation. They propose a model 
in which cdc7, cdcll, and cdcl4 form a complex, activated 
during anaphase, which is responsible for initiation of 
septum formation. CdclS operates downstream from this
complex and is required for the completion of the septum. 
Allele specific suppression of cdcll-136 with cdclS-116 and 
lethal combinations of cdcl6 with the other early septation 
mutants suggest that cdcl6 is part of the anaphase 
activated complex. However, cdcl6 appears to exert its
influence after cdclS action, registering the presence of 
a complete septum and preventing the formation of 
additional ones. Presumably many other genes participate in 
this pathway eg.the late septation mutants, which would 
slot in to the interval between cdclS and cdcl6.
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1.5a The Cvtoskeleton.
The eukaryotic cytoskeleton is a network of proteins 

responsible for maintaining structural integrity thus cell 
shape, cell polarity and the internal organisation of the 
cell (Titus et al., 1990) . It is a dynamic framework of 
structural proteins and ATPases, capable of rapid 
alterations in organisation and responsible for both 
intracellular and extracellular motility, such as cell 
division and locomotion. The key structural elements, which 
are ubiquitous and highly conserved in eukaryotic cells, 
are the filamentous polymers microfilaments (actin) and 
microtubules (tubulin). Intermediate filaments are also key 
structural filaments in many eukaryotic cells. Interacting 
structurally or mechanically with these major scaffold 
proteins is a plethora of other proteins; microtubule 
associating proteins (MAPs), actin binding proteins (ABPs) 
and intermediate filament associating proteins (IFAPs). The 
variety of MAPs and ABPs reflects the diversity of cellular 
events that involve actin and tubulin, and probably 
compensates for their own conservation in primary 
structure.

The speed, distance and directionality required in 
translocating components within the cell demonstrates the 
inadequacy of free diffusion as the primary means of 
intracellular transport and point to the necessity for an 
active transport system. The cytoskeleton acts as a network 
of filamentous "tracks" that support intracellular 
translocation. Although both systems probably contribute to 
the cytoplasmic activities of all eukaryotic cells, 
microtubule-based motility appears to predominate in higher 
eukaryotes (Schroer and Sheetz, 1991; Skoufias and Scholey,
1993), whereas the emphasis in lower eukaryotes is on 
actin-based transport (Heath, 1990) with microtubule-based 
motility responsible primarily for mitosis. The 
mechanochemical transducers responsible for generating the 
force required to move subcellular structures around the 
cell are colloquially referred to as "motors".
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1.5b Yeast Cvtoskeleton.
The yeasts are particularly useful for investigating 

cytoskeletal organisation and function because they are 
amenable to most classical and molecular genetic analyses, 
biochemical analysis and experiments involving cytoskeletal 
poisons.

At present no intermediate filaments have been found 
in yeast although lOnm filaments are found at the mother- 
bud isthmus in S. cerevisiae (Huffaker et al., 1987) . On the 
other hand, the organisation of actin and tubulin has been 
thoroughly examined in both S.cerevisiae (Kilmartin and 
Adams, 1984; Barnes et al., 1990) and S.pombe (Marks and 
Hyams, 1985; Hagan and Hyams, 1988). The literature on 
proteins that associate with actin and tubulin is more 
extensive for S.cerevisiae than for S.pombe. However, as 
the mitotic spindle straddles the mother-bud isthmus 
throughout the cell cycle in S.cerevisiae, its mitotic 
cycle is atypical, lacking discrete divisions between the 
mitotic phases Gl, S, G2 and M. The more regular mitosis 
seen in S.pombe suggests that future studies using S.pombe 
will be highly advantageous to cell cycle investigations 
despite its currently less defined cytology.

1.6a. Tubulin.
There are three types of tubulin found universally in 

eukaryotic cells, and which exhibit roughly 3 0% identity 
with each other. These are a, ^ and y-tubulin (Burns and 
Surridge, 1993, in press) . a? and jS-tubulin monomers combine 
to form heterodimers which associate with guanosine 
triphosphate (GTP) and are capable of self-assembly into 
linear polymers called microtubules. Tubulin dimers 
preferentially add and subtract from one end (the plus end) 
of a growing filament. During subunit addition GTP is 
hydrolysed by the tubulin molecule, inducing a 
conformational change in the subunit that imparts a 
disparity in the structure of the filament ends and thus 
confers polarity to the polymer. Consequently, the critical
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concentration required for subunit addition and loss is 
different for the different filament ends. In a free 
polymer at certain monomer concentrations this differential 
can result in a phenomenon called "treadmilling" 
(Kirschner, 1980). For treadmilling to be supported, 
energy, generated by GTP-hydrolysis must be supplied. 
Polymers can, however, elongate in the absence of energy 
thus GTP-hydrolysis is not essential. Experiments using 
labelled exogenous tubulin have demonstrated that most 
microtubules within the cell are dynamically unstable, 
rapidly assembling and disassembling (reviewed by Symmons 
et al., 1989). It has been suggested that if subunit 
addition is not immediately accompanied by GTP-hydrolysis, 
a terminal GTP-cap will develop. Once hydrolysis is 
triggered in one subunit, either spontaneously or by a 
signal, the neighbouring subunits similarly hydrolyse their 
bound GTP and microtubule disassembly follows. The 
situation in vivo is more complicated as the subunit pool 
concentration fluctuates and both ends of a polymer are 
rarely free. Random polymerisation and depolymerisation 
throughout the cell is not an efficient method for specific 
cellular activities hence specialised sites and associating 
proteins exist that promote "nucléation", anchorage or 
stability of microtubules.

The discovery of ^-tubulin (Oakley and Oakley, 1989), 
believed to associate specifically with ^-tubulin, has shed 
new light on the control of polarity in microtubule 
assembly (Oakley and Oakley, 1989; Oakley, 1992) in vivo. 
Gamma tubulin is present in many microtubule organising 
centres (MTOCs) (Oakley, 1992; Kalt and Schliwa, 1993) eg. 
the pericentriolar material which surrounding the 
centrioles in mammalian centrosomes (Stearns, et al., 
1991); S.pombe spindle pole bodies and interphase MTOCs 
(Horio et al., 1991).
1.6b. Microtubule-based motors.

One of the most important motor-dependent events in the 
cell cycle is separation of the chromosomes at mitosis.
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Mitotic motors such as dynein, kinesin and kinesin-related 
proteins eg. S.cerevisiae KAR3, KIPl, cinS; S.pombe cut7, 
mammalian CENP-E and Drosophila ncd and Ea5 are responsible 
for establishing bipolarity of the mitotic spindle and the 
movement of chromosomes. Functional redundancy of ATPases 
in the mitotic apparatus and other transport events is high 
(Goldstein, 1993; Skoufias and Scholey, 1993). In most 
higher eukaryotic cells, microtubules are also involved in 
the transport of membranous organelles (Schliwa et al., 
1984) . Kinetic studies have revealed that microtubule-based 
motors responsible for intracellular motility operate in 
one direction only; eg. kinesin and dynein sustain 
organelle movements in opposite directions (Bloom, 1992); 
kinesin is plus-end (distal/anterograde) directed (Vale et 
al., 1985), and dynein is minus-end (proximal/retrograde) 
directed (Schroer et al., 1989). Separate motors for 
alternate directions presumably enables the cell to act on 
more than one signal and support transport in two 
directions simultaneously while the microtubule polarity 
remains uniform.
1.6c; S.vombe Tubulin.

Interphase cytoplasmic microtubules in S.pombe 
originate between anaphase and telophase of the preceding 
mitosis at two central foci, distinct from the SPBs, and 
extend to the poles (Hagan and Hyams, 1988) . S.pombe 
expresses 2  of-tubulin genes and a single /S-tubulin 
(Yanagida, 1987) . Studies using cold-sensitive oi and jS- 
tubulin mutants demonstrate that cytoplasmic microtubules 
assist in the maintenance of nuclear position (Toda et al., 
1983; Hagan and Hyams, 1988). Studies using the anti-fungal 
microtubule drug, thiabendazole (TBZ) confirm the above 
role of cytoplasmic microtubules and suggest that they may 
have some influence on cell polarity as a branched 
morphology, accompanied by aberrant cell wall deposition, 
often develops in TBZ-treated cells (Yamamoto, 1980; 
Walker, 1982). At the G2/M transition the interphase array 
depolymerises and an intranuclear mitotic spindle forms.
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nucleated by a microtubule organising centre (MTOC), 
embedded in the nuclear envelope, and known as the spindle 
pole body (SPB), (Hagan and Hyams, 1988). SPBs are 
exclusively involved with the assembly of the mitotic 
spindle and are distinct from the foci of the interphase 
arrays (Robinow and Hyams, 198 9). Computer reconstructions 
of 3D serial sections of cryofixed mitotic cells revealed 
the arrangement of microtubules in the S.pombe spindle. 
Using digital imaging. Ding et al., (1993) tracked changes 
in spindle morphology during mitosis in cdc25.22h~ cells as 
it elongated from 2.3/xm to 8 /xm. Early spindles had four 
continuous microtubules and approximately 2 0  microtubules 
converging on each SPB, 3 pairs of which connect with the 
kinetochores of the chromosomes. As the spindle elongated, 
continuous microtubules dissolved until none existed at 
maximal length. In late spindles only polar microtubules 
interdigitating in a square-packed arrangement at the mid
zone remained. This is an important feature in regard to 
the mitotic motors involved in pole separation. Evidently, 
anti-parallel arrays must slide apart and motors are likely 
to be located only at the region of microtubule overlap. In 
S.pombe the cut7+ gene product, a kinesin related protein 
(Hagan and Yanagida, 1990), locates to the mid-zone in late 
mitosis. When the spindle reaches maximal length in late 
anaphase, oblique astral microtubules appear (Hagan and 
Hyams, 1988). These may aid in maximising SPB separation 
during anaphase B (Ding et al., 1993).

To date, in S.pombe, cut7+ is the only microtubule-based 
motor discovered (Hagan and Yanagida, 1990) . Although its 
ATPase activity has not been confirmed it is suspected to 
be involved in SPB separation (Hagan and Yanagida, 1992), 
in addition to chromosome segregation.
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1.7a. Actin.
Actin is a ubiquitous cytoskeletal protein present in 

all eukaryotic cells which has also been isolated from a 
motile prokaryote. Mycoplasma pneumoniae (Neimark, 1977). 
Actin can constitute between 5-10% of total soluble protein 
although this figure is much lower in yeast cells, eg. 
around 1 % in S.cerevisiae (Shortle et al., 1984; Schwob and 
Martin, 1992) . Actin is highly conserved, sharing amino 
acid identity in excess of 70% from divergent sources 
(Schwob and Martin, 1992). Actin exists as a pear-shaped, 
globular monomer of approximately 42kD or as a filamentous 
polymer of 7nm diameter. The monomer has an intrinsic 
polarity by virtue of its asymmetric morphology, hence 
polarity is conferred to the of-helical filament by the 
preferential addition and subtraction of subunits at one 
end (Woodrum et al., 1975; Selve and Wegner, 1986). Actin 
plays a central role in cell morphology and motility. As a 
fundamental intracellular scaffold protein, actin is 
involved in a diverse range of activities including 
muscular contraction; cytokinesis (reviewed by Schroeder, 
1975; Rappaport, 1986; Satterwhite and Pollard, 1992); 
intracellular transport of organelles (Williamson et al.,
1987); cytoplasmic streaming; stereocilial transduction of 
sound (DeRosier et al., 1980) ; penetration of eggs by sperm 
(Tilney and Kallenbach, 1979) and the infectious 
transmission of the pathogen Listeria monocytogenes (Tilney 
and Portnoy, 1989; Dabiri et al., 1990). The wide range of 
cellular activities in which actin manifests itself can be 
attributed first to the ability of actin to polymerise into 
polarized filaments and, second, to its affinity for other, 
associated proteins.

In contrast to the highly ordered F-actin arrays seen 
in skeletal muscle, actin in non-muscle cells is 
principally found in the cortex and is organised into 
bipolar arrays such as stress fibres and annular rings 
(Stossel, 1984).

Isoform variance can be ascribed, in part, to post-
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translational modifications discernable by 2D-gel 
electrophoresis, although most divergence results from 
differential expression of multigene families 
(Vanderkerckhove and Weber, 1978; Romans and Firtel, 1985). 
With the exception of plants (Meagher, 1991), the majority 
of isoform diversity in actins is restricted to variations 
in the amino-terminus (Vanderkerkhove and Weber, 1978). 
Tryptic mapping of the NHg terminus, together with primary 
sequence analysis has enabled classification of actin 
isoforms into oi (striated muscle) , /? and V (cytoplasmic) 
types (Vanderkerkhove and Weber, 1978). Actin from S.pombe 
(Mertins and Gallwitz, 1987) and S.cerevisiae (Johannes and 
Gallwitz, 1991) is most similar to the variety. Tissue 
specific expression is more extensive in plants than in 
other eukaryotes (Pollard, 1990; Rubenstein, 1990) and 
variation is exhibited randomly throughout the primary 
sequence rather than clustered at the NHg domain (Meagher,
1991) . Consequently classification of plant actins is 
different eg. soy bean has three actin types : K, X and /x 
(Meagher, 1991).

1.7b. Actin Polymerization.
The assembly of actin filaments occurs in four distinct 

stages: monomer activation, nucléation, elongation, and
annealing (reviewed by Pollard and Craig, 1982; Pollard and 
Cooper, 1986). Although not proven to be essential for 
polymerization, monomer activation ("G-monomer" to "F- 
monomer") probably involves a conformational change 
establishing polarity in the subunit and promoting its 
affinity for other, similarly altered subunits (reviewed by 
Pollard and Craig, 1982) . Nucleotides bind to actin 
monomers and a rapid exchange of ATP and ADP occurs in the 
monomer pool (reviewed by Pollard, 1990). Nucleotides 
protect the monomers from degradation, ATP being more 
effective than ADP (Cooke, 1975). Kinetic studies have 
consistently demonstrated that trimers are the first stable 
nuclei with subsequent association rates faster than
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dissociation rates (reviewed by Pollard and Cooper, 1986; 
Pollard, 1990) . Formation of trimers is the rate limiting 
step accounting for the lag phase seen in polymerization 
kinetics. With other conditions uniform, elongation is 
dependent upon monomer concentration and the species of 
nucleotide, ADP or ATP, associated with the monomers 
(Cooke, 1975) . It has been demonstrated that elongation can 
occur in the absence of a bound nucleotide thus, as with 
microtubule dynamics, energy is not a requisite for 
elongation. Nevertheless, addition of ATP-monomers is 
accompanied by irreversible ATP hydrolysis. Using ADP, ATP 
and the non-hydrolysable ATP analogue, AMP-PNP, Cooke 
(1975) showed that ATP bound actin monomers are up to 5 
times more effective at associating with filaments than 
either of the other species. Thus, although monomers 
without ATP are not disqualified from addition, they are 
competed out through the difference in affinity for the 
filament ends. The importance of the phosphorylation state 
of the terminal subunits of F-actin is unknown. 
Dephosphorylation of the associated nucleotide occurs 
rapidly upon addition. If dephosphorylation occurred 
sequentially, a terminal ATP-actin cap would exist similar 
to the GTP-tubulin cap seen in microtubule polymerization 
(Mitchison and Kirschner, 1984; Mitchison, 1992) and create 
a disparity in critical concentrations required for 
assembly (Kirschner, 1980). In this model unidirectional 
polymerization would ensue in a head to tail manner 
(Wegner, 1976).

The intrinsic polarity of actin filaments can be 
distinguished by "decorating" with heavy meromyosin (HMM) 
arrowheads (Woodrum et al., 1975) which align on the 
filament such that the plus end appears "barbed" and the 
minus end looks "pointed" . Why growth is biased to the 
"barbed" end is unclear but may be due to a physical change 
in actin protomers upon incorporation into the filament. In 
vitro experiments have demonstrated that bidirectional 
polymerization can occur but only significantly at high (>
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O.Smgml’̂) monomer concentrations (Woodrum et al., 1975). A 
notable exception to the preference for barbed end growth 
is the explosive actin polymerization seen in the formation 
of the sperm acrosomal process (Tilney and Kallenbach, 
1979) . In this case, the rapidity of elongation (9/xms'̂ ) may 
be achieved by the exceptionally high monomer 
concentration. Other factors may be acting to bias the 
system, for example, filaments of the acrosomal process are 
initiated by a specialised cytoplasmic nucleating body 
called an "actomere" (Tilney and Kallenbach, 1979) which 
anchors the "barbed" end, leaving only the pointed end 
exposed. Experiments in vitro have shown that 
polymerization in the non-preferred direction can be 
initiated using positively charged poly-lysine coated beads 
(Brown and Spudich, 1979b). Generally, nucleating sites, 
eg. the dense material seen anchoring microfilaments to the 
distal tip of the plasma membrane in microvilli, act on the 
pointed end and polymerization continues at the barbed end.

1.7c. Regulation of Actin Polymerization.
Although the cellular environment favours 

polymerization, 50% of the actin remains monomeric, thus 
other factors must assist in the regulation of 
polymerization (review. Cooper, 1991). Sequestering 
proteins such as profilin (Cao et al., 1992) and cofilin 
(lida et al., 1992) buffer the G-actin pool by binding to 
the monomers with a stochiometry of 1 :1 , physically 
preventing assembly. These G-actin binding proteins are, in 
turn, thought to be regulated by Câ * via the PIP2 pathway 
eg. profilin can inhibit the hydrolysis of PIP2 by 
phospholipase C (Cao et al., 1992). Interaction of actin 
monomers with small molecules may provide insight into the 
mechanisms governing the regulation of polymerization.

1.7d. Actin Binding Proteins and Actin Organisation.
In addition to proteins that associate with monomeric 

actin, or regulate assembly, numerous proteins physically
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interact with F-actin establishing a variety of 
conformational networks, diagram 1.1 (Way and Weeds,1990). 
The plethora and diversity of actin binding proteins (ABPs) 
complements the conservation of actin structure itself.

F-actin associating proteins are classified into 4 
groups: severing, capping, bundling, and cross-linking.
These categories are not exclusive, for example, severin 
can cleave actin filaments in a Ca^""-dependent manner and 
subsequently cap them at the barbed end. It can also bind 
to actin monomers and facilitate nucléation, the rate 
limiting step of polymerization (Gerisch et al., 1991).

Diagram 1.1; Classification of Actin Binding Proteins.

BundlingNetworks

Severing nnd 
capping

NucleallonMonomer
binding Capping

Elongation

(Taken from Way and Weeds, 1990).

1.7e. Inhibitors of Actin.
Many cytoskeletal toxins function by mimicking the 

effects of ABPs or regulators of actin.
(i) Cvtochalasins.

Reversible cytotoxins, eg. cytochalasins, are useful 
tools for assessing actin-based motility, cytoskeletal 
rearrangements and acting as models for ABPs. Cytochalasins 
are fungal metabolites (Carter, 1972) that primarily 
inhibit actin polymerization by capping the barbed end of
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growing filaments with high affinity (reviewed by Bray, 
1979; Cooper, 1987). However, the final viscosity is 
markedly reduced implying a shortened filament length 
(Bonder and Mooseker, 1987). Experiments in vitro show 
that treatment with substochiometric concentrations of 
cytochalasins initially accelerate F-actin assembly (Brown 
and Spudich, 1979a; Brenner and Korn, 1980). A similar 
induction of F-actin polymerization was observed in human 
leukocytes (Rao et al., 1992). In vivo, cytochalasin action 
may be modified by the interaction of ABPs (Rao et al.,
1992) acting either synergistically or in competition. It 
appears that, as a result of an increase in Mg^""-dependent 
ATP hydrolysis by actin monomers, the critical 
concentration required for monomer addition at both ends is 
slightly increased in the presence of cytochalasin (Bonder 
and Mooseker, 1987) thus, in the long term, the rate of 
polymerization is reduced, reflecting ADP-monomer addition.

The apparent disparity that an inhibitor can initially 
stimulate assembly may be the result of a second, less 
well characterised action of cytochalasins. Indeed, it has 
been proposed that cytochalasins could interfere with dimer 
formation (Goddette and Frieden, 1986); nucléation of 
filament assembly (Bonder and Mooseker, 1987); prevent 
annealing; or, alternatively, cleave existing filaments 
(Rao et al., 1992) . The contradictory effects seen when 
cells are treated with a low dose of cytochalasin as 
compared with a high dose can be interpreted as the result 
of dual functions of the reagent eg. capping versus 
severing (Brown and Spudich, 1979a). In the presence of 
ATP, F-actin is more sensitive to cytochalasins implying an 
interference of ATP with cytochalasin treatment (Brown and 
Spudich, 1979a) . It has also been suggested that CD may 
preferentially cap ADP-actin ends thus its bimodal effect 
may reflect the proportion of ADP ends in a population 
(review. Cooper, 1987) . Cytochalasins vary in their 
effectiveness on actin ATPase activity (CD>CB), (Brenner 
and Korn, 1980).
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At the cellular level, cytochalasins gross
morphological changes, such as rounding up of cultured 
mouse fibroblasts through contraction of actin cables, and 
induction of arborisation (Yahara et al., 1982). In these 
cells CB and CD were also found to induce actin rodlet 
formation in the nucleus.
(ii) Phalloidin.

Phalloidin is a toxin from the green death cap 
mushroom. Amanita phalloides which binds specifically to F- 
actin (Faulstich et al., 1988). Fluorescent derivatives of 
phalloidin have proven to be excellent probes for F-actin 
localisation in fixed cells. Phalloidin is limited in its 
utility because its action on F-actin is irreversible, 
(ill) Botulinum C2-toxin.

A third type of toxin which has also provided insight 
into the mechanisms of polymerization, is botulinum C2- 
toxin, (Aktories and Wegner, 1989) which functions by 
modifying actin subunits. In this case, residue arg-177 is 
ADP-ribosylated, causing a physical alteration in the 
monomer which prevents assembly thus disrupting the G- to 
F-actin equilibrium (Reuner et al., 1987).

1.7f. Actin and the Nucleus.
Many workers have postulated a mechanical contribution 

by actin in chromosome separation (Gawadi, 1971) . However, 
it is now generally accepted that localization of actin to 
the mitotic apparatus is probably a result of cytoplasmic 
contamination after nuclear envelope breakdown (Sanger, 
1975) . The absence of actin in the nucleus during mitosis 
in species where the nuclear envelope remains intact 
supports this notion (Butt and Heath, 1988) . A minor actin 
isoform, slightly more acidic (0.05-0.1 pH unit 
difference), constituting 1.5% of total cell actin, has 
been isolated from nuclei of Acanthamoeha castellan! (Kumar 
et al., 1984) . However, its precise in vivo location is 
uncertain and it may reside on the nuclear envelope rather 
than the nucleoplasm. The recent discovery that a mammalian
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homolog of yeast act2 , centractin, resides in the 
microtubule organising centre which juxtaposes the nucleus, 
suggests a potential association of this second actin 
population with the nuclear embedded SPBs of yeast.

In Neozygite, a population of actin, distinct from the 
peripheral and apical plaques seen at areas of cell wall 
growth, is found around the nucleus during interphase and 
disperses at the onset of septum formation (Butt and Heath,
1988) . This peri-nuclear actin "shell" may be a storage 
depot (Butt and Heath, 1988) or, alternatively, a means of 
maintaining the correct position of the nucleus as is seen 
in S.cerevisiae (Palmer et al., 1992).

Various stresses such as 10% DMSO, heat shock (Hirono 
et al., 1987), or treatment with cytochalasin B and 
cytochalasin D (Yahara et al., 1982) can artificially 
induce intranuclear incorporation of F-actin bundles or 
rodlets.

1.7g. Actin in Saccharomvces cerevisiae.
In S.cerevisiae, actin is distributed asymmetrically 

and changes in a defined way through the cell cycle 
(Kilmartin and Adams, 1984; Adams and Pringle, 1984). The 
site of bud emergence is anticipated by a ring of punctate 
patches composed of F-actin which disperses as buds 
enlarge. Cells with large buds have actin cables aligned 
along their longitudinal axes. Cortical patches of actin 
localize to areas of cell surface growth. At the mother-bud 
neck a single or double F-actin ring, distinct from the bud 
emergence ring, develops prior to cytokinesis, at which 
time there are no F-actin cables in the mother cell. 
Cortical patches at areas of cell growth may be 
transmembrane linkages that rivet the cytoskeleton to the 
cell membrane in a similar way to fibroblast adhesion 
plaques sticking to a surface, or, alternatively they may 
be acting to strengthen the tip during growth (Adams et 
al., 1991).

