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ABSTRACT OF THESIS 

The cloning procedure used for the isolation of the cdc 22 gene 

was to transform a cdc 22 - M45 strain with a pool of wild type S. pombe 

DNA fragments carried in a plasmid gene library and screen for comple-

mentation of the mutation at the restrictive temperature. Eight 

separate yeast cdc+ transformants were isolated by this method. 

The complementing plasmids were purified and subjected to rest-

riction digest analysis. This showed that either of two independent 

sequences of 5.6 Kb and 2.2 Kb in size could mediate rescue of the 

mutation. In addition genomic digests followed by Southern blot 

analysis, using each cloned sequence as a hybridisation probe, showed 

that neither sequence was the result of a ligation artifact formed 

during the construction of the gene library and that each was present 

as a single copy in the S. pombe genome. 

To determine which, if any, of the two cloned DNA fragments 

contained the cdc 22+  gene both sequences were integrated by homology 

into the S. panbe gencxne. The site of integration was then mapped 

genetically relative to the cdc 22.1ocus. The data obtained showed 

that the site of integration of the 5.6 Kb fragment was tightly linked 

to the cdc 22 locus. In addition all the integrants were cdc at the 

restrictive temperature. However, the site of integration of the 2.2 Kb 

fragment was unlinked to the cdc 22 locus, and all the integrants were 

cdc. Therefore, it was concluded that the cdc 22+  gene was present 

within the 5.6 Kb fragment and that the 2.2 Kb fragment contained an 

extragenic suppressor that only suppressed when present at a high copy 

number. 

The cloned genes were then used as hybridisation probes in 

Northern blot analysis of wild type RNA. Using the 5.6 Kb fragment as a 

probe a single homologous transcript of 3.3 Kb in size was detected. 

To determine if the appearance of the cdc 22 rriNA was dependent on the 

completion of a specific cell cycle event RNA was made from six different 

cdc mutant strains that arrested at different points in the cell cycle. 



The RNA obtained was subjected to Northern analysis using the 5.6 Kb 

fragment as a probe. The results obtained showed that the cdc 22 

transcript was present in cells blocked at each stage in the cell cycle. 

Therefore the appearance of the cdc 22 mRNA was not dependent on 

the completion of a specific cell cycle event. In order to investigate 

the level of cdc 22 transcript through the cell cycle RNA samples 

were prepared from a synchronous culture obtained by selection from 

an elutriator rotor. The RNA samples were probed with the cloned 

cdc 22 DNA by Northern analysis. These experiments clearly demon- 

strated that the cdc 22 mRNA was cell cycle regulated reaching a maxinum 

level during late C1  of the cell cycle. 

Similar experiments were carried out using the cloned extragenic 

suppressor as a hybridisation probe. When total RNA from wild type 

cells grown at 25°C was probed with the 2.2 Kb fragment by Northern 

analysis a single transcript of 1.5 Kb in size was detected. However, 

when the cell cycle dependency of the accumulation of homologous 

transcripts was investigated by using the same six cdc mutant strains 

to block cells at different points in the cell cycle an interesting 

transcript pattern was observed. With RNA obtained from five out of 

six of the blocked nutant strains an additional transcript of 2.4 Kb in 

size could be detected. However this larger transcript was absent from 

the remaining cdc mutant strain and also from wild type cells grown 

at the restrictive temperature. The absence of the larger transcript 

in wild type cells grown at the restrictive temperature shows that its 

appearance cannot be the result of a heat shock response due to incubat-

ion at the higher temperature. When the suppressor DNA was used to 

probe RNA obtained from synchronous cultures of wild type cells, only 

the 1.5 Kb transcript was easily detected. In contrast to the cdc 22 

transcript no cell cycle fluctuations in the level of the 1.5 Kb 

transcript was observed. 



1 

CHAPTER 1 

1 Introduction 

The cell cycle is the sequence of events that takes place between 

the birth of a cell and its division into two daughters. During this 

tine, if growth is "balanced", the mother cell doubles all of its 

cellular constituents. 

Up to the early 1950s, cell biologists had defined the eukaryotic 

cell cycle as composed of two processes observed by light microscopy, 

interphase and mitosis. Typically, interphase was found to occupy 9570 

of the cycle during which no visible changes could be observed. Inter-

phase was thought to be the tim in which cell growth and preparations 

for division occurred. This was followed by mitosis when the chromos-

omes condensed and separated to the two daughter cells. As no biochem-

ical methods were available for the study of cell cycle events during 

interphase, most early work up to this time focussed on the dramatic 

events that occurred during mitosis which could be' studied by direct 

microscopic observation. 

However, in the early 1950s, biochemical techniques such as auto-

radiography that could be used for studying macrcxnolecular synthesis 

were developed. The use of these new methods depended on sufficient 

biological material being available to carry out the measurements. 

This problem was solved by the introduction of a number of different 

approaches to obtain synchronous populations of a wide range of cells 

(See next section). Biochemical analysis showed that most cell 

components, for example, total protein and total RNA, were synthesised 

continuously throughout interphase. One important exception in 

eukaryotic cells was DNA synthesis, which was shown by Howard and 
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Peic (1953) to take place during a restricted period of interphase. 

This observation was used to subdivide interphase into three intervals. 

The period of DNA synthesis was termed S phase. The time between the 

previous mitosis and the start of DNA synthesis was termed 	and the 

remaining period between the completion of DNA synthesis and next 

mitosis, C2 . 

Due to the importance of synchronous cultures in studying 

macromolecular synthesis the various methods used are discussed in 

the next section. This is followed by a review of the accumulation 

of proteins through the cell cycle using synchronous cultures of a 

number of different organisms. 
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2 Synchronous Cultures 

To measure individual enzyme activities or protein levels on single 

cells is technically difficult. Therefore ) a major problem in the study 

of individual protein levels through the cell cycle)  is to obtain enough 

material for biochemical assays at each stage of the cell cycle. A 

solution to this difficulty is to prepare a synchronously dividing 

population of cells which)  when sampled at different points in the cell 

cycle 1 provide sufficient material for biochemical analysis. One 

approach is to investigate cell populations which divide with a natural 

synchrony such as cleavage in fertilised eggs (iazia and Dan, 1952). 

Another useful system has been the synchronous mitotic division of 

nuclei found in the plasmodiurn form of the slime -mould Physarum 

polycephalum (Rusch, 1969). An alternative and more widely used approach 

is to study cell populations in which synchrony has been artificially 

obtained. Two procedures termed induction and selection synchrony are 

used to obtain experimentally derived synchronous cultures. 

In induction syncrony, a synchronous population is achieved by 

blocking and then releasing cells at a particular point in the cell 

cycle. 	 This may be conferred by an environmental stimulus 

such as light, temperature or nutrient limitation. For example 3  highly 

synchronous populations of Chlorella have been obtained by repeated 

exposure to alternate periods of light and darkness of 15 and 9 hours 

respectively (Taniigaetal, 1953; Atkinson et al, 1974). 

A different induction procedure involves the use of a chemical 

inhibitor to block cells. Inhibitors are available which specifically 

prevent completion of either DNA synthesis or mitosis (Mitchison, 1971). 

On removal of the inhibitor the population divides synchronously. 
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One advantage of induction synchrony procedures is that, in prin-

ciple, all the cells in the original asynchronous culture are used to 

prepare the synchronous culture. An important disadvantage with 

induction techniques is that they have been shown to cause cell cycle 

pertubations in a number of systems (discussed in Mitchison, 1971). 

The second major approach used to prepare synchronous cultures 

is by selection. Cells at a particular point in the cell cycle are 

selected from an asynchronous population and cultured separately as 

a synchronous culture. Several methods of selection are available 

and four of the most cc irmonly used are described in the following section. 

A selection method coimionly used in the synchronisation of 

marma1ian cells is wash off or selective detachment (Terasima and 

Tolmach, 1963). The principle behind the technique is that cultured 

mammalian cells round up and adhere less well to the culture dish 

during the latter stages of mitosis. Mitotic cells may be collected 

following gentle washing of the monolayer and the selected cells 

grown as a synchronous culture. 

Another analogous selection technique called mecrbrane elution 

has been used to synchronise cells of Escherichia coli (1-Ielrnsetter 

and Cummins, 1963). This relies on the specific ability of the 

E. coli strain B/r to bind firmly to nitrocellulose filters. From 

the mother cells bound to the filter surface,daughter cells are 

released into circulating growth medium. These daughter cells are 

collected and grown up as a synchronous culture. 

A popular method, especially for obtaining synchronous cultures 

of bacteria and yeast, is the selection of small cells from a sucrose 

gradient. In this method originally developed by Mitchison and 

Vincent (1965), cells from an asynchronous population are collected 
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resuspended in a small volume of growth. medium and layered on top of a 

sucrose gradient. Following centrifugation the cells are distributed 

through the gradient according to size, with smaller cells at the top 

and larger cells at the bottom. A fraction containing small cells is 

harvested from the top of the gradient and resuspended in fresh medium 

to obtain a synchronous culture. 

A more recently developed selection technique for mammalian cells 

and yeast involves the selection of cells from an elutriating rotor' 

(•1eistrich et al, 1977; Gordon and Elliot, 1977; Creanor and Mitchison, 

1979). The elutriator rotDr works by a counter current method. In 

simple terms ,centrifugation generates an outward force against cells 

in a 4 ml ror sample cell which is balanced by an inward flow of 

medium. The result is that cells are kept suspended in the rotor 

sample cell. Furthermore these cells in the rotor sample cell are 

separated according to size with small cells at the top, and large 

cells at the bottom. By increasing the pimp rate of the medium 

through the rotor small cells at the top of the rotor cell can be 

harvested to prepare a synchronous culture. A diagram explaining 

the principles of cell separation on an elutriating rotor is shown 

in figure 1.1. 

It is enerally accepted that methods used to obtain selection 

synchrony produce less physiological pertubation of cells than 

induction methods (discussed in Mitchison, 1971). Nevertheless some 

selection methods are also considered to produce metabolic pertubat-

ions when used to prepare synchronous cultures (Mitchison, 1977; 

this topic is covered further in the next section). For instance d  

Creanor and 4itchison (1979) have convincingly demonstrated that 

synchronous cultures of fission yeast prepared by elutriation show 



E 

w 
I.- 

0 
A 

Figure 1.1 Principle of Cell Separation by an Elutriatirig Rotor 
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Cells (.,), suspended in growth medium, are pumped into the 

rotor chamber (Figure l.la). The centrifugal force is balanced by 

the inward flow of medium. The cells are separated according to size 

in the rotor chamber, small cells () at the top and large cells (5) 

at the bottom (Figure l.lb). The small cells are harvested by 

increasing the flow rate (Figure l.lc). 
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less pertuhations than those obtained by selection from a sucrose 

gradient. 

The main disadvantage of selection methods is that cell yields 

are low since only a proportion of the original asynchronous population 

is used to prepare the synchronous culture. A modification to iriprove 

the yield with cells separated on an elutriator rotor or sucrose 

gradient is to "age fractionate" the culture (Gordon and Elliot, 

1977; Sebastian at al, 1971). This technique exploits the fact that 

cells are separated according to size and thus cell cycle position 

down the gradient or-rotor. By collecting successive fractions, 

cells at all stages of the cell cycle are obtained. Biochemical 

assays are carried out directly on the cells obtained from these 

fractions. 

Age fractionation has a number of disadvantages. For example 

cells cannot be followed through successive cycles and in practice 

it has proved difficult to resolve cells obtained from specific 

fractions into discrete stages of the cell cycle (Mitchison, 1971; 

Creanor et al, 1983). 

3 Accivaxlation of proteins during the cell cycle 

Studies on the increase in total protein content showed that 

protein accumulated continuously throughout interphase (Mitchison, 

1971). It was therefore surprising that when the activities of a 

number of different enzymes were measured in synchronous cultures 

of bacteria and yeast, most exhibited a periodic increase or "step" 

in activity at a particular tiire in the cell cycle (Gorman et al, 

1964; Masters et al, 1964). In these experiments, it was assired that 



enzyme activity was directly related to the amount of enzyme present. 

This raised the interesting dilerr'na that most enzymes were 

periodically synthesised while total protein accumulated continuously 

through inter-phase. To explain these seemingly contrasting obser-

vations it was postulated that the continuous rise in total protein 

resulted from the sum of individual proteins each being synthesised 

T eriodically as "steps" at different times in the cell cycle (Gorman 

et al, 1964). 

A large body of similar work followed, related to the increases 

in enzyme activity using synchronous cultures of a number of different 

organisms such as Chlorella, Physarum, mmalian cells, bacteria, 

budding and fission yeast (reviewed by 1itchison 1971; 1977). The 

increases in enzyme activities through the cell cycle was studied 

most extensively in the budding yeast 3. cerevisiae. Out of thirty-

three enzymes investigated,mainlv by Halvorson and his fellow workers, 

thirty-two showed a periodic increase in activity (reviewed by 

ialvorson et al, 1971). 

An early indication that the observed periodic increases in 

enzyme activity may have been an artifact induced by the synchronisation 

procedure was obtained by Bellino (1973) in an investigation of 

aspartate transcarbamoylase through the E. coli cell cycle. In this 

study synchronous cultures were prepared by themembrane elution or 

"baby machine" method (Helmstetter and Cummins, 1963). This synchron-

isation method has been reported to result in a reduced amount of 

metabolic disturbance compared with alternative procedures for 

synchronising E. coli cells such as selection of small cells on sucrose 

gradients (l3ellino, 1973). In synchronous cultures of E. coli prepared 



by membrane elution the increase in activity of asparate transcarbarnoy -

lase was found to be continuous through the cell cycle. In previous 

studies which had used synchronous cultures prepared by either 

reinoculation of stationary phase cultures or selection of small cells 

on a sucrose gradient the increase in activity had been found to be 

periodic ('1asters and Donachie, 1966; Kuempel et al, 1965). This 

result suggested that the previously observed periodicity for asparate 

transcarbamoylase activity was an artifact caused by the synchronisation 

procedure rat! -ier than an intrinsic property of the cells. 

Mitchison and his co-workers (Ytitchison, 19771 carefully invest-

iated the possibility that the previously reported step enzymes in 

the fission yeast S. porrbe (Bostock et al, 1966) were an artifact caused 

by the method used to obtain synchronous cultures. Synchronous cultures 

Of S. pie were prepared by selection of small cells on sucrose 

gradients followed by reinoculation into fresh media. Particular 

attention was paid to the behaviour of asynchronous control cultures, 

which were prepared by remixing cells that had been separated on 

sucrose gradients and then inoculating into fresh medium at the same 

density as used for synchronous cultures. If the asynchronous controls 

gave "steps" in enzyme activity then the results obtained with synch-

ronous cultures could not be interpreted. For the small number of 

enzymes that had shown a stepwise increase in activity in synchronous 

cultures it was found that in most cases the periodic increases also 

occurred in the asynchronous control cultures. In S. pombe, out of 

20 enzymes investigated only two ,thymidinemonophospha1 kinase and 

nucleoside diphosphokinase; gave an unambiguous periodic stepwise 

accumulation of activity (Mitchison, 1977; Dickinson, 1983). 

From experiments carried out using budding yeast recent evidence 
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suggest that at least for  some of the "step enzymes" the observed 

periodicities were also artifacts caused by the method of synchronis-

ation. For example 1 Creanor et al (1983) re-examined the increase 

in activity of -lucosidase and -alactosidase through the cell 

cycle in synchronous cultures of budding yeast. In earlier work it 

had been reported that both these enzymes were step enzymes 

(Sebastian et al, 1971). Creanor et al prepared synchronous cultures 

by size selection from an elutriating rotor, a method that has been 

shown to reduce metabolic pertubations (Creanor and Mitchison, 1979). 

In contrast to the earlier results, no steDwise increases in activity 

were found for either of the two enzymes. 

A large amount of information exists on tile patterns of macro-

molecular synthesis through the cell cycle of the unicellular algae 

Chlorella (reviewed by Tamiya, 1966). In synchronous cultures of 

Ohiorella prepared by alternate light /dark cycles a rarnber of 

different enzymes have shown periodic increases in enzyme activity 

during the cell cycle (reviewed by Lorenzen and Hess, 1974). 

yore recent evidence suggests that these periodic steps in 

enzyme activity result from pertubations caused by the synchronisation 

procedure. A synchronous culture of Chlorella obtained by periodic 

illumination was grown in a turbidostat under conditions of constant 

light and turbidity. During the second cell cycle under these con-

ditions the periodic increases in enzyme activity were no longer 

observed. This suggested that the periodicities were not part of the 

cell cycle (John et al, 1981). 

To main conclusions can be drawn from the large amount of data 

gathered on the increase in enzyme activities through the cell cycle. 

Firstly, the activity of most enzymes seems to increase continuously 

through the cell cycle. Secondly, the methods used to obtain 
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synchronous cultures can induce artifactual periodicities in enzyme 

activity. In the absence of asynchronous controls these pertubations can 

be mistaken for cell cycle events. Therefore, it is important whenever 

possible to test forperturbationsby running suitable controls. 

A different approach to identify the periodic synthesis of proteins 

involved a direct examination of poly-peptides separated by electroph-

oresis on to dimensional gels. The relative rates of synthesis of 

individual proteins was determined by pulse labelling, usually with 

3 S-methionine, synchronous or age fractionated asynchronous cultures. 

This approach has been used to study the synthesis of individual 

proteins through the cell cycle in a number of different organisms 

including S. cerevisiae (Elliot and tcLaughlin, 1978), E. coli 

(Lutkenhaus et al, 1979), Cailobacter cresentus C1ilhausen and Agabian, 

1981), Ppolvcephalium crurnocket al, 193l), C. sarokiniana (John 

etal, 1982) and Rela cells 01ilcare1v -1 and Zahn, 1973). From these 

studies no unequivocal periodically synthesised proteins were identified. 

In a recent careful study of polypeptide synthesis in budding yeast by 

Lorincz et al (1982) the rates of synthesis of 900 individual proteins 

were examined through the cell cycle. Of the se 20, including three 

histones, showed a periodic pattern of synthesis. 

Although the great majority of proteins are synthesised contin-

uously during the cell cycle a periodic increase in enzyme activity 

and or periodic protein synthesis have been shown to occur in a number 

of cell types when care has been taken to reduce synchronisation 

artifacts. In a number of different organisms such as mammalian cells 

or budding yeast the histone proteins have been shown to be synthesised 

periodically (Robbins and Borun, 1967 Moll and Wintersberger, 1976). 

The activity of some enzymes involved in DNA precursor metabolism have 



12 

also been found to increase periodically. For example, in S. lombe 

only two enzymes, thymidine monophosphate kinase and nucleoside 

diohosphokinase, out of 20 examined show a periodic stepwise increase 

in activity (Nitchison, 1977; Dickinson, 1933). In addition the 

activity of enzymes involved in DNA synthesis such as DNA polymerase, 

also been shown to be cell cycle regulated in a number of organisms have 

(Cited by Mitchison, 1977). In P. 	1ycepha1um it was recently 

demonstrated that the tubulin protens )  which are iniportant structural 

components of the mitotic spindle,are synthesised periodically during 

late 2 (Laffler et al, 1931; Schedl et al, 1934). 

In s1rurta7,,, a small number of proteins have been identified which 

show cell cycle periodicity. iost of these proteins are associated 

with periodic events in the cell cycle such as -DNA synthesis or mitosis. 
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4 Cell Cycle utants 

Cell cycle mutants have been isolated from a nunber of organisms 

ranging from prokaryotes through lower to higher eukaryotes (reviewed 

by Sirnchen; 1978). Most of these are temperature sensitive conditional 

lethal mutants. At the restrictive temorature cell division cycle 

(cdc) raitant cells are found, in general, to arrest at a unique stage in 

the cell cycle. After prolonged incubation at the restrictive temperat-

ui-c cdc mutant cells show a characteristic and soffetins abnormal 

phenotype. This is tarried the terminal phenotype of the mutant and 

is used in characterising the mutation. In addition,a few non-lethal 

cell cycle mutants have been obtained which can complete the cell 

cycle but are altered in some way. For example, in S. poiribe the wee 

mutants divide at a reduced cell size and are altered in the duration 

of the C1  and 02 phases compared to wild type 	cells (Nurse, 1975). 

In the following section the methods used to determine the stage 

when a mutant gene product acts in the cell cycle and its dependency 

relations with other cell cycle events are discussed. Although these 

methods can be used in the characterisation of cell cycle mutants from 

any oranism,they have been used most extensively in the genetic 

analysis of the cell cycle in budding and fission yeast. In the section 

that follows examples from S. cerevisiae and S. pombe will be considered 

exclusively. 
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(i)Temporal Order and Dependency 

Cell cycle mutants have been used to generate a temporal map of 

cell cycle events. The most comnxn method of determining when a mutant 

gene product is required is to calculate it's transition point or 

execution point. The transition point is the time in the cell cycle 

beyond which a Shift from the permissive to restrictive temperature 

can no longer prevent a mutant cell from successfullycompleting the 

ongoing cell cycle (Nurse --t al, 1976). Althou'n the timing of the 

transition point is open to anig-uous interpretation (discussed by 

Pringle, 1973) it can be used to give an estimate of when the wild 

type product functions in the normal cell cycle. 

When the transition points of a number of cdc mutants were 

deteriined a definite pattern in their distribution through the cell 

cycle was observed. In most cases the time of the transition point 

was shortly before the cell cycle event with which the cdc mutation 

was associated. For example, the seven cdc genes in S. Pombe that are 

associated with S phase all have transition points within 0.15 of a 

cycle before it occurs (Masmyth and Nurse, 1931). Such a distrib-

ution could be explained if certain cell cycle events were rate 

limiting. When these rate limiting events were cornpleted,otl -ier cell 

cycle functions, dependent on their completion, would take place rapid-

ly accounting for the bunched distribution of transition points. 

Such a temporal map gives no information about the dependency 

relationships between different cell cycle events. Such dependency 

relationships can soinatimes be inferred from a careful examination of 

the terminal phenotypes of the various cdc mutants isolated. For 

example, S. pombe cdc mutants defective in early nuclear division were 
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also found not to initiate septation. In contrast cdc mutants 

defective in seDtui formation were able to complete successive 

rounds of DNA synthesis and nuclear division (Nurse et al, 1976). 

These observations led to a model of the S. oombe cell cycle incor- 

porating two dependent secrJ.ences of events (see Figure 13; Sectionl.6 ). 

A similar set of dependent sequences were inferred from S. cerevisiae 

cdc mutants (Hartwell et al, 1974). 

Blocks defined by different cdc mutations can themselves be 

organised into dependent sequences. Two methods exist for determining 

the dependency relationship between gene products containing cdc 

rautations. The first involves the corinarison of sinc1e with double 

mutant phenotypes. It is necessary that the terminal phenotypes of 

the two mutants can be distinguished and the restrictive conditions 

be applied simultaneously. If the two mutants are defective in sequent-

ially dependent steps, the double mutant should have a terminal pheno-

type that is characteristic of the mutant whose gene product fails to 

function first. Such a method was used by Hereford and Hartwell (1974) 

to map the dependency relationships between cdc genes required for 

initiation of DNA synthesis in S. cerevisiae. 

The second method termed the reciprocal shift requires two 

reversible blocks, A and B, that can be applied independently. The 

method requires two separate experiments. In the initial experiment 

block A is applied first. ToThen all the cells are arrested, block A is 

removed and block B is administered. The second experiment is the 

reciprocal of the first. Block B is employed first followed by 

block A. The method differentiates four relationships between the 

two blocks which are shown in Fie 1.2. The reciprocal shift was 

used by Fantes (192) to investigate the dependency relationships 
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Fiire 1 .2 tour nossible re1ations IinS :etweeri t:co blocks different-
iated by a reciprocal skift exeri:ent 

1 	dependent 

2 	dependent 

3 	independent 

4 	interdependent 

A 	 B 
0- 

B 	 A 

A 

B 

AB 

Four possible relationships between the two steps, A and B. 

The two steps could be dependent on one another, B dependent on 

A (1) or A dependent on B (2). Block A and B could be independent 

in which case either step can occur when the other is blocked. 

Alternatively the two steps may be interdependent where both steps 

occur together. 
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beten different S. oombe cdc mutants that are defective in gene 

products required for mitosis. 

An imDortant conclusion from the results discussed above is that 

the observed temporal order of cell cycle events seems to be,at least 

in part, a consequence of functional dependency between the events 

rather than by an alternative mechanism involvingfor example,  a 

central tir'er. 

(ii.)Cell Cycle Controls 

-)hen proliferatin mammalian cells are caused to arrest, for 

example by nutrient starvation, cells are exclusively found in the 

l phase of the cell cycle (Pardee at al, 1973). Furthermore, ihen 

mOSL mainiialian cell types are grown at difterent growth rates tIle time 

taken to traverse 5, G9  and p1ases are round to :e relatively constant 
4. 

(Prescott, 1976). The differences in generation tis can be almost 

totally explained by an increase in the time taken to complete the 

phase. Such information suggests that one or more major cell cycle 

control points exist in C 1  for mainnalian cells. 

Similarly, in budding yeast,evidence exists for a major cell cycle 

control point in G 	(?eviewed in Hartwell, 1973). This control point 

is called 'start" and is thought to be the point at which the camitwent 

to the mitotic cell cycle occurs rather than other alternative develop- 

mental pathways (discussed in the next section). A number of studies have 

indicated that a size control is associated with start" (Johnston 

et al, 1977; Johnston et al, 1979). 

Not all cell types studied have been found to have their primary 

cell cycle control point in C 1 . In several cell types that contain 
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example, studies ort the Amoeba cell cycle have shown that a size 

control appears to operate in
2  Uon and Prescott, 1969). A 

size control has also been reported for Physarum (Loidl and 

Sachsenmaier, 1982). 

In the fission yeast S. po:nbe the major cell crãlc control point 

also occurs in G2 . This has been shown to be a size control required 

for the initiation of mitosis(Nurse, 1975; Thuriaux, etal, 1978). 

Some recent exoeriments sug'est that an anal;ous control to 'start" in 

budding yeast o€rates in the C 1  phase of fission yeast (i&irse and 

3isset, 1981 discussed in next section). Cell size may also olay 

a role in the S. porie "start' since it has been demonrate that a 

critical size ni.st be attained before DNA replication can he initiated 

(Fantes and Nurse, 1978). The C 1  size control is cryptic inwild tye 

cells as they are usually above this critical cell size at the be4nn- 

ing OE  the cell cycle. 

Some of the best evidence for the existence of the above control 

points being involved in the regulation of the S. pombe cell cycle has 

come from investigations carried out using cell cycle mutants. These 

are discussed in the next section. 

(jjj Coriunitnent to the Mitotic Cell Cycle 

From studies originally carried out in S. cerevisiae it has been 

;shown that the products of certain cdc genes, termed "start" genesare 

required at some early event in G 1  shortly before the cell becorrs 

committed to the mitotic cell cycle. This event has been called "start" 

and before a cell can pass this point it monitors various parameters 
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such as nutritional condition attainment to a critical cell size, the 

presence or absence of factors required for conjugation and soorulation 

and the completion of the previous mitosis. On the basis of this 

information,tbe cell becois committed to a particular developmental 

pathway once it passes "start" . 

Cell cycle —mutants have provided important evidence for the 

')resence of such a corrnutu iient point. In S. ombe, the cdc 2 and cdc 10 

genes are required during G1  before the initiation of D?IA replication. 

If cells with mutations in the above genes are arrested at the restrict-

ive temoerature, they are still able to conjugate with cells of the - 

opposite mating type (Nurse and Bisset, 1981). Cells which arrest at 

later cdc gene steos are unable to do so. This suggests that cells 

choose between entering the mitotic cycle or conjugation only at s tarti! 

and not at other points in the cell cycle. 

(iv)Initiation of iitOSS 

This work has mainly concentrated on the characterisation of 

S. porre cell size or wee mutants whose most obvious phenotype is a 

reduction of cell size at division (Nurse, 1975). These studies have 

shoi that wee mutants are defective in a control which determines a call 

size requirement for entry into mitosis. The wee mutants isolated map 

in two genes wee 1 and ädc 2. Previous work had identified mutations 

in the cdc 2 gene that conferred a conditional lethal cdc phenotype 

(Nurse et al, 1976). 

Genetic analysis of wee 1 mutants has suggested that the wee 1 

gene product acts as an inhibitor of mitosis. Therefore, when the wee 1+ 

product is inactivated, cells are advanced into mitosis at a reduced cell 
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size. (Nurse and Thuriaux, 198J). 

From similar work on cdc 2 mutants it has been procosed that the 

cdc 2 gene product functions as an activator for the initiation of 

mitosis. Destroying the activator 1  as in conditional lethal cdc 

mutations, prevents mitosis occurrin, while some form of modification 

as in wee mutants of ccic 2 advances cells into mitosis at a reduced 

cell size (iurse and Thuriaux, 1980). 

5 Lientifjcatjon of cdc gene products 

Genetic analysis has been successful in identifying a large number 

of genes required for cell cycle progress. The long term im ai of such 

studies is to gain an understanding of the molecular interactions 

involved in different cell cycle events. To achieve this objective 

depends on the identification of protein products coded by cdc genes. 

Unfortunately the biochemical function defective in most cdc mutants is 

unlcnown. In S. panbe out of greater than twenty five genes identified 

the protein products of only four are known. The cdc 17 gene codes for 

DNA ligase (Nasmvth, 1977). The cdc 22 gene has been reported to code 

for nucleoside diphosphokinase (Dickinson, 1931), while nda 2 and nda 3 

code for aand ,B-tubulin. (Todaetal, 1984; iiiraokaetal, 1934). 

The recent developnent of recombinant DNA techniques and efficient 

methods of DNA transforrnation,first for S. cerevisiae and more recently 

for S. pombe, has offered a promising new approach towards the identif-

ication of cdc gene products. (liinnen et al, 1973; Beach and Nurse, 

1981). Chimeric plasmid vectors are available that are capable of replication 

in yeast and B. coli (Beggs, 1978; Beachetal, 1982). Into these 

vectors random wild type yeast DNA fragments have been inserted 
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constituting a "gene library" of the yeastgenorre. A nunher of yeast 

cdc genes have been cloned from such libraries by selecting hybrid 

plasmids containing a DNA franent including the cdc+  gene. These 

plasinids were selected on the basis of their abilit y  to comDlement 

particular cdc nutations in transformeu yeast cells (Iasmytn and ieeu, 

19030; Beach etal, 1982). The cloning of a gene allows a number of 

approaches to he used in the identification of the gene product. 

The nuclaotide sequence of the cloned gene can be determined. 

This provides information on gene structure such as the presence or 

absence of introns as well as an estimate of the size of the polypeftide 

coded by the gene. The seGuence can also c scanned by cornnuter for 

the presence of hnon "consensus seouences". A consensus sequence is 

a neral nucleotide seciuence that has been recorised emnirically to 

be involved in specific biological functions such as ATP or DNA binding 

sites. The rresence of such a sequence could suggest the possible 

bioloical function of the gene product in the cell. The nucleotide 

sequence of the cloned S. pombe cdc 2 gene contains the consensus 

sequences for the ATh binding and phosphor71ation acceptor sites of 

protein kinases such as bovine C'P-dependent protein kinase and the 

src family of oncogene products (1indley and Phear, 1984). 

However although the presence of a consensus sequence can suggest the 

possible biological function of a cloned gene this still has to be 

confirmed by investigating the biochemical properties of the protein 

product coded by it. 

The total nucleotide sequence can also be compared with those 

stored in a computer database bank to detect any homology with genes 

that have previously been sequenced. Such comparisolE are particularly 

useful when a conserved protein is involved. In S. pombethe gene 
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product of the nda 2 gene was recently established to be a-tubulin by 

such a method. (Toda et al, 1934). 

Another use of cloned cdc genes is as a hybridisation probe to 

detect the transcripts coded by the gene. If RNA obtained from 

synchronous cultures is probed using the cloned cdc gene the cell 

cycle regulation of transcript levels can he investigated. 

The availability of a cloned gene allows a niber of different 

approaches to be taken in the characterisation of the gene product 

The corr2snonding mRNA can he isolated by hybridisation and translated 

in vitro (Paula-n and Jackson, 1976). The translation products can be 

separated by electrophoresis to determine the size of polypeDtide 

coded by the cloned gene. Al  ternatively, the DNA containing the cloned 

DNA fragment can be inserted in front of an efficient prorroter in an 

expression vector. Expression vectors based on laiioda virus (Nurray 

at al, 1979) or plasmid vectors (Brosius, 1934) are available for 

overproduction of proteins in E. coli. Plasinid vectors have also been 

described for overewressjon of proteins in both S. cerevisiae and 

S. pombe (Johnston and Davis, 1934; Russell and Woodbury, 1933). 

Using such expression vectors a large amount of the cdc protein product 

can be obtained making subsequent purification easier. Biochemical 

studies can then be carried out on the purified protein. The purified 

gene product can also he used to raise specific antibodies against it. 

An antibody is a usail reagent that can be used to detect the cdc 

product present in crude cell extracts. For more quantitative measure-

rnents,radioimiaino assays can be used. In addition, the antibody can be 

used in cytological studies to determine the intracellular location of 

the gene product by irrmunofluorescence (Hiraoka et al, 1984). 
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The work described in this thesis involved an investigation of 

the cdc 22 gene of S. pombe. In the remainder of the introduction 

there follows a simiarv of the main features of the S. oornbe cell 

cycle followed by a review of previous studies on the cdc 22 gene. 

6 The S. pombe Cell Cycle 

S. pre is a rod shaped organism that grows in length without 

much change in di-:- meter. Cell division divides the mother cell in half 

into two equal daughters. These properties iake S. poinbe an ideal 

choice to study the co-ordination heteen gro.rtii and cell division 

as the lenth of the organism gives a good estimate of cell size 

('.Titchison, 1957). 

The cell cycle of S. porrfoe is similar to higher eukaryotes 

containing a short G1  that is about 0.1 of a cycle, a short S phase 

also about 0.1 of a cycle ,followed by a long G 2  that lasts about 0.75 

of a cycle (Nasmvthetal, 1979). During mitosis in S. pombe, as 

in most fungii, the nuclear membrane does not break down and the 

chromosomes do not normally visibly condense (1cCully and Robinow, 

1971). This makes an estimate of the time taken to complete mitosis 

difficult though it is thought to be short, lasting about 0.05 of a 

cycle (Cited in Fantes, 1984). Cell division is delayed compared to 

higher eukaryotes occurring about 0.25 of a cycle after mitosis. Thus 

cells have completed G before cell division has taken place (Nasmyth 

et al, 1979). 
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A number of cell cycle mutants have been isolated in this organism. 

characterisation of these mutants using the methods discussed previously 

(see Section 1.4 (iv)), has led to a model of the S. panbe cell cycle 

combining two depend 	 (F dependent sequences of events 	igure 1.3). 

7 S. tombe Cell Cycle utants Defective in S Phase 

Nasmyth and Nurse (193J.)isolated cdc mutations that were defective 

in the initiation or elongation of DNA replication. These mutants were 

characterised by following the pattern of DNA synthesis after shift 

from the termissive to the restrictive temperature in synchronous 

culture. The dependency of the cdc mutant function relative to a 

hydroxyurea block was also examined. As hyd.roxyurea inhibits DNA 

replication (Nitchison and Creanor, 171) the dependency relationship 

of the cdc mutation relative to S ohase was elucidated. 

The cdc mutant was first arrested with, hyciroxyurea at tte 

permissive temperature and then incubated in the absence of the drug-

at the restrictive temperature. The reciprocal experiirnt of impos-

ing the cdc block fo1lod by a hydroxyurea block was not carried out. 

The exoeriment determined if the cdc rrnitant function occurred either :- 

before or independently of the hydroxyurea sensitive step, or 

after or with the hydroxvurea block. 

From these experiments it was concluded that two genes cdc 20 

and cdc 22 were required for the initiation of DNA synthesis. A 

previous study had demonstrated that an additional gene, cdc 10, was 

also required for the initiation of S phase (Nurse et al, 1976). 

Two genes, cdc 21 and cdc 23,were thouglt to be involved in DNA chain 

elongation, while ccic 24 and cdc 17 were concerned with the joining 
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of replicons.. urther investigation of a cdc ' 	 17 mutant strain showed 

that it had a temierature sensitive defect in the structural gene for 

DNA ligase 	(Nasrnyth, 1977 1/. 

8 Biochemical haracterisatiori of the cdc 22 iutation 

The biochemical characterisation of S. pombe cdc mutants required 

for DNA replication indicated that a mutation in the cdc 22 cene caused 

a temperature defect in the enzyme nucleoside diphosphokinase (ND?K) 

"Dickenson, 1931). This enzyme is reuired for nucleotide biosynthesis 

and catalyses the conversion of NflP to NTF, where N is any nba or 

deoxinihorruc1eotide (Parks and Agarwal, 1973). The evidence for 

cdc 22 encoding N)?K activity is described in some detail below, due 

to its tnportance to the project as a whole. 

Freliuiinarv evidence for cdc 22 mutant cells being defective in 

NP1:Z came from an examination of nucleotide pools in wild type and 

cdc 22 - N45 strains after shifting from the permissive to the rest- 

rictive temperature. Wild type and cdc 22 - 1145 cells were shifted to 

the restrictive temperature of 36 °C and pulse labelled with  

unidine. The pattern of radioactivity obtained in the nucleotide 

pools isolated from wild type and mutant cells were then compared. 

In the wild type strain the temperature shift caused a small increase 

in the radioactivity found in dTTP with a corresponding fall in the 

radioactivity obtained in dTDP. In the cdc 22 - M45 strain incubation 

at the restrictive temperature caused a marked reduction in the amount 

of radioactivity found in dTI'P, while the quantity of radioactivity 

in dTD? increased dramatically. This suggested that the cdc 22 - 1 ,145 

strain was defective in the enzyme that catalysed the conversion of 
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dTDP to diT?, nucleoside diphoshoinase (fDPK). 

To test this hypothesis the activity of NDP( was measured in 

crude cell extracts obtained from wild type and cdc 22 - ii45 cells. 

It was found that the DPK activity obtained from cdc 22 - h45 cells 

was 1.6 times less than from wild type calls when measured at the 

physiological restrictive temperature of 36.8 °C. However, a much more 

dramatic demorstration of the temuerature lability of NDP( from 

cdc 22 - 1145 cells was observed when the !m values were calculated. 

At the restrictive temperature the Xin value for TDP of NDPK obtained from 

ccic 22 - :45 cells was 11 tiuuies oreater than that obtained from wild 

type cells. 

Additional work by Dickinson (1933) focussed on the increase in 

activity of NDPK throujh the cell cycle. Jhen NDP[ activity was 

measured in SynChrOnOus cultures of wild type cells it was found to 

be periodic showing a stepwise doubling of activity with a mid-point at 

0.61 of a cycle. In synchronous cultures of wee 1.6 mutant cells DP 

was also observed to increase in a periodic stepwise manner . The mid- 

point of the rise occurred 0.35 of a cycle later than in wild type cells. 

This was thought to be a reflection of S phase being delayed in wee 

1.6 cells occurring about 0.3 of a cycle later than in wild type cells 

(Nasmyth et al, 1979). 

In addition,the mutant strains cdc 2.33 and cdc 10.129 were used 

to investigate whether a continued rise in NDPK activity was dependent 

on cell cycle progress. In asynchronous cultures of both mutant strains 

a shift up to the restrictive temperature results in a rapid inhibition 

of DNA replication. However 1  then both these mutant strains were shifted 



to the restrictive temperature the activity of NDPK continued to 

increase expon2ntially. This suggested that cell cycle progress was 

not required for an increase in ND? activity. 

The original aim of this thesis was to isolate the cdc 22 gene 

of S. pombe. As discussed in the last section it was thought that 

the cdc 22 gene coded for the enzyme nucleoside diphosphokinase (NDPK) 

which showed a periodic, step in activity during the cell cycle. 

(However recent evidence has brought this gene/enzyme relationship into 

doubt; see Chapter 9). The cloned cdc 22 gene was to be used as a 

specific hybridisation probe to investigate if the observed periodicity 

in NDPK activity was regulated by the amount of the cdc 22 transcript 

present. 



MATERIALS AND METHODS 

1 Schizosaccharomyces pombe 

(i) Strains used in this work 

The strains of S. pombe used in this work were derived from the 

wild type stock of Leupold (Leupold, 1950),972 heterothallic h and 

975 heterothallic ht The wild type strains are both prototrophic. 

The mutant alleles used are shown in Table 2.1 along with a 

description of their phenotype. 

General methods for handling S. pornbe 

The methods used follow those described by Gutz et al, 1974 and 

Kohli et al, 1977. Strains were grown at 25 °C unless otherwise stated. 

Strains of S. pombe were stored for up to a few months on yeast 

extract slopes at 4°C. Long term storage was carried out on silica 

gels at 40C as described by Gutz et al, 1974. 

Media and growth conditions 

(a) Malt extract media (ME) 

This has been previously described by Gutz et al, 1974. It was 

used for crosses between strains of opposite mating types. The 

components are shown in Table 2.2. 



Table 2.1 

GENE ALLELE PHENOTYPE REFERENCE 

ade 6 70 adenine auxotroph Kohli et al, 	1977 

cdc 1 7 defective in mitosis at 35° C Nurse et al, 	1976 

cdc 2 33 defective in mitosis at 35° C Nurse et al, 	1976 

cdc 10 129 defective in the initiation of DNA replication at 35° C Nurse et al, 	1976 

cdc 17 M75 defective in DNA replication at 35° C Nasmyth et. al, 	1981 

cdc 20 M10 defective in the initiation of DNA replication at 35 
0
C  Nasmyth et al, 	1981 

cdc 21 M68 defective in DNA replication at 35 ° C Nasmyth et al, 	1981 

cdc 22 M 145 defective in the initiation of DNA replication at 35 
0 C Nasmyth et al, 	1981 

Cli defective in the initiation of DNA replication at 35 0C Creanor, J. Pers Comm 

cdc 23 H36 defective in DNA replication at 350 C Nasmyth et al, 	1981 

cdc 24 M38 defective in DNA replication at 35° C Nasmyth et al, 	1981 

leu 1 32 leucine auxotroph Kohli et al, 	1977 

mat 2 102 Egel, 	1973 

cdc - Cl - defective in DNA replication at 35 
0 C  Creanor, J. Pers Comm 

cdc - C2 - defective in DNA replication at 35° C Creanor, J. Pers Comm 

cdc - C - defective in DNA replication at 35° C Creanor, J. Pers Comm 

cdc - 	 C41 - defective in DNA replication at 35° C Creanor, J. Pers Comm 

cdc - 	 C 143 - defective in DNA replication at 35° C Creanor, J. Pers Comm 

cdc - C7 - defective in DNA replication at 35 0C Creanor, J. Pers Comm 

wee 1 6 small cells Nurse, 	1975 
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Table 2.2 Halt Extract Agar 

g/l 

Ialt Extract (Difco) 	 30 

Agar 	(Difco) 	 20 

Table 2.3 Yeast Extract Agar 

9/11  
Yeast Extract (Difco) 	 5 

Glucose 	(BDII) 	 30 

Agar 	 20 

Table 2.4 Edithurch Minimal Media 2 

.1 1 

Potassium Hydrogen Phthalate 	 3 

Di Sodium Hydrogen Orthophosphate x 2 H 2  10 1.8 

AmTlonium Chloride 	 5 

Glucose 	 20 

Salts Stock 	 20 	ml  

Vitamins Stock 	 1 	ml 

Trace minerals stock 	 0.1 ml 

Potassium Hydroxide (t- 	 1 	ml (for solid media only) 

Salt Stock Solution 

iJ 
Magnesium Chloride 	 53.5 

Calcium Chloride 	 1 

Potassium Chloride 	 50 

Sodium Suinhate 	 2 
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Vitamins Stock Solution 

CT/i 

Inositol 	 10 

Nicotinic acid 	 10 

Calciiin antothenate 	 1 

Biotin 	 10 trig 

g/20') mis 

Trace Minerals Stock 

H3B03  1 

MnSO4  x 4 20  1 

ZnSO, x 71j20 0.3 

FeC1 3  x 6H20 0.4 

t12 flU
4 

 0.288 

x 5H20 80 mgs 

Citric acid 2 mgs 

11 

KI 	 20 mgs 
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Yeast extract (YE) 

This was the complex medium described by Gutz et al, 1974 used 

for the routine growth and isolation of strains. Its composition is 

given in Table 2.3. 

Edinburgh minimal media 2 (EMM) 

EMM 2 as modified by Nurse (1975), was t1b1efined minimal media 

used in all cell physiology experiments. The salts, vitamins and trace 

minerals were all stored separately as stock solutions and added in 

amounts shown in Table 2.4 prior to autoclaving. 

In growth of cells for transformation experiments its composition 

was modified by adding 0.5 glucose instead of 27 as described in 

Beach et al, 1982. For regeneration of protoplasts during transformation 

experiments the media was made isotonic to the protoplasts by the 

addition of sorbitol to a concentration of 1.2 M. The composition 

of the above media are given in Table 2.5. 

Solid media 

27 Bacto-Difco agar was added to the liquid media before auto-

claving. Sometimes Phioxiri B (Sigma) which stains dead cells, was add-

-ed from a sterile stock solution at 20 mg/l, after the autoclaved 

media had cooled below 600C. 



Table 2.5 Osmotically stabilised 

As E1 2 but included per litre. 

Potassium Chloride 	 15 	g 

Sorbitol 	 109 	g 

Table 2.6 YEPD 

c/ ] 

Glucose 	 30 

Yeast extract 	 5 

Peptone (Difco) 	 5 



J3 

(e) Yeast extract peptone dextrose (YEPD) 

This was the standard complex liquid ndiiin used for growing 

yeast strains for DNA isolation. It was used as described by 

Yainamoto, 1930. Its components are shown in Table 2.6. 

(iv) Cell Physiology 

Temperature shift experiments 

Strains for temerature shift experiments were first checked to 

determine if they had the correct phenotype. A single colony was used 

to inoculate a 10 ml EMVL preculture. The preculture was incubated at 

the permissive temperature until stationary phase had been reached. An 

aliquot of the stationary phase culture was used to iriolulate 200 mis of 

Ei in a 500 ml conical flask. The culture was incubated at the 

permissive temperature until an optical density of 0.1 to 0.2 ( at A 595) 

was reached. 

The culture was then divided into two equal parts; one half 

remained at the permissive temperature while the other was shifted to 

the restrictive temperature. Samples were removed from both cultures 

at specific times after the shift for determination of ell number and 

optical density. Transition points were estimated as described by 

Nurse et al, 1976. 

Cell number 

Cell number was determined from a 500pl sample taken with a 

constriction pipette. Samples were fixed in a filtered 0.17 formaldehyde! 
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0.17 NaCl solution and cells counted with a Coulter (model B) particle 

counter as described by Mitchison, 1970. 

Optical Density 

Optical density was measured in a Pye Unicam SP600 spectrophoto-

meter from the absorbance at A 595 rim of a 3 ml sample in a quartz 

cuvette. 

Synchronous Cultures 

Synchronous cultures of S. panbe 972 wild type cells were 

prepared by selecting small cells from a Backman JE-6 elutriator rotor. 

An aliqot of stationary phase cells from a 10 ml EMM preculture 

was used to innoculate one litre of EMM. The culture was incubated at 

35°C overnight in a constant temperature room. Vigorous agitation was 

provided by a LK fermentation MK orbital shaker to ensure that clumping 

of cells did not occur. The culture was used to prepare a synchronous 

culture when an optical density of 0.4 to 0.6 at 595 rim was reached. 

The protocol used was similar to that described by Creanor and Mitchison 

(1979). Cells were pumped at a flow rate of 25 ml mm' into the 

rotor which was spinning at a constant 4000 rixn  in a Beckman J-21 

centrifuge. Loading the yeast cells into the rotor routinely took 

between 15 to 30 minutes depending on the original density of the 

culture. TD obtain a synchronous culture the small cells at the 

top of the elutriator cell were harvested by increasing the pump speed 

by 10-157 while leaving the rotor speed unchanged. A sample was checked 

under the microscope to estimate the degree of synchrony. If no cell 

plates could be observed in the yeast cells the synchrony of the 
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culture was judged adequate to use in an experiment. Cells were 

removed from the synchronous culture twenty minutes for cell number 

determinations and RNA extraction. Cell number was estimated from a 

0.1 ml sample on a Coulter counter (See Chapter 2, Section l(iv)b). 

RNA was extracted from samples containing approximately 2 x 10 cells. 

The cells were harvested on Oxoid 0.45 W filters, washed twice with 

cold 150 ntl NaCl and immediately frozen at -20 0C. To extract RNA 

the cells were thawed, resuspended in 0.5 ml of RNA extraction buffer 

(2 TNS; 50 nt4 Tris-HC1 pH 7.5; 10 mM EUIA; 1 mg/ml IY1'T) and RNA 

prepared by tie method described in Chapter 2 Section 4 (ii) d. 

(v) Genetics 

Standard genetical procedures were used for S. pombe by Gutz 

et al, 1974 and Kohlj et al, 1977. To cross strains fresh isolates 

of opposite heterothallic mating type, + and -, were mixed together 

on the surface of a malt extract agar plate and left for three days 

at 25°C to allow for the formation of asci. 

These asci could be used for either tetrad analysis or random 

spore analysis. 

(a) Tetrad analysis 

A loopful of asci was streaked out on the surface of a YE plate 

and single asci pulled using a glass needle attached to a Leitz micro-

manipulator. The plate was then incubated at 20 0C overnight to allow 

the asci to burst releasing its spores. These spores were then pulled 

apart from one another and incubated at 250C until colonies formed. 



Random spore analysis 

A loopful of asci was suspended in a 1:500 dilution of "Suc 

d' Helix pomatia" (an extract of snail gut enzyme obtained from 

Industrie Biologique Fraricaise S.A.) in sterile distilled water and 

incubated at 35°C overnight. The spores were collected by centri-

fugation and resuspended in sterile distilled water. The spore 

concentration was estimated by counting on a haernoojt.ometer (Gelman 

Hawksley Ltd) and an estimated 200 siores were plated onto YE agar. 

The plate was then incubated at 25 °C until colonies formed. 

Comjlementatjon tests 

Complementation tests for allelism of pairs of cdc mutations 

were performed by crossing cdc x leu 1.32 ade 6.704 h to mat 2.102 

lys 1.31 cdc y. The mating type allele mat 2.102 produces non-

sporulating diploids when crossed to an h strain. (Egel, 1973). 

Diploids were selected on EN at the permissive temperature and tested 

for complementation of the cdc phenotype at the restrictive temperature, 

35°C. 

Haploidisation 

The cdc gene to be assigned to a linkage group was crossed into a 

leu 1.32 ade 6.704 h strain and crossed to mat 2.102 lys 1.131 to give 

a diploid heterozygous (cdc + /cdc - 
 ) for the cdc mutation. 

Haploidisation was carried out by transferring a diploid colony 

to YE + 10 pg/mi benomyl (Dr D Roy, Microbiology, Edinburgh University) 
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and incubated at 25°C overnight. A loopful of cells was suspended in 

sterile water and serially diluted for single colonies on YE + Phloxin B 

at 25°C. Pink haploid colonies were tested for cosegregation of one 

of the chroinosomal markers lys 1 linkage group 1; leu 1 linkage group 

II and ade 6 linkage group III with the temperature sensitive cdc 

phenotype. 

2 	Escherichia coli 

Strains used in this work 

The recA E. coli strain JA221 (obtained from P. Nurse) was used 

routinely for molecular genetics experiments. The phenotype of this 

strain was recAl, leuB6, trpE5, hsdR, hsdM, lacYSOO. 

However the recSC E. coil strain BJ.5183 (obtained from P Nurse) 

was used for recovery of plasmids from S. pombe transformants. The 

phenotype was r, recBC , sbcB, endo, IGal, meth, strR, thi, biot, 

hsd. 

General methods for handling E. coil 

E. coli was handled as described in Maniatis et al, 1982. 

Strains were kept for up to a month on L.Broth agar plates at 4 °C. 

Long term storage was in medium containing 157 glycerol at -70 °C. 

Cells were grown at 37 0C unless otherwise stated. Cell growth was 

estimated by optical density on a Unicam SP600 spectrophotometer. 



(iii) Media 

L-Broth 

This was the cornolex media used to reisolate and grow E. coli. 

Components are listed in Table 2.7. 

1I-9 medium 

This was the defined media used when testing for leucine auxo-

trophs. JA221 the strain routinely used was also auxotrophic for 

tryptophan which was added as a supplement at 2 m/m1. 

The media was made u from four stock solutions whose comDosition 

is shown in Table 2.8. Those stock solutions were addd in the amounts 

shown in Table 2.3 to obtain 149 minimal media. 

Solid media 

l.570Bacto-Difco agar was added before autoclaving. 

Antibiotics 

Antibiotic resistance was used as a selectable marker for 

bacteria carrying a plasmid. Antibiotics were added after the auto-

claved media had cooled to below 60°C. Table 2.9 shows the final 

concentrations used to test for resistance. 
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Table 2.7 L-Broth 

g/litre 
Bacto trvr tone (Difco) 	 10 

Yeast extract (Dilco) 

NaCl 	 10 



'-IL. 

Table 2. 01 - M9 MEDIUM 

Stock solution A 

1t_.'r-\ ...1-. 

CaC12 x 6{2O 
	

0.219 g 

I-SO4  x 71120 
	

2.46 g 

Stock solution B 

for 1 ltr 

1iTa2HPO4  60 g 

i2PO4 30 g 

NaC1 5 g 

Ni,Ci 10 
L4. 

Stock solution C 

Thiamine chloride x HCl 0.1 g/1CO mis 

Stock solution D 

Glucose 
	

40 gIiCO mls 

Stocks A, B, D sterilised by aitoclaving. 

Stock C sterilised by filtering. 

To make up 1 ltr of M9 media 10 mls A, 100 mis B; 1 ml C; and 5 mis D 

made up to 1 itt with sterile distilled water. 
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Table 2.9 - Antibiotic Concentrations 

Concentration (mc/inl) 

Ampicillin (Sigma) 
	

TO 

Chloraiirnhenicol (Sigma) 	 10 

Tetracycline (Sigma) 	 12.5 
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3 	Transformation 

(i) Vectors 

pDB243 

The vector pDB248 was derived from the E. coli plasmid pBR322 

(Bolivar et al, 1977) and the S. cerevisiae chimeric plasmid pJDB248 

(Beggs, 1979). It is capable of autonomous replication in E. coli 

and S. pombe. The Leu 2 gene of S. cerevisiae complements the leu 1 

gene of S. pombe and the leu 36 gene of E. col i. Therefore this marker 

can be used for selection in S. pombe and E. coli. The plasmid also 

contains antibiotic resistance genes for ampicillin and tetracycline 

for selection in E. coli. A restriction map of the plasmid is shown 

in Figure 2.1. (Beach and Nurse, 1982). 

pDB262 

The vector pDB262 was constructed from the bacterial plasinid 

pTR262 (Roberts et al, 1980) and the S. cerevisiae sequences of pDB248. 

It is capable of autonomous replication in E. coli and S. pornbe. This 

plasmid allows positive selection of DNA fragments inserted into the 

single Hindill or BclI restriction enzyme sites as only when fragments 

are inserted does the plasmid confer tetracycline resistance on E. coli. 

The vector also carries the Leu 2+  gene of S. cerevisiae for selection 

in S. pornbe. A restriction map is shown in Figure 2.2. 

(c) pDAM6 and pESPI 

The plasmid pDAM6 was constructed by inserting the PstI fragment 
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Figure 2.3 Restriction map of pDAM6. 
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from the S. cerevisiae vector YEp13 (Broach et al, 1979) containing 

the S. cerevisiae Leu 2 gene into the PstI site in the ampicilith gene 

of bacterial plasmid pBR325. (Bolivar, 1978; P. Nurse, Personal Commun-

ication). It is capable of autonomous replication in B. coli but not 

in S. pombe. The plasmid codes for the antibiotic resistance genes to 

chiorarnphenicol and tetracycline for selection in E. coli. 

pESPI was constructed from pDAM6 by deleting the Sail site from 

the PstI fragment containing the S. cerevisiae Leu 2 gene. (P. Fantes, 

Personal Communication). This vector therefore contains a single SalI 

site in the tetracycline resistance gene. A restriction map of pDAI16 

is shown in Figure 2.3. 

(ii) Transformation of S. pombe 

Essentially,  the same protocol as Beach and Nurse, (1982),. was used. 

Cells were grown at 25°C to an optical density of 0.3 at 595 mm as 

measured on a Unicam SP600 spectrophotometer in 200 mis of F14M containing 0.57 

glucose. The cells were harvested by centrifugation in sterile 

disposable McCartney bottles (Sterilin) in a 'LASE benchtop centrifuge 

at 3/4 speed for 5 minutes. The pellet was washed in 1.2 M Sorbitol, 

20 mM citrate phosphate buffer pH 5.6, 40 mM EDTA and 150 mM 	- 

mercaptoethanol (Sigma). After recentrifugation the cells were 

resuspended in 5 mis of 1.2 M Sorbitol, 50 mM citrate phosphate buffer 

pH 5.6, 30 uM p-mercaptoethanol and 5 mg/ml Novo SP24 enzyme (Novo 

enzymes) for protoplast formation. The cells were incubated in a 

shaking bath at 30°C. Periodically,a sample was observed under the 

microscope. When approximately 707 of the protoplasts had become 

spherical 1 the protoplasts were harvested. This usually took about 30 



minutes. They were then washed three times in 25 mis of 1.2 N Sorbitol, 

10 mM Tris-HC1 pH7.6,7,ently resuspending the protoplasts with a Pasteur 

pipette between each wash. The protoplasts were centrifuged at -1 speed in 

a MSE bench centrifuge for 2.5 minutes between each wash. The proto-

plasts were counted on a haemocytometer (Gelman Hawksley Ltd) and 

3 x 1O7  aliquotted into 10 ml sterile disposable test tubes (Sterilin). 

The protoplasts were then centrifuged and resuspended in 100 p1 of 

1.2 t1 Sorbitol, 10 mM Tris-HC1 pH7.6 and 10 mM CaC1 2 . Plasmnid DNA 

was added in less than 10 p1 bringing the final concentration to 

10 - 20 pg/mi. After incubation at 25°C for 15 minutes, 1 ml of 

10 mM Tris-HC1 pH7.6, 10 mM CaCl 2 , 207 (w/v) polyethylene glycol 

4000 (BDH) was added to each tube and left for 15 minutes at 25°C. 

