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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 gggf 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 .
éequences 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 cde 22* gene both sequences were .integrated by homology
into the S. pombe genome. The sité of integration was then mappéd ‘
genetically relative to the cdc 22 locus. 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 gggf 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
cde . Therefore, it was concluded that the ggg_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 mRNA was dependent on the
completion of a specific cell cycle event RNA was made from six different

cde” 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 nRNA was not dependent on

the completion of a specific cell ¢ycle event. In order to investigate
the level of cdc 22 transcript through the cell cycle RNA samples

were prepared from a synchronoué 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 maximum
level during late G; of the cell cycle.

Similar experiments were carried out using the cloﬁed extragenic
suppressor as a hybridisation probe. Vhen total RNA from wild type
cells grown at 25°C was probed with the 2.2 Kb fragment by Northern
analysis a single tranécript 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.



CHAPTER 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
time, 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 95%
of the cycle during which no visible changes could be observed. Inter-
phase was ‘thought to be the time in which cell growth and preparations
for division occurred. This was followed by mitosis when the chromos-
omes condensed and separated to the two dagghter 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 macromolecular 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



Pelc (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 Gl’ and the
remaining period between the completion of DNA synthesis and next
mitosis, G2.

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.



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,provide sufficient material for biochemical analysis. Cne
approach is to investigate cell populations which divide with a natural
synchronv such as cleavage in fertilised eggs (ifazia and Dan, 1952).
Another useful system has been the synchronous mitotic division of
nuclei found in the plasmodium form of the slime mould Phvsarum

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 synchronx,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 envirommental stimulus
such as light, temperature or nutrient limitation. For example, hizhly
synchronous populations of Chlorella have been obtained by repeated
exposure to alternate periods of light and darkness of 15 and 9 hours
respectively (Tamiga et al, 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 DA synthesis or mitosis (Mitchison, 1971).

On removal of the inhibitor the population divides synchronocusly.



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 commonly used are described in the following section.

A selection method commonly used in the synchronisation of
marmalian cells is wash off or selective detachment (Terasima and
Tolinach, 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 gzentle washing of the monolayer and the selected cells
grown as a synchronous culture.

Another analogous selection technique called membrane elution

has been used to synchronise cells of Escherichia coli (Helmsetter

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 (1565), cells from an asynchronous population are collected



resuspended in a small volume of growth medium and layered on top of a
sucrose gradient. Following centrifugation the cells are distributed
through the zradient 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
(leistrich et al, 1977; Gordon and Elliot, 1977; Creanor and Mitchison,
1979). The elutriator rotor woriks by a counter current method. In
simple terms centrifugation generates an outward force against cells
in a 4 ml rotor sample cell which is balanced bv an inward flow of
medium. The result is thaﬁ cells are kept suspended in the rotor
sarple 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 increasinz the pump rate of the medium
through the rotor small cells at the top of therotor cell can be
harvested to prepars a synchronous culture. A diagram explaining
the principles of cell separation on an elutriating rotor is shown
in figure 1.1.

It is generally accepted that methods used to obtain selection
synchrony produce less physiological pertubation of cells than
induction methods (discussed in Mitchison, 1671). Nevertheless some
selection methods are alsc considered to produce metabolic pertubat-
ions when used to prepare synchronous cultures (iMitchison, 1977
this topic is covered further in the next section). For instance,
Creanor and Mitchison (1979) have corvincingly demonstrated that

synchronous cultures of fission yeast prepared by elutriation show
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Figure 1.1 Principle of Cell Separation by an Elutriating Rotor

mm»

Flow of Med

a b c

Cells (@,+), suspended in growth medium, are pumped into the

rotor chamber (Figure 1.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 (@)

at the bottom (Figure 1.1b). The small cells are harvested by

increasing the flow rate (Figure 1l.lc).
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less pertubations than those obtained by selection from a sucrose
gradient.

The main disadvantage of selection methods is that cell vields
are low since only a proportion of the original asynchronous population
is used to prepare the synchronous culture. A modification to imbrove
the yield with cells separated on an elutriator rotor or sucrose
gradient is to ''age fractionate" the culture (Gordon and Elliot,
1577; Sebastian 2t al, 1971). This technique exploits the fact that
cells are separated according to size and tlus cell cycle position
down the gradient or -rotor. B3y 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 exanple,
cells cannot be followed through successive cycles and in practice
it has proved difficult to resolve cells obtained from specific
fractions into discrete stases of the cell cycle (Mitchison, 1671

Creanor et al, 1983).

Accumulation of proteins during the cell cvele

Studies on the increase in total protein content showed that
protein accumulated continuously throughout interphase (Mitchisoh,
1971). It was therefore surprising that when the activities of a
mmber of different enzymes were measurad in synchronous cultures
of bacterd and veast, most exhibited a periodic increase or "step'
in activity at a particular time in the cell cycle {Gorman et al,

1964 ; Masters et al, 1964). 1In these experiments)it was assumed that
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enzyme activity was directly related to the amount of enzyme present.

This raised the interesting dilemna that most enzymes were
periodically synthesised while total protein accumlated contimuously
through interphase. To explain these seemingly contrasting obser-
vations it was postulated that the contimuous rise in total protein
resulted from the sum of individual proteins each being synthesised
periodically 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 mumber of diffeéent

orzanisms such as Chlorella, Physarum, mammalian cells, bacteria,

budding and fission yeast {(reviewed by *itchison 1571; 1977). The
increases in enzyme activities through the cell cycle was studied

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

three enzymes investigatedymainly by Halvorson and his fellow workers,
thirty-two showed a periodic increase in activity (reviewed by
dalvorson et al, 1971).

An early indication that the observed periodic increases in
enzvme 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 (Bellino, 1973). In synchronous cultures of E. coli prepared
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by membrane elution the increase in activity of asparate transcarbamov-
lase was found to be continuous through the cell cycle. In previous
stucdies which had used synchronous cultures prepared by either
reinoculation of stationary phase cultures or selection of small cells
on a sucrose Zradient the increase in activity had been found to be
periodic (iasters 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 rather than an intrinsic property of the cells.

“itchisen and his co-workers (iitchison, 1977) carefully inve"st-
igated the possibility that the previously reported step enzymes in
the fission yeast S. pombe (Bostock et al, 1966) were an artifact caused
by the method used to obtain syncaronous cultures. Synchronous cultures
L S. pombe were prepared by selection of small cells on sucrose
gracients followed by reinoculation into fresh media. Particular
attention was paid to the behaviour of asynchronous control cultures,
waich 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 synciwonous cultures. If the asynchronous controls
gave ''steps' in enzyme activity then the results obtained with synch-
ronous cultures could not be interpreted. ror 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,thymidinemonophosphate kinase and
mucleoside diphosphokinase; gave an unambiguous periodic stepwise
accumulation of activity (Mitchison, 1977; Dickinson, 1933).

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,Creanor et al (1933) re-examined the increase
in activity of p~7lucosidase and 1yja1actosidase through the cell
cycle in synchronous cultures of budding yeast. In earlier work it
had been reported that hoth these enzymes were step enzymes
{Sebastian et al, 1971). Creanor et al prepared synchronous cultures
by size selection from an elutriatiny rotor, a method that has been
shown to reduce metabolic pertubations (Creanor and Mitchison, 1979).
In contrast to the earlier results, no stepwise increases in activity
were found for either of the two enzymes.

A larze amount of information exists on the patterns of macro-
molecular synthesis throush the cell cycle of the unicellular algae
Chlorella (reviewed by Tamiya, 1966). In synchronous cultures of
Chlorella preparad by alternate light/dark cycles a mumber of
different enzymes have shown periodic increases in enzyme activity
during the cell cycle (reaviewed by Loranzen and Hess, 1974).

¥ore recent evidence suggests that these periodic steps in
enzyme activity result from pertubations caused bv the synchronisation
proczcure. A synchronous culture of Chlorella obtained by periodic
illumination was grown in a turbidostat under conditions of constant
light and turbidity. During the seccnd cell cycle under these con-
ditions the periodic increases in enzwre activity were no longer
observed. This suggested that the periodicities were not part of the
cell cycle (John et al, 1981).

Two 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 cellcycle events. Therefore, it is important whenever
possible, to test for perturbations by running suitable controls.

A different approach to identify the periodic synthesis of proteins
involved a direct examination of polypeptides separated by electroph-
oresis on two dimensicnal gels. The relative rates of synthesis of
individual proteins was determined by sulse labelling, usually with
358-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 mumber of different orzanisms

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

(Lutkenhaus et al, 1979), Canlopacter cresentus (iilhausen and Agabian,

1981), P polvcephalium (Turnock et al, 1961), C. sarokiniana (John
et al, 1982) and Hela cells (#ilcarek and Zahn, 1973). From these
studies no wunequivocal periodically synthesised proteins were identified.
In a recent careful study of polypeptide synthesis in budding yeast by
Lorincz SE.él\<1982) the rates of synthesis of 900 individual proteins
were examined throuzh the cell cycle. Of these, 20, including three
histones, showed a periodic pattern of synthesis.

Although the great majority of pnroteins 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 cars has been taken to reduce synchronisation
artifacts. In a mumber of different organisms such as mammalian cells
or budding yeast the histone proteins have been shown to be synthesised
periodically (Robbins and Borun, 19677 ¥Moll and Wintersberger, 1976).

The activity of some enzymes involved in DNA precursor metabolism have
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also been found to increase periodically. For example,in S. oombe
only two enzymes, thymidine monophosphate kinase and nucleoside
diphosrthokinase, out of 20 examined show a periodic stepwise increase
in activity  {(iitchison, 1977; Dickinson, 1983). In addition the
activity of enzymes invelved in DA synthesis, such as DMNA polymerase,
also Seen shown to be czll cycle regulated in a number of orzanisims have

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

demonstrated that the tubulin proteins,which are important structural

components of the wmitotic spindle,are synthesised periodically during
late G, ({Laffler et al, 1981; Schedl et al, 1984).
In summary, a smell number of proteins have been identified which

.

show cell cycle periodicity. Host 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 sutants

Cell cycle wutants have been isolated from a number of orzanisms
ranging from prokaryotes through lower to higher eukarvotes (reviewed
by Simchen; 1978). Most of these are temperature sensitive conditional
lethal mutants. At the restrictive temperature cell division cycle
(cd@ mitant cells are found, in general, to arrest at a unique stage in
the cell cycle. After prolonged incubation at the restrictive temperat-
ure cde mutant cells show a characteristic and sometimes abnormal
phenotype. This is termed 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 3. pombe the wee

nutants divide at a reduced cell size and are alterad in the duration
of the G; and G, phases compared to wild type cells (lurse, 1975).