Conditionally lethal actin mutants (actl), (Novick and
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Botstein, 1985) are osmotically sensitive and tend to grow 
uniformly rather than in a polarised manner. Yeast actin 
behaves like other actins except that its polymerization 
appears to be unusually sensitive to calcium (Greer and 
Schekman, 1982b) , although this may have been due to a 
contaminating protein.

Originally it was thought that actin in S.cerevisiae 
was encoded by a single gene, ACTl (Ng and Abelson, 1980). 
Recently, however, a second actin, encoded by ACT2 and 47% 
identical to ACTl was found in S.cerevisiae, (Schwob and 
Martin, 1992) . ACT2 disruptants block with large buds 
implying a role for ACT2 late in the cell cycle, possibly 
in cytokinesis. Moreover, the consensus motif, TPLK, 
involved in phosphorylation by p3 4 =̂ 0 2  ̂ is found in this 
actin-like protein and suggests that direct regulation of 
actin through phosphorylation is feasible.

1.7h. Actin in Schizosaccharomvces vombe.
As in S.cerevisiae, filamentous actin (F-actin) 

predicts sites of cell wall deposition in S.pombe, thus it 
is intimately involved in maintaining polarity of growth 
and septum formation. The changes in distribution of F- 
actin during the cell cycle have been investigated using 
rhodamine conjugated phalloidin (Marks and Hyams, 1985) and 
follows the scheme shown below:
Diaarcun 1.2; Actin Localization in S.pombe.
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(taken from Marks and Hyams, 1985)

Newly divided cells have F-actin distributed in 
cortical patches at one end only (that which was not
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involved in the recent event of cytokinesis, cells A and B) 
and, monopolar growth proceeds. During G2, F-actin becomes 
visible at both ends (cells C and D; bipolar) and 
subsequently growth at the "New End Takes Off" ("NETO"; 
Mitchison and Nurse, 1985) . Once a critical length has been 
obtained, growth ceases and F-actin is no longer associated 
with the tips. Instead, it forms a discrete ring around the 
equator of the cell anticipating the site of septum 
formation, (cells F and G) . In wild type cells these 
patterns of F-actin distribution are mutually exclusive. 
Although the precise function of the F-actin ring is not 
known, it can contract (Jochova et al., 1991) and is 
involved in maintaining cell polarity. The pattern of actin 
redistribution seen in S.pombe is also similar to that seen 
in filamentous fungi (Butt and Heath, 1988) except that in 
S.pombe, tip growth is of determinate duration (Heath, 
1990) .

Similar to S.cerevisiae, it was initially thought that 
S.pombe was encoded by one gene, the intronless actl* 
(Mertins and Gallwitz, 1987), however, a second actin gene 
(act2^) has recently been discovered. This encodes an 
"actin-like" protein 35-40% identical to the actl gene 
product (Lees-Miller, Henry and Helfman; 1992), mw 47.4kD 
and pi 5.7, compared with a typical actin of mw 42.0kD and 
pi 5.2. The ATP and divalent cation binding sites are 
conserved in this distantly related actin, whereas the 
actin-actin and actin-myosin interacting domains are 
relatively divergent. In addition to this genetic 
information, Scordilis et al., (1991) published biochemical 
information that two pools of actin exist in S.pombe, one 
polymerization competent, the other not. These two 
isoforms, which vary in molecular weight and pi, are 
probably the result of post-translational modification and 
are distinct from the act2 + gene product.
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1.8a. Actin-Based Motors - MYOSINS.
The classic case of actin-based motility is the 

generation of tension in skeletal muscle. In muscle cells, 
the gregarious actin-dependent ATPase, myosin, is found in 
thick filamentous bundles between anti-parallel arrays of 
F-actin and is responsible for contraction. Referred to as 
"conventional" myosin or myosin II, this energy transducer 
is now known to be responsible for many actin-associated 
activities in non-muscle cells, such as cytokinesis in 
animal cells (Fujiwara and Pollard, 1976) and cytoplasmic 
streaming in amoebae and plants (Williamson, 1987). Studies 
on the role of myosin in non-muscle cells were advanced by 
the discovery of a diminutive version of myosin (now called 
unconventional myosin or myosin I) in Acanthamoeha 
castellanii (Pollard and Korn, 1973). Subsequently, a 
superfamily of unconventional myosins has been unveiled. 
The myosin superfamily is considered to be a group of 
enzymatic proteins which share common features of actin 
binding and express Mĝ"" - dependent ATPase activity (Cheney 
and Mooseker, 1992). As no actin-based motors other than 
myosins have been described, this section will deal 
exclusively with myosins.

Conventional myosins (myosin Ils) are large, double
headed, self associating isozymes capable of forming thick 
bipolar filaments at low ionic strength similar to those 
seen in skeletal muscle. Unconventional myosins (myosin Is) 
are an ever increasing group of motor proteins which are 
smaller than their conventional counterparts. They are 
monomeric, single-headed isozymes with either no tail or an 
abbreviated version and are unable to aggregate. They are 
primarily involved in intracellular motility along actin 
cables.

1.8b. Mvosin structure.
Conventional myosin (myosin II) is a large, hexameric, 

Y-shaped molecule composed of two identical heavy chains 
(MHCs, «200kD) and two pairs of regulatory light chains
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(MLCs, «2 0kD). In contrast, myosin I has a single, smaller 
heavy chain (MHC, 110-14 0kD) and one or more regulatory 
light chain(s) of comparable size.
(i) The Head.

Biochemical and biophysical features of the head domain 
are the signature of a myosin. In all myosin isoforms the 
NHg terminus {«80kD) of the MHC is folded into a globular 
head which harbours the ATP catalytic site and one actin 
binding domain. Thus, the head structure is responsible for 
the interaction of myosin with actin (microfilaments) and 
the generation of energy to drive head rotation and, hence, 
movement. The functional properties of the head were 
originally identified through analysis of the activity of 
proteolytic fragments of conventional myosin (Sheetz and 
Spudich, 1983) and later with intact unconventional myosin 
(Albanesi et al., 1985; Hynes et al., 1987; Toyoshima et 
al., 1987) in Nitella actin-based assays using myosin 
coated beads in vitro.
(ii) The Tail.

A filamentous a-helical coiled-coil "tail" extends from 
the base of the head to the carboxy terminus in 
conventional myosin isozymes and contains typical heptad 
repeats (7x28aa) conferring a periodicity of 14.Snm to the 
MHC . The ability of myosin II monomers to associate into 
bipolar filaments at low ionic strength is an attribute of 
the tail. The conventional myosin tail can be subdivided 
into two sections (see diagram 1.3) : the COOH terminus or 
light meromyosin (LMM) which forms the tip of the tail, and 
the NHg region, known from proteolytic experiments as 
subfragment 2 (S2), which is a double-hinged bridge,
flexibly connecting the LMM to the globular SI head 
(Kiehart, 1990). Within the myosin II family this rod-like 
extension of the MHC varies from 90nm {Acanthamoeha) to 
186nm {Dictyostelium) in length.
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Diagram 1.3: Mvosin Structure.
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(taken from Kiehart, 1990)

In unconventional, myosin I isozymes, the tail is 
abbreviated (Albanesi et al., 1985) and shares no sequence 
or chemical homology to the tail regions of conventional 
myosins. All unconventional myosins detected so far have a 
COOH-terminus extension with lipid-binding properties 
(Pollard et al.,1991), implying membrane-spanning 
qualities. This is further substantiated by the highly 
basic NHg domain (pH=ll) found in some myosin I tails. In 
contrast to myosin II, which is primarily regulated through 
phosphorylation sites on the tail (Korn et al., 1988), 
myosin lA and IB are solely regulated by phosphorylation of 
a serine residue located in the globular head of the heavy 
chain. Consistently myosin I and II are phosphorylated by 
different kinases indicating that they are indeed 
inherently different enzymes.
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1.8c. Conventional mvosin.
To exemplify the requirement of conventional myosins in 

non-muscle cell activities it is best to turn to the 
extensively studied unicellular slime mold Dictyostelium 
discoideum.
(i). Dictyostelium discoideum.

Dictyostelium has a single conventional myosin heavy 
chain gene (mhcA^) , (Warrick et al., 1986) . MhcA' cells are 
large, multinucleate, and unable to divide. Cellular 
movements normally exhibited by wild type cells, eg. 
traction mediated migration and intracellular movement of 
particles, are reduced but not eliminated in these mutants. 
Differentiation is blocked in myosin II-minus amoebae, 
showing an absolute requirement for myosin II during 
development. Pseudopod extension is unusually prolific 
(Wessels et al., 1988) in these mutants indicating that 
myosin II is involved in preventing projections. As many 
motile activities in the cell can continue, albeit at a 
reduced level or an altered manner when mhcA is depleted, 
these results imply that another form of motor, either a 
second myosin II, an unconventional myosin, or
alternatively some unidentified motor must have a role in 
intracellular motility and locomotion in these cells. 
Réintroduction of various segments of the mhc+ gene to mhcA' 
null mutants (Manstein et al., 1989) revealed that a 34kD 
carboxyl terminal region (C34) is necessary for myosin 
filament disassembly (Egelhoff et al., 1991). Elimination 
of this C34 tail segment removes several threonine 
residues, candidate sites for phosphorylation during cell 
cycle progression or differentiation.

In summary, intact myosin II is essential for
cytokinesis, differentiation, and is required for
cytoplasmic contraction, and resistance to pseudopod 
extension in Dictyostelium.
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I.8d. Unconventional mvosin.
Whereas studies in D .discoideum have focussed on myosin

II, the main literature on myosin I comes from the soil 
amoeba, Acanthamoeha castellanii. Subsequent to its initial 
isolation from Acanthamoeha (Pollard and Korn, 1973), 
myosin I has been found in a variety of sources including 
Dictyostelium (Cote et al., 1985), microvilli in the brush 
border (Path and Burgess, 1993), S.cerevisiae (Johnston et. 
al., 1991) and plant cells (Kohno et al., 1990; Toyoshima, 
1987) . Detailed investigations have identified three co
existing isozymes (Gadasi and Korn, 1980) in A.castellanii 
- lA, IB (Korn et al., 1988), and IC (Lynch et al., 1989; 
Baines and Korn, 1990; reviewed by Pollard et al., 1991). 
An important feature in some myosin Is eg. Acanthamoeha lA 
and IB (Korn et al., 1988) is the possession of a second, 
ATP-insensitive binding domain in the tail which permits 
the molecule to cross link one actin filament to another 
(Lynch et al., 1989) and thus support contraction despite 
lacking a second head. Immunofluorescence studies 
localising myosin I isoforms to the plasma membrane (Adams 
and Pollard, 1989; Miyata et al., 1989; Baines and Korn, 
1990) have confirmed implications from sequence data that 
myosin Is are preferentially located at the cell periphery 
or membranous organelles (Yonemura and Pollard, 1992). 
Several lines of evidence suggest that the association of 
myosin I with the plasma membrane is not principally 
through linkage to F-actin (Miyata et al., 1989) but could 
be through lipid binding properties as myosin I can bind 
pure lipid vesicles in vitro (Adams and Pollard, 198 9) . 
However, lipid distribution in the bilayer is uniform 
whereas myosin I showed differential localisation and 
limited lateral mobility in the plasma membrane. Extraction 
procedures also demonstrated that the association was 
tighter than would be expected if lipid was the anchor or, 
indeed if actin was the sole structural attachment for 
myosin I, hence this cannot be the entire story.

One class of myosin Is, the Drosophila ninaC gene
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products, have NHg extensions with primary sequence 
suggestive of kinase activity (Kiehart, 1990), implying the 
potential for regulation through autophosphorylation. 
Homology to signal transduction proteins over 50 amino 
acids in the COOH terminus has been drawn in S,cerevisiae 
(Drubin et al., 1990). This provides another potential 
mechanism for coordinating cytoskeletal changes with 
cellular signalling.

1.9. Yeast Mvosins: Saccharomvces cerevisiae.
Myosin II, encoded by the gene MYOl (Watts et al., 

1987), was first detected in S.cerevisiae by immunoblotting 
of precipitated actomyosin complexes and immunofluorescence 
microscopy using a C.elegans myosin heavy chain (MHC) 
antibody (Watts et al., 1985). MYOl disruptants 
(myol::LEU2) were viable but osmotically sensitive, slow 
growing and unable to complete cell division (Watts et al.,
1987). Orientation of the new bud site, typically a highly 
predictable event, was also aberrant although starved cells 
exhibited polarised growth ("schmoo") in response to mating 
factor in the usual way. Thus, it is implied that myosin II 
is a component of the S.cerevisiae cytoskeleton involved in 
new bud site selection and cytokinesis. Watts et al., 
(1987) also suggested that myosin II played a part in 
nuclear positioning, however, Rodriguez and Paterson (1990) 
could not verify this finding.

The temperature sensitive myosin I mutant, mvo2-66^ 
(Prendergast et al., 1990), was isolated using a size 
selection screen at 3 6 °C. The MY02 gene was subsequently 
cloned by complementation. The MY02 gene product is 
essential as spores with a disrupted MY02 germinate but do 
not continue to grow (Johnston et al., 1991) . Vegetative 
MY02 defective cells, grown at the restrictive temperature 
become abnormally large and do not initiate bud formation, 
indicating a defect in polarised cell growth. Secretory 
vesicles accumulate close to the Golgi apparatus, 
indicating a decreased efficiency of vesicle transport.
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Immunofluorescence microscopy studies showed that, in 
contrast to wild type cells, the actin cytoskeleton was 
randomly organised with respect to the longitudinal cell 
axis although microtubules were unperturbed. Cytokinesis 
was unaffected in mvo2 - 6 6  mutants as existing buds were 
promptly released upon shift to the restrictive 
temperature. The MY02 protein contains a putative p 3 4 cdc2 
phosphorylation site (TPLK) in its unique COOH terminal 
domain suggesting a link between cell cycle regulation and 
initiation of bud development.

In summary, in Saccharomyces cerevisiae, myosin II is 
involved primarily in bud site selection (Rodriguez and 
Paterson, 1990) and cytokinesis (Watts et al., 1987) 
whereas myosin I is involved in the transportation of 
secretory vesicles along actin cables during polarised cell 
growth (Johnston et al., 1991).

1.10. Interaction between Transport Systems.
Motor proteins are generally thought to be actin or 

microtubule specific, however, evidence has begun to emerge 
that some motors can use either polymer as a highway 
implying interaction between the systems and possibly a 
degree of functional redundancy (Goldstein and Vale, 1992; 
Skoufias and Scholey, 1993).

First, Lillie and Brown (1992) discovered that
overexpression of a kinesin-related protein, encoded by 
SMYl (Suppressor of MYosin), could partially rescue a MY02 
defect in S.cerevisiae ie. a microtubule-based motor could 
rescue, albeit inefficiently, a lesion in an actin-based 
motor. Thus SMYl may act as a backup system, responding
only to MY02 malfunction. A double mutant construct of MY02
and SMYl was lethal. These results imply that the
microtubule-based system has the ability to contribute, a 
role in the intracellular transport of secretory vesicles 
in budding yeast previously ascribed only to actin-based

47



motility (Johnston et al., 1991). Alternatively, the two 
systems may be working in parallel with SMYl, in this 
instance, ordinarily making a minor contribution which is 
typically masked by the highly active role of MY02. At 
present the actin and microtubule binding sites of these 
two proteins are not sufficiently localised or 
characterised to speculate more conclusively (Lillie and 
Brown, 1992). In the brush border, polarised actin arrays 
form the core of microvilli, rather than microtubules, thus 
the use of a myosin motor in this system is compatible with 
the actin rich specialization of these cells. In other 
mammalian cells, however, where microtubule networks are 
better developed than actin arrays, a dynein-like motor may 
be employed despite the existence of a myosin-like motor. 
If, however, the dynein-like motor was deleted from the 
cell, the myosin motor may be able to perform a back-up 
system albeit functioning with reduced efficiency.

Second, the mammalian homolog of act2/ACT2, centractin, 
(Clark and Meyer, 1992), has been localised to the 
centrosome implying a potential point of microfilament and 
microtubule liason (Goldstein and Vale, 1992). Whether this 
connection between the microtubules and centractin is 
structural, perhaps anchoring the centrosome to the nucleus 
(Clark and Meyer, 1992), or of a regulatory nature, or 
both, is unknown. Supporting the structural notion, actin 
is seen associated with astral microtubule arrays in 
S. cerevisiae (Palmer et al., 1992) . The existence of a TPLK 
site in ACT2 suggests the potential for regulation of the 
centrosomal cycle and coordination of changes in 
microtubule configuration in response to cell cycle 
transitions. Another vertebrate act2 homolog, actin-RPV, is 
also found to interact with mirotubules (Lees-Miller, 
Helfman, and Schroer, 1992) . In this case it is a component 
of the dynactin complex (Gill et al., 1991) which activates 
the microtubule motor, dynein.

Lastly, it is suggested that the cargo itself 
(eg.organelles, vesicles etc.) may be the versatile
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component in translocation (Path and Burgess, 1993; 
Skoufias and Scholey, 1993) as, in some systems, the 
surfaces of these structures possess a number of different 
molecular motors permitting alteration between track types 
by virtue of this variation. Preference for one system over 
another at any particular time could depend on a number of 
factors. If this is the case, localization of proteins at 
particular sites may not be indicative of function. For 
instance, the tail of unconventional myosin from mammalian 
brush border Crypt cells can be phosphorylated by protein 
kinase C, PKC (Path and Burgess, 1993) . Thus PKC could 
switch the motor on directly.
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CHAPTER 2. 
MATERIALS AND METHODS.
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2.1. STRAINS.
The wild type strain, 972h‘, of S chi zo sac char omy ces 

pombe (Mitchison, 1970) and the cell division cycle mutants 
(Nurse et al. , 1976), cdc3-124h~, cdc4-8 h~, cdc8-110h~. cdc8 - 
134h+, cdcl2-112h~ (late septation mutants) ; cdc7-24h~.
cdcll-136h~, cdcl4-118h~, cdcl5-140h~ (early septation
mutants) and cdcl6-116h~ were used. The strains cdcl0-129h' 
and cdc25-22h~ (Nurse et al., 1976) were used for 
synchronisation experiments and cell cycle studies. The 
cut7 mutant, (Hagan and Yanagida, 1990) and the wild type 
strain with a duplicated actin gene, A16a, (Dr Fantes) were 
also used.

2.2. MEDIA.
Strains were grown in either yeast extract (YE), (Gutz 

et al., 1974); [5gl‘̂ yeast extract (Difco) , 30gl"̂  glucose,
pH 5.6] or Edinburgh minimal medium with phthalate (EMMp); 
[20gL'̂  glucose, 5gL'̂  NH4CI, 3gL"̂  KH-phthalate, 2.2gL'^
NazSO^, 1.7gL‘̂ MgCls. 6 H2O, 14 . 7mgL'̂  CaCl2 .2 H2 0 , 2gL'̂  KCl,
40mgL'^ NaSO*, ImgL'̂  Na-pantothenate, lOmgL"^ nicotinic acid, 
lOmgL'^ inositol, 10/xgL'̂  biotin, 0. SmgL'̂  H3BO3 , 0.4mgL'^ 
MnSO,, 0.4mgL'^ ZnS0 4 .7 H2 0 , 0.2mgL‘̂ FeCl3 .7 H2 0 , 0.16mgL'
Ĥ2M0 4 . H2O, O.lmgL'^KI, 4 0 /xgL'̂ CuSO4 . 5 H2O, ImgL'̂  citric acid 
(Nurse, 1975)] . EMMp was supplemented with 75/xgml"̂  leucine 
or 75/xgml"̂  uracil as required. Media were solidified for 
plates with 20gl'̂  Bacto agar (Difco) .

2.3. CELL COUNTING.
Cell number was counted using a haemocytometer (Weber) 

and an Olympus CH light microscope, or using a Coulter 
Counter ZM (Coulter Counter Electronics, Luton, Beds) as 
specified. The number of septating cells in a population 
was expressed as a percentage of the total population and 
termed the "septation index".
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2.4. CELL MEASUREMENT.
Cell length was measured using a light microscope 

(Olympus CH) with x40 objective,' fitted with an eye-piece 
graticule (Graticules Ltd., Tonbridge, Kent) calibrated 
using a calibration slide (Graticules Ltd., Tonbridge, 
Kent). Mean length was calculated from a sample of n > 100.

The frequency of cell volume was automatically 
calculated using a Coulter Counter C256 channelizer 
(Coulter Counter Electronics, Luton, Beds) operating on 128 
channels.

2.5. CHEMICALS.
All chemicals were supplied by Sigma Chemical Company 

unless stated otherwise.

2.6. FLUORESCENCE MICROSCOPY,
a.Buffers.
PEM:lOOmM Na-Pipes (piperazine-N-N'-bis 2 -ethanesulphonic 

acid monosodium salt), ImM EGTA, ImM MgSO*, pH 6.9. 
PEMS: 1.2M Sorbitol in PEM.
PEMBAL: 1% w/v BSA (bovine serum albumin, crystallized and 

lyophilized, globulin free, lOOmM lysine-HCl, 0.1% w/v 
sodium azide.

b.Chemical Stains.
Localisation of the nucleus was achieved using the DNA 

specific stain DAPI (4 ' , 6-diaminodiamidino-2-phenylindole; 
1 /xgml'̂ ) which was routinely added to the mounting medium, 
Elvanol, [14% (w/v) Gelvatol (Monsanto), 28% (v/v) glycerol 
in PBS (137mM NaCl, 3mM KCl, 6 mM Na^HPO^, ImM KĤ PÔ , pH8.2)] 
with the antifade reagent, paraphenylene diamine (Imgml'̂ ) .

Cells were mounted as a monolayer, applied as an 
emulsion and air dried using a warm current from a hair 
drier, onto 13mm diameter, 0.155mm thick coverslips 
(Chance, propper, Ltd.), coated with poly-L-lysine (Imgml" 
)̂ . Coverslips were inverted onto approximately 4^1 of 
Elvanol mounting medium containing DAPl/antifade (l/igml'̂  
final concentration) and sealed with clear nail polish.
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Cells were protected from exposure to light as much as 
possible and viewed within 24h after mounting.

Calcofluor white was used to stain cell wall and septal 
material (Darken, 1961; Marks and Hyams, 1985). Fixed or 
live cells were harvested, washed in PEM then resuspended 
in a saturated solution of Calcofluor (Smgml'̂ ) and 
incubated at room temperature for 3 0min on a cell mixer 
(Luckham Ltd. CMIOO). Cells were subsequently washed three 
times with PEM and resuspended at an appropriate density in 
PEM. Cell suspensions were applied as described above 
except that coverslips were inverted onto approximately 4/zl 
of PEM rather than Elvanol mounting medium. 
c.Immunofluorescence Techniques.
(i) Antibodies.

The following primary antibodies were used:

Table 2.1; Primary Antibodies.
Antibody. Origin. Supplier. Dilution.

JLA 20 mouse. Amersham. 1 / 1 0 0

(monoclonal) 1/500
anti-actin

TATI. mouse. Prof.K.Gull. 1 / 1 0

(monoclonal) (Woods et 1 / 2 0

anti-a- al., 1989)
tubulin

anti-myosin rabbit. Dr.F.Watts. 1/50
(polyclonal) 1 / 1 0 0

Rhodamine conjugated secondary antibodies were 
routinely used at a dilution of 1/50.

(ii) Fixation and Permeabilization.
Two methods were used:

1. Methanol.
Cultures were rapidly filtered onto a 3.0/im millipore
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filter (Alfa et al., 1992). Cells were washed off the 
filter into 20ml of prechilled (-20°C) methanol and 
incubated at -20°C for 8 min. Fixed cells were harvested at 
4°C, 3000g and washed three times in PEM. Cell walls were 
removed by incubation in O.Smgml'^ Novozym 234 (Novo 
Biolabs) and 0.IBmgml'^ Zymolase 20T (Seikagaku Corporation, 
Tokyo, Japan) in PEMS at 3 7°C. Once 10% of cells were seen 
to have increased in phase contrast retractility - an image 
associated with protoplasted cells, the process was stopped 
by dilution with 4°C PEMS followed by two washes in PEMS. No 
further step was required for permeabilizing cells fixed by 
this method.

2. Formaldehyde.
A fresh stock solution of 4 0% formaldehyde was prepared 

by dissolving paraformaldehyde in distilled water at 70°C 
with NaOH. Formaldehyde was added to growing cultures to a 
final concentration of 4% (w/v) and incubated for 3 0min at 
3 6 °C or 60min at 25°C as appropriate (Hagan and Hyams,
1988). Cells were harvested, washed three times in PEM and 
protoplasted as described above except that twice the 
concentration of each enzyme was used. Following two washes 
in PEMS, cells were permeabilised using 1% (v/v) Triton-X- 
100 (Bio-Rad) in PEM at room temperature for 1-2 min and 
washed twice in PEM.