The cells were finally pelieted and resuspended in 200 ml of 

10 mM Tris-HC1 pH7.6, 10 mM CaCl 2 , 1.2 N Sorbitol, 0.5 mg/ml yeast 

extract and 5 mg/mi leucine and incubated at 30 0C for 30 - 60 minutes 

before plating onto the surface of Osm - EMM selective plates. These 

plates were allowed to dry before incubating at 280C. 

(iii) Transformation of E. coli 

The method of Dagart and Ehrlich (1979)was used with minor 

modifications. 

A stationary phase L-Broth preculture of E. coli was diluted one 

in fifty into fresh L-Broth medium and incubated at 37 0C  with shaking. 

The cells were harvested when they had reached an optical density of 

0.2 at 650 rm. 

The culture was chilled for ten minutes on ice. The cells were 
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transferred to a sterile disposable McCartney (Sterilin) and centrifuged 

at maximum speed for 5 minutes on an '4SE bench top centrifuge. 

The pellet was resuspended in one half of the original culture 

volume of cold 0.1 M CaCl 2  and incubated at 0°C for 20 to 30 minutes. 

The cells were harvested as above and resuspended in 1/15 original 

culture volume of cold 0.1 M CaCl
2 ' The cells were then dispensed in 

100 p1 aliquots into 10 ml sterile disposable test tubes to which plasmid 

DNA was added in less than 10 p1 to give a final concentration of less 

than 1 pg/ml. This transformation mixture was incubated on ice for 

10 to 30 minutes, followed by "heat shock" for 5 minutes at 370C (or 

2 minutes at 42°C). 

The mixture was then returned to ice for a further 20 minutes. 

2 mls of L-Broth was then added and the cells incubated at 37°C for 

1 hour to allow the plasmid antibiotic resistance genes to express 

under non selective conditions. Finally, appropriate aliquots of 

cells were spread onto selective medium. These plates were allowed 

to dry and incubated at 37°C overnight. 

4 	Isolation of DNA and RNA 

(i) General methods for handling DNA/RNA 

(a) Extraction with phenol/chloroform 

Proteins were removed routinely from a cell lysate mixture by 

extracting once with an equal volume of phenol, once with an equal 

volume of 1:1 mixture of phenol and chloroform, and once with 

chloroform. Chloroform was a 24:1 (V/v) mixture of chloroform and 

iso-amyl alcohol. Phenol was equilibrated with 0.1 M Tris-HC1 pH 8.0 

and containing 0.1% hydroxyquinoline and 0.2% p-mercaptoethanol. 

(Maniatis et al, 1982). 
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Extraction was carried out as follows. The aqueous mixture was 

mixed with an equal volume of phenol in a polypropylene tube. The 

contents were mixed until an emulsion formed. The tube was centrifuged 

at 1600 g for 3 minutes at room temperature to separate the phases. The 

aqueous phase was transferred to a fresh tube and the remaining organic 

phase discarded. An equal volume of 1:1 mixture of phenol and chloro-

form was used to extract the aqueous phase as before. The aqueous 

phase was extracted with an equal volume of chloroform. 

The DA was recovered by precipitation with ethanol. 

(b) Ethanol precipitation 

The volume of the DNA solution was estimated. The concentration 

of salt was adjusted with the stock solutions to that shown in Table 

2.10 and mixed. Then 2 volumes of ice cold absolute ethanol was added, 

the solution mixed and incubated at -20 °C for 30 minutes. 

The DNA was pelleted by centrifugation either at 12000 g for 

5 minutes or 5 minutes on an eppendorf microfuge. The supernatant 

was aspirated off and the pellet washed with 70 ethanol. The DNA was 

precipitated by centrifugation as before and the supernatant removed. 

The remaining traces of ethanol were removed by placing in a vacuum 

desiccator for 2 minutes. 

The DNA pellet was dissolved in 20 mM Tris-HC1 pH 7.6, 10 mM EDTA 

buffer. 

When precipitating RNA the amount of absolute ethanol was increased 

to 2.5 volumes that of the original solution. 

CQ 

'pp 
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Table 2.10 Salt Solutions 

Salt 	 Concentrated Solution 	 Final Solution 

Sodium Acetate 	 2.5 il (pH 5.2) 	 0.25 

Sodium Chloride 	 3.0 H 	 0.1 M 

ioni'tn Acetate 	10.5 U 	 2.0 1 
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(ii) Isolation of nucleic acids from S. panbe 

(a) Rapid recovery of plasmid DNA from S. panbe 

The method of Beach et al, 1982 was used. A yeast transforrnant 

colony was smeared onto a selective plate and incubated for 1 to 2 days. 

The cells were scrated off and resusiended in 0.5 mis of 20 mM Tris-HC1 

(pH 7.6), 20 iri'i EDI'A; 17 Triton in a 15 ml glass boiling tube. To the 

suspension was added an equal volume of ballatini beads (BDFI). The 

cells were mixed for 40 seconds on a vortex mixer and ininediately 

phenol/chloroform extracted. The solution was decanted into a 1.5 ml 

sterile eppendorf tube and centrifuged for 1 minute on a Janetzki 

TH 12 eppendorf centrifuge. The supernatant was made 300 mM for Na 

with 3 M sodium acetate and precipitated with half the volume of cold 

(-200C) isopropanol. After incubation at 4 01C, for 10 minutes the 

precipitate was pelleted for 5 minutes in an eppendorf centrifuge. 

The precipitate was resuspended in 100 p1 of 10 mM Tris-HC1 (pH 7.6), 

1 mM EDTA (T.E.) buffer containing 5 p1 of RNAase (1 mg/ml) and digested 

for 10 minutes at 65 0  C.  The solution was phenol/chloroform extracted and 

centrifuged in an eppendorf centrifuge for 2 minutes. 

The supernatant was made 0.1 M with 3 M NaCl and two volumes of 

1007 ethanol added. The sample was left at -20°C to precipitate the 

DNA. The DNA was pelleted in an eppendorf centrifuge for 3 minutes 

and washed with cold (-20°C) 707 ethanol. The suspension was 

recentrifuged and the DNA precipitate vacuum dried and resuspended in 

50 p1 of T.E. buffer. 



(b) Large scale preparation of total S. pornbe DNA 

Essentially, the sane method as Beach et al, (1982) was used. One 

litre of cells were grown in YEPD to an optical density of greater than 

1 at 595 nm. 

The cells were harvested by centrifugation at 5000 g for 5 minutes 

and resuspended in 60 mis of 1.2 M Sorbitol, 20 n1 citrate phosphate 

buffer oH 5.6, 40 mM EDTA, 30 mM /3-mercantoethenol. Cells were then 

pelleted at 5000 g for 5 minutes and resuspended in 20 mis of the same 

buffer plus 5 mg/mi Novo SP234 to digest away the cell wall. The 

suspension was incubated at 37 °C and tested periodically(approx. every 

10 minutes) for greater than 7O? lysis when the lysis buffer was added. 

The protoplasts were lysed in 60 ails of 50 mM Tris-HC1 (pH 7.6), 

50 mM EIJTA, 2 SDS at 65°C for 2 minutes. The lysate was then cooled 

to room temperature and phenol extracted. The mixture was centrifuged 

at 5000 g for 5 minutes and the aqueous (top) layer was phenol/ 

chloroform extracted. This mixture was centrifuged at 5000 g for 

5 minutes and the aqueous layer removed. To this was added 1/10 

volume of 3 M sodium acetate followed by I  volume of cold (-200C) 

isopropanol. The solution was incubated at 40C for at least 30 

minutes to allow the DNA to precipitate. 

The precipitate was oelleted by centrifugation, resuspended in 

6 mis T.E. mixed with 6.4 g of caesium chloride and 0.6 ml of 10 mg/mi 

solution of ethidiurn bromide. 

The solution was spun in an MSE vertical rotor at 45 K for 24 hrs 

at room temperature on an MSE prepspin 50 ultracentrifuge. One clear 

band formed when illuminated with uv light which was removed with a 

syringe. To remove the ethidium bromide and CsC1 2 volumes of 7O7 

ethanol were added and incubated at 40C overnight. The DNA was pelleted 



and resuspended in T.E. buffer. Two further ethanol precipitations 

were carried out to remove all the CsC1 and ethidium. 

Rapid method of obtaining S. pombe total DNA 

A scaled down version of the large scale DNA preparation for 100 mis 

of culture was used except that the cell wall digestion was carried out 

in 5 mls instead of 2 mis. All other volumes were scaled down by 1/10 

of the large scale preparation. 

After isopropanol precipitation of DNA, the pellet was resuspended 

in 2 mls of T.E. buffer pH 7.6 to which was added 60 p1 of 5 M NaCl and 

150 p1 of RNAase (1 mg/mi). The solution was incubated at 65 °C for 

15 minutes. Then 220 p1 of proteinase X (100 u,-,,/ml) was added and the 

preparation incubated at 45°C for 1 hour. 

The mixture was phenol/chloroform extracted to remove all the 

proteinase K. After spinning at 5000 g for 5 minutes the aqueous layer 

was ethanol precipitated twice, vacuum dried and resuspended in 1 ml of 

T.E. buffer pH 7.6. The DNA concentration was estimated against known 

standards after electrophoresis through a 0.6% agarose gel. 

Isolation of total RNA from S. pombe 

The cells were grown overnight in 50 mls of YEPD at 25 °C to an 

optical density of 0.5 at 595 nm. Cells were harvested by centrifuging 

in a MSE bench top centrifuge at 5000 g for 5 minutes in sterile 

McCartney bottles. The pellet was resuspended in 1 ml of C.1 M Nacl, 

50 raM Tris-HC1 pH 7.5, ZZ. Tri-iso-propylnapthalene - sulphonic acid 

(Eastman) T.N.S. and transferred to 15 ml glass tubes. An equal volume 



of ballatini glass beads (acid washed) and phenol were then added. This 

mixture was vortexed twice for 40 seconds with 60 seconds on ice in 

between. 

The cell lysate was immediately transferred to sterile 15 ml corex 

tubes (Dupont) and centrifuged at 10,000 g on angled Sorvall type 

SS-34 rotar on a Sorvall RC-5B centrifuge. The aqueous layer was 

transferred to a 15 ml corex tube and extracted with an equal volume 

of chloroform. The RNA in the aqueous phase was precipitated in 

0.1 N NaCl and 2.5 to 3 volumes of 1007 ethanol at -200C for at least 

30 minutes. 

The RNA was pelleted by centrifuging as above. The supernatant 

was aspirated off and the pellet vacuum dried. The pellet was 

resuspended in 500 p1 of T.E. buffer pH 7.6. 

The concentration of RNA was determined by the optical density at 

260 nm on a Pyc Unicam SP00 UV spectrophotometer. 

(iii) Isolation of plasmid DNA from E. coli 

(a) Rapid isolation of plasmid DNA from E. coli 

Two methods were used depending on how much plasmid DNA was required: 

I Boiling method of Holns and Quigley, 1981. 

II Alkaline lysis method of Birnboim and Doly, 1979. 

I Boiling method. 

When small amounts of plasmid DNA was required for analysis, that 

is approximately 1 pg, this was the method of choice as it was quicker 

than method 2. 



Cells were inoculated into 5 mis of L-Broth medium plus the 

appropriate selective antibiotic in 10 ml sterile disposable test tubes 

and incubated overnight at 370C. These cells were centrifuged at 

maximum speed on a MSE bench top centrifuge. The pellet was suspended 

in 150 p1 of lysis buffer, 87 Sucrose, 57 Triton X-100 (BDFI), 

50 uil EDTA, 50 mM Tris-HC1 (pH8) and transferred to a sterile 1.5 ml 

eppendorf tube. Lyzozyrne (Sigma') was added to a concentration of 

1 mg/ml and the preparation incubated on ice for 5 minutes. 

The sample was placed in a boiling water bath for forty seconds 

and iniiiediately centrifuged for 10 minutes in an eppendorf rnicrofuge. 

The gelatinous pellet that formed was removed with a sterile toothpick. 

The plasmid DNA was precipitated from the remaining supernatant by 

adding 1 volLmie of isoprocanol and incubating at -20 0C for 5 minutes. 

The DNA was pelleted by centrifugation in an eppendorf microfuge 

for 5 minutes and the pellet resuspended in 100 p 1  of T.E. buffer pH 7.6 

containing 0.1 M NaCl. The plasmid DNA was ethanol precipitated at 

-20°C, centrifuged in a microfuge for 10 minutes, the supernatant 

removed and the pellet dried in a vaci.nin desiccator. The DNA pellet was 

resuspended in 50 p1 of T.E. buffer pH 7.6. Approximately 1 to 1.5 pg 

of plasmid DNA was routinely obtained by this method. 

II Alkaline lysis 

When more DMA was required a scaled up Birnboim and 1)1y preparation 

was used as the boiling method proved difficult to scale up. 

50 mis of L-Broth plus the appropriate antibiotic was inoculated 

and grown up to stationary phase overnight. The cells were harvested by 

centrifugation in disposable McCartney bottles at maximum speed on a 



HSE bench centrifuge. The pellet was resuspended in Smls of 50 mM 

Glucose, 10 mLM ZMA, 25 mM Tris-HC1 (pH 3), lysozyme 2 mg/ml and trans-

ferred to a 30 ml corex tube. The preparation was incubated on ice for 

5 minutes after which 10 mis of 0.2 N NaOH, 1 SDS was added and the 

mixture incubated on ice for a further 5 minutes. 

The sample was neutralised using 7.5 mis of 3 N Na Acetate (pH 4.3) 

and left on ice at least 60 minutes. The preparation was centrifuged 

on a Sorvall angle SS34 rotar on a Sorvali .C-5B centrifuge at 7000 g 

for 5 minutes at 40C. The supernatant was phenol extracted and cent-

rifuged as above for 5 minutes. 

The aqueous phase was re-moved and RNAase added to 50 pg/mi. The 

preparation was incubated at 65 °C for 10 minutes follcwed by phenol/ 

chloroform extraction. After centrifugation as before the aqueous phase 

Or,  was ethanol precipitated at -20 . The D[A was pelieted at 70u0 g for 

5 minutes and the pellet washed with cold (-20 0111) 70°L ethanol. Finally, 

the DNA was centrifuged as above, the pellet dried in a vacuum desiccator. 

and resuspended in 500 p1 of T.E. buffer pH 7.6. 

To estimate the DNA concentration, dilutions were run against own 

standards through a 0.67 agarose gel. 

Approximately 100 pg were routinely obtained by this method. 

(b) Large scale preparation of plasrnid from E. coli 

One litre of cells were grown in L-Broth plus selectable antibiotic 

at 37°c overnight to stationary phase. The cells were harvested by 

centrifugation in a Sorvall type GSA angle rotor at 7000 g for 5 

minutes on a Sorvall RC-5B centrifuge. The cell pellet was resuspended 

in 40 mls of 25 mM Tris-HC1 (pH 8.0), 10 mM E1JIA, 50 mM glucose and 



4 mgs /ml lysozyme and incubated at room temperature for ten minutes. 

Then 80 mis of 0.2 M NaOH, NO Si-IS (Sigma) was added, mixed and incubated 

on ice for five to ten minutes. To this, 40 mis of cold (0°C) 5 N potassium 

acetate pH 4.8 were added. (The potassium acetate was made as follows: 

to 60 mis of 5 M potassium acetate add 11.5 mis of glacial acetic acid 

and 28.5 mis of H20) and the ca-itents mixed by inverting the tube sharply. 

The preparation was incubated on ice for one hour. 

After this time 10 mis of rI 2O was added, the contents mixed and 

spun at 3000 g for 5 minutes. The supernatant was poured through a 

plastic tea strainer to remove any floating lumps. To the supernatant 

was added 0.6 volume of isopropanol, the preparation mixed and left to 

stand at room temperature for 10 minutes. The nucleic acids were 

recovered by centrifugation at 8000 g for 5 minutes. 

The pellet was resuspended in 24 mis of T.E. buffer pIH 7.6 and 

1.5 mis of 0.2 N EDTA (pH 3.0). The preparation was neutralised to 

pH 7.0 with 2 M Tris-base and the volume made up accurately to 28 mis 

with T.E. buffer pH 7.6. 31 g of Caesium chloride and 3 mis of ethidium 

bromide (10 mg/ml) was dissolved in the preparation to give a final 

density of approximately 1.59. The mixture was transferred to 40 ml 

polycarbonate MSE tubes and loaded onto a 8 x 40 MSE titanium vertical 

rotor. The rotor was spun in a MSE prespin ultracentrifuge at 40,000 g 

at 20°C for 24 hours. 

The closed circular plasmid band was visible in the centre of the 

gradient when illuminated by uv light. The DNA was obtained by inserting 

a syringe through the wall of the centrifuge tube and collecting the 

plasmid band. 

To remove the C aes ium chloride and ethidium bromide from the DNA 

3 volumes of 707 ethanol was added and the preparation incubated at 40C 



overnight. The DNA was pelleted and subjected to two further ethanol 

precipitations to remove all the ethidium bromide. 

The final DNA pellet was dried under vaciniin and the DNA concentrat-

ion determined by the absorbance at 260 rim as read on a Pye Unicam UV 

spectrophotometer. 

5 	Molecular analysis of DNA and RNA 

Restriction digest analysis 

Restriction enzymes were mostly obtained from 3PL and used acdord-

ing to the manufacturer's instructions. Reactions typically contained 

0.4 to 1 pg of DNA in a volume of 20 p1 and were usually incubated at 

the recommended temperature for 1 hour. 

When DNA was cut with two or more restriction enzymes the digestions 

were carried out simultaneously in the same buffer if both enzymes 

functioned at the same salt concentration. Alternatively the enzyme 

that functioned in the buffer of lower salt concentration was used 

first. Then the appropriate amount of salt plus the second enzyme 

was added and the incubation continued. Digests were terminated by 

the addition of 0.1 x the volume of 0.2 M EtYI'A pH 8 and/or heat 

inactivation at 65°C for 10 minutes. 

Ligations 

Ligation of cohesive ends were carried out according to the 

manufacturer ' s instructions. The final concentration of DNA to be 

ligated was in excess of 100 pg/mi. Typically 1 pg of DNA was ethanol 

precipitated in an 1.5 ml eppendorf tube. To this was added 1 p1 of 

10 x ligation buffer (0.2 M Tris-HCl pH 7.6; 0.1 M MgC1 2 ; 0.1 M 
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dithioerythrito1)., 1 p1 of gelatin solution (1 mg/ml) and 1 p1 of ATP 

solution (10 nivO. Approximately 1 unit of T4  DNA 1 igase (Boebringer) 

was added and the mixture incubated at 12 °C overnight. The reaction was 

terminated by the addition of 0.1 x volume 0.2 M EDTA (pH 8). The 

ligation mixture was incubated at 700C for 10 minutes before using 

for bacterial transformations. 

(iii) Agarose gel electrophoresis 

The vertical gel system used routinely was described by Southern 

(1979). The gel dimensions were 140 mm in width, 100 mM in depth and 

3 mm thick. The slot dimensions were 9 mm in depth, 5 mm in width and 

3 mm thick. Unless otherwise stated electrophoresis was through 0.6' 

agarose (type II, low E.E.O. (Sigma)) dissolved in electrophoresis 

buffer (36 ni4 Tris-I-IC1 (pH 7.7) , 30 mM NaH 2PO4 ; 1 mM EtYTA). The 

buffer was stored as axlO stock at 4°C. The applied voltage was no 

more than 5 V /cm. Following electrophoresis the gel was stained in a 

0.5 pg/mi solution of ethidium bromide (Sigma). The DNA fragments were 

detected by illumination from a UV transilluminator (Ultra Violet 

Products Ltd) and photographs obtained using a Polaroid MP4 land 

camera with Polaroid Type 667 film. 

A horizontal gel apparatus was used to recover a specific DNA 

fragment from an agarose gel. The gel dimensions were 170 mm in length; 

150 mm in width and 10 mm deep. The slot dimensions were 1 mm in length; 

5 mm in width and 8 mm in depth. 

The DNA samples were mixed with gel loading buffer which contained 

9/o glycerol and 0.0259/6 bromopherol blue added from a xlO stock. 
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(iv) Recovery of DNA from agarose gels 

For some subcloning of DNA fragments the method used was to reuove 

a defined restriction fragment by cutting it out of a horizontal low 

melting point 1. 27. agarose gel (Sigma). The method used was that 

given in Maniatis et al, 1982. 

The low melting agarose was dissolved in electrophoresis buffer 

by heating in a microwave oven for 5 minutes. This was allowed to 

cool, ethidium bromide added to a final concentration of 0.5 pg/mi 

and the gel poured at 40C. The gel was run for 8 hours at 5V /cm. 

The gel was checked under UV to make sure that the desired DNA 

fragment had separated. Gel including the fragment was cut out using 

a scalpel and placed in a 1.5 ml eppendorf tube. The volume of the 

gel was estimated and x 5 volume 20 mM Tris-HC1 (pH 8) 1 mM EDTA added. 

The sample was heated at 65 °C for 5 minutes and cooled for 10 minutes 

to allow the preparation to reach room temperature. 

The melted gel slice was phenol extracted. The aqueous phase 

was recovered after spinning for 1 minute in a microfuge. This 

aqueous phase was phenol /chloroform extracted and then chloroform 

extracted. The DNA was recovered from the final aqueous layer by 

ethanol precipitation. 

It was found that DNA recovered by this method would not reliably 

ligate. The preparation was further purified by chromatography on a 

NACS-52 column MIL). The column was constructed from a 1 ml disposable 

syringe plugged with siliconized glass wool. One ml of NACS-52 sus-

pension (prepared according to the manuf tur's recommendations) 

was loaded onto the column and allowed to drain under gravity flow. 

The column was washed with 5 mis of 0.5 M NaC1 and allowed to drain 
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completely. The DNA preparation was dissolved in 0.5 lvi  NaCl and loaded 

onto the column. The column was washed with 5 mis of 0.5 M NaCl and 

allowed to drain. To reduce the dilution of recovered DNA, residual 

0.5 M NaCl in the column was removed by air pressure from the syringe 

piston. The DNA was eluted from the column with 0.3 mis of 2 N NaCl. 

The DNA was collected and purified by ethanol precipitation. 

(v) Nick translation of DNA 

Radioactive 2P labelled DNA probes were prepared by nick translation 

using the method ofigby et al, 1977. About 1 pg of DNA was mixed with 

20 pCi (2 pi) of c 2p;.; TTp (410 Ci/niil, Amersham), 5 p1 of each of the 

other unlabelled nucleotides (from 200 pM stock solutions), 5 p1 of 

10 x nick translation buffer (1 x nick translation buffer: 50 ri Tris-

HC1 (pH 7.8), 10 pM p-mercaptoethanol, 5 mM M Cl 2 , 100 pp,/ml BSA) 

and 25 p1 of H20. 

To start the reaction 1 p1 of a 2 x 10 fold dilution (in "2
T 0)of  

DNAase I (BL  stock solution (1 mg/ml in 1 x nick translation buffer 

containing 50 (v/v) glycerol) and 2 p1 (10 units) of DNA polymerase I 

(Anersham) was added to the nick translation mixture. The reaction 

mixture was incubated at 15 °C. 

The incorporation of 34-dTI'P into the DNA was monitored from 

1 p1  samples at specific tines after the start of the reaction. 

Samples were spotted Onto Whathian CF/C filters and the radioactivity 

measured by the Chernokov method in the 3H channel of a Hewlett Packard 

model 2425 liquid scintillation counter. The filter was then washed 

three times in 100 mis of cold 57 trichloroacetic acid (TCA). The 

filter was dried on a hot plate and the radioactivity measured as 
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before. The two values were used to calculate the 7 incorporation of 

radioactivity into the DNA. 

The reaction was terminated by the addition of 1/5 vohne of 

0.2 N 	A (pH 8). linnediately before use as a probe in hybridisation 

experiments,the radioactive DNA was denatured by boiling for 5 - 10 

minutes. 

(vi) Hybridisation of Nucleic Acids 

(a) Southern Transfer 

Southern transfer (Southern, 1975) was used to detect specific 

sequences of DNA within a particular cloned or genomic DNA digest. In 

outline, DNA fragments that have been separated according to size by 

electrophoresis through an agarose gel are denatured, transferred to a 

nitrocellulose filter and immobilised. The transfer is carried out by 

setting up a flow of liquid through the gel and the nitrocellulose 

filter so that DNA fragments are eluted from the gel and bind to the 

nitrocellulose paper. The DNA attached to the filter is then hybrid-

ised to 32P-labelled DNA or RNA and autoradioah 	 d y used to locate e 

radioactive probe. 

The conditions and apparatus used were similar to Southern, 1975 

as modified by Maniatis et al, (1981). The DNA in the agarose gel was 

soaked in 0.25 M IIC1 for 15 minutes. The acid partially hydrolyses 

the DNA causing depurination which aids the transfer of large DNA 

fragments (Wahl et al, 1979). The acid was decanted off and the gel 

immersed in 1.5 N NaCl and 0.5 M NaOH for 15 to 30 minutes to denature 

the DNA causing strand separation. The alkali solution was drawn off 

and the gel washed with distilled water. The gel was then soaked in a 
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neutralising solution of 3 Msodiurn acetate pH 5.5 for 30 minutes. 

The gel was then placed on sheets of chromatography paper soaked 

in 20 x SSC (1 x SSC: 0.15 M NaCl, 0.015 M sodium citrate) on top of a 

plastic tray. A cellulose nitrate filter (Schleicher and Schuell 

BA 85) was cut to the size of the gel, presoaked in 20 x SSC and placed 

over the gel taking care not to trap any air bubbles. Tk o  pieces of 

chromatography paper were soaked in 20 x SSC and laid over the top of 

the filter, again making sure there were no air bubbles. Paper towels 

were then stacked on ton and weighed down with glass bottles. To 

prevent "short circuiting" of the liquid path between the tray and 

the paper towels old X-ray films were used to form a water tight border 

round the gel. 

DNA transfer was carried out overnight. The filter was labelled 

gel side up with the positions of the gel slots using a ball point pen. 

The filter was blotted between two sheets of chromatography paper and 

baked for 2 hours in a vacuum oven at 80 °C. The filter was stored 

until use in a desiccator at room temperature. 

(b) Hybridisation of filter 

The filter was prehvbridised in 30 mls of prehybridisation fluid 

(2 x SSC, 0.57 SDS, 2 x Denhardt's solution (see below), 50 pg/mi 

denatured salmon sperm DNA (see below)), contained in a glass staining 

jar. Prehybridisation was carried out for 3 to 4 hours at 60 0C. 

Hybridisation was carried out in 30 mis of the same buffer as 

above. Denatured probe (see nick translation) was added and liquid 

paraffin poured on to p  to prevent loss of hybridisation mixture by 

evaporation. The glass staining jar was sealed with masking tape and 



incubated at 70°c overnight. 

After hvbridisation %  the filter was washed three tines with 1 x SSC 

at 60°C for 1 hour. The filter was dried by blotting with chromato-

graphy paper, wrapped in Saran wrap, and applied to an X-ray film to 

obtain an autoradiographic image. 

Denhardt's solution (50 x) per 500 ml of H 20: 

Ficoll (Sigma) 5.0 g 

polyvinylprvrollidone (Sigma) 5.0 g 

BSA (Sigma) 5.0 g 

re-natured salmon sperm DNA: 

Salmon sperm DNA (Sigma) was dissolved in H 20 at a concentration of 

10 mg/ml and denatured by incubating in a boiling water bath for 

10 minutes. 

(c) Autoradiography 

The filter was taped to chromatography paper and placed in a X-ray 

film cassette. In a dark room a sheet of preflashed Kodak X"-at 

S type 1 X-ray film was placed on top of the filter. An intensifier 

screen (Du Pont Crorrx - Lighting Plus) was placed next to the X-ray 

film. The cassette was sealed and placed at -700C to expose the film. 

The film was developed in Kodak LX -24 developer for 5 minutes, 

washed once in tap water and fixed for 5 minutes in Kodak FX - 40 fixer. 
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The film was then rinsed extensively in tap water. 

(vii) Hybridisation of ?NA 

In outline, total RNA was separated on a formaldehyde denaturing 

agarose gel (Goldberg, 1980) and blotted to nitrocellulose using the 

method of Thomas, 1980. 

Subsequent operations to locate the RNA transcript of interest 

were as for DNA blots. 

(a) Gel electrophoresis of J'A 

A vertical gel apparatus of dimensions 20 cm wide by 20 cm deep 

and 0.5 cm thick was used. Sample slots were 30 rn wide and 1 cm deep. 

The bottom of the gel was sealed with 1.5 agarose dissolved in 1 x 

gel buffer (25 ni'I MOPS (Sigma) pH 7, 5 nM sodium acetate, 1 rr EDTA). 

Then 1.2" agarose was dissolved in 1 x gel buffer to 5/6 of the final 

volume. The dissolved agarose was cooled to 50-600 0. in a water bath 

and 1/6 volre of 387 formaldehyde solution (BDTd) added and the gel 

poured. After the gel had set,the gel tank was filled with enough 

1 x gel buffer to cover the electrodes. airing electrophoresis the 

buffer was found to leak from the gel apparatus and therefore a peristaltic 

pump was used to recirculate the buffer. 

(h) Preparation of the RNA samples 

40 pg of S. pombe PJNA was ethanol precipitated using 2.5 x volumes 

Of absolute ethanol. The Precipitaw was dried in a vacuum desiccator 

and dissolved in 100 p1 of loading mixture (5G7 v/v formamide (BDH), 
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1/6 volume of 387 formaldehyde solution, made up to final volume with 

1 x gel buffer). The sample was incubated for 5 minutes at 60 °C to 

denature the RNA and 2 p1 of 2 mg/ml ethidium bromide solution added. 