In the following section the methods used to determine the stage
when a mutanﬁ gene product acts in the cell cycle and its dependency
relations with other czll cycle events are discussed. Althouzh these
methods can be used in the characterisation of cell cycle mutants from
any orzanismythey 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 5. pombe will be considered

exclusively.



(1)Temporal Order and Denencdency

Cell cycle mutants have been used to generate a temporal map of
cell cycle events. The most common method of determining when a nutant
Zene product is required is to calculate it's transition point or
execution point.A The transition point is the time in the cell cvcle
beyond which a shift from the permissive to restrictive temperature
can no longer prevent a mutant cell from successiully completing the
ongoing cell cycle (Murse et al, 1975). Althoush the timing of the
transition point is open to ambiguous interpretation {(discussed by’
Prinzle, 1973) it can be usad 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 nutants were
etermined 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 cde tutation
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 (Nasmyth and HNurse, 1981). Such a distrib-
ution could be explained if certain cell cycle events were rate
limiting. When these rate limiting events were completed,other 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 sometimes 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 muclear division were
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also found not to initiate septation. In contrast cdc mutants

defective in septum formation were able to complete successive

rounds of DiA synthesis and nuclear division (ilurse et al, 1976).
These observations led to a model of the S. pombe cell cycle incor-
porating two dependent sequences of events (see Figure 1.3 ; Sectionl.6 }.

A similar set of dependent sequences were inferred from 3. cerevisiae

cde mutants (Hartwell et al, 1974),

Blocks defined by different cdc umtations can themselves be
orzanised into dependent sequences. Two methods exist for determining
the dependency relationship between gene products containing cde
uutations. The first involves the comparison of single with double
nutant 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 mnutants 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 (1574)
to map the dependency relationships between cde genes required for

initiation of DHA synthesis in S. cerevisiae.

The second method termed the raciprocal 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. When 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 Figure 1.2. The reciprocal shift was

used by Fantes (1982) to investigate the dependency relationships



Ficure 1.2 our possible relationshing betwecen two blocks different-
iated Dy a recinrocal shift experizent

A B
1 . dependent _— _—r
B A
2 dependent —_—) —_———
A
3 independent —_—
B
A,B
4 interdependent —

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

L

occur together.
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between different S. pombe cdc rutants that are defective in gene

products required for mitosis.

An important conclusion from the results discussed above is that
the observed temporal order of cell cycle events seems to bgyat least
in partya consequence of functional dependency between the events

rather than by an alternative mechanism involving, for example, a

=)
central timer.

(ii)Cell Cvcle CZontrols

When proliferating mammalian cells ara caused to arrest, for
exarple by autrient starvatlon, cells are exclusively found in the
Gy phase of the cell cycle (Pardee et al, 1972). Furthermore, when
most manmalian cell types are grown at different growth rates the time
taken to traverse S, G, and i phases are found to be relativelv constant
(Prascott, 19736). The differences in Zeneration times can ve almost
totally explained by an increase in the time taken to complete the 5y
phase. Such information suggests that one or mors major cell cvela
control points exist in 31 for mammalian cells.

Similarly, in budding yeast,evidence exists for a major cell cycle
control point in Gy (Reviewed in Hartwell, 1673). This control point
is called "'start" and is thought to be the peint at which the commitment
to the mitotic cell cycle occurs rather than other alternative develop-
mental pathways (discussed in the next section). A mmber of studies have
indicated that a size control is associated with "start"  {(Johnston
et al, 1977; Johnston et al, 1979).

tot all cell types studied have been found to have their primary

call cycle control point in Gl‘ In several cell types that contain
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little or no Gl phase the major control seems to occur in GZ' For

example, studies on the Amoeba cell cycle have shown that a size
control appears to operate in G, {Ron and Prescott, 1969). A S,
size control has also been rerorted for Physarun  (Loidl and
Sachsenmaier, 1582).

In the fission veast S. powbe the major cell cytle control point
also occurs in GZ. This has been showm to be a size control required
for the initiation of mitosis (turse, 1975; Thuriaux, et al, 1978;.
Some recent experiments suz~est that an analgous control to ''start' in
budding yeast orerates in the Gl vhase of fission yeast (iurse and
3isset, 1981 ; discussad in next section). GCell size may also olay
a role in the S. poibe "start' since it has been demongtrated that a
critical size sust be attained befora DNA replication can be initiated
(Fantes and Nurse, 1978). The Gy size control is cryptic in wild type
cells as they are usually above this critical cell size at the bezinn-
ing of 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 investizations carried out using cell cycle mutants. These

are discussed in the next section.

Comnitment to the Mitotic Cell Cycle

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

~shown that the products of certain cdc gzenes, termed "'start" genes,are

equired at some early event in G1 shortly before the cell becomes
comnitted to the mitotic cell cycle. This event has been callad "start"

and before a cell can pass this point it monitors various parameters
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such as mutritional conditions attainment to a critical cell size, the
presence or absence of factors required for conjugation and sporulation
and the completion of the previous mitosis. On the basis of this
information,the cell becomes committed to a particular developmental
pathway once it passes ''start''.

Cell cycle mutants have provided important evidence for the
nrasence of such a cormmitment point. In S. nombe, the cac 2 and cde 1G
Fenes are required duringz 5 oefore the initiation of DUA replication.
If cells with mutations in the above 3enes are arrested at the restrict-
ive temperaturs, they are still able to conjusate with cells of the
opposite mating type (furse and Bisset, 1681}. Cells which arrest at
later cdc sene steps are unable to do so. This suzgests that cells
choose between entering the mitotic cycle or conjugation only at "start"

and not at other points in the cell cycle.

(ivInitiation of iiitosis

This work has mainly concentrated on the characterisation of
S. pombe cell size or wee mmutants whose most obvicus phenotype is a
reduction of cell size at division (urse, 1975). These studies have
shown that wee mutants are defective in a control which determines a cell
size requirement for entry into mitosis. The wee mutants isolated map
in two genes wee 1 and ¢dc 2.  Previous work had identified rutations
in the cdc 2 gene that cenferred a conditional lethal cdc phenotype
(Wurse et al, 1976).

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

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

product is inactivatedscells are advanced into mitosis at a reduced 'cell



size. (lurse and Thuriaux, 1330).

‘ From similar work on cdc 2 mutants it has been proposed that the
cde 2 gene product functions as an activator for the initiation of
mitosis. Destroying the activator,as in conditional lethal cde
mutations, prevents mitosis occurring, while scme form of modification
as in wee nutants of cdc 2 advances cells into mitosis at a reduced

cell size (ilurse and Thuriawz, 1950).

Lientification of cdc zene products

Genetic analysis has been successful in identif ving a larze number
of genes requirad for cell cycle prozress. The long term aim of such
studies is to Zain an undarstand ing of the nolecular interactions
involved in different cell cycle svents. To achieve this objective
depends on the identification of protein procucts coded by cde zenes.
Unfortunately the biochemical function defective in most cd cdc mutants is
unknown. In S. pombe out of greater than tw renty five genes identifiec
the protein products of only four are known. The cde 17 gene codes for
DA ligase (Hasmyth, 1377). The cdc 22 genme has been reported to code
for nucleoside diphosphokinase (Dickinson, 1931), while nda 2 and nda 3
cede for a and B-tubulin.  {Toda et al, 1984; iiiraoka et al, 1984).

-

ihe recent development of recombinant DNA techniques and efficient

methods of LNA transformation,first for S. cerevisiae and more recently

for S. pombe,has offered a promising new approach towards the identif-
ication of cdc gene products. (linnen et al, 1973; Beach and Nurse,

1981). Chireric plasmid vectors are available that are capable of replication
in yeast and E. coli (Beggs, 1978; Beach et al, 1982). Into these

vectors random wild type yeast DNA fragments have been inserted
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constituting a ''gene library" of the veast genome. A number of veast
cde zenes have been cloned from such libraries by selecting hybrid
plasmids containing a DNA fragment including the gggf gene. These
plasmids were selectad on the basis of their ability to complement
particular cdc autations in transformed yeast cells (iasmyth and Reed,
1930; Beach et al, 1952). The cloning of a gene allows a nusber of
approacies to be used in the identification of the gene product.

The nucleotide sequence of the cloned zene can be determined.
This provides information on Sene structure such as the presence or
absence of introns as well as an estimate of the size of the polypeptide
coded by the gene. The sequence can also He scanned bv computer for
the presence of known ''consensus sequences''. A consensus seguence is
a general mucleotide sequende that has been recosnised emnirically to
be involved in specific biological functions such as ATP or DVA binding
sites. The presenc2 of such a sequance could suzgest the possible
binlozical function of tihe gene product in the cell. The nucleotide

sequence of the cloned 3. pombe cdc 2 zene contains the consensus

equences for the ATP binding and phosphorvlation acceptor sites of
protein kinases such as bovine CArP-dependent protein kinase and the
src family of oncogene products  {ilindley 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 proteain
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. Suchcomparisors are particularly

useful when a conserved protein is involved. In 5. pombe,the gene
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product of the nda 2 gene was recently established to bz @-tubulin by
such a method (Toda et al, 1524).

Another use of cloned cdc genes is as a hybridisation probe to
detect the transcripts coded by the gene. If RMA obtained from
synchronous cultures is probed using the cloned cdc gene the cell
cycle regulation of transcript levels can be investigated.

The availability of a cloned gene allows a number of different
approaches to be taken in the characterisation of the zene product.
The correstonding MRFA can be isolated by hybridisation and translated
in vitro (Pelham and Jackson, 1976). The tranmslation products can be
separated by electrophorasis to determine the size of polvpentide
cadad by the cloned gene. Alternatively,the DiiA containing the cloned
A fragment can be insertad in front of an efficient promoter in an
expression vector. fxpression vectors based on lawbda virus (Murray
et al, 1579) or plasmid vectors (Brosius, 1934} are available for

overpreduction of proteins in E. coli. Plaswmid vectors have also been

described for overexpression of proteins in botir 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 useful reagent that can be used to detect the cdc
product present in crude cell extracts. For more quantitative measure-
ments,radioimmmo assays can be used. In addition, the antibody can be
used in cytological studies to determine the intracellular location of

the gene product by immunofluoreseence (Hiraoka et al, 1934).
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The work described in this thesis involved an investijation of
the cdc 22 gene of S. pombe. In the remainder of the introduction
there follows a summary of the main features of the S. pombe cell

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

The S. pombe Cell Cwcle

S. pombe is a rocd shaped organisi that grows in length without
much change in diameter. Cell division divides the mother cell in half
into two equal daughters. These properties iaks S. pombe an ideal
choice to study the co-ordination betwean growtihh and cell division
as the lenzth of the organism gives a zood estimate of cell size
(‘Hitchison, 1257).