Fixed cells prepared by either method were subsequently 
resuspended in 1ml PEMBAL for 20-60min then incubated 
overnight on a cell mixer (>16h) at room temperature in 2 0 - 
100^1 of primary antibody diluted in PEMBAL. Individual 
antibody concentrations are listed in table 2.1. After 
incubation cells were washed three times in PEMBAL then 
resuspended in 100-500fil of rhodamine-conjugated secondary 
antibody and incubated overnight (>16h) in darkness on a 
cell mixer at room temperature.

To decrease background fluorescence secondary antibodies 
were preadsorbed by dilution (1:50) in 90% PEMBAL and 10% 
fission yeast extract (PBS with 0.2% BSA, 1% foetal calf
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serum, 0.2mM PMSF) followed by incubation for 60min at 37°C. 
After incubation the solution was spun in a microcentrifuge 
for 5min and the aspirated supernatant applied to the 
prepared cell pellets and incubated as described above.

Cells were then mounted as described earlier.
(ill) Microscopy.

Mounted cells were viewed using an Olympus Axiophot 
with Planapo 63 X 1.4 NA (Rhodamine illumination) or 
Neofluor 63 X 1.25 NS (DAPI/Calcofluor) epifluorescence 
optics.

The internal 
magnification of the Axiophot is 2.5X for 35mm film.
(iv) Photography.

Black and white photographs of immunofluorescence 
images were recorded on Kodak T-MAX (ASA 400) film. 
Photographs were printed on Ilford multigrade photographic 
paper. Colour photographs were developed by Colour 
Processing Laboratories (Warren Street, London) from Kodak 
Ektachrome (ASA 400) slide film. Typical exposure times 
were 100-150s for rhodamine fluorescence at 125 X and 5-lOs 
for DAPI staining. Ektachrome 400 film was approximately 
1.5 X less sensitive than T-MAX 400.

2.7. ELECTRON MICROSCOPY.
A Jfol lOOCX electon microscope operated at 80kV was 

used to examine sections and actin samples. Preparation of 
these samples is detailed in the relevant chapters.

2.8. PROTEIN STUDIES,
a.Cell Extracts.

Exponentially growing culture of S.pombe were harvested 
by centrifugation in a Beckman GS-6 R at 3 000rpm for 3min at 
room temperature. All subsequent steps were carried out at 
4°C. Pellets were washed twice in a protein extraction 
buffer (15mM EGTA, 15mM MgClg. 6 H2O, 25mM Trizma base, ImM 
DTT; pH 7.5) in the presence of protease inhibitors (40/xgml' 
 ̂ leupeptin, 3/xgml'̂  pepstatin A, ImM PMSF) . Cells were
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ruptured to 70% breakage by vortexing the sample with an 
equal volume of ice-cold acid-washed glass beads (425-
600/xm) in approximately ten 60s bursts with 60s cooling on 
ice between each burst. The resultant lysate was separated 
from the glass beads by centrifugation and beads were 
washed in buffer. The combined supernatants were
recentrifuged to remove any cell debris and protein 
concentration determined using the Bio-Rad Protein Assay. 
Samples were stored at -2 0°C.

b.Sample Preparation for Electrophoresis.
For Sodium-Dodecyl-Sulphate-Polyacrylamide Gel

Electrophoresis (SDS-PAGE; Laemmli, 1970), samples were 
solubilized by boiling for 3min in an equal volume of 
sample buffer (125mM Tris.HCl, 2% SDS, 10% glycerol, 5% (3- 
mercaptoethanol, 0.001% bromophenol blue, pH6 .8 ).

c.(SDS-PAGE).
One dimensional protein separation was performed 

according to Laemmli (1970) using SDS-PAGE. Resolving gels 
were routinely used at 8.25%, 12.5%, or 15% [eg. 12.5%
acrylamide/bis-acrylamide, 0.37M Tris.HCl (pH8.9), 3.75%
glycerol, 0.2% SDS] . Stacking gels were 3% or 5% in 0. 5M 
Tris.HCl/ 0.2% SDS (pH6 .8 ). Gel polymerization was 
accelerated using ammonium persulphate and TEMED solution. 
Molecular weights were calibrated using Sigma MW-200 high 
molecular weight markers which included: myosin (2 05kD) , (3- 
galactosidase (116kD), phosphorylase B (97.4kD), bovine 
serum albumin (6 6 kD), egg albumin (45kD) and carbonic 
anhydrase (29kD). Minigels were run at 50mA (constant 
current) in a running buffer of 25mM Tris, 192mM glycine, 
0.1% SDS, pH8 .3, for approximately Ih. Large gels were run 
similarly but took approximately 4h at 70mA.

Protein bands were visualised by one of two methods: 
Coomassie blue staining for 3h (40% methanol, 5% acetic 
acid, 0.05% Coomassie brilliant blue) followed by rinsing 
in distilled Ĥ O (dHgO) and destaining with destain (40%
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methanol, 5% acetic acid); or alternatively, silver 
staining (Protostain, National Diagnostics). For silver 
staining, gels were fixed by immersion for lOmin in 50% 
ethanol, 5% acetic acid followed by soaking twice (lOmin) 
in 5% ethanol, 5% acetic acid and washing 4 times (Imin) 
with dHgO. The gel was then sensitised by soaking for Smin 
in Protostain Sensitiser, washed 4 times (Smin) in dHgO, and 
exposed to fluorescent light while immersed in Silver Stain 
for 2 0min. After further rinsing in dHgO, the gel staining 
was then developed by 3 immersions in Protostain developer. 
Development was stopped by the removal of developer and 
replacement with 2 % acetic acid.

d.Western Blotting.
Protein was transferred to 0.45/xm nitrocellulose 

filters (Schleicher and Schnell) using a cooled tank 
(Transphor Electrophoresis Unit, Hoefer Scientific 
Instruments). Gels were washed for 3 0min in transfer buffer 
(see below) then assembled into the electrophoresis unit 
and run in transfer buffer for 3h at lOOV or overnight at 
4°C at 40V (constant voltage). If the protein of interest 
was <150kD transfer buffer A (2 0mM Tris, pH8 .0, 0.01% SDS, 
ISOmM glycine, 20% methanol) was used. Larger proteins were 
transferred using transfer buffer B (12.4mM Tris pH8.4, 
0.01% SDS, 96mM glycine, 0.07% /3-mercaptoethanol) . After 
transfer, the nitrocellulose blot was soaked (protein-side 
down) in 5% milk powder ("Marvel", Premier Brands, UK) in 
PBS-Tween (0.15M NaCl, O.OIM NaPi pH7.2, 0.05% Tween) for
Ih at room temperature to block reactive sites. The 
nitrocellulose was then washed twice (30min) in PBS-Tween 
and incubated overnight at room temperature, with 
agitation, in the primary antibody diluted in PBS-Tween (as 
specified) . After removal of the primary antibody, the blot 
was then washed twice (5min) in PBS-Tween and incubated for 
3h at room temperature in a phosphatase conjugated 
secondary antibody, diluted 1:250 in PBS-Tween. Upon 
removal of the secondary antibody the blot was washed a
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further 5 times (5min) in PBS-Tween followed by two washes 
(Smin) in 0.15M veronal acetate pH9.6 . Bands were 
visualised by incubation for approximately 3min in 0.15M 
veronal acetate pH9.6, 1 0 % nitroblue tétrazolium, 1 % bromo- 
chloro-indoylphosphate, 4mM MgClz. Development of bands was 
terminated by washing the blot with PBS-Tween (Blake et 
al.,1984) .

Materials and methods pertaining to specific chapters 
are detailed in those sections.
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chapter 3.
ACTIN IN Schizosaccharomvces vombe,
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3.1: INTRODUCTION.
a .AIM.

The aim of this chapter was to purify actin from 
S.pombe in a functionally CLctcVe form and to identify 
different actin pools within the cell. Two routes of 
investigation were taken to this effect:

a) Purification of actin in an active form from
S.pombe by conventional biochemical techniques. 
Activity was monitored using a DNase-I inhibition 
assay.

b) Pharmacological manipulation of the actin 
cytoskeleton using cytochalasins.

b.DNase-I and the G-actin Assay.
G-actin is a natural and highly specific inhibitor of 

DNase-I (Lazarides and Lindberg, 1974), binding by 
hydrophobic interaction to DNase-I with a stochiometry of 
1:1. Due to the tendency of G-actin to polymerize, 
crystallization (a pre-requisite for X-ray crystallography) 
of G-actin alone was unsuccessful. Researchers who had 
previously worked out the 3D structure of DNase-I exploited 
the tenacious binding of G-actin to DNase-I and 
crystallized the complex. As the structure of DNase-I was 
known, they were able to solve the crystal structure of 
actin (both G-actin-ADP and G-actin-ATP) to a resolution of 
2.8A (Kabsch et al., 1990) . Whether the association of the 
two proteins has any physiological relevance or not remains 
undetermined. Suggestions have been made that:
a) The primary function of DNase-I may not be to degrade 

DNA but to sequester actin.
b) actin may control the enzymatic activity of DNase-I 
during the cell cycle.
c) the complex may contribute some other function in 
controlling DNA metabolism (Kabsch et al., 1990).

The presence of G-actin in cell extracts can be 
detected using a DNase-I activity inhibition assay 
(Blikstad et al., 1978) under actin depolymerising
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conditions. The principle of the assay exploits the 
association of G-actin to DNase-I preventing the ability of 
DNase-I to break down an introduced DNA substrate. It 
operates by steric hinderance at the DNA binding site 
(Kabsch et al., 1990). When no G-actin is present, DNase-I 
breaks down the DNA into its constituent nucleotides and, 
correspondingly there is an increase in absorbance at ODzĝ nm 
as the bases are released. Therefore, a decreased rate of 
absorbance is indicative of the presence of G-actin.
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3.2: MATERIALS AND METHODS.
a.Strains.

The wild type strain, 972h‘, and the temperature 
sensitive cell division cycle mutant, cdc25.22h~ (Nurse et 
al., 1976) were grown in YE or EMMp.

b.Purification of Actin from S.vombe,
(i) Preparation of an Acetone Powder.
15 litre YE cultures of the wild type strain, 972h", or 

the actin duplication strain, A16a were grown at 36°C and 
harvested using a Sharpies Super Centrifuge. Cells were 
washed with distilled water (dHgO) and spheroplasted with 
ImgmlNovozym 234 and ImgmlZymolase 20-T in PEMS at 
37°C. When 80% of cells were judged to have spheroplasted, 
they were harvested at 2000,̂ at 4°C for Smin in a Beckman GS- 
6R and washed twice in 4 volumes of PEMS before treating 
with 10 volumes of acetone for 20min with agitation. The 
cell suspension was pelleted (BOOrpm, 1 min) and washed a 
further three times with 10 volumes of acetone. After the 
final wash the dehydrated cell mass was collected on filter 
paper (Whatman) under negative pressure using a Buchner 
funnel with vacuum attachment. The acetone powder was left 
at room temperature overnight to complete desiccation 
before storing at -20°C. All subsequent steps were performed 
at 4°C unless otherwise stated.

The acetone powder was extracted with stirring in an 
actin depolymerising buffer. Buffer G (3mM Imidazole-HCl, 
0 . ImM CaClz, O.SmM ATP, 0 . 75mM jS-mercaptoethanol ; Scordilis 
et al., 1991), in the presence of protease inhibitors 
(50/igml'̂  PMSF, Ifxgml'̂  leupeptin, 1/xgml'̂  pepstatin) . The 
crude extract was clarified by centrifugation at 3 0,000̂ in an 
MSE centrifuge for 6 0min. The cleared extract was spun for 
90min at 20 0,ooô in a Beckman Ultracentrifuge. Throughout the 
preparation fresh ATP (O.SmM) was added at 12 hourly 
intervals to ensure that actin was maintained in the 
monomeric form.
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(i i) Chromatography.
The supernatant was loaded onto a Q-sepharose Hi-Load 

ion exchange column (Pharmacia) and eluted in 10ml 
fractions over a salt gradient of 0-0.5M KCl in buffer G 
using a fraction collector (Biorad 2110) . Eluants were 
monitored using a spectrophotometric attachment operating 
at OD2 6onm (Biorad Econo System Controller) and recorded 
using an LKB (Bromma) 2210 1-Channel. Fractions were 
analysed for the presence of actin using the DNase-I 
inhibition assay (see below). Samples that gave >50% DNase- 
I inhibition, were pooled and concentrated in an Amicon-200 
before application in buffer G + 0.15M KCl to a Superdex- 
200 Hi-Load (Pharmacia) gel filtration column linked to a 
high performance liquid chromatography (HPLC) system. 
Buffers for HPLC were millipore filtered (0.45/xm) and 
degassed before use. Fractions obtained from this column 
(1ml) were unable to inhibit DNase-I activity, therefore 
gel electrophoresis and silver staining was used to 
identify actin containing samples. These fractions were 
pooled and concentrated to 400jnl in an Amicon-10 before 
resolving by two successive injections of 200/xl onto a 
second gel filtration column in buffer G + 0.15M KCl
(Superose-12 Hi-Load, HPLC, Pharmacia). The samples were 
run at 0.5ml/min in buffer G + 0.ISM KCl at room
temperature and monitored using an automated HPLC system. 
From this column, the marker protein, egg albumin (45kD), 
eluted at 33min. Peak fractions (0.5ml) from these two runs 
were pooled, diluted in buffer G, then concentrated in an 
Amicon-10 before analysis by DNase-I inhibition, gel 
electrophoresis (12.5%, SDS-PAGE minigel), and Western 
blotting (transfer buffer A, chapter 2) . Minigels were 
routinely loaded with 10/xg of sample per track.

(ill) Polymerization of Actin.
Polymerization was attempted by dialysis overnight 

against buffer F (buffer G + O.IM KCl, 2mM MgClg) . The actin 
solution was applied to Formvar/carbon coated 3mm, 3 00 
mesh, copper EM grids (Ted Pella Inc., Pelco 160), dried.
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then stained with 2% uranyl acetate. Grids were examined 
using a J€ol lOOCX electron microscope operated at 8 0KV, 
(iv) DNase-I Assay.

In this assay the rate change in absorbance of the 
sample at was monitored over a 3min period. Samples
were prepared by incubating a 20/xl aliquot of the fraction 
to be analysed (or less of concentrated sample) for 3min in 
50mM Tris.Cl, pH7.5 at room temperature. This was then 
added to 500/xl of the DNA substrate (Calf thymus type I, 
Sigma: 0.33mgml'^ in 8mM MgSO*, 8mM CaClg, 50mM Tris HCl,
pH7.5) in a 1ml quartz cuvette (Hellma). DNase-I (type CNl, 
Imgmlin ImM DTT, 50mM Tris HCl, 5mM CaClz, 25% glycerol, 
pH8) was diluted 1:25 or 1:50 as appropriate in 50mM 
Tris. Cl, pH7.5 and 20/il added directly to the sample in the 
cuvette. The final working concentration of DNase-I was 
therefore 0.4/xgml'̂  or 0.8jLtgml'̂  respectively. Percent 
inhibition was calculated from the difference in rate 
change between sample and buffer G blank.

3.2c. INHIBITION STUDIES.
(i) Reagents.
Cytochalasin B (CB) and cytochalasin D (CD) were 

dissolved in DMSO to a stock concentration of lOOmgml"^ and 
diluted directly into the medium to the required 
concentration. A precipitant frequently persisted upon 
addition of the stock to the culture medium; however, 
filtering the medium did not affect results indicating that 
the precipitate was not the drug itself.

Thiabendazole (TBZ) was dissolved to a stock 
concentration of IM in concentrated DMSO and diluted to the 
working concentration of 150^gml'^ directly in the culture 
medium. The final DMSO concentrations did not exceed 0.2%.

(ii) Synchrony.
Synchronous cultures were obtained by shifting 

exponentially growing cdc25.22h~ cultures at 25°C to the 
restrictive temperature of 36°C for 4.25h, followed by 
release to the permissive temperature of 25°C.
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(iii) Immunofluorescence microscopy.
Immunofluorescence techniques were carried out as 

detailed in Chapter 2. Cells were fixed by the methanol 
procedure.
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3.3. RESULTS.
3.3a. Actin Preparation.

S.pombe actin was much more stable in storage when the 
acetone preparation method (Scordilis et al., 1991) was 
adopted as opposed to non-desiccating methods (Greer and 
Schekman, 1982a). The addition of fresh ATP and protease 
inhibitors every 12h was vital for maintaining the 
monomeric form and therefore the activity of the protein. 
Success in yield was monitored by the ability of G-actin to 
inhibit DNase-I activity as this demonstrated that the 
protein was still functionally active.

Table 3.1 shows relative yields and inhibitory 
activities of protein samples during purification. The 
yield from A16a was marginally higher than that for 972h“.

Over a 0-0.5M KCl gradient, actin typically eluted from 
an ion exchange column (Q-sepharose, Pharmacia) between 
0.22M and 0.26M KCl (figure 3.1a) . Actin was detected in 
samples using the DNase-I assay and inhibitory activity was 
assessed as shown in figure 3.1b. From this column, 6 X 
10ml fractions which inhibited DNase-I by > 50% were
collected, concentrated, and applied to a gel filtration 
column in the presence of 0.15M KCl to prevent nonspecific 
binding to the column matrix (figure 3.2). Fractions 
collected and concentrated from gel filtration were unable 
to inhibit DNase-I activity and thus were analysed by gel 
electrophoresis (figure 3.3). Actin was found to elute as 
a broad peak (figure 3.2, "A"). Thesefractions had two
major contaminants one at 55kD, the other at 2 0kD. Once 
identified, fractions containing protein of an 
approximate molecular weight of 45kD (fr.64-76, fig.3.3b) 
were concentrated and loaded on to a second gel filtration 
column in 0.15M KCl (Sepharose 12, Pharmacia, HPLC). Actin 
eluted at 34.84min as a single peak (figure 3.4). The 
marker protein, BSA (45kD), typically eluted at 33min from 
this column. With this marker, S.pombe actin is estimated 
to be 47.4kD.
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Figure 3.1: Purification of Actin bv O-Sepharose.
a.Soectrophotoaram of protein elution from Q-sepharose Ion 
Exchange chromatography column.

Ultracentrifuged S.pombe crude extract was applied to 
a Q-sepharose column (Pharmacia) and eluted over a salt 
gradient of 0.15-0.5M KCl at 4°C. 10ml fractions were 
automatically collected and monitored at ODsgonm for protein 
content. Protein was seen to elute in a small peak at 
around 0. 2M KCl (fractions 33-34) and as a large peak at 
0.22M KCl (fractions 36-37). The protein concentration 
declined gradually with increasing salt concentration.

b.Inhibition Assay of Peak Fractions.
Protein containing fractions from the above column 

were assessed in the DNase-I assay for actin content. 
Fractions 37-41 were found to inhibit DNase-I activity by 
greater than 50% and were pooled for further purification.
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Figure 3.2; Gel Filtration of the Ion Exchange Pool.
Samples pooled from figure 3.1 were applied, after 

Amicon concentration, to a Superdex 200, Hi-load gel 
filtration column (Pharmacia) linked to an HPLC system, in 
the presence of 0.15M KCl at 4°C. The main peak (A) 
corresponds to the actin containing fractions.
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Figure 3.3: Analysis of GFI Fractions bv SDS-PAGE.
40^1 aliquots of fractions, (even numbers only) 

collected from gel filtration were analyzed for actin 
content by gel elecrophoresis using a 12.5% resolving gel 
and visualised by silver staining. Gel 1 corresponds to 
fractions 44-58, Gel 2 corresponds to fractions 64-76. A 
band of increasing concentration was seen at around 45kD - 
40.5kD in fractions 64-76. These samples were retained for 
further subsequent purification. Two main contaminant bands 
at 20kD and 55kD were seen to co-elute with the 45kD 
component.
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Figure 3.4: Gel Filtration Column II of Actin Preparation.
Fractions retained from figure 3.3 were pooled and 

concentrated to 400/xl. Two injections were made on a second 
gel filtration column (Superose 12) in buffer G + 0.15M KCl 
linked to an HPLC system with a flow rate of 0.5ml/min at 
room temperature. Actin eluted from this column at 34.Smin, 
corresponding to a molecular weight of 47.4kD. Two bands 
were resolved from this preparation at 25.2min (mw 4. ;kD) 
and 40.3min (mw 4. kD) respectively.
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Table 3.1. Actin Yields from S.vomhe
972h" [Protein] volume total, mg inhibition

CE 1. 2mgml'^ 218ml 261.6 43.7%

CE, 200Kg 0 .42mgml'^ 213ml 89.5 10.7%

Ion X 1. 7mgml'^ 10ml 17 100%

GFI 4 .98mgml'^ 1. 5ml 7.4 —
GFII 3 . Omgml'^ 0 . 2ml 0 .6 29.1%

A16a

CE 2. 3mgml'^ 150ml 345 56.2%

CE, 200Kg 1. 5mgml'^ 147ml 220.5 4.6%

Ion X 3 . 7mgml'^ 5 . 5ml 20.35 99.2%

GFI 0 . 8mgml'^ 11ml 8 . 8 —
GFII 1. 2mgml"i 0.68ml 0 . 825 96.5%

Two small peaks were resolved either side of the actin 
peak at 25.2 and 40.3min, corresponding to molecular 
weights of 34.2kD and 54.8kD respectively. The 54.8kD peak 
probably corresponds to the estimated 55kD band seen by 
SDS-PAGE.A band corresponding to the 34.2kD peak was not 
apparent in the previous SDS-PAGE.

Analysis by gel electrophoresis (figure 3.6) and 
Western blotting (figure 3.7) showed that purified actin 
has an approximate molecular weight of 45kD. The two 
contaminating bands seen by SDS-PAGE, at approximately 55kD 
and 32kD can also be seen in Western blots of both 972h" and 
A16a samples. The 32kD band immunoreacts with anti-actin 
very strongly and is more abundant in the latter sample 
preparations (figure 3.7, blot B).

2D gel electrophoresis of these samples was 
unsuccessful as the purified sample was degraded after 
short-term storage at -20°C.
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Figure 3.5: SDS-Page of Actin Purification.
10/xg of protein was loaded per track onto a 12.5% 

polyacrylamide gel. Lane 1, markers (M) ; lane 3, 
ultracentrifuged crude extract (CE); lane 4, Q-sepharose 
pool (Q); lane 5, gel filtration I pool (GI); lane 1, gel 
filtration II pool (GII) ; lane 8, markers (M) . Samples 
shown were obtained from a 972h‘ preparation. The relative 
molecular weights of markers are shown on the left hand 
side.
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Figure 3.6: Western Blot Analysis of Actin Preparation.
A. 972h'
B. A16a.

Gels were run of protein preparations of increasing 
purity and transferred to nitrocellulose for probing with 
JLA20 [Amersham, monoclonal anti-of-actin (chick gizzard) ] . 
Two bands were seen to cross-react strongly with the 
antibody in all preparations: one at 45kD, the other at
55kD. The 45kD band corresponds to the expected approximate 
weight of actin.

A third band is
often resolved at around 32kD (see blot B) .This may be a 
degradation product of actin.
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Figure 3.7: Electron Micrograph of Actin Aggregation.
Polymerization of actin was attempted by dialysis 

overnight in buffer F (buffer G + 0 . IM KCl, 2mM CaClg) . The 
solution was applied to a Formvar coated copper grid, 
stained with 2% uranyl acetate (aq), and viewed using a 
Jeol 10OCX operated at 8 0KV.
Magnification X 72,000
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Polymerization by dialysis overnight was unsuccessful 
with the preparations used as only aggregates of actin 
could be determined (figure 3.7) by electron microscopy.

3.3b. The Effect of Cvtochalasins on Wild Type S.pombe.
CB and CD inhibited growth of a wild type population of 

S.pombe in a dose dependent manner (figure 3.8). 100/igml"̂  
CB or CD appeared to be toxic to the cells. Populations 
treated with lower concentrations of CB or CD accumulated 
with an elevated septation index (figure 3.9); septa were 
single and correctly located (data not shown). This effect 
was also dose dependent and CD seemed more potent than the 
corresponding CB treatment. This may be artefactual as many 
CD treated cells were seen to break during preparation, 
whereas, controls and CB treated cells remained intact.

The effect of either drug was fully reversible (figure 
3.10) after 6h treatment at a concentration of 50/xgml’̂. 
Recovery was quick, approximately one generation time, ie. 
within 2-4h, as indicated by the transition to exponential 
growth in cultures where the drug was removed (see 
populations labelled 6h/W0, figure 3.10).

To investigate cytoskeletal alterations, cells treated 
for 5h with CB or CD were processed for immunofluorescence 
microscopy and observed with rhodamine conjugated secondary 
antibodies directed towards monoclonal actin and tubulin 
antibodies. CB treated cells were approximately normal in 
length (13/xm) for wild type (972h') cells embarking upon F- 
actin ring construction. The tips and occasionally the 
equatorial area in these cells were often swollen (figure 
3.11a). Tip and equatorial ring localisation of actin are 
patterns that do not coincide in untreated wild type cells 
(figure 3.11c), however, CB treated cells frequently 
maintained actin at the tips when there was an equatorial 
actin ring present. This striking phenotype is shown in 
figure 3.11a. By contrast, CD treated cells increased in 
overall size and many broken cells were seen in the 
population (figure 3.11b). Figure 3.11c shows the variety
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Figure 3.8; The Effects of Cvtochalasins on Cell Growth.
Exponentially growing wild type cells (972h‘) in EMMp, 

were treated for 6 h at 36°C with:
(a) 5, 50, 75 and 100/xgml"̂  cytochalasin B and
(b) 5, 50 and 100/xgml'̂  cytochalasin D.

Growth was inhibited in a dose dependent manner.
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Figure 3.9: The Effects of Cvtochalasins on Septation
Index.

The septation index of cultures shown in figure 3.8 
were scored. Cells accumulated with an elevated septation 
index in a dose-dependent manner.
a) Cytochalasin B.
b) Cytochalasin D.
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Figure 3.10: The Effect of Cytochalasin Treatment is 
Reversible.

Exponentially growing wild type cells (972h') were 
treated with 50/igml"̂  CB (a) or CD (b) for 6 h at 36°C in 
EMMp. The drug was removed from one half of the culture 
population at 6 h by extensive washing in EMMp (W/0) . If 
removed cultures recovered to exponential growth.
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of actin patterns in untreated wild type cells. CD treated 
cells that were in the process of division had a small, 
tenuous bridge of actin at the central, septal location 
(cell 1, figure 3.11b). Other cells in the population were 
shorter and more rounded than controls and exhibited 
diffuse background actin staining, sometimes with increased 
signal from one end (cell 2, figure 3.11b).

The number of actin rings in the population was scored 
as an indicator of the stabilizing influence of 
cytochalasins on actin (figure 3.12). As with population 
numbers and septation indices in treated populations, the 
number of actin rings increased in a dose-dependent manner. 
In the CB treated population the stability continued 
increasing at all concentrations used (figure 3.12a), 
whereas 50/xgml'̂  was optimal for CD (figure 3.12b) .

No change in microtubule distribution was observed in 
cytochalasin treated cultures (data not shown). To 
ascertain whether the converse was true ie. to assess the 
influence of microtubule distribution on actin 
localisation, tubulin in an exponentially growing wild type 
population was disrupted with the fungal specific 
microtubule inhibitor thiabendazole (TBZ; 150/xgml-l) for 
5h, and the actin pattern assessed. At 150/xgml"̂  the effect 
of TBZ was reversible in S.pombe (figure 3.13a). Assessment 
of the actin patterns (figure 3.13b) showed that there was 
a 2 0 % increase in cells with a "general" or diffuse 
staining pattern indicating there may be a low level of 
interaction between the two filamentous systems. However, 
the distributions of the other patterns remain relatively 
unperturbed.

3.3c. The Effect of Cvtochalasins on Septation.
To investigate the effect of cytochalasins on septation 

in more detail, a synchronous cdc25.22h~ culture was used. 
Figure 3.14 shows that whilst the control culture reached 
a peak in septation at 90min post-release, cultures treated 
with either cytochalasin at 50/xgml'̂  and lOÔ gml"̂ - attained
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Figure 3.11 : Actin Localization in Cytochalasin Treated 
Wild Type Cells.

Wild type cells, treated for 5h at 36°C with 50/xgml’̂ CB 
(a) or CD (b) were processed for immunofluorescence by 
fixing for 8 min in -20°C methanol. Cells were probed with 
1:100 monoclonal anti-actin (JLA20) and actin localization 
visualised using rhodamine-conjugated anti-mouse IgG 
(1:50).

(a) CB treated cells appeared swollen at areas of actin 
localization and were seen to maintain intense bitip 
staining in the presence of a bright equatorial actin ring.

(b) CD treated cells appeared, rounded, swollen and 
fragile compared with untreated control cells. Actin was 
found diffuse in the cytoplasm and at tenuous bridge-like 
connections in dividing cells (cell 1) . Occasionally a 
monopolar localization of the actin stain is suggested 
(cell 2 ).

(c) Untreated control cells exhibited heterogeneity in 
actin staining patterns: monopolar (M) , bipolar (B) , or
ring (R).

Magnification X 1295 (a) and (b), X 1116 (c).
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Figure 3.12; The Effect of Cvtochalasins on Actin Ring 
Formation.

Exponentially growing wild type cells in EMMp at 3 6 °C 
were treated for 5h with:
(a) 5, 50, 75, and lOO/xgml"̂  CB or
(b) 5, 50 and lOO/xgrnl'̂  CD

and processed for immunofluorescence as indicated in figure 
3.11. The percentage of cells with actin rings increased in 
a dose dependent manner with CB and was optimal at 50/xgml"̂  
with CD perhaps because of toxic effects at higher 
concentrations.
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maximal peaks at 120min and 150min respectively. In each 
case the peak exceeded the control peak, indicating an 
accumulation of septating cells, thus an increased length 
of time spent completing cytokinesis.

The septation index of cells treated with the lower 
concentrations of CB or CD began to decrease after 150min 
implying an incomplete block and leakage through 
cytokinesis. Entry into septation was delayed in cells 
treated with 50^gml'^ CD whereas the other cultures showed 
a slight induction of septation. Therefore, CB and the 
lower concentration of CD tested may accelerate entry into 
septation. Cells are unable to complete cytokinesis thus 
persistence of septation may explain the exaggerated 
septation peak.
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Ficrure 3.13; The Effect of Thiabendazole (TBZ) on Actin 
Distribution.
a. The Effect of ISOftoinl'̂  TBZ is reversible.

Exponentially growing wild type cells (972h') were 
grown in YE at 36°C and treated with 150/xgml'̂  TBZ at Toh- 
After 6 h, the drug was removed from one half of the treated 
culture (W/O). These cells recovered exponential growth.

b . The Effect of TBZ on Actin Distribution.
Cells grown and treated as detailed above were 

processed for immunofluorescence microscopy with l/lOO 
anti-Qf-actin antibody, JLA2 0 (Amersham) and visualized 
using 1/50 rhodamine-conjugated anti-mouse IgG, after 5h 
exposure to 150/xgml'̂  TBZ. The actin staining patterns were 
assessed into four categories and expressed as a percentage 
of the total population. There was an increase in cells 
displaying a disorganized (general) actin cytoskeleton but 
otherwise little change.
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Ficrure 3.14; The Effect of Cvtochalasins on Septation in 
Synchronized cdc25 Cells.

Synchronized populations of cdc25.22h~ cells grown in YE 
were treated with SOjugml'̂  or 100/zgml"̂  CB or CD (as 
indicated) at the point of release to permissive 
temperature (TOmin). The percentage of septating cells 
peaked in the control population at 90min, whereas, treated 
cultures accumulated with an exaggerated septation peak at 
90min which tended to plateau for the duration of the 
experiment.
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3.4. DISCUSSION.
This chapter set out to investigate actin within the 

fission yeast, S.pombe. Two methods were employed to this 
end, first: actin purification using standard biochemical 
procedures; and second: in vivo manipulation of the actin 
cytoskeleton by treatment of wild type cells with the actin 
inhibitors CB and CD. First the purification of actin will 
be discussed, then the effects of cytochalasins will be 
interpreted and discussed with reference to the role of 
actin in cellular activity.

3.4a. Purification of S.Pombe Actin.
The purification of actin from S.pombe was attempted 

with the primary objective to maintain the functional 
integrity of the protein to facilitate subsequent work such 
as polymerization and the construction of F-actin affinity 
columns. The biological activity was monitored using a 
DNase-1 activity inhibition assay (Blikstad et al., 1978) . 
The ability to inhibit DNase-I activity is a feature of 
most, but not all actins (Meza et al., 1983; Hirono et al., 
1989). Preliminary actin isolation using a DNase-I affinity 
column (data not shown) yielded an inactive product 
possibly because the eluant used, 40% formamide, is a 
potent dénaturant (Zechel, 1980) . Hence to preserve 
activity, isolation was undertaken using a series of 
conventional columns (Greer and Schekman, 1982a; Scordilis 
et al., 1991). This method typically yielded O.Gmg of actin 
from 5g of acetone powder, ie. 0.012% total extractable 
protein. The use of the strain A16a, with a duplicated 
actin gene marginally increased the yield, however, the 
quantity obtained from either preparation was too low to be 
useful for subsequent procedures. The homology between 
fission yeast actin and rabbit skeletal muscle actin is 
>70% hence this abundant source should be utilized if 
further procedures are intended eg. ABP isolation (Miller 
et al., 1989a & b).

Recently, it has been suggested that there are two

85



distinct pools of actin in yeast (Scordilis et al., 1991) . 
In S.pombe one of these pools (mw 46.8kD, pl 5.6) is 
polymerization competent and the other is not (mw 47,8kD, 
pi 5.2) under similar conditions. Contrary to original 
findings (Mertins and Gallwitz, 1987), a second actin gene 
encoding a protein 37% homologous to actl was found (Lees- 
Miller, Henry and Helfman; 1992) . Due to the lack of 
conservation between conventional actin and the novel act2  

gene product (Lees-Miller, Henry, and Helfman; 1992), the 
conditions used may not be suitable for all isoforms 
simultaneously, hence results from this singular approach 
are not conclusive with regard to all actin populations.

Even at the highest purity obtained, two contaminating 
bands at 55kD and 32kD were seen in samples by gel 
electrophoresis. These reacted with anti-actin monoclonal 
antibodies (JLA20) on Western blots suggesting that they 
either contained some form of actin or had an epitope in 
common with actin. The presence of SDS in electrophoresis 
preparations should dissociate all interacting proteins 
hence the 55kD is unlikely to be a complex of actin and an 
ABP. From the data obtained it is not possible to conclude 
the nature of this 55kD band. The 32kD band is likely to be 
a degradation product, particularly as it is absent from 
the electrophoretic analysis of the first gel filtration 
samples (GFI, figure 3.2) and becomes apparent in the 
latter stages of preparation. Its weight also corresponds 
to the approximate size of the core of an actin molecule, 
a band frequently detected in degrading samples (D.Lawson, 
personal communication) . The extraneous peaks observed in 
the final gel filtration column may correspond to the 
contaminating bands seen by gel electrophoresis as their 
relative molecular weights appear similar. However, only 
the fractions corresponding to the actin peak were taken 
for electrophoretic analysis hence contamination by 
proteins in other peaks should have been circumvented. 
Alternatively the contaminants seen by gel filtration 
chromatography may be ABPs that bind very tightly to actin.

86



requiring high levels of chromatographic resolution to 
remove them from actin itself. If this were the case, their 
comparable molecular weights to those seen by SDS-PAGE and 
Western blotting would be coincidental. Characterisation of 
these peaks individually might prove interesting with 
regard to potential identification of ABPs.

In the globular form, actin degrades rapidly. Addition 
of nucleotides protects the protein to an extent, however, 
even pure forms of G-actin degrade upon storage. The F-form 
of actin is apparently more stable. Polymerization of 
S.pombe actin was attempted by dialysis overnight against 
a buffer containing 0 . IM KCl and 2mM MgCla. When examined by 
EM, however, only aggregates could be determined, despite 
isolation of G-actin in an active form. The 55kD 
contaminating band and the existence of a degraded form of 
actin (32kD band) may have hindered polymerization. To 
facilitate polymerization experiments in the future it may 
be advisable to use an artificial nucleator. A number of 
substances have been suggested for this purpose, including 
a positively charged substrate eg. a poly-lysine coated 
surface (Brown and Spudich, 1979b); diacyl-glycerol (DAG), 
(Sheriff and Luna, 1992), or suberimidate cross-linking 
(Ohara et al., 1982). Results from this chapter and other 
studies would also suggest that CB (Goddette and Frieden, 
1986) may be a useful nucleator (Rao et al., 1992).

3.4b. Cvtochalasins B and D affect Actin Differently.
S.pombe cells are sensitive to CB and CD. This result 

itself contrasts with experiments using S.cerevisiae which 
are apparently insensitive to these compounds (J.Kilmartin, 
S.Lillie, personal communication). Previous reports have 
used S.pombe protoplasts in combination with cytochalasins 
A and D (Kobori et al., 1989) to monitor the influence of 
actin on cell wall regeneration. The effect of either 
compound on intact S.pombe was dose-dependent and 
reversible, proving cytochalasins to be useful cytoskeletal 
probes. The requisite for high drug doses compared with
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other organisms is not unusual in yeast studies. 
Cytochalasins have large molecular weights (approximately 
500D) , thus cell permeability may be an impediment for 
these reagents, although they clearly do enter within one 
generation because 60min after drug addition, (0.3 
generation) an effect on cell number is hinted and by 90min 
(0.45 generation) it is evident that growth is inhibited.

The second finding was that at least two populations of 
actin are capable of existing simultaneously in S.pombe 
cells treated with CB: one located at the tip areas, a
second at the equatorial band. In untreated cells, these 
patterns are mutually exclusive (Marks and Hyams, 1985), 
consequently the existence of actin at both locations 
implies that CB is exerting a stabilizing influence on 
actin. This interpretation from animal cells conflicts with 
the idea that F-actin distribution undergoes global 
rearrangement involving cycles of disassembly, relocation 
and reassembly in the cell during morphological 
transitions, adaptation or cell cycle progression (Bonder 
et al., 1988; Wang, 1991).

In addition to the dual locality, the fluorescence of 
actin in CB treated populations was much brighter at both 
locations indicating that actin was accumulating at higher 
concentrations than normal. This was further implied by the 
apparent swelling of cells at actin rich areas, although 
this may be exaggerated artificially because of the rapid, 
dehydrative method of fixation causing cell shrinkage. 
Increased actin accumulation may result from a combination 
of F-actin severing that cytochalasins reportedly exhibit 
at high concentrations creating additional actin ends, 
(Brown and Spudich, 1979a) and high affinity capping 
activity of cytochalasins. In vitro experiments, however, 
have consistently demonstrated that CB has the least 
severing activity of the cytochalasins tested (Rao et al., 
1992) . In vivo experiments using human leukocytes show 
that, in spite of CB being an inefficient cleaving agent, 
F-actin concentration increases during short term CB
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treatment (Rao et al., 1992). Bonder and Mooseker (1986) 
hypothesize that CB potentiates the nucléation step of 
actin polymerisation.

Whatever the exact mechanism of CB, these observations 
demonstrate that the cell is competent to make an actin 
ring from de novo actin, or, at least, actin not involved 
in tip activities. Whether these are separate pools with 
different characteristics or the same protein that has been 
modified post-translation is not known. Certainly, S.pombe 
has two actin genes (Mertins and Gallwitz, 1987; Lees- 
Miller, Henry and Helfman, 1992). Scordilis et al., (1991) 
determined two distinct populations of actin in S.pombe on 
the basis of their difference in molecular weight and pi. 
They found that one population was polymerization competent 
whereas the other was not under the same conditions.

The use of CB in cell motility experiments is somewhat 
controversial (Cooper, 1987) as at low concentrations (0.1- 
2/xM) in mammalian cells, it interferes with the glucose 
transport pump, significantly disrupting cell metabolism. 
At higher concentrations, however, the interference with 
actin is probably more direct. In mouse fibroblasts 
inhibition of membrane ruffling and cell migration occurs 
in response to low concentrations of cytochalasins. At 
higher concentrations gross morphological changes such as 
rounding up and arborisation develop (Yahara et al., 1982). 
These alterations are accompanied by drastic rearrangements 
of microfilaments. The difference in actin distribution 
seen in this study verifies that the metabolic effects may 
be irrelevant at higher concentrations of CB when the point 
of interest is the ability of actin to redistribute within 
the cell. Two controversial issues are encountered when 
using CB:

1. the exact mechanism(s) of CB on F-actin kinetics in 
vivo and identification of other parameters that 
exert an influence.

2 . non-specific side effects eg.glucose up-take.
These results are consistent with in vitro analyses of
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CB that suggest CB is a potent F-actin barbed end capper, 
an inefficient severer and a potential nucleator of actin 
filaments (Rao et al., 1992; Bonder and Mooseker, 1986).

In summary, CB treated cells show an increase in actin 
concentration at two locations simultaneously where 
ordinarily, one or other location would exhibit high actin 
concentration at any one time. Thus actin appears to be 
stabilized by CB whose influence may be exerted by F-actin 
capping. The increased fluorescence signal may be due to 
either severence or nucléation but, whichever means is 
adopted to increase the number of filament ends, there is 
a substantial increase in concentration hence recruitment 
of actin to those locations. As the fluorescence signal of 
actin containing areas is intensified it would seem that 
protein synthesis is not inhibited by CB.

Actin pools respond differently to CD treatment 
compared with CB which is seen to stabilize actin at the 
equatorial band and cause diffuse localisation throughout 
the cytoplasm. Although the actin band is not prevented 
from constricting in CD treated cells it appears to be 
unable to completely disperse. S.pombe populations treated 
with CD accumulate with septa still visible. The acute 
differences in morphology of cells treated with CD compared 
with CB implies that either their affinities or sites of 
action are distinct thus sub-populations of actin are 
affected differently. CD is reported to have the most 
potent severing activity of the cytochalasins (Rao et al., 
1992) which may explain the high diffuse background in non- 
cytokinetic cells. This result corroborates the potential 
of CB as a poor cleavage compound and suggests its ability 
as a nucleator. Like CB, CD is a potent F-actin barbed end 
capping agent (Bonder and Mooseker, 1986) . More 
interestingly, it has been reported that CD reduces protein 
synthesis (Cooper, 1987) . This may account for the low 
intensities of actin seen by immunofluorescence CD treated 
cells compared to CB. Additionally, contradictory reports 
concerning CD action on monomer/nucleotide interactions

90



exist which probably result from variation in the in vitro 
conditions used. Under different conditions the precedence 
of cytochalasin action on the separate affinity binding 
sites in the target protein may vary. The situation is 
further complicated in vivo (Rao et al., 1992) as other 
parameters such as modification of effects by ABPs either 
acting synergistically or in competition with the reagent 
may be operating.

3.4c. Cvtochalasins Inhibit Septation.
As cytoskeletal probes, both CB and CD confirm that 

actin is required for septation. The actions of the two 
drugs are distinct. CD accelerates entry into septation in 
a synchronous population of cdc25.22h~ cells, whereas, CB at 
BO^gml'^ follows the control rate and 100/xgml'̂  CB delays 
entry into septation. This suggests that CD does not 
stabilise actin at non-septal regions and thus, by virtue 
of a diffuse cytoplasmic actin pool, may be able to induce 
premature entry into septation. CB, by contrast, delays 
entry, possibly as a result of its general stabilizing 
effect. Exit from septation was inhibited similarly by both 
cytochalasins. When actin is stabilized, microfilament 
dispersal is prevented. The inhibition of exit from 
septation suggests that actin disassembly may be necessary 
to complete septation. Alternatively, the severing activity 
may interfere with an actomyosin contractile event.

CD treated cells were seen to expand in diameter. In 
these cells polarity is not completely lost as they 
occasionally show actin at one of the cell tips. However, 
diffuse staining predominates in small cells and growth 
tends to proceed in a less polarized manner. These cells 
appeared to be more fragile than untreated controls. The 
above results confirm previous reports that actin is 
involved in cell wall generation and septum formation.

The use of cytochalasins point to the existence of 
different actin pools in S.pombe. Stabilizing actin with 
cytochalasins, particularly with CB which seems to recruit
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actin at the stabilized locations, provides the opportunity 
to identify minor populations of actin that ordinarily 
might be too transient or dilute to resolve in wild type 
cells using fluorescence microscopy. A number of locations 
have been suggested for minor amounts of actin including 
the MTOCs, nucleolus and kinetochores (Sanger, 1975). In 
mammalian culture cells, CB can be used to enucleate cells 
(Maniotis and Schliwa, 1991), identifying a role for actin 
in maintenance of nuclear location. Despite the extensive 
stabilising activity of CB on actin, actin was not obvious 
in discrete structures at intranuclear or perinuclear 
locations and CB did not alter the positioning of the 
nucleus in S.pombe.

During the investigations of the actin cytoskeleton in 
treated cells, the microtubule distribution was observed. 
Disruption of actin in S.pombe did not disturb the 
cytoplasmic microtubule arrangement. To test whether the 
reverse was true, cells were treated with 150/igml'̂  
thiabendazole (TBZ), a fungal microtubule depolymerising 
agent (Walker, 1982). Although there was a 20% increase in 
disorganised actin, loss of microtubules did not 
significantly affect the distribution of the actin staining 
patterns in a wild type population. This implies that these 
systems are relatively independent in S.pombe. In the 
future it would be interesting to compare cytochalasin 
treatment with phalloidin treatment as phalloidin 
exclusively stabilizes F-actin and does not affect other 
aspects of actin physiology (Faulstich et al., 1988).
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chapter 4.
THE ROLE OF MYOSIN IN Schizosaccharomvces vombe.
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4.1: INTRODUCTION.
4.1a. AIM.

Although the contributions of conventional and 
unconventional myosins have been extensively examined in 
many lower eukaryote models including Acanthamoeba 
castellanii, Dictyostelium discoideum, and Saccharomyces 
cerevisiae, nothing is known of the role of myosin in the 
cellular activities of the fission yeast, S.pombe. In the 
aforementioned systems the major techniques used for 
analysis have been molecular genetics and 
immunofluorescence microscopy (see chapter 1) . In this 
study two methods have been adopted to investigate the 
potential role of myosins in S.pombe: first a
pharmacological approach using an inhibitor of myosin 
function, and second by immunofluorescence localization 
using antibodies directed against the myosin heavy chain of 
S.pombe.

4.1b. 2,3-BUTANEDIONE-MONOXIME: An Inhibitor of Mvosin
Function.

2,3-Butanedione-2-monoxime (BDM), diagram 4.1, is used 
in cardiac and skeletal muscle research as an inhibitor of 
contraction. It reversibly reduces the development of 
tension in skinned muscle fibres (Horiuti et al., 1988) 
dissociating actomyosin and/or inhibiting mechanical 
function of actomyosin by interfering with the myosin head 
thus preventing cross-bridge formation. The mechanism of 
suppression is temperature-dependent and directly affects 
the contractile apparatus (Horiuti et al.,1988; Higuchi and 
Takemori, 198 9) . The effect of BDM in myofibril 
reconstitution experiments is not perturbed by the addition 
of regulatory proteins such as tropomyosin (Higuchi and 
Takemori, 1989). BDM interferes with HMM-ATPase activity 
both in the presence and absence of actin (Higuchi and 
Takemori, 1989) . BDM is used in millimolar concentrations 
in rat myocardia to induce mechanical quiescence by 
preventing cross-bridge formation, facilitate operational
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procedures. Upon removal tissue function is fully restored 
hence the drug is completely reversible.

Diagram 4.1; 2,3-Butanedione-2-monoxime.

H
1o

Î ?H C C C C H? Ï
H H

The use of inhibitors specific for ATPases in intact 
cells has been limited, if not completely lacking, because 
the modes of action tend to affect a number of ATPases in 
the cell and hence are not specific enough for analysis of 
one motor. Consequently reagents such as N-ethylmaleimide 
(NEM), which reportedly inhibits the actions of myosin 
(Kohno et al., 1990) and the microtubule motors kinesin and 
dynein (Skoufias and Scholey, 1993), or vanadate which 
similarly affects many motors are limited to analysis of 
the isolated molecular motors in vitro. Treatments such as 
exposure to heat which has been used in previous myosin 
inhibition studies (Kohno et al., 1990) are also limited to 
in vitro experimentation through non-specific 
interferences. As previous reports on BDM are restricted to 
analysis of muscle tissue which is packed with myosin, the 
specificity of BDM has not been addressed.

This is the first report of the effect of BDM oh non
muscle cells.
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4.2. MATERIALS and METHODS.
4.2a.BDM.

A IM stock of 2,3-butanedione-monoxime was dissolved in 
dHgO at 50°C and filter sterilised before addition to the 
appropriate concentration directly into the cultures.