The samples were loaded and electrophoresis continued overnight at 

50 v. The gel was placed on top of a UV transilluminator and photo-

graphed as for a DNA gel. For the RNA gels described in this work, 

the S. pombe ribosomal RNA bands were used as molecular weight markers. 

Therefore, to calibrate the picture of the gel with the final autoradio-

graph, a ruler was included in the photograph to determine the distance 

that the ribosomal bands had travelled from the top of the gel. 

(c) Northern Transfer 

Two methods were used depending on whether nitrocellulose or gene - 

screen were used to bind the RNA. 

I Binding RNA to Nitrocellulose 

The nitrocellulose filter was soaked for 30 minutes before use in 

20 x SSC. Essentially the same method was used as for Southern transfer 

except that the gel required no pretreatment and was placed directly 

onto the chromatography sheets. The gel was blotted overnight. The 

transfer of RNA to the nitrocellulose filter was checked under liv 

light. The filter was dried and baked in a vacuum oven at 80 0C for 

3 to 4 hours. The filter was prehybridised in 30 mls of prehybrid-

isation solution (50, formamide, 5 x SSC, 50 nfl Na PO 4  buffer pH 6.5, 

2 x Denhardt' s solution, 50 pg/mi denatured Salmon sperm DNA) and 

incubated at 420C overnight in a glass staining jar. 

Denatured radioactive probe was then added to the prehybridisation 

solution. Paraffin was added as an overlayer to prevent the filter 
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drying out. The mixture was incubated at 42 0C overnight. 

Four changes of 2 x SSC, 0.17 SDS at room temperature for at least 

5 minutes each was used to wash the filter. This was followed by two 

washes in 0.1 x SSC, 0.17 SDS at 500C for at least 15 minutes. 

The filter was then dried and autoradiographed as described for 

DNA hybridisations. 

II Binding RNA to Genescreen Nylon Membrane 

Genescreen (New England Nuclear) was used as reccmnded by the 

manufacturers. The genescreen membrane was soaked before use in 

0.025M Na2  HPO4/Na lI2  PO4  (pH 6.5) for 15 to 20 minutes. RNA transfer 

was carried out as for the nitrocellulose filter except that the 

transfer buffer was 0.025 MNa2  HPO4/Na 112  PO4  (p116.5). The filter 

was dried and baked in a vacuum oven at 80°C for 2 to 4 hours. 

The filter was prehybridised in a 10 ml prehybridisation solution 

(507 formamide, 0.2% polyvinyl-pyrolidone M. W. 40,000 FSigmaj , 0.2% 

bovine serumalbumin [Sigma], 0.27 ficoll N. W. 400,000 [Sigma], 

0.05 N Tris-HC1 pH 7.5 , 0.17 sodium pyrophosphate, 1.07 SDS, 107 

dextran sulphate N. W. 500,000 (Pharmacia) and 100 pg ml 4  denatured 

salmon sperm DNA). The solution was added to a sealable plastic bag 

bag containing the membrane filter, the bag sealed and incubated at 

420C for 6 hours. 

Denatured radioactive probe was added in 3 mls of the prehybridis-

ation solution (minus dextran sulphate) to the bag containing the 

membrane. The plastic bag was then resealed and incubated at 42 0C 

for 16 to 24 hours. 

The membrane was then washed twice with 100 mis of 2 x SSC at 

room temperature for 5 minutes. This was followed by two washes in 

100 mis of 2 x SSC and 1.07. SDS at 650C for 30 minutes with constant 
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agitation. Finally, the membrane was washed twice in 100 mis of 0.1 x 

SSC at room temperature for 30 minutes with constant agitation. 

The membrane was then dried and autoradiographed as before. 

Genescreen was used when a filter was expected to be reprobed with 

a different radioactive probe. Nitrocellulose was found to be unsuitable 

for reprobing as it was fragile and cracked easily during the rehybrid-

isation procedure. 

The following protocol was used to remove the labelled probe from 

a genescreen membrane. The filter was washed in 250 mis of rehybrid-

isation solution (0.005 M Tris-IIC1 pH 8.0, 0.0002M Na 2  E1YIA, 0.057 

Sodium Pyrophosphate, 0.0027 polyvinyl - pyrrolidone M. W. 40,000 5  

0.0027 bovine serum albumin, 0.0027 ficoll M. W. 400,000) and incubated 

with constant agitation for 1 to 3 hours at 65 to 70 °C. 

After incubation the membrane was air dried, and treated as before. 
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CHAPTER 3 Isolation of DNA Sequences that Complement a cdc 22 Mutation 

1 Introduction 

The method used for isolating the cdc 22 gene was essentially the 

same as that developed to clone cdc genes from S. cerevisiae. (Nasmyth 

and Reed, 1980: Clarke and Carbon, 1980). From a pool of wild type 

yeast DNA fragments carried in a plasmid "gene library" those that 

were able to complement the temperature sensitive cdc 22-M45 mutation 

were selected after transformation experiments. The rationale for the 

cloning experiment is shown in figure 3.1. 

2 Gene libraries 

Three independently constructed gene libraries were used in the 

transformation experiments. 

The first, GB1, was constructed by Dr P. A. Fantes and Dr J. Ogden 

from a partial Sau3A digestion of genomic wild type S. pombe DNA. As 

Sau3A leaves the same GATC cohesive ends as the restriction enzyme 

BamHI the fragments could be inserted into the BarnHI site of the 

tetracycline resistance gene of the vector pDB248 (Beach and Nurse, 

1980). 

This DNA was used to transform the E. coli strain JA221 and 
0 

10,000 independent ampicillin resistant, tetracycline sensitive 

colonies were picked to make the gene library. The average insert size was 

estimated from ten independent colonies and found to be approximately 

4 kb. (Ogden, .3., Personal Communication). 

The other two gene libraries were obtained from Dr Paul Nurse. 

The first GB2 was a partial Hindlil digest of wild type S. pombe 

DNA ligated into the vector pDB262 (see Materials and Methods). The 

gene bank was constructed from 20,000 E. coli independent recombinants. 
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Figure 3.1 Rationale for Cloning Experiments 
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The second, GB3, was a total Hindill digest into the same vector. 

The gene library was made from 30,000 E. coli clones. 

As only a small amount of G32 and GB3 was available, 10 pg of 

each gene library, they were first amplified by retransforming E. coli. 

The 100,000 recombinant E. coli clones obtained were pooled and a 

large scale plasrnid preparation made by the alkaline lysis method 

(see Materials and Methods) for each gene library. 

A small amount of unamplified GB2 DNA remained which was also 

used in the transformation exner:iinents. 

3 Transformation of a cdc 224145 leu 1.32 strain with the gene library 

Both the plasmid vectors used in the preparation of the gene 

libraries carried the leu 2+  gene of S. cerevisiae which complements 

the leu 1.32 mutation of S. pombe. Therefore a leu 1.32 mutation was 

crossed into a cdc 22-M45 strain to enable yeast transformants carry-

ing a plasmid to be selected. 

Transformation of the cdc 224145 leu 1.32 strain was as detailed 

in Materials and Methods. 

Preliminary characterisation of the cdc 224145 mutation showed 

that it was osmotically suppressible on Osm EMM agar plates. There-

fore, cdc+ leu+ transformants could not be directly selected. To solve 

this problem 1eu transformants were first selected at 28 °C before 

testing for the cdc phenotype by replica plating to E24M plus phloxin 

at 35°C and scoring for growth. 

The number of leu transformants screened together with the 

number of cdc leu+  colonies obtained for each gene library is shown 

in table 3.l. 

The six cdc leu transformants from the GB2 unamplified gene 



Table '•1 

Transformation of cdc 22-M45 leu 1.32 with gene library DNA 

	

NO OF leu 	 NO OF cdc 

GENE BANK 	 TRANSFORMANTS 	TRANSFORNANTS 

GB1 	 36,000 	 10 

GB2 	 21,000 	 0 

GB3 	 19,000 	 0 

GB2 unamplified 	 7,200 	 6 

rL1 
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library all divided at wild type size at 35 0C. Growth also appeared 

normal as colonies appeared after two days on EMM at 35 °C. These 

transformants were termed cdc 22-GB2(l) to cdc 22-GB2(6). 

The phenotypes of the ten cdc leu transformants obtained from 

the GB1 gene library were different from those described above. These 

transformants divided at two to three times the wild type size at 35 °C. 

Colony growth was also slower than wild type as it took at least four 

days at 35°C on EMM for colonies to appear. 

From table 3.1 it is interesting to observe that no cdc ]• 

trarisformants were obtained from the GB2 gene library that had been 

amplified in E. coli though a greater number of 1eu transforrnants 

were tested for growth at 35 0C. This suggests that plasmids that 

carried the cdc 22 gene had been selected against during amplification. 

The selection could have occurred during transformation and/or 

growth of the plasmids in E. coli (Hannahan, 1983). The method of 

plasmid isolation could also have imposed a selection (Maniatis et 

al, 1982). 

4 Mitotic Stability and Cosegregation 

S. pornbe strains carrying the plasmids pDB248 or pDB262 are 

mitotically unstable when grown with or without selection. Plasmid is 

lost due to not possessing a mechanism for efficient segregation to 

mother and daughter at mitosis. Therefore a mitotic instability for 

and leu+  when the transforrnants are grown under non-selective 

conditions would be characteristic of the genes determining these 

phenotypes being carried on the above vectors. If both cdc+  and 

were on the same plasmid cosegregation of these markers would 

be expected. 
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To test this, each of the cdc'4 leu+  transformant strains were 

streaked out non selectively on YE agar at 25 °C. Single colonies 

were picked onto a YE agar master plate and grown overnight at 25 0C. 

They were then replica plated to MIA with or without leucine at 25 °C 

and 35°C. The cdc and leu phenotype of each colony was determined 

and the results obtained are shown in table 3.2. 

As can be seen from this table in the transformant strains 

cdc 22-GB2(1) to cdc 22-GB2(6) the cdc and leu markers were both 

mitotically unstable and cosegregated. 

The transforrnant strains cdc 22-GB1(l) to cdc 22-GB1(10) were 

all mitotically unstable for cdc and leu. However,in only two 

strains cdc 22-GB1(7) and cdc 22-GB1(10) did the two markers show 

cosegregation in nearly all cases. In the other eight transformants 

it was found that the two mitotically unstable markers behaved 

independently and the phenotypes could be separated from one another. 

This would suggest that two distinct plasmids were present in these 

yeast transforrnants, one carrying each marker. 

5 Isolation of putative cdc 22 containing plasmids 

In order to isolate and amplify the plasmids DNA was obtained 

from the transfortnants by vortex mixing in the presence of glass beads 

to break the cells mechanically (See Materials and Methods). This 

DNA was used to transform the E. coli strain BJ5183. 

Plasmids were obtained from transforrnant strains cdc 22-GB2(l) to 

cdc 22-CB2(4), cdc 22-GB1(7) and cdc 22-GB1(lO) that were capable of 

retransforming a cdc 22-M45 leu 1.32 strain to give a cdc leu pheno 

type at approximately 1O3  transforrnants per pg of DNA added. In each 

case a number of separate E. coli transformants from each yeast 



Table 32 - Mitotic Stability of cdc and leu in cdc leu transformants 

PHENOTYPE TOTAL 
STRAIN 

+ 	+ cdc 	leu cdc+  leu-  cdc
- 
 leu

+ 
 cdc 	leu NO 

cdc 22-GB1(1) 28 5 39 23 95 

cdc 22-GB1(2) 31 46 14 9 100 

cdc 22-CB1(3) 59 18 12 9 98 

cdc 22-GB1(4) 34 8 13 11 63 

cdc 22-GB1(5) 38 23 22 0 83 

cdc 22-GB1(6) 3 23 9 0 35 

cdc 22-GB1(7) 25 0 1 25 51 

cdc 22-GB1(8) 8 6 22 12 42 

cdc 22-GB1(9) 12 1 4 1 18 

cdc 22-GBI(10) 37 0 2 11 50 

cdc 22-GB2(1) 64 0 0 36 100 

cdc 22-GB2(2) 55 0 0 43 98 

cdc 22-GB2(3) 31 0 0 68 99 

cdc 22-GB2(4) 57 0 0 40 97 

cdc 22-GB2(5) 28 0 0 72 100 

cdc 22-GB2(6) 48 0 0 52 100 
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transforrnant strain were screened for cdc+  function in cdc 22-M45 

leu 1.32 before a plasmid capable of complementation of the cdc defect 

was isolated. 

The gel shown in figure 3.2 illustrates this point. Out of 

a number of plasmids isolated from the same yeast transformant strain 

only a fraction were able to complement a cdc 22-M45 leu 1.32 strain. 

Plasmid DNA obtained from 16 separate E. coli clones obtained by 

transformation with DNA prepared from the yeast transformant strain 

cdc 22-GB2(2) were separated by electrophoresis on a 0.67 agarose gel. 

Only four of these plasmids (figure 3.2; tracks 11,12,14 and 16) 

complemented the cdc 224 ,145 leu 1.32 strain. 

The other plasmids could have arisen by cotransformation from 

the original gene bank as has been shown by Beach et al, (1982) or 

generated by recombination either in S. pombe and/or E. coli. 

In the transformant strains that showed independent segregation 

of 	and cdc, plasmids conferring a cdc leu phenotype on a cdc 

22-M45 leu 1.32 strain were isolated in E. coli. None of the plasinids 

isolated conferred a leu phenotype as tested in the E.coli leucine 

auxotroph strain JA221. This suggests that no cdc leu plasmids could 

be isolated. Presumably no cdc+  leu plasmids were obtained because 

these plasmids were not capable of growth in E. coli due either to the 

absence of a functional origin of replication and/or not expressing 

the gene for ampicillin resistance selected for in the transformation 

experiments. 
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Figure 3.2 

Plasmid DNA was isolated from 16 separate E.coli clones that 

had been transformed with the same yeast transformant strain 

cdc 22 - GB22). The DNA was separated by electrophoresis on a 

0.67 agarose gel at 50 V for 3 hours. Following electrophoresis the 

gel was stained in ethidiurn bromide. The DNA fragments were detected 

by fluorescence when illuminated by UV. The photograph was taken 

using a Polaroid MP4 land camera as described in Materials and 

Methods. 
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6 Transformation of cdc 22-Cll leu 1.32 

During the course of this work Dr Jim Creanor isolated a number 

of additional S. pombe cdc mutations (J. Creanor, Personal Cotmunicat-

ion). One of these mutants was found to be a different allele of cdc 22 

designated cdc 22-Cu (See Chapter 7). 

A cdc 22-Cll leu 1.32 strain was constructed and transformed with 

each of the six cdc 1eu plasmids. All the leu transformants were 

when tested for growth at 350C. 



7 Summary 

The experiments described the isolation of sixteen cdc 1 

transformants from three separate gene libraries. All sixteen strains 

were mitotically unstable for leu and cdc, indicating that the genes 

encoding these phenotypes were carried on autonomously replicating 

plasmids. 

The transforrnants could be divided into two groups according 

to their mitotic segregation pattern:- 

In eight of the transformants the cdc+  and  leu+  markers 

cosegregated indicating that they were carried on the same  

plasmid. 

The remaining eight showed independent segregation of cdc 

and leu+  suggesting that the markers were carried on two 

separate plasmids. 

Plasuiids were obtained in E. coli from six of the eight transforrnanc 

strains (group 1, above) and these retransforned cdc 22-M45 leu 1.32 

and cdc 22-Cli leu 1.32 strains at a high frequency. 



CHAPTER 4 Characterisation of cdc 22 - M45 Complementing Plasmids 

1 Introduction 

A necessary first step after the isolation of a number of plasrnids 

able to complement cdc 22 mutations was to determine which, if any, 

carried the same S. pornbe DNA fragment. 

Secondly, it was important to investigate whether the S. pombe 

cloned sequence present on each plasmid was the same as that originally 

present in the genome and was not the result of a ligation artifact 

caused during the construction of the gene library. 

Finally, complementation of a mutation was not sufficient proof 

that the cloned sequences contained the desired gene as it could also 

code for an extragenic suppressor of the mutation (Bostein and Davis, 

1981). 

Each of the above points was investigated in the experiments 

described in this chapter. 

2 Restriction Digest Analysis 

To determine if the six cdc 22 - M45 complementing plasmids isolated 

in E. coli all contained the same S. panbe DNA fragment restriction digest 

analysis was carried out with each plasmid. Figure 4.1 (b) shows the 

vector pDB262 and plasmid extracted from the cdc 22 - GB2(1) yeast trans-

formant strain digested with the restriction enzymes BamHI, EcoRI, Hindill 

or PstI and separated on a 0.67 agarose gel by electrophoresis (detailed 

in Materials and Methods). By plotting the log (molecular weight) of 

known markers (Rindill digested lambda DNA) against nobility through 

the gel, the size of the bands obtained could be estimated (Figure 4.1(a)). 
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Figure 4.1(a) Size of DNA Fragments Obtained After Digestion of pSP22(l) 
with Different Restriction enzymes 

A calibration curve of log (molecular weight) against mobility 

was plotted for the Flindlil digested ) DNA fragments of size. This 

curve is shown in Figure 4.1(b). Using this curve the molecular 

weight of the bands obtained from the digestion of pDB262 and pSP22(l) 

could be estimated. 

Lane 3 	3 DNA fragments of sizes approximately 12.6 Kb, 2.1 Kb 

1.1 Kb 

Lane 4 1 fragment of size 10.6 Kb 

Lane 5 3 fragments of sizes 10.6 Kb, 3.0 Kb, 2.6 Kb 

Lane l band of size lO.6Kb 

Lane 7 2 bands 11.0 Kb, 4.9 Kb 

Lane 8 1 band 10.6 Kb 

Lane 9 4 bands 5.7 Kb, 4.6 Kb, 3.3 Kb, 2.1 Kb 

Lane 10 2 bands 6.1 Kb, 4.6 Kb 

This demonstrates that the S. pombe Hindlil DNA fragment cloned in 

pDB262 contained 2 PstI sites, 1 HindIll site, 2 EcoRl sites, and 

1 BamilI site. 
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Figure 4.1 

(b) Restriction 	t Analysis of 
	

62 and Plasmid Obtained from 
cdc 22 - M4 

Both pDB262 and pSP22(l) were digested to completion with BamHI, 

EcoRI, Hindill or PstI. The digested plasinid DNA was separated by 

electrophoresis through a 0.67 agarose gel at 50 V. Following 

electrophoresis the gel was stained in 200 mls of distilled water 

containing 0.5 pg/mi solution of ehtidium bromide. The DNA fragment 

were detected by illumination from a UV transilluminator and photo-

graphed using a Polaroid 1P4 land camera. The sizes of the different 

DNA fragments were estimated from molecular weight markers of known 

size (Hindill digested )'.. DNA; see Figure 4.1a) 

Lane 1 	0.7 pg HindIll XDNA; (Molecular weight markers) 

Lane 2 0.5 pg pDB262 undigested 

Lane 3 1 pg pSP22(l) cut PstI 

Lane 4 0.5 pg pDB262 cut PstI 

Lane 5 1 pg pSP22(l) cut Hindill 

Lane 6 0.5 pg pDB262 cut 1-lindill 

Lane 7 1 pg pSP22(l) cut BamHI 

Lane 8 0.5 pa pDB262 cut BamHI 

Lane 9 1 pg pSP22(1) cut EcoRI 

Lane 10 0.5 pa pDB262 cut EcoRI 

Lane 11 0.7 pg HindIll digested .>\DNA 
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Further analysis with additional restriction enzymes or double digests 

involving two different restriction enzymes enabled a detailed restrict-

ion map to be constructed (Figure 4.2(a)). This data demonstrated 

that a 5.6 Kb S. panbe DNA fragment was present in the plasmid obtained 

from the cdc 22 - GB2(l) transformant. Similar investigations on plasmids 

isolated from the transforrnants cdc 22 - GB2(2) to cdc 22 - G32(4) shod 

that the saw 5.6 Kb fragment was present in each plasmid (Data not 

shown). 

The plasmid obtained from a cdc 22 - GB1(7) strain was also sub-

jected to restriction digest analysis. Figure 4.3 shows pDB248 and the 

plasmid isolated from a cdc 22 - GB2(7) transformant cut with the rest-

riction enzymes EcoRI, Hindlil or pI and separated by electrophoresis 

on a 0.67 agarose gel. From the information in Figure 4.3, plus further 

investigations, a restriction map was constructed (Figure 4.2(b)). This 

showed that the plasmid contained a 2.2 Kb S. paribe insert. Plasmid 

isolated from a cdc 22 - CB1(lO) transformant also contained the same 

2.2 Kb S. ix,mbe EA insert. If the two restriction maps presented in 

Figures 4.2(a) and 4.2(b) are compared it is clear that the 2.2 Kb 

insert is different from the 5.6 Kb fragment. 

Therefore two different sequences had been isolated that complemented 

the cdc 22 - M45 mutation. The plasinids containing the 5.6 Kb fragment 

will now be referred to as pSP22(l) and the plasmids containing the 

2.2 Kb fragment as pSP22(2). 

3 	Preliminary Analysis of pSP22(l) 

(i)Even.Q. tha the Cloned Sequence is Contiguous with the Genomic Sequence 

As mentioned in the Introduction it was important to ensure that 

the cloned fragment was contiguous with the S. panbe genane. To test 

this, total S. pombe chromosomal DNA was digested with restriction 

enzymes that cut with the cloned 5.6 Kb fragment. This digested DNA 



Figure 4.2 Restriction, maps of cdc22-M45 complementing plasmids 

a. Restriction map of S.pc*nbe insert in pSP22(1). 
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Figure 4.3 Restriction Digest Analysis of pDB248 and Plasmid 
Obtained from cdc 22 - M45 - GB1(7) (Now Referred to as Plasmid 
pSP22(2)) 

Both pDB248 and pSP22(2) were digested to completion with EcoRI, 

Hindlil and EpnI. The digested plasmids were separated by electrophor-

esis through a 0.67 agarose gel at 50 V. The gel was then stained 

and photographed as described in Materials and Methods. 

Lane 1 	0.7 pg of Hindill digested X DNA, molecular weight markers 
Lane 2 Undigested pSP22(2) (0.5 pg) 

Lane 3 0.5 pg HindIll digested pSP22(2) 

Lane 4 0.5 pg HindIll digested pDB248 

*Lane  5 0.5 pg EcoRl digested pSP22(2) 

Lane 6 0.5 pg EcoRl digested pDB248 

Lane 7 0.5 pg . 	I digested pSP22(2) (partial digest) 

Lane 8 0.5 pg ISpnI digested pDB248 

Lane 9 0.5 pg pDB248, undigested 

Lane 10 0.7 pg of Hindlil 	X DNA, molecular weight markers 

* Lane 5 A 0.7 Kb internal EcoRI fragment was too faint to be detected 

in this gel. However, this fragment can be observed in the 

autoradiograph shown in Figure 4.6. 
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was separated on an 0.67 agarose gel, blotted to nitrocellulose and 

hybridised to radioactively labelled pSP22(l) as detailed in Materials 

and :1ethods. If the cloned sequence was contiguous the restriction 

enzymes should cut the homologous chromosomal DNA at the same Sites 

as on the 5.6 Kb S. Dombe fragment. 

From the autoradiograph shown in figure 4.4 it can be seen that 

Therewere 3 bands homologous to pSP22(l) obtained whentDtal genomic 

DNA was cut with the restriction enzyme PstI (shown in figure 4.4, 

track 5). This would corresoond to two restriction sites for this 

enzyme being present in the genomic DNA homologous to the cloned 

fragment. Similarly, the three homologous bands obtained when total 

genomic DNA was digested with the restriction enzyme EcoPJ (figure 

4.4, track 3) would correspond to two sites and the two bands 

detected when genomic DNA was digested with BamHI (figure 4.4, 

track 6) would corresoond to a single site for this enzyme. The 

presence of a single band of size 18 Kb with the genomic DNA cut with 

XhoI indicates that there are no sites for this enzyme in the chromo-

somal DNA homologous to the cloned fragment. This corresponds to the 

restriction map of the cloned fragment (See figure 4.2(a)). 

In addition if the EcoRI digested pSP22(l)(figure 4.4, track 1) 

and the EcoRI di2ested S. panbe genanic DNA (track 3) were compared 

the internal 2.1 Kb band ran together. This data is consistent with 

the cloned sequence being contiguous with the S. pornbe chromosome. 

The autoradiograph also shows that the cdc 22 complementing 

sequence is present as a single copy in the S. porroe genome as the 

XhoI digested chromosomal DNA hybridises as a single band to pSP22(l). 
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Figure 4.4 

Autoradiograph of S. pornbe genoinic DNA cut with various restriction 

enzymes separated by electrophoresis on an 0.6% agarose gel, transferred 

to nitrocellulose and hybridised to radioactively labelled pSP22(l). 

1 5 rig pSP22(l) cut with EcoRI. 

2 Molecular weight markers; 20 Kb, 10.6 Kb, 4.4 Kb. 

3 5 pg genomic DNA cut EcoRI. 

4 5 pg genomic DNA cut XhoI. 

5 5 pg genornic DNA cut PstI. 

6 5 pg genomic DNA cut BamHI. 

7 5 pg genomic DNA cut Hindill. 

8 Molecular weight markers. 

Lane Digested with 	Major bands Sizes (Kb) 

3 EcoRl 	 3 * 2.1, 3.9, 5 

4 XhoI 	 1 18 

5 PstI 	 3 * l., 4.7,) 20 

6 BamHI 	 2 4.5, 18 

7 HindIll 	 2 * 2.6, * 3.0 

* Small fragment sizes were internal fragments previously estimated by 

restriction digest analysis of pSP22(l) (see figure 4.1(a)). 
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(ii) Integration and Mapping 

As stated in the Introduction complementation of a mutation is 

not sufficient proof that cloned sequences contains the desired gene. 

It has been shown from studies with S. cerevisiae that cloned 

sequences of yeast DNA present on vectors without a yeast origin of 

replication will only be maintained by integration of the plasmid 

into the yeast genome. Moreover, this integration occurs predominantly 

at the region of homology to the yeast DNA sequences. (Struhl et al, 

1979, Orr-Weaver et al, 1981). Therefore, stable integration of the 

cloned fragment into the S. pombe genome followed by genetic mapping 

to test for linkage to the cdc 22 locus would determine if the cloned 

sequence contained the cdc 22+  gene. 

(a) Integration 

To determine if pSP22(l) contains the cdc 22 gene, the cloned 

fragment was subcloned into the integrating vector pESPI. This 

plasmid contains the S. cerevisiae Leu 2 gene but no origin of 

replication for S. pothe (See Materials and Methods). The plasmid 

was integrated into the S. pombe genome and mapped to the cdc 22 

locus. 

The subcloning was carried out in two different ways: -  

1 

	

	The two Hindlil fragments of 2.6 Kb and 3.0 Kb were subcloned 

separately into pESPI. 

2 	The 5.6 Kb Hindlil fragment was subcloned into pESPI. 
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(b) Subcloning the 2.6 Kb and 3.0 Kb Hindill fragments 

The strategy for subcloning the two Hindlil fragments is shown 

in figure 4.5. The plasmids pSP22(l) and pESPI were digested to 

completion with Hindill. To minimise recircularisation of pESPI 

twice as much Hindill digested pSP22(l) DNA as Hindill digested 

pESPI DNA was ligated together. The ligated DNA was used to transform 

E. coli. Chloramphanicol resistant,tetracycline sensitive colonies 

were isolated. 

Plasmid DNA from these colonies was digested with Hiridlil and 

separated by electrophoresis on an 0.67 agarose gel using Hindill 

digested pSP22(1) as a marker. This showed whether the plasmid 

contained the 3.0 Kb, 2.6 Kb or both the Hindlil fragments. Table 

4.1 summarises the results obtained with 180 chloramphenicol resistant 

E. coli colonies tested. 

The Diasmids pESPI(.3.0) carrying the 3.0 Kb Hindill fragment 

and pESPI (2.6) carrying the 2.6 Kb Hindlil fragment were used to 

transform a cdc 22-1445 leu 1.32 strain. 

A surprising result was that 50 L.eu+  transformants were obtained 

per pg of the control pESPI. These transformants were all mitotically 

unstable and presumably carried the S. cerevisiae Leu 2 gene on an 

autonomously replicating plasmid. This observation has been investigated 

by other workers and found to be due to either recombination between 

plasmids or the aquisition of an S. pornbe autonomously replicating 

sequence from the genome (Wright, A. P. H., 1984). 

However, when transforming with pESPI(3.0) and pESPI.6.) 

containing an S. pornbe DNA insert it was found that the rapidly 

growing Leu+  colonies which grew up first on transformation plates 
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Figure 4.5 Strategy for subcloning the 2.6 Kb and the 3.0 Kb 

Hindill fragments 

pSP22(l) and pESP1 were digested to completion. 

The products of digestion (1) were ligated together. 

The ligated DNA was used to transform E.coli and chloamphenicol 

resistant, tetracycline sensitive colonies were screened for. 

Plasmid DNA was prepared from these colonies and subjected to 

restriction digest analysis to determine which iUs dill fragment(s) 

they contained. 

Predicted phenotypes of the different plasmids obtained after step (2) 

Chloramphenicol sensitive, tetracycline sensitive. 