The cell cycle of 5. pombe is similar to higher eukaryotes
containing a short Gl that is about G.l of a cycle, a short S phase
also about 0.1 of a cycle,followed by a long G, that lasts about 0.75
of a cycle Nasmytih et al, 197%9). CDuring mitosis in S. pombe, as
in most fungii, the nuclear membrane does not break down and the
chromosomes do not normally visibly condense  ((icCully 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 muniber of cell cycle mutants have been isclated in this orzanism.
Characterisation of thess rutants usinz the methods discussed previouslv
(see Section 1.4 (iv)), has led to a model of the S. pombe cell cycle

combining two dependent sequences of events (Fieure 1. 3).

S. nombe Cell Cvyele tYutants Defective in S Phase

Nasmyth and Hurse (1931)isolatad cde mutations that were defective
in the initiation or elongation of DA replication. Tnese mutants were
characterised by followinz the pattern of DNA synthesis after shift
from the permissive to the restrictive temperaturs in synchronous
culture. The dependency of the cdc mutant function relative to a
hydroxyurez block was also examined. As hvdroxyur=a inhibits DA
replication (Fiitchison and Creanor, 1971) the dependency relationship
of the cdc mutation relative to 5 phase was elucidated.

The cdc mutant was first arrested with hydroxyurea at the
permissive tewperature and then incubated in the absence of the drug
at the restrictive temperatura. The recinrocal experiment of impos-
ing the cde block followed by a hydroxyurea block was not carried out.
The experiment determined if the cdc mitant function occurred either .=
(i) before or independently of the hydroxyuresa sensitive step, or
(ii) 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 DNMA 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 genesgcde 21 and cde 23,were thought to be involved in DFA chain

elongation, while cdc 24 and cdc 17 were concerned with the joining
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of raplicoms. Turther investigation of a cdc 17 mutant strain showed
that it had a temperaturs sensitive defect in the structural zene for
DA lizase  (YMasmyth, 19773.

Ricchemical Characterisation of the cde 27 tiutation

The biochenical characterisation of S. pombe cdc mutants required

for i7A replication indicated that a mutation in the cdc 22 zene caused
a temperaturz defect in the enzyme nucleoside diphospholiinase {(HDPK)
{Dickenson, 15981). This enzvie is required for macleotide biosyntﬁésis
and catalyses the conversion of iMP to TP, where H is any rivo or
deoxyribomucleotide  (Parts and Agarwal, 1973). he evidence for

cde 22 encoding MDPK activity is described in some detail below, due

to its importance to the project as a whole.

Preliminary evidence for cdc 22 suatant cells being defective in

P{ carme from an examination of muclectide pools in wild type and

cde 22 - 145 strains after shifting from the permissive to the rest-

rictive temperature. ¥ild type and cdec 22 - i#%5 cells were shifted to
the restrictive tamperature of 36°C and pulse labelled with [3, o 3?]
uridine. The pattern of radioactivity obtained in the mucleotide
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 corresponcding 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 dTTP, while the quantity of radiocactivity
in dTDP increased dramatically. This suggested that the cdc 22 - M45

strain was defective in the enzyme that catalysed the conversion of
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- - «

dTDP to dTi?, nuclecside diphosphoxinase {8DPXK}.

T

To test this hypothesis the activity of ~DPX was measured in
rude cell extracts obtained from wild type and cdc 22 - iS5 cells.

It was found that the 3DPX activity obtained from cdec 22 - 14

cells

(W]

was 1.5 times less than from wild tvpe c2lls when measurad at the

- 00n
phiysiological restrictive temperature of 36.8°C.

riowever, a much morz
Cramatic demonstration of the temperaturs lability of MDPX from

cde 22 - 145 cells was observad when the K values were calculated.

At the restrictive temperaturs the %n value for TDP of NDPK obtained from
cde 22 - 45 cells was 11 times sreater than that obtained from wilé

tvpe cells.

l\ 1 hY

Additional work by Dickinson (1983} focussad on the increase in
activity of NDPKX tiwough the cell cycle. Wwhen NDPY activity was
measured in synchronous cultures of wild tyve 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 DPX
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 tyre cells
(Nasmyth et al, 1979).

In addition,the mutant strains cdc 2.33 and cdc 10.129 were used
to investigate whether a contimued rise in NDPK activity was dependent
on cell cycle prosress. In asynchronousAcultures of both mutant strains
a shift up to the restrictive temperature results in a rapid inhibition

of DA replication. However,ﬁhen both these mutant strains were shifted
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to the restrictive temperature the activity of NDPK contimued to
increase exponentially. This suggested that cell cycle progress was
not requirad for an increase in NIPX 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 _t_1_+. The wild type strains are both prototrophic.

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

description of their phenotype.

(ii) General methods for handling S. pombe

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 4°C as described by Gutz et al, 1974,

(iii) 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.
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Table 2.1

GENE ALLELE PHENOTYPE REFERENCE
ade 6 TG4 adenine auxotroph Kohli et al, 1977
cdc 1 7 defective in mitosis at 35°C Nurse et al, 1976
ggg 2 33 defective in mitosis at 35°C Nurse EE gl, 1976
cdc 10 129 defective in the initiation of DNA replication at 35°C Nurse et al, 1976
cde 17 M75 defective in DNA replication at 350C Nasmyth et al, 1981
cde 20 M10 defective in the initiation of DNA replication at 350C Nasmyth et al, 1981
cde 21 M68 defective in DNA replication at 35°C Nasmyth et al, 1981
cdec 22 M45 defective in the initiation of DNA replication at 3500 Nasmyth et al, 1981
Cn defective in the initiation of DNA replication at 350C Creanor, J. Pers Comm
cde 23 M36 defective in DNA replication at 35°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
cde - C1 - defective in DNA replication at 35°C Creanor, J. Pers Comm
cde - C2 - defective in DNA replication at 35°C Creanor, J. Pers Comm
cde - o] - defective in DNA replication at 35°C Creanor, J. Pers Comm
cde - C41 - defective in DNA replication at 350C Creanor, J. Pers Comm
cdc - C43 - defective in DNA replication at 350C Creanor, J. Pers Comm
cde - CU47 - defective in DNA replication at 35°C Creanor, J. Pers Comm
wee 1 6 small cells Nurse, 1975
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Table 2.2 ifalt Extract Asar

Halt Ztract (Difco)

Agar

(Tifco)

Table 2.3 Yeast Ixtract Acar

Yeast Extract {Difco)

Glucose (BDii
Agar
Table 2.4 Zdinbur<h Minimal “fedia 2

Potassium lHydrogen Phthalate

Di Sodium Hydrogen Orthophosphate x 2 1,0
Ammonium Chloride

Glucose

Salts Stock

Vitamins Stock

Trace wminerals stock

Potassium Hydroxide (l M)

Salt Stock Solution

tlagnesium Chloride
Calcium Chloricde
Potassium Chloride

Sodium Sulphate

l'

(U8
Q

20

20 mls
1 ml
0.1 ml

1 ml (for solid media only)
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Vitamins Stock Solution

ol
Inositol 10
Nicotinic acid 1¢
Calcium pantothenate 1
Biotin 10 mg

2/200 mls

Tracz MMinerals Stock

H.20 1
3773
x'nSC)q X 1:-7{20 1
Triarn > TN . 2
sy, ¥ 7L17\J e O
Fell, x 6H20 C.4
<
LG, G.2883
2 4
2 ~ N A ey
C 04 X JHz\’) uO uxf:DS
Citric acid 2 mes
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(b) 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.

(c¢) Edinburgh minimal media 2 (EMM)

EMM 2 as modified by Nurse (1975), was tle defined 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 29 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.

(d) Solid media

27 Bacto-Difco agar was added to the liquid media before auto-
claving. Sometimes Phloxin B (Sigma) which stains dead cells, was add-
-ed from a sterile stock solution at 20 mg/1, after the autoclaved

media had cooled below 60°C.



Table 2.5 Osmotically stabilised =+

As 4 2 but included per litre.

Potassiun Chloride

Sorbitol

Table 2.6 YEPD

Glucose
Yeast extract

Peptone (Difco)

109

G2



(e) Yeast extract peptone dextrose (YEPD)

This was the standard complex liquid medium used for growing
yeast strains for DNA isolation. It was used as described by

Yamamoto, 1980. Its components are shown in Table 2.6.

(iv) Cell Physiology

(a) Temperature shift experiments

Strains for temperature shift experiments were first checked to
determine if they had the correct phenotype. A single colony was used
to inoculate a 10 ml E4{ preculture. The preculture was incubated at
the permissive temperature uﬁtil stationary phase had been reached. An
aliquot of the stationary phase culture was used to inolulate 200 mls of
221 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 @11 number and
optical density. Transition points were estimated as described by

Nurse et al, 1976.
(b) Cell number

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

constriction pipette. Samples were fixed in a filtered 0.1% formaldehyde/
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0.17% NaCl solution and cells counted with a Coulter (model B) particle

counter as described by Mitchison, 1970.

(c) Optical Density

Optical density was measured in a Pye Unicam SP600 spectrophoto-
meter from the absorbance at A 595 rm of a 3 ml sample in a quartz

cuvette.

(d) Synchronous Cultures

Synchronous cultures of S. pombe 972 wild type cells were
prepared by selecting small cells from a Beckman 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 nm 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 min + into the
rotor which was spinning at a constant 4000 rpm 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. To 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 mumber
determinations and RNA extraction. Cell mumber was estimated from a
0.1 ml sample on a Coulter counter (See Chapter 2, Section 1(iv)b).
RNA was extracted from samples containing approximately 2 x 107 cells.
The cells were harvested on Oxoid 0.45 pm3 filters, washed twice with
cold 150 mM NaCl and immediately frozen at -20°C. To extract RNA

the cells were thawed, resuspended in 0.5 ml of RNA extraction buffer
(2% TNS; 50 mM Tris-HCl pH 7.5; 10 mM EDTA; 1 mg/ml DIT) and RNA
prepared by tle 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 Kohli et al, 1977. 7o 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°C overnight to allow
the asci to burst releasing its spores. These spores were then pulled

apart from one another and incubated at 25°C until colonies formed.
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(b) 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 Francaise 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 haemocyt.ometer (Gelman
Hawksley Ltd) and an estimated 200 spores were plated onto YE agar.

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

(c) Complementation 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 E# at the permissive temperature and tested
for complementation of the cde phenotype at the restrictive temperature,

35°¢.