4.2b.Propidium Iodide Staining and FACS analysis.
10̂  cells were harvested, resuspended in 3ml of HgO then 

fixed by dropwise addition of 7ml of 100% ethanol under 
vortexing (15s) followed by incubation overnight at 4°C. 
Fixed cells were collected by centrifugation, washed 3 
times with 20ml of SOmM sodium citrate (pH7) then incubated 
for 60min at 37° C in 1ml of 0.25mgml'^ preboiled RNase in 
SOmM sodium citrate (pH7). Cells were subsequently stained 
by incubation in the dark at room temperature for 60min in 
2.5^gml'i propidium iodide in SOmM sodium citrate (pH7). 
After staining, cells were stored in the dark at 4°C and 
analysed within 7days using a Beckton Dickinson FACSTAR 
fluorescence-activated cell sorter (FACS), (Chresta et al., 
1992) . 10̂  cells were assessed in each sample and
fluorescence monitored using Beckton Dickinson software.

ELECTRON MICROSCOPY.
Cells were slam-frozen onto a copper block pre-chilled 

with liquid nitrogen using a MM80 attachment to the
Reichert-Jung KF80 Immersion Cryofixation System. Frozen 
samples were transferred to a Balzers FSU 010 freeze 
substitution unit and substituted in anhydrous acetone
containing osmium tetroxide (2%) and uranyl acetate (O.S%) 
at -80°C for 48h, -20°C for 2h, 4°C for l.Sh and room
temperature for O.Sh. After 4 rinses in anhydrous acetone, 
samples were embedded in LRW medium grade resin (London
Resin Co.). Resin was polymerised at SO°C in gelatin
capsules and sections cut using a diamond knife on an LKB 
ultramicrotome. Sections, collected on nickel grids, were 
stained with 2 % uranyl acetate (aq) and examined using a 
J501 lOOCX electron microscope at 80KV (Alfa et al., 1992).

96



4.3. RESULTS.
4.3a.The Effect of BDM on Wild Type S.pombe.

The effect of BDM on an asynchronous population of wild 
type (972h’) cells, growing exponentially in YE at 36°C, was 
dose-dependent (figure 4.1a). Cultures treated with 20mM or 
SOmM BDM, showed an increase in cell number for the 
equivalent of approximately one generation (2 h) before 
reaching a plateau of inhibition. Full inhibition was not 
seen in cultures exposed to lOmM BDM. Inhibition of growth 
was found to be fully reversible after 6 h treatment at 36°C 
using 20mM BDM (figure 4.2), hence all subsequent 
experiments were performed at this concentration.

Cells treated with 2 0mM BDM appeared rounded and 
uniformly short, compared to wild type controls. Calcofluor 
staining revealed that most of the cells in the treated 
population had not deposited fresh cell wall material at 
their new end and hence had not undertaken NETO (figure 
4.3b). By comparison the untreated controls (figure 4.3a) 
showed a variety of phenotypes ranging from septating cells 
to cells pre-NETO (figure 4.3d). Since NETO occurs in early 
G2 (Mitchison and Nurse, 1985) these short cells may be 
arrested at a point early in the cell cycle, before G2. A 
rounded morphology is indicative of a loss of cell polarity 
hence an alteration in the actin cytoskeleton.

To investigate more closely the point of BDM action in 
the cell cycle and assess the actin cytoskeleton, 
formaldehyde fixed cells were stained with the monoclonal 
anti-actin antibody, JLA20 (1:100, Amersham) and visualised 
by rhodamine conjugated anti-mouse IgG (1:50, Sigma). 
Whereas wild type cells showed the characteristic changes 
in actin distribution, namely short cells with one tip 
stained (monopolar); longer cells with both tips stained 
(bipolar) and pre-cytokinetic cells with an equatorial 
actin band (ring) (figure 4.4a); BDM treated cells, which 
stained positive for actin (67.7% of the total population), 
accumulated with actin at one cell tip, the monopolar 
configuration (M, figure 4.4b). However, a proportion of
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Figure 4.1; The Effect of BDM is Dose Dependent.
a. Wild type cells (972h") were grown for 6 h at 36°C in 

YE in the presence of 10, 20 or SOmM BDM. Inhibition of
growth increased in a dose dependent manner.

b. The septation index was unaffected by treatment with 
20mM BDM at 3 6 °C in YE as no deviation was seen from 
untreated controls over 6 h.
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Figure 4.2 : BDM Inhibition is Reversible.
Wild type cells, treated with 20mM BDM at 36°C in YE 

returned to exponential growth after 6 h when the drug was 
removed by thorough washing (W/0).
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Figure 4.3 ; Calcofluor Staining of BDM-Treated cells.
Wild type cells treated for 6 h with 20mM BDM in YE at 

3 6 °C were stained with Smgml'^ calcofluor white.
(a) Untreated controls.
(b) BDM-treated cells.

Untreated cells demonstrated a heterogeneous population 
of cells pre-NETO (p), post-NETO in G2 (g), and undergoing 
septation (s).

BDM-treated cells were uniformly short and had many 
cells with dark ends (arrows) indicative of cells pre-NETO. 
Magnification X 1116.
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Figure 4.4 : Actin Localization in BDM Treated Cells,
Wild type cells, treated with 20mM BDM for 6 h at 36°C 

in YE, were fixed with 4% formaldehyde, stained with 1:100 
anti-actin antibody (JLA 20), and visualised with 1:50 
rhodamine conjugated anti-mouse IgG.
(a) Untreated control cells exhibited monopolar (M), 
bipolar (B), ring (R), or absent (A) actin staining. 
Magnification X 1116
(b) BDM-treated cells primarily showed an accumulation of 
actin at one end (arrows).
Magnification X 1440
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Figure 4.5 : Quantification of Actin Localization in BDM 
Treated Cells.

The actin patterns of cells stained in populations 
shown in figure 4.4 were quantified. The untreated control 
population was biased to bitip localization whereas the BDM 
treated cells accumulated with monotip staining.
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the population remained unstained (32.3%) indicating an 
absence of actin. These cells typically corresponded to the 
smallest, most rounded members of the population (arrows, 
figure 4.4b). The actin patterns observed by 
immunofluorescence microscopy were quantified and are shown 
in figure 4.5. In the control population 17.6% of cells did 
not stain. Of the 82.4% that did stain, 22.9% exhibited 
monopolar, 56.9% bipolar, and 18.7% ring (18.7%) staining 
patterns. No untreated cells exhibited diffuse, "general" 
staining, throughout the cell. By contrast, in the stained 
population of BDM-treated cultures, the majority of cells 
(35.8%) demonstrated monopolar staining, 20% bipolar, and 
6.4% ring. The bias towards monopolar staining is 
indicative of cells arresting prior to New End Take Off, 
consistent with the calcofluor staining patterns in figure 
4.3.

4.3b.The Effect of BDM on Cell Elongation.
Treated cells that exhibited monotip staining appeared 

longer than their untreated counterparts with the same 
actin distribution, hence growth may be continuing at this 
end.

To determine whether BDM affects normal cell growth 
(elongation at the tips), cdc25.22h~ cells were treated with 
2 0mM BDM during the arrest period at 3 6 °C. Cdc25.22h~ 
continues to elongate at the tips despite being blocked at 
the G2/M boundary hence it is a good candidate for 
demonstrating changes in cell growth. The average length 
(figure 4.7a) and volume (figure 4.8a) of cdc25.22h~ cells 
at hourly intervals during arrest were measured. Cdc25.22h~ 
cells entered arrest at an average length of 18.97/xm 
(volume= 239 Z6  fL) , and reached a length of 38.85/xm
C S T I M  ATE])(volume=4-88-o-fL) after 4h. Cells treated with 20mM BDM at 

the point of shift to the restrictive temperature (TOh), or 
each hour subsequent to the shift (Tlh, T2h, T3h and T4h), 
were measured at T4h (figures 4.7b & 4.8b). Cells treated 
at TO reached an average length of 23.66/im. The rate of
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Figure 4.6 : BDM has a Dual Effect on Septation.
Synchronous cultures of cdc25.22h~ cells were treated 

with 2 0mM BDM upon release to the permissive temperature 
either at the point of release (Tq) , or 30min thereafter 
(T3 0) . Cells treated at Tq entered septation at 150min 
compared with controls at 120min. Cells treated at T30 

entered septation at 120min like the controls. The duration 
of septation was prolonged if cells were treated at either 
To or T3 0 . Hence BDM can affect both entry into and exit from 
septation.
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Figure 4.7 : BDM Affects Cell Elongation.
To emphasize the effect of BDM on cell elongation, the 

length of arresting cdc25.22h~ cells, treated at time points 
TO, Tl, T2, T3 and T4, were measured at T4 (b) and compared 
with untreated controls measured at the individual time 
points throughout the arrest period (a). BDM decreased but 
did not abolish the rate of cell elongation.
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Figure 4.8 : BDM Affects the Rate of Cell Volume Increase.
The populations used in figure 4.7 were subjected to 

volume analysis using a Coulter Counter Channeliser, (a) 
control; (b) 2 0mM BDM treated. BDM decreased the rate of 
cell volume increase by 47%.

Note.
Assuming the S.pombe mutant cdc25.22h~ to have a cylindrical 

shape with a constant radius of 2^m, a cell length of 38.85/xm 
(figure 4 .7 b) will have an approximated equivalent volume of 
488.OfL. These parameters give an estimated value of 2000fL to 
1  arbitrary unit.
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cell growth in treated cells was calculated to be reduced 
by 40% compared with the control, (4.03/imh’̂ compared with 
6.734/imh'̂  over the period T1-T4) . In treated cultures the 
length obtained increased gradually with time of addition 
indicating that there is no cyclical nature to cdc25.22h~ 
growth during arrest. The volume attained by 4h, if treated 
at TO, was 0.159fL compared with the untreated control 
volume, 0.22fL. Rate of volume increase was more consistent 
than length measurements and the average rate of volume 
increase over the period T0-T4 was found to be O.OlSfLh'^ in 
treated cultures, compared with 0.034fLh'^in the control, 
equivalent to a rate decrease of 47%.

Examination of the ultrastructure of BDM-treated cells 
by freeze-substitution electron microscopy revealed that 
there was an accumulation of abnormally large vesicles in 
the cytoplasm, particularly close to the nucleus (figures 
4.8.1a, arrows) compared with untreated cells (figure 
4.8.1b). The vesicles contained electron dense material 
(figure 4.8.1c, arrows). The large size and clustered 
juxtanuclear distribution of these vesicles may be 
indicative of a breakdown in the intracellular motility 
system responsible for the translocation of these 
organelles. Strikingly, untreated cells were highly 
vacuolated (V) whereas vacuoles were completely lacking in 
BDM-treated cells.

4.3c.The Effect of BDM on Cytokinesis.
To assess the effect of BDM on cytokinesis in S.pombe 

a synchronous population of cdc25.22h~ cells was used. If 
20mM BDM is added to a population of cdc25.22h~ cells at 
point of release to the permissive temperature, the time to 
reach maximal septation is increased (figure 4.6) and the 
duration of septation is extended. However, if BDM is added 
30min after release, only exit from septation is delayed. 
In both cases the peak of septation is not attenuated, in 
fact, delay in septation results in an elevated septation 
index, possibly due to the prolonged duration of this
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Figure 4.8.1 : Electron Micrographs of BDM-Treated Cells.
Wild type cells treated with 20mM BDM at 36°C in YE 

were processed for EM by freeze slamming and substitution. 
Sections were embedded in LR White and sectioned stained 
with 2% uranyl acetate (aq). In treated cells there was an 
accumulation of large vesicles in the cytoplasm (a) arrows; 
(magnification X 19,000) that contained electron dense 
matter. These were not apparent in untreated control cells 
(b) , magnification X 21,000. Untreated cells contained many 
vacuoles (v) , which were not apparent in the BDM-treated 
cells. Figure (c), shows an individual vesicle in close-up 
(magnification X 151,500).
(mt, mitochondrion; v, vacuoles, n, nucleus, G, Golgi).
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event. These results indicate that there are two events in 
cytokinesis that are BDM sensitive, first during the 30min 
post-release from the G2/M transition (the arrest point of 
cdc25.22h~) and second, in the completion of septation.

4.3d.The Effect of BDM on Karvokinesis.
To test whether the initial sensitivity after cdc25.22h~ 

arrest was concerned with the mitotic event, temperature 
arrested cdc25.22h~ cells were treated with BDM at the point 
of release to the permissive temperature and stained at 
intervals with DAPI. The number of binucleate cells present 
in the population was assessed (figure 4.9). No significant 
difference was found in treated cultures compared with 
untreated controls indicating that mitosis is not BDM 
sensitive and that the point post-cdc25.22h~ release that is 
BDM sensitive is due to some other process.

4.3e. Analysis of Cell Cvcle Effects of BDM.
To further analyse the point(s) of BDM action, the 

temperature sensitive G1 mutant, cdclO.129h~ was treated 
with BDM at the permissive temperature (25°C) then shifted 
to the restrictive temperature (36°C) in the absence of BDM 
(fig.4.10a). The reciprocal experiment of cdclO.129h~ 
treated with BDM upon release to 25°C after 6 h arrest at 
36°C (figure 10b) was performed. Changes in cell number was 
not representative as cdclO.129h~ cells tended to aggregate 
into clumps, hence septation index was monitored instead. 
In these reciprocal experiments 10% more cells entered 
cytokinesis when shifted from 25°C with BDM to 36°C with no 
BDM than vice versa. Therefore, while the majority of the 
population does not release from block in either reversal, 
10% of cdclO.129h~ cells treated with BDM block after the 
cdclO. 129h~ execution point and can undergo septation before 
re-arrest at the cdclO.129h~ point.
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Figure 4.9 : The Effect of BDM on Nuclear Division.
Synchronized cdc25.22h~ cells were released at Tq and 

treated with 20mM BDM. The incidence of binucleate cells 
was observed using DAPI staining. The nuclear division of 
treated cells did not deviate significantly from untreated 
controls.



Figure 4.9.

(X
H3 Control 

B  20mM BDM

Time (min).

1 1 0



Figure 4.10; Reciprocal Shift Experiments with cdcl0.129h' 
and BDM.

CdclO.129h~ cells were arrested by exposure to 20mM BDM 
at the permissive temperature of 25°C for 6 h (a) . A second 
population of cdclO.129h~ cells (b) was arrested by 6 h 
exposure to the restrictive temperature (3 6 °C) . After the 6 h 
period the conditions in the two cultures were reversed 
such that BDM was removed from (a) and cells exposed to the 
restrictive temperature and (b) was cooled to 25°C and 
treated with 2 0mM BDM.

The septation index of these population was monitored 
to determine a shift in the position of the population in 
the cell cycle. 10% more cells shifted from 25°C with BDM 
underwent septation implying that a subset of BDM treated 
cells arrest before the execution point of cdclO.129h~ 
whereas the majority of the population arrest prior to or 
at the cdclO.129h~ execution point.
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FACS analysis was performed on three populations of 
cells; cdc25.22h~, cdclO.129h~ and BDM-treated wild type 
cells (figure 4.11). As the mutant strains arrest in G2 
with a 2C DNA content, corresponding to a median 
fluorescence signal of 746, and G1 with a 1C DNA content 
(median fluorescence signal 429) respectively, the cell 
cycle arrest point(s) of BDM-treated cells could be 
estimated. The majority of BDM treated cells arrested with 
a peak in DNA content corresponding to that of cdclO.129h~. 
a median fluorescence signal of 433, implying a 1C content. 
A second, minor peak was discernable which aligned with the 
cdc25.22h~ peak, suggesting that a small proportion of the 
treated cells had a 2C content.

4.3f.The Effect of BDM on Cvtokinetic Mutants.
In an attempt to identify genes defective for myosin 

or myosin-interacting proteins, cell division cycle mutants 
(Nurse et al., 1976) defective in cytokinesis mutants were 
plated, at the permissive temperature, onto YE plates with 
increasing concentrations of BDM (figures 4.13 and 4.14). 
The sensitivities of these mutants were compared with the 
sensitivity response of wild type cells (figure 4.12) by 
counting the number of colonies present per plate and 
expressing this as a percentage of the control plate (YE) 
for each strain. By comparison to wild type cells, strains 
were designated hyper- or hypo-sensitive to BDM. Wild type 
cells continued growing on concentrations of up to 14mM 
BDM, albeit at a reduced colony size. Wild type cells were 
completely inhibited at 2 0mM BDM. The cut off concentration 
(20mM) was relatively sharp, dropping from >10% of control 
colony number to zero within a ImM BDM increase in most 
strains.

Figure 4.13 shows the response of the early septation 
mutants cdc7.24h~ (a) and cdcl4.118h~ (b) to increasing
concentrations of BDM. Cdc7.24h~ was hyper-sensitive to BDM 
as growth was inhibited almost 80% by the lowest 
concentration of BDM tested (SmM), although growth was not
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Figure 4.11; FACS Analysis of BDM-Treated Cells.
The DNA content of :

a) cdclO.129h~
b) cdc25.22h~
c) wild type cells (972h") treated for 6h at 36°C with 20mM 

BDM.
was assessed by propidium iodide staining and FACS 
analysis. 10'̂ cells were analysed from each sample. The 
median fluorescence signal of treated cells was comparable 
with cdclO.129h~ (433 v 429), hence BDM appears to arrest
the majority of cells in Gl, coincident with cdclO.129h~. A 
second minor peak is seen in the BDM-treated population 
which was at a similar position to the cdc25.22h~ peak.
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completely abolished until 16mM. Cdcl4 .118h~ was also hyper
sensitive to BDM although to a lesser extent. In this 
strain growth was reduced to 50% at 8 mM although a 
subsequent increase in colony number was seen on 9, 10, and 
llmM BDM compared with 8 mM.

Late septation mutants varied considerably in their 
responses to BDM (figure 4.14). Cdc3.124h~ showed a gradual 
decline in colony number with increasing BDM concentration 
(figure 4.14a). Growth was totally abolished in this strain 
at 19mM. Cdc4.8 h~ (figure 4.14b) was strikingly 
hypersensitive to BDM: although it grew efficiently on 8 mM 
and 9mM, colony number was reduced by 75% of the control at 
lOmM. Two alleles of cdc8 were tested: cdc8 .110h~
(fig.4.14c) and cdc8.134h+ (fig.4.14d). These strains
closely resembled wild type cells in their response to 
increasing BDM dosage.

In summary, the early septation mutants, cdc7.24h~ and 
cdcl4.118h~, and the late septation mutant, cdc4.8 h~ 
exhibited hyper-sensitivity to BDM compared with wild type 
cells. The late septation mutants, cdc3.124h~ and two 
alleles of cdc8 responded similarly to wild type cells.

4.3a.The Specificity of BDM.
To investigate whether BDM could affect another S.pombe 

ATPase, the cut7 mutant, defective for a kinesin-related 
protein and required during mitosis (Hagan and Yanagida, 
1990) was tested at the permissive temperature (25°C) on a 
similar BDM series to the above cytokinetic strains (figure 
4.15) . Cut7 sensitivity did not differ from wild type 
control response indicating that the gene product of cut7 
is not abnormally affected by BDM. This result lends weight 
to the hypothesis that it is myosin specific.
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Figure 4.12 : The effect of BDM on Wild Type Cells.
Wild type cells (972h‘) were plated onto YE agar with 

increasing concentrations of BDM from 8 mM to 2 0mM. Cell 
growth was totally inhibited at 2 0mM.

Figure 4.13 : The Effect of BDM on Early Septation Mutants.
The early septation mutants cdc7 (a) and cdcl4 (b) were 

plated onto YE agar with increasing concentrations of BDM 
from 8 mM to 20mM. Cdc7 was fully inhibited at 12mM whereas 
cdcl4 continued to grow until 20mM.



Concentration (niM). Concentration (mM). Concentration (mM).

o 00 \0 o —*

T3rt
o(t>S

N)O

-P-o

o\o

ooo

oo

N> -JO

00\0O — l'-JU»4i‘UiOS'~JOO\00
O O O ' O O » — N J U > - t i - t y i O ' 0 0 0 \ 0 0

R-

g

o
%

N)

O

00

N)

ro

o
T3

o

00

oo

KJ

U1



Figure 4.14 : The Effect of BDM on Late Septation Mutants.
The late septation mutants cdc3 (a) , cdc4 (b) , two 

alleles of cdc8 (c and d) and cdcl2 (e) were plated onto YE 
agar with inceasing concentrations of BDM from 8 mM to 2 0mM 
(a-d) and at intervals between 8 mM and 20mM (e) . Cdc4 
showed hypersensitivity to BDM with growth inhibited at 
12mM. Other mutants showed no deviation from controls 
(fig.4.1 2 )
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Figure 4.14 ; The Effect of BDM on Late Septation Mutants.
The late septation mutants cdc3 (a) , cdc4 (b) , two 

alleles of cdc8 (c and d) and cdcl2 (e) were plated onto YE 
agar with inceasing concentrations of BDM from 8 mM to 2 0mM 
(a-d) and at intervals between 8 mM and 20mM (e) . Cdc4 
showed hypersensitivity to BDM with growth inhibited at 
12mM. Other mutants showed little or no deviation from 
controls (fig.4.1 2 )

Figure 4.15 : The Effect of BDM on Cut?.
The kinesin-related protein defective mutant, cutV was 

plated onto a series of YE plates with increasing 
concentrations of BDM. Cut7' cells showed no deviation from 
wild type response (see 4.12).
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4.3h.Localization of Mvosin in S.uoiabe.
Polyclonal antisera, raised against the MHC isolated by 

band excision from S.pombe actomyosin superprecipitates and 
separated by SDS-PAGE, labelled a variety of myosin 
locations within the cell (figure 4.16). Antibodies 1, 3, 
and 4 were uninformative as the cytoplasm of the cells was 
stained throughout and no specific pattern could be 
discerned (data not shown). Antisera 2, 5, 6 , and 7, on the 
other hand, illuminated discrete structures in wild type 
cells. Antiserum 2 exclusively localized to discrete foci 
(arrows, figure 4.16a) . The number of foci varied from 1 to 
2  depending on the cell cycle position, reminiscent of 
spindle pole bodies (SPB). Antiserum 6  (figure 4.16c), also 
elucidated this antigen population (small arrows), but, 
additionally illuminated a éecond subset of "doughnut" 
shaped structures ie. open circles, throughout the 
cytoplasm (large arrows). The circumferential labelling of 
these circles is often not apparent in the photographic 
images as the structures need to be focussed through or 
examined by confocal microscopy to obtain such detail. 
Antiserum 7 similiarly localized to "doughnut" or circular 
shaped structures within the cytoplasm (large arrows, 
figure 4.16d). The discrete foci highlighted by antisera 2 
and 6 were also stained with number 7. A third population 
was often seen as a halo around the circumference of the 
nuclei (small arrows).

A transient equatorial band of fluorescence was seen 
with antiserum 5 in cells on the brink of cell separation 
(figure 4.16b, large arrows, cell 1 and 2). Diffuse 
background staining seen with this antiserum may have 
precluded identification of other positively staining 
structures although a perinuclear halo and juxtanuclear 
foci are hinted at (cell 3).

No staining was visable with any preimmune serum tested 
(data not shown).

Western blot profiles of antisera used to stain cells 
in figure 4.16, are shown in figure 4.17. In each case.
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Figure 4.16 : Mvosin Localization in Wild Type Cells.
Wild type cells, fixed with -20°C methanol, were probed 

with 1:50 polyclonal anti-myosin antisera : A. antiserum 2; 
B. antiserum 5; C. antiserum 6; D. antiserum 7, and 
visualized with 1:50 rhodamine conjugated anti-rabbit IgG. 
Punctate staining at discrete foci is distinctly seen in 
figures A, C, and faintly in D (small arrows). Doughnut 
shaped structures are seen in figures C and D (large 
arrows) , and some perinuclear staining is seen in figure D. 
The cytokinetic region is stained in figure B (arrows).
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Figure 4.17 ; Immunoblots of Myosin Polyclonal Antisera.
Polyclonal anti-myosin antisera (1:250) used in figure 

4.16 was used to probe Western blots of column A: whole 
S,pombe extract, and column B: heavy molecular weight
markers (Sigma) which contain rabbit skeletal muscle myosin 
at 205kD. Relative positions of markers are shown on the 
left hand side.
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column A indicates whole S.powibe cell extract, and column 
B indicates Sigma heavy molecular weight markers. Only 
antiserum number 7 failed to cross-react with rabbit 
skeletal muscle myosin, present in the HMWM at 2 05kD. 
Antisera 6 and 7 have a 58kD immunoreactive band in common 
in the cell extract, which is not shared by other antisera. 
Common to antisera 2, 5 and 6  in column A, is a band of 
approximate weight llOkD. In vivo, antisera 2 and 6  

displayed intense staining at areas that could correspond 
to SPBs. This localization is only faintly seen with 
antiserum 5. SPB staining, however, is also exhibited by 
antiserum 7, therefore, as the antiserum is polyclonal, the 
89kD band seen in number 7 may indicate the cross-reaction 
of an epitope distinct from the llOkD band.