Chioramphenicol resistant, tetracycline resistant.. 

Chloramphenicol resistant, tetracycline sensitive. 

Chloramphenicol resistant, tetracycline resistant. 

pDB262 DNA sequence. 

pESP1 DNA sequence 

S.pombe DNA sequence. 



Table 4.1 Characterisation of plasmids obtained from 180 chioramphenicol 

resistant colonies. 

Number of chloramphenicol 

resistant colonies tested. 

IRKII 

Chlor nphenicol resistant, 

tetracycline resistant colonies 
	 tetracycline resistant 

167 	 colonies. 	13 

Colonies containing 

plasmids with the 

2.6 Kb Hindlil 

fragment. 

4  

Colonies containing 

plasmids with the 

3.0 Kb Hindlil 

fragment. 

5  

Colonies containing 

plasmids with both 

Hindill fragments 



tended to be mitotically stable for leucine prototrohy. This indicated 

that in these Le.0 transformants the plasmid had integrated into the 

S. pombe gerion. 

As a rapid test for leucine stability,a single colony was streaked 

out on a YE plate, and incubated overnight at 25 0C. This was then 

replica plated to YE and grown overnight, three more times in succession. 

The streak was then replica plated to E1 ,24 plus Phioxin and if vigorous 

growth was obtained along the whole length this was taken to be a 

presumptive integrant. The integrant was then tested for mitotic 

stability as detailed in Chapter 3. 

Fifteen stable Leu+  transformants were obtained. Five were 

obtained using pESPI(2.6) and ten obtained with pESPI(3.0). None 

of these transformants complemented the cdc 224145 mutation when 

tested for growth at 35°C. 

It has been reported (Caulderon et al, 1983), that certain mutations 

can be suppressed if extragenic DNA sequences are carried on a high 

copy number plasinid. This suppression does not occur when the 

sequence is carried at low copy number either by integration into the 

chromosome or by its presence in a low copy number plasmid. 

It was therefore important to demonstrate that the 3.0 Kb and 

2.6 Kb Hindill fragments were unable to complement a cdc 22-M45 

mutation when carried on a high copy number plasmid as well as when 

carried at low copy number integrated in the chromosome. The two 

Hindill franents were subcloned into pDB262 by cutting pSP22(l) 

to completion and religating the digested DNA to itself. This DNA 

was then used to transform E. coli and tetracycline resistant colonies 

picked. Plasmid DNA was obtained from these clones, digested with 

Hindill and the fragments separated on a 0.6X,agarose gel using 
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Hindlil digested pSP22(l) as a marker. Plasmids pDB262(2.6.) carrying 

the 2.6. lCD fragment and pDB262(3.0) carrying the 3.0 Kb Hindlil 

fragment were identified. These plasrnids were used to transform a 

cdc 22-M45 leu 1.32 strain and all the leu transformants tested were 

also found to be cdc when growth was looked for at 35 0C. Therefore, 

the 3.0 Kb and 2.6Kb HindIll fragments are not capable of complenEnt- 

ing the cdc 22-'145 mutation at high or low copy number. Therefore, the 

internal Hindlil site of the 5.6 Kb cloned sequence must lie within 

the DNA sequence required for complementation of the cdc 22-1145 

mutation. 

I Mapping the site of integration to the cdc 22 locus 

Two pESPI(3.0) stable Leu integrants and two pESPI2.6 stable 

Leu+ integrants were each crossed to a cdc 22+  leu 1.32 strain. The 

progeny of each cross were analysed by free spore analysis (see 

Materials and Methods). 

The phenotypes of 100 spore colonies were examined for each cross 

and the results obtained are shown in table 4 .2. The Leu phenotype 

was used to map the site of integration. The small amount of recom-

bination between the 1eu and cdc 22 phenotype as indicated by the 

low number of cdc leu and cdc leu colonies obtained shows that 

the site of integration was strongly linked to the cdc 22 locus. 

It is interesting to observe from the data shown in table 4.2 

that the amount of recombination obtained with the two integrants 

transformed with the 2.6 Kb Hindill fragment when crossed to cdc 22 

leu 1.32 was greater than with the two integrants transformed with the 

3.0 Kb Hindlil fragment. Presumably the increased amount of recom- 



'll blc -t.2 

ri' 
pVr.rrAT. RFC(rfl 

cdc+ 	cc-.c cdc+ c:lc 7 

Cross 1'u 	leu + 
101.1

+ 
leu Rec 

1 pESP1 (2.6) - leu mt (1) x cdc 22 ieu 1.32 44 	47 4 0 4.2 

2 pESP1 (2.6) - lu iutt (2) x cdc 22 leu 1.32 40 	45 6 1 7.5 

3 p3 (3.0) - 1eu in(.-  (3) x. C(C 22 icu 1.32 49 	43 C) 0 C) 

4 pESP1 (3.0) - mt (4)  x cic 22 1 e 1.32 45 	40 1 0 1 



103 

bination was observed due to the cdc 224-145 mutation being present 

in this Hindill fragment allowing gene conversion and/or recombination 

to. occur. 

(c) Subcloning the 5.6 Kb Hindill fragment 

To show that the cdc 22 complementing fragment functioned when 

integrated into the chromosome,the whole 5.6 Kb Hindlil fragment 

was subcloried into pESPI. 

Twenty pg of pSP22(l) was partially digested with Hindill and 

fractionated on a low melting point horizontal bed 1.2 agarose gel. 

The desired 5.6 Kb fragment was purified by cutting it out of the gel 

(see Materials and Methods) and ligated into the Hindlil site of 

pESPI. This DNA was used to transform E. coli and colonies that were 

chloramphenicol resistant and tetracycline sensitive were isolated. 

Plasmid obtained from these colonies, termed pESPI(6), was used to 

transform a cdc 22-M45 leu 1.32 strain. 

I 	Integration 

Stable integrants were isolated as described before. Five stable 

Leu transformants were obtained. When examined at 35 0C,four of the 

transformants complemented the cdc 22-M45 mutation. Presumably, the 

c& leu transformant arose by gene conversion from the chromosome 

to the plasuiid as it integrated. Gene conversion between a cloned 

fragment on a plasmid and the homologous DNA on the chromosome has 

been observed previously in experiments with S. cerevisiae (Falco 

et al, 1983). 
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II 	Mapping the site of integration 

A stable cdc leu transformant and the cdc leu transformant 

were crossed to a cdc 22+  leu 1.32 strain and the asci subjected to 

tetrad analysis. 

In both crosses leucine prototrophy segregated 2 Leu 2 Leu 

showing that the plasmid had integrated into the chromosome. 

In the cross involving the 	 integrant,out of the seventeen 

tetrads dissected no cdc colonies were obtained. This shows that the 

plasmid had integrated within 1.5 centimorgans of the cdc 22 locus. 

In addition no recombinant tetrads were obtained out of the nineteen 

asci dissected in the second cross involving the cdc leu+  integrant. 

This shows that this plasmid had integrated within 1.3 centimorgans of 

the cdc 22 locus. 

The tetrad results confirm that the cloned 5.6 Kb Hindill fragment 

integrates at the cdc 22 locus and therefore contains the cdc 22 gene 

of S. pombe. 

4 	Preliminary Analysis of pSP22(2) 

The previous sections demonstrated that the cdc 22 gene was present 

in the 5.6 Kb S. pombe Hindill fragment contained in pSP22(l). The 

following sections describe similar experiments used to characterise 

the 2.2 Kb S. pombe fragment contained in pSP22(2). 
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(j )Ey,decc_ that the Cloned Sequence is Contiguous with the S. pombe Genome 

Wild type S. ponibe chromosomal DNA was digested separately with 

the restriction enzymes EcoRI, and Hindlil. The digested DNA was 

separated on an 0.6% agarose gel, blotted to nitrocellulose and 

hybridised to radioactivity labelled pSP22(2) as detailed in Materials 

and Methods. 

From the autoradiograph shown in Figure 4.6, it can be seen that 

there were three bands homologous to pSP22(2) when total genomic DNA was 

cut with the restriction enzyme EcoRI (Figure 4.6, track 3). This 

corresponds to two restriction enzyme sites being present for this 

enzyme on the genotnic DNA homologous to the cloned fragment. The 

presence of a single band with Hindlil indicates that there are no 

restriction sites for this enzyme and that the gene is present as a 

single copy in the genome (Figure 4.6, track 4). In addition the 

internal 0.7 Kb EcoRI band was present in the genomic DNA and pSP22(2) 

cut with EcoRI (Figure 4.6, tracks 2 and 3). 

These results demonstrate that the cloned fragment is colinear 

in the chromosome and that no part of the sequence was due to a 

ligation artifact formed during the construction of the gene library. 

(ii) Integration and Mapping 

(a) Subcloning into pESPI 

The procedure for subcloning the 2.2 Kb complementing fragment 

is shown in Figure 4.7. Both pESPI and pSP22(2) were digested to 
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Figure 4.6 

4321 

Autoradiograph of genomic S. pombe DNA cut with EcoRI and Hindill, 

separated by electrophoresis on a 0.6 agarose gel, transferred to 

nitrocellulose and hybridised to radioactively labelled pSP22(2). 

Lane 

1 	Molecular weight markers of size 10.6 Kb, 6.3 Kb, 4.3 Kb. 

2 	pSP22(2) cut with EcoRl (5 rig). 

3 	5 pg of gennic DNA digested with EcoRI. 

4 	5 pg of genornic DNA digested with Hindl II. 
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Figure 4.7 Strategy for subcloning the 2.2Kb fragment from ?SP22(2) 

into pESP1 

pSP22(2) and pESP1 are cut with Sail and Hindill to completion. 

Digested pSP22(2) and pESP1 are ligated together. 

The ligated DNA was used to transform E.coli. 

Chioramphenicol resistant, tetracycline sensitive colonies were 

screened for. 

Predicted phenotypes of the different plasmids obtained after step (2). 

Chloraniphenicol resistant, tetracycline sensitive, ampicillin 

resistant. 

Chlorarnphenicol sensitive, tetracycline sensitive, ampicillin resistant. 

Chloramphenicol sensitive, tetracycline sensitive, ampicillin resistant. 

Chlorarnphenicol resistant, tetracycline sensitive, ampicillin sensitive. 

Chloramphenicol resistant, tetracycline sensitive, arnpicillin resistant. 

Chlorarnphenicol resistant, tetracycline resistant, ampicillin sensitive. 

pDB248 DNA sequence 

pESP1 DNA sequence 

____ S.pornbe DNA sequence 
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completion with the restriction enzymes Sail and HirdlIl. Equal 

anounts of both digested DNA were ligated together. This DNA was 

used to transform E. coli. By selecting for chioramphenicol resist- 

ance, tetracycline sensitivity and ampicillin sensitivity only colonies 

containing the desired plasmid termed pSPI(2.2)A were obtained. 

(b )Integration 

Plasuijd pESPI(2.2)A was used to transform a cdc 22-1-145 leu 1.32 

strain. From 100 Leu+ transformants tested,nine stable thtegrarits were 

obtained. All nine were cdc when checked for growth at 350C. 

(c)M apping 

Four stable cdc leu+ integrants were crossed to a cdc 22+ leu  

1.32 strain. The data obtained from tetrad analysis is shown in 

table 4.3. The presence of recombinant tetrads, that is non-parental 

dityoe (NPD) and tetratype (IT) asci, in the progeny of each cross 

indicates that the site of integration and the cdc 22 locus are not 

closely linked. 

Although no homology to the leu 1 gene can be detected under high 

stringency by Southern blots using the leu 2 gene of S. cerevisiae (see 

figures 4.4 and 4.6), integration might nevertheless have occurred at 

this locus. To test this linkage of the leu+  phenotype to the mating 

type locus was calculated. The data shown in table 4.4 shows that the 

introduced Leu marker is unlinked to the mating-type locus. The leu 1 

locus is 13 centinorgans from the mating type locus (Kohli et al, 

1977) therefore if integration had occurred at this site some linkage 
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would have been observed. 

The genetic data given above show that the site of integration is 

unlinked to the leu 1 and cdc 22 loci. Therefore 1 rovided that the 

plasmid has integrated by homology, the cloned fragment cannot contain 

the cdc 22 gene. 

To demonstrate that the cloned DNA had integrated by hornolov 

chromosomal DNA was prepared from a cdc 22-445 leu 1.32 strain and 

from two stable integrants. The DNA was digested with BamHI which 

cuts once at the border between the vector and the cloned fragment 

(see figure 4.3). After Southern transfer s  the digested DNA was probed 

with radioactively labelled pSP22(2). From the autoradiograph shown 

in figure 4.8 the single BamHI fragment of about 20 Kb in size 

homologous to pSP22(2) was converted by the integration of pESPI(2.2)A 

to two bands. One of these was 5 Kb in size: the other was greater than 

20 Kb. The fragments produced by integration can be explained using 

the model shown in figure 4.9. The 2.2 Kb cloned S. porrhe fragment 

(shown as a thick line) is contained within the 20 Kb BamHI chromosomal 

fragment. When pESPI(2.2)A of total length l23Kb integrates by 

homologous recombination a tandem duplication of the 2.2 Kb fragment 

is formed with the vector sequences of pESPI located in between. As 

pES?I(2.2)A contains only one BamHI site situated at the border bet-

ween the vector and the cloned fragment, two new BarnHI fragments are 

generated with a combined length of 323  Kb made up of the original 

BamHI chromosomal fragment of 20 Kb and pESPI (2.2) A of 12.3 Kb. The 

sizes of the two l3amHI fragments generated can be explained if it is 

assumed that the 2.2 Kb fragment is located 2.8 Kb and 15 Kb from the 

chromosomal BarnHI sites. These results denonstrate that the pESPI(2.2)A 
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Autoradiograph of genomic DNA cut with 3athi-II, separated on a 

agarose gel, transferred to nitrocellulose and hybridised to radio-

actively labelled pSP22(2). 

1 	5 pg of genomic DNA from a cd.c 22-145 leu 1.32 cut with BnHI. 

2 	5 pg of genornic DNA from.a cdc 22-45 leu 1.32 strain transforied 

by  integration with pESPI(2.2)A cut with BaniNI. 

3 	Sane as (2). 

start of gel 
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Fire 4.9 - Model of integration of pESP1(2.2)A 

pESP1(2.2)A 

I 77= -  

S.pombe chromosme 

Homologous integration 

_ 	12•3Kb 	 15Kb 

04 

5Kb 	 =28Kb 

_____ .2.2 Kb cloned fragment. 

Plastnid vector sequences. 

F 
S. pombe génomic. DNA sequences. 
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had integrated by homology. In addition, the autoradiograph also 

demonstrates that only one copy of the plasmid had integrated. This 

is because multiple integration would generate a third band the size 

of the pESP1(22)A plasmid, 12.3 Kb in size, which is not observed 

(Figure 4.8). 

Therefore the cloned fragment present in pSP22(2) contains a 

suppressor of cdc 22-M45 which complements only when carried on the 

high copy number vector pDB248. The plasmid pSP22(2) is now designated 

pSup22. 

5 Lack of Complementation of Other cdc txtants with pSup22 

The previous section demonstrated that pSup22 does not carry the 

cdc 22 but an extragenic suppressor of this gene. Therefore, it was 

possible that pSup22 carried the gene for one of the other cdc mutants 

that had been isolated in S. pornbe. To test this possibility, leu 1.32 

was crossed into a number of G and S phase S. pombe cdc mutants, 

transformed with pSup22, and the Leu transformants obtained were tested 

for growth at 35°C on E. From the results shown in Table 4.5 for 

the 15 cdc mutations tested only the two cdc 22 alleles were suppressed 

by pSup22 as demonstrated by allowing growth at 350C. 
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Table 4.5 

STRAIN CELL CYCLE 
BLOCK 

C(PLF}iE!FATI0N 	REFERENCE 
'WITH pSup22 

cdc 1.7 leu 1.32 Mitosis - 	 Nurse et al, 1976 

cdc 2.33 leu 1.32 C1/Mitosis -

11 

cdc 10.129 leu 1.32 G1  - 

cdc 20 1110 leu 1.32 S phase - 	 Nasniyth et al, 1981 

cdc 21 M68 leu 1.32 S phase - 

cdc 22 M45 leu 1.32 S phase + 

cdc 22 Cli leu 1.32 S phase + 	 See Chapter 7 

cdc 23 t136 leu 1.32 S phase - 	 Nasinyth et al, 1981 

cdc 24 leu 1.32 S phase - 

*cdc_C1 leu 1.32 - - 

cdc-C2 leu 1.32 - - 

cdc-C4 leu 1.32 - - 

cdc-C41 leu 1.32 - - 

cdc-C43 leu 1.32 - - 

cdc-C47 leu 1.32 - - 

+ growth at 35°C 
- no growth at 35°c 

* Mutations isolated independently during the course of this work by Dr Jim Creanor. 

The transition points of each of these mutants was before or at S phase. 
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6 Sunrnaty 

The six plasmids able to complement cdc 22 mutations contained 

two different S. pombe DNA sequences. 

The plasmids obtained from cdc 22-GB2(l) to cdc 22-G32(4) all 

contain an identical 5.6 Kb insert. This sequence was contiguous with 

the genomic sequence and tresent as a single copy in the S. pornbe genome. 

When integrated, the 5.6 Kb fragment comtlerrnted the cdc 22-445 

mutation and mapped to the cdc 22 locus. Therefore the cdc 22 gene 

was present in this sequence. 

The plasmids obtained from cdc 22-GB17) and cdc 22-G131(10) both 

contained the same 2.2 Kb insert. The sequence was contiguous and 

present as a single copy in the S. pombe chromosonE. When integrated, 

it did not complement the cdc 22-145 mutation or map to the cdc 22 

locus. Southern blot analysis showed that the cloned fragment had 

integrated by homology and it was concluded that it contained a 

suppressor of the cdc 22-M45 mutation. 

The suppressor does not complement most other known S phase or 

G1  S. panibe mutations. 
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CHAPTER 5 Thanscrjptjop1 Analysis of the cdc 22 Gene 

1 Introduction 

L'sin the cloned zene as a hybridisation probe to detect h1og-

OUS 
R'!A transcripts,a niriber of nararreterswere determined for the 

cdc 22 gene. 

Transcript size was obtained by ccxpar 	the iohilitv of the 

homologous tA to that of known size markers. 

The transcriptional orientation of the cdc 22 gene was identified 

by findin: which region of the cloned DATA contained the cdc 22 promoter. 

The cell cycle dependency of transcripjn of the cdc 22 gene 
could be deterijned usia cdc mutants. 

i-iallv - _Ae level of the cdc 22 transcript tiirouh the cell cycle 

was estja 	from arA obtained from a svnchronos culture. 

2 Detection of the cdc 22 Transcrint 

The cloned 5.6 b fl'A frant present in pSP22 that complerrents 

cdc 22 mutation was used as a hybridisation probe to detect the 

transcript encoded by the cdc 22 gene. 

Total 'JTA was prepared from a 9721 -1 wild type strain grown in 
Y!7D at 25°c overnit by mechanically breaking the cells with class 

beads in the presence of phenol as detailed in T1aterials and 4ethods. 

Forty p of total S. pare D,NA and 5 pg of E. coli total RNA were 

fractionated by electrophoresis on a 1.27 formaldehyde denaturing 

agarose gel. A ruler was placed alongside the gel to determine the 

mobility of the S. porrbe and E. coli rRNA bands which were used as 

size markers. A photograph of the gel is shown in Figure 5.1. A 

strip containing separated total RNA from wild type S. pombe was 
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Figure 5.1 Total RNA from S..pombe and E.coli 

40pg of total S.panbe RNA isolated from a wild type (972) strain 

and 5pg of total E.coli RNA were separated by electrophoresis on a 1.27 

denaturing agarose gel. The molecular 	(Kb) of each ribosomaiRNA 

band are shown. The positions in the gel of the rRNA bands were detected 

by staining with ethidiiin bromide. 

Lanes 1 to 4: 	40pg of S.pombe RNA 

Lane 5: 	 Spg of E. col i PA 

The E.00li rRNA bands were only faintly visible in the original 

photograph. Their positions relative to the S. pombe rRNA' s are shown 

in figure 5.1. a 
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cut from the gel usin a scalpel. The NA was transferred to nitrocell-

ulose and the blot hybridised to radioactively labelled pS?22 (See 

aterials and : ethods). The autoradiograph obtained is shoiri in ?iure 

5.2 and detects only one honologous transcript to the cloned S. pombe 

DNA sequence. fy plotting the noin molecular weight arers on a 

grarh of lo (molecular weiht) against mohiltti(hown in 'iire 5. 3) 

a molecular weisht of 3.3 Kb was estimated for the ho.o1o7ous trans-

crit. 

It has already been shon in Ohap:er 4 that the internal :IindIII 

restriction enzyme site in t 	.o Zb fraent (see Figure 4.1) lies 

within the cdc 22 ,erie. This was deduces from the fact that the ho 

subclones o the 5.6 b frament enerated by using the internal 

Hindill site of 3.0 Kb and 2.6 Kb in size were not abla to cor1eent 

the c--'c 22 utation. The cc 22 transcrit would be exected to over-

lan this internal indIII site and be detected by both the 3.0 .j and 

2.6 	jflr1III subcloneJ framents when used as a hybridisation probe. 

T1iereore, if the 3.3 Kb trariscrint detected usin2 Vie 5.6 Kb fragment 

as a hybridisation probe 7-mas coded by the cdc 22 gene this transcript 

would he detected when both the 3.0 Kb and 2.6 Kb fragments were used 

as hybridisation 7rooes. 

To test this, total A from wild type cells was separated on a 

denaturing gel and subjected to Northern blot analysis using either 

pD3262( 3.0) containing the 3.0 Kb iindIII fragment, pDi3262(2.6) 

containing the 2.6 Kb Hirdill fragmen; pSP22 or pD322 as hybridisation 

probes. The autoradiograph shown in Figure 5.4 shows that no transcript 

was homologous to pDE252 (Figure 5.4, Lane 4), but that a single 

transcript of 3.3 Kb in size was horrologous to pDt2b2(3.0, pi232(2.6) 

and pSP22 (Figure 5.4, Lanes 1, 2, 3). Thus this result gives conclusive 
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'iur 5.2 etection o Transcrit - oro1orous to S?22 

- f totJ S. rore ' .A 	s separate , " on a denaturin' e1, 

trnnsfarre 1  t' nitocEllulc an hybridised to radioactively laa1led 

p3 ?22. 
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Figure 5.3 Determination of the molecular weight of the cdc22 mRNA. 

.0 

I- 
=4 
LU 

ItW 

02 LU 
-j 
0 

1- 
4 	 6 

MOBILITY(CM) 

Using the data shown in figure 5.1 the log of the molecular weight 

of the S.pombe ribosomal RNA (1.7Kb and 3.4Kb; Philippsen et al,1978) 

and the E.coli ribosomal RNA (1.5Kb and3.2Kb; Birrnacombe et al,1978) 

were plotted against their mobilities(cm) through the agarose gel. Using 

this graph the size of the c6c22 mRNA was estimated from the distance 

the cdc22 transcript travelled through the gel. 
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'i'12 5.4 TIvl)rjJjsatjon of P22, 	2522.6);22(3.0 )  and 	23) 
to 

4 pr,  of total :A isolatad fran a iild type (972) strain was 

separated on a 1. 2,,, anaturinr aarose e1, tranafarrerj to nitro-

callulose an iyridised to tie I\ probes s'iown. The osirion of the 

rTt'. oiecu1ar weiht arers (in Zb' were detected prior to transfer 

by stainin iiti etitidium brcnidr. 

T.ane 1: 	. :oobe R'A yridise to t 72522.6 

Lane 2: 	. porLe L 'ybri.Jise to iD2523.01 

Lazie 3: 	. or.e T\ iybridise-i to 2S?22. 

Lana 4: 	. o.:he ' S Liybriiaeti to 23232 
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proof that the 3.3 Kb transcript was transcribed by the cdc 22 gene. 

In addition,it can be concluded that the internal Flindlil mist lie 

within the transcribed region of the cdc 22 rnRNA and not in the 5' 

or 3' flanking regions. 

3 Direction of Transcription of the cdc 22 Gene 

To determine the transcriptional orientation of the cdc 22 gene, 

the two plasrnids pDB262(3.C1) and pDB262.(,e that each contain part of 

the cdc 22 gene were assayed for the presence of the cdc 22 S. pombe 

promoter. The fragment containing the promoter of the cdc 22 gene 

would contain the 5' end allowing the transcriptional orientation to 

be deduced. 

To assay for the presence of the cdc 22 promoter the two plasmids 

were used to transform independently a cdc 22 leu 1.32 strain. Total 

RNA was made from Leu transformants carrying the plastnids. This RNA 

was separated by electrophoresis on a denaturing gel and subjected to 

Northern blot analysis using pSP22 as a hybridisation probe. For 

comparison RNA from an integrant transformed with pESP1 (5. &) was also 

used in the experiment. 

From the autoradiograph obtained (Figure 5.5) it can be seen that 

two homologous transcripts of 2 Kb and 3.3 Kb in size were detected in 

all three RNA preparations. 

The 3.3 Kb transcript was coded for by the chromosomal cdc 22 gene. 

It was present in greatest abundance in the RNA preparation obtained 

from the integrant strain and probably reflects the increased copy 

number of the cdc 22 gene in this strain (figure, 5.5; Lane 1). 

For some unknown reason this transcript was present at a reduced level 
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Figure 5.5 

Lane 	Transformed with 	Major bands 	Sizes (Kb) 

1 	pESP1(5.6) 	 2 	2.0,3.3 

2 	pDB262(3.0) 	 4 	2.0,3.3,6.0,7.2 

3 
	

pDB262(2.6) 	 2 	2.0,3.3, 
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I?iire 5.5 Direction of Transcription of the cdc 22 Gene 

Total R1A was isolated from a cdc 22 - t$45 leu 1.32 strain 

transfornd with pDll22.2.6i; pDB232(3.0) or pESPI(5.6) (téa ••vector). 

40 pg of RUJA from each transformant strain was separated on a 1.2%  

denaturing agarose gel, tranerred to nitrocellulose and hybridised 

to radioactively labelled pS?22. olecu1ar weights of the XiA trans-

cripts detected were determined by comarison with ribosonal NA' s. 

Lane 1: 	i?.A isolated from cdc 22 - 1L:5 hu 1.32 transfornd with 

pESP1( 5. 6) 

Lane 2: 	TA isolated from cdc 22 - 45 leu 1.32 transformed with 

pFi262(. 3.0) 

Lane 3: 	",TA isolated from cdc 22 - I45 leu 1.32 transformed with 

pI)B232(2.6) 
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in the strain transformed with pDB262(3.0.) compared to that transformed 

with pDB262(2•6 ) (Figure 5.5; Lanes 2 and 3). 

The 2 b transcript was probably coded for by the S. cerevisiae 

Leu 2+  gene Which was the selectable marker present in all three 

vectors and used to select for S. pornhe transformants. It was 

sur7)r_Lsiq"T to find that this transcript was present in the same abund-

ance in all three transforred strains. This was because two of the 

plasmids used, -.)D 13262(3.0, and L0,2 2'211.6), from studies in 

S. cerevisiae would be expected to he present in a high copy number 

of 25 to l(fl copies per cell (c-erhaud et al 1979 ; Chevallier et al, 

1980), compared to the integrant strain where one extra copy had 

as had been determined previously by Southern blot analysis 

(see Figura 4.7). However this ambiguity can be explained by the recent 

worL of :;right et al who have shown that vectors based on the 

S. cerevisiae 2pm plastnid are maintained at levels of less than 5 

copies per cell in S. pombe (Dr A Wright, Personal Corrinication). 

Two other transcripts of 7.2 Kb and 6 Kb in size were only 

detected in the RiA preparation obtained from the pD132623.0) trans-

formed strain. This data would be consistent with the cdc 22 S. pombe 

promoter being present on this 3.0 :Ci) cloned fragment. The large 

transcript sizes could be explained by the absence of the cdc 22 

transcription termination site in the subclone pDB262(3.0..). This 

would allow transcription to carry on into the plasmid coding 

sequences until a termination site was reached. Presumabl7, two 

transcripts were obtained due to different termination of trans-

cription signals being used in the vector coding sequences. An 

alternative explanation of the two transcripts may be that two 

promoters were present in the 3.0. 1<1 fragment that directed 
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transcription in opposite directions to each other. One would corres-

pond to the cdc 22 promoter while the other would direct transcription 

of an unknown gene located next to the cdc 22 gene in the S. pombe 

chromosome. The different sized transcripts could he explained by 

allowing transcription of each transcript to continue into the plasmid 

coding region until a transcription termination site was reached. 

In summary, the 3.3 Kb transcript detected was coded by the 

cdc 22 gene located on the S. pobe ciiromosor-e. The 2 Kb transcript 

was coded by the S. cerevisiae Leu 2+  gene present on the vector 

sequences of each plasmid. In addition, the transcription of the 

6 Kb and 7.2 Kb transcript was initiated within the 3.0 Kb cloned 

S. pombe insert orasent in pDE262(3.0). Ko transcription was 

initiated frcxn the cloned S. pcxnbe 2.6 Kb 2raient found in pDB262(2.6). 

Thus the autoradiogranh shown in Figure 5.5 is consistent with 

the 5' and promoter of the cdc 22 gene being located within the 3.0 b 

Flindill fr:mer.t while the 3' and transcription temination secnces 

are found in the 2.6 Kb Hind-III fragment. The exact positions of 

these transcriptional control regions cannot be deduced Ero the 

above data. 