(d) 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 (gg_g+/c_cic:_-) for the cdc mutation.

Haploidisation was carried out by transferring a diploid colony

to YE + 10 pg/ml benomyl (Dr D Roy, Microbiology, Edinburgh University)
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and incubated at 25°C overnight. A 1oo§fu1 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 chromosomal markers lys 1 linkage group 1; leu 1 linkage group
IT and ade 6 linkage group III with the temperature sensitive cdc

phenotype.

2 Escherichia coli

(1) Strains used in this work

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

routinely for molecular genetics experiments. The phenotype of this

strain was recAl, leuR6, trﬁES, hsdR~, hsdM', 1acY500.

However the recBC E. coli strain BJ5183 (obtained from P Nurse)

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

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

hsd.

(ii) General methods for Handling E. coli

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 15% glycerol at -70°C.
Cells were grown at 37°C unless otherwise stated. Cell growth was

estimated by optical density on a Unicam SP600 spectrophotometer.



(iii) Media

(a) L-Broth

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

Components are listed in Table 2.7.
(b) -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 mg/ml.

The media was made up from four stock solutions whose composition
is shown in Table 2.3. Thoée stock solutions were added in the amounts

shown in Table 2.8 to obtain 119 minimal media.

(c) Solid media

1.5%Bacto-Difco agar was added before autoclav ing.

(d) 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.



Table 2.7 L-Broth

z/litre
Bacto tryntone (Difco) 10
Yeast extract (Difco) 5

NaCl 1C



Table 2.2 - M9 MEDIUM

Stock solution A

for 1CO mls
CaCl2 ple 6HZO 0.21¢ =
#1250, x 7H,O 2.46 3
Stock solution 3
for 1 ltr
£=»:a2i{[304 60 g
I D, o4
L\‘AZL O[‘. 30 1Y
NaCl 5¢2
(A%
Stock solution C
Thiamine chloride x HC1 0.1 2/1C0 mls
Stock solution D
Glucose 40 g/100 mls

Stocks A, B, D sterilised by aitoclaving.

Stock C sterilised by filtering.

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

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

Concentration (mz/ml)
Ampicillin (Sigma) 50
Chloramphenicol (Sigma) 1C

Tetracycline {(Sigma) 12.5



3 Transformation

(i) Vectors

(a) 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 B6 gene of E. coli. 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 Nﬁrse, 1982).

-(b) pDR262

The vector pDB262 was constructed from the bacterial plasmid

pIR262 (Roberts et al, 1980) and the S. cerevisiae sequences of pDB2438.

It is capable of autonomous replication in E. coli and S. pombe. This
plasmid allows positive selection of DWA fragments inserted into the
single HindIII or BclI restriction enzyme sites as only when fragments
are inserted does the plasmid confer tetracycline resistance on E. coli.

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

in S. pombe. 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 2.1 Restriction map of pDB248.
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Figure 2.2 Restriction map of pDB262.
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Figure 2.3 Restriction map of pDAM6.
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from the S. cerevisiae vector YEpl2 (Broach et al, 1979) containing

the S. cerevisiae Leu 2" gene into the Pstl site in the ampicillin gene

of bacterial plasmid pBR325. (Bolivar, 1978; P. Murse, Personal Commun-
ication). It is capable of autonomous replication in E. coli but not
in S. pombe. The plasmid codes for the antibiotic resistance genes to
chloramphenicol and tetracycline for selection in E. coli.

pPESPI was constructed from pDAM6 by deleting the Sall site from

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

Personal Communication). This vector therefore contains a single Sall
site in the tetracycline resistance gene. A restriction map of pDAib6

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 mls of EMM containing 0.5%
glucose. The cells were harvested by centrifugation in sterile
disposable McCartney bottles (Sterilin) in a MSE 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 mv EDTA and 150 mM | B-
mercaptoethanol (Sigma). After recentrifugation the cells were
resuspended in 5 mls of 1.2 M Sorbitol, 50 mM citrate phosphate buffer
pH 5.6, 30 mM 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 70% of the protoplasts had become

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



mimutes. They were then washed three times in 25 mls of 1.2 M Sorbitol,
10 mM Tris-HCl pH7.6,zently resuspending the protoplasts with a Pasteur
pipette between each wash. The protoplasts were centrifuged at 3 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 107 aliquotted into 10 ml sterile disposable test tubes (Sterilinj.
The protoplasts were then centrifuged and resuspended in 100 pl of

1.2 M Sorbitol, 10 mM Tris-HCl pH7/.6 and 10 mM CaClz. Plasmid DNA

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

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

10 mv Tris-HCl pH7.6, 10 m1 CaCl,, 20% (w/v) polyethylene glycol

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

The cells were finally pelléted and resuspended in 200 ml of

10 mi¢ Tris-HCl pH7.6, 10 mi CaCl,, 1.2 ¥ Sorbitol, 0.5 mg/ml yeast
extract and 5 mg/ml leucine and incubated at 30°C for 30 - 60 minutes
before plating onto the surface of Osm - EMif selective plates. These

plates were allowed to dry before incubating at 28°c.

(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°C with shaking.
The cells were harvested when they had reached an optical density of

0.2 at 650 mm.

The culture was chilled for ten minutes on ice. The cells were



transferred to a sterile disposable McCartney (Sterilin) and centrifuged
at maximum speed for 5 minutes on an MSE bench top centrifuge.

The pellet was resuspended in one half of the original culture
volume of cold 0.1 M CaCl2 and incubated at 0°C for 20 to 30 mirutes.
The cells were harvested as above and resuspended in 1/15 original
culture volume of cold 0.1 M CaClz. The cells were then dispensed in
100 pl aliquots into 10 ml sterile disposable test tubes to which plasmid
DNA was added in less than 10 pl 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 mimutes at 37°C (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

(1) General methods for handling DMNA/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-HCl1 pH 8.0
and containing 0.1% hydroxyquinoline and 0.2% p-mercaptoethanol.

(Maniatis et al, 1982).



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 DNA 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 DA 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 707 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 mv Tris-dCl 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.
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Table 2.10 Salt Solutions

Salt Concentrated Solution Final Solution
Sodium Acctate 2.5 i (pH 5.2) 0.25
Sodium Chlorice 3.0 ¥ 0.1 4

Ammonium Acetate 10.5 11 2.0 4
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(ii) Isolation of nucleic acids from S. pombe

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

The method of Beach et al, 1982 was used. A yeast transformant
colony was smeared onto a selective plate and incubated for 1 to 2 days.
The cells were scraped off and resuspended in 0.5 mls of 20 mM Tris-HCl
(pH 7.6), 20 mdi EDTA; 17 Triton in a 15 ml glass boiling tube. To the
suspension was added an equal volume of ballatini beads (BDH). The
cells were mixed for 40 seconds on a vortex mixer and immediately
phenol/chloroform extracted. The solution was decanted into a 1.5 ml
sterile eppendorf tube and centrifuged for 1 mimute on a Janetzki
TH 12 eppendorf centrifuge. The supernatant was made 300 mi for Na©
with 3 M sodium acetate and precipitated with half the volume of cold
(-20°C) isopropanol. After incubation at 4°C for 10 minutes.the
precipitate was pelleted for 5 minutes in an eppendorf centrifuge.

The precipitate was resuspended in 1CO pl of 10 mM Tris-HCl (pH 7.5),

1 m EDTA (T.E.) buffer containing 5 pl of RNAase (1 mg/ml) and digested
for 10 mimutes at 65°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 i NaCl and two volumes of
1007% ethanol added. The sample was left at -20°C to precipitate the
DHA.  The DNA was pelleted in an eppendorf centrifuge for 3 minutes
and washed with cold (-20°C) 70% ethanol. The suspension was
recentrifuged and the DNA precipitate vacuum dried and resuspended in
50 ul of T.E. buffer.



(b) Large scale prevaration of total S. pombe DNA

Essentially, the same 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 rm.

The cells were harvested by centrifugation at 5000 g for 5 minutes
and resuspended in 60 mls of 1.2 ¥ Sorbitol, 20 m4 citrate phosphate
buffer oH 5.6, 40 md{ EDTA, 30 mM p-mercaptoethanol. Cells were then
pelleted at 5000 g for 5 minutes and resuspended in 20 mls of the same
buffer plus 5 mg/ml 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 707 lysis when the lysis buffer was added.

The protoplasts were lysed in 60 mls of 50 mM Tris-HCl (pH 7.6),
50 mi EDTA, 2% SDS at 65°C for 2 mimutes. The lysate was then cooled
to room temperature and phenol extracted. The mixture was centrif ged
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 ¥ sodium acetate followed by 3 volume of cold (-20°C)
isopropanol. The solution was incubated at 4°C for at least 30
minutes to allow the DNA to precipitate.

The precipitate was pelleted by centrifugation, resuspended in
6 mls T.E. mixed with 6.4 g of caesium chloride and 0.6 ml of 10 mg/ml
solution of ethidium 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 CsCl 2% volumes of 70%

ethanol were added and incubated at 4°C overnight. The DNA was pelleted



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

were carried out to remove all the CsCl and ethidium.

(c) Rapid method of obtaining S. pombe total DNA

A scaled down version of the large scale DNA preparation for 100 mls
of culture was used except that the cell wall digestion was carried out
in 5 mls instead of 2 mls. All other volumes were scaled down by 1/10
of the large scale preparation.

After isopropanol precipitation of DNA, the pellet was resuspendéd
in 2 mls of T.X. buffer pii 7.6 to which was added 6G pl of 5 M NaCl and
150 pl of RWAase (1 mg/ml). The solution was incubated at 65°C for
15 minutes. Then 220 pl of proteinase ¥ (100 ug/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.

(d) 1Isolation 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 mm. 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 mM Tris-HCl pH 7.5, 2% 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
SS34 rotar on a Sorvall RC-5B centrifuge. The aqueous layer was
transferred to a 15 il corex tube and extracted with an equal volume
of chloroform. The RNA in the aquecus phase was precipitated in
0.1 M NaCl and 2.5 to 3 volumes of 1G0% ethanol at -20°C for at least
30 minutes. |
The RIIA was pelleted by centrifuging as above. The supernatant
was aspirated off and the pellet vacuum dried. The pellet was
resuspended in 500 pl of T.E. buffer pH 7.6.
The concentration of RNA was determined by the optical density at

260 nm on a Pye Unicam SP300 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 Holmes and Cuigley, 1931.

IT 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 mls of L-Broth medium plus the
appropriate selective antibiotic in 10 ml sterile disposable test tubes
and incubated overnight at 37°C. These cells were centrifuged at
maximum speed on a MSE bench top centrifuge. The pellet was suspended
in 150 ul of lysis buffer, 87 Sucrose, 5% Triton X-100 (BDH),

50 m EDTA, 50 mM Tris-HCl (pH8) and transferred to a sterile 1.5 ml
eppendorf tube. Lyzozyme (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 immediately centrifuged for 10 mimutes in an eppendorf microfuge.
The gelatinous pellet that formed was removed with a sterile toothpick.
The plasmid DA was precipitated from the remaining supernatant by
adding 1 volume of isopropariol and incubating at -20°C for 5 minutes.

The DNA was pelleted by centrifugation in an eppendorf microfuge
for 5 minutes and the pellet resuspended in 100 pl of T.E. buffer pH 7.6
containing 0.1 M HaCl. The plasmid DNA was ethanol precipitated at
-ZOOC, centrifuged in a microfuge for 10 minutes, the supernatant
removed and the pellet dried in a vacuum desiccator. The DNA pellet was
resuspended in 50 pl of T.E. buffer pH 7.6. Approximately 1 to 1.5 vg

of plasmid DNA was rbutinely obtained by this method.

IT Alkaline lysis

When more DNA was required a scaled up Birnboim and Doly preparation
was used as the boiling method proved difficult to scale up.

50 mls 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
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MSE bench centrifuge. The pellet was resuspended in 5mls of 50 m4
Glucose, 10 m EZDTA, 25 mif Tris-HCl (pH 8), 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 mls of 0.2 M NaOH, 1% SDS was added and the
mixture incubated on ice for a further 5 minutes.

The sample was neutralised using 7.5 mls of 3 ¥ 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 Sorvall RC-5B centrifuge at 7000 g
for 5 minutes at 4°C. The supernatant was phenol extracted and cent-
rifuged as above for 5 minutes. |

The aqueous phase was removed and RNAase added to 50 pg/ml. The
preparation was incubated at 65°C for 10 minutes follcwed by phenol/
chloroform extraction. After centrifugation as before the aqueous phase
was ethanol precipitated at -20°C. The DWA was pelleted at 7000 g for
5 minutes and the pellet washed with cold (-20°C) 70% ethanol. Finally,
the DMA was centrifuped as above, the pellet dried in a vacuum desiccator.
and resuspended in 500 pl of T.E. buffer pH 7.6.

To estimate the DNA concentration, dilutions were run against known
standards through a 0.5% agarose gel.

Approximately 100 pg were routinely obtained by this method.

(b) Large scale preparation of plasmid 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 résuspended

in 40 mls of 25 mM Tris-HCl (pH 8.0), 10 mM EDTA, 50 md glucose and



4 mgs/ml lysozyme and incubated at room temperature for ten minutes.
Then 80 mls of 0.2 M WaCH, 1% SHS (Sigma) was added, mixed and incubated
on ice for five to ten minutes. To this,40 mls of cold (0°C) 5 M potassium
acetate pH 4.8 were added.(The potassium acetate was made as follows:
to 60 mls of 5 i potassium acetate add 11.5 mls of glacial acetic acid
and 28.5 mls of HZO) and the cmtents mixed by inverting the tube sharply.
The preparation was incubated on ice for one hour.

After this time 10 mls of HZO was added, the contents mixed and
spun at 3000 g for 5 minmutes. 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 mimutes. The mucleic acids were
recovered by centrifugation at 800C 3 for 5 minutes.

The pellet was resuspended in 24 mls of T.Z. buffer pH 7.6 and
1.5 mls of 0.2 ¥ EDTA (pH 3.0). The preparation was neutralised to
PH 7.0 with 2 ¥ Tris-base and the volume made up accurately to 28 mls
with T.E. buffer pH 7.6. 31 g of Caesium chloride and 3 mls of ethidium
bromide (10 mg/ml) was dissolved in the preparation to give a final
density of approximately 1.55. The mixture was transferred to 40 ml
polycarbonate MSE tubes and loaded onto a 8 x 40 ¥SE 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 Caesium chloride and ethidium bromide from the DNA

3 volumes of 70% ethanol was added and the preparation incubated at 4°C
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overnight. The DA was pelleted and subjected to two further ethanol
precipitations to remove all the ethidium bromide.

The final DNA pellet was dried under vacuum and the DNA concentrat-
ion determined by the absorbance at 260 nm as read on a Pye Unicam UV

spectrophotometer.

5 olecular analysis of DA and RHA

(i) Restriction digest analvsis

Restriction enzymes were mostly obtained from 3RL and used accord-
ing to the mamufacturer's instructions. Reactions typically contained
0.4 to 1 pg of DNA in a volume of 20 pl and were usually incubated at
the recommended temperature for 1 hour. |

When DFA 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 EDTA pH 8 and/or heat

inactivation at 650C for 10 minutes.
(ii) Ligations

Ligation of cohesive ends were carried out according to the
marmfacturer's instructions. The final concentration of DNA to be
ligated was in excess of 100 pg/ml. Typically 1 pg of DNA was ethanol
precipitated in an 1.5 ml eppendorf tube. To this was added 1 pl of
10 x ligation buffer (0.2 M Tris-HCl pH 7.6; 0.1 M MgClz; 0.1 M
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dithioerythritol), 1 pl of gelatin solution (1 mg/ml) and 1 pl of ATP
solution (10 mf). Approximately 1 unit of T, DNA ligase (Boehringer)
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 70°C for 10 minutes before using

for bacterial transformations.

(iii) Agarose gel electrophoresis

The vertical gel system used routinely was described by Southe‘rﬁ
(1979). The zel 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 O.6%
agarose (type II, low E.E.O. (Sigma)) dissolved in electrophoresis
buffer (36 mM Tris-HCl (pH 7.7) , 30 mi4 N3H2P04§ 1 mM EDTA). The
buffer was stored as ax10 stock at 4°C. The applied voltage was no
more than 5V /cm. Following electrophoresis the gel was stained in a
0.5 pg/ml solution of ethidium bromide (Sigma). The DNA fragments were
detected by illumnination from aUV transilluminator (Ultra Violet
Products Ltd) and photographs obtained using a Polaroid MP4 land
camera with Polaroid Type 667 f£ilm.

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 w;rith gel loading buffer which contained

5% glycerol and 0.025% bromopherol blue added from a x10 stock.
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(iv) Recoverv of DNA from agarose gels

For some subcloning of DNA fragments the method used was to remove
a defined restriction fragment by cutting it oﬁt of a horizontal low
melting point 1.2% agarose gel (Sigma). The method used was that
given in Haniatis et al, 1982.

The low melting agarose was dissolved in electrophoresis buffer
by heating in a microwave oven for 5 mimutes. This was allowed to
cool, ethidium bromide added to a final concentration of 0.5 pg/ml
and the gel poured at 4°C. The gel was run for 8 hours at 5V /cm. o

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 mv Tris-HCl (pi 8) 1 m¥ EDTA added.
The sample was heated at 65°C for 5 minutes and cooled for 10 minutes
to aliow 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 colum (BRL). The colum was constructed from a 1 ml disposable
syringe plugged with siliconized glass wool. One ml of NACS-52 sus-
pension (prepared according to the mamufacturer's recommendations)
was loaded onto the colum and allowed to drain under gravity flow.

The column was washed with 5 mls of 0.5 M NaCl and allowed to drain
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completely. The DNA preparation was dissolved in 0.5 M NaCl and loaded
onto the column. The colum was washed with 5 mls 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 colum with 0.3 mls of 2 M NaCl.

Tne DNA was collected and purified by ethanol precipitation.

(v) Nick translation of DA

Z?ZP labelled DNA probes were prepared by nick translation

Radioactive
using the method of Rigby et al, 1977. About 1 pg of DNA was mixed with
20 pCi (2 pl) of s63%P TP (410 Ci/mmol, Amersham), 5 pl of each of the
other unlabelled nucleotideé (from 200 M stock solutions), 5 pl of
10 x nick translation buffer (1 x nick translation buffer: 50 mM Tris-
HCl (pH 7.8), 10 @ p-mercaptoethanol, 5 mi Mg Cl,, 100 pg/ml BSA)
and 25 pl of HZO'

To start the reaction 1 pl of a 2 x 104 fold dilution (in HZO) of
DNAase T (BRL) stock solution (1 mg/ml in 1 x nick translation buffer
containing 50% (v/v) glycerol) and 2 pl (10 units) of DNA polymerase I
(Amershaxﬁ) was added to the nick translation mixture. The reaction
mixture was incubated at 15°C.

The incorporation of 32P—d'l'I'P into the DNA was monitored from
1 pl samples at specific times after the start of the reaction.

Samples were spotted onto Whatman GF/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 mls of cold 5% 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 % incorporation of
radioactivity into the DMA.
The reaction was terminatad by the addition of 1/5 volume of
0.2 M EDTA (pH 9). Immediately 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 [IlA within a particular cloned or zenomic DFA digest. In
outline, DA 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 zel 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 32&1abelled DA or RMA and autoradiography used to locate the
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 4 HCl1 for 15 mimutes. The acid partially hydrolyses
the DNA causing depurination which aids the transfer of largze DNA
fragments  (Wahl et al, 1979). The acid was decanted off and the gel
immersed in 1.5 M NaCl and 0.5 ¥ NaOH for 15 to 30 mimutes 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 ¥ sodium acetate pH 5.5 for 30 minutes.

The zel 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. Two 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 top 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
bawed for 2 hours in a vacuum oven at 80°C. The filter was stored

until use in adesiccator at room temperature.

(b) Hybridisation of filter

The filter was prehybridised in 30 mls of prehybridisation fluid
(2 x SSC, 0.5% SDS, 2 x Denhardt's solution (see below), 50 pg/ml
denatured salmon sperm DNA (see below)), contained in a glass staining
jar. Prehybridisation was carried out for 3 to &4 hours at 60°C.

Hybridisation was carried out in 30 mls of the same buffer as
above. Denatured probe (see nick translation) was added and liquid
paraffin poured on top to prevent loss of hybridisation mixture by

evaporation. The glass staining jar was sealed with masking tape and
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incubated at 70°C overnight.

After hybridisation,the filter was washed three times 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 autoradiograpnic imagze.

Denhardt's solution (50 x) per 500 ml of H,0:
Ficoll (Sigmaj 5.0 g
polyvinylpryvrollidone (Sigma) 5.0 g

BSA (Sigma) 5.0 g

lPenatured salmon sperm DNA:
Salmon sperm DNA (Sigma) was dissolved in HZO 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-Omat
S type 1 X-ray film was placed on top of the filter. An intensifier
screen (Du Pont Cromex - Lighting Plus) was placed next to the X-ray

film. The cassette was sealed and placed at -70°C 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 mimutes in Xodak FX - 40 fixer.
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The filin was then rinsed extensively in tap water.

(vii) Hybridisation of RMA

In outline, total RHA 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.

v

(a) Gel electronmhoresis of RIFA

A vertical gel apparatus of dimensions 2C cm wide by 20 cm deep
and 0.5 cm thick was used. Sample slots were 3C mm wicde and 1 cm deep.
The bottom of the gel was sealed with 1.5% agarcse dissolved in 1 x
gel buffer (25 m1 MCOPS (Sigma) pil 7, 5 M sedium acetate, 1 mi4 ELTA).
Then 1.2% agarose was dissolved in 1 x gel buffer to 5/6 of the final
volume. The dissolved agarose was cooled to 50-60°C in a water bath
anc 1/6 volume of 387 formaldehyde solution (BDH) 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. During electrophoresis the
buffer was found to leak from the gel apparatus and therefore a peristaltic

punp was used to recirculate the buffer.

(b) Preparation of the RNA samples

40 pg of S. pombe RNA was ethanol precipitated using 2.5 x volumes
of absolute ethanol. The precipitate was dried in a vacuum desiccator

and dissolved in 100 pl of loading mixture (50% v/v formamide (BDH),



1/6 volume of 387 formaldehyde solution, made up to final volume with

1 x gel buffer). The sample was incubated for 5 mimites at 60°C to
denature the RNA and 2 pl of 2 mg/ml ethidium bromide solution added.
The samples were loaded and electrophoresis contimued 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 RMA 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 UV
light. The filter was dried and baked in a vacuum oven at 80°C for
3 to 4 hours. The filter was prehybridised in 30 mls of prehybrid-
isation solution (50% formamide, 5 x SSC, 50 mM Na PO, buffer pH 6.5,
2 x Denhardt's solution, 50 pg/ml  denatured Salmon sperm DNA) and
incubated at 42°C overnight in a glass stainihg jar.

Denatured radioactive probe was then added to the prehybridisation .

solution. Paraffin was added as an overlayer to prevent the filter



drying out. The mixture was incubated at 42°C 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, 0.1% SDS at 50°C 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 recommended by the
manufacturers. The genescreen membrane was soaked before use in
0.025M Na, HPO4/Na H, PO, (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 M Na, HPO,/Na H, PO, (pH'6.5). 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
(50% formamide, 0.2% polyvinyl-pyrolidone M. W. 40,000 [Sigma], 0.2%
bovine serumalbumin [Sigma], 0.2% ficoll M. W. 400,000 [Signa],

0.05 M Tris-HC1 pH 7.5 , 0.17% sodium pyrophosphate, 1.0% SDS, 10%
dextran sulphate M. W. 500,000 (Pharmacia) and 100 pg ml™! denatured
salmon sperm DNA). The solution was added to a sealable plastic bag
bag containing the membrane filter, the bag sealed and incubated at
42°C 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°¢C
for 16 to 24 hours.

The membrane was then washed twice with 100 mls of 2 x SSC at
room temperature for 5 mimutes. This was followed by two washes in

100 mls of 2 x SSC and 1.0% SDS at 65°C for 30 minutes with constant
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agitation. Finally, the membrane was washed twice in 100 mls 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 mls of rehybrid-
isation solution (0.005 M Tris-HC1 pH 8.0, 0.0002M Na2 EDTA, 0.05%
Sodium Pyrophosphate, 0.002% polyvinyl - pyrrolidone M. W. 40,000,
0.002% bovine serum albumin, 0.002% 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 edc 22 Mutation

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.

Gene libraries

Three independently conStructed'gene libraries were used in the
transformation experiments.

The first, GBl, 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 BamHI site of the
tetracycline resistance gene of the vector pDB248  (Beach and Murse,
1930).

This DNA was used to transform the E. coli strain JA221 and
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, J., Personal Communication).
The other two gene libraries were obtained from Dr Paul Nurse.
The first GB2 was a partial HindIII 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.



Figure 3.1 Rationale for Cloning Experiments
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The second, GB3, was a total HindIII digest into the same vector.
The gene library was made from 30,000 E. coli clones.

As only a small amount of GB2 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 plasmid 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 experiments.

Transformation of a cdc 22-M45 leu 1.32 strain with the gene library

Both the plasmid vectors used in the preparation of the gene

. . . + I .
libraries carried the leu 2 gene of S. cerevisiae which complements

the leu 1.32 mutation of S. pombe. Therefore a leu 1.32 mitation was
crossed into a cdc 22-M45 strain to enable yeast transformants carry-
ing a plasmid to be selected.

Transformation of the cdc 22-M45 leu 1.32 strain was as detailed
in Materials and Methods.

Preliminary characterisation of the cdc 22-M45 mutation showed
that it was osmotically suppressible on Osm EMM agar plates. There-
fore, c_dc:_+ lﬁ+ transformants could not be directly selected. To solve
this problem ].e_u+ transformants were first selected at 28°C before
testing for the &+ phenotype by replica plating to EMM plus phloxin
at 35°C and scoring for growth.

The mumber of lgf transformants screened together with the
mmber of _cxﬁ:f _]:ﬂJ' colonies‘ obtained for each gene library is shown
in table 3.1.

The six %Jr kagf transformants from the GB2 unamplified gene
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Table 3.1

Transformation of cdc 22-M45 leu 1.32 with gene library DNA

NO OF leu' NO OF cde’
GENE BANK TRANSFORMANTS TRANSFORMANTS
GB1 36,000 10
GB2 21,000 0
GB3 19,000 0

GB2 unamplified 7,200 6



library all divided at wild type size at 35°C. Growth also appeared
normal as colonies appeared after two days on EMM at 35°C. These
transformants were termed cdc 22-GB2(1) to cdc 22-GB2(6).

The phenotypes of the ten gggf lgg+ transformants obtained from
the GBl 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 a1§o slower than wild type as it took at least four
days at 35°C on 22 for colonies to appear.

From table 3.1 it is interesting to observe that no gggf lggf
transformants were obtained from the GB2 gene library that had been

amplified in E. coli though a greater number of lggf transformants
were tested for growth at 35°C. This suggests that plasmids that
carried the cdc 22 gene had been selected against during amplification.
Tne 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).

Mitotic Stability and Cosegregation

S. pombe 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
gggf and lggf when the transformants are grown under non-selective
conditions would be characteristic of the genes determining these
phenotypes being carried on the above vectors. If both gggf and
lggf were on the same plasmid cosegregation of these markers would

be expected.
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To test this, each of the gggf lggf 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°c.
They were then replica plated to EMJ with or without leucine at 25°C
and 35°C. The cde 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
cde 22-GB2(1) to cdc 22-GB2(6) the gggf and leu’ markers were both
mitotically unstable and cosegregated.

The transformant strains cdc 22-GB1(1) to cdc 22-GB1(10) were
all mitotically unstable for gggf and lgg+. However, in only two
strains cdc 22-GB1(7) and cdc 22-GB1(1C) 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 transformants, one carrying each marker.

Isolation of putative cdc 22* containing plasmids

In order to isolate and amplify the plasmids DNA was obtained
from the transformants 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 transformant strains cdc 22-GB2(1) to
cdc 22-GB2(4), cdc 22-GB1(7) and cdc 22-GB1(10) that were capable of
retransforming a cdc 22-M45 leu 1.32 strain to give a gggf lggf pheno-

3

type at approximately 10~ transformants per pg of DNA added. 1In each

case a number of separate E. coli transformants from each yeast
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Table 3.2 - Mitotic Stability of cde’ and leu" in cdc’ leu” transformants

PHENOTYPE

+ .+ + 4 - g F - - TOTAL
STRAIN cde’ leu cdc’ leu cde  leu cde leu NO
cdc 22-GB1(1) 28 5 39 23 95
cde 22-GB1(2) 31 46 14 9 100
cde 22-GB1(3) 59 18 12 9 98
cde 22-GB1(4) 34 8 13 11 63
cde 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
cde 22-GB1(9) 12 1 4 1 18
cde 22-GB1(10) 37 0 2 11 50
cde 22-GB2(1) 64 0 0 36 100
cde 22-GB2(2) 35 0 0 43 98
cde 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




transformant strain were screened for _c;d_c+ 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 elearophoresis on a 0.67 agarose gel.
Only four of these plasmids (figure 3.2; tracks 11,12,14 and 16)
complemented the cde 22-M45 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 leu' and _c_clcf, plasmids conferring a cdc” leu’ phenotype on a cdc
22-45 leu 1.32 strain were isolated in E. coli. None of the plasmids
isolated conferred a leu phenotype as tested in the E.coli leucine
auxotroph strain JA221. This suggests that no gd_c:_+ leu plasmids could
be isolated. Presumably no @+ 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

M 1 16 M

M: pDB262



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 - GB2(2). The DNA was separated by electrophoresis on a
0.6% agarose gel at 50 V for 3 hours. Following electrophoresis the
gel was stained in ethidium 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.



6 Transformation of cdec 22-Cll leu 1.32

During the course of this work Dr Jim Creanor isolated a mumber

of additional S. pombe cdec mutations (J. Creanor, Personal Commmicat-

ion). One of these mutants was found to be a different allele of cdc 22
designated cdc 22-Cll (See Chapter 7).

A cdc 22-Cl1 leu 1.32 strain was constructed and transformed with
each of the six gc_*' ﬁ"’ plasmids. All the 1e_u+ transformants were

cde” when tested for growth at 35%.
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T Summazz

The experiments described the isolation of sixteen cde’ leu
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 transformants could be divided into two groups according

to their mitotic segregation pattern:-

1. 1In eight of the transformants the c:cl_c+ and 1ﬂ+ markers
cosegregated indicating that they were carried on the same
plasmid.

2. The remaining eight showed independent segregation of gcl_c+
and Eg+ suggesting that the markers were carried on two
separate plasmids.

Plasmids were obtained in E. coli from six of the eight transformant

strains (group 1, above) and these retransformed cdc 22-M45 leu 1.32
and cdc 22-Cl1 leu 1.32 strains at a high frequency.



CHAPTER 4 Characterisation of cdc 22 - M45 Complementing Plasmids

Introduction

A necessary first step after the isolation of a mmber of plasmids
able to complement cdc 22 mutations was to determine which, if any,
carried the same S. pombe 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.

Restriction Digest Analysis

To determine if the six cdc 22 - M45 complementing plasmids isolated
in E. coli all contained the same S. pombe 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, HindIII

or Pstl and separated on a 0.67 agarose gel by electrophoresis (detailed
in Materials and Methods). By plotting the log (molecular weight) of
known markers (HindIII digested lambda DNA) against mobility 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(1)

with Different Restriction enzymes

A calibration curve of log (molecular weight) against mobility

was plotted for the HindIII 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(1)

could be estimated.

Lane

Lane
Lane
Lane

Lane

3

WO s N sln

3 DNA fragments of sizes approximately 12.6 Kb, 2.1 Kb
1.1 Kb

1 fragment of size 10.6 Kb

3 fragments of sizes 10.6 Kb, 3.0 Kb, 2.6 Kb

1 band of size 10.6 Kb

2 bands 11.0 Kb, 4.9 Kb

1 band 10.6 Kb

4 bands 5.7 Kb, 4.6 Kb, 3.3 Kb, 2.1 Kb

2 bands 6.1 Kb, 4.6 Kb

This demonstrates that the S. pombe HindIII DNA fragment cloned in

pDB262 contained 2 Pstl sites, 1 HindIII site, 2 EcoRI sites, and

1 BamHI site.
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Figure 4.1

(p) Restriction Digest Analysis of pDB262 and Plasmid Obtained from
cdc 22 - M45 - GB2(1) (Termed pSP22(1))

Both pDB262 and pSP22(1) were digested to completion with BamHI,
EcoRI, HindIII or PstI. The digested plasmid 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/ml solution of ehtidium bromide. The DNA fragments
were detected by illumination from a UV transilluminator and photo-
graphed using a Polaroid MP4 land camera. The sizes of the different
DNA fragments were estimated from molecular weight markers of known
size (HindIII digested X DNA; see Figure 4.1a)

0.7 pg HindIII ADNA; (Molecular weight markers)
0.5 pg pDB262 undigested

1 pg pSP22(1) cut Pstl

0.5 pg pDB262 cut gs_tI

1
2
3
4
Lane 5 1 pg pSP22(1) cut HindIII
6 0.5 pg pDB262 cut HindIII
7 1 pg pSP22(1) cut BamHI
8 0.5 pg pDB262 cut BamHI
9 1 pg pSP22(1) cut EcoRI
Lane 10 0.5 pg pDB262 cut EcoRI

Lane 11 0.7 pg HindIII 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. pombe DNA fragment was present in the plasmid obtained
from the cdc 22 - GB2(1) transformant. Similar investigations on plasmids
isolated from the transformants cdc 22 - GB2(2) to cdc 22 - GB2(4) showed
that the same 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, HindIII or Kpnl and separated by electrophoresis
on a 0.6% 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. pombe insert. Plasmid
isolated from a cdc 22 - GB1(10) transformant also contained the same
2.2 Kb S. pombe DNA 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 plasmids containing the 5.6 Kb fragment
will now be referred to as pSP22(1) and the plasmids containing the
2.2 Kb fragment as pSP22(2).

Preliminary Analysis of pSP22(1)

(i)Evidence 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. pombe genome. 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
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Figure 4.2 Restriction maps of cdc22-M45 complementing plasmids

a. Restriction map of S.pombe insert in pSP22(1).
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b. Restriction map of S.pombe insert in pSP22(2).
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Figure 4.3 Restriction Digest Analysis of pDB248 and Plasmid

Obtained from cde 22 - M45 - GBI(/) (Now Referred to as Plasmid

BSP22(Z)

Both pDB248 and pSP22(2) were digested to completion with EcoRI,

HindIIT and Kpnl. 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
Lane

W 0 =34 O W e G N e

10

0.7 pg of HindIII digested N\ DNA, molecular weight markers
Undigested pSP22(2) (0.5 pg)

0.5 pg HindIII digested pSP22(2)

0.5 pg HindIII digested pDB243

0.5 pg EcoRI digested pSP22(2)

0.5 pg EcoRI digested pDB248

0.5 pg Kpnl digested pSP22(2) (partial digest)

0.5 pg Kpnl digested pDB248

0.5 pg pDB248, undigested

0.7 pg of HindITI A 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(1) as detailed in Materials
and Methods. If the cloned sequence was contiguous the restriction
enzymes should cut the homologous chromosomal DNA at the same sites
as on the 5.6 Xb S. pombe fragment.

From the autoradiograph shown in figure 4.4 it can be seen that
Therewere 3 bands homologous to pSP22(1) obtained whentot al genomic
DNA was cut with the restriction enzyme Pstl (shown in figure 4.4,
track 5). This would correspond 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 EcorRI (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 correspond to a single site for this enzyme. The
presence of a single band of size 18 Kb with the genomic DNA cut with
Xhol 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(1)(figure 4.4, track 1)
and the EcoRI dizested S. pombe genomic 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. pombe chromosome.

The autoradiograph also shows that the cde 22 complementing
sequence is present as a single copy in the S. pombe genome as the
Zhol digested chromosomal DNA hybridises as a single band to pSP22(1).
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Ficure 4.4

Autoradiograph of S. pombe genomic DNA cut with various restriction

enzymes separated by electrophoresis on an 0.67% agarose gel, transferred

to nitrocellulose and hybridised to radiocactively labelled pSP22(1).

0 N O P W N

Lane

N o bW

5> mg pSP22(1) cut with EcoRI.

Molecular weight markers; 20 Kb, 10.6 Kb, 4.4 Kb.

5 pg genomic DNA cut EcoRI.
5> pg genomic DNA cut Xhol.
5 pg genomic DNA cut PstI.
5 pg genomic DNA cut BamHI.
5 pg genomic DNA cut HindIIT.

Molecular weight markers.

Digested with Major bands
EcoRT 3
Xhol 1
Pstl 3
BamHI 2
HindIII 2

Sizes (Kb)

* 2.1, 3.9, 5
18

* 1.0, 4.7,>20
4.5, 18

* 2.6, * 3.0

* Small fragment sizes were internal fragments previously estimated by

restriction digest analysis of pSP22(1) (see figure 4.1(a)).
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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.

Integration
To determine if pSP22(1) contains the cdc 22" gene, the cloned
fragment was subcloned into the integrating vector pESPI. This

. . - + ..
plasmid contains the S. cerevisiae lLeu 2 gene but no origin of

replication for S. pombe (See Materials and Methods). The plasmid
was integrated iﬁto the S. pombe genome and mapped to the cdc 22
locus.
The subcloning was carried out in two different ways:-
1 The two HindIII fragments of 2.6 Kb and 3.0 Kb were subcloned
separately into pESPI.

2 The 5.6 Kb HindIII fragment was subcloned into pESPI.
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(b) Subcloning the 2.6 Kb and 3.0 Kb HindIII fragments

The strategy for subcloning the two HindIII fragments is shown
in figure 4.5. The plasmids pSP22(1) and pESPI were digested to
completion with HindIII. To minimise recircularisation of pESPI
twice as much HindIIT digested pSP22(1) DNA as HindIII digested
pESPI DNA was ligated together. The ligated DNA was used to transform
E. coli. Chloramphenicol resistant,tetracycline sensitive colonies
were isolated.

Plasmid DNA from these colonies was digested with HindIII and
separated by electrophoresis on an 0.6% agarose gel using HindIII
digested pSP22(1) as a marker. This showed whether the plasmid
contained the 3.0 Kb, 2.6 Kb or both the HindIII fragments. Table
4.1 summarises the results obtained with 180 chloramphenicol resistant
K. coli colonies tested.

The plasmids pESPI( 3.0 carrying the 3,0 Kb HindIII fragment
and pESPI(2.6) carrying the 2.6 Kb HindIII fragment were used to
transform a cdc 22-M45 leu 1.32 strain.

A surprising result was that 50 @’L 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. pombe autonomously replicating
sequence from the genome  (Wright, A. P. H., 1984).

However, when transforming with pESPI3.0) and pESPIQ.6.)
containing an S. pombe 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
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Figure 4.5 Strategy for subcloning the 2.6 Kb and the 3.0 Kb

HindIII fragments

1. pSP22(1) and pESPl were digested to completion.

2. The products of digestion (1) were ligated together.

3. The ligated DNA was used to transform E.coli and chloamphenicol
resistant, tetracycline sensitive colonies were screened for.

4, Plasmid DNA was prepared from these colonies and subjected to
restriction digest analysis to determine which HindIII fragment(s)

they contained.

Predicted phenotypes of the different plasmids obtained after step (2)

a. Chloramphenicol sensitive, tetracycline sensitive.
b. Chloramphenicol resistant, tetracycline resistant..
c. Chloramphenicol resistant, tetracycline sensitive.

d. Chloramphenicol resistant, tetracycline resistant.

essme PDB262 DNA sequence.

——— PpESP1 DNA sequence

zzzzzs S.pombe DNA sequence.
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Table 4.1 Characterisation of plasmids obtained from 180 chloramphenicol

resistant colonies.

Number of chloramphenicol

resistant colonies tested.

180
Chloramphenicol resistant, Chloramphenicol resistant,
tetracycline resistant colonies tetracycline resistant
167 colonies. 13

Colonies containing Colonies containing Colonies containing
plasmids with the plasmids with the plasmids with both
2.6 Kb HindIII 3.0 Kb HindIII ‘HindIII fragments
fragment. fragment.

4 5 4
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tended to be mitotically stable for leucine prototrophy. This indicated

that in these LEET transformants the plasmid had integrated into the
S. pombe genome.

As a rapid test for leucine stability,a single colony was streaked
out on a YE plate, and incubated overnight at 25°C. This was then
replica plated to YE and grown overnight, three more times in succession.
The streak was then replica plated to EMM plus Phloxin 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 ngf transformants were obtained. Five were
obtained using pESPI(2.6) and ten obtained with pESPI(3.0.). None
of these transformants complemented the cdc 22-M45 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 mumber plasmid. 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 andl
2.6 Xb HindIII fragments were unable to complement a cdc 22-M45
mutation when carried on a high copy mumber plasmid as well as when
carried at low copy number integrated in the chromosome. The two
HindIII fragments were subcloned into pDB262 by cutting pSP22(1)
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

HindIII and the fragments separated on a 0.67% agarose gel using
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HindIII digested pSP22(1) as a marker. Plasmids pDB202(2.6.) carrying
the 2.6 Xb fragment and pDB262(3.8) carrying the 3.0 Kb HindITI
fragment were identified. These plasmids were used to transform a
cde 22-¢45 leu 1.32 strain and all the _1_e£+ transformants tested were
also found to be cdc when growth was looked for at 35°C. Therefore,
the 3.0%b and 2.6Kb HindIII fragments are not capable of complement-
ing the cdc 22-#45 mutation at high or low copy number. Thereforg the
internal HindIII site of the 5.6 Kb cloned sequence must lie within
the DNA sequence required for complementation of the cdc 22-¥45

mutation.