Antiserum number 5 strongly cross-reacted with a band 
at approximately 45kD.
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4,4. DISCUSSION.
As an indirect approach to investigating the role of 

myosin in S.pombe the effect of the myosin inhibitor, 2,3- 
butanedione-monoxime (BDM) on growth and division during 
the cell cycle in wild type and cdc25.22h~ cells was 
examined. Cell length and actin distribution in the cells 
was used to estimate cell cycle progression (Nurse and 
Mitchison, 1985; Marks and Hyams, 1985).

BDM is a compound of low molecular weight (10ID) that 
readily enters yeast cells. Its effect on exponentially 
growing cells is dose dependent and fully reversible at 
20mM indicating that the effects seen are not the result of 
general toxicity of the reagent.

4.4a. BDM Causes an Alteration of the Actin Cvtoskeleton.
BDM-treated cells appeared rounded in comparison to 

untreated controls. A rounded morphology is indicative of 
a loss of polarised growth and implies a disruption in the 
actin cytoskeleton. Thus, of particular interest was the 
characterisation of the actin cytoskeleton in BDM-treated 
cells. In S.pombe, short cells correspond to cells early in 
the cell cycle. As the majority of the cells were small, it 
was of interest to determine whether all cells were 
affected similarly ie. if BDM was arresting growth at one 
particular point in the cell cycle. As the distribution of 
actin changes in a defined way during cell cycle 
progression (see chapter 1 ) , anticipating sites of cell 
wall deposition and hence growth (Marks and Hyams, 1985), 
visualising the actin cytoskeleton is a reliable marker for 
observing the point (s) in the cell cycle where BDM is 
acting.

Actin staining was quantified by categorising patterns 
into four groups; monotip, bitip, ring, or general (figure 
4.5) . Immunofluorescence using anti-actin antibodies showed 
that, when stained, BDM-treated cells tended to accumulate 
fluorescence at only one end, classed as "monotip" staining 
(figure 4.5), implying an effect early in the cell cycle
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prior to the point in G2 referred to as NETO (New End Take 
Off; Mitchison and Nurse, 1985) at which time cells 
commence growth at the second end and accordingly have 
actin localised at both tips. By contrast, actin 
distribution in untreated control cells showed a bias 
towards bitip staining ie. after NETO. In treated cultures, 
unstained cells represented 32.3% of the total population. 
These cells corresponded to the smallest, most rounded 
cells in the culture. Immunofluorescence images suggested 
that cells which had passed a certain point in the cell 
cycle may have completed division, albeit at a reduced 
rate, to yield two unstained cells (figure 4.4, arrows). At 
this stage there is insufficient information to postulate 
the reason for the complete absence of actin in these 
cells. In untreated cells, actin is apparent only at the 
old end subsequent to division. It is uncertain whether 
this is the result of actin relocalization or de novo 
assembly. Whichever the case, clearly in this sub
population of BDM-treated cells actin did not correctly 
localize after cytokinesis. Although the number of actin 
rings (indicative of cells entering cytokinesis) was lower 
in treated cells, the existence of these structures in 
approximately 10% of the population indicated that BDM was 
actually having an effect at a second point during the cell 
cycle, ie. cells that had passed the monotip stage at the 
time when BDM was introduced, or took effect, arrested in 
a second BDM-sensitive stage, cytokinesis.

4.4b.At 20mM, BDM reduces the rate, but does not completely 
inhibit cell elongation.

Cells treated with BDM for the equivalent of 2.5-3 
generations (6 h, 3 6 °C, YE) appeared shortened. In calcofluor 
stained populations of BDM treated cells many had one dark 
end (figure 4.3b) implying that they had arrested pre-NETO 
and that growth from this end was inhibited. Untreated wild 
type cells typically exhibit a variety of characteristics 
when calcofluor stained (figure 4.3a) including some cells
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with septa, some with long extensions of calcofluor 
positive material between the fission scar and the tip end 
(post-NETO), and some with darkened hemispherical ends 
(pre-NETO). NETO occurs after a critical length of 
approximately 8-9/im in wild type cells and once the cells 
have passed early G2, approxmately 0.33 of a cell cycle 
(Mitchison and Nurse, 1985) . These results therefore 
suggest that BDM treatment prevents the majority of 
asynchronous wild type S.pombe cells from entering G2, 
consequently arresting them pre-NETO.

Although short BDM-treated cells are often not as short 
as their untreated counterparts with single end actin 
staining, implying that growth may still occur at the one, 
stained end. To ascertain whether growth was indeed still 
possible in the treated cells the effect of BDM on the rate 
of cell elongation was investigated using cdc25.22h~ cells 
at the restrictive temperature. Arresting cdc25.22h~ cells 
continue to elongate at their tips despite being unable to 
pass the G2/M boundary. Cdc25.22h~ cells were treated at 
various time points during arrest and measured after 4h 
(figure 4.7b). The results supported evidence from the 
shortened morphology seen in wild type populations (figure 
4.3b) indicating that cell elongation, which can also be 
measured using changes in cell volume, can still occur in 
the presence of BDM. A reduction in growth rate of up to 
47% was seen in cdc25 .22h~ cells treated with 20mM BDM. This 
procedure isolated the events involved in cell growth from 
other events that may involve myosin. In S.cerevisiae MY02 
encodes an essential unconventional myosin. Mvo2- 6 6  ts 
mutants are slow growing, unable to bud and display a 
disorganised actin cytoskeleton (Johnston et al., 1991). 
The majority of these mutants are much larger than wild 
type cells but a significant population of extremely small 
cells is also seen. S. cerevisiae MY02 is capable of 
dimerizing (Cheney and Mooseker, 1992) and is suggested to 
be essential because of its involvement in vesicle 
trafficking (Johnston et al., 1991). S.pombe cells treated
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with BDM exhibit a number of similar characteristics to 
mvo2-66 in S.cerevisiae ie. reduced growth rate and a 
different actin localization from the control population. 
Treatment with BDM, however, only infers the involvement of 
a myosin, hence at this stage, one can only suggest that a 
myosin, possibly an unconventional myosin, by comparison 
with S.cerevisiae mvo2 - 6 6  mutants, is involved in 
activities resulting in tip elongation in S.pombe.

4.4c.Ultrastructure of BDM treated cells.
The potential involvement of a myosin in the growth of 

S.pombe was further investigated by electron microscopy 
(figure 4.8.1) of cryofixed BDM-treated cells. Untreated 
control cells (4.8.1b) are seen to be packed with vacuoles 
(V) , whereas these are completely absent from BDM-treated 
cells (4.8 .la). The cytoplasm of BDM-treated cells, 
particularly in the vicinity of the nucleus, was littered 
with large vesicles, containing electron dense material. In 
untreated controls vesicles, if present, were much smaller. 
Similar structures to the large vesicles seen in BDM- 
treated are seen in starved cells . (K.Tanaka, personal 
communication) and may result from fusion of the smaller 
structures. The size and clustered distribution of the 
vesicles suggests that the transport of vesicles to their 
destinations has been disrupted (Allen et al., 1980). 
Halting of the transport system by BDM, monitored by the 
accumulation of vesicles is again similar to the situation 
in S.cerevisiae mvo2-66 mutants where vesicles are also 
seen to accumulate (Johnston et al., 1991). This 
corroborates the suggestion that a myosin isozyme is 
necessary for the translocation of such organelles in 
S.pombe.

4.4d.BDM has a dual effect on S.vomhe division.
To analyse the effect of BDM on cytokinesis in S.pombe, 

synchronised cdc25.22h~ cultures were used. Cdc25.22h~ 
cells, arrested at the G2/M boundary, were released to the
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permissive temperature and challenged with 20mM BDM at 
various time points after release. Cells arrested at this 
stage had finished growing and were about to embark upon 
mitosis. In S.pombe mitosis is closely followed by 
cytokinesis, monitored by the appearance of a septum 
(septation index) which occurs 90-120min post-release. 
Consequently, treating synchronised cdc25.22h~ cells at, or 
prior to the point of release isolated cytokinesis and 
provided a convenient means for examining the effect of BDM 
on this event. Figure 4.6 (cdc25.22h~ septation) showed the 
peak in septation was exaggerated and expanded in all 
treated cultures compared with the control ie. the time 
taken to complete septation was increased in cells exposed 
to BDM. If the culture was treated immediately after 
release to the permissive temperature they were delayed in 
entry into septation, in addition to being delayed from 
exit. These results suggest that BDM interferes with two 
stages in septation in S.pombe. First, as no elongation is 
required in block/released cdc25.22h~ cells prior to septum 
construction, delay in onset of septation shows that 
formation of the septum is BDM sensitive. Second, as septum 
formation was not affected in cells treated thirty minutes 
post-release but exit was delayed, completion of 
cytokinesis was also shown to be BDM sensitive. Thus 
treatment of synchronised cdc25.22h~ cells with BDM 
indirectly identified two separate roles for myosins in 
S.pombe division:

a. Construction of a septum.
b. Completion of cytokinesis.
In S.cerevisiae, conventional myosin heavy chain 

(encoded by MYOl) is utilized but is not essential for 
cytokinesis. Most mvol: :LEU2 disruptants form long chains 
of undivided cells (Watts et al., 1987) but some can 
successfully complete division (Rodriguez and Paterson,
1990) . In S. cerevisiae conventional myosin may also be 
important in bud site selection (Watts et al., 1987; 
Rodriguez and Paterson, 1990). As BDM interferes with

126



the interaction of the myosin head with actin (Higuchi and 
Takemori, 1989) it will affect both conventional and 
unconventional myosins equally. Consequently another 
strategy needs to be adopted to establish the exact number 
and identity of different myosin isozymes involved in cell 
division in S.pombe. Jochova et al. (1992) showed that the 
F-actin ring in fission yeast protoplasts contracts. To 
establish whether this suggested contractile event, 
operating during cytokinesis in S.pombe is myosin dependent 
an experiment ought to be set up whereby a synchronous 
population of cdc25.22h~ protoplasts is treated with BDM 
post-release to the permissive temperature and monitored 
using anti-actin immunofluorescence.

Why should a lower eukaryote that undergoes division by 
constructing a septum and enzymatic fission (Johnson et 
al., 1982), find it necessary to have a contractile 
filamentous ring? One possible explanation resides in the 
changing environment encountered by yeast cells in non
laboratory conditions. While in the lab we can manipulate 
the durability of the yeast cell wall simply by altering 
the glucose concentration of the medium, in uncontrolled 
environments yeast cells will not always encounter 
favourable carbon sources and thus their cell walls and 
septa may become weakened. Thus under different 
circumstances the cell may be more reliant on a second 
mechanism eg. contraction. The existence of a higher 
eukaryotic system of this type in a simple, haploid 
organism would be an obvious asset to scientists interested 
in cytokinesis in less cooperative cell lines. For example, 
expression of Drosophila cytokinesis genes in the fission 
yeast from an introduced gene library could divulge 
information about the role of particular genes from the 
more complex Drosophila in cytokinetic events in either 
species.
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4.4e.BDM does not affect karvokinesis.
Cdc25.22h~ was used in a second block/release experiment 

to discover whether any part of mitosis was BDM-sensitive 
eg. spindle pole body (SPB) or chromosome separation. 
Cdc25.22h~ populations treated with BDM were stained with 
DAPI at intervals post-release (figure 4.9), scored as 
mononucleate or binucleate (mitotic index) and compared 
with an untreated control population. No difference was 
observed in the onset of nuclear separation indicating that 
karyokinesis was myosin independent. It has been suggested 
that myosin may play a part in increasing the distance 
between spindle poles in nuclear separation (Mabuchi and 
Okuno, 1976). In S.cerevisiae MYOl disruptants show a 
clustered arrangement of nuclei inappropriately located 
with respect to the cell morphology (Watts et al., 1987). 
Hence it is suggested in a number of organisms that myosin 
may play a role in nuclear positioning. In another fungus, 
Sordaria macrospora, spindle pole separation was found to 
be BDM sensitive (Thompson-Coffe and Zickler, 1993). 
However, in S.pombe, neither chromosome segregation nor 
nuclear separation was BDM sensitive implying that no 
myosin isozyme is employed in these processes.

4.4f.Analysis of the points of BDM action.
The DNA content of BDM-treated wild type cells was 

assessed by FACS analysis of propidium iodide (PI) stained 
cells. Wild type cells treated with BDM were compared with 
two controls: cdclO.129h~ which arrest in G1 with a 1C
content, and cdc25.22h~ which arrest in G2 with a 2C 
content. The major peak in BDM-treated cells corresponded 
to the cdclO. 129h~ peak implying that most cells had a 1C 
DNA content. A second, minor peak was seen to correlate 
with the cdc25 .22h~ peak ie. with a 2C content. Ideally, the 
median of the cdc25.22h~ peak should be double the median of 
the cdclO . 129h~ peak, or the cdclO . 129h~ peak should be half 
the cdc25.22h~ peak. However, in these mutants, although the 
nuclear DNA cannot duplicate after restriction, the
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mitochondrial DNA is not inhibited from replicating (Sazer 
and Sherwood, 1990), hence the fluorescence signal obtained 
is not always directly comparable to the nuclear DNA alone 
and the peaks are more spread than one might expect. These 
results further suggest that BDM acts at 2 points in the 
cell cycle, affecting the majority of cells in G1 with a 1C 
DNA content and a sub-population at G2 with a 2C DNA 
content.

Transition points of BDM action were further studied 
using reciprocal shift experiments with G1 arresting 
cdclO.129h~ (figure 4.10) . As cdclO.129h~ cells tend to 
clump in liquid culture, fluctuations in the septation 
index was monitored rather than changes in cell number. In 
this experiment cdclO.129h~ cells treated with BDM at 25°C 
were washed thoroughly and shifted to 3 6 °C without BDM and 
vice versa. Approximately 10% more cells can resume growth 
and complete septation. This correlates with the subset of 
cells seen by immunofluorescence of asynchronous wild type 
cultures to be blocked at cytokinesis. However, the 
majority of the population do not enter septation. These 
1 0 % of re-arresting cells demonstrate that the execution 
point of cdclO.129h~ comes after the point of BDM action 
which affects 1 0 % of the population.

4.4g.The specificity of BDM for mvosin.
Interpretation of the above results assume that BDM is 

myosin specific, however, as BDM has not previously been 
used on non-muscle cells its specificity has not been 
proven. The site of BDM action on myosin has not been 
characterised precisely although it may interfere with 
heavy meromyosin (HMM) ATPase activities (Higuchi and 
Takemori, 1989), therefore, of particular interest is its 
potential action on other ATPases such as kinesin and 
dynein. As discussed above, karyokinesis was unaffected by 
BDM treatment. In addition to the conclusion that myosin is 
not involved in any part of this event, it also suggests 
that BDM does not interfere with mitotic motors. To further
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investigate the sensitivity of molecular motors in S.pombe, 
the cut7 mutant (Hagan and Yanagida, 1990), defective in a 
kinesin-related protein, was studied. Cut7~ cells were 
screened for abnormal sensitivity to BDM following the 
procedure and rationale described below for cytokinetic 
mutants. Its sensitivity was similar to wild type cells 
(figures 4.12 v 4.15) implying that the kinesin-related 
protein encoded by cut7+ was insensitive to BDM further 
suggesting that BDM does not affect all ATPases. However, 
conclusive evidence on BDM specificity must await 
experimentation with purified motors in vitro.

4.4h.BDM as an agent to identify potential mvosin or mvosin 
interacting genes.

The gene products of the cell division cycle (cdc) 
genes originally isolated by Nurse (1976) are rendered non
functional at the restrictive temperature of 3 6 °C (ts) . 
Although these strains carrying conditionally lethal 
defects grow adequately at the permissive temperature, they 
nevertheless do not always behave in exactly the same way 
as wild type cells. In particular, the response of mutant 
strains to drug treatment can vary considerably from wild 
type. Strains that interact have been found to react 
similarly to one another in drug treatments ea.cdcl3 was 
suspected to interact with microtubules because it showed 
mild hypersensitivity to the microtubule inhibitor
thiabendazole (TBZ), (Booher and Beach, 1987) The rationale 
for this study was that if cytokinetic mutants differed
from wild type in their response to BDM, the defective gene 
could potentially encode myosin or a myosin interacting 
protein. To this end, a number of early and late septation 
mutants were tested (figures 4.13 & 4.14) and compared with 
wild type (figure 4.12). Three mutant strains displayed 
increased, or "hyper"-sensitivity to BDM. These were the 
early septation mutants cdc7.24 and cdcl4.118, and the
late septation mutant cdc4.8 . Interestingly, it has
recently been discovered that cdc4+ encodes myosin light

1 3 0



chain (MLC), (S.Hemmigsen, personal communication). The 
finding that a late septation mutant encodes MLC in yeast 
exemplifies the usefulness of drug assays in identifying or 
confirming the functional product of genes for which 
mutants are already available but which have not yet been 
characterised. The fact that the cdc4 defective strain 
arrests without septa implies that intact myosin is 
necessary for the activities involved in septum 
construction in addition to division itself. The gene 
products of cdc7+, and cdcl4+ are unknown but, in light of 
the identity of cdc4% they may encode other domains of 
myosin, or proteins that interact with or regulate myosin.

A second revealing point for discussion is that the 
cdc8 + gene encodes yeast tropomyosin (Balasubrammanian et 
al., 1992) . Like cdc4~. cdc8 ~ is a late septation mutant 
that arrests with four nuclei at the constant volume stage. 
Tropomyosin is an actin-associating protein that inhibits 
acto-myosin interactions in muscle by steric hinderance of 
the myosin binding site on actin monomers. In itself, the 
necessity of tropomyosin (cdc8 ) for the completion of 
cytokinesis in S.pombe suggests a process akin to muscle 
contraction occurs in the latter stages of yeast division. 
However, in the screen described above, tropomyosin 
defective cells (two strains: cdc8 .110h~ and cdc8 .134h~") did 
not deviate from wild type cells in their response to 
increasing BDM concentration. This supports the suspicion 
(Horiuti et al., 1988) that BDM is not interfering with 
actin regulation of acto-myosin interactions but works 
directly on myosin.

4.41.The merits of BDM.
The beauty of BDM is that it has a low molecular 

weight (lOlD) and can readily enter intact cells, 
efficiently traversing the both the S.pombe wall and plasma 
membrane, thus its effects in vivo can be investigated. 
Previous reports on the inhibition of myosin function are 
limited to the heavy meromyosin modifier, N-ethylmaleimide
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(NEM) and heat exposure (myosin is sensitive to 
temperatures > 50°C) , (Kohno et al., 1990) which can only be 
performed on demembranated cell models or the isolated 
translocator in vitro. BDM treatment is also fully 
reversible thus the effects seen are not general toxic 
effects. As demonstrated in the screening of cytokinetic 
mutants, BDM may have enormous utility in identifying genes 
which interact with the cytoskeleton and, in particular, 
with myosin.

In S.pombe BDM also appears to have potential in cell 
cycle studies as it appears to arrest 90% of a wild type 
population in the brief G1 period prior to S-phase.

4.4i.Localization of mvosin in S.vombe,
Polyclonal antisera raised against the myosin heavy 

chain component (205kD) of superprecipitated S.pombe 
actomyosin complexes, donated by Dr.F.Z.Watts (University 
of Sussex) , were used to localize myosin in S.pombe (figure
4.16) . Although all the anti-sera was raised against the 
same 205kD polypeptide, isolated from SDS-PAGE, the 
staining patterns obtained in vivo were quite distinct 
indicating cross reactivity with a range of epitopes. The 
Western blot profiles of the various antisera against 
S.pombe whole cell extract were also different (figure
4.17). Recognition of different epitopes of the MHC 
polypeptide means that, if a family of myosins exists in 
S.pombe, the anti-sera could illuminate different subsets 
of myosin within the cell.

Antiserum 2 revealed two bands in the Western blot of 
S.pombe whole cell extracts at approximately 2 05kD and 
llOkD. Antiserum 6 , which shows similar in vivo staining 
patterns (see below) had these bands in common with 
antiserum 2  but cross-reacted with a number of other bands 
implying non-specificity. Antiserum 7, which also shared 
some common in vivo staining with antisera 2  and 6 , cross
reacted with a band at 2 05kD and one at 93kD on Western
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blots. Lastly, antiserum 5 was the only antiserum to 
strongly cross-react with a component around 45kD. This may 
correspond to a contaminant band of actin although the 
manufacture of these antibodies should have ruled out the 
possibility of such contamination. Pre-adsorption of the 
antibody with purified actin is necessary to conclusively 
determine the specificity of this antiserum. Antibodies 
were also cross-reacted with the rabbit skeletal muscle 
myosin (2 05kD) component of Sigma heavy molecular weight 
markers. Only antiserum 7 failed to recognize the rabbit 
muscle myosin.

Antibodies 1, 3 and 4, gave diffuse non-specific
staining and were discarded because such patterns are 
uninformative (data not shown). On the other hand, punctate 
staining was seen with antisera 2  and 6 (figs.4.16a and c) 
highlighting one or two discrete foci in an asynchronous 
wild type population. The positioning of these points 
varied during the cell cycle reminiscent of SPB behaviour. 
Localization of myosin to the mitotic MTOCs in other 
systems has been seen (Mabuchi and Okuno, 1976; Thompson- 
Cof fe, personal communication) and may participate in 
maximizing pole-pole distance.

Antiserum 7 showed similar immunolocalisation staining 
to antisera 2  and 6 in vivo but this was largely 
superimposed by the presence of 2  other cross-reacting 
populations (figure 4.16d). First, a faint ring of 
fluorescence was observed coincident with the circumference 
of the nucleus (small arrows, figure 4.16D). Juxtanuclear 
myosin populations, thought to be involved in 
nucleocytoplasmic exchange, have previously been reported 
in a variety of higher eukaryotic cells including 
Drosophila tissue culture cells (Berrios et al., 1991). A 
third, intensely stained population was found throughout 
the cytoplasm and consisted of large "doughnut" shaped 
structures (large arrows, figure 4.16d). The morphology and 
distribution of these positively staining structures 
suggest that these may be vesicles coated in myosin. This
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resembles the contribution of myosin I to vesicle 
transportation in the budding yeast, S.cerevisiae 
(Prendergast et al., 1990). Thus preliminary staining with 
antibody 7 implies three possible subsets of myosin in 
S.pombe located at the SPB, nuclear envelope, and coating 
vesicles.

Contrasting with the above patterns seen, antiserum 5 
closely resembles the changes in actin distribution. 
Alignment of cells progressing through the cell cycle imply 
that the equatorial band seen with antiserum 5 is more 
transient than the actin band. From studies on other 
species, this distribution is typical of the contractile 
isozyme, myosin II. This serum also stained peripheral 
regions of S.pombe, a location more likely to contain 
unconventional myosins eg. residing in the plasma membrane. 
Generation of antiserum used involved the extraction of the 
myosin band at 205kD from an SDS-PAGE gel, hence it is 
unlikely that this is a contaminating actin band. However, 
to be conclusive, one would need to pre-adsorb this 
antiserum with actin prior to staining or Western blotting.

An anti-Acanthamoeba conventional myosin was also 
tested but did not cross-react with S.pombe in vivo. A 
number of anti-Acanthamoeba unconventional myosin 
antibodies were tested in Western blots against S.pombe 
whole cell extracts (I.Baines, personal communication) and 
no cross-reaction was detected. Lack of cross-reactivity 
implies that myosins in different, species have diversed 
such that they no longer share a number of antigenic sites.

In summary, immunofluorescence localization using 
polyclonal antisera raised against the S.pombe MHC 
suggested a number of myosin populations in S.pombe 
including: colocalization with actin at the circumferential 
equatorial ring; surface coating of vesicles throughout the 
cytoplasm; and perhaps at the nuclear envelope and SPBs. 
However, as the antisera recognised a number of bands on 
Western blots of S.pombe whole cell extracts, and 
immunofluorescence images were often indistinct, these
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results are inconclusive and can only be used in 
speculation.
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CHAPTER 5.
CHARACTERISATION OF TWO LATE SEPTATION MUTANTS ; 

cdc3-124 AND cdc4-8.
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5.1: INTRODUCTION.
In order to elucidate the function of actin in the 

yeast cytoskeleton, it is essential to determine which 
proteins it interacts with, when and where. The main 
constituent of the equatorial ring, which anticipates the 
site of septum formation, is actin (Marks and Hyams, 1985). 
Hence mutants defective in this event were chosen as 
potential candidates for strains defective in actin-binding 
proteins (ABPs). No other protein has been localised to 
this structure in S.pombe, although in chapter 4, I 
proposed that a myosin isozyme is present at this location.