4 Cell Cycle Dependency of the Appearance of the cdc 22 Transcript 

If cells are blocked in the nuclear division cycle either by 

a genetic mutation  or a chemical inhibitor, subsequent cell cycle 

events that are dependent on the completion of the blocked stage do 

not occur. Thus cells that are blocked before or during DNA synthesis 

do not undergo mitosis and vice versa (Mitchison, 1971). Growth, 

that is, the acciiulation of protein, RNA and other macromolecules 
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however continues relativel y  unaffected. 

The cdc 22 gene product is involved in the initiation of DNA 

synthesis. It was therefore possible that the appearance of the cdc 22 

transcript was, like DNA synthesis, dependent on the completion of 

a specific cell cycle event's' 

To test this possibility cdc mutants that arrested at various 

points in the cell cycle were b1ockd by incubating them at their 

restrictive temperature of 36 0c for 4 hours. The mutant strains 

used, together with the stage in the cell cycle at which they  blocked 

at the restrictive temperature are shown in Table 5.1. Samples w're 

removed for microscopic observation to ensure that the cells had the 

characteristic S. pombe cdc phenotype of elongated cells without cell 

plates. 

2A was made from each blocked mutant and 40 pg secarated by 

electrophoresis on a 1.2. 7 (`;,enaturin' aarose je1. The RNA was then 

transferred to nitrocellulose and hybridised to radioactively labelled 

pSP22. 

The autora(:liograph shown in Fiire 5.6 shows that the 3.3 Kb 

mRNA corresponding to the cdc 22 transcript was detected in the RNA 

prepared from each blocked mutant strain. The mNA was detected in 

approximately equal abundance in the total RNA obtained from each 

mutant strain. (In the RNA obtained from the blocked cdc 20 strain 

there appears to be half as much of the 3.3 Kb transcript present, 
I 

owever this was due to 20 pg of RNA being loaded instead of 40 pg). 

The autoradiograDh therefore shows that the appearance of the cdc 22 

transcript is not dependent on the completion of a specific cell 

cycle event. The significance of this is discussed in relation to 

Cell cycle control(s) in Chapter 9. 
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Mutant Strains used and where they block in the Cell Cycle for Dependency 
Experiments 

IUTAT STAI 	STAG IN OLL O?CLE BTcKED AT 36 °C 

cdc 1.2 	 Mitosis 

cdc 2633 	 C1  and iitosis 

cdc 10-129 

cdc 175 	 S phase 

cdc 20 -MlO 	Initiation of S phase 

cdc 22-M45 	 II I I H 

Nurse et al 1976 

It 

It 

[I] 

Nasmyth et all981 

11 
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ure 5.6 Cell C' le Dependency of the Accumulation of the cdc 22 
Transcript 

The strains shown below were shifted from the permissive to the 

restrictive temperature and incubated for 41 hours (approximately two 

cell cycles), after which RNA was isolated as detailed in Materials and 

Methods. Total RNA from each strain was separated by electrophoresis 

on a 1.2% denaturing agarose gel, transferred to nitrocellulose and 

hybridised to radioactively labelled pSP22. 

Lane 

1 	20 pg of RNA from cdc 20 - M10 

2 	40 pg of RNA from cdc 22 - M45 

3 	40 pg of RNA from cdc 17 - M75 

4 	40 pg of RNA from cdc 1.7 

5 	40 pg of RNA from cdc 2.33 

6 	40 pg of RNA from cdc 10.129 

7 	40 pg of RNA from wild type (972) 
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5 Level of cdc 22 Transcript during the Cell Cycle 

In order to investigate the level of the cdc 22 mRNA through the  

cell cycle RNA samples were prepared from wild type cells growing as 

a synchronous culture. The synchronous culture was obtained by size 

selection on an elutriating rotor (See Materials and Methods). This 

method of achieving synchrony is reported to reduce the pertubations 

inherent in most other synchronisation procedures (Creanor and 

Mitchison, 1979; discussed in detail in the Introduction). Small 

cells were selected and allowed to grow at 35 0C for two generations 

as measured by the increase in cell number. The cell number curve 

also gave an estimate of the degree of synchrony. RNA samples were 

prepared from approximately 2 x 1O 7  cells as detailed in Materials and 

Methods. 

The cell number curve of the synchronous culture used is shown 

in Figure 5.7. Two stepwise increases in cell number are observed 

indicating a high degree of synchrony. Samples for the preparation 

of RNA were taken every 15 minutes as detailed in Materials and 

Methods. 5 pg of total RNA was separated by gel electrophoresis 

and blotted to gene screen nylon membrane. The RNA blot was 

hybridised to radioactively labelled pSP22 DNA, which contained 

the cdc 22 gene. The autoradiograph obtained is shown in Figure 5.8. 

The autoradiograph clearly demonstrates that the cdc 22 transcript 

exhibited dramatic changes in its level during the cell cycle. 

The cdc 22 transcript is originally present at a low level rising 

to a peak by the fourth sample, before returning to a low level 

by sample 8. The amount of cdc 22 transcript remains at a low 

level until sample 12 is reached when the cdc 22 mRNA once 

more rises to a maximum level by sample 14, returning to a 
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tcunsc.r i  Pt. 
Figure 5.8 Cell cycle regulation of the level of the cdc22 trcmoport. 

19 	 1 

mid point of cell number increase (from Figure 5.7) 

a cdc 22 mRNA 

Lane 1 First RNA preparation obtained from cells sampled 45 minutes 

after selection from the elutriator rotor. 

Samples were removed for RNA preparation every 15 minutes from a 

synchronous culture of wild type S. pa -nbe cells growing at 35 0C. 

5 pg of each sample was separated by electrophoresis on a 1.27 

denaturing agarose gel, transferred to gene screen and hybridised 

to radioactively labelled pSP22. 
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basal level for the duration of the experiment. Although difficult 

to measure, the difference in abundance between the low and high 

levels of each transcript was estimated by eye to be at least tenfold. 

The time between the appearance of the two peaks is approximately 

21 hours which corresponds to the generation time of wild type cells 

at 35°C, the temperature at which the synchronous culture was incubated. 

This strongly suggests that the level of the cdc 22 transcript is cell 

cycle regulated. The time in the cell cycle at which the level of the 

cdc 22 transcript peaks can be estimated from the cell number curve 

(shown in Figure 5.7). The peaks are observed approximately 30 

minutes before the midpoint of the cell nuiiber rise. This is equiv-

alent to the cells being in late C 1  or early S phase of the cell 

cycle at this point. 

The alcohol dehydrogenase transcript has been previously 

reported to be present at the same level during the cell cycle 

(Ayes et al, 1984). Therefore as an aperiodic control the same 

filter was reprobed with the radioactively labelled plasmid pADH 

(obtained from Dr Paul Nurse) containing the S. panbe alcohol 

dehydrogenase gene. The autoradiograph obtained is shown in Figure 

5.9 and demonstrates that the level of the alcohol dehydrogenase 

transcript unlike the cdc 22 transcript, does not vary dramatically 

during the cell cycle. 



138 

Figure 5.9 Level of the ADH mRNA through the Cell Cycle 

a 

Sarre blot as shown in Figure 5.8 reprobed with pADH as a periodic 

control. 

amid point of cell number rise 

a ADU mRNA 

Lane I First RNA preparation obtained from cells sampled 45 minutes 

after selection from the elutriator rotor. 
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6 SunTiary 

The 5.6 b Nindill DNA fragrnnt which contains the cdc 22 gene 

is homologous to a single irPNA transcript of 3.3 Kb in size. 

The 3.0 Kb Hindlil subclone contains the 5' end of the cdc 22 

gene, and the 2.6 Kb Hindill subcione the 3' end. 

The appearance of the cdc 22 transcript is not dependent on the 

completion of a specific cell cycle event. 

The level of the cdc 22 transcript is cell cycle regulated,reach-

ing a maxiiaim value durinc late 	to early S DhaSC of the cell cv,  le. 
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CHAPTER 6 Transcription Analysis of the cdc 22 Suppressor 

1 Introduction 

Essentially, the same exDerinnts were carried out as described in 

the previous chapter using pSuo22 as a hybridisation probe to determine 

the transcriDt size, and cell cycle dependency of the cdc 22 suppressor 

seauence. The plasraid pSup22 contains the 2.2 b S. pombe DNA sequence' 

that suppresses a cdc 22 - ;:'i45 mutation cloned in the vector pDE243. 

2 Transcript size 

To determine the size of the ccic 22 suppressor transcript orthcrn 

blot analysis of wild type total RNL\ was carried out Using p.up22 as a 

hybridisation probe. 

Total rJA was prepared froru a 972h (wild type) strain grown at 

25°C in YEPD as described previously. Forty p samçles of S. POf) 

and 5 pg of E. coli total 	were separated by electrophoresis on a 

1.2'/-,' denaturing agarose gel. A photograph was taken of the rT?.NA 

as before and the RNA on the gel subjected to Northern analysis using 

p3up22 as a hybridisation probe. The autoradiograh obtained is 

shown in Figure 6.1. From this autoradiograph only one transcript 

homologous to Sup22 could be detected. Its size was estimated to 

be approximately 1.5 Kb by comparison of its mobility with that of 

the E. coli and S. pornbe rRNPs 	(See Figure 6.2). 

3 Cell Cycle Dependency of the Appearance of the cdc 22 Suppressor Transcript 

The rationale behind this experiment was identical to that 

1 
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Fiur2 .1 	ybridisation of rSur22 to S. r'De A 

o1 - 	 ±ro 	 72 

separated on a 1. 9 '. denatirin aaros2 jei. trnsfer to nitroc2liulose 

and hybridised to pSu222 D.A. The position of the E. coil and  

rI'A were used as rmleccular wei4it narers (Kb). 
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Figure 6.2 

Mobility(cm) 

The E.coli and S.pombe rRNA bands were used as molecular weight 

markers to estimate the size of transcripts homologous to pSup22. The 

method used was identical to that described in figure 5.3 to estimate 

the size of the CDC22 transcript. 
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discussed in the last chapter to determine the cell cycle dependency 

of the accumulation of the transcript. Total RNA was prepared from cells 

blocked at different points in the cell cycle by using cdc mutant 

strains (See Table 5.1). Forty pa of NA from each blocked mutant 

along with forty pg from wild type cells grown at the permissive 

temperature of 2500  were separated by electronhoresis on a denaturing 

gel and subjected to Northern blot analysis using pSuo22 as a probe. 

From the autoradiograph shown in Figure 0.3 it can be observed 

that the 1.5 (b honologous transcript was detected at similar levels 

in the NA from each strain. However, in the case of the NA prepared 

from blochedcdc 1.7, cciclO.129, cdcl7 - 175, cdc2O - MlO, and 

cdc 22 - 45 mutant  strains an additional honlogous transcript of 

aooroximately 2.4 Kb in size was detected. This transcriot was present 

at approximately the same level in each of-  these strains. By comar-

ing the two transcripts by eye tha 2.4 Kb transcript was estimated to 

he half as abundant as the 1.5 Kb transcript. 

Surprisinc;lv, the larger 2.4 Kb transcript was not detected in 

the P.NA prepared from the blocked cdc 2.33 strain and from wild type 

cells grown at 250C. A possible explanation for these unexpected 

results could be that the extra transcript was obtained when cells 

are incubated at the higher temperature, that is the appearance of 

the larger transcript was due to a heat shock response. Production 

of heat shock transcripts has been well documented in a number of 

organisms including the budding yeast S. cerevisiae (Ashburner and 

Bonner, 1979; Ellwood and Craig, 1984). This could be easily tested 

by looking for the presence of a 2.4 Kb transcript in RNA made from 

wild type cells growing at the restrictive temperature of 36 °C. 

Alternatively,the difference could be explained by the appearance of 



0 

4 

S 

L4 



145 

5.3 Cell Cycle Dependency of the Appearance of Transcri 
liOmO 

4-0 ps of total ? isolated from various blocked cdc IT1tant strains 

and wild type cells gra-n at 25 °C were separated by el electrophoresis. 

The P..2TA was transferred to nitrocellulose and hybridised to radio-

actively labelled pS1jp22. Position OF  S. pombe and . coli rRNA's 

used as molecular weight markers. 

Lane  S. tore wild type PJ'TA 

Lane  S. por±e cdc 10.12  

Lane  S. pone cdc 2O-1lO PNA 

Lane  3. noiie cdc 22 - 1,;-45 LJTA 

Lane  S. iore cdc 17 - 	 ,7 5 7A 

Lane 3: S. pornbe cdc 2.33 7UA 

Lane 7: S. o:iile cdc 1.7j:iA 

a 2.4 Kb transcript 

b 1.5 Kb transcript 
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the 2.4 Kb transcript being a response to cell cycle arrest. However, 

with both these interpretations the larger transcript would he expected 

to he present at the same level in a blocked cdc 2.33 strain compared 

to the other blocked cdc mutants. The absence of an increased amoit 

of the larder 2.4 Kb transcriot in RHA obtained from a cdc 2.33 blocked 

mutant suggests that the cdc 2 gene product maybe 	reciuired for 

the appearance of tne larger transcript. 

To investigate these possibilities the following experiment was 

carried out. A 100 ml YEPJ) flash containing either a cdc 2.33, cdc 1.7 

or 972 wild type strain was grown overnight at 2500  to an optical 

density of 0.2 as read at a wavelength of 595 rtn. The cdc 1.7 strain 

was taken to be typical of the five cdc mutants in which the 2.4 Kb 

transcript could be detected when incubated at 3600.  Each culture 

was then split in halE, 50 mls shifted to 3600  and the remaining 50 mls 

left at 25°C. After 4 hours the cells were harvested and I?NA was 

prepared Eron each culture as before. 40 p of each NA preparation 

was then separated by electrophoresis and subjected to Northern blot 

analysis using pSup22 as a probe. 

The autoradiogiaph obtained is shown in Figure 6.4. This shows 

that the 1.5 Nb homologous transcript is present at the seine level in 

each NA preparation irrespective of temperature. 	 - 

However, the additional transcript of 2.4 Kb in size was detected 

only in the RNA prepared from the cdc 1.7 strain that had been incub-

ated at 36°C. As before, this transcript was present at approximately 

half the abundance of the 1.5 Kb transcrint. In the other RNA 

preparations the 2.4 Kb transcript was only detected after prolonged 

exposure of the blot and was estimated to be present at less than a 

tenth of the level in the RNA obtained from the cdc 1.7 strain incub- 
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Figure 6.4 
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Figure 6.4 

As detailed in the text 100 mis YEPD containing either a 

cdc 2.33, cdc 1.7 or 972 strains was grown overnight at the permissive 

temperature (25°C). Each culture was then split in half, 50 mis 

shifted up to the restrictive temperature (36 0C) and 50 mis left 

at the permissive temperature. After 4 hours (approximately equal 

to two cell cycles at the restrictive temperature) RNA was prepared 

from each culture as described in Materials and Methods. 40 pg of 

each RNA sample was separated by electrophoresis through a 1.27 

alkaline denaturing agarose gel, transferred to nitrocellulose and 

hybridised to radioactively labelled pSup22. The autoradiograph 

obtained is shown. 

Lane 

1 	40 pg of RNA prepared from cdc 1.7 incubated at 25°C. 

2 	40 pg of RNA prepared from cdc 1.7 incubated at 36 °C. 

3 	40 pg of RNA prepared from cdc 2.33 incubated at 250C. 

4 	40 pg of RNA prepared from cdc 2.33 incubated at 36 °C. 

5 	40 pg of RNA prepared from 972 (wild type) incubated at 25°C. 

6 	40 pg of RNA prepared from 972 (wild type) incubated at 36 0C. 

a 2.4 Kb transcript 

b 1.5 Kb transcript 
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,- 0 ateci at 3 6  C. 

Therefore,it was concluded that the 2.4 Kb transcript was not 

produces as a response to the heat shock of incubation at 3600  as 

the transcript was not present at an elevated level in RI!A prepared 

fromwild type cells incubated at 360C. The autoradiograph also 

suggests that the appearance of the large transcript in the  ~AT" 

prepared from blocked cdc 1.7, cdc 10.129, cdc 17 - M75, cdc 20 - Mb, 

and cdc 22 - M45 strains was a result of blocking the cell cycle 

in these strains. This is because the larger transcript could only be 

detected at a elevated level when cell cycle arrest occurred in these 

strains. The absence of the 2.4 Kb transcript in a blocked cdc 2.33 

strain is an intruiging observation, especially as tile cdc 2 gene 

Product has been shown to play an imortant role in cell cycle controls 

during C1  and 02  (irse and Thuriaux, 1960; Nurse and Bisset, 1981). 

Possible models to account for the appearance of the 2.4 Kb transcript 

in the various strains tested are considered in the discussion. 

4 Tievel of the Transcripts Homologous to pSup 22 throh the Cell Cycle 

To investigate the possibility that either the 1.5 Kb or the 

2.4 Kb transcripts were cell cycle regulated a blot of RNA obtained 

from a synchronous culture of wild type cells was hybridised to 

radioactively labelled pSup22. The autoradiograph obtained is 

shown in Figure 6.5. From this autoradiograph, only the 1.5 Kb 

transcript can be easily detected. The 2.4 Kb transcript was 

present at a low abundance in each sample and was not visualised 

in Figure 6.5. In contrast to the cdc 22 mRNA no dramatic fluctuations 

in the level of the 1.5 Kb transcript was observed. 
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Figure 6.5 Level of transcripts homologous to pSup22 through the 

cell cycle. 

The sane RNA blot as described in figure 5.8 was rehybridised to 

radioactively labelled pSup22 

denotes the midpoint of the cell number rise 

a 1.5 Kb trnscript 

Lane 1 First RNA preparation obtained from cells sampled 40 minutes 

after selection from elutriator rotor 
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5 Surrnary 

The 2.2 Kb DNA fragment which contains the cdc 22 suppressor 

gene is homologous to two transcripts, of 1.5 Kb and 2.4 Kb in size. 

The 1.5 Kb transcript was detected in six cdc mutant strains 

and a 972 wild type strain at both the permissive and the restrictive 

temperatures. In contrast, the 2.4 Kb transcript was present at an 

elevated level in RNA prepared from five out six blocked cdc mutants 

tested. In RNA obtained from wild type or cdc 2 mutant cells 

incubated at the restrictive temperature this 2.4 Kb transcript was 

present at a greatly reduced level. 
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C}TAYER 7 

Genetical Analysis of the cdc 22 Locus 

1 	ccic 22 - Cli - Another Allele of the cdc 22 Locus 

Fxtring the course of this work,seven cdc temperature sensitive 

mutants were isolated independently by Dr Jim Creanor with an execution 

point at or before DNA synthesis in S. pombe. (J. Creanor; Personal 

Corrniunicatjon). 

As an initial test for linkage with the cdc 22 locus, each mutant 

in an h genetic background was crossed to a cdc 22 - i145 h+ mutant 

strain. The progeny from each cross were streaked out on yeast extract 

ac,ar containing Phlox-in B and incubated at 35 0C in order to detect wild 

type recombinants, ("hrse etal, 197611 . In most cases,a high frequency 

of recoinhinants was observed indicating that the mutant strain mapped in 

an unlinked gene. However,in the cross involving the strain Cll,a low 

frequency of cdc+ strains was observed indicating a mutation in the 

same or a closely linked gene. 

To distinguish between the above two possibilities a complementation 

test was carried out by contructing a stable cdc 22 - N45/Cll diploid 

as described in 1ateria1s and Methods. Out of five independent stable 

diploids tested no growth was observed at 35 0c. This suggested that 

the cdc mutation present in the Cli strain was in the cdc 22 gene. 

An alternative explanation nich was not checked was that the Cii 

mutation was dominant to wild type. However,this was thought unlikely 

as the Cii cdc phenotype had already been shown to be linked to the 

cdc 22 locus. 

To determine if the cdc 22 - 011 mutation was a different allele 
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than cdc 22 - M45 the level of recornbiriation between the two mutations 

was measured by free spoie analysis. The recombination freauencies 

obtained are given in Table 7.1. The recombination frequency obtained 

between the cdc 22 - Cli and cdc 22 - 145 mutant strains was a hundred 

times greater than that found in the control homoallelic crosses. This 

data suggests the cdc 22 - Ill mutation is a different allele of the 

cdc 22 gene to the cdc 22 - M45 mutation. The frequency of recombin-

ation between ccic 22 - Ill and cdc 22 - M45 is consistant with intra-

genic recombination frequencies previously observed in S. pombe 

(Nurse and Thuriaux, 1930). 

2 Allocation of the cdc 22 gene to a linkage group 

A cdc 22 - M45 leu 1.32 ade 6.704 h strain was crossed to a 

mat 2. 3102 lys 1.131 strain. The resulting diploids were selected by 

complementation on -i- + Phloxin. Single diploid colonies were incubated 

overnight at 250C as a patch on yeast extract aar containing 10 jig/ml 

of benomyl (Gift from Dr. D. Roy, Dept of Microbiology, University of 

Edinburgh) to induce rnitotic haploidisation. A cell suspension was 

than plated out on yeast extract plus Phloxin at 25 0C, and sixty haploid 

colonies identified by their pale pink colony appearance. These haploid 

colonies were analysed for cosegiegation of the cdc 22 marker with 

lys 1 (chromosome 1), leu 1 (chromosome 2) or ade 6 (chromosome 3).  

The results obtained are shown in Table 7.2. The data is consistent 

with the cdc 22 gene being situated on chromosome 1. 

One surprising result was the low number of ade colonies obtained 

as if some selection against ade colonies occurred during haploid-

isation. This is because the complex media used, yeast extract, 
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Feccinbination Frecuencies between cdc 22-145 and cdc 22 - Cli 

cdc 22 C11 ii 	 62 
	

0.6 

Frequencies are given in wild type recombinants/10 6  spores. 
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Table 7.2 

lysi 
+ - Total 

cdc22 	+ 0 34* 3 

- 21* 0 21 ­2  55 

Total 21 34 55 

1 P 0.01 1inkae 

+ - Total 

-, 	22 CdC L 	 + -IL.* - 
.L 

' 

i

EZ 
_)  

11 11 22 x 2 = 	2.12 

Total 23 34 57 

no 
ada 6 2 > 0.05 linkage 

+ - Total 

cdc22 	+ 30 2 36 

- 21 0* 21 x = 	2.12 

Total 55 2 57 
no 

P > 0.05 linkage 

* indicates parental genotype 
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contains limiting arrunts of adenine (Gutz at al, 1974). 
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3 Sumiarv 

Another allele of the cdc 22 gene designated cdc 22 - Cli has 

been isolated. 

The cdc 22 locus has been shown by haploidisation analysis to be 

situated on chromosome I. 
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TLe of the cdc 22 Gene Product Function and its Gelation to S ohase 

1 Introduction 

asyth and Nurse (l9Gl characterised a c,-':C 22 - i45 strain by 

carryiu out lt;o tyres of experiments. First, no 2A synthesis 

occurred in a svnchronised culture of cc 22 - 43 cells after shift to 

36°c. Secondly, ode 22 - T145 cells arrested with hydroxyurea at the 

ermissive teitir.erature were capable of a f:urther round of division 

if siTte.. to t e cetr1c1 	terai-ure ii the absenc 

As hydroxv.nma specifically blochs 3 p'iase in. S. nore(hitchison and 

Cr2anor, l)7l) this su3'ested tbat the cdc 22 gene nrociuet was reçeired 

 nitton 	 snthefo 	 f 	 sjs.  

The followin charter describes the further characterisation of 

cdc 22 idtant: cells. Strains carr -jin the mutant allele 22-J45 or 

22- 511 were invstinad. First, the res se of both strains to a 

shift frotn the permissive to the restrictive tenperature was invest-

i:ated in a ee 1+  and wee i allele. The wee 1 nutants are altered 

in both cell size at division and in the relative duration of the 

and G2  phases (Nurse, 1975; iurse and Thuriaux, 1977; Fantes and Nurse, 

1973; discussed in the Introduction, Chapter 1). An analysis of the 

results allowed the transition point of the cdc 22 gene product to be 

calculated for each rcutant strain. The transition point is the point 

in the cell cycle after which a shift from the permissive to the 

restrictive temperature can no longer prevent the completion of the cell 

cycle (Pringle, 1973). Although caution must be used when interpreting 

transition point data (discussed in detail in Pringle, 1978) they can 

give an estimate of the time in the normal cell cycle when the wild 
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type • :ene product co:)letes its function. 

	

econaly, tue ti! - Li- 01 	xiase was eSt1:aLe1 in CC LL - 	5, 

22 - ;:45 	wee 1.6 and 972 wild trne cells at the permissive 

taTcerati1ra by hlockin- cells with the cemical inhibitor hydroxyurea. 

The transition point of hynroxvurea was calculated from. the fractional 

increase in cell nuTnber after the dn was aJded to an aSYnChrOnOUS 

exTcnt2ntjallv growing culture. 

2 ?esnorve of 72 wild Tye ca11; to Ternerature Shift 

- 	 -, 	

I 	 1 . wilc type e:-nonentiali rowin culture ias s ite( cLrom 25 to 

Two parameters of the culture cre mEasured after shift to the 

Cr te.m'ruuture. Cell number was determined as detailed in daterials 

and .thods. Cell :rowth was 9:3timat2d by the increase in turbidity 

aF te culture as described in aterjais and :etx.s. 

- 	 O 	..,Aj 	SiU 	
. t to o 	iij t'i cells contlr e to ivi.e tor a - ro - 

imatel-i 30 minutes (Piure 8.1). This was follod by a short plateau 

in cell number which lasted for about 45 minutes. Cell division than 

resumed at an increased rate for the duration of the experiuent. The 

transient plateau in cell number has been previously reported (Nurse, 

1975) and results from a temporary inhibition of nuclear division 

following the shift to the higher temperature. 

The turbidity of the culture increased continuously after temper-

ature shift up indicating that growth was also continuous. 
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Figure 8.1 Response of Wild Type Cells to Shift from 25 0C to 360C 

TIME(HOURS) 

At time 0 an exponentially growing asynchronous culture of 972 

o 	 / 
wild type cells in EMM3 was shifted from 25 C to 360C.   Samples were 

taken at the times shown to monitor cell number (•) and turbidity (A) 

of the culture as described in Materials and Methods. Both parameters 

were plotted as arbitary units on a log scale against time. For cell 

number 1 unit is equivalent to 4 x 10 cells mi -1  and for turbidity 

1 unit is equivalent to 0.1 0.D. units. 
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3 	esonse of the cdc 22 Strains to Tnirierature 3LUft up 

The response to a sh 	cx ift fri 25°C to 360C was investigated in 

c d c 22 - 45, cdc 22 - :•45 wee 1.5, cdc 22 - Cli and cdc 22 - Cli 

wee 1.5 (shown in 'igures 6.2 to 3.3 respectively). All the mutant 

strains showed a similar response to the shift in temmratur2 which was 

different to that observed with wild tyne cells. Cell nuinher increased 

for a tine, between 2 and 4 hours de--ending on the mutant strain, after 

which cell rnrrfuer 'lataaued for the renainder of the experiment. In 

rnarheci contrast, the turDidlty increased exponentially. 

The timing of the transition noint for the co-'c 22 gene product was 

determined for each strain from the fraction of ce!ls able to complete 

division fol1owinc shift to the restrictive teiiterature as detailed 

in Thirse at al (1975). The transition points calculated from the data 

in Fires 3.2 to 3.5 are presented in Table 2.1. The transition point 

of the cdc 22 - Cl]. strain at - 0.25 is consistent with the cdc 22 gene 

product being required for the initiation of DflA replication as S phase 

occurs at 0 in the normal S. poufoe cell cycle (NasmytrL et a1 1979). 

This transition point is similar to that observed for cdc 20 - Mb, 

which is also thought to be defective in the initiation of DNA replication 

(Nasmyth and Nurse, 1931). The transition point of the cdc 22 - Cll 

wee 1.6 strain is 0.1 of a cycle later than in a wee 1+ strain. This 
is broadly consistent with S phase being delayed by 0.2 of a cycle in 

wee 1 mutant cells (Nasth at al, 1979). 

In contrast, the transition point of the cdc 22 gene product in 

the cdc 22 - 1,145 strain was calculated to be 0.28. This is substantially 

later than S phase (at 0.0) in wild type cells. In addition, surpris-

ingly little difference was found between the transition points of the 
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Figure 8.2 Response of cdc 22 - M45 Cells to Shift to 36 0C 

TIME(HOURS) 

Description as for Figure 8.1. 

Cell number s- 

Thrbidity 	A 
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Figure 8.3 Respons8  of cdc22 - M45 wee 1.6 cells to a Shift 
from 25-C to 36

0 
 C 

TIME (HOURS) 

Description as for Figure 8.1. 

Cell number • 

Turbidity 	A 
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Figure 8.4 Response of cdë 22 - Cli Cel ls to-a Shift from 25 °C to 360C 

T IME(HOURS) 

Description as for Figure 8.1. 

Cell number 0 

Turbidity A 
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Figure 8.5 Response o cdc 22 - Cli wee 1.6 Cells of a Shift from 
25-C to 36-C 

TI ME(HOURS) 

Description as for figure 8.1. 