Mapping the site of integration to the cdc 22 locus

Two pESPI(3.0) stable _L§E+ integrants and two pESPI2.6 stable
L@f 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 ilethods).

The phenotypes of 100 spore colonies were examined for each cross
and the results obtained are shown in table4 .2. The L_@f phenotype
was used to map the site of integration. The small amount of recom-
bination between the le_\f and cde 22% phenotype as indicated by the
low mumber of cde’ leu’ and cde” 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 b HindIII fragment when crossed to cde 22%

leu 1.32 was greater than with the two integrants transformed with the

3.0 Kb HindIII fragment. Presumably the increased amount of recom-
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bination was observed due to the cdc 22-M45 mutation being present
in this HindIII fragment allowing gene conversion and/or recombination

to. occur.,

(c) Subcloning the 5.6 Kb HindIII fragment

To show that the cdc 22 complementing fragment functioned when
integrated into the chromosome,the whole 5.6 Kb HindIII fragment
was subcloned into pESPI.

Twenty pg of pSP22(1) was partially digested with HindIII and -
fractionated on a low melting point horizontal bed 1.2% agarose gel.
The desired 5.6 b fragment was purified by cutting it out of the gel
(see iaterials and Methods) and ligated into the HindIII 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(26), was used to

transform a cdc 22-M45 leu 1.32 strain.

I Integration

Stable integrants were isolated as described before. Five stable
ngf transformants were obtained. When examined at 35°C,four of the
transformants complemented the cdc 22-M45 mutation. Presumably, the
ede” ;ggf transformant arose by gene conversion from the chromosome
to the plasmid as it integrated. Gene conversion between a cloned
fragment on a plasmidvand the homologous DNA on the chromosome has
been observed previocusly in experiments with S. cerevisiae (Falco

et al, 1983).
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Mapping the site of integration

A stable cdc’ leu transformant and the cde” 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 ngf 2 Leu
showing that the plasmid had integrated into the chromosome.

In the cross involving the gggf lggf 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 HindIII fragment

integrates at the cdc 22 locus and therefore contains the cdc 22% gene

of S. pombe.

Preliminary Analysis of pSP22(2)

The previous sections demonstrated that the cdc 22 gene was present

in the 5.6 Kb S. pombe HindIII fragment contained in pSP22(1). The

following sections describe similar experiments used to characterise

the 2.2 Kb S. pombe fragment contained in pSP22(2).
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(1)Ewidence that the Cloned Sequence is Contiguous with the S. pombe Genome

(ii)

(a)

Wild type S. pombe chromosomal DNA was digested separately with
the restriction enzymes EcoRI, and HindIII. The digested DNA was
separated on an 0.67 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 genomic DNA homologous to the cloned fragment. The
presence of a single band with HindIII 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.

Integration and Mapping

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

4 3 2 1

Autoradiograph of genomic S. pombe DNA cut with EcoRI and HindITI,
separated by electrophoresis on a 0.67 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 EcoRI (5 ng).
3 5 pg of genomic DNA digested with EcoRI.

4 5 pg of genomic DNA digested with HindIII.






108
Figure 4.7 Strategy for subcloning the 2.2Kb fragment from nSP22(2)

into pESP1

1. pSP22(2) and pESP1 are cut with Sall and HindIII to completion.
2. Digested pSP22(2) and pESPl are ligated together.

3. The ligated DNA was used to transform E.coli.

4. Chloramphenicol resistant, tetracycline sensitive colonies were

screened for.

Predicted phenotypes of the different plasmids obtained after step (2).

a. Chloramphenicol resistant, tetracycline sensitive, ampicillin
resistant.

b. Chloramphenicol sensitive, tetracycline sensitive, ampicillin resistant.

c. Chloramphenicol sensitive, tetracycline sensitive, ampicillin resistant.

d. Chloramphenicol resistant, tetracycline sensitive, ampicillin sensitive.

e. Chloramphenicol resistant, tetracycline sensitive, ampicillin resistant.

f. Chloramphenicol resistant, tetracycline resistant, ampicillin sensitive.

wmmms  pDB248 DNA sequence
——— PESP1 DNA sequence

- S.pombe DNA sequence
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completion with the restriction enzymes Sall and HindIII. Equal

amounts of both digested DNA were ligated together. This DNA was
used to transform E. coli. By selecting for chloramphenicol resist-
ance, tetracycline sensitivity and ampicillin sensitivity only colonies

containing the desired plasmid termed pESPI(2.2)A were obtained.

(b)Integration
Plasmid pESPI(2.2)A was used to transform a cdc 22-M45 leu 1.32
strain. From 100 @" transformants testedynine stable integrants were

obtained. All nine were cdc when checked for growth at 35°C.

(e)M apping

Four stable cdc™ leﬁ"' 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
ditype (NPD) and tetratype (TT) 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)y integration might nevertheless have occurred at
this locus. To test this linkage of the 1e_u+ 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 centimorgans 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,provided that the
plasmid has integrated by homology, the cloned fragment camnot contain
the cdc 22 gene.

To demonstrate that the cloned DNA had integrated by homology,
chromosomal DNA was prepared from a cdc 22-M45 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,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 Xb 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. pombe fragment
(shown as a thick line) is contained within the 20 Kb BamHI chromosomal
fragment. When pESPI(2.2)A of total length12:3Xb 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
PESPI(2.2)A contains only one BamHI site situated at the border bet-
ween the vector and the cloned fragment, two new BamHI 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 BamHI 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 BamHI sites. These results demonstrate that the pESPI(2.2)A
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Figure 4.9 - Model of integration of pESP1(2.2)A \

pESP1(2.2)A

S.pombe chromosme

Homologous integration

—m 123Kb - 15Kb n
-« : -

5Kb ~28Kb

A

.2.2‘Kb cloned fragment.

N
—— .Plasmid vector sequences.
—

'S.pombe genomic.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(2.2)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 cdec 22-M45 which complements only when carried on the

high copy number vector pDB248. The plasmid pSP22(2) is now designated
pSup22.

Lack of Complementation of Other cde Mutants with pSup22

The previous section demonstrated that pSup22 does not carry the
cde 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. pombe. To test this possibility, leu 1.32
was crossed into a number of G1 and S phase S. pombe cdc mutants,

transformed with pSup22, and the @*' transformants obtained were tested
for growth at 35°C on EMM. From the results shown in Table 4.5 for
the 15 cdc mitations tested only the two cdc 22 alleles were suppressed

by pSup22 as demonstrated by allowing growth at 35°C.
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Table 4.5

STRAIN CELL CYCLE COMPLEMENTATION REFERENCE
BLOCK WITH pSup22
cde 1.7 leu 1.32 Mitosis - Nurse et al, 1976
cde 2.33 leu 1.32 G,/Mitosis - *
cde 10.129 leu 1.32 Gy - "
cde 20 M10 leu 1.32 S phase - Nasmyth et al, 1981
cde 21 M68 leu 1.32 S phase ~ !
cde 22 M45 leu 1.32 S phase + N
cde 22 C11 leu 1.32 S phase + See Chapter 7
cde 23 M36 leu 1.32 S phase # Nasmyth et al, 1981
cde 24 leu 1.32 S phase - x:

*cde-Cl leu 1.32 - .
cde-C2 leu 1.32 - -
cde-C4 leu 1.32 . c
cde-C41 leu 1.32 - .
cde-C43 leu 1.32 - 4
cde-C47 leu 1.32 - -

Key: + 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 nutants was before or at S phase.



116
Suxmlagx

The six plasmids able to complement cdc 22 mutations contained
two different S. pombe DNA sequences.

The plasmids obtained from cdc 22-GB2(1) to cdc 22-GB2(4) all
contain an identical 5.6 Kb insert. This sequence was contiguous with
the genomic sequence and present as a single copy in the S. pombe genome.
When integrated, the 5.6 Kb fragment complemented the cdc 22-M45
mutation and mapped to the cdc 22 locus. Therefore,the cdc 22 gene
was present in this sequence.

The plasmids obtained from cde 22-GB1(7) and edec 22-GB1(10) both
contained the same 2.2 Kb insert. The sequence was contiguous and
present as a single copy in the S. pombe chromosome. When integrated,
it did not complement the cdc 22-i45 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 cde 22-M45 mutation.

The suppressor does not complement most other known S phase or

G; S. pombe mutations.
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CHAPTER 5 Transcriptional Analysis of the cdc 22 Gene
Introduction

Using the cloned zene as a hybridisation prove to detect nhomolog-
Ous RNA transcripts,a muber of parametars were determined for the
cdc 22 gene.

Transcript size was obtained by comparing the mobility of the
homolozous WA to that of known size markers.,

The transcriptional orientation of the cde 22 gene was identified
by findins which region of the cloned DilA contained the cdc 22 prouoter.
The cell cycle depandency of transcription of the cdc 22 gene

could be determined using cde mutants.
finallysthe level of the cde 22 transcript through the cell cycle

was estimatad from RI'A obtained from a synchronous culture.

Detection of the cde 22 Transcrint

The cloned 5.6 !> DA fragment presznt in pSP22 that complements
cdc 22 mutation was used as a hvbridisation probe to detect the
transcript encoded by the cdc 22* gene.

Total RIA was prepared from a $72h" wild type strain grown in
YEPD at 25°C overniziat by mechanically breaking the cells with 2lass
beads in the presence of rhenol as detailed in Materials and Methods.
Forty pz of total S. pombe RNA and 5 ng of E. coli total RYNA 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. pombe 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.pombe RNA isolated from a wild type (972) strain
and 5pg of total E.coli RNA were separated by electrophoresis on a 1.2%
denaturing agarose gel. The molecular Gsl!‘:%cs (Kb) of each ribosomalRNA
band are shown. The positions in the gel of the rRNA bands were detected

by staining with ethidium bromide.

Lanes 1 to 4: 40pg of S.pombe RNA
“Lane 5: Sug of E.coli RNA

*
The E.coli 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 zel using a scalpel. The RWA was transferred to nitrocell-
ulose and the blot hybridised to radiocactively labelled pSP22 (3ee
Materials and Methods). The autoradiograph obtained is showm in Fizure
5.2 and detects only one homologous transcript to the cloned S. porbe
DNA sequence. By plotting the mown molecular weizht markers on a
graph of log (molecular weight) against mobility(shown in Fisure 5.3),
a molecular weizht of 3.3 Xb was estimated for the hasmolozous trans-
cript.
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