5.la.AIM.
In this chapter, first the phenotypes of the late 

septation mutants, cdc3.124h~ and cdc4.8 h~ are described in 
detail and the influence of these defects on the actin 
cytoskeleton is assessed. Second, the attempted cloning of 
cdc3.124h~ and cdc4.8 h~ is described and discussed. The 
rationale behind the extensive characterisation of these 
mutants was to provide a basis for identification of 
proteins involved in cytokinesis, and, in particular, 
actin-associating proteins. Two approaches were attempted 
to this end; cytoskeletal characterisation and 
transformation of the mutants with a yeast cDNA library 
with a view to cloning and sequencing the genes.

5.lb.ACTIN BINDING PROTEINS (ABPs).
Actin binding proteins influence the organisation and 

reorganisation of actin within the cell (Stossel et al., 
1985; Way and Weeds, 1990) . The high degree of actin 
conservation between species appears to be compensated for 
by the plethora of accessory proteins. These numerous 
proteins are categorised by their principle method of 
interaction with actin (see digram 1.1) . Defects in ABPs 
frequently result in an altered actin cytoskeleton.

In S.cerevisiae, a variety of methods have been 
employed to identify proteins associated with actin. These
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are summarised in table 5.1. As detailed in the previous 
chapter, the myosin family and myosin associating proteins 
such as the structural regulator tropomyosin, are of 
particular interest when considering the potential for 
actin-based intracellular motility. Myosin II (encoded by 
MYOl) co-localises with an actin ring present at the 
mother-bud neck prior to cytokinesis, and is presumed to 
confer contractile properties to the structure (Watts et 
al., 1985) . However, some MYOl mutants are capable of 
completing budding (Rodriguez and Paterson, 1991). Myosin 
I (encoded by MY02), on the other hand, appears to be 
involved in directing vesicle transport (Johnston et al.,
1991) . Tropomyosin (TPMl) may have a parallel function to 
myosin I in S.cerevisiae as TPMl disruption shows synthetic 
lethality with the conditional mutant myo2-66 (Liu and 
Bretscher, 1992) and phenotypes of the two mutants are 
comparable. The 65.5kD protein (encoded by ABPl) shows 
sequence homology with myosin I and also with signal 
transduction proteins, implying that regulation of the 
actin cytoskeleton could be achieved through ABPs type 
proteins.

Other ABPs are also interesting in a regulatory 
capacity in addition to their physical interactions. For 
example, the second messenger precursor, 
phosphatidylinositol bisphosphate (PlPg) can bind profilin 
(Magdolen et al., 1988) and cofilin (lida et al., 1992) 
preventing their catalytic effects on actin-actin 
interactions. These proteins can provide clues for a link 
between second messenger systems and structural 
rearrangements (Hartwig and Kwiatkowski, 1991). However, 
although PIP2 has been found in S.cerevisiae, the existence 
of this particular signal mechanism in S.cerevisae has not 
been fully investigated. Yeast capping protein (CAP2) is 
similarly affected by PIP2 (Amatruda and Cooper, 1992). 
Deletion of the calmodulin gene (CMDl) from S.cerevisiae is 
a lethal mutation. The terminal phenotype of cmdl cells is 
heterogenous implying that calmodulin is required at many
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Table 5.1.

Gene Method Protein MW Phenotype
o f m u ta n t/d ls rup ta n t

Reference

NfYOl cDNA p rob in * M>osin 11 205 kD Incom plete cytokinesis, 
enlarged cells, 
osm otica lly  sensitive.

Watts e t al. (1987)

ABPl F -a rtin  a ff in ity  
rhromatoRraphy

a rtln  b ind ing  
p rote in  1

65.5 kD Delocalized cell surface 
growth.

D rub in  et a!., 
(1988)

PPY 1 cDNA p rob in * p ro f il in 13.3 kD M ultinuc lca tc .
Delorallsed cell surface
growth. Required
fo r spore v ia b ility  and
germ ina tion . Associates
w ith
Pll'z

Magdolen et al, 
(1988).
Haarer e t al, 
(1990)

SACG Pseudoreversion o f 
a rt 1 -1 m utant

fim b rin 67 kD Bundles a rtln , 
heterogeneous size. 
O sm otica lly sensitive. 
S im ilar to  a c l l - I  
m orpholog).

Adams and Botsteln 
(1989).
Adams et al„ 
(1991).

SACl

SAC2

SACS

SAC4

SAC3

Pseudores ersion o f 
a rt 1-1 m utant

extragen ir suppressors
o f
a rtln

s a r i :  Suppresses 
sec-14, essential at low 
tem peratures. sac2-5: 
Build up  secretory 
vesicles, accumulate 
membrane bound 
structures. A bnorm al cell 
wall deposition. Random 
actin patte rn . S im ilar to 
a c tl mutants

Novick et al, 
(1989).

TPMl Im m unolora lizatlon tropomyosin 23.5 kD Delocalized cell surface 
growth. Poor mating and 
iusion. Reduced grow th 
rate. Heterogeneous cell 
size. Colocalizes w ith  
actin  cables.

lJu and Bretscher 
( 1989).
L iu and Bretscher 
(1992).

CAP2 cDNA p rob in * rapp ing  prote in ,33.7/ 
32 kD

Heterogeneous cell size, 
reduced grow th rate. 
Interacts w ith  PIP;. Caps 
barbed ends. Colocalizes 
w ith  actin spots at bud 
emergence and tip  grow th 
areas.

Am atruda and 
Cooper (1992). 
Am atruda et al 
( 1990).

MY02 ts m utant 
m>o2-6(>

myosin 1
Large, unbudded cells. 
Reduced grow th  rate. Lack 
p o la rity . Accum ulate 
vesicles near Golgl.

Johnston e t al 
(1991).

CMDJ cDNA p ro b in * ca lm odulin Chromosome disjunction, 
defective cytokinesis.
1 acilitates bud grow th, 
heterogeneous ce ll size, 
delocalized ceil surface 
growth.

Brockerhoff and 
Davis (1992). 
Davis (1992).

C0F1 cDNA prob ing c o filin Essential, PIP; 
associating

TIda et al (1992)
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stages in the cell cycle (Davis, 1992) . In addition to its 
regulatory role in the calcium messenger cascade, 
calmodulin appears to be involved in cell proliferation. 
Although calmodulin is probably associating with actin 
indirectly through its binding proteins (Brockerhoff and 
Davis, 1992), its distribution overlaps with areas of actin 
concentration. Chromosome separation in these cells is 
defective since temperature sensitive mutants display a 
non-disjunction mitotic phenotype (Davis, 1992).

Other ABPs are involved with actin in a purely 
structural capacity, fine-tuning the actin cytoskeleton, 
eg. fimbrin (encoded by SAC6) bundles filaments at areas of 
the cell that are exposed to the greatest stress. At these 
stress points of
the cell actin cables alone may be insufficient to maintain 
cell shape (Adams et al., 1991). Interestingly, SACl was
found to be essential only when cells were grown at low 
temperatures indicating the requirement for a variety of 
cytoskeletal modulators if the cell is to maximise its 
adaptability in a changing environment.

S.lc.g.pombe Late SeT?tation Mutants.
The product of a temperature sensitive gene is heat 

labile. The point during the cell cycle where this gene 
product executes its function is generally the approximate 
point at which that mutant strain will arrest when shifted 
to the restrictive temperature and is termed the 
"transition" point. The late septation mutants cdc3.124h~ 
and cdc4. 8h~ were chosen for investigation with the 
intention of isolating the genes, or suppressors thereof, 
as there is a strong probability that they are involved 
with the mechanisms or the coordination of the cytokinetic 
events in S.pombe. The transition points of these two genes 
are 0.73 and 0.8 of the cell cycle (cell cycle = 1) ,
respectively (Nurse et al., 1976).

The late septation mutants, cdc3.124h~ and cdc4.8h~ 
were originally isolated in a nitrosoguanidine mutagenesis
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by Nurse and co-workers (1976). Late septation mutants can 
complete one or two rounds of mitosis subsequent to a shift 
to the restrictive temperature proving that the nuclear 
division cycle can continue in the absence of correct 
septum formation and cell separation. Although these cells 
are arrested growth nevertheless continues, accommodating 
the increased number of nuclei until ultimately a size 
constraint is imposed and neither mitosis nor elongation 
continues. Recognition of size as a constraint resulted 
from double mutant constructs of late septation mutants 
with the strain, weel. 50h~ is accelerated in its entry into 
mitosis (Nurse et al., 1976). Hence the phenotype of late 
septation mutants cdc3. cdc4. cdc8 and cdcl2. arrested by 
exposure to the restrictive temperature of 36°C for 3 
generations (6h), typically exhibit an increased width 
compared with wild type cells and contain two, usually four 
nuclei. Additionally the tips slightly swell, creating a 
"dumbell" phenotype.

Recently cdcS has been cloned and identified as yeast 
tropomyosin (Balasubramanin et al. , 1992) and cdc4 as an
essential myosin light chain, MLC (Hemmingsen, personal 
communication) . At the initiation of this study neither had 
been identified. This information is encouraging in that it 
seems probable that at least some of the septation mutants 
appear to be the actual structural elements themselves. 
Hence the other, as yet unidentified gene products, of 
cytokinetic cdc mutants may similarly be structural or 
regulatory actin, or myosin-associating proteins.
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5.2: MATERIALS and METHODS.
Details of cell counting, immunofluorescence staining 

and microscopy are given in Chapter 2.

5.2a.Molecular Biolocrv.
(i) Strains.

Yeast strains cdc3.124~ura~h~ and cdc4.8'ura'h- were 
constructed by crossing an auxotrophic wild type strain 
(975 ura4 . 294'ĥ ) with cdc3 .124h~ or cdc4 . 8h~ respectively on 
malt extract (ME:3% malt extract) agar plates (Moreno et 
al., 1992). Ascospores were recovered from asci using jS- 
glucuronidase, and spores germinated on YE plates at 25°C. 
A two-stage selection was achieved using phloxin B vitality 
testing plates (2̂ -"i'phloxin B) . A colony of each which died 
both at 36°C on YE/phloxin B plates and at 25°C on 
EMMp/phloxin B plates was selected.

The Eschericha coll strain JA226 was used for
amplification of plasmids (Cohen et al., 1972) .
(ii) Media.

Yeast strains were maintained in YE or EMMp as detailed 
in Chapter 2. For transformation procedures EMMp with a 
lowered glucose concentration (1.5% v. 3%), referred to as 
MB, was used. After transformation
cells were resuspended in "recovery medium" (RM: 1.5%
glucose, 0.25% YE).

E.coli was maintained in L-Broth [1% tryptone, 1% NaCl, 
5% yeast extract (Difco)] or L-Broth containing the
selective antibiotic ampicillin at 100/xgml'̂  as indicated.
(iii) Library.

The S.pombe DNA library in the shuttle vector pFL20
(Losson and Lacroute, 1983) was a gift from Dr.L.Clarke
(see diagram 5.1). This library was constructed by a 
partial SAU3A digest of the S.pombe genome. The fragments 
obtained were religated to the unique BAMHl site in the 
tetracyclin-resistant locus of the pFL20 plasmid. This 
vector contains the yeast autonomous replicating sequence 
(arsl) which promotes high transformation efficiency in
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yeast but simultaneously confers mitotic instability. To 
counteract this a stb (STaBilisina) sequence is included in 
the pFL2 0 make-up which also allows the maintenance of up 
to 80 plasmids/cell. The vector contains a large portion 
of the E.coli plasmid pBR322 including an element that 
facilitates multiple replication in E.coli. The 
S.cerevisiae gene URA3 present in the vector is used as a 
marker to complement the S.pomhe ura4~ deficiency and permit 
clone selection.
(iv) Yeast Transformation.

Introduction of the pFL20 library into S.pombe was 
achieved using heat shock and lithium acetate treatment as 
described by Okazaki et al., 1990.

A patch of S.pombe was transferred to MB medium 
supplemented with 150/xgml'̂  uracil and grown overnight to 
mid-logarithmic phase (5x10̂  cells/ml) at the permissive 
temperature. Cells were harvested (3 0 0 0 x3 ,5 min, 25°C) and
washed sequentially in superwater (filter sterilised, 
autoclaved dHgO) then 0. IM lithium acetate (LiAc, pH4.9) 
before resuspending to a final density of 10̂  cells/ml in 
0. IM LiAc (pH4.9) and dispensing into 100/xl aliquots.
Aliquots were incubated at 25°C for 60min then 1/xg pFL20
library in 15/xl TE (Tris. HCl/EDTA, pH 7.5) was introduced
and cells reincubated for a further 60min at 25°C. Next 
290jLtl of 50% PEG (polyethyleneglycol 3350) was added and 
cells were incubated for a third time at 25°C for 60min. 
Cells were then subjected to a heat shock of 43°C for 15min. 
Post-heat shock cells were left for lOmin at 25°C then 
pelletted (3 0 0 0 x3,5 min, 25°C) and resuspended in 10ml of RM 
supplemented with 3 0/xgml"̂  uracil in an Erlynmeyer flask. 
Flasks were shaken vigorously for 3 0min at 25°C then left 
without shaking for 60min. Cells were plated at the 
appropriate density onto EMMp plates at 25°C and allowed 10 
days to grow before replica plating to 3 6°C on EMMp 
supplemented with 75/igml'̂  uracil. Colonies that grew under 
both selections were chosen for investigation.
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Ava I 7.83 
Sac l/Sst I 7.80. 

Xba I 7.55^Xho I 7.70.

Sal I 7.30

Xba I 7.15 
Sph I 7.00,

EcoR I 0.00
pia I/Bsc I 0.20 ,Hind III 0.30

EcoR V 0.32
Pst I 0.35
Sea I 0.40

0.54 Sma

EcoR I 6.60, 

Pvu I 6.45

Sea I 6.20

Xba I 5.90

Mlu I 5.50 

EcoR I 5.40

URA3

p F L 20

7.90 Kb

Sea I 4.90

Pvu I 4.80

Pst I 4.70

Bgl I 4.50

0.95 
va I 1.10 

Hind III 1.13 
EcoR V 1.22

he I 1.25 
BamH I 1.40

Sph I 1.60 
Sal I 1.70

^ g l  I 1.95

Bgl I 2.19

Ava I 2.50

Pvu II 3.20

Plasmid name: pFL20  

Plasm id size: 7.90 kb 

Constructed by: Losson and Lacroute 

C onstruction  date: 1 9 8 2  

C o m m en ts /R eferen ces: Size: 7.9Kb,

vectors: pBR322

Host strain: JA 226/JA 221, Parental
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(v) Recovery of Plasmids from Yeast.
Positive clones from the selection detailed above were 

picked and grown to saturation in 10ml of EMMp at 36°C. 
Cells were harvested then washed in TE (20mM Tris.HCl, 20mM 
EDTA, pH7.6) and recentrifuged. Yeast cells were lysed by 
vortexing with an equal volume of acid washed, sterile 
glass beads (450-600/xm) and TE buffer. Triton-x-100 was 
added in cold TE to a final concentration of 0.5% and cells 
revortexed before centrifugation (SOOOx̂ .Smin, 4°C) . To 1ml of 
the supernatant obtained, 2/il of RNase (Slmgml'̂ ) was added 
and the solution incubated at 3 7°C for 30min. Protein was 
destroyed by incubation for GOmin at 55°C in 0.5% SDS and 
50/xgml-l proteinase K and ultimately removed by double 
extraction with an equal volume of phenol : chloroform (1:1) . 
Phenol was removed from the preparation by an extraction 
with chloroform alone. Detergent was removed from the 
supernatant by precipitation overnight at -20°C with 1ml of 
absloute ethanol in the presence of NaCl (25/xl of 5M NaCl) . 
DNA was retrieved by microcentrifugation (13,000̂ 1̂5min, 4°C) 
and washed with 1ml of 70% ethanol (4°C) before drying 
briefly in a speed vacuum desiccator (UN VAPO 150 H; 
Uniequip, Laborgeratebau and Vertneb AN KRAUPA). The pellet 
obtained was resuspended in 10/il TE (pH7.6) on ice for 
15min and stored at -20°C.
(vi) Transformation of E.coli.

To amplify the clone of interest, Sfil of plasmid DNA 
retrieved from S.pombe was introduced into E.coli cells, 
made competent by pretreatment with CaClg essentially as 
described by Cohen et al., (1972) . A 50ml culture of E.coli 
(JA226) was grown to an ODgsonm of 0.45 (Cecil CE 2292 
Spectrophotometer) and harvested at 3K for 5min at 4°C 
(Beckman GS-6R). The pellet was washed in cold 50mM CaClg 
and put on ice for 30min then recentrifuged (3000x̂ , 5min, 
4°C) . The pellet was resuspended in 3ml of 50mM CaClz, 
dispensed into 200ul aliquots in polypropylene tubes and 
incubated overnight at 4°C. To each aliquot 5/xl of plasmid 
in TE (pH7.6) was mixed by swirling gently and incubated
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for a further 3 0min on ice. Tubes were then transferred to 
a water bath at 42°C for 90s heat shock then allowed to cool 
on ice for l-2min. Recovery of bacteria was achieved by 
incubation for 45min at 37°C in 800/xl of L-Broth with 
ampicillin. L-Broth/ampicillin plates were then spread with 
200/il aliquots of transformed cells and incubated overnight 
at 37°C. Colonies appeared within 24h.
(vii) Recovery of Plasmids from E,coli.

Plasmids were recovered from 150ml cultures of 
transformed E.coli grown to stationary phase in LB 
containing lOO/xgml"̂  ampicillin, using QIAGEN midi-preps 
(Diagen, Gmb, 1990). Cells were harvested by centrifugation 
(300O)(̂ ,5min, 25°C) and the pellet obtained resuspended in 4ml 
of solution PI (lOmM EDTA, SOmM Tris.HCl, 100/xgml’̂ RNase A, 
pH8) . To this solution an equal volume of solution P2 
(200mM NaOH, 1%SDS) was mixed. After incubation for Smin at 
25°C cells were lysed by mixing the solution gently with 4ml 
of buffer P3 (2.55M KAc, pH4.8). The resultant viscous 
solution was centrifuged at 4°C for 3 0min at 20Krpm (MSE) 
and the supernatant removed and applied promptly to a pre
packed midi-prep column (tip 100) equilibrated with 3ml of 
QBT buffer (750mM NaCl, SOmM MOPS, 15% ethanol, 0.15% 
Trito-x-10 0, pH7). Non-bound material was removed by 
washing with 10ml of QC buffer (IM NaCl, SOmM MOPS, 15% 
ethanol, pH7) and DNA subsequently eluted using 5ml of 
buffer QF (1.25M NaCl, SOmM MOPS, 15% Ethanol, pH8.2). DNA 
was precipitated from solution with 3.5ml of isopropanol at 
25°C and pelletted by centrifugation (30OOx̂ ,3 0min, 25°C) . DNA 
obtained was washed in 70% ethanol and dried briefly but 
not completely in a speed vacuum desiccator (UN VAPO 150 
H) . The pellet was resuspended and diluted to a final 
concentration of 0.5/xgml'̂  [as judged by spectrophotometry 
ODjgonm (Cecil CE 2292) using Quartz cuvettes (Heilman)] in 
TE (20mM Tris.HCl, 20mM EDTA, pH8) , neutralised after 
solubilisation in TE, and stored at 4°C.
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(vii) Retransformation of S.vombe,
Transformation of yeast with amplified clones was 

attempted by two methods. First the lithium acetate 
procedure was used as detailed above. Second, cells were 
transformed using a method involving spheroplasting and 
osmotic stabilisation (Beach et al., 1982). In this case, 
mid-log phase 100ml MB cultures of S.pombe supplemented 
with 75/igml'̂  uracil were harvested (30DC:\̂ ,5min, 25°C) then 
resuspended and incubated for lOmin at 25°C in 10ml of 
solution SPl (1.2M sorbitol, SOmM Na citrate, SOmM NagHPÔ , 
40mM EDTA, pHS.6) with 20/xl of jS-mercaptoethanol. Cells 
were repelleted (3 0 0OXj,Smin, 2S°C) and resuspended in 10ml of 
solution SP2 (1.2M sorbitol, SOmM Nacitrate, SOmM NazHPO*, 
pHS.6) . To this solution SOmg of Novozym 234 (Novolabs) was 
added and incubated at 3 7°C until S0% of the cells were 
spheroplasted then 3 0ml of SP3 was added (1.2M sorbitol, 
lOmM Tris.HCl, pH7.6) before repelletting (BcxxV̂ Ŝmin, 2S°C) . 
Novozym was removed by two washes in SP3 and the resultant 
pellet resuspended in 1ml of SP4 (1.2M sorbitol, lOmM 
Tris.HCl, lOmM CaClg, pH7.6) and dispensed into 100/xl 
aliquots. Each aliquot was mixed with 1/xg of cDNA and 
incubated for ISmin at 2S°C before mixing with 1ml SPS (20% 
PEG 33S0, lOmM Tris.HCl, lOmM CaClg, pH7.6). Spheroplasts 
were then harvested gently (20oox̂ Smin, 2S°C) and the pellet 
resuspended in 200/xl SP4. Spheroplasts were spread very 
gently onto MB agar plates containing IM sorbitol and 
incubated initially at 25°C to select for ura+ colonies. 
After 10 days, positive clones were replica plated onto 
similar plates and incubated at 36°C. Phenotypes of 
transformants at 3 6°C were checked after growing positive 
colonies for 2 days in 10ml of YE medium at 3 6°C.
(ix) DNA Gel-Electrophoresis.

The sizes of purified plasmids and fragments generated 
by restriction digests using endonuclease were analysed by 
agarose gel electrophoresis using a horizontal slab gel 
apparatus (Pharmacia, GN-100). Typically, 4mm thick, 0.8% 
agarose gels in TBE buffer (O.IM Tris, O.IM boric acid, 2mM
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EDTA, pH8 ) were cast and run at 50V (3 0mA) for 3h at room 
temperature in TBE buffer (alternatively, at 15V for 16h at 
room temperature).

Samples (0.5/xg DNA) were loaded in ficoll orange G (5% 
ficoll, 0.001% orange G) . A mixture of EcoRI, and 
EcoRI/Hindlll digested E.coli DNA was used as markers.

Gels were stained by immersion in 0.5/zgml'̂  ethidium 
bromide in TBE buffer for 3 0min after electrophoresis and 
destained for lOmin with dHgO. Bands were visualised using 
a UV transilluminator at 260nm.
(x) Restriction Digestion.

DNA samples were digested by 3h incubation at 3 7°C with 
a variety of restriction endonucleases (except Smal: 30°C, 
3h), all supplied by P.Laverack (Biochemistry, UCL) in the 
appropriate buffer as indicated in table 5.2.

Table 5.2. Buffers for DNA Restriction Digests.
Buffer 1: 6 mM Tris dH7 .5, 6 mM MaCl-,. lOmM 
KCl, ImM DTT, lOO/xgml'̂  BSA.

Smal (30°C)

Buffer 2: lOmM Tris dHB, lOmM MaCln, 50mM 
KCl, ImM DTT, 100/xgml’̂ BSA.

BamHI
Clal

Buffer 3: 25mM Tris acetate pH7.5, lOmM 
Mĝ "" acetate, lOOmM K glutamate, 50/xgml"̂  
BSA, 0.5mM B-mercaptoethanol .

Pvu II

Buffer 4: 20mM Tris dHB. lOmM MoGl.. 50mM 
NaCl, 50mM KCl, ImM DTT, 100/xgml'̂  BSA.

EcoRI 
HindiII

Buffer 5: lOmM Tris dHB, lOmM MaClo, 
150mM KCl, ImM DTT, lOO/xgml'̂  BSA.

Sail
Xhol

1 4 8



5.3 RESULTS.
Growth of cdcS.124h~ and cdc4.8h~.

The late septation mutants cdc3.124h~ and cdc4.8 h~ can 
maintain exponential growth at both 25°C and 3 0°C (figure 
5.1) . Growth was faster at 30°C than 25°C, paricularly for 
cdc3.124h~. Cells of both strains were heat sensitive 
(figure 5.1b) as growth was arrested when cells were 
exposed to 3 6 °C for 6 h in YE medium (equivalent to 3 
generations) . The growth curve of a wild type population 
grown at 3 6 °C is included for comparison. In late septation 
mutants the nuclear cycle is unaffected by the defective 
gene, consequently mitosis continues for one, usually two 
divisions before a size constraint, distinct from the 
genetic defect , is imposed (Nurse, 1976). Thus cdc3.124 
and cdc4. 8  cells typically arrested with four nuclei, as 
shown in the DAPI images in figures 5.2b and 5.2c. Wild 
type cells are shown for comparison (figure 5.2a). The 
microtubule distribution was unaffected in arrested late 
septation mutants as interphase (i) and mitotic arrays (m) 
developed in a normal manner. Figure 5.2d shows the 
microtubule configurations of cdc3.124 which demonstrates 
that two, normal mitotic spindles can form simultaneously 
in these cells.

The variation in septation index between the mutant and 
wild type strains were compared over a 6 h period at 3 6 °C 
(figure 5.3). While asynchronous wild type cells had a 
uniform septation index of around 9 or 10%, the septation 
index of cdc3.124 and cdc4. 8  cells dropped to zero during 
the first 3h at 36°C. Thereafter the septation index 
remained negligible in cdc3.124 cells whereas the cdc4. 8  

population showed increase over the subsequent 2 h period 
back to the wild type level.

Calcofluor staining of these strains, mounted in 
Elvanol, showed an accumulation in aberrantly localized 
septal material. Whereas in cdc3.124 this material was 
deposited at peripheral locations at a central position, 
cdc4. 8  cells often had malformed septa that fully traversed
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Figure 5.1a: Growth of cdc3.124h' and cdc4.8h~.
Cdc3.124h~ and cdc4.8 h~ cells grow exponentially at 25°C 

and 3 0°C in YE.

Figure 5.1b; Growth Curves of Arresting cdc3.124h~ and 
cdc4. 8h~.

Comparison of growth of wild type cells at 36°C with 
cdc3 .124h~ and cdc4 . 8 h~. Whilst wild type cells grow with a 
generation time of approximately 2. Ih in YE at 36°C, 
cdc3.124h~ and cdc4.8 h~ cells arrest promptly upon shift to 
36°C.
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Figure 5.2; Dapi Images of cdc3.124h~ and cdc4.8h~ cells.
Figures (A) , wild type, (B) cdc3.124h~. and (C) 

cdc4 . 8 h~. show the DAPI images of the nuclei after 6 h in YE 
at 36°C. Late septation mutants typically arrest with 4 
nuclei.
Magnification X 1658.

Figure 5.2d; Tubulin Distribution in Arresting cdc3.124h~.
Cdc3.124h~ cells incubated at 3 6 °C for 5h were fixed in 

methanol, stained with anti-tubulin antibody (1/20, TATI, 
K.Gull), and visualised with rhodamine conjugated anti
mouse IgG (1:50, Sigma) . The majority of cells had an 
interphase array of microtubules (i) , but occasionally 
binucleate cells were seen undergoing a second mitosis (m) 
to generate the typical tetranucleate phenotype. 
Magnification X 1116
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Figure 5.3: Septation Indices of Arresting cdc3.124h’ and 
cdc4. 8h~.

(a) Changes in septation indices of wild type, cdc3.124h~ 
and cdc4. 8 h~ cells during a 6 h period at 3 6 °C. While wild 
type septation remains uniform at around 1 0 %, the septation 
indices of late septation mutants drop to 0 % during the 
first 2 h.

In late septation mutants septal material continues to 
be manufactured but accumulates in large deposits as shown 
with Imgml"^ calcofluor white in (c) and (d) .
(b) 972h"
(c) cdcS.124h'
(d) cdc4.8h'

Latterly cdc4.8 h~ cells display an increase in septa but 
these are often "S"-shaped and are dysfunctional (arrows, 
figure 5.Id).
Magnification X 1116.
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the cell. These tended to be positioned between the nuclei 
present in the cells.

Actin localization in cdc3.124h' and cdc4.8h~ cells.
Investigation of the actin distribution in arresting 

cells revealed that cdc3.124 accumulated with approximately 
80% of the population exhibiting staining at both tips 
(figure 5.4a). In contrast, cdc4. 8  cells arrested with 
equal numbers of cells with single end and double end 
staining (figure 5.4b). Neither septation mutant examined 
had actin rings present in the population after 5h arrest. 
Thus both strains were found to be defective in actin ring 
formation in addition to being unable to correctly 
construct a septum. As bitip staining predominates in 
cdc3.124. NETO must have occurred in most cells. On the 
other hand, in cdc4. 8  cells, equal numbers of cells 
displayed monotip and bitip staining implying that the 
actin may have difficulty in organising at other locations 
in addition to being absent from the equator. Terminal 
actin patterns are quantified in figure 5.5.

During the first 3h arrest, cdc3.124 cells displayed an 
increase in diffuse, but nevertheless, punctate staining, 
categorised as "general" staining. This pattern was not 
found in wild type cells and was not the result of an 
artificial heat shock phenomenon as wild type cells shifted 
from 25°C to 36°C showed no such alteration (figure 5.4c). 
Therefore, "general" staining appears to be specific to 
these strains, and, in particular cdc3.124. The wild type 
population did, however, show a surge in monopolar actin 
staining at 1 2 0 min and, correspondingly the bitip pattern 
was lowered at this time point. This variation from the 
distributions seen at other points in the 6 h experiment may 
result from the shift from one growth rate to another 
(figure 5.4c).

Upon release from a 6 h arrest at 3 6 °C cdc3.124 and 
cdc4. 8  cells are still viable, rapidly forming septa 
(figure 5.6). Although the septation index demonstrated
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Figure 5.4: Actin Distribution in Arresting cdc3.124h' and 
cdc4.8h~ cells.

Methanol fixed cells were reacted with the monoclonal 
anti-actin antibody, JLA20 (l/lOO, Amersham), and 
visualised with rhodamine-conjugated anti-mouse IgG (1/50) 
at various times during incubation at 36°C. Patterns of 
actin staining were categorised as monotip, bitip, ring or 
general. Changes in the distribution of actin patterns in 
(a), cdc3.124h~ (b) cdc4. 8 h' (c) 972h", were monitored over 
a 5h period.
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Figure 5.5; Terminal Actin Staining Patterns of Arrested 
cdc3.124h' and cdc4.8h" cells.

Summary of the terminal actin profiles of samples shown 
in figure 5.4.

Figure 5.6: Septation Indices of Released cdc3.124h~ and 
cdc4. 8h~.

Upon release to the permissive temperature both 
cdc3.124h~ and cdc4.8 h~ cells undertake septation.
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that most cells underwent septation the response was not 
explosive but rather a gradual accumulation. Preceding 
septum formation, actin rings were clearly visible (figure 
5.7a and b) . During the first generation post-release these 
septum anticipating actin rings increased in number and 
were maintained at a relatively normal level (approx.1 0 %), 
figures 5.8a and b. Accordingly the cell number of these 
populations increased over the equivalent of one generation 
post-release (figure 5.9). c .̂T: ^ 7

If cdc3.124 and cdc4. 8  cells were left for a prolonged 
period at 3 6 °C (eg.overnight) they were lethally affected. 
Large deposits of septal material accumulate in the 
cytoplasm of these cells (figure 5.10).
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Figure 5.7: Actin Distributions of Released cdc3.124h" and 
cdc4.8 h~.

Immunofluorescent images of actin distribution of (a) 
cdc3.124h~ at 0.5h post-release, and (b) cdc4. 8 h~ at Ih 
post-release. Cells rapidly construct actin rings upon 
release (arrows). Cells were processed as in figure 5.4. 
Magnification X 1116.
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Figure 5.8; Actin Distribution in Released cdc3.124h' and 
cdc4. 8h".

Cells were processed as detailed in figure 5.4. Upon 
release to the permissive temperature the actin 
distribution of (a) cdc3.124h" and (b) cdc4.8h' populations 
were monitored and assessed, (c) The actin distributions 
obtained after 3h release were compared with wild type 
cells grown at 25°C.
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Figure 5.9; Cell number increases in Released Populations 
of cdc3.124h~ and cdc4.8h' cells.

The cell number of a population was monitored after 
release from a 6 h arrest in EMMp. Both populations 
increased slightly over the equivalent of one wild type 
generation time (3h) . Recovery was more rapid for cdc3 .124h~

Figure 5.10: Late Septation Defects can be Lethal.
If temperature sensitive late septation mutants are 

exposed to 36°C for a prolonged period eg.lGh, the genetic 
defect proves lethal. Septal material continues to be 
manufactured, dramatically disrupting cell morphology. In 
this example (cdc3.124h~) the septal material is stained 
with Imgml'^ Calcofluor white and cells photographed with 
background phase contrast.

Magnification X 1116.
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5.3c. Molecular Biology.
Lithium acetate transformation using the pFL20 S.pombe 

library yielded transformants displaying a number of 
phenotypes ranging from wild type restoration to a 
phenotype similar to the original defective strain but able 
to sustain growth and division at 3 6 °C. Examples were taken 
from each category and plasmids extracted from them. After 
amplification
in E.coli the insert sizes of clones were estimated by gel 
electrophoresis. The insert of clone 4-37, (c4-37), which
rescued cdc4. 8  in the original screen, was estimated at 
3.8kb. Restriction mapping revealed 2 PvuII sites, 2 EcoRI 
sites, 2 Sail sites, 1 Hindlll site, and no BamHI, Clal, 
Xhol, or Smal sites (figure 5.11).

However, retransformation in S.pombe using purified 
clones, amplified and extracted from E.coli after recovery 
from the original transformants, was unsuccessful in all 
cases, including c4-37, when using the lithium acetate 
procedure. Therefore, a second method was adopted where 
cells were spheroplasted prior to transformation. Although 
this method showed an improved transformation efficiency 
these clones were still unable to recover the temperature 
sensitivity of the strains.
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Figure 5.11; Restriction Map of clone 4-37.
Clone 4-37 was digested with a variety of enzymes. 

Enzymes that had a site(s) in the fragment were then used 
in double digests to permit mapping. Clone 4-37 was found 
to contain the following sites: 2 Sail, 2 EcoRI, 2PvuII, 
and 1 Hindlll.
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5.4.DISCUSSION.
To ascertain whether the gene products had an influence 

on actin localization to the equatorial ring, the tips, or 
both, the changes in gross morphology and actin 
distributions in the late septation mutants cdc3.124 and 
cdc4. 8  during arrest and release were followed at hourly 
intervals using DAPI staining, Calcofluor staining and 
immunofluorescence microscopy using anti-actin antibodies.

5.4a. Changes in The Actin Cvtoskeleton of cdc3.124h' and 
cdc4.8h"

The actin profile of arrested cdc4. 8  cells has equal 
numbers of monotip and bitip staining. Studying the changes 
in actin profile during the 5h arrest period (figure 5.4b) 
provides clues to the behaviour of the cdc4. 8  product. A 
significant peak in disorganised actin, classed as 
"general" staining, at the 1 2 0 min time point was seen. 
Prior to this there was a cyclical increase and decrease in 
monotip staining implying a rapid transition from monotip 
staining to a less organised pattern in the first 1 2 0 min of 
arrest. A similar monotip peak was seen in the control at 
120min after shift to 36°C (figure 5.4c). However, in this 
case it was counterbalanced by alteration in the number of 
cells stained at both ends. In cdc4. 8  cells, monotip 
staining was restored and bitip staining increased over the 
subsequent hour until both reached approximately 50% of the 
population. As 50% of cells were monotip and 50% bitip 
stained when cdc4. 8  was rendered disfunctional, progress to 
bitip localisation must be inhibited in addition to 
progress to actin ring formation, indicating that cdc4.8 h~ 
is required for two events in actin localization.

Upon release from the restrictive temperature there was 
a rapid increase in the number of actin rings. This peaked 
to about 34% at 3 0min post-release then gradually declined 
over the subsequent 2. 5h period. Monotip staining continued 
to remain high and the increase in ring phenotype was 
compensated for by a decrease in bitip staining. This is
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indicative of a population undergoing division and thus 
displaying many cells with a pre-NETO phenotype. The 
heterogeneous actin phenotype at arrest and the lack of 
synchrony in transition from arrest pattern to actin ring 
formation further suggests that the cdc4. 8  gene product has 
more than one function in the cell cycle.

Subsequent to this study the cdc4+ gene was cloned and 
sequenced (S.Hemmingsen, personal communication). It 
encodes essential myosin light chain (MLC) and as such is 
potentially involved in any activity that involves a 
species of myosin, conventional or unconventional. As 
mentioned in Chapter 4, unconventional myosin is involved 
in translocation of cell wall materials along actin cables 
in S.cerevisiae (Johnston et al., 1991) and conventional 
myosin is involved with cytokinesis (Watts et al., 1987; 
Rodriguez and Paterson, 1991). Evidence from BDM and 
immunofluorescence microscopy (Chapter 4) suggests that the 
role of myosins in S.pombe is comparable to that in 
S.cerevisiae. The identification of cdc4+ as MLC and the 
inferred role of myosins in S.pombe demonstrate that 
monitoring the changes in the cytoskeleton, such as actin 
distribution, can contribute to understanding the role of 
unknown gene products in S.pombe.

The actin staining profile obtained with arresting 
cdc3.124 cells suggests there are at least two points 
during the cell cycle where the cdc3+ gene product has a 
function since 80% of cells arrested with bitip staining 
and 20% of cells arrested with monotip staining. This actin 
distribution is similar to the pattern obtained in 
asynchronous wild type cells. As the profile is similar to 
the pattern seen in wild type cells, with the exception of 
the lack of actin rings, the actin cytoskeleton may be 
acting as if it is "frozen" in these cells. Alternatively, 
the bitip majority may suggest that the cdc3+ gene product 
is primarily involved in ring assembly. Upon release to the 
permissive temperature the number of actin rings in the 
population returned to wild type levels and the number of
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cells with monotip staining increased concomittantly with 
a decline in bitip staining. The increase in septation 
index in released cdc3.124 cells reached approximately 90% 
by 3h post-release. In comparison, the actin ring profile 
was relatively steady, remaining at about 14%. Thus it 
would seem that the exaggerated increase in septum number 
was a result of accumulation at this event post-release. 
However, cells were viable and eventually completed 
septation (figure 5.9).

Recently Hemmingsen (personal communication) has also 
cloned and sequenced the cdc3 gene which apparently has 
many features of an actin binding protein.

In conclusion, the oQGA/visATioN of the cytoskeleton can be 
a useful method for identifying the potential activities of 
gene products involved in structural cell changes such as 
shape and septation during the cell cycle.

5.4b. Attempted Cloning of cdcS* and cdc4*.
In this study, transformation of cdc3~ and cdc4~. 

deficient strains was attempted using an S.pombe genomic 
DNA library in the shuttle vector pFL2 0 (Losson and 
Lacroute, 1983) with a view to isolating either the genes 
themselves or, alternatively, identifying extragenic 
suppressors of the genes. Extragenic suppressors would be 
genes that counteracted the inability of these mutants to 
adequately construct an actin ring and septum and permit 
the cell to undergo division at 3 6 °C.

The efficiency of transformation of cdc3.124~ura~h~ and 
cdc4.B'ura'h' using the lithium acetate procedure was lower 
than expected; 5.78x10^ transformants//xg DNA and 1.531x10^ 
transformants/^g DNA respectively compared with the 
expected 1x10* t r ans formant s//xg DNA (Russell, 1989) . Of the 
transformants capable of rescuing the uracil deficiency of 
the mutant cells, many were unable to restore or suppress 
the temperature sensitive phenotype. Clones were chosen on 
the basis of their phenotypes using phase contrast 
microscopy. After amplification and purification from
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E.coli clones were chosen for further investigation on the 
basis of insert size and purity of the plasmid sample. 
Using pFL20 which contains an stb sequence, up to 80 copies 
of a plasmid can be maintained in a yeast transformant. The 
S.cerevisiae gene URA3 confers the selective ability of 
transformants only when present at high copy number in the 
cell (Russell, 1989). Cells from this screen, therefore, 
generally have a number of plasmid copies per cell and 
there is a tendency for suppressor genes to be identified 
using this type of screen (S. Hemmingsen, personal 
communication).

Clone 4-37 (figure 5.11) which rescued cdc4. 8  was 
found to be a single plasmid of approximately 3.8kb. 
Unfortunately retransformation of both strains with 
purified c4-3 7 and all other clones tried, proved 
unsuccessful. This may be due to the necessity of a high 
copy number as described above or some other problem with 
the strain. As cdc3~ and cdc4~ mutants exhibit an atypical 
actin cytoskeleton and aberrant deposition of cell wall 
material, it was postulated that these strains were 
potentially osmotically unstable» In S.cerevisiae 
temperature sensitive actin mutants (actl-1 ) display a 
number of characterisitics including osmotic sensitivity 
(Novick and Botstein, 1985) suggesting that actin has a 
role in regulating osmotic tension in the cell. Unless an 
osmotic support such as IM KCl, IM sorbitol or ethylene 
glycol (Novick and Botstein, 1985) is introduced to the 
medium, actin deficient strains tend to lyse (Johannes and 
Gallwitz, 1991). Similarly, phenotypes of S.cerevisiae 
cells defective in actin binding proteins often display 
osmotic instability eg. myosin I (MY02: Watts et al.,
1987); myosin II (MYOl; Rodriguez and Paterson, 1990) and 
fimbrin (SAC6 ; Adams et al., 1991) . It is possible to 
revert the osmotic sensitivity of S.cerevisiae actl-1 
cells without restoring the temperature sensitive aspect 
(Chowdhury et al., 1992). Three osmotic suppressors have 
been identified this way, RAHl-3 (Reversion of Actl-1 High
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osmolarity sensitivity). Genetic and morphological analysis 
suggests that RAH3 encodes an actin binding protein that 
allows recovery of actin filament organisation post
exposure to high osmotic stress.

To circumvent this potential problem, transformation 
was retried using the spheroplast procedure whereby cells 
are continually supported in 1.2M sorbitol and spread onto 
plates containing IM sorbitol. This also proved 
unsuccessful at rescuing the ts phenotype, however, the 
efficiency of transformation was improved as the number of 
ura+ colonies increased. Evidently the purified clones had 
lost the ability to rescue the ts defect. This may be due 
to insufficient copy number of the plasmid in the re- 
transformed cell, particularly if the plasmid insert 
encodes a suppressor of cdc4.8 rather than the gene itself.

Attempts at cloning were aborted as Hemmingsen 
(personal communication) cloned and sequenced both these 
genes. In each case the actual gene rather than suppressors 
was identified. Cdc4+ encodes MLC and cdc3+ appears to 
encode an actin binding protein. Further work using the 
pFL20 DNA library with these mutants may actually prove 
useful as there is a strong probability that it will unveil 
extragenic suppressors of genes rather than the gene itself 
(S.Hemmingsen, personal communication) due to the high copy 
number required for ura4~ rescue with URA3" (Russell, 1989). 
If the actual gene itself were to be transcribed in 
multicopy in the transformant, this may prove lethal thus 
the gene would be unidentifiable. On the other hand, an 
extragenic suppressor would most probably be required in 
abundance to counteract the defect.
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CHAPTER 6. 
CONCLUSIONS AND TRAJECTORY.
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6.1: Purification of Actin.
S.pombe actin was recovered in a biologically active 

form by conventional biochemical methods. The apparent 
molecular weight of S.pombe actin was 47.4kD. The protein 
was unstable and tended to breakdown revealing a component 
of around 32kD. Even at the highest purity obtained a 
contaminant band was seen at 55kD. This may have interfered 
with actin polymerization.

To obtain a more complete picture of actin isoforms in 
future studies it would be advantageous to attempt actin 
isolation by a variety of biochemical methods and to 
analyze samples by 2D gel electrophoresis and Western 
blotting.

6.2: Cvtochalasin Treatment of S.pombe.
S.pombe was sensitive to cytochalasins B and D: cells 

arrested with an elevated septation index and an increased 
number of cells exhibited actin ring formation. Treatment 
with CB revealed that S.pombe could construct an actin ring 
at the equatorial region in the absence of actin 
disassembly from the tips, thus the actin ring may be 
synthesised from a separate actin pool. CB treatment also 
greatly enhanced the intensity of fluorescence signal 
transmitted by rhodamine-conjugated antibodies indirectly 
labelling actin, implying that actin concentration was 
increased at these locations, possibly due to nucleating 
activity activity of CB recruiting actin to these 
locations. With CD cell polarity was lost implying a 
disruption in the actin cytoskeleton. Cytokinetic cells 
displayed a constricted actin band at the cell equator and 
no increased fluorescence signal.

The effects of the two types of cytochalasin were 
clearly different. Results from this study suggest that 
whilst CB may nucleate, recruit, and stabilise actin at 
locations where actin is typically found, CD induces a loss 
of polarity and may have a potent actin severing activity.

The action of cytochalasins on synchronised cdc25.22h~
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cells further indicated a difference in the two drugs since 
CB accelerated entry into septation, whereas, CD did not. 
Both CB and CD prolonged exit from septation in S.pombe 
indicating a second actin function in S.pombe cytokinesis, 
after the completion of septum construction. Neither drug 
distinguished a nuclear or SPB associated actin population.

The use of other actin specific drugs eg. cytochalasin 
A and phalloidin, would be useful as a comparison to CB and 
CD effects and to further investigate the possibilities of 
actin contributions at sites where its concentration is 
ordinarily too low to detect by immunolocalization. It may 
also be intriguing to determine combined effects of these 
drugs if presented to the same cell simultaneously, ie. 
whether the effects would be synergistic or competitive. 
Additionally such combinations may facilitate the detection 
of minor actin species as all subsets of actin may be 
stabilised simultaneously.

6.3: Mvosin in S.pombe and the effect of BDM.
The muscle myosin inhibitor, 2,3 butanedione-2-monoxime 

(BDM), inhibited S.pombe growth in a dose dependent manner 
and was fully reversible at 2 0mM. Indirect evidence via BDM 
implies that myosin is involved in the intracellular 
transport of vesicles involved in cell growth and septum 
construction. Through synchronized experiments with BDM it 
was demostrated that myosin may have a role in completion 
of cell separation. Previous results (above) showed this 
event was also cytochalasin sensitive, thus strongly 
suggesting that cell separation in S.pombe is an actomyosin 
dependent process. FACS analysis and reciprocal shift 
experiments with cdclO.129h~ demonstrated that BDM treated 
wild type cells arrested at two distinct points, the first 
in G1 with a 1C DNA content, the second in G2 with a 2C DNA 
content, probably in cytokinesis.

BDM did not appear to interfere with mitosis or SPB 
separation despite immunolocalisation of a myosin isoform
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to this location by three polyclonal antisera (see below).
Cytokinetic mutants were differentially affected by BDM 

which suggested a possible interaction of cdc4. cdc7. and 
cdcl4 gene products with myosin. As cdc4 has been 
identified as MLC, BDM may prove a useful screening agent 
for identifying gene products involved in myosin dependent 
processes.

It would be interesting to raise BDM resistant mutants 
for further analysis and to investigate the possibility of 
molecular suppression of the genetic defects of these 
resistant strains.

Although BDM did not abnormally affect cut7 mutants 
(cut7 encodes a kinesin related protein) the specificity of 
BDM for myosin ATPase has not been determined, thus its 
effects on other systems needs to be ascertained before 
conclusions in those systems can be drawn. In this respect 
it would also be elucidating to compare BDM treated 
S.cerevisiae wild type cells with MYOl and MY02 mutants.

6.4; Mvosin Localization in g.pomJbe.
Staining in vivo with polyclonal antisera raised to the 

S.pombe myosin heavy chain (MHC) suggested at least three 
myosin populations that may exist in S.pombe. First, a 
cytokinetic population was apparent; second, myosin was 
seen in association with vesicle-like structures; and 
third, at the SPBs. There was also some faint 
immunostaining at the nuclear periphery with some antisera.

6.5: Septation mutants as potential actin binding proteins.
Clues as to the function of a gene can be partly 

deduced by monitoring structural changes induced by 
malfunction of that gene. The late septation mutants, cdc3 
and cdc4 both displayed an aberrant distribution of the 
actin cytoskeleton. These cells arrested prior to actin 
ring formation, in addition to before septum construction. 
However, if released after the equivalent of 3 generations 
at 36°C, they were able to construct actin rings and septa.
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Subsequent to this research, it was reported that cdc4 
encodes MLC and cdc3 has high homology to other actin 
binding proteins (Hemmingsen, personal communication) 
confirming the use of identifying a protein function by 
virtue of an alteration in its gross morphology.

Cloning of these genes was unsuccessful and was 
possibly complicated by an osmotic sensitivity factor 
conferred by the mutant phenotypes.
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