Cell number • 

Turbidity A 
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Table 8.1 Transition Points of Different cdc 22 Strains 

STRAIN' TIME (MINS) CELL 	0b FRACTIONAL CELLC TRANSITIONd 
i (4x10 m1 	) NO. INCREASE POI1'fl' 

cdc 22-M45 0 1.43 1 - 

240 2.36 1.65 0.28 

420 2.54 1.78 0.17 

cdc 22-M45 we 1.6 	0 1.67 1 - 

180 2.71 1.62 0.30 

420 2.84 1.65 0.23 

cdc 22-CII 0 1.16 1 - 

300 2.77 2.39 -0.25 

420 2.86 2.46 -0.30 

cdc 22-Cll wee 1.6 	0 1.13 1 - 

300 2.51 2.22 -0.15 

420 2.64 2.34 -0.22 

The data for cdc 22-M45 are shown in Figure 8.2, cdc 22-M45 

we 1.6 in Figure 8.3, cdc 22-Cll in Figure 8.4 and cdc 22-Cu 

we 1.6 in Figure 8.5. 

Cell number was estimated from a 0.1 ml sample counted on a 

coulter particle counter. The values given are averages of two 

counts. 

C. The fractional cell number increase was estimated from the 

following equation. 

Fractional Cell Number Increase = 

N = Cell number at the plateau in cell number. 



No = Initial cell number when the culture was shifted from the 

permissive to the restrictive temperature at time 0. 

d. The transition point was estimated using the equation of Howell 

et al, 1975. 

Transition point = 1 - log(N/No) 

log e  2 
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cdc 22 ene 2roduct in a cdc 22 - '45 strain, at 0.2, aral cdc 22 - 

iA-5- wee i.3 strain, at :.3. One possible explanation For the unexpected 

results with the cdc 22 - '45 cells is that S phase is rielaved in this 

strain. This could be due to the --dc 22 dene product being only 

partially active at the periissive temperature in a cdc 22 - '45 strain. 

Partial activity of the crjc ;ene product in utant strains at the 

?isi''e teerature has been reported. Forexample, riasmyth. (177 

has demonstrated that cdc 17 mutants of S. nobe .;hich are defective in 

DUA lidase,iava low D'iA 1iase activity at the permissive temperature. 

This partial activity will only affect cell cycle behaviour if the 

activity becoes limiting. In the case of the mutant cdc 17 strains 

even thouh the mutant liase is only partIall y  active at the permissive 

teilperature no cell CCiC di.stortjons are ooserve(i presumal)lv because 

the ligase enzyme is resent in considerable excess (flasmvth, 1977). 

Thperinents to test the hypothesis that S phase is delayed in a 

CC-. 22 - 45 strain are described in the next section. 

4 	Response of 972, wee 1.6, cdc 22 - 445 and cdc 22 - 45 wee 1. cells 
to Hydroxyurea 

As described in the last section the transition point of 0.23 for 

cdc 22 - 45 is contrary with the cdc 22 gene product being required 

for the initiation of DNA synthesis. A possible explanation could be 

that the S phase is delayed in a cdc 22 - M45 strain. The time in 

the cell cycle at which S phase occurred was investigated in 972 wild 

type, wee 1.6, cdc 22 - 1,145 and cdc 22 - 1445 wee 1.6 strains. An 

estimate of the timing of S phase in each strain was obtained by 

calculating the transition point for hydroxyurea-induced cell cycle 
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arrest. 

:1yLrovurea --,-'as added to a final concentration of 12m-! to an 

early,  lo i'-..ase asvnchrcnou.s cltir 	oin-r - 	 (111 

cell rowth were Tuieasured. TIte resonse of 972, we 1.5, cic 22 

and cdc 22 - 45 wee 1.6 strains to incubation in the rsanc: of 12 

hydroxrea is s- -n in 'igures 3.5 to 0.0 respectively. The trains-tion 

oints for hvdrox-vurea were calculated as ef ore from tie residual call 

number increase and are SiTiOwn in Table .2. 

The hycroxiuraa transition c.int of 0.12 for 972 cells is slightly 

later than the timina of 0 phCSe at 0.0, in the nor:a1 h. oibe cell 

cycle. The transition point of 0.4.. for iydroxyarea in wee 1.5 cells 

is close to the time at 
- 1 0, e 	1 

call cycle htasryth et al, 	11 970). h-owever,the transition oint of 

0.4 observed for hydro;yurea in a cdc 22 - V445 strain is almost the 

snie ielue as that or)taineci in a C  22 - 	wee 1.5 strain at 0.4. 

Thus, the defective edo 22 	gene product SC1S to have no 

effect on the timin of S phase in a wee I strain as the transition 

-its o ywuooi fhorea  obtained with wee 1.6 and cdc 22 - 145 ree 1.5 

are sular 1J 	 and 0.4 respectively). In contrast, in a iee 1+ 

strain the cdc 22 - 145 gene product causes a substantial delay in the 

time at which s phase occurs as the hydroxyurea transition points are 

0.12 for wild tyre cells and 0. Q for a cdc 22 - 445 strain. It has 

been demonstrated that a minimum time exists for the completion of 

S and 02 phases of the cell cycle (Fantes and Nurse, 1973; Nasriyth, 

1979). In wee 1.6 cells S phase is delayed by the requirement that 

a cell must attain a critical mass before DNA replication can take 

place (Nurse, 1975; Nurse and Tnuriaux, 1977). Perhaps the similar 

transition points of hydroxyurea observed with wee 1.6 and cdc 22 - 
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Figure 8.6 Response of 972 Cells to Incubation in the Presence 
of 12 rrt4 Hydroxyurea 

IT 

ru 

3 

2 

1 
0 	 2 	 6 

TIME (HOURS) 

At time 0, hydroxyurea was added to a final concentration of 

12 mM to an exponential 972 asynchronous culture in EMM3 at 25°C. 

Samples were taken, as before,to monitor cell number () and 

turbidity W. Both parameters were plotted on a log scale against 

time. For cell number 1 unit is equivalent to 4 x lO cells ml' 

and for turbidity 1 unit is equivalent to 0.1 O.D. units. 
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Figure 8.7 Response of we 1.6 Cells to Incubation in 12 mM Hydroxyurea 

Ti MEIH.QU R S.) 

Description sane as for Figure 8.6. 

Cell number 

Turbidity V 
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Figure 8.8 Response of cdc 22 - M45 Cells to Incubation in 12 mM 
Hydroxyurea 

0 	 2 	 4 	 6 

TIME (HOURS) 

Description same as for Figure 8.6. 

Cell number • 

Turbidity V 
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Figure 8.9 Response of cdc 22 - M45 wee 1.6 Cells to Incubation in 
12 mM Hydroxyurea 

Ti.ME(HOURs) 

Description same as for Figure 8.6. 

Cell Number • 

Turbidity 	V 
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M45 wee 1.6 strains is because the limit to which S phase can be 

delayed-has been reached. 

5 Conclusion 

The transition point of the cdc 22 gene product was calculated 

for cdc 22 - Cli and cdc 22 - M45 strains. The values obtained differed 

substantially from one another. The transition point obtained for 

the cdc 22 - Cli strain at -0.25 is before when S phase occurs in 

wild type cells. This value is also similar to the transition point 

of the cdc 20 gene, which is also required. for the initiation of DNA 

synthesis. 

In contrast, the transition point of 0.28 for the cdc 22 gene 

product in a cdc 22 - M45 strain is appreciably later than when 

S phase would occur in the normal cell cycle. Evidence based on the 

transition point of hydroxyurea in a cdc 22 - M45 suggests that 

S phase is delayed in this strain. Thus of the two transition points 

of the cdc 22 gene product, the value obtained in a cdc 22 - Cli strain 

would be expected to.-give a more reliable estimate of when the cdc 22 

product is required during the wild type cell cycle. This provides 

further evidence that the cdc 22 gene product-is involved in the 

initiation of DNA replication. 
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Table 8.2 Transition Points of Hydroxyurea in Different Strains 

STRAINa TIME (MINS) CELL 0 FRACTIONAL CELL TRANSITION 
(4x10 m11) NO. INCREASE POINT 

972 0 2.68 1 - 

11 240 4.92 1.84 0.12 

of 420 5.13 .1.91 0.06 

wee 1.6 0 1.2 1 - 

I'  300 1.71 1.42 0.46 

H  420 1.76 1.47 0.45 

cdc 22-M45 0 2.42 1 - 

II  150 362 150 042 

if 420 4.00 1.65 0.26 

cdc 22-M45 wee 1.6 	0 1.56 1 - 

11 240 237 152 04 

It 420 2.62 1.68 0.25 

a. The data for the 972 culture are shown in Figure 8.6, we 1.6 

in Figure 8.7, cdc 22-M45 in Figure 8.8 and cdc 22-M45 wee 1.6 

in Figure 8.9. 

The cell number, fractional cell number increase and transition 

points were estimated as described in Table 8.1. 
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CHAPTER. 9 Discussion 

1 Identification of the cdc 22 Gene Product 

(i) Is the cdc 22 Gene Product NDPK? 

As described in the Introduction the cdc 22 gene was,at the 

start of this workthouht to be the structural gene for the DNA 

precursor enzyme nucleoside dihosphokinase (NDP<). This enzyre 

is one of two in S. tombe that has been found to show a periodic 

stepwise doubling of activity during the cell cycle. The initial 

aim of this project was to clone the cdc 22 gene to use as a 

hybridisation probe to assay for the cdc 22 transcript. This 

cdc 22 specific probe would be used to investigate if the periodic 

step in NDPK activity was also paralleled by a periodic change in the 

level of the cdc 22 transcript. 

The original evidence for NDPK being encoded by the cdc 22 gene 

was Iased on work by Dickinson (1981) on the biochemical characterisation 

of the cdc 22 - 1143 -nut-ant, strain. Nucleotide pools were analysed 

from a cdc 22 - M45 strain that had been incubated at the restrictive 

temperature. The concentration of dITP was found to be reduced while 

the concentration of dTDP increased compared to wild type cells. 

Dickinson's interpretation of the differences in nucleotide pool 

levels was that the enrzynie responsible for catalysing the conversion 

of dTDP to driP, NDPI(, was defective in the cdc 22 - M45 strain. 

To test this hypothesis crude cell extracts prepared from 

cdc 22 - M45 and wild type cells were assayed for NDPK activity. 

When assayed at the restrictive temperature NDPK activity from 

cdc 22 - 1445 cells was found to be 1.6 times less than that obtained 

from wild type cells. To test whether this small difference in 

activity was the result of a structural alteration in the NDPK of 
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cdc 22 - 1145 cells,the i<in values of NDPK from cdc 22 - M45 and wild 

type cells were estimated. TwIrienesdmated at the restrictive temper-

ature the Kin values obtained for NDPK from cdc 22 - M45 cells was 

eleven times greater as that obtained for wild type cells. Dicld.nson 

concluded that the conditional lethal phenotype of the cdc 22 - N45 

strain was the result of a temperature sensitive defect in NDPK, 

leading to a defect in DNA synthesis and hence cell division. 

However a number of observations conflict with this conclusion. 

In S. cerevisiae, the cdc 8 and cdc 21 mutant strains have been 

shown to be defective in thyrriidylate kinase and thymi1y1ate synth&tase 

respectively (Sclafani and Fan.nan, 1984; Gan, 1976). Both these 

enzymes, like N[PK, are involved in DNA precursor metabolism. 

Physiological characterisation of these mutants by iartwel1 (1976) 

demonstrated that in recinrocal shift experiments the cdc 8 and 

cdc 21 gene product function was interdependent with the hvdroxyurea 

sensitive step. This suppested that both these DNA precursor mutants 

were required for DNA chain elongation. In contrast, Nasmyth and 

Nurse (1981) showed that in S. pombe the cdc 22 gene product was 

required before the block imposed by hydroxyurea. This was consistent 

with the cdc 22 - 1,145 strain being deficient in the initiation of DNA 

replication rather than chain elongation. 

The transition point is the time in the cell cycle beyond which 

a shift from the permissive to the restrictive temperature can no 

longer prevent a mutant cell from successfully completing a cell cycle 

(Nurse et al, 1976). The transition point estimated for the cdc 22 - 

M45 allele,at 0.28is consistent with a defect in chain elongation. 

However evidence presented in Chapter 8 based on the transition 

point of hydroxyurea in a cdc 22 - M45 strain argues that the 
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cell cycle is distorted in this mutant. Hover, the transition point 

calculated for the cdc 22 - Cli allele at - 0.2 is similar to other 

S. pombe cdc mutants such as cdc 10 and cdc 20 which are defective in 

the initiation of DNP synthesis (Chapter 8; Nasmyth and Nurse, 1981; 

Nurse et al, 1976). 

Indirect evidence described in this thesis also suggests that the 

cdc 22 gene is unlikely to be the structural gene for NDPK. The cloned 

cdc 22 gene was found to code for a rnRiA of 3.3 <b in size. From the 

size of this transcript the molecular weight of the polypeptide coded 

by it can be estimated provided certain assuiiptions are made. For 

example, it is assured the 3.3 Kb transcript detected is the final 

processed form, the transcript does not code for tandem copies of th.e 

same polyptide and no large untranslated seents are present on the 

riiJJA. If the average weight of an amino acid is taken to be 110 the 

polypeptide coded by the cdc 22 gene would have an approximate molecular 

weight of 120,091. NDPK has been purified to homogeneity from 

S. cerevisiae. The enzyme is composed of six identical sub units of 

molecular weight 17,000 (Palmieri et al, 1973). The results of pre-

liminary experiments on NDPK purified from S. pombe suggests that the 

enzyme has a similar structure and molecular weight to that found in 

S. cerevisiae (Dr. L Henley, Personal Communication). Thus the cdc 22 

codes for a polypeptide whose estimated molecular weight is six times 

that of the NDPK polypeptide monomer. 

However, the strongest evidence against cdc 22 coding for NDPK 

has come from a re-examination of the NDPK activity in cdc 22 - 1445 

cells using a more direct assay than that used by Dicl4.rison (Dr J. 

Creanor, Personal Conariunication). Diclinson' s assay for NDPK consisted 

of coupling the following reactions: 



TDP + ATP—_-4.TTP + ADP 

ADP + PEP -4 ATP + pyruvate 
pyruvate + NADIT ---*lactate + NAD 

The formation of TTP was ultimtely coupled to the disappearance 

Of NADI-i, which was iasured by a fall in the a'Dsorbance at 360 rmi. In 

contrast the radioactive assay used by Creanor measured the transfer of 
32 

from ' labelled ATP to TDP. Thus the appearance of 32p 

was measured directly. The radioactive assay was found to be more 

reliable than measuring the fall in NADH after a series of two coupling 

reactions (Dr J. Creanor, Personal Coriunication). Using the radio-

active assay Creanor found no difference in the activity of NDPK 

from cdc 22 - M45 or cdc 22 - Cli cell extracts comuared to wild type 

cells, even whn NDP( was assayed at as high a terrrerature as 60 0C. 

Although the most sLilest explanation of the pool data discussed 

earlier is that cdc 22 - 45 cells are defective in NDPK, a mnTiber of 

observations now conflict with this conclusion. On balance it now 

seems likely that the cdc 22 gene enzyme relationship may have been 

mistaken. 

(jj)Possible Involvement of the cdc 22 Gene Product in Histone Transcription 

A possible clue to the function of the cdc 22 gene product has 

emerged from an investigation of the core histone H2 4, transcript levels 

during the cell cycle. Histones are small basic proteins involved in 

packaging DNA to form the chromatin structure (Alberts et al, 1983). 

In wild type S. paribe cells the level of histone H2A mRNA is cell 

cycle regulated reaching a peak during S phase (Ayes et al, 125; 

Chapter 5, figure 5.8). Additional experiments by Nurse and fellow 



181 

workers (Dr P. Nurse, Personal Conmunication) examined the histone H2A 

levels in blocked 'synchronous cultures" of various cdc mutant cells. 

In these experLents a synchronous culture of a cdc mutant strain was 

prepared by size selection from cells grown at the permissive tamper-

attire. The synchronous culture was shifted to the restrictive temper- 

ature and the histone transcript levels followed for a period equivalent 

to tno cell cycles. In cdc 13 cells, which arrest in C 1  (Nurse et al, 

1976), the historic transcripts never rose above a basal level. In 

blocked "svrchronous cultures" of cdc 20 and cdc 17 mutant cells, which 

arrest at the initiation and termination of S phase respectively 

(Nasmyth and Nurse, 1981), the historic transcript levels peaked once 

and then remained at a basal level. However for a blocked cdc 22 

synchronous culture, which also arrests at the initiation of DNA 

synthesis, an unusual pattern of historic 712A transcript levels was 

observed. In a blocked cdc 22 culture the historic H2A transcript 

levels continued to fluctuate periodically peaking twice during the 

experiment. This pattern was sin! ilar to that obtained with unblocked 

wild type cells. This striking observation suggests that the level 

of the histone 11-12A mRNA continues to fluctuate periodically even 

though cell cycle progress is blocked in these cells. 

In S. cerevisiae it has been clearly demonstrated that the 

regulation of historic transcript levels occurs by two distinct mechan-

isms (Hereford et al, 1932; also see next section). The first is by 

periodic transcription of the histone genes, while the second is 

exherted postrarLscriptionally and acts on the stability of histone 

rrLUTA. It seems likely that the regulation of I-12A levels in S. porTfoe 

occurs in an analagou.s manner. The following argmient will concentrate 

on how the cdc 22 gene product may be involved in the periodic trans-

cription control. 
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In a blocked cdc 10 culture the H2A transcript levels never rise 

above a basal level. This suggests that the cdc 10 cells arrest before 

the point in the cell cycle to where histone H2A transcription initiates. 

In cdc 20 and cdc 17 blocked cells the level of H2A rnRNA rises to a 

peak, falls but is not reinitiated. This implies that both the initiation 

and termination of histone H2A transcription occurs before the points 

at which the cdc 20 and cdc 17 mutants arrest. However in cdc 22 

blocked cells the H2A transcript continues to rise and fall periodically 

at a similar time to unblocked wild type cells. The unexpected obser-

vation that the level of histone H2A nRNA continues to behave period-

ically in cdc 22 arrested cells suggests that HZA transcription has the 

potential to show continued periodicity in the absence of cell cycle 

progress. If this is the case it would indicate that the initiation 

of histone transcription may be controlled by an oscillator that is 

independent of the nuclear division cycle. Furthermore, the failure 

of reinitiation of histone H2A transcription in cdc 20 and cdc 17 

blocked cells suggests that the cdc 22 gene product inhibits the 

reinitiation of histone H2A transcription. Thus when the cdc 22 - 

gene product itself is defective, as in a blocked cdc 22 culture, 

this repression is removed. 

A simple explanation of the histone H2A rrRNA pattern in different 

blocked S. pombe cdc mutant is that a positive and negative element 

act on the initiation of histone H2A transcription. The nature of 

the positive element is unknown but it would be expected to continue 

to oscillate in cells defective in cell cycle progress. The obser-

vations discussed for the cdc 22 blocked cells suggests that the 

cdc 22 gene product may be a negative element involved in histone 

H2A transcription. 



183 

2 Comparison of the cdc 22 Mutant with cdc Mutants Isolated in Other 

The work of Jazwinski and Edelman (1976) showed that extracts from 

the budding yeast S. cerevisiae are capable of stiralating the initiat-

ion of DNA replication in frog cell nuclei. This suggested that many 

of the functions involved in the initiation of DNA replication have 

been conserved across a range of organisms. Recent results (Beach 

et al, 1982; Barker and Johnston, 1983) have shown that clOned CDC 

genes isolated from the budding yeast S. cerevisiae can complement 

defects in cdc mutants of S. ne,ihich is considered a distantly related 

organism (Sciieingruber and Dietrich, 1973). For example the cloned 

cdc 9 gene of S. cerevisiae which codes for DNA ligase complements 

the S. pouile cdc 17 mutation, known to code for DNA ligase in this 

organism (Johnston and Nasrrryth, 1978; Nasmyth, 1977; Barker and 

Johnston, 1923). A more unexpected observation was that the cloned 

cdc 28 gene of S. cerevisiae could complement a defect in the cdc 2 

gene of S. ponibe (Beach et al, 1982). Both these genes are known to 

be involved in their respective organisms in the major G 1  cell cycle 

control terned "start" (Reed, 1980; Nurse and Bisset, 1981). Once 

"start" is completed the cell becomes cmnitted to the mitotic cycle 

rather than an alternative developmental pathway such as conjugation. 

Although the "start" control point divides the cell cycles of both 

yeasts into uncainitted and corinitted phases this does not necessarily 

mean that "start" has the same molecular mechanism in both organisms. 

The ability of the S. cerevisiae cdc 28 gene to complement an S. pombe 

cdc 2 mutation provides strong evidence that the molecular basis 

of cell cycle control is highly conserved between the two organisms. 
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The above observations indicate that comiron mechanisms exist for 

controlling progress through the cell cycle in S. pornbe and S. cerevisiae. 

Therefore it would be useful to compare the S. porre cdc 22 mutation 

with S. cerevisiae cell cycle mutants that like the S. pombe cdc 22 

mutation are required before the block i.mposed by hydroxyurea. In the 

next section the S. pombe cdc 22 mutation is compared first with the 

S. cerevisiae "start" mutants, and then with the cdc 4, dbf 4 and 

cdc 7 mutants which are required after "start" but before the initiation 

Of: DNA replication (Hereford and Hartwell, 1974; Johnston and Thomas, 

(iComarison of cdc 22 with S. cerevisiac "start" tiutants 

One particularly interesting group of genes identified in S. carey-

isiae are those controlling "start". Cells with terperature sensitive 

urutations in the cdc 28, cdc 36, cdc 37, cdc 39 and others have been 

shown to be involved in the regulatory control point imown as "start" 

(Reid and Hartwell, 1977; Reed, 1 1.130) .  When incubated at the restrict-

ive temperature haploid cells with mutations in "start" genes arrest 

in C1  asunbudded cells. 

Paid and Hartwell (1977) investigated the ability of different 

cdc arrested mutants to undergo conjugation with haploid cells of the 

opposite mating type. For these experiments conjugation was assayed by 

the formation of diploid cells. It was found that cells arrested at 

"start" were still able to conjugate while temperature sensitive cdc 

mutaut strains that arrest after "start" were unable to conjugate. In 

this study the result obtained with blocked cdc 4 cells, which arrest 

after start (Hereford and Hartwell, 1974), could not be interpreted 
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as control experiments suggested that the cdc 4 gene product was 

required for the mating process. However, the conclusion from the 

above observations was that "start" defined the last point before 

coritnitment to the mitotic cell cycle. 

This definition of "start" has been questioned in light of 

experinents carried out by Hirschenberg and Schen (1977). 

Hirschenberg and Sirrchen (1977) tested the ability of diploid cells 

arrested at various cdc steps to undergo sporulation. They found 

that only diploid cells arrested at "start" or the cdc 4 ste?s were able 

to sporulate without completing an intervening raitotic cell cycle. 

This suggested that a cdc 4 diploid: was not caiitted to the mitotic 

cell cycle since it was able to switch directly into the alternative 

developmental pathiay of meiosis and sporulation. To reconcile these 

results,"urse (19d0) has proposed that "start" should be considered 

more as an area including the cdc 4 event rather than as a single 

control point in f71  of the cell cycle 

In S. pone two "start" genes have been identified, cdc 10 and 

cdc 2, by the ability to form diploid cells from their points of arrest: 

(Nurse and Bisset, 1981). A cdc 22 --mutant strain when arrested was 

not able to form diploid cells and therefore would seem to be required 

after "start" had been completed. It is possible that the S. pombe 

cdc 22 mutation might define a point of commient after "start" in 

an anal agous manner to the S. cerevis iae cdc 4 mutant. However this 

seems unlikely as in contrast to the S. cerevisiae cdc 4 mutation the 

S. poribe cdc 22 gene product does not seem to be involved in the 

mating process. 
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(jj) Comparison of S pombe cdc 22 Mutant with the cdc 4, dhf 4 and cdc 7 

Mutants of S. cerevisiae 

In S. cerevisiae besides the "start" genes and cdc 4 the products 

of dbf 4 and cdc 7 are required during G 1  prior to the initiation of 

DNA synthesis (Johnston and Thorris, 1982; Hereford and I{artwell, 

1974). Both the dbf 4 and cdc 7 mutants arrest with a similar pheno-

type of a dnbe11 morphology (Johnston and Thxnas, 1932). This 

phenotyoe differs from "start" mutants which arrest as uribudded cells 

and cdc 4 mutants which form elongated buds (Hartwell et al, 1973). 

By examination of the terminal phenotypes of double mutant cells it 

has been established that the "start" gene products are required before 

ti.Ie c.,.-lc 4 gene product ,which is in turn required before the products 

of dbf 4 and cdc 7. 

A further step defined in the G 1  phase of the S. cerevisiac cell 

cycle is the point at which all the proteins necessary for a round of 

DNA synthesis have been synthesised. '4hen cdc 7 and d1f 4 mutant 

cells are arrested at the restrictive temperature and the block 

released in the presence of cycloheximide, which blocks protein 

synthesis, DNA replication occurred in cdc 7 but not dbf 4 cells 

(Johnston and Thomas, 1932). This suggested that the dbf 4 gene 

function acted before the final requirement for protein synthesis 

which in turn was completed before the step defined by the cdc 7 

gene product. 

In S. pombe mutations in two genes, cdc 20 and cdc 22, have been 

shown to be defective in the initiation of DNA synthesis (Nasniyth 

and Nurse, 1981). It is unfortunate that the different terminal 

phenotypes associated with G 1  S. cerevisiae cdc mutants cannot be 

recognised in S. porfbe cdc mutants because there is no morphological 
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marker early in the cycle comparable with budding in S. cerevisiae. 

However the time at which the cdc 20 and cdc 22 gene products function 

could be mapped relative to the final requirement of protein synthesis 

for DNA replication in S. pornbe. 

The availability of an efficient method of transformation and 

plasmid vectors that can be selected for in both types of yeast allows 

"cross complementation" experiments to be carried out with the cloned 

cdc genes from each organism. The cdc 4 and cdc 7 genes of S. cerevisiae 

have been isolated (Peterson et al, 1934; Cieddle et al; 1984) and would 

be ideal genes with which to test for complementation of the S. pombe 

cdc 22 mutation. It would also be of particular interest to try to 

complement the S. cerevisiae cdc 4, dbf 4 and cdc 7 mutations using 

the cloned S. pare cd.c 22 gene and cdc 22 sunpressor. 
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3 Periodic Patterns of Gene Expression airing the Cell Cycle 

As described in the Introduction most proteins appear to be 

synthesised continuously through the cell cycle. This section reviews 

the small niber of proteins that seem to be cell cycle regulated. 

Where possible the level at which the regulation occurs is indicated. 

S. pombe 

In the fission yeast S. pombe two enzymes show a periodic stepwise 

increase in activity through the cell cycle when measured in synchronous 

cultures. Eoth these enzymes, thyidine onophosphokinase (TP() and 

nucleoside diphosphokinase (NKPK), are involved in nucleotide metaholisci. 

In both cases the level at which cell cycle regulation occurs, such as 

transcription or posttranscription, is unknown. In addition it has 

recently been shown that histone T12A aNA in a cell peaks oeriodically 

at S phase although it is not known how the accumulation of iiistone 

protein is affected. (Aves et al, 195.; See Chapter 5; Figure 5.3). 

S. cerevisiae 

In the budding yeast S. cerevisiae a recent examination of 

approximately 9(0 proteins revealed 17 proteins that appeared to show 

periodic or modulated patterns of synthesis during the cell cycle. 

(Lorincz et al, 1962). Three of these proteins, synthesised exclusively 

in late G1  and early S phase, were found to be the histones H2A, H2B 

and H4. This confirmed previous studies which showed that histones 

were synthesised periodically during the cell cycle. (Moll and 

Wintersberger, 1976; Hereford et al, 1981). Further studies in 

S. cerevisiae have recognised different eleunts involved in the cell 



cycle regulation of histone gene expression. Experiments on synchronous 

cultures using the cloned, his tone H2A - H2B genes as hybridisation 

probes demonstrated that the level of histone H2A - H2B thRNA peaks 

periodically during S phase (Hereford et al, 198D. By pulse labelling 

synchronised yeast cells and hybridising the labelled RNA to cloned 

histone D\ imnobilised on a filter it was established that the 

periodic appearance of histone rnRNA was the result of increased 

transcrjntjon rate (Hereford et al, 1982). Additional experiments 

have shown that a second level of control also exists that operates 

post-transcriptionally by altering the stability of the histone trRNAs. 

(Oslev and Hereford, 1981; Hereford et al, 1932). 

The point in the cell cycle at which transcription is activated 

was defined more accurately using a cdc 7 temperature sensitive mutant. 

Calls with a cdc 7 mutation arrest in late Gkir before the initiation 

of E•A synthesis (Hereford and Hartwell, 1974). Cells blocked at the 

cdc 7 step start histone transcription even though DNA replication 

did not occur. This sugested the completion of an event in G1 . 

rather than the initiation of S phase switched on histone transcription. 

T4breoverin a cdc 7 blocked mutant the 112B transcription, rate remained 

at a high level. This implied that a point later in the cell cycle was 

required to turn transcription ("cc 
 

The point at which his tone transcription was' switched off was 

investigated by examining histone rrNA levels in a strain carrying a 

cdc 8 mutation. At the restrictive temperature' cells containing a 

cdc 8 mutation will complete the cdc 7 gene function, initiate DNA 

synthesis and arrest early in S phase. In a blocked cdc 8 strain 

the histone transcription rate was found to peak in a similar pattern 

to wild type cells. The simplest explanation of this result is that 
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histone transcription switches off upon entry of cells into S phase. 

Recently a lilA sequence required for transcriptional regulation 

has been identified at the 3 end of the N2.B gene in each of the two 

genetically unlinked H2A -H2B copies (Osley and Hereford, 1982). An 

interesting observation is that the same sequence is also capable of 

supporting autonomous replication of plasmids otherwise unable to 

replicate autonomously in yeast. Autonomously replicating sequences 

(ars) have been proposed to be chromosorel origins of replication 

although they have not yet been shown to function as such in viva 

(Struhi et al, 1979). Deletion ntaning has shown that the ars activity 

and regulatory sequence required for histone transcription are coin-

cident or within 100 bp of one another. Using this information Osley 

and Hereford (1982) proposed a simple method to explain how the periodic 

transcription of the 11 112A and 112B genes were temporally regulated. In 

this model changes in the chranatin structure brought on by activation 

of the eukaryotic origin of replication located at the 3' end of the 

H7J - R2B genes was responsible for the initiation of FI2A 

gene transcription. Uhen replication has taken place the chromatin 

structure returned to its normal state and histone transcrirtion would 

cease. Thus the activation of the ars sequence once every cycle 

would be responsible for the periodic transcription of the H2A - H23 

genes. 

The enzyme thyr.idylate synthetase which is required for nucleotide 

precursor metabolism shows a peak in enzyme activity during S phase 

in synchronous cultures of S. cerevisiae. (Storms et al, 1984). 

The peak in thymidylate synthetase activity is parallelled by a peak in 

the amount of enzyme protein present in cell extracts. This implies 

that periodic synthesis of protein is responsible for the periodic 

peak in enzyme activity. Using the previously cloned thymidylate 



191 

syrithetase gene (Taylor et al, 1932) as a hybridisation  probe, the 

transcript level was found to be cell cycle regulated reaching a 

peak near the beginning of S phase. This indicates that the periodic 

increase and decrease in thymidylate synthetase protein levels isat 

least partly,determined by the availability of thyridylate synthetase 

transcript. 

The levels of transcript coding for DNA ligase in S. cerevisiae 

have recently been shown to peak periodically during late C 1  (Peterson 

et al, 1985). These authors presented no inEoriiation about DNA ligase 

activity or enzylie protein levels at different cell cycle stages. 

Another exaiple of periodic gene expression in S. cerevisiae 

involves the T;Aarothall_-;s---, 1 T-Q gene. This gene codes or regulates an 

endonuclase essential for the ( specific event of mating type inter -

conversion (<ostriken et al, 1983). The endonuclease activity first 

appears during early C 1  and thereafter increases for the rest of the 

cell cycle. Pegu1ation seems to be at the transcriptional level as the 

accumulation of HO iiNA shows a similar pattern to endonuclease activity 

(Nasmyth, 1933). 

(iii) Physarum Polycephalum 

Another well documented system is the acellular slime mould 

P. polycephalum. This organism shows a natural mitotic synchrony Which 

avoids the pertubatioas that are inherent in other organisms using 

most rrthods of synchronisation. Mitchison (1977) states that out of 

fourteen enzynes assayed in Physarum,eight were continuous While six 

showed a periodic peak in activity during the cell cycle. Of the 

"periodic" enzymes, one histone Hi kinase was thought to be involved 

in chrotiosome condensation during mitosis and three other enzymes, 
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thyraidine kinase, thymidylate synthetase and DNA polyrrierase, were 

associated with S phase. The peak in activity shown by histone Hi 

kinase is unusual because the observed increase in activity is not 

due to a parallel increase in the amount of enzyme ynthesised 

(4itchelson et al, 1978). This result implied that some form of 

post translational control was involved in the regulation of the 

periodic activity increase. 

Experiments on Physarum involving pulse labelling of plasmodiurn 

proteins and subsequent separation by two dimensional gel electrophoresis 

showed that two polypeptides out of several hundred were preferentially 

synthesised during the late G 2  phase of the cell cycle. (LaEflér 

et al, 1981). ftirther investigation identified one polypeptide as  

tubulin and the other as /3 tubulin. a and ft tubulin polypeptides 

polymerise to form microtuLules which are the major macromolecular 

coponents of 	the mitotic spindle (Luduena, 1979). 

A more detailed survey by Burland at al, (193) found that two 

a tubul ins ( : and a  a, ) and two tubul ins C fi, and Pc) were 

e:;pressed in the Physarum plasmcdiurn. A recent report (Schedl et 

al 191%34) revealed that the synthesis of all four tubulin polypeptides 

is cell c-,;cle regulated. The synthesis of all four tubulin species 

increased ,,from. early G2  in a co-ordinate manner until ntaphase, then fell 

rapidly. 	This increased rate of protein synthesis was parallelled 

by a corresponding increase in the steady state level of a  and fi tubulin 

rrRNAs. 

(iv) Animal Eggs 

Unfertilised sea urchin or Xenopus eggs are naturally arrested in 

the metaphase of the second meiotic division. (Woodland, 1982; 
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Newport and (irschner, 1932). when stfrnilated by fertilisation the 

egg proceeds into a rapid and nearly synchronous series of cell divisions. 

Studies on these organisms have identified proteins with interesting 

periodic patterns of accuiailation. 

In the sea urchin Arbacia punctulata cleavage in embryos consists 

of eight very rapid divisions that re ,,,.,,-ire continual protein synthesis 

to maintain them. This synthesis is programmed by stored material 

rnRNAs which code for three or four particularly abundant proteins whose 

synthesis is barely detectable in the unfertilised egg (Wells et al, 

1931). The accnu1ation of one of these proteins, termed cyclin, 

has been shown to be periodic, peaking during late G 2 . Pulse lahell-

ing experiments indicated that cyci in was sy.thesised continuously 

during the cell cycle. This observation indicated that periodic 

acctinulation of cyclin may be due to periodic degradation of the 

protein 	(Tvans et al, 1923). 

ff-erLments perfornied with Xenopus eggs and oocytes revealed the 

presence of a factor, terred maturating promoting factor (FF), respon-

sible for the initiation of the meiotic or mitotic phase of the Xenopus 

cell cycle. 	was first detected in unfertilised arnnhihian eggs as 

a cytoplasmic factor which when injected into amphibian oocytes 

caused them to "mature" into unfertilised eggs 0"L"4asui and Clarke, 

1979). More recently IvP? has been extracted in an active form from 

the cytoplasm of all eukaryotic mitotic cells investigated (Newport 

and Kirscbner, 1984). 	activity oscillates in the early cleavage 

stages of the Xenopus embryo, being highest at mitosis and undetectable 

at S phase : (Gerhart et al, 1934). Of particular interest is the 

observation that MPF activity continues to oscillate in Xenopus embryo's 

when mitosis has been inhibited by the presence of riacodazole or 
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coichicine. This implies that the periodic fluctuations inI.T.F. activity 

may be independent of the nuclear division cycle. 

'7nen comparing the observations obtained during cleavage in 

Xenopus and sea urchin fertilised eggs with the cell cycle regulation 

of gene e:pression in other organisms it is important to rerrnibar that 

in certain respects the cell cycle in fertilised eggs is aty - pical. For 

exampleno net growth occurs between divisions; no transcription takes 

place during the cell cycle and the cycle does not contain a C 1  or 

phase (iewport and Xirs&ne-r, 1982). Therefore it is uncertain at 

present now these results relate to a normal mitotic cell cycle. 

(v) Mammalian Cells 

In maima1ian cells tire rate of histone protein synthesis has been 

shoi to peak during S phase. The cell cycle regulation appears to be 

detennined by the availability of histone transcript. The amount of 

histone transcript present seems to be controlled in a similar manner 

to that in S. cerevisiae with transcriçtional and post-transcriptional 

control elennts 	Cobbins and Borun, 1967; Pluilb et al, 1983). 

A great deal is imown about the pattern of enzyme activities 

during the mrmalian cell cycle. however due to problems in the methods 

of achieving synchronous cultures proper asynchronous control cultures 

cannot be obtained (discussed in detail in the Introduction). It is 

therefore unclear whether the observed periodicity in enzyme activity 

is a consequence of the method used to achieve synchronous cultures, 

or a property of the normal cell cycle. 
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(vi) Conclusion 

In smnary, each unan'biguous example of periodic accumulation of 

protein and/or enzyme activity seems to be associated with a periodic 

event in the cell cycle Such as DNA synthesis or mitosis. In most 

cases where it has been investigated the periodicity is, at least 

partly, due to regulation of gene transcription. This sometis acted 

in conjunction with a post-transcriptional control involviw the turn-

over of rrPLNA. However there are excaptions to this rule. For example 

re•lation of histone kinase activity in Physarin appears to be the 

result of periodic activation of the enzyn. In addition regulation 

of periodic protein accumulation durinc,  cleavae in fertilised es 

during cleaiae airntl' tnvolve post- transcriptional controls. 

This exception is not surprising as transcription does not take 

place .durin cleavage in fertilised eggs. 
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4 Cell Cycle Regulation of the cdc 22 mRiIA 

Using RNA obtained from a synchronous population of wild type 

cells prepared by elutriation it has been demonstrated that the cdc 22 

transcript is cell cycle regulated (Chapter 5; Figure 5.). A direct 

comparison of the cell number values corresponding to the different 

RHA samples showed that the cdc 22 transcript peaks approximately 

15 minutes before the midpoint of the rise in cell number. This 

approxLTates to the transition from 	to S phases in wild tyre cells 

(r'asmyt1-i et al, 1979). The peak in the level of histone H2A transcript 

also occurs at about this point in the cell cycle (Ayes et al, 19; 

see Chapter 5, Fi.gue 5. 9). 

A number of S. panbe ccic genes have been isolated by using methods 

similar to those outlined in this thesis. The level of the cloned 

3. Pon' cdc 2, cdc 10, cdc 17 and cdc 25 transcripts did not show 

periodicity through the cell cycle (Ayes et al, 15.; Dr Paul Thrse 

and Dr L Johnston, Personal Communications). In contrast, the historie 

T-12A transcript has been reported to show a dramatic fluctuation in 

its level during the cell cycle (Ayes etal, 1985). 

In this thesis evidence is presented that demonstrates that the 

level of the cdc 22 transcript is cell cycle regulated. The appearance 

of the cdc 22 transcript is restricted to a particular period of the 

cell cycle peaking at the boundary of G1  and S phase. (Chapter 5, 

Figure 5.8). The cell cycle regulation of the level of cdc 22 rnflNA 

could be explained by either periodic transcription of the cdc 22 gene, 

changes in the stability of the cdc 22 transcript at a particular point 

in the cell cycle or a combination of both. The observations reported 

in Chapter 5 cannot distinguish between either of the three possibilities. 

To test which mechanism is responsible for the periodicity in the level 
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of the cdc 22 transcript will require a detailed analysis of the cdc 22 

transcription rate through the cell cycle. This could be carried out by 

pulse labelling a synchronous culture with a radioactive nucleotide, 

extracting total NA and hybridising to S. pombe DNA containing only 

the cdc 22 seciuence. Such a Procedure was used to clearly establish 

that both periodic transcription and changes in rnPA stability were 

responsible for the cell cycle regulation of histone nNA in S. cerevisiae 

(Hereford et al, 1982). 

The cdc 22 transcript has been shown to he present at high levels 

during the G1 /S boundary and basal levels at other tires in the cell-Cycle- 

If the periodicity in the level of the cdc 22 transcrint was 

deiendent on cell cycle progress, arrest ing cells in late @1  or S would 

result in high levels of ccic 22 niNA being present. In contrast, the 

cdc 22 transcript would be present in a low amount in cells blocked 

G2  or mitosis. xperiments described in Chapter 5 derinstrate that 

the c--;C 22 transcript is present at the same abundance as an unblocked 

wild type control in RNA obtained from blocked asynchronous cultures 

of six different mutant strains. Four of the mutants cdc 10, cdc 20, 

cdc 22 and cdc 17 arrest at late G, or S phases while two)  cdc 2 and 

cdc 1)  arrest during late C2 . The interpretation of this result is 

that the appearance of the cdc 22 transcript is not dependent on the 

completion of any specific cell cycle event. This leads to the 

intruiging possibility that the periodicity in the cdc 22 transcript 

level may be independent of continued progress through the cell cycle. 

Such a type of regulation is not without precedent.; For example, cell 

cycle regulation of IMPF activity during cleavage in Xenopus embryos, 

discussed in the last section, is thought to show a similar pattern 

(Gerhart et al, 1984). In addition, vinen the cdc 4 mutant of S. cere- 



WN 

visiae is incubated at the restrictive temperature bud formation occurs 

repeatedly after constant time intervals (Hartwell et al, 1974). 

Direct support for the hypothesis that the periodicity in the cdc 22 

transcript level is independent of the nuclear division cycle would 

involve an investigation of the cdc 22 transcript levels in blocked 

synchronous cultures of various S. pombe cdc mutants. 

The regulatory sequence responsible for periodic expression of 

histone H2211 - i12B in S. cerevisiae is coincident with a DNA sequence 

that su!ports  autonomous replication (ars) of plasmids in yeast 

(Osley and ereford, 1932 1 . Such ars sequences are also thought t6 

be involved, in the regulatory regions required for the DNA ligase and 

HO endonuclease periodicities (Peterson et al, 1935; i'iasii-1yth, 1983). 

No such ars activity was detected in the cloned S. pombe DNA carrying 

the cc-,c 22+  gene (C1:ianter 4). However such an observation does not 

rule out the possibility that an ars D\ sequence could e responsible 

for the cdc 22 transcript periodicity as it is not Ioi;n if all t'-Ali 

regulatory sequences responsible for the cell cycle fluctuations are 

present on the cloned S. pan-be DNA sequence. 
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5 cdc Suppressor Sequence 

(j) Properties of the Suppressor Sequence 

A 2.2 IM3 S. pombe DNA sequence is described, in Chapter 6 that 

complements both the 1iown riutant alleles of the cdc 22 gene. Nhen 

this sequence is integrated by homologous recombination into the 

S. porribe enome the site of the integration is genetically unlinked to 

the cdc 22 locus. Thus, the 2.2 Kb seqience contains an extra genic 

suppressor of cdc 22 trntations. Suppression only occurs when the 

2.2 Kb DNA sequence is present on an autonomously replicating vector. 

Nhen integrated into the S. nort-)e genome it no longer suppresses the 

cdc 22 - 45 or ccc 22 - Cli mutations. This suggests for suppression 

to occur requires the DNA suppressor sequence to be present at an 

elevated COPY nuiher. 

Suppression of rrtations by cloned extraenic DNA fragirents carried 

on autonomously replicating piasmi:Js lICS been reported by a ner of 

worhers. NacKey (1983) clearly demonstrated that the cloned STE S gene 

of S. cerevisiae also suppresses a ste 4 mutation when carried on an 

ars piasinid. Another exanple of such suppression in S. cerevisiae is 

Chat the cloned CDC 12 gene will also suppress a cdc iirirLitation 

(Lillie et al, 1984). 

In S. pombe a DNA sequence has been isolated from a plasmid library 

that suppresses certain cc1c mutant alleles. This sequence 7 termed suc 2 

was found to be unlinked to the cc-1c 2 locus (Hayles and Nurse, l9'4). 

Theoretically, a niznber of different mechanisms can be put forward 

to explain suppression of the cdc 22 mutation by an extragenic DNA 

sequence carried on a plasmid. Soii of these are considered in the 

following section. 



Possible Methods of Obtaining Suppression 

A clue to the mechanism of suppression is the observation that-

suppression only occurs when the sequence is present on a plasmid 

capable of autonomous replication in S. iombe (See Chapter 4). Nhen 

the DNA sequence responsible for suppression was integrated into the 

S. pombe genoir no co-mplementation of ccic 22 - 1',45 or cdc 22 - Cli 

mutant cells occurred. From the autoradiograph shown in Chapter 4, 

Figure 4.8, it was demonstrated that a single plasmid. containing the 

S. pombe suppressor sequence had integrated into the S. pombe ename. 

The plasnid vector pD24 in S. pombe is reported to be present at a 

copy ncr of five per yeast cell (Wright ët al, 1985). 

This suggests that suppression of the cdc 22 tiutation is only successful 

when greater than two copies of the ccic 22 suppressor DNA is present. 

The sii.plest explanation for this increased copy number requirement is 

that the suppressor gene product must be overproduced for suppression 

of the cdc 22 mutation to occur. Allowing for the possloilit y  that 

the suppressor gene product is required to be overproduced a nurrer 
1. 

of different models can be proposed to explain the observed suppression 

of the cdc phenotype. 

Two possible mechanisms require that the cdc 22 mutant gene product 

is partially active at the restrictive temperature. In the first the 

suppressor gene product catalyses the reaction before the cdc 22 gene 

product in the same biochemical pathway. An increased amount of 

suppressor product would increase the substrate concentration for 

the reaction catalysed by the cdc 22 gene product. This could drive 

the reaction, compensating for the partially defective cdc 22 gene 

product. Alternatively the suppressor gene product could regulate 

the expression of the cdc 22 gene. Increasing the amount of suppressor 
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gene product would also increase the amount of cdc 22 gene product 

produced. Although this cdc 22 mutant gene product is partially active, 

increasing the amount produced would partially compensate for the 

defect. For both these mechanisms the suppression ould he ex—pected 

to be allele specific. 

Another possible explanation could be that the suppressor DNA 

sequence coded for a protein of a similar biochemical function to 

the ccic 22 gene product. For example hoth could code for protein 

kinases of different specificities. Though the suppressor gene product 

would not be exDected to function as efficiently as the cdc 22 gene 

•?roaict,it could bypass the biochemical defect provided enough of the 

suppressor protein was available. Such a mechanism would he expected 

to be a gene rather than allele specific. 

An alternative mechanism could involve stabilisin the mutant 

protein at the restrictive temperature. This could he achieved by the 

suppressor protein interacting directly with the cdc 22 gene product. 

Alternatively the suppressor gene product might act to stabilise the 

mutant protein by changing the internal environment of the cell in a 

general way. For example, it has already been observed that the cdc 

22 - M45 strain is osrtically supressible if,  grown in the presence of 

1.2 'I sorhitol at the restrictive temperature (See Chapter 3). 

Osmotic suppression is thought to act by stahilising the mutant protein 

in response to a reduction in the concentration of water surrounding the 

molecule (Finch=. et al, 1979). Suppression mechanisms which act by 

stabilising a mutant protein would be expected to be allele specific. 

The cdc 22 suppressor sequence suppresses both known mutant alleles 

of the cdc 22 gene. As both the cdc 22 alleles have different genetic 

and physiological properties it seems likely that a gene rather than 



'SY91 

allele specific mechanism is responsible for sunnression. Of the 

different methods described, only the bypass mechanism would be 

excted to be gene rather than allele specific. Therefore this 

suggests that suppression of the cdc 22 imitations may occur by a 

bypass rrechanisn. 

Transcriptional Analysis Using the Cloned Suppressor Sequence 

,. o 	 •1 when total RiA rroii wile type cells grown at .5 C was probed witn 

the 2.2 Kb DNA fraxient by Northern analysis a single transcript of 

1.5 Kb in size was detected (Chapter 6, Figure 6.1). However, when 

RNA isolated from six different blocked cdc rilutant strains was hybrid-

ised to the 2.2 Kb :A fraent a surprisin -  pattern of transcript 

levels was obtained. In NA obtained from cdc 1, cdc 10, cdc 17, 

cdc 20 and cdc 22 hlockd mutant strains a second transcript of 2.4 Kb 

in size was detected in addition to the 1.5 Kb transcript. The 2.4 Kb 

transcript was present at anproxThiate1y half the abundance of the 

1.5 Kb transcript. Curiously the larger transcript was present at a 

rrrch reduced level in a blocked cdc 2 strain and wild type cells 

incubated at the sarie temperature (C1-iapter 6, Figure 6.3). Therefore 

shifting certain cdc nratant strains to the restrictive temDerature 

increases the level of the 2.4 Kb transcript. As wild type cells shifted 

to the restrictive temperature did not show this response it was 

thought unlikely that the increase in temperature led to the higher 

abundance of the 2.4 Kb transcript. A more plausible explanation was 

that cell cycle arrest accounted for the increased 2.4 Kb transcript 

level. 

The level of the transcripts were also investigated through the 

cell cycle in RNA obtained from a synchronous culture of wild type cells 
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grown at 350C. (Chapter 6, Figure 65 ). Only the 	1.5 Kb transc'riit 

was easily detected. In contrast to the cdc 22 mKIA -no-cell cycle 

regulation in the level of the 1.5 Kb transcript was observed through 

the cell cycle. 

Relationship of the Two I-ioileologous Transcripts to the Cloned iJiA ranEnt 

An iniportant unresolved question is to establish the relationship 

betwen both the 1.5 Kb and the 2.4 Kb transcripts to the cloned cdc 22 

suppressor franent DNA. At least three possibilities exist. - 

First, the two transcripts could he coded by the sane gene. For 

examp1e,f the suppressor gene contained one or more introns 

smaller transcript could represent the final spliced form of the larger 

transcript. An alternative explanation could be that both transcripts 

are coded by the sane gene but are transcribed with different 5' and, 

or i' ends. Such a mecianisi has lbeen aescrthed for transcription of tie 

SUC 2 gene of S. cerevisiae (Carlson and Botstein, 1932). The SUC 2 

gene codes for two different forms of invertase, an intracellular and 

a secreted form. The two fors differ at the 5' end of the iNAs. 

A second possibility is that the transcripts are from different 

genes located next to each other in the S. pombe genoire. 

An unlikely, though still possible explanation is that tile two 

different transcripts are transcribed from opposite strands of the 

same DNA fragment. 

To find out which of the above possibilities is an accurate 

reflection of the relationship between the two transcripts, will 

involve further investigation. For example, S 1  mapping (Berk and 
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Sharp, 1977 11 would provide evidence for the presence or absence of 

introns. In s1  maDping the hybridisation conditions that favour the 

formation of DNA-RiA hybrids are provided. This allows a DNA fragment 

to hybridise to the mRNA encoded by it. Any intron in the DNA coding 

sequence will forn single stranded loops. These single stranded loops 

are raoved by the enzyme, S nuclease which specifically digests single 

stranded DNA. The product of this reaction is a DNA-RNA hybrid the 

length of the mRNA. Any introns will result in breaks in the DNA 

strand. Treatment with alkali removes the 1JA, releasing the indiv-

idual fra!ents of DNA. These identify the individual exons of the- ene. 

Alternatively, the possibility that the two transcripts were trans-

cribed from opposite strands of the sa DNA sequence could be invest-

iated using single stranded DNA as hybridisation probes. Single 

stranded DNA probes are easily obtained by cloning a double stranded 

DNA fragnent into a vector based on the M13 bacteriophage (Nessina, 

1 	\ 

Xhid  Iomologous Transcript is esponsi)le for Suppression? 

The suppressor DNA was isolated by the ability to rescue cdc 22 

mutations at tile restrictive tenperature of 36°C. At this temperature 

both the 2.4 Kb and 1.5 Kb transcripts were easily detected in a 

blocked cdc 22 - '5 strain (Chapter 6, Figure 6.3). Therefore either 

of the two transcripts could code for the gene product responsible for 

suppression of cdc 22 mutations. To denonstrate which transcript is 

necessary for suppression would involve subcloning the 2.2 Kb DNA 

sequence into defined fragments. Each subclone would then by tested 

in vivo for suppression of a ode 22 mutant using yeast transformation 
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experiments. The information gained on the relationship of the 2.4 Kb 

and 1.5 Kb transcript to the 2.2 Kb DNA sequence would be beneficial 

in deciding the experimental strategy  to he used in the subcloning 

exiDErLrnents. 

Possible 'unction of the SuD?ressor Fragment? 

Although it is known that the cdc 22 suppressor fragment is able 

to rescue C(IC 22 mutations it would be interesting to establish if 

this suppressor gene is essential for cell viability. One way of 

testing this possibi1ty would he to disrupt the gene using the method 

of Rothstein (l933). This method takes advantage of previously reported 

observations ttat during yeast transformations free DiA ends are recom-

binagenic stimulating the recombination by interacting with homologous 

DNA sequences in tiie yeast genone (Orr-1eaver at al, 1981). The principle 

of the method is shoTin in Tigure 9.1. The cloned DNA fragment contain-

ing the gene Y to be tested is digested with a restriction enzyr that 

cuts within ti.e gene Y sequence. A selectable S. paibe gene such as 

Ura 4 is inserted into gene Y disrupting it. The in vitro disrupted 

gene is then released from the plasmid sequences by restriction enziie 

digestion and used to transform a ura 4gene y+ yeast cell and TURA 4+ 

1 	
has transLormants selected. In these cells t 1ne gene + Y nas been replaced 

with a disrupted gene Y. The method can be used to determine whether 

a gene is essential by disrupting the gene in a "partial:4iploid". In .a 

"partial diploid",the haploid cell contains the gene of interest, carried 

on an autonomously replicating plasmid. If the disrupted gene is 

essential,loss of the plasmid should be lethal to the haploid yeast 

eel 1. 
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Figure 9.1 

9.f 
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Figure 9.1 Principle of Gene Disruption 

1 Subclone URA4 into gene Y DNA sequence, disrupting it. 

2 Cut either side of 1RA4 gene, in the yeast DNA sequence. Transform 

a ura4 gene Y yeast. 

3 Select URA+  transformants. In these cells the gene Y+  has been 

replaced by the disrupted gene Y. 

-- Plasmid vector DNA 

r-r Gene Y 

iJra 4 

___ S. pombe chromosomal DNA 



If disruption of the cdc 22 suppressor gene was lethal to S. pore 

cells a conditional lethal mutant could be obtained by in vitro mutagenesis. 

Shortle et al (1934) recently constructed temperature sensitive mutations 

of the S. cerevisiae actin gene by in vitro mutagerisis of the cloned 

gene. Of particular interest would he the possibility of a conditional 

lethal it1tant of the cdc 22 suppressor conferring a cdc phenotype. 

Possible Nechanisnis for the levatec1 Level of the 2.4 	Transcript 
in Certain B1oced Asynchronous cdc Cells 

In the experiments described in Chapter 6 it was demonstrated that 

two different transcripts were homologous to the cdc 22 s1Dpressor DNA. 

One transcript was 1.5 Ii in size and was always present at approximately 

the same abundance in. RNA prepared from wild type or any of six diff-

erent blocked ccic mutant strains. The other transcript was 2.4 Kb in 

size and was .resent at a 1o7 level in TA obtained from wild type cells 

and a CdC 2 blocked mutant strain. In contrast this 2.4 Kb transcript 

was found at an elevated level in 1NA. prepared from a cdc 1, cdc 10, 

cdc 17, cdc 20 and cdc 22 blocked mutant cells. 

At least two possibilities could account for this increased level 

of the 2.4 Kb transcript in certain blocked cdc strains. The first is 

that the increased level is obtained as a result of imposing a block in 

the cell division cycle. If this was the case it would suggest that 

the cdc 2 gene product was itself involved in the regulation of the 

level of the 2.4 Kb transcript. This is because out of six cdc mutant 

strains tested a low level of the 2.4 Kb transcript was only found in 

BNA obtained from the blocked cdc 2 strain. As wild type cells are 

not blocked in cell cycle progress they do not exhibit an elevated 

level of the 2.4 Kb transcript. 
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An alternative explanation could be that the increased lewd of the 

2.4 Xb transcript was observed as a result of blocking a particular 

cell cycle event. Four of the cdc titants that show the elevated 

level in the 2.4 n transcript cdc 10, cdc 17, cdc 20 and cdc 22 

arrest at or near S phase ('Nurse et al, 1976; Nasmyth and rse, 1981). 

Therefore,,:: possible mechanism could be that arrest at S. ohase could 

induce the elevated level of the 2.4 	transcript in an analagous 

manner to the SOS" phenomenon in E. coli (Little and 'Iount, 1982). 

The cdc 2 gene product is required at two points in the cell cycle, 

at 	ann late G2 (:urse and .Bisset, 19zil;. However in a bloc`,-_-,J 

cdc 2 asynchronous culture greater than 90 of the cells will be 

arrested at the G9  bloclm,due to the short l  associated with the 

S. poe cell cycle (Nasmytietal, 1979). Therefore ,a possible 

explanation of the reduced level of the 2.4 io transcript in a 

cdc 2 blocked culture could be due to most cells arrest1n at late C.-.. 

Howeverf or this explanation to he correct it must be assu -ied that 

the cdc 1 blocked cells, which arrest after the cdc 2 block in late 

(Fantes, 1982), is atypical compared to other cdc mutants that arrest 

at mitosis. 

To determine which, if any, of the two possibilities is correct 

would require the investigation of a ruinter of additional cdc mutants 

that block at either S phase or mitosis. It would also be of interest 

to determine if cell cycle arrest by the use of chemical inhibitors 

such as hydroxyurea, which arrests cells at S phase (Mitchion and 

Creanor, 1971), or 1iBC, which blocks cells at mitosis (Fantes, 1982), 

also caused an increase in the level of the 2.4 Kb transcript. 

A nuirber of treatments such as irradation with UV or exposure to 



a nunber of DNA ciaziaing chemicals are known to induce the USOS response 

in bacteria (Little and Mount, 1982). If such treatments also caused 

elevated levels of the 2.4 [ transcript this could provida evidence 

that DA darnae was required to produce the response. 
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