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Chapter 1
General Introduction

It is now gencrally accepted’that thé genetic information
of cells is enqoded'in the sequence of bases in the Deoxyribo-
" nucleic Acid (DNA) contained in the nucleus énﬁ other
organelles. This_knowlédgg allqws us fﬁ ask éfecific and more
informed questions about the control of's&nthetic events that
occur in biological systems. : There are many levels at which
the answersrcan be sought, but in this discussion we shall
confine ou;selveg maiqu to studies designed to investigate the
temporal relations between discrete évents, with the possible
..inference of causal relatidnships, thch occuf during the cell

cycle.

. Cells undergo cyclic changes, tﬁere being periodé of
growth when the various macromoleculér compoﬂents afe doubled
in quantity, and periods of division. Initially work on this
cycle cgntred on tpe division proceés, which is the most
dramatic and easily observed event within this cycle, without
much attention beinglpaid to events occurring between divisions.
The problem confronting peopie was one of identification of
patterns of synthesis or discontinuous evente occurring between
divisions of randomly growing cells. »The microspectrophoto-
metric and autoradiographic techniques on single cells to some

extent overcame this problem, but they have the severe
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limitation that, on the whole, only gross macromolecular
syntheses can be observed. The.synchronous culture is a major
step forward from the single cell analyses, because it permits
the biochemical investigations of individual molecules, but it
has the disadvantage of being difficult to relate to the

randomly growing culture from which it has been derived.

The type of organism which is suitable for cell cycle
analysis is that which is amenable to both these lines of
investigation. There are many organisms which fit these
qualifications, though, due to various disadvantages, ‘none of
them is ideal. " Here in Edinburgh, a lot of work has been
carried out into various aspects of the cell cycle of Schizo-

saccharomyces pombe, using both the single cell and the

synchronous culture techniques. S. pom is one of three

¥

species of fission yeast of the genus Schizosaccharomyces,

which, together with the closely related genus Saccharomyces,

belongs to. the class Ascomycetae, one of four classes of the

true fungi (Smith, 1955).

What do we mean b& 'the‘cell cycle'? The‘concept has
evolved from the mitotic cycle, which was a tsrm used to
describe the phenomenon of growth and division in eells, but
which, as the name implies, placed greaferlemphasis on
}division (Hughes, 1952). A cycle is a period of time in which
events happen in a certain order, and which is: constantly

repeating itself. Division as such is therefore only
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represented once in each cycle, as are all the other biochemical
events necessary for growth, and it should not, therefore, be’
given any undue -emphasis. Division.doee serve a very useful
function, though, as a reference point to which the other events
may be related, because of the ease with which it can be
observed. -In S. pombe there is the problem of which point in
the cycle one considers the cell to have divided. It could be
either the phyeioiogieal separation of tﬁe cell by the formation
of the cell plate (Swann, 1962), or the physical separation of
the two daughfer cells by fission (Mitchison, 1957). It is of
little consequenee which of these two is taken as the reference
point so long'as it is clearly speeified,votherwise confusion
can arise when the relationship between different cell cycle
phenomena'is considered. Throughout this theeie fission will
be taken as the reference point, such that it is represented by
either 0 0 or 1.0 on a celllcycle map extending from 0.0 to 1.0.
The firet appearance of the cell plate is therefore at 0 85 and
nuclear fission at about 0 75 of the way through this cycle

(see figure 1). '

‘ The first cell cycle studies on S. pombe were concerned

with the ehanges in dry mass, volume and concentration (Mitchi-
son, 1957). Mitchison showed that the rate of increase in dry
mase'ie constant throughoutvthe cell cycle, but that this rate
doubles sharply just before fission. The rate of increase of

volume, on the other hand, increases throughout the cycle until
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nuclear division occurs, when the rate falls to zero and the
cells enter a constant volume stage. During the constant
volume stage the cell is synthesising the cell plate, so the

former is probably a consequence of the latter.:

Dry mass and volume are very broad parameters, the former,
Afor example, describing the total molecular composition of the
cell. Dry mass was then examined in a little more detail.
The pattern of incorporation of labelled precnrsors into
protein, ribonucleic acid (BNA); and.carbohydrate was examined
(Mitchison and Lark, 1962- mcm’on' and Wilbur, 1962). It
was shown that the synthesis of these macromolecular components
is exponential throughout most of the cycle. Exponential
synthesis of protein and RNA have since been confirmed by
Stebbing (pers. commun.) usinglbulk analyses on synchronous
cultures. The dilemma between the exponeniial'synthesis of
the main:macromolecular components of the cell and thealinear{
synthesis of total dry mass was accounted for by the poséulated
fluctuating acid soluble pool (Mitchison and Wilbur, 1962).
That this is indeed the case was shown later by Mitchison and

Cummins (1964). .

Total RNA 1s not only lelsible into messenger (m—RNA),
transfer (t-RNA) and ribcsomal (r-RNA) RNAs, but also into the
many different types of molecules within each of these classes.
Total protein can also be subdivided into many different

fractions. The measurement of total RNA and protein will
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therefore only yield the composite pattern of synthesis of

these many subdivisions.

' There is, howeveg, mﬁfe'dgtailed.infprmatiqn abéut the
synthesis of these two types of mac:qmplecules; Pulse
labelling'of randomly growing cultures with 3H-adenine, for
different lengths of'time, indicated that the pattern of '
gynthesis of the different types of RNA were essentially'
similar (Mitchison and Lark, 1962). The short pulses of 3H-
adenine-enter a rapidly labelled nuclear RNA, whereas the
longer pulses tend to label primarily ribosomal REA in the
cytoplasm. The relationship between the'rapidly 1abelled-
nuclear RNA and messenger RNA is not cleér,-because a large
proportion of the former never enters the cytoplasm, its
synthesis and Ereakdown being limited to the nucleus (Harris,
1968). Perhaps it is all messenger RNA,‘only a small fraction
of which gets into the cytoplasm, the factor controlling the |
rate of entry into the cytoplasm being another level of éontrol
in the expression of genes-(Harris, 1968). Whether the rate
of:synthesis of messenger RNA is related to the rate of
synthesis of the rapidly labelled nuclear RNA will depend on
whether there is any 'selection' of individual messenger RNA
mo;egules before they are able to.enter the cytpplasm. In the
stepdown situation, because there is 11ttle‘or no net synthesis
of r-RNA, énd the nuclegr RNA, which is similar in base composi-

tion to the DNA, subsequently appears in the cytoplasm, there is
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greater evidence. for believing that the nuclear label-in the
short pulses might represent the synthesis of messenger RNA
(Mitehison and Gross, 1965; Mitchison 1963b). In these
atudies the incorporation'oﬂ'labelled bases into RNA during
stepdown suggested that messenger BNA is synthesised at a
constant ‘Tate throughout the cell cycle. | A necessary conse-
quence of this result is thst the rate of synthesis must double
at the time of d1v1sion. Essentially this is as far as the
information about RNA synthes1s goes, except for some results -
of Vincent (1965) concerning the synthesis of r-RNA and its
assembly into ribosomes. These suggest that the rate of
synthesis of r-RNA is cyclical, reaching a max1mum between 0.5
and 0.75 of the cycle and a minimum at 0.3 of the cycle.
Further, that there is a burst of ribosomal assembly also
between 0.5 and 0.75 of the cell cycle. Totel RNA and the '

10 - 20 minute labelling pulses are, in esuenoe, measuring
r-RNA because of its vast excess, S0 it 1e difficult to recon-
cile these apparently different patterns of synthesis (Mitchi-
son and lark, l962; Stebbing, pers. commun.)

The development of a technique for obtaining synchronous
cultures of S. pombe has enabled studies of the patterns of
synthesis of different proteins, which is not possible to do by
the analysis of single cells. The synchronous culture of §.
pombe has, in a short time, yielded some interesting results.

Basically there are two patterns of protein synthesis. The
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first is the 'step' synthesis shown by aspartate transcarbamy-
lase (ATCase) and ornithine transcarbamylase (0T7Case), where
the synthesis is limited to short discrete intervals in the
middle of the cell cycle (Bostock et al., 1966) and by trypto-
phan synthetase (TSase), the synthesis of which is restricted
to the end of the cell cycle (Robinson, 1966) The other

- pattern is shown by repressed sucrase or acid phosphatase and
the constitutive alkaline phosphatase, which are synthesised
linearly th;ough the cell cycle, but.with sharp doublings in
the rate of synthesis in mid cycle. It is also found that, if
samples are taken from cultures in which sucrase is repressed
and treated in such a way as to derepress the enzyme, the rate
of synthesis of the derepressed sucrase also doubles in ‘mid

cycle (Mitchlson, 1967)

This is only a brief summary of the biochemical events
about which there is information in §.»g_gg_.‘ So far the
discussion has revolved around REA, protein, carbohydrate,
volume and dry mass, and nb mention has been made 6f the
behaviour of DFA. At the time that the research for this
thesis was started nothing was known about the DNA synthesis
cycle in this organism. But DNA must be fundamentally
important in the confrol of the .synthesis of the macromolecules
described so far, and thus, if we are .to understand the control
mechanisms involved, it is essential that we have knowledge of

the DNA synthesis cycle. There are many questions that arise
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from the work: that has been described conceraning the relation-
ships between the synthesis of DNA and the other macromolecular

cellular components.

Let us first consider the patterns of RNA synthe81s. The
linear increase in the rate of RNA synthesis over most of the
cell cycle might suggest that there is a contlnual synthesis of
DRNL throughout the cell cycle, creating a constant increase in
the number of templates available for REA transcription. A
close relatlonship between the rate of RNA synthesis and the
amount of DNA has been shown in mouse fibroblasts (Killander

and Zetterberg, 1965), Paramecdum - (Kimball and Purdue, 1962)

and Tetrahymena (Prescott,. 1960). In Saccharomyces cerevisiae
the rate of RNA syntﬁesistincreases during the late S and.sarly
G2 phases (Williamson, 1965) and is felated to the amount of DNA
present in the culture. Measurements of total RNA in
synchronous cultures of this yeast show that;tse net synthesis
of RNA begins at the time of DNA'synthesis and continues to
about the time of cleavage (WVilliamson and Scopes, 1960), after
which time there is no further increase in RNA until the
following S period. In other organisms. there is no relation-
ship between the DNA content and the rate of RFA synthesis.

In Physarum polycephalum, for example, -the rate of RNA synthesis

shows two peaks during the G2 phase (lMittermayer et al., 1964)
and Hela cells show an increase in the rate of RNA synthesis

over the majority of the cell cycle, while the synthesis of DNA
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is restricted to a part of interphase (Scharff and Robbins,

1965).

‘ | There is a sliéht indication that the rate of RNA synfhesis
might be constant in the last part of the cell cycle of S. pombe;
the curves of 3H-adenine incorporation flatteh out over this
period (Mitchison and'Lark, 1962). If this is a real phenomenon
it could be due to one of three factors. Firstly there 1is the
evidence of Stebbing (pers. commun,) from bulk measurements of
RNA in synchrénous cultures grown on.Edinburgh Minimal Medium 1
(see abpendix 1). He shows that there is an exponentizl
synthesis Qf RNA throughout most of the cycle, but that the rate
of increase of RNA aecreases'at about the time of division, and
is maintained at this lower rate during the next cycle. Such
an effect would show up onvautoradiographs as ‘a tendency for the
rate of incorporation of precursors to plateau at the end of the
cell cycle. Secondly if the DNA is being synthesised for the
majority of the cycle then this plateau might represent the
point at which all the DNA templates had completed replicatibn
and RNA synthesis was proceeding at a maximum rate.  On the
other hand there is evidence that the rate :of RNA synthesis is
depressed at the time of DNA replication (Moses and Taylor,
1955; Nygaard et al., 1960; Sisken, 1959; Taylor, 1960;
vPrescott and Kimball, 1961),..and. the plateau may reflect a
relatively short period of DNA synthesis towards the end of the
'cyele.~ The experiments on Euplotes (Prescott and Kimball,
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1961) elegantly show that the process of DNA synthesis excludes
the synthesis of RNA on that part of the chromosome that is
replicating. However, equally well it showsvthat RNA synthesis
continues in all other parts of the Euplotes macronucleus, so

the net effect is small over the whole nucleus.

‘The step-down experiments also raise some interesting
points. If the rate of RNA production is to some extent a
funetion of the templates available for transcription, then the
rapid doubling in the rate of synthesis at the end of the cycle
might represent a doubling in the number of sites available for
transcription. This is probably a more valid- hypothesis for
the step-down situation than in normal growth because the cell
is transferred from a complex medium, rich in the precursors
for macromoleculaf synthesis, to one in which it is required to
produce’ them itself. This process might result in the need
for new proteins and as such the synthetic machinery might be
expected to be functioning at a maximal rate. 'In this
condition the number of tramscribing sites on the DNA might
well be limiting. It should be borne in mind that the
limiting factor need not necessarily be the absolute quantity
of DNA present in the cell, it could be the availability of the
DNA for transcription. FPurther experiments with tritium -
labelled bases do not.all show the same pattern of incorporation
(Mitchison, 1963b). Apart from the explanations discussed by
Mitchison another possible explanation might be that the fall in
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the rate of incorporation. of 3H—uracil reflects g_fall in the
rate of mRNA synthesis due to a concomitant synthesis of DNA.
Though there is no evidence to show that DNA synthesis confinues
after step-down in.§. pombe, Kjeldgaard gﬁ_gl.u(1958) show that

it continues. for a short time in Salmonella tyghimurium. ‘The
simultanéous increasé in the rate of incorporation of 3H-'adenine
might then‘bé'due to the'incorporation of this precursor into
DNA. After étep—doﬁn'the rate of incorporation of RNA precur-
sors is only 5% of that in normally growing cells (Mitchison,
19635b). Therefore the ratio of RNA being synthesised to DNA

is reduced to about 5:1. If, however, DNA synthesis is
festiicted ﬁo a limited part of the cycle the amount of DNA
being synthesised af ény ihstance’dhring'this period could well
. be in exceés‘bf'the RNA‘béing syntﬁeSISed during the same time,
and as éﬁch would have an effect on the pattern of incorporation

of labelled précursbrsw

The sudden doubling in the rate of incgease in dry mass is
at first sight an interesting feature, because it is so clearly
defined. But this observation loses some of its significance
"to this discussion when one considers that it is a function of
the exponential increase of the major macromolecular compqnents
of the cell and a fluctuating pool. An exponentialis&nthesis
éan give.little guidance as to the possible pattern of DNA
;synthesis, except that which has already been mentiongd._ ;;
‘is unlikely: that the fluctuations in the total acid soluble

i
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pool will show any close correlation to the timing of DRNA

- synthesis.

The synthesis of individual proteins‘is likeiy to yield
more useful information. With the exception of tryptophan
synthetase, whichlsteps at around the time of cell plate forma-
tion, the points (critical points)'at which the amount, or rate
'Qf syptheéis, of the enzymes investigated so far double, occur
at roughly the same point in mid cycle. It is tempting to
suggest that theég doubling points represent the replication of
the DRA which is co@ing for these enzymes (e.g. Gorman et al.,
1964; Donachie, 1965). In bacteria there is fairly convincing
evidence that the doubling in the rate of inducibility of an
enzyme ia correlated with the sequential replication of the
genome. Though such é relationship may exist in bacteria fbr
this type of protein synthesis, the same cannot be said for the
'step' enzymes, which can occur in the absence of any DKNA
synthesis (Masters and Donachie, 1966; Steinberg et al., 1965;
Steinﬁerg and Halvorson, 1968; . Perretti and Gray, 1967). It
w§uld be of intergst to see the relationship between the bio-
chemical fgplication of the encoded information in DNA for a

gene product and the phenotypic-replieation of the gene in §.
pombe . |
‘These are some of the points which, in order to be clari-

fied, re@uire a knowledge of the pattern of DNA syntheéis.
There is another aspect of the cell cycle work on S. pombe
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which is closer to the problem of DNA synthesis. . This is the
work of Swann (1962 and pers. commun.)and Gill 1965) who have
looked at the effect of ultraviolet irradiation and 32? suicide

decay during the cell cycle.

The sensitivity. of S. pombe %o ultraviolet irradiation,
measured by the dose required to kill 50% of the cells, shows
dramatic changes over the. cell cycle. Prom 0.9 to 0.2 in the
next cycle cells are eensitive, but this éeriod is followed by
a rapid rise in fesistance, which reaches a maximum at 0.4.
This resistance is maintained until 0.6, after which it
steadily declines to the'beginning of the sensitive phase
(Swann, 1962). In a similar analysis of the effect of 32

suicide decay, Swann (pers. commun.) has shown that the periods of l

sensitivity and re51stance oceur in almost identlcal phases of

the cycle. In an analysis of sen81tivity to uU. V., as measured by E
dlvision delay, G111l (1965) showed that there are two dlstinct
4phases. There is a major period of sensitivity between 0.5

end 0.1, and a second_period of minor sensitivity between 0.1

and 0.5.. Theugh there is a discrepancy in the precise timing

of these periods of sensitivity, the shapes of the curves are
essentially the same and Gill argues that the difference in

timing is merely a consequence of the different methods of

assessing the stage of the cycle in which a cell is..

Swann has gone on to look at the efficiency of different

wavelengths of ultraviolet light in killing cells at different
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stages in the cycle. He shows that deaths in 'sensitive'
cells demonstrate an action spectrum characteristic of nucleic
acids, whereas those in the 'resistant' phase show one

characteristic of protein (Swann, pers. commun.).

Added to these phenomena are the results of the pedigree
analysis following irradiation (Swann, 1962). Here the change
over from similar to differential deaths in daughter ceLls
occurred between 0.15 and 0.45 in the paféntal cycle.: The
conclusion drawn by Swann froﬁ these results was that gene
replication occurs at this point. These results will be dis-
cussed again in the final chapter, but it is helpful to ask a
few questions at this stage. is"the'peribd of 'gene' doubling,
which Swann suggests takes place at 0.4. of the cycle, synonomous
with DFA replication? . If it is, it is interesting. that the
action spectrum of UV light, in killing during this phase, is
one similar fﬁ the absorption spectrum of protein. = It is
possible that the sensitive phase, which shows a nucleic ac¢id
type action spectrum, is the period of DNA synthesis. There
are good reasons for assuming gene and DNA replication are
synonomous, but it would be of great interest to know the
precise relationship between the two, for though DNA is a.major
factor in the 'ggne', it must be expressed before any lethal
mutations can be observed. - The expression of a gene involves
several macromolecules other than DRA, and thus the chemical

replication of DNA may be entirely different from the phenomena
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observed in the ultraviolet light studies. -

The results ffom the work on S; ggggg, which have been ,‘
dzscussed on the preceding pages, haﬁe been summarised in a
cell cycle map shown in figure 1. It can be seen that the
events that have been observed so far fall into two main groups:
those clustered around the time of division and those occurring
at zbout 0.4 of the way through the cycle. The purpose of the
results described in this thesis is to add the time of DNA
synthesis to this map, and to thereby add to the discussion of

the control of synthetic events in the cell cycle.

-Can we predict the pattern of DNA synthesislin S. pombe by
looking at DNA replication in other organisms? There are ‘
reports concerning ‘DNA synthesis in many different organisms,
and not surprisingly there is a large variation 1n the details

of these. Even so, common features do emerge.

Before this is attempted one should be clear about the
terminology used to describe the DNA synthesis eycle. The one
that has been universally'adopted~is that originally proposed
by Howard and Pelc (1953). There are four distinct phases:
Gl, the presynthetis phase; S,'the.synthetic phase; G2, the
postsynthetic phese and 1, which, in their system, represents
mitosis and which separates Gl and G2. ' It is necessary to be
careful how M is defined.- In hlgher cells where huclear

dlvislon and cell division are normally both parts of the
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continuing process of mitosis the question does not arise.

But in some simpler organisms, of which S. pombe is an example,
where nuclear and cell division are separated by finite and
measurable periods of time; this question is important. If,
for example, M represents cell fission, and DNA synthesis
occurs between nuclear division and fission, then, by defini~
tion, the cell would have a long Gl and a very short G2. If,
howe#er, in the same situétion M is considered to represent
nuclear division, then the DNA cycle would be described in a
totally different way. There would now be a very short Gl and
a long G2. The latter obviouely makes more sense because DNA
replication is foremost a property of the nucleus. Also the
G2 phase is by definition the postsynthetic period, so cells at
this stage in the cell cycle should contain the replicated
amount of DNA, which would only be the cése in the second of

the two schemes.

The most striking feature to emerge from the work on the
DNA synthesis cycle of various organisms is that in most cases
it is periodic; <that is to say that most cell types have
demonstrable G1, S and G2 phases. This is the case for nearly
all mammalian cell types so far studied, both in vivo and in
vitro (Cleaver, 1967), plant tissues (Clowes, 1965; V'ant Hof,
1966; Wimber and Quastler, 1963), chicken duodenal epitheliunm
(Cameron, 1964), bullfrog lens epithelium (Reddan and Rothstein,
1966), sea urchin eggs (Hindegardner et al., 1964), Paramecium
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(Kimball and Barka, 1959), Tetrahymena (Prescott and Stone,

1967), Euplotes (Prescott, 1966), Amoeba (Prescott and Gold-
stein, 1967), Physarum (Nygaard et al., 1960) and Saccharomyces
(Williamson, 1965). In eukaryotic cells it seems that.there
is always some degree of periodicity in.the DNA synthesis cyele;

This is not the case for the prokaryotic bacterial cells.
In these organisms it has beén shown by several workers that
DRA is synthesised continuously throughout the cycle when the
medium on which the bacteria are growing supports rapid growth
(e.g. Young and Pitzjaﬁes, 1959; _Sehéechter et al., 1959;
Lark, K., 1966; Stonehill and Hutchinson, 1966; Eburle and
Lark, 1967; Clarke and Maalde, 1967). At slow generation
times periodicity is developed to give DNA synthesis cycles
similar to those of eukaryotic cells.

Though it may be said that eukaryotic cells exhibit
periodic synthesis of DNA, there is a large variation in the
precise details of the relative lengths of the Gl, S and G2
kphases depending on the cell type thattia being studiéd{ One
feature that does emerge as a general rule is that the S phase
is a continuous period of synthesis of DNA once initiation has
occurred and there are no reports of cells, which have yeen
grown undér normal conditions, that show parts of the total
‘synthesis of DNA at different and completely dissociated times
in the cell cycle.
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There are cells that have no Gl and others that have. no G2,
though the majority lie somewhere between these two extremes.
Robbins and. Scharff (1967) have shown the absence of a detect-
able Gl phase in a cultured strain of chinese hamster cells.
Clowes (1965) has shown that within different areas of the root
tip of Zea mais there is a large variation in the length of the
| Gl phase. In the cap initial cells the S period follows 5
immediately after mitosis, whereas in the quiescent zone of the
same material the Gl phase constitutes 0.87 of the complete DNA
cycle. In sea urchin egges the S phase follows immediately
ufon telophase and lasts for 13 minutes in a cyclé of one hour.
There is certainly no Gl in this system, and it is to some
extent open to doubt whether the post S period represents a
true G2 or is simply the beginning of mitosis (Hindegérdnér et
al., 1964). The Gl phase is also absent from Amoeba (Pfescott
and Goldstein, 1967), and the slime mould Physarum (Nygaard et
al., 1960). Another example of the absence of Gl is found in
the micronucleus of Tetrahymena, but the interesting point here
is the fact that the micro- and macfonuclei undergo replication
of DNA at different stages of the cell cycle (McDonald, 1960;
Flickinger, 1967). In this casé there is a difference between
two nuclei within the same cytoplasm, the micronucleus having
no Gl, the macronucleus having a Gl equal to about one third of

the total cycle.

Other cells have no G2 phase, e.g. Euplotes (Prescott,
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1966). Yet others have neither Gl nor G2, for example, graés-
hopper neuroblasts (Gaulden, 1955), or the sea urchin egg and

bacteria that have already been mentioned.

The matter is further complicated by the fact that fhe' 4
precise relationship between the lengths of the DNA synfhesis |
phases is not rigid even within one cell type. Changes in the |
growth raté brought about by.various means have been shown to
selectively affect particular phases of the cell cycle. In
bacteria it is possible to introduce periodicity into the
synthesis of DNA by small increases in the generation timé due
to the use of different carbon sources in the medium (e.g.’ |
Helmstetter, 1967; Clarke and Maalde, 1967). Lark, C. (1966)

has also shown that, at very slow growth rates, there are large

portions of the Escherichia coli cell cycle that are devoid of
anyvﬁNA synthesis. The early work on synchronised baéterial
cultures also showed that, under certain conditions, it is
posaible to observe periodicity in the bacterial DFA synthesis
cycle (Barner and Cohen, 1956; Maruyama, 1956; Maruyama énd
Lark, 1962). All these changes are due to alteration 6f the
growth medium, but an increase in the generation time due té'é
decrease in the culture temperature seems to have 11ttle effect
on the position of the S phase in bacterial cell cycles
(thaechter et al., 1958). ]

If periodicity is introduced into the bacterial DNA
synthesis cycle it is difficult to relate to the concepts of
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Gl, S and G2 as applied to higher cells. When the cells were
grown with generation times faster than 60 minutes, the

observed periodicity was in the rate of synthesis and not in
the presence or absence of synthesis (Clarke and Maalde, 1967;
Lark, K., 1966; Helmstetter, 1967; Helmstetter and Cooper,
1968). At generation times greater than 120 minutes events
were clearer and it seeﬁs that the periodicity under these
eircumstances was prior to the synthesis of DNA and thus might
be considered as an extended Gl phase (Lark, C., 1966). There
is some disagreement over what happens at the faster growth
rates (Lark, K., 1966; Cooper and Helmstetter, 1968), which
could be due to the differences between the strains of E. coli
used ih these studies. The results of Helmstetter and Cooper
(1968) show that the time, relative to the following cell
division, at which a new round of replication is started, and
the time that it takes to complete the replication of one
chromosome, are cpnstant over a wide range of generation times.
In this model it is the pre-initiation phase that is 1ncreaéing,
'which could be considered equivalent to Gl of higher cells. It
is harder to relate Gl to the model proposed by Lark, K. (1966).
Nevertheless, because the amount of DNA/cell decréaees as the
generation time increases (Lark, C., 1966), there must be delay
to the initiation of some rounds of DNA eynthesis, which could

be considered as‘an extension to Gl.

In higher cells the Gl phase also appears to be the most
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sensitive to changes in the environment. Changes in the
composition or pH of the growth medium have been shown to
selectively increase the Gl phase in mammalian cells (Defendi
and Manson, 1963). Sisken et al. (1965) have shown that
temperature changes can have a similar effect on tissue culture
cells, and Sherman et al. (1961) suggested that the long Gl in
mouse epidermal cells 1s a result of the fact that they are
subject to lower than normal temperatures. Even without
experimentally altering the environmental conditions, it has
been shown that it is the G1 that is the most variable, not
only between different cell types of the same organism, dbut
also between different cells of the same type (Terasima and

Tolmach, 1963; Sisken and Morasca, 1965; Cameron, 1964).

It is thus difficult to make predictions on the basis of
the patterns of DNA synthesis exhibited by other organisms,
except, pérhaps, that one might expect that the cell cycle of
S. ggggg would have detectable Gl, S and G2 phases. It might
also be expected to show close similarities to the DNA cycle in
Saccharomyces cerevisiae. In this organism the synthesié of

DRA is sharply periodic and the S phase occurs about midwaj
between two nuclear divisions, just after the buds appear

(Williamson, 1966).

We should now turn to the question of how one might investi-
gate the DNA synthesis cycle in S. pombe. It is not possibdble

to get an answer by the methods used so far in other biological
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systems. Unfortunately 3H—thymid1ne is incorporated into RFA
in S. pombe and, even after ribonuclease digestion, the label
is distributed throughout the cytoplasm. The method of
labelling with 3H-adenine, followed by removal of the RNA, used'
by Williamson (1965) for S. cerevisiae, again yields an even

distribution of grains over the cytoplasm. The treatment
necessary to remove the label over the cytoplasm results in the
complete loss of label or the destruction of the cells (see

chapter 5).

Another approach to this problem has been the estimation
of the DNA content of individual nuclei by microspectrophoto-
metric techniques. Again this is not possible in S. pombe
because of the low absolute amount of DNA, and also the high
RNA:DFA ratio.

A third approach has been the use of synchronous cultures
(e.g. Young and Pitzjames, 1959; Abbo and Pardee, 1959),
coﬁpled with incorporation of labelled precursors or bulk bio-
chemical estimations of DNA content. At the time that this
work was started a satisfactory method for obtaining synchrdnous
cultures of S. pombe had yet to be developed, although this was
achieved later by Mitchison and Vincent (1965). It is there-
fore necessary to attack the problem from a different and more

indirect approach.

The reasoning behind the expériments is essentially
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similar to that in the experiments of Yoshikawa and Sueoka
(1963). At any given point during exponential random growth
the culture will consist of cells at all stages of the cell
cycle. There will be twice as many youngicells as there willA
be cells just ready to divide, and the number of cells that are

between 0.0 and any stage in the cycle is given by the relation-

ship
T ™ Toge,ﬁ.g (see Appendix 4) - equation (1)

where d is the stage in the cell cycle (T), and a is the propor-
tion of cells between 0.0 and d. It follows that 1 - a is the
proportion of cells fhat have passed 4. Thus if an estimafe
of the mean DRA dontent of the culture is made it will be
composed of some in the unreplicated state, some in the repii—
cated state énd others in the process of replication. If the
amount of DNA present in a Gl cell is known it is then possible
to calculate the stage in the cycle that the mid-point of
replication occurs. This will only show the point at which
half the DNA is synthesised, and not the length ofisynthesis;
if the synthetic period is long in relation to the whole cycle
the estimated position becomes less accurate. It also aéaumes

a constant rate of synthesis during the synthetic period.

In order to make use of the above formula it is necessary
to know two things. Pirstly the mean DNA content of cells

during random exponential growth, and secondly the DNA content
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of the replicated nucleus. There are‘two phases in the growth
cycle at which the cells might be expected to contain single
unreplicated nuclei:  during stationary phase and in the asco-~
spore  stage. There are indications that suggest the division
processes take precedence over the other synthetic'evenfé of
the cell, such that stationary phase cells would contain'Gi
nuclei (Swann, 1957). It has, in fact, been shown that many
cells do stop.growing in Gl, coming to rest with the unrepli-
cated amount of DRA per nucleus (e.g. Williamson and Scopes,

1961; Kimball and Vogt-Kohne, 1961;‘ Stonehill and Hutchinson,‘

1966). There are exceptions, for example, Tetrahymena 2yr1~
formis stops growth in G2 (McDonald, 1958), and the G2 popula-
tion of mouse ear epidermal cells might be 1ncluded.1n this
category, though there is some doubt as to whether growth is

arrested or has been greatly slowed down (Gelfant, 1962).

Provided the stationary phase population is homogeneous
with respect to the point of arrest in the cycle it would not
really matter whether the cells were in Gl or G2. If 1t wés
Gl then the mean DNA content in log. phase would be higher than
that in stationary, whereas if it was G2 then the log. phase
would be lower. Difficulties arise if the stationary pﬁase
population consists of a mixture of Gl and G2 cells, and it ie
for this reason that it is necessary to check the Gl nuclear
value against the DNA content of ascospores. If the stationéry

phase is a homogeneous population.of Gl cells it should show the
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same DNA content per cell as the spores, because the strain of
S. pombe used in this study is haploid for the majority of tﬁe
growth cycle; the only phase in which it is diploid is after
conjugation, when the zygote is formed prior to the production

of ascospores (Leupold, 1956).

Thus from careful measurements of the mean DNA content of
cells during the exponential, and into the stationary, phases
of growth, and also in the ascospore stage, some information
could be obtained about the DNA syhthesis cycie in S. 2__32.
One drawback of this method of analysis is the fact that all
the estimates are of total DRNA, and no account can be taken of
the possible presence of DNA in cytoplasmic organelles. That
such DNA could be present in effective quantities became |
apparent after the bulk of the work described in chapters 2 and
3 had been carried out. Amongst the reﬁorts of mitochondrial
DNA the most relevant to this topic is the fact that S. cere-
visiae contains 20% of 1ts total DNA in the mitochéndria in
stationary phase, But that during the.lqg. phase . this is
reduced to.1l or 2%.(Moustacchi and Williamson, 1966). A ﬁito-i
chondrial DNA contribution of this mgénitude would introduce
serious errors into the assumptions 6f the scheme proposed
above. Because of this, the proportion of mitochondrial DNA
at various stages of the growth cycle was investigated at a 

later date.

There are grounds for expecting the other phase - the lag



26.

phase - of the normal growth cycle to yield further information
about the DNA synthesis cycle. The lag phase is used here to
describe the period during which the culture increases in mass,
but not in cell number. It begins'immediately stationary
cells are inoculated into fresh medium, and continues until the
first wave of cell division is observed. Several organisms
will grow out of the stationary phase as a synchronously
dividing population, when inoculated into fresh medium (e.g.
Streptococcus faecalis, Stonehill and Hutchinson, 1966;

Bacillus subtilis, Masters and Donachie, 1966, and Cutler and

Evans, 1966; and, with additional selection procedures, S.
cerevisiae, Williamson and Scopes, 1960). Though, as will be

shown later, S. pombe will not divide synchronously in such a
sitﬁation, there is an initial semi-synchronous burst of
division. It is possible that the lag phase represents an
extended, and no doubt special, cell cycle. By following the
course of DNA synthesis during the lag phase more 1nf6rmation

about the DNA synthesis cycle should emerge.

This is the rationale behind the experiments described in
chapter 2; such a system could yield very little informétion,
but, as we shall see; in S. pombe this approach was rewarding.
It has one advantage over the other ways of tackling this
problem inlthat it overcomes the formal objections to the
synchronous culture - the relationship between the synchronous

and the random, and supposedly normal, culture - and the
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difficulties involved in autoradiography. The latter is

dependent on, amongst other things, a constant rate of uptake

of label into the acid soluble pool and also a constant ratio

between the endogenous and exogenous supplies of the tracer

(discussed in Cleaver, 1967, and Mitchison, 1963).
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Chapter 2

The Normal Growth Cycle

Materials and Methods

The Organism

The fission yeast, Schizosaccharomyces pombe (Linder)

N.C.Y.C. 132, was used throughout these studies. The mean
generation time, when in expénential,growth in Edinburéh
Minimal Medium (EMM 1), is 2 hours 20 minutes at 32°0. During
thie phase of growth the cells increase in length only, being
between 6 and 20 p long and 3.5 p in diemeter, whereas in
stationary phase the cells are uniformly small, with only small

variations in both length and diameter.

The homothallic sporulating strain, H 90, of S. pombe was

used for the estimations of the DNA content of ascospores.

Both these strains of S. pombe are haploid for the
majority of their growth cycle. The onlj stage at which they
are geneticélly diploid is during sporulation; when fueiqn of
the nuclei from the conjugating cells results in the formation
of a diploid zygote. The zygote nucleus then undergoes-twe' :
divisions to form four haploid ascospores (Leupold, 1956).

Growth Media and Conditions

Cultures were grown on EMM 1 (see appendix 1) at 32°%
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(¥ 0.5) in either a water bath or a warm room. Stock cultures
were maintained in 10 ml. of medium in McQartney bottles.
Normal sterile precautions were observed at all times. The
medium was autoclaved for 10 minutes at a pressure of -

10 lbsf/in.z in all cases. Inoculations were carried out with -
pipettes which had been sterilised in an oven for 3 hours at
130°. However, as the medium is acidic (s&arting/pﬁ =’5§5),'
it is unfavourable f&r bactérial growth, and.contamination of

cultures is rare.

Por the log./stationary phase experiments the medium wﬁs
inoculated on the day before the. experiment with a smali
quantity of stationary phaae‘cﬁlture at a cell concentration of
approximately 25 x 106 cells/ml., such that the batch culturé |

6 cells/ml.) on the

would be in early log. phase (1 - 2 x lO
mofning of the experiment. Samples were removed, and the

cells harvested by means of centrifugation, fhroughout thé',
growth of the culture into stationary phase. Afterxr harvééfing”
the samples were washed three’times in distilled water, and - -
stored in the deep freesze until‘all the samples from the cultuie
were ready for extraction and assay. The size of sample was

ad justed throughout the experiments so that each would containl»
5 - 20 pe. DNA. Cuiture growth was monitored periodically by

cell counts and optical density measurements at 595 mp in an

Unicam S.P. 500 spectrophotometer.

For the lag phase experiments 1.5 litres of culture were
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grown to stationary phase and left for 3 days. Before the
cells were harvested for the experiment, samples were removed
to check the stationary phase DNA content. After harvesting,
by centrifugation, the cell pellet was quickly raised in 50 ml.
of fresh pre-warmed medium at 32°c, and the cell suspension
.inoculated into 5 litres of fresh medium. Samples were taken
at 5, 15, 30, 45 and 60 minutes after inoculation, and there-
after at 30 minute intervals. These experiments were car:ied
on for about 8 hours, by which time the culture had almost
doubled in cell number. The samples, as in the previous
experiments, were collected, washed three times in distilled
water and stored in the deep:freeze until all the samples could
be extracted and assayed at the same time. Culture growth was

- monitored by cell counts, celi plates and, occasionally,

optical density.

H 90 S. pombe was grown on "Oxoid" Malt Extract Agar (MEA)
slopes in petri dishes at 32°C for 7 days, after which they
were transferred to 4°C for a further 7 days. This treatment
resulted in the highest yield‘of ascospores, which in most
experiments varied between 80 and 90¢%. Stock cultuies were
maintained on MEA, subculturing from colonies that contained
spores. H 90 shows a constant tendency to revert to the wild
type heterothallic mating type, and, if the percentage of
spores is to be maintained at a maximum, it is necessary to

subculture from colonies that are still homothallic. These
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were identified by inverting the petri dish over a container in
which iodine crystals were being gently heated. The spore-

containing colonies were stained brown by the iodine vapour.

Colonies’shoﬁing a positive l1odine reaction were bicked
off ﬁith a bacteriological loop and streaked.out on fresh MEA
slopes and taken through the sporulation treatment. Aftér
fourfeen dayé the spores were washed off with distilled'%ater,
washed three times in distilied water and layered on top of a
sucrose gradient for separation (see next paragrapﬁ). After
separation the spore sample was éounted and split up into
separate samples, so that each contained between 5 and 20 ug.

DNA.

Separation of Spores

The procedure is essentially similar to that used for
making synchronous cultures, which is described in more detail
in the next chapter. The spore and stationary phase ceil _
mixture was layered on a 10 - 40% sucrose'gradient and centri-
fuged for 10 minutes at 1500 f.p.m. in an M.S.E. Mistral 4L
centrifuge. The cells and spores moved down the gradient ét
slightly different rates due .to their different size. The
spores tended to move slower resulting in the top layer 6f
cells in the gradient being enriched with spores. fo gét an
essentially cell-free spore suspension it was necessary to re-

cycle this upper layer. This was done for a few estimates of
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DNA, but the yield after such treatment is less than 0.5% of
the original sample. Because of this, in other experiments
only'one gradient separation was made, but the proportion of
statlonary phase cells was counted and an allowance made for
the confribution made by these to the DNA in the final éxtract,

though in all experiments this was very small.

Cell Counting

Initially cell counting was done by means of .an Improved
Neubauer Haemocytometer, depth 0.1 mm. Cells were éonsidered
to have divided once fission could be observed (see figure 2).
Counting samples were diluted so that approximately 500 cells
would occupy each counting chamber of the Haemocytometer,
giving a final count of between 500 and 1000. This gave a

counting error of around 5%.

It wae not always possible to count samples at the time
that they were withdrawn from the culture. In these cases the
counting samples were either stored in the cold or they were
diluted with an equal quantity of 4% formalin. If the samples
could be counted within 24 hours the former method was usad,
but if the samples were required to be kept for longer periods

of time the formalin was used.

Coulter Counting

In later experiments cell counting was done using a



Figure 2.. Cell counting convention. The cells on the top
were counted'as single cells, whereas thosevon the bottém

were scored as two cells.
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Coulter Counter Model B, with a 70 p orifice tube. Cell
clumps and pairs were separated by ultrasonic disintegration in
an M.S.E. 100 watt Ultrasonic Disintegrator, fitted with a &v
titanium probe, for 90 seconds at a frequency of 20 kc/sec; and
an amplitude of 2 e This treatment resulted in 98% of the

cells existing as single cells, the remainder being in_pairs.

Cell Plate Index

The cell plate index is a measure of the number: of cells
dividing, and is expressed as the percentage of cells showing
cell plates. 0.5 ml. samples were withdrawn from the culture,
spread on a microscope slide, and allqwed to dry on a warm
plate. The slide was then washed to remove excess salts and
glucose, negatively stained with waterproof black ink (104
Pelican Ink, 0.1% formalin and 4 drops Byprox in distilled
water), dried and stained with 0.25% crystal violet.

Nuclear Sfaining

Samples were removed from the culture and dried down on a
clean microscope slide. The method used for the fixing and |
staining of cells was a modification of that used by Ganesan
and Swaminathan (1958). The cells were fixed in acetic:élcohol
(114), rinsed in chloroform and dried. RNA was extracted by‘
digestion for 3 hours in ribonuclease (RNase) solution.
Crystalline pancreétic RNase (Sigma) was used at a concentrationi

of 250 Pg./hl. in 0.05 M Tris/HC1l buffer, pH = 7.6, after it had
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been heated in a boiling water bath for 10 minutes. After
waéhing in running tap water the slides were’ immersed in 4%
Giemsa (Gurr) in phosphate buffer, pH = 7.0, for 16 hours.
The slides were differentiated by moving them about in a very
dilute solution of acetic acid, pH around 4.5, and observing
them under the microscope every 2 minutes. When the cjtoplasm
was sufficiently de-stained the slides were mounted in a-drop
of dilute stain, and the coverslip sealed with vaseline ahd wax,
The quality of staining varied considerably between batches of-
slides, one of the major causes being the variation in the
efficiency of RNA extraction from the cytoplasm. In cells
where the nuclei were clearly visible they appeared as darkly
stained bodies, but there was always a percentage of cells in
which they could not be identified, due either to overstaining
of the cytoplasm or lack of stain in the nuclei.
Estimation of DNA

Cells were harvested by centrifugation and washed thfee
times in distilled water. DRA extraction was by the Séﬁh;idéfj
(1945) procedure, with slight mﬁdificationa (Hutchinson and
Munro, 1961). The cells were suspended in 0.5 M perchloriec
acid (PCA) for 30 minutes at o°c, and washed twice in cold
0.5 M PCA. After the second'washing the tubes were dfied
inside with a Kleenex tissue to remove as much liquid from
above the cell pellet as possible. The cells were then
extracted with 0.5 M PCA at 70°C for 20 minutes, centrifuged,-
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the supernatant being removed and retained, and re-extracted
with 0.5 M PCA at 70°cC. The supernatants from the two
extractions were pooled and the purine-bound deoxyribose

assayed by the diphenylamine method.

| Initially the standard Burton (1956) diphenylamine method
was used to estimate the DNA content of the extracts. 0.2 ml.
of the extract was incubated with 0.4 ml. of the diphenylémine
feagent (2% diphénylamine, 1.5% concentrated Analar H2804, and
0.1 ml. aqueous abetaldehyde, 16 mg./ml., in glaciél acetic
acid) for 16 hours, and the absorption af 595 mp was measuiedA
in a Unicam S.P. 500 spéctrophotometer. During‘the course of
the work this techniqueawas modified as follows: 0.2 ﬁl. of
the extract was incubéted with 0.4 ml. of the diphenylamine re-
agent (4% diphenyiamine in gléoial acetic acid), plus 0.0i ml.
of aqueous acetaldehyde.(l.G mg./ml.), overnight'for 16 hours
and the absorption at 595 - IOO‘mP read in the spectrophoto-
meter. This modifipation followed a paper by Giles and Myers
(1965) and increases the senéitivity by a factor of 50%.

There is a tendency in ‘both these methods, but more so in the
latter, for turbidity to develop during incubation. The |
effect of this can be eliminated by centrifugihg the coloured
solution before reading in the spectrophotometer, and then sub-
tracting the absorption at 700 op from that at 595 mu. This
gives low blank readings and a linear calibration curve for |

concentrations of deoxyadenosine up to 20 pg./ﬁl. All assays
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were done in triplicate, the mean absorption being used to
determine the concentration of purine-bound deoxyribose from a
calibration curve. These curves were constructed using
solutions of deoxyadenosine in 0.5 M PCA, one such curve

accompanying each set of assays.

The use of deoxyadenosine as the standard requires that a
correction be made in order to express the results in terms of
grams of DNA/ml. Assuming that the purine-boﬁnd deoxyribdse accqun@é
for 50% of the bases in the DNA it is necessary to ;;itiﬁly the
value in terms of grams of deoxyadenbsine/ml. by 2.605 to

express it in terms of grams of DNA/ml.

The Sneider method of extracting the DNA was found to be
inadequate for the spores. As a result two methods were tried
to obtain values for the amount of DNA in spores. The first
was to break the spores by ultrasonic disintegration, and to
assay DNA in the acid precipitable fraction of the sonicate.
This was not considered ideal because it is known that ultra-
sonics also break up DNA, and there was the possibility that
the breakdown products would be too small to be acid precibiQ
table, though no diphenylamine material could be shown to be
present in the cold PCA soluble fraction. A second method was
used as a check. The spores were digested in 1 N NaOH for 6
hours at 32°C. Cold 1 N PCA was then added to make the final
solution 0.5 N PCA and the cold acid insoluble fraction removed

by centrifugation at 12,000 r.p.m. for 10 minutes. The
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precipitate was then raised in 0.5 N PCA, heated at 70°C for

20 minutes and assayed for DNA as described previously. 1In
_Positive,

both these methods assays for diphenylaminelpatérial were made

on the acid soluble supernatants, but no detectable amounts of

this material were ever found.

Although the diphenylamine reagent is sﬁpposed to be
~specific for purine-bound deoxyribose residues, there have been
repdrts of interference from other cellularAcomponents.
especially in plants (Lee, 1963). Deoxyribonuclease (DNase)
controls were initially performed on samples from different
stages of the growth cycle to see if any interfering substances
were present in the hot PCA exfracts. Unfortunately, DNasé
will not enter cold acid extracted cells, so it is necessary to
perform an alkaline hydrolysis before the DNase treatment.

The method was as follows: the céllé were harvested, washed in
distilled water, cold acid extracted in 0.5 N PCA, and washed
twice in cold 0.5 N PCA. They were then hydrolysed in 1 N KOH
for 6 hours at 32°c. 1.0 N PCA was added in the cold fq make
a final solution of 0.5 N PCA and the precipitate collected by
centrifugation at 12,000 r.p.m. for 10 minutes. The precipi-
tate was washed twice in cold 0.05 M tris/HCL buffer (pH = 7.5)
and was finally raised in 0.05 M tris/HCl buffer containing

250 ye. DRase/ml. and incubated at 37°C for 5 hours. An equal
volume of cold 1.0 N PCA was aaded, and the precipitate
collected by centrifuging at 12,000 r.p.m. for 10 minutes.

The supernatant was removed to another tube and the precipitate
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was raised in 0.5 N PCA, both being heated at 70°C fof 20
minutes. The supernatant angd tﬁe hot acid extract of the
precipitate were then reacted with the diphenylamine reagent.

In all cases all fhe diphenylamine positivé material was found
in the DNase digested/acid soluble fraction, confirming that‘
the method was measuring DNase sensitive_subétances. It is
possible that some interfering substances were removed duiing
the alkaline hydrolysis, but in all cases there was quantitative
reéovery of diphenylamine positive material in the DNase -

digested fraction.

Results

The Exponential and Stationary Phases of Growth

The results of one experiment are shown in figures=3;and
4, in which the growth of the culture was followed in terms of
cell concentration, optical density and DNA content of samples.
It can be seen that the increase in cell numbers is exponential
up to about 1 x 107 cells/hl., whereas the optical density

increase begins to fall off at around 3 - 4 x 106

cells/ml.
Optical density is in part a'measure of cellAmass and this A.
falling off in the rate of incréase in optical density therefore
seems to reflect a decrease in the rate of synthesié of maéé
once the cells have reached this cell concentration. It 1s

well correlated with the observation fhat the cells become



Pigure 3. DNA per ml. (solid circles, solid line), cell
concentration (solid circles, dotted line) and optical

density (open circles) in a randomly growing culture.
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Figure 4. Changes in the amount of DNA per cell with age

in a randomly growing culture.
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smaller as log. phase progresseé beyond this point (see figure 5
and Johnson, 1968§.and that the rateéof total RNA synthesis
begins to fall at a cell concentration of 3 x 106 cells/ml.
(Stebbing, pefs. cbmmun.). The curve of the increase of DNA/ml,
is of similar shape to that of optical density; although it is
not immediately abparent, 1t‘showe a decreasé'in the rate of DNA
synthesis after the cells have reached a cell concentratioﬁ of

5 x 106

cells/ml. This becomes more obvious if the mean DNA
content/cell is plotted as a function of time (figgre 4). In
this form it can clearly be seen that the mean DNA content of
cells begins\to fall between 4 and 6 hours in this experiment,

and continues to fall until the cells enter stationary phase.

In order to compare the results of different experimenfs
the results should be expressed as the DNA content/cell as g
function of the cell concentration. The combined results of
several experiments have been plotted in this way in figure'G.
The DNA values have been split into eight groups which aré
designated by the pa:allel broken lines. The means of the Dﬁk'
values within each group, together with the standard errors of
the means, are also shown. From these data it is clear that
the cells are no longer in balanced growth after the culture

6

has reached 5 x 10" cells/ml., the stage at which the DRA

content of cells'begins to drop.

If the log. phase is considered to last up to a cell con-

6

centration of 5 x 10" cells/ml. the mean DFNA content of log.



Cell volume
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phase cells is 0.0376 Rpg/bell (S.E. = 0.0005). Similerly, if
cells are considered to be in stationafy phase 24 hburs after
there is no further 1ncréase in the numher of cells/ml., the
mean DNA content of these is 0.0199 ppg./bell. Between these
two phases of the growth cycle the mean DNA content/celi is

halved over two doublings of the cell number.

Spores \
| The results of 13 estimations of the DNA content are also
shown on figure*~"6 so that a comparison can be made ‘between the
mean DNA content of spores and that of stationary phase cells..
That they are different is clear from figure 6; the difference
between 0.0199 ppg. DNA/stationary phase cell and 0.0146 Ppe.
DNA/épore is significant at the 0.1% level.

"Reinoculation Experiments

The results from one experiment are shown in figure 7.
It can be seen that there is no sign of division in the culturé
until 4% hours after inoculation. There is first a rise in
the cell plate index, which is closely followed by the increase
in cell numbers. The curve of DNA/ml. of culture is more
complex. Immediately after the cells are suspended in fresh
‘medium there is a rise in the DNA content of the culture.
After an hour it remains constant until cell plates first
appear in the cultﬁre. At this point 1t shows a sharp rise,

but eventually slows down to show a rate of increase similar to
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Figure 6. Changes in the DNA content of cells with
increésing'cell concentration in randomly growing cultures,
and of spores, of S. pombe. - The solid circles represent the
individual means of each estimate in triplicate, and the open
circles represent the means'of groups of estimates. The
bars show the standard errors of the means and the parallel

broken lines show how the estimates have been grouped to

obtain the means.
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Figure 7. DNA per ml. (closed!squares)), DNA per cell

Qgiizfég), cell concentration (open-circles) and cell plate

index (triangles) in a lag phase culture in EMM 1 at 32°C.
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that of the increase in cell nuﬁbers. It is not possible to
establish parallel curves of these two parameters becaﬁse of
the necessity to inoculate the medium at.a high cell concentfa—
tion. Thus, at these concentrations, the cells have reaéhed
the equivalent of the critical point in log. phase after the
Pirst divisions and balanced groﬁth is never established. The
results of this experiment,-and two others, have been plotted
in figure 8, which shows the changes in the mean DNA content/
cell as a function of time. . The points represent‘the meaﬁs of
the three experiments, and the bars the standard errors of
these means. The line between the points has been drawn by .
eye, but the exact shape of the curve is not important. The
points that emerge from this'experiment are as follows. The
DNA content of cells before and 5 minutes after inoculation is
characteristic of stationary phase. Thereafter, it quickly
rises to a vaiue of 6.0292 ppe- DNA/cell and remains conptaﬁt
at this value for a further 2% hours. At the time that the
cell plates first appear it begins to rise to a peak of .
0.050 ppg. DNA/cell. After this it decreases due to the ,
increase in the cell number ﬁhich at this stagevis more rapid

than the increase in DNA.

Giemsa Staining of Nuclei
The relationship that will be used to position the mid-
point of DNA synthesis in the cell cycle assumes an exponential

distribution of cells between the beginning and end of the



"-Figure 8. DNA per cell in lag phase cultures in EMM 1 at 32 C.;‘”x

'Eolid
circles are the means of three experlments and the bars show the éta dard

errors of the means.
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cycle. If was considered desirable to check the position of
two other events, nuclear division and cell plate formation,
that are good ocell cycle markers, using the same method. From
slides, prepared by Giemsa or indian ink/crystal violet _
staining, it was poséible to assess the proportion of celis
which had either two nuclei or a cell plate. Prom this data
it was possible to calculate the stage in the cell cycle that
these events occur. Table 1 shows the results of such an
analysis at different stages during the phase of exponential
increase in cell numbers. It can be seen that 1n‘moat‘samples
nuclear division takes place at about 0.75 of the cell cycle,
and that cell plate formation begins at 0.86. This is in
agreement with previous estimates of their positions in the
cell cycle using more direct techniques (Mitchison, 1957). It
appears that, for relatively instantaneous events at least,
this method gives a fair estimate of the position of such

events in the cell cycle.
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Table 1. The position of nuclear division and cell plate
formation in the cell cycle at different stages of

exponential growth.

Cell concentration Nuclear division Cell plate

X 106
1.35 0.78 0.86
1.73 0.75 0.85
2.4 | 0.70 0.87
4.5 | 0.74 0.86
4.5 0.73 0.86
5.15 0.75 0.86
7.2 0.75 0.85
8.75 | 0.80 0.86

Mean 0.75 0.86
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Discussion

At first sight}the observation that the mean DNA confent‘of
stationary phase cells is 53% of that of log. phase cells seems
significant. It suggeste that the cells are in Gl during
stationary phase and that during log. phase DNA is synthesised
quickly during the first part of the.cycle. During exponential
growth the culture will be composed of cells at all stages of
the cell cycle. The mean DNA content of cells during'this
phase of growth will reflect the number of cells in Gi, 8 and G2.
If, for the sake of simplicity, the S phase is assumed tobbe an
instantaneous event at the midpoint of the phase, and there is
evidence presented in the following sections to suggest that it
is very short in this organism, then the mean DNA content of
exponential cells is determined by the proportion of Gl ané G2
cells present in the samples. If we let a equal the proportion
of G1 cells in the culture then (1 - a) will be the prpportionﬁ
of G2 cells, and if the stationary phase amount of DNA per.éeil,
(0.0199 ppg.) is taken to be the Gl amount, then the G2 amount
will be o°0398.PP8' DNA. The sum of the products of the amount
of DNA and the proportion of cells in each phase should equal
the product of the proportion of cells in the whole culture, 1,
and the mean“amount of DNA percéell for the whole culture.: ‘The
following simple relation can therefore be written: | |

0.01992 + 0.0398 (1 - a) = 0.0376 x 1 equation (2)

Solving this equation results in a =_6:111. That is to
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say that ll1% of exponentially growing cells would exist in Gl
phase if the amount of DNA per cell during that phase is
0.0199 Ppe- It can be calculated, if this proportion is
substituted in equation (1) (derived in appendix 4), that the

midpoint of the S phase is at 0.075 of the way through the

cell cycle.

It is, however, extremely difficult to explain theresults
of the lag phase, or the low mean DNA content of spores, on
the basis of this interpretation. There is anothéfﬂlzz patio
between the DNA contents of cells at diffeient stagés of the
growth cycle. The mean value for spores is 50% of'the mean
value for cells in the plateau stage after inoculatibn. There
is more justification for assuming the spore value tb represent
the DNA content of an unreplicated nucleus, and on this basis
the single, haploid amount of DNA in S. ggggg would be
0.0146 ppg. DNA/cell.

The terms haploid, diploid and polyploid have been used to
describe different phenomena by different people. Por example,
diploid has been used to describe a nucleus that contains two
sets of haploid chromosomes, each set being genetically
different. Here the term diploid implies something more than
just twice the haploid DNA content, rather that there are two
sets of chromosomes'which are génetically different from eﬁch
other. On the other hand, diploid can.refer to a replicated

haploid nucleus, that is, one that contains two sets of
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chromosomes that are identical. In this thesis the terms
haploid or lc will refer to the unreplicated nucleus and

diploid or 2c¢ to the replicated nucleus, in no way inferring

the genetic implications of these terms.

If 0.0146 pps- DNA/cell is the lc amount, then éhe cells
during the lag phase show a mean DNA content equal to the \
expected 2c¢c value. After 3% hours in the lag phase the DNK\
content of cells rises to a value approaching that of tetra- \\
ploid cells. DNA synthesis muet take place beforescéll \
division, because the rise in DNA content of the culture
clearly precedes the increase in cell numbers, giving rise fo
the high DNA value per cell at this stage of the lag phase.

As cell division proceeds the mean DNA value per cell drops
towards that observed during normal logarithmic growth. This
means that the log. phase population of S. pombe is composed of
a mixture of 2c¢ and 4c cells, DNA synthesis taking place
towards the end of the cell cycle. It is important, though,
to place it relative to nuclear division. If DRA synfhesis is
before nuclear division the nucleus must be 4¢ before it
divides. This would be a rather unusual, though not
impossible, situation. If synthesis was immediately after
nuclear division the nucleus would be 2¢ for the majority of
the cycle and it would not be necessary to invoke higher levels
of ploidy to explain the results. It is rather difficult‘to

answer this question using this system because of the
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inaccuracies involved in the timing of synthetic events.
There are, however, two observations which can be used to give
some indication of the order of events, though they give con-

flicting results.

Firstly one can calculate the proportion of 2c and 4c
cells in the log. phase culture, using equation 2 deseribed
earlier, though using different values for lc, 2c¢ and 4c,
namely, 0.0146, 0.0292 and 0.0584 PPg.‘DNA/bell respectively.
Thus: )

0.0292a + 0.0584 (1 - &) = 0.0376 x 1

where a is the proportion of 2¢ cells and (1 - a) is the pro-
portion of 4c cells. Solvieg,thie equation it is found that
71% of log. phase cells are dipleid. Substituting this value
for a in equation 1, H

a _ log, (1 -3)

T~ Tog, 0.5 °*
it is found that the changeover from diploid to tetraploid, er
the mid point of the S phase, occurs at 0.63 of the way througﬁ
the cell cycle. This compares with 0.75 for nuclear division
using the same method of positioning (see table 1), and as such
suggests that nuclear fission follows shortly after DFA
synthesis.

Some doubt as to the accuracy of this method is suggested

by a study of nuclear division in Schizosaccharomyces versatilis

(Robinow and Bakerspiegel, 1965). From their photographs it
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appears as though nuclear division occurs half-way through the
cell cycle. However, during and immediately after nuciear-
separation the two nuclei are not as easily visible as later on
in the cycle. In the Giemsa stained slides of S. pombe there
were usually cells in which 1t was not possible to see any
nuclei. It may be that such cells represented those in which
nuclear migration was taking place, and that when two nucléi
became visible some time had elapsed since they had become
separate entities. If this were the case in S. pombe then the
estimate of nuclear division made on the basis of Giemsa
stained cells would tend to positibn it later in the cycle than
was'really the case. Other edrors will occur in the estimate
of the times of the S phase and nuclear division. Accurate
assessments depend. on the assumption that the culture consists
of a homogeneous population of cells dividing in complete |
asynchrony. That such a condition is not strictly the case is
suggested by the work of Paed (1959) who shows, for example,
there are variations in the cell plate index during log. phase.
It is also probable that there will be individual variatibhs
between the cells with respect to .the lengths of the different
cell cycle phases. The ability of this method to give an
accurate sequence of events in the cell cycle is doubtful,
though it is useful in showing that nuclear division and DNA
synthesis occur at similar positions towards the end of the

cell cycle.
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The second piece of information relevant to this question
is the position of the increase in the mean DNA content of
cells at the end of lag phase. It can be seen in figure 7
that the curve of DNA content per cell almost exactly parallels
the curve of cell plate indices, and that, if anything, the
peak in the DNA curve is siightly later than that of cell
plates. Nuclear division must be before the formatidn of the
cell plate, and therefore this would suggest that DNA synthesis
occurs shortly after nuclear division. This observation; 
carries more weight than the former, because here‘one is
directly relating the position of the rise in DNA/cell to a
cell cycle marker whose position is khown. It is open to the
objection that the lag-phase is not a period of batanced growth,
and as such the cell cycle might be distorted. There is
little doubt that nuclear divisionjmust.take place before the
cells become physiologically separated, and thus in the lag
phase DNA synthesis clearly occurs after nuclear divisibn;'
That this is also the case in log. phase is supported by tﬁe'
results from synchronous cultures, which are described in the

next chapter.

The results from the experiments on the various growth
phases have yielded several pieces of information relevéanto
the description of the DNA synthesis cycle in S. pombe. i‘They
can be used to propose a scheme for the pattern of DFA synthesié

and the one which best fits the facts and is most consistent
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with the results in the following sections is as follows. The
cell undergoes fission at 0.0 of the cell cycle, at 0.75 the
nucleus divides, this being followed immediately by the
synthesis of DNA which is completed before fission and possibly
at the time that the cell plate is being laid down. At the
time of cell fission a cell contains two diploid nuclei, givihg
rise to two daughter cells each with a replicated nucleus.
There 1s therefore a long G2 period, a rapid S phase and an
extremely short Gl phase, if indeed there is one at all, The
implication of this is that at no %tage during expénential
growth do cells exist as a single unit in the Gl phase. This
is shown diagrammaticelly in figure 9. The length of the S
phase has been arbitrarily set at 0.1 of the cell cycle which
is equivalent to about 15 minutés.ln absolute length. It is
not intended that this is an accurate assessment of the length,
though the results from the lag phase cultures and those.: from
synchronous cultures suggest that it is extremely ehort.and'of :

this order of duration.

The only other report (Sando, 1963) of the DNA synthesis
cycle in S. pombe agrees in only one respect to the results
presented here. This is in the timing of the S period, which,
Sando states, is at the fime of nuclear division, but his
values for the amount of DNA per cell, between 0.05 and O 07
AR DNA/cell, are in excess of those found in this study._

These differences could be due to the fact that Sando used a



Figure 9. Cell cycle map of §. pombe showing the proposed
positions and relative lengths of the Gl, S, G2 and M phases.
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medium which gave much higher yields of cells, and all his
ekpériments were carried out at cell concentrations, which, in
EMM 1, would be early to late stationary phase. Also, his .
synchronous cultures were in unbalanced growth, because nohe of
the cellular components that he measured doubled over one cycle,
nor did the waves of division bear any relation to the}doublings

of cell concentration.

The question now arises as to what happens when the cells
enter stationary phase. Stationary phase cultures qannbt
consist of a homogeneous population of Gl cells, because the
mean DNA content of stationary phase cells is significahtly
different from thét‘of the spores. A high proportion of mito-
chondrial DNA could account for the difference, but that this .
is not the case will be shown in a later chapter. ?he
stationary phase culfure could be a collection of cells that
had all synthesised part of their DNA before stopping growth.
Such a phenomenon can be observed with the use of 1nhib1t6rs,
but has not been observed under normal growth conditions
(Cummins and Rusch, 1966, Prescott and Stone, 1967). Alter-
natively, it could represent a mixed population of Gl and G2
cells. In this case some cells would have synthesised their
DFA before they divided and stopped gfowing, whereas others
would have divided Qithout the normal prior synthesis of DNA,
coming to rest in Gl. If the latter were the case a rather

unusual situation would have arisen. The order of three
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events that occur after nuclear division in the cell cycle
would have been altered. Whereas normally the sequencé is
nuclear division, DNA synthesis, cell plate formation and cell
fission, it would now become nuclear division, cell plate,
‘fission and finally DNA synthesis. This is perhaps nof
strictly the case, because it could be argued that stationary
phase cells are not growing, and that, rather than moving'fhe
time of DNA synthesis relative to the other events, it has just
been omitted. If, however, the first hour of the lag phase is
considered one observes a period of DNA synthesis sufficient to
restore a mean DNA content per cell equal to the G2 value. If
the :tationér&zbells were a population of cells half-way

~ through S then this initial syntﬁésis would represent the
completion of the S period. Altérnatively it might represent
thg synthesis of DNA by unusual Gl cells, thereby restoring the
normal diploid DNA value characteristic:of log. phase cells.

It is justifiable to consider the entry into stationary phase
and the subsequent growth after dilution with fresh medium as
part of a continuous, though distorted, cycle, becaule within'a
relatively short length of time the status quo of the log.

phase cell is re-established throughout the culture,

Whichever of these two explanations is correct, the
environmental conditions present in the medium as the cells
enter stationary phase produce interesting alterations in the

- normal pattern of growth, which are complefely reversible.
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There is no way of distinguishing between them on the basis of
the results so far, though the idea of an extended Gl is a more
probable explanation in view of the fact that in other
organisms it is the Gl phase which is most sensitive to changes
in the cellular environment (e.g. Defendi and Manson, 1963;

Richards et al., 1956).
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Chapter 3

Synchronous Cultures

Methods

The Synchronisation Proceduré ‘
The method used to produce synchronous cultures of S. pombe
is that described by Mitchison and Vincent (1965), and is base&
on the differential behaviour of cells at different atages.of
the cell cycle while they are being centrifuged through a
sucrose gradient. Depending on the size of synchronous culture
required, 10 or 20 litres of cultqre were grown up in ELM 1 and
harvested at a cell concentration of 3 x 106 cells/ml. by
‘centrifugation. Cells were harvested in 250 ml. centrifuge
bottles in an M.S.E. Major centrifuge. When large volumesvwere
collected in this way the entire procedure took a long time, -
with the result that a proportion of the 69115 remained in a
concentrated cell pellet for longer than was desirable. This
had an effect similar to that when cells begin to enger
etationary phase, and as such it had a slight effect on the
synchronous cultures. At a later date the collection of cells
was by continuous centrifugation which enabled the whole process
to be quickened up considerably, and eliminated the slighf dis-

tortions that occur at the beginning of the synchronous grbwth.

After harvesting, the cells were suspended in sufficient
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medium to allow 5 ml. of the cell suspension to be placed on

the top of each sucrose gradient. In practice one sucrose
gradient was used for each 5 litres of starting culture,'
Linear sucrose gradients were sef up in straight-sided 80 ml.
centrifuge tubes by means of a8 gradient machine. The'gradients
were 70 ml. in volume and fan from 46% sucrose in EMM 1 at the
bottom of the gradient to 10% sucrose in EMM 1 at the top. The
concentrated cell suspension was carefully layered on the top of
each gradient, and the tubes were spun for 7 minutes at 1500
r.p.m. in an M.S.E. Major centrifuge. The cells moved down the
gradient in such a way that there was a distinct uppér 1ayér.of'
small cells. This layer was removed from the gradiént by ﬁeans
of a syringe with a long needle, which had a right aﬁgle behd at
the tip. The end of the needle was placed at the lower limit
of the layer of small cells, and liquid sucked into the syringe
until the layer of small cells was transferred to the syringe.
These cells were immediately inoculated 1pto fresh EMM 1, and
the cell concentration adjusted to about 3 x 106 cells/ml. The

time that the cells were inoculated was taken as the start of -

synchronous growth.

In the control experiments the same procedure was followed
up tovthe point that the layer of small cells was removed from
the gradient. Instead, the gradiente'were shaken up so that a
random distribution of cells was established throughout the “
'gradient’'. A sample of this was taken and inoculated into
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fresh medium at a starting concentration of about 3 x 106

cells/ml.

The growth of the culture was followed in all caées by
measurements of cell concentration, and in somé cases by the’
estimation of cell plate indices. Samples for DNA éssay were
removed at'regular intervals, harvested by centrifugation, and
stored in the deep freeze until the assay procedure could be
étarted on all the samples. In most experiments there was
only sufficient culture to allow the estimation of the DNA
content to be carried out over the space of one cell cycle.
Most of the experiments were concerned with the first division
after inoculation, but one was of the second division and

another covered two divisions.

The Fluorometric Assay of DNA

The method which ﬁas used is a modification of that
originally described by Kissane and Robbins (1958). It aliows
the estimation of between 0.1 and 10 pg. DRA and as such 18
about ten times as sensitive as the diphenylamine reaction.
The original method has been altered considerably, so the
method finally adopted will be described in detai;.

Samples containing approximately 20 - 30 x 106 cells were
removed from the culture, the cells were harvested, washed
twice in distilled water, extracted with cold 5% trichloro-~
écetic acid (TCA) for 30 minutes, and washed twice in cold
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5% TCA. The cells were then lipid extracted by suspending the
cell pellet in ethanol, followed twice by ethanol-chloroform
(3:1), ethanol-ether (3:1), and finally ether alone, after
which the cell pellet was evaporated to dryness. The
extraction of the lipids is important since many of these sub-
stances are strongly fluorescent and would interfere with the
final assay. In order to make the method more specific for
DNA it was decided to use DNase to 'extract' the DNA. As has
been mentioned earlier DNase will not enter cells of S. pombe
after cold acid or lipid extraction. The cells were therefore
hydrolysed in 1 ¥ KOH at 32°C for 6 hours. Acid insoluble
material was then preclpitated by the addition of 1 N TCA to
make a final solution of 0.2 N TOCA. The acid insoluble preci-
pitate was collected by centrifugation at 15,000 g for 10
minufes. The precipitate was then treated in either of two
ways. It was either washed in phosphate buffer (pH = 7.5)
until the washings were neutral, or it was washed threeltimes

- in 70% ethanol and dried. The,former has the disadvantage
that, for some reason, thefe is,évgreater risk of losing all
the DNA, but when it works it gives much less scatter in the
points. The ethanol washing tends to give consistent recovery

of DRA but the estimates within oﬁe experiment shdw more scatter.

The precipitate 1sbthen resuspended in O. 05 ml. DNase
solution (100 pg./ml. DFase in phosphate buffer, pH = T.5, +
0.003 M MgSO4) for three hours at 37°C. The suspension was
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centrifuged at 15,000 x g for 10 minutes and the supernatant
removed. The precipitate was washed once in bﬁffer-and re~
centrifuged, the washing being added to the supernatant. The
resulting solution was evaporated to dryness in a vacuum
desiccator, the residue being taken up in as small a volume as
possible of distilled water and again evaporated to dryness.

The residue wae stored in the deep freeze until the fluorometric‘

reagent was prepared.

0.3 g. 3,5-diaminobengoic acid (Sigma) was dissolved in
1 ml. 4 N HC1. This yielded a dark brown solution which wase
decolourised by five extractions with 0.01 g€. activated char-
coal. 0.05 ml. of the 3,5-diaminobengoic acid hydrochloride
solution was added to thes,residue and heated at 6000 for 30
minutes with the tubes tightly stoppered. The tubes were
immersed in the water bath so that only the bottom tips of the
tubes would be at 60°C; this allowed the rest of the tube to
act as a condenser, helping to avoid complete evaporation of
the small quantity of liquid in the tubes. 1.5 ml. 0.5 N PCA.
was added after cooling the tubes, which were then centfifuged
at 15,000 g for 10 minutes to remove small amounts of dust and
precipitate. The supernatant was removed and read at execita- .
tion wavelengths (primary) of between 405 and 410 mp and an |
emiSsion wavelength (secondary) of 510 mp in an Aminco-Bowman
double-sided spectrofluorimeter or a Locarte single-sided

fluorimeter. In the latter an Ilford filter IL601 was used in
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the primary béam and an IL624 in the secondary beam.

3,5~diaminobenzoic acid hydrochloride has twb fluoropﬁores,
one that emits at 400 mp and another that emits at'SlO @p, which
is enhanced by reaction with purine deoxyribohucleotides (see
figure 10). DNase also ténds to‘react to produce fluofescehce,
but this is ddezto enhancement of the 410 mp fluorophore. By
the use of correct filters, or wavelength_sglection, it is‘
possible to eliminate any interference from this source. “
However, some sources of DNase were found to produce stﬁqng
fluorescence‘of‘thé 510 mp fluorophore and were thué unsuiféble

for the extraction procedure.

Expefimental assays were always a@companied by a distilled
water, phosphate buffer, and DNase blank, and a set of deoxy-
adenosine standards, all of which were evaporatéd to dryness
before the reaction. As with the diphenylamine reaction, this
method only estimates purine deoxyribonucleotides. Deoxy-
adenosine yields slightly more fluorescence than would be
expected on the basis of the composition.of DNA, and aé.éuch it
was necessary to first calibrate thei deoxyadenosine against “

DNase digested DNA.



Figure 10. The emission spectra of fluorescence produced by
‘3,5-diaminobenzoic acid hydrochloride when reacted with the

.residue of:
R

A. DHase in phosphate buffeﬁv( Scale exbansion x1 ).‘

]

B. Standard deoxyadenosine solutionlk Scale expansion xl )e

1

- C.. Distilled water‘(‘scale expansxon x10 )



O mp

5

— e — — — —— —— — — e e S —— vy —— — — — — P

400




60.

Results and Discussion

It is not possible to plot the combined results from
several experimente on one graph, due to the variability in
cell concentration, time of division, etc., between different
cultures. Pigure 11 shows fhe results of one experiment that
was taken over two divisions. . Several points emerge from this
experiment. Firstly, the synthesis of DRA is periodic, as‘is
shown by the curve of the amount of DNA/ml. of culture. '
Secondly, the period of DNA synthesis is at about the time of
cell division. A close examination shows that the mid—pbint
of the rise in DNA/ml. of culture Just succeeds the peak in the
cell plate index. Thirdly, the rise in DNA/ml. of culture is
very sharp, and certainly as sharp as the increase in cell
nunbers. Fourthly, for the majority of the cell cycle, the
mean DNA content of the cell is around 0.0304 ppg./bell and
that this is very close to the suggested diploid value
(0.0292 ppe. DNA/cell) for log. and lag phase cells. Lastly,
when the DNA content/cell is plotted, one can observe increases
at the time of division, which are very similar to the pattern

found at the end of lag phase.

That these features are peculiar to cultures growing
synchronously, and are not a product of the synchronising
procedure, is shown by the control (figure 12). The growth in
cell numbers shows a possible sﬁall initial lag, but after 30

minutes the culture is in exponential growth. The shape of



FPigure 11. DNA per ml. (so0lid circles), DNA per cell
(triangles) and cell concentration (open circles) in a

synchronous culture of S. pombe.
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 Pigure 12. DNA per ml. (solid circles), DNA per cell
(triangles) and cell concentration (open circles) in an

asynchronous control culture of S. pombe.
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the DNA/ml. curve is essentially similar. There is no
periodicity in either cells/ml. or DNA/ml. and the mean

quantity of DNA/cell remains fairly constant at 0.036 Pyg., a

value characteristic of random iog. phase cells.

This result confirms the scheme proposed in chapter 2.
Upon inoculation after the synchronisation procedure the cells
are uniformly'in Géa The cells grow up to the time of nuclear
division, after which they are in Gl possessing two hapioid
nuclei, but still showing the meah;diploid DNA value per cell.
Shortly after nuclear division the S phase begins, and is half
complete when the cell plate becomes visible.- The S phase is
completed before the cells undergo fission, which restores a
uniform population of G2 cells. As was suggested in the
previous chapter, there is a short (or absent) G1, short S and

long G2 phase in the DNA synthesis cycle of this organism. _

By considering the relationship between the mid-point of
the rise of the DNA/ml. curve and_the mid-point of the increase
in cell numbers, it is possible to place, in the cell cycle,
the point at which half the DNA is synthesised. Figure ij
shows tﬁe combined results of six experiments analysed in this
way. One should not place too much emphasis on the'exact
positions shown on the map because they are derived.by a method
which is inevitably inaccurate. In order to arrive at the
position it is necessary to draw a sigmoid curve through points

which show a fair amount of scatter. It is not poséible to



Figure 13. A cell cycle map to show the positions of the mid-
point of the S phase in the delllcycle of S. pombe in different

synchronous cultures.
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estimate precisely where the curve begins to rise or level off,
and as such the slope of the curve and thus the mid-point of
the rise will depend on the subjective assessment of the shape

of the curve. Nevertheless all the estimates lie betweeh’

nuclear division and cell division.

The estimates obtained from the second synchronous

division are both earlier than those from the first division.
This coqld be explained in terms of the stationary phasé effect

in random cultures. The collection procedure was long, and a.
proportion of the cells were maintained at a high cell density,
which might have the eéffect of creating the limiting conditions
necessary to induce fhe entry of celis into stationary phase.
Table 2 shows that this is the case. DNA estimations were made
at intervals during the harvesting procedure and it can be seen
that the mean DNA contént/bell drops as collection continues.
This means that the half-time of DNA synthesis has been pushed
back in the cycle so that DNA synthesis approaches fission.
One might, therefore, expect to see slight disturbanceé in the
timing of DNA synthesis in the first division cycle. vAThe
earlier position in the second cycle reflects a return to the
correct position in the cell cycle. Another factor which could
contr;bute to the different positions is the loss of synchrony
as growth of the culture proceeds. It is therefore harder to
assess the relative positions of the rises in number of cells

or amount of DNA per sample.
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Table 2. Decrease in the DNA/cell during the collection of

cells for synchronisation.

Number of Mean DNA/cell
centrifugations (Ryg./bell)
0.042
0.035
0.037
0.033
0.034
0.026

Vi & W NN O
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Chapter 4
Mitochondrial DNA

One of the assumptions, wiich,is implicit in the réasoning
so far, is that the measurement of the mean DNA content of
cells is in effect an estimate of the nuclear DNA. Recently a
considerable amount of evidence has been produced to show that
the nucleus is not the sole DNA containing cellular organelle.
Amongst the organelles that contain DNA, the mitochondrion is
the most relevantAto this thesis.

Nass et al. (1965) showed that mitochondria from a wide
variety of organisms contain DNA-like fibres. The presence of
DNA as such in yeast mitochondria has been shown by analytical
ultracentrifugation studies on extracted DNA from whole cells
‘and ﬁitoohondria (Tewari et al., 1965; Corneo et al., 1966;
Moustacchi and Williamson, 1966), From the point of view of
this work, the results of the latter authors has a particular
relevance, because in that study the proportion of mitochondrial
DNA varied according to the phase of giowth of the culture.
HMoustacchl and Williamson showed that the proportion fluctuated
from about 3% of the total during exponential growth to 20% of
the total during stationary phase. This increase in mifochbn-
drial DNA corresponds to the observed increase in the numbef of

mitochondria over the same part of the growth cycle (Yotsuyanagi,

1962). These results were obtained on §. cerevisiae, but if
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similar variations and proportions of cytoplasmic DNA were
shown to occur in S. pombe a reassessment of the data presented

to date would be requifed.

The purpose of the data presented in this section was to
get some idea of the contribution that mitochondrial DNA was
making to the estimates of total DNA in S. pombe. The results
are inconclusive, but they do suggest that the mitochondrial
bNA fraction in this yeast is rather smaller than in the
budding yeast, though similar fluctuations occur as a éulture

passes through the different growth phases.

Methods, Results and Discussion

Before an analysis of the proportions of nuclear and cyto-
plasmic DNA could be made it was first necessary to find an
effective method of disrupting‘the cells and, having achieved
this, a suitable method of extracting the DHA. In previoué
studies on yeast DNA, cells were broken either by protoplasting
and subsequent lysis (e.g. Moustacchi and Williamson, 1966), or
by the process of slow freezing and thawing in the presence of
Sodium Lauryl Sulphate (SLS) (Tewari et al., 1965). Several
attempts to protoplast S. pombe cells both with the use of smail
juice enzyme (e.g. Eddy and Williamson, 1959) or with varidus
modifications of the method failed. It was found possible to
obtain satisfactory yields of protoplasts on a small scale,
where the ratio of snail enzyme to cells was high, but it pfo#ed
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uneconomical to use this on a scale necessary to extract DNA
from this organism. Attemnpts to protoplast the cells by
growing them in the presence of 2-deoxyglucose (Johnson, 1968&0
also failed to produce satisfactory yields necessary for the
extraction of DHNA. Preezing and thawing in the presence of
SIS failed to rupture the cells, even after several cycles of

the freezing process.

As a result of the failure of the above, methods of
mechanical rupture of the cells were tried: grinding of a
frozen cell pellet in a mortar and pestle in the preseﬂce of
glass beads and passage of a cell suspension through an Eaton
press (described in appendix 2). The most effective of these
was the Eaton press which achieved about 95% breakage of the
cells after one passage. The grinding of cells in the mortar
resulted in a variable, though yorkable; cell breakage, but’the
resultant isolation of DNA from these homogenates gave very low
yields. Because of this, and the fact that the grinding
process is long and tedious, the Eaton press was used to

rupture the cells.

The procedure adopted for the breaking of cells wasg as
follows. 10 ml. of cell suspension, at a concentration of
108 cells/ml., 1n‘lb-2 M Tris/HC1 buffer (pH = 8.2) were
pipetted int6 the press, which had been pre-cooled in a dry
ice/ethanol freezing mixture. The piston was replaced on top

of the cells and the whole press put into position on the
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hydraulic press. After 5 minutes, to ensure that the cell
suspension was fully frozen and at the same temperature as the
press, pressure was applied to the piston. At a pressure of.
about 3-4,000 lbs./in.zlthe cell suspension liquified and a
small portion was expelled through the orifice into the '
collecting chamber. The loss of liquid resulted in a loss of
pressure in the compression chamber, with the subsequent re-
freezing of the cell suspension. The pressure was raised again
until the process repeated itself. WVhen all the suspension had
been passed through in this Way the press was dismantled and thg
collecting tube, containing the homogenate still frozen within

it, was removed.

Several attempts were made to obtain satisfactory yields of
high molecular weight DNA by the standard phenol or chloroform/
octanol extraction procedures already widely used (Kirby, 1964).
Although some DNA could be recovered by these methods fhé yields
were disappointingly low, being of the order of 5%, The final
method adopted was preparative isopyenic ultracentrifugation
(Flamm et al., 1968), which is suited to the preparation of
small quantities of DNA. It also had the great advaﬁtage that
it separated a large proportion of the RNA from DFA due to the
differences in their buoyant densities, thus making a ribo-

nuclease digestion unnecessary.

The frozen cell homogenate was allowed to warm up to 0%

when it became manageably liquid.- Caesium chloride was then
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added, to make a final mean density of 1.720 gm./bm;3, as soon
as possible in order to stop the action of any nucleases fhat
might have been present in the homogenate. The density of the
CsCl solution was checked refractometrically, and the homogenate
transferred to a 50 ml. polypropylene centrifuge tube, which was
then topped up with liquid paraffin. The tubes were spun at
30,000 r.p.m. in an 8 x 50 rotor in an M.S.E. Superspeed 65 for
70 hours at 2500, after which the rotor was decelerated without
braking and carefully removed from the centrifuge. The tubes
were removed from the rotor with care, their caps taken off and
the gradients fractionated into 0.2 ml. samples by the simple
device shown in appendix 3. The absorption of each sample was
measured at 260 - 300 mp in a Beckman DB spectrophotometer.

An example of the change in absorption with the number of the
fraction, and hence density of the solution, is shown in figure
14. It can be seen that there was é very high background of
absorption due to unpelleted RNA and low molecular weight
nucleic acid material. However, in the density range in which
the DNA banded, sample numbers 24 - 40, the ratio of this
material to DFA is of the order of 10:1, which is considerably
lower than in the original homcgenate.‘ During the development
of method the DNA content of the material banding, between
fraction 24 and 40 in figure 14, was measured by the diphenyl-
amine reaction. In all the experiments in which this was done
the amount of DNA present in the pooled fractions could aécoﬁnt

for the peak in the absorption at this position of the gradient.



Figure 14, Change in absorption at 260m,x; minus the absorption at

300mp, aleng the}f-]‘.ength of .a caesium chloride gradient containing

-nucleic acid from S. pombe. Fréction‘s are numbered such that the -fi:
was Follected frorﬁ the bottom, most dense region, of the gradient.
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The DNA was further 'purified' by the pelleting process.
The samples containing DNA were pooled and diluted with four
times the volume of 102 M Tris/BC1 buffer (pH = 8.2). The
DFA was then pelleted by centrifugation at 100,000 x g for 18
hours, and the supernatant carefully poured off. Only high
molecular weight material will be pelleted underithese
conditions, the mono-, di- and small polynucleotide material
being left in the supernatant. The pellet was raised in

-2

10"° M Tris/HC1 buffer (pH = 8.2) and left overnight at 0°C to

redissolve.

The resulting solution waé spun for 30 minutes at
40,000 x g to pellet possible contaminants, e.g. glycogen,
which have similar buoyant densitles to DNA. CsCl was added
to the supernatant to a mean density of 1.700 gm./'cm.3 and the
density checked refractometrically. This was spun on anAM,S.E.
analytical ultracentrifuge at 45,000 r.p;m. for 20 hours.
Photographs of the resulting band pattern were taken and |
densitometer tracings made of them in a Joyce Loebel demnsito-
neter. The resulting tracings from three samples of DNA,
extracted at different stages of the;growth cycle, are shdwn in

figure 15. -

Tracing C in figure 15 is of DNA extracted from 24 hour
stationary phase cells. It can be seen that there are two
distinct peaks of ultraviolet absorbing material corresponding

to two bands of DNA of differing buoyant densities. The major



Pigure 15. Densitometer tracings of the band patterns of DNA
from S. pombe in the analytical ultracentrifuge.

A. DFNA from early log. phase cells.

B. DNA from late log. phase cells.

C. DNA from stationary phase cells.

D. DNase digested DNA sample from stationary phase cells.
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peak, which has a higher buoysant density, would appear to
correspond to the nuclear DNA of the more rigorous studies of
Tewari et al. (1965), Corneo et al. (1966) and Moustacchi and
Williamson (1966), while the minor lighter peak to the mito-
chondrial satellite band. Unfortunately no marker DNA was
added to any of these samples, so it is not possible to deter-
mine the precise densities of these two components. Their
relative positions on the gradient suggest that they differ in
buoyant density by about 0.008 .gm./cm.>, which is less than

that observed for S. cerevisiae nuclear and mitochondrial DNA.

The difference may be slightly larger than this due to the fact
that the satellite is on a rapidly increasing baseline, in this
case the nuclear DNA peak, which would tend to move the
satellite DNA peak closer to that of the nuclear DNA than it
really is. Nevertheless this could not accountvfor all the

difference between §S. cerevisiase and §. pombe. The smaller

difference in the two buoyant densities of DNAs in S. pombe
-might not be all that surprising in view of the fact that the
mitochondrial DNA of higher plant and animal cells has a density
very similar to that of yeast nuclear DNA (e.g. Corneo et al.,

1966).

That the peaks were DNA, and not some other cellular
component of similar buoyant density, was shown by their
absence in a deoxyribonuclease digested sample, tracing D in

figure 15. Another indication that it was DNA that was
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banding, rather than glycogen or related compounds, was the

fact that the bands were invisible under‘§chliegen op&iQS,inwthe]
analytical centrifuge. Glycogen bands of sufficient concentra-
tion to show up in ultraviolet optics would have been easily

visible with Schlieren optics..

Tracings A and B are of DNA extracted from cells at
different stages of the growth cycle. The cells for A were at

6 cell/ml., whereas for B the

a cell concentration of 3 x 10
cell concentration was 1.8 x 107 cell/ml. Sample A represents
- log. phase cells and sample B late log./early stationary phase.
From the tracings it can be seen that in A the minor DﬁA
component is undetectable, whereas in B there are slight
indications that it might be presént. If this minor component
is mitochondrial DNA these results suggest that, as in S. cere-
visiae, the proportion of mitochondrial DNA changed as the

cells entered stationary phase. The minor component was
calculated to be approximately 8% of the total DNA in stationary

phase. This compares with 20% for stationary phase in S. cere-

visise (Moustacchi and Williamson, 1966).

The validity of the method relies on the assumption that
the proportion of nuclear and mitochondrial DNA in the extracts
reflects the true proportions of the two within the cell.

There 1s no way of telling whether this is in fact the case,
because the extraction procedure could well be preferentially

extracting one or other of the DNA types. Because of this not
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too much emphasis can be placed on the absolute amounts of
mitochondrial DNA in log. or stationary phase cells.A However,
because the same procedures were.used throughout this study, it
can be séid that the amount of mitochondrial DNA increased by a
factor of about eight as the cells entered stationary phase.

The precise increase would depend on the amount of mitochondrial
DNA present in log. phase cells, which is difficult to estimate
from these results. Assuming about 1% mitochondrial DNA per
log. phase cell, which, if the DNA countent of a mitochondrion

is about 1.6 x 10-10

Pe. (Moustacchi.and Williamson, 1966), is
equivalent to about two mitochondria per cell, there is a
relative increase of eight fold and is consistent with the

results on S. cerevislae. There .are in fact very few mito-

chondria in log. phase cells grown under the same conditions
that were used in these experiments (Schmitter, 1966), so a
high proportion of mitochondrial DNA would not be expected in

these cells.

In view of the resulte described above it was considered,
subject to the assumptions implicitvin the method, that the
mitochondrial DFNA fraction of S. pombe was not large enough to
warrant a reappraisal of the scheme proposed to explain the

results in the preceding two chapters.
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Chapter 5

An Attempt to Prepare Autoradiographs of

Schizosaccharomyces pombe for the

Detection of DNA Synthesis

The resuits so far have been obtained by bulk biochemical
assays on the hot PCA extracts of samples from randomly growing
cultures or by fluorometric assay pf the DNA content of
synchronously dividing cells. The former suffers from the
disadvantage that it measures the 'average' cell, which is
difficult to 1ntefpret, and the second involves a long
extraction procedure and an assay for small quantities of DNA,
which tends to produce a lot of scatter in the points. The
next part of the thesis is an investigation of possible changes
to the DNA synthesis cycle, and if the alterations were small
compared to the whole cycle it would be difficult to identify
with the biochemical methods used to date. Before commencing
with these experiments an attempt was made to prepare autoradio-
graphs to investigate the time of DNA synthesis, in the hope
that if it proved possible it might give a method which could
be used in the detection of small changes to the DNA cycle.

The standard method for the detection of DNA synthesis by
the incorporation of a radioactive label into the macromolecule
is by supplying the cells with tritiated thymidine in the

medium. In most organisms this labelled precursor is
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specifically incorporated into DNA. In S. pombe this is not
8o, because it is also incorporated into RNA and a proportion

of the labelled RNA is resistant to RNase treatment yielding an
even distribution of grains in the autoradiograph over the cyto-
plasm (Mitchison, 1963a). During the course of the work for
this thesis Williamson (1965) published a method for the auto-
radiographic analysis of DNA synthesis in the budding yeast,

Saccharomyces cerevisiae. This was based on the hon-specific

incorporation of labelled adenine into all nucleic acids,
followed by the specific removal of RNA. It was decided to
try this method on S. pombe to see whether, using the same
extraction procedure or slight modifications of it, itlwould
prove possible to remove all the labelled RNA from cells. The
majority of the work was done on whole samples of cell éuspenQ
sions following the incorporation of 14C-adenine, because it
was not only quicker, but gave more accurate assessment of
where the label was being incorporated and retained. The

experimental procedure was as follows.

6 cells/ml.) were

20 ml. of log. bhase culture (3 x 10
transferred to a tube containing 0.05 ml. 14C-adenine
(500 Fg./ﬁl.), specific activity 31.3 mC/mM, to give a final
specific activity of 0.29 pc/hl. The tube and cell sﬁspension
were incubated at 32°C for 20 minutes after which the tube was
placed in crushed ice and the cells collected on a membrane

filter, and washed several times with ice cold distilled water
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whilst they were still on the filter. Following this the
cells were resuspended in 5% PCA in the cold (4°C) for 30
minutes, and subsequently washed several times in distilled
water. The cold PCA éxtract was retained for the estimation
of radioactivity that it contained. The cells were then
extracted with RNase for 2 hours at 37°C to remove the bulk of
the label in the RNA. Five times crystallised bovine pan-
creatic RNase (Sigma) was used at a concentration of about

200 pg./ml. in tris/HC1l buffer, pH = 7.6, after the enéyme
solution had been placed in a boiling water bath for 10 minutes.
The supernatant containing the RNase digestible material was
retained and the cells washed séveral times in distilled water.
This was followed by treatment of the cells for 30 minutes with
0.3% (w/v) formaldehyde in phosphate buffer, pH = 7.0, at room
‘temperature. After several washes the cells were suspended in
1 N NaOH for 1 hour at 25°C and the supernatant again retained
for estimation of labelled material. The alkaline digéstion
was followed by several washes with distilled water and a
protease digestiop with trypsin and chymotrypsin (Sigma), af
concentrations of 250‘pg./hl. in_?ris/HQl‘buffer, pH = 8.0, for
2 hours at 37°cC. After more wash;ngs in water a finai DNase
digestion was carried out at a concentration of 100 yg./hl. in
tris/HC1 buffer, pH = 7.5, containing 0.003 M MgS0, at 37°¢ for
2 hours. As with the other treatments the supernatants
remaining after extraction with proteases and DNase, and the

residual cell fraction, were retained for the measurement of
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the radioactivity they contained. Measurements of radio-~
activity were made by drying down aliquots of the supernatants
on to planchets and counting in an 1DL Automatic Low Background

Counter, Type 2106.

Tebie 3 shows the percentage of the total amount of radio-
activity taken up by cells that each fraqtion during the
extraction procedure contained. It can be seen that by far
the largest fraction of incorporated 1l4C-adenine was in RNase
sensitive RNA; but the important points are that a signifiéant
amount was incorporated into protein and also a portion,
slightly less than that in DNA, remained in the cell fesidue at

the end of the extraction procedure.

Similar experiments were performed with BHJEdenine, with
the preparation of autoradiographs by the method of Cummins and
Mitchison (1963}. The only differences between the procedure
described above and that used for the preparation of autoradio-
graphs was that the final concentration of 3H-adenine in the
medium was 10 Fc./hl., and the extraction procedure was
finished before the DNase step. Autoradiographs were exposed
for varying lengths of time between 14 days and three months;
but in all cases there was an even distribution of grains over

the cytoplasm (see figure 16).

Variations were made in the procedure, by increasing the

length of RNase extraction, varying the length of formaldehyde
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Table 3. Distribution of 14C-adenine in different fractions
during the procedure for removing labelled RNA.

Percentage label

Fraction Counts/100 sec. in each fraction
Whole cells 6178 100
Cold PCA soluble 467 7.23
RNase sensitive 5815 89.97
NaOH no 82 1.27.
Protease " 18 0.28
DNase " 45 0.70

-Residue . 36 0.55



Figure 16. Photographs of autoradiographs of S. pombe
labelled with 3H-adenine and treated as desceribed in the text
for therremoval pf RNA and protein. These autoradiographs

were exposed for 6 weeks.
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fixation and increasing the length of NaOH extraction in an
attempt to remove the residual radioactivity remaining after
DNase digestion., Any method which achieved this in bulk
extraction resulted in the destruction of the cell, and
attempts to make autoradiographs using the saﬁe procedufes were

abortive because of the inability to identify cells.

Similar procedures were also used after the inﬁorpéré#ion
of labelled thymidine into cells of S. pombe, but essenfially
the same results were obtained. Because of the iﬂability to
remove the residual radiocactivity and yet retain tﬁe idéntity
of the cell it was decided to abandon further atteﬁpts to make
autoradiographs and use the biochemical assay procédures

described previously.
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Chapter 6

Alterations to the DNA Synthesis Cycle -

An Introduction

The results described in the'previous chapters demonstrate
the normal pattern of DNA synthesis in S. pombe, when it is
grown on Edinburgh Minimal Medium 1 at 32°c. This can be
related to the other known patterns of macromolecular synthesis
and cell cycle events that have been observed under the same
growth conditions. Such an analysis allows one to say that
there are certain sequences of events through the cell cycle,
but it does not permit one to say that theré is any direct
causal relationship between them: the only relationship that
is observed is that each is relaféd to the others by a position
in time. In order to establish the degre? of causality
between events it is necessary to distort the cell cycle, and
alter in some way the position of one or more of the eVenis,
.énd to observe the effect on the other events that one is -

interested in.

In studies of the control of macromolecular syntheéngfhe
behaviour of the genetic material is of fundamental'importénce.
Ultimately all cellular synthetic systems are under genetic
control, but the degree of directness of this control is, to
some extent, an unknown quantity. One way of approaching this

problem would be to alter the DFA synthetic cycle and see what
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changes, if any, are brought about in other synthetic systems.

There are several ways of approaching the experimental
alteration of the DNA synthesis cycle. Under conditions that
are sub-optimal in some instances the various phases of the
cycle appear to lengthen differentially. Amongst the environ-
mental factors that can bring about such a change in the DNA
synthesis cycle are temperature, pH, nutritional factors,
especially alterations in the carbon source, and the use of

 inhibitors.

The effect of altering the growth rate of the cells, by
changing the growth temperature, on the DNA synthesis cycle has
been studied in several organisms. The experiments on
mammalian cells in culture showed that all the phases §f tﬁe
cycle wefe temperature dependent, there being absoluté inecreases
in all of them if the temperature was raised or lowered from
that which was optimal (Rao and Engelberg, 1966; ©Sisken et gl.,
1965; Watambe and Okada, 1967). That each was affected by
temperature shifts is not surprising, because most synthefic
processes show strong temperature dependence. Vhat is siéni—
ficant is the fact that the Gl phase showed a greater increase
in length than the other phases, when cells were cultured at
lower temperatures. The results of Sherman et al. (1961), on
the DNA synthesis cycle of mouse ear epidermis, can also be
interpreted in terms of an extension to the Gl phase due to a

lower environmental temperature. The same phenomenon of an
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extended G1 phase, associated with increased generation times
due to temperature changes, has also been shown in the cells of

Tradescantia root tips (Wimber, 1966), and for lens epithelial

cells of the bullfrog (Reddan and Rothstein, 1967).

The differential effect observed in higher plant and
animal fissues has not always been observed in 1owe£ organisms.
In bacteria alterations in the generation time by tempefature
alone had no effect on the amount of DNA per cell (Schaechter
et al., 1958), and, though this was not a particularly sensitive
method for shdwing small changes in the timing of DNA synthesis,
it was sensitive enough to show the changes due to growth on
different carbon sources. There is also evidence that
temperature has an effect on the DNA synthesis cycle in Tetra-
hymena riformis, though the results are conflicting; |
MacKenzie et al. (1966) showed that the various phases Weré“
equally temperature dependent, whereas Cameron and Nachtwey
(1967), who used the same strain of T. pyriformis grown under
the same conditions, showed that the Gl was more temperature
dependent than S, which remained fairly constant in absolute
terms, and G2. Cleffman (1967), again using the same strain
but grown on a more enriched growth medium, showed that all
phases in this organisﬁ were equally temperature dependent with
a Q10 equal to 2. The temperature sensitivitiééeof Gl, S and
G2 are not clear when this'organism is in balanced growth, but

experiments using the temperature shift method for synchronisa-
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tion showed that DNA synthesis can be dissociated from the
division cycle (Zeuthen, 1963). In these experiments the
change was not a stable one, but the relative lengths of Gl, S
and G2 were altered. It is therefore possible to alter the
DNA synthesis cycle in T. pyriformis by temperature shifts

alone.

In S. pombe Mitchison et al. (1963) have shown that
patterns of growth can be changed by reducing the culture
temperature fronm 32°C to 17%. In their measurements on
single cells grown at 17°C they showed that the rate of
increase in dry mass fell to zero over the last portion of the
cell cycle. Under optimal growth temperatures the majority
of increase in dry mass taskes place in G2 in this organism, the
Gl phase being very short. It may be that the majority of
increase in dry'maes at 17°C 1s still occurring in G2, and the
falling to zero of the rate of increase reflects the presence
of a measurable Gl phase, a Gl which is more sensitive to the |
increase in the generation time than either S or G2. This 1is
one indication that temperature changes could be affecting the

DNA synthesis'cycle in S. pombe.

Changes in the composition of the culture medium can‘élso
bring about differential changes in the DNA synthesis cyecle.
This might-be inferred from the studies on similar cells at
different developmental stages or different areas of the same

tissue. Marchok (1965) studied DNA synthesis in relation to
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the division cycle in developing chick leg muscle. Between
the ninth and sixteenth days after hatching the cell generation
time had increased from 11.5 hours to 16 hours, yet the S and
G2 periods occupied the same length of time, indicating that Gl
had been extended. Clowes (1965) showed that the large |
difference in the generafion times of the cells in different
areas.of the root meristem of Zea mais was almost entirely due
to differences in the relative lengths of the Gl phase.

Similar results have been found in the mesenchyme cells of
growing rat tibiae (Young, 1962). In this tissue the cells in
different regions had different generation times, and, though
there was an absoluté increase in the length of the S and\GZ
phases with increased generation time, the majority of fhe
change was accounted for by a differential lengthening of Gl.
More direct evidence of the effect of nutritional or ﬁH changes
comes from the #ork on tissue culture cells (Defendi and Manson,
1963; Sisken and Kinosita, 1961). Both these reports support
the hypothesis that Gl is relatively more~susce§tible to changes

in the environment than either's or G2.

Work on this aspect of micro=orgaﬁisms has mainly centred
around the bacteria, which has been discuésed in chapter 1. To
summarise this work: alterations in the carbon source of the
medium, which result in slower growth rates, lower the mean
amount of DNA per cell, which can be interpreted as a relative

lengthening of the pre-initiation phase of the DNA synthesis
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cycle. There is also evidence, though, that nutritional
factors affect Gl differentially in Euglena and T. pyriformis.
Vilson and Levedahl (1964) showed that if Euglena was grown on
synthetic media containing different carbon sources, the mean
DNA content of cells decreased as the generation time increased,
indicating that there was a longer interval between division and

DNA synthesis in the slower growing cells. FPor T. pyriformis

previous reports of the DNA synthesis cycle indicate that less
enriched media, which support longer generation times, result in
the macronuclear S period being shifted from early interphase to
the middle of interphase (Cameron and Stone, 1964; Stone and
Cameron, 1964; Stone and Prescott, 1964). This has been sub-
stantiated by Cameron and Nachtwej (1967) who showed that at
slower growth rates the S phase increased slightly in length and
moved to a later position in interphase, showing that Gl was the

most sensitive phase.

There are few ways of increasing the generation time of S.
pombe by alterations in the composition of the medium. The
generation time of S. pombe on defined medium is very similar to
that on complex medium ('0Oxoid' Malt Extract Broth), and the
mean DNA content per log. phase cell is the same in both media,
indicating very similar patterns of DNA synthesis. Unfortunately.
there are very few sources of carbon that will support grbﬁth of
S. pombe, and most of those that do, support similar generation

times. Thus, before the effect of nutritional changes could be
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investigated, it would be necessary to find conditions that

would support slower balanced growth in this organism.

The mixed stationary phase population in EMM 1 suggested
another approach to the problem of altering the DNA synthesis
cycle with changes in the composition of the medium. If this
population is genuinely a mixture of Gl and G2 cells there nmust
be some factor which is selectively lengthening Gl in a propor-
tion of the cells. If this factor could be identified it
might prove possible to grow continuous cultures under the same
limiting conditions as those that cause the cells to enter
stationary phase. Under such circumstances the culture would
be in balanced growth, and yet the various phases of the DNA
synthesis cycle might be altered in much the same way as when

cells enter stationary phase in EMM 1.

Another way of altering the cell cycle is by the use of
specific metabolic inhibitors.  Essentially there are two ways
of approaching this. An inhibitor, which is specific for DNA
synthesis, can be used and then observations made on its effect
on the other events in the cell cycle. Alternatively the
effect of other macromolecular synthetic inhibitors on the DNA
synthesis cycle can be studied, Examples of the latter are |
amino acid starvation of bacterial auxotrophs (Lark, K., 1966),
the use of methionine analogues in E. coll (Lark, C., 1968Db),
the deprivation of essential amino acids in T. gxriforhis
(Stone and Prescott, 1964), the effect of actidione on Physarum
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polycephalum (Cummins and Rusch, 1966), the effect of puromycin

on mouse fibroblasts (Littlefield and Jacob, 1965) and the
eventual inhibition of DNA synthesis by actinomycin D in
Ehrlich Ascites cells (Baserga et al., 1965). There are many
more examples, which are too numerous to go into detail here.
However, more emphasis will be plaqed on the former approach,
since this thesis is primarily concerned with the DNA éynthesié
cycle, and the ways in which it can be directly altered..-

Several techniques and substances have been used in this
particular fileld of cell cycle analysis. There are the
alkylating agents of which Mitomycin C has been fairly widely
used (Loveless, 1966; Waring, 1966). This antibiotic acts by
forming cross links between complgmentary strands of the DNA
molecule, thereby interfering with the replication process
(Iyer and Szybalski, 1963; ILawley, 1966). It is principally
specific to DNA synthesis, though eventually other synthetic
systems within the cell begin to break down and there are
reports of it affecting ribosomal RNA and protein (Waring,'1966).
This inhibitor, and those with similar modes of action,‘ﬁight be
said to have irreversible effects on cells in as much as the
withdrawal of the inhibitor is not the sole factor in the o
recovery process. For cells td recover from the effects of
these inhibitors it is necessary that they have the mechanism
which excises the cross-linked DNA and replaces it with a new,

correctly coded piece of DNA. It is possible that the



87.

mechanisms involved are the same as those responsible for the
repair of DNA damage following ultraviolet irradiation (Waring,
1966; Lawley, 1966). This process necessarily takes time and
results in division delay which'would complicate the basic
effect on DNA synthesis. | |

Other inhibitors appear to be completely reversible in
their effect on DNA synthesis. Nalidixic acid is one that has
been shown to be reversible in E. coli, where it was specific
for DNA synthesis, the synthesis of RNA, protein and 1lipid
being unaffected (Gross et al., 1964; Kantor and Deerihg,
1968). In both these reports nalidixic acid resulted in the
loss of some DNA from treated cells, which is clearly undesir-
able. The latter authors also investigated the effects of
another inhibitor, hydroxyurea. It was shown to be specific
for DNA synthesis as well reversible in its action. It did
not cause degradafion of DNA (Kantor and Deering, 1968), but it
has been reported to be lethal. to cells in the S phase (Sinclair,
1965). In this study it was shown that hydroxyurea inhibited
the entry of cultured mammalian cells into the S phase, without
stopping their progression through Gl and G2. This resulted
in a build up of cells just prior to the S phase, but caused
the death of those that were in S at the time of addition of

hydroxyuresa.

Another way of specifically inhibiting DNA synthesis has
been the withdrawal of thymine from thymine auxotrophic
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bacteria (reviewed by Donachie and Masters, 1968). In the
absence of a thymine requiring strain the cells can be artifi-
cially starved of tﬁymine by the addition of 5-fluoro-2-deoxy-
uridine (FU4R). The effect of this was first demonstrated by
Cohen et al. (1958) and it has since been used as a specific
inhibitor of DNA synthesis in several organiems. Furthermore
its inhibitory effect can be reversed by the addition of excess

thymidine to the medium. Sachsenmaier and Rusch (1964) showed
that it inhibited DNA synthesis in Physarum polycephalum, and

Till et al. (1963) used this effect to synchronise L strain
mouse cells. FUdR.ﬁas not lethal to cells in S phase, unlike
hydroxyurea, and upoh addition of thymidine to the medium the S
phase cells started to grow from tye point at which they were
blocked. FUAR has also been shown to be effective in Bacillus
subtilis (Donachie and Masters, 1965). Unfortunately this
inhibitor seems to have only a limited effect on g; ngﬁg |
(Herring, pers. commun.), and is at present being investigated

by him.

2-phenyl ethanol (PE) is also reported to be a specific
inhibitor of DNA synthesis by some workers. The initial
report of the inhibitory action of PE on DNA synthesis was on
E. coli (Berrah and Konetzka, 1962). This view has since been
supported by work on E. coli (Lark, K., and Lark, C., 1966;
Trieck, 1966), mouse L cells (Bruchovsky and Till, 1967) and
Ehrlich IIB cells (Leach et al., 1964). All these reports
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supported the idea that, at the right concentrafions, PE
exerted a specific and reversible inhibition on the synthesis
of DNA. The work on E. coli further suggested that it was the
initiation of the S phase which was the sensitive part of the
cell cycle, because rounds of replication, that were in
progress at the time of addition, were completed (Lark, K., and

Lark, C., 1966; Trieck, 1966).

There is another 'school! that suggests that the primary
site of PE inhibition is RNA synthesis (Provost and Moses,
1966), and messenger RNA in particular (Rosencranz et al.,
1965). Further support for the site of inhibition being mRNA
comes from the work of Slepecky and Celkis (1964) who showed
that the sporulation of Bacillus species was inhibited by PE

after growth of the culture had ceased.

Despite this conflict it was decided to investigate the
effect of this inhibitor on S. pombe, to see whether it would
be possible to alter the DNA synthesis cycle. If the site of
action is indeed DNA synthesis, with 1little effect on the other
macromolecular synthetic systems, and if its action is
‘completely reversible, then, by periodic additions and with¥
drawals of PE, it might prove possible to artificially move the
S period to a different part of the cell cycle. As will be
seen in the section on the effect of this inhibitor, S. pombe
reacts to the presence of certain concentrations of PE in an
unique way, and the periodic}addition and withdrawal of PE did

not prove necessary.
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Chapter 7

The Phosphate Effect

Methods

RNA Estimations

B Tﬁé‘?&A~é6ntent 6;_samples-was>égtiﬁéteé ngzie hot 5% PCA -
i extracts by measuring the absorption at 266qp and subtracfing from T
it the absorption at’300qp in‘a Unicam SP 500 spectrophotometer.
Cells of S. pombe contain approximately 100 to 156 times as much
RNA as DNA so 99% or more of the absorption ét 260qp will represent

the absorption due to RNA.

x —— e e —— -

U f—

Phosphorus Determinations

30 ml. samples were rémoved from the culture and the cells
harvested by centrifugation. The EMM supernatant was carefully
decanted and retained, and the cells washéd three times with
distilled water. Following the washes 5 ml. of distilled water-
was added to the cell pellet and the resulting cell suspension
slowly frozen in a deep freesze. This was followed by slow
thawing of the cell suspension, centrifugation and removal and
retention of the supernatant. The cell pellet was washed once
with distilled water, the washing being added to the original
5 ml. supernatant. This fraction was considered to bé the
'pool', consisting of, amongst other substances, the low mole-

cular weight phosphorus containing compounds of the cell.
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Both this fraction and the original sample of the medium were
evaporated to dryness and the resulting residues were raised in
1l ml. distilled water. 0.1 ml. of this was added to 0.9 ml.
72% PCA (Analar) and 1.0 ml. of 72% PCA was added to the frogen/
thawed cell pellet. All the tubes were 'capped' with glass
marbles and heated carefully on a microburner until the contents

were colourless.

To these samples were added 10 ml. distilled water, 1 ml.
5% (w/v) ammonium molybdate and 0.5 ml. reducing agent. The
latter consisted of 0.2% (w/v) 1,2,4-aminonaphthol sulphonic
acid, 12% (w/v) sodium metabisulphite and 2.4% (w/v) sodium
sulphate in 100 ml. distilled water. As this solution had to
be made up fresh each time the three components were mixed in
the correct proportions and ground up in a mortar and pestle to
yield an e?en mixture. When required, 14.6 gm. of this mixture
were dissolved in 100 ml. of distilled water.

After the reagents had been added and well mixed, the tubes
were left to stand for 10 minutes before the absorption at

830 mu was measured in a Unicam SP 500 spectrophotometer.

Standard solutioﬁs of sodium dihydrogen orthophosphate and
distilled water blanks were taken through the ashing procedure
before the amounts of phosphorus were estimated. Standard
curves were constructed and the amount of phosphorus pfesent in

the different samples was found by interpolation. The results
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in the following section are expressed in terms of phosphate

rather than phosphorus.

Viability Counts

The estimates of the number of viable cells were made by
the method of Swann (1962) in his studies on the effect of
ultraviolet light on single cells. The suspension of cells
was shaken vigorously, to disperse the clumped cells as much as
possible, and a small quantity, a bacteriological loopful, wgs
spread evenly over a thin agar péd on a microscope aliﬁe. A
coverslip was then piaced on top and sealed in position with
paraffin wax. A small capillary tube was ﬁlao sealed into the
wax in such a way‘that it allowed free exchange of gas between
the cells and the outside. The cells were then observed under
a microecopé, which was contained in a constant temperature box,
at 3200, Photographs were taken every hoﬁr, for 24 hours, by
means of a time-lapse defice, giving a recorﬁ of each cell in
the microscopic field. In this way it was possible to monitor
accurately the viability of about 200 cells per microscopic
field. Although it suffered from the disadvantage that only a
small number of cells could be monitored, it did avoid the
major difficulty of plating techniques and colony counting,
where it is hard to assess the number of clumps and pairs in
the original cell suspension. With this photographic method
cells were considered to be inviable if they had not divided
within 24 hours.
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Continuous-flow Culture Apparatus

Pigure 17 shows diagrammatically the apparatus used to
continuously culture S. pombe. - It was a crude version of the
standard type of apparatus used for this purpose (Malek and
Sencl, 1966), and consisted essehtially of four parts. There
was a reservoir which supplied medium low in phosphate to the
cultu:e chamber by means of a constant rate flow pump, which
could be adjusted to suit the cell generation time required.
The culture chamber contained 500 ml. of culture medium, which
was vigorously stirred with a magnetic stirrer, and maintained
at a constant volume Sy means of an overflow device. This was
essentially an open glass tube set to the héight required.
There was a tendency for the cuituré medium to build up around
the opening of the tube due to surface tension. This was, to
a large extent, eliminated by having a constant stream of
sterile air péssing over the culture and déwn-tﬁe overflow tube.
This also served to aerate the culture. Samples were collected
as the effluent coming out of the culture in a vessel packed in
ice in an insulated container, the whole apparatus being kept-

in a warm room at 3200.

Variations in the growth rate and yield of the culture
were obtained by alterations in the phosphate concentration:in
the medium or the flow rate of fresh medium into the culture.
The culture was started with a small inoculum while the flow of

medium through the culture chamber was in progress. At low
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cell concentrations no factor was limiting, with the result
that the cell generation time exceeded the rate of elution from
the culture. The net effect was that the cells increased in
concentration until the level of phosphate became limiting, at
which time the rate of growth of the cells decreased to equal
the rate of entry of fresh medium to the culture, producing a

§teady state.

Results and Discussion

Cultures of S. pombe were grown in the .basic Edinburgh
Minimal Medium, but with varying concentrations of sodium di-
hydrogen orthophosphate, to see what effect different levels of
phosphate might have on the mean amount of DNA per stationary
phase cell. Figure 18 shows the relationship between the
initial concentration of.NaH2P04 in the culture medium and the
mean DNA content per stationary phase cell. It can be seen
that there is a relatibnship between the two such that at low
conoentrations’of phosphate the cells enter stationary phase
with. the lc (0.015 ppg. DNA/cell) amount of DNA per cell,
whereas at high concentrations of phosphate stationary phase
cells stop growing in G2. Between these two extremes thé’
stationary phase population is a mixture of cells, the ratio of
Gl to G2 depending on the initial amount of phosphate present

in the medium. At the lower levels of phosphate concentration



Figure 18. Variations in the amount of DNA per stationary
phase cell with changes in the initial phosphate concentration
in the medium. S0l1d circles represent'the mééns of eight
estimates and the bars their.standard errors. = The open
.eircles represent the correéted val&es for DNA content after

allowing for non-viability in the phosphate starved cultures.
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the measured mean DNA content of cells is considerably lower
than the lc value, but these phosphate starved populations
quickly lose viability. If this is gaken into account,- with
the assumption that non-viable cells undergo autolysis
resulting in degradation and loss of DNA, then the mean DNA

content of these starved cells approximates to the lc¢ value.

In order to investigate the effect that the level of phos-
phate was having during exponential growth and entry of the '
culture into stationary phase, cultures were inoculated in
EMM 1 and allowed to grow to early log. phase. When the
culture had reached a cell concentration of about 3 x 106
cells/hl.'it-was gplit in two and NaH2P04 was added to one half
to a concentration of 62 pg./hl. Both cultures were followed
in terms of cell concentration, DFA, RNA, and the phosphate
content of the cold 5% PCA soluble and insoluble fractions.
Figure 19 shows the increase in cell number and the DNA aﬂd RNA
‘content per 200 ml. sample. There is Qn exponential increase
| in all three paramefers up to about 3 x 106 cells/hl.,'but
after this point in the EMM 1 oculture the rate of increase of
both nucleic acids and, to a lesser eitent, cell number begins
to fall off. The shapes of the DNA and RNA curves are
- essentially similar, but the relatively greater increase in the
number of cells per ml. accounts for the drop observed in the

mean DNA and RNA content of cells as they enter stationary

phase. These parameters are plotted as a function of the cell



Figure 19. RNA per sample (squares), DNA‘per sample (circles)
and cell concentration (triangles) in an EMM 1 culture (solid
symbols) and an EMM 1 culture with édded phosphate (open |
symbols).
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concentration in figufe 20, where it can be seen that in the
high phosphate cultures RNA per cell is roughly halved as cells
enter stationary phase, whereas the DNA pef cell drops only
marginally towards the 2¢ value. The latter contrasts
markedly from the culture grown in EMM 1, where the normal drop
in the mean DNA content per cell begins at a cell concentration

of about 4 - 5 x 106 cells/ml.

Figure 21 shows the increase of both acid soluble pool
phosphate and macromolecular phoaphafe in the two cultures.
There is a striking difference between the phosphate‘content of
the pool in EMM 1 cultures and that of the culture with added
phosphaté. The decrease in the total cold acid soluble phos-
phate coincides with the falling off in the rate of synthesis
of phosphate containing macromolecules, DNA and RNA. In EMM 1
cultures there is very little phosphate containing material in
the pool as the cells enter stationary phase, whereas in the
increased phosphate medium, stétionary phase cells have a

considerable pool of low molecular weight phosphate.compounds.

The level of phosphate is therefére-having a considerable
effect on the synthesis of nucleic acids in these cells. Ovef
the range of concentrations used in the preceding experiments
it 1s determining whether the cells will enter stationary phase
in the lc or 2c state. In view of this it was decided foAset
up a continuous culture of S. pombe in a chemostat under |

conditions of limiting phosphate. During normal exponential



Figure'20. Variations in the RNA (squares) and DNA (éircles)
contents of cells in EMM 1 (solid symbols) or EMM 1 with added
phosphate (oben symbols) as a function of the cell concentra-

tion.
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Pigure 21. Co;d acid soluble phosphate (A) and incorporated
phosphate (B) in cells grownvon EMM 1 (solid symbols) or EMM 1
with added phosphate (open symbols).
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growth in EMM 1 the culture medium is depleted of phosphate at

about 3 x 10°

cells/ml., and yet growth in terms of cell con-
centration continues for about three cell generations. There
are, therefore, considerable reserves of phosphate within the
cell, and it is necessary to severely limit the amount of phos-
~ phate in the medium in o?der to attain a'stablé continuous
culture. After a few trials it was found that a concentration
of 3 pg. NaHZPO4/h1., with a flow rate of one culture volume

per 24 hours, yielded a stable culture with a cell concentration

6

of about 2.5 x 10~ cells/ml.

Figure 22 shows the growth of the culture with time. The
cell concentration remains constant indicating that the cells
are growing with a mean generation time of 24 hours. Despite
the constancy of cell number the culture could‘not have been in
balanced growth, because the optical density of the culture
increased steadily over the course of the experiment. This
increase suggestgd fhat in some way the processes of growth had
been dissociated from division and that the cells were
increasing in sigze. This was confirmed while the cells were
observed under the microscope during the course of cell counting.
Fot only did the cells become longer, but they also beéan to
branch in one or more places. Figure 23 shows a typical
branched cell from one of these low phosphate continuous
cultures. Another peculiar phenomenon of these branched cells,

which can also be seen in figure 23, is the fact that they



Figure 22, Cell concentration (open circles) and optical
density (solid circles) in a conmtinuous culture in EMM under

conditions of limiting phosphate.
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Pigure 23. Phetégraphs of Giemsa stained cells from a 200
hour continuous culture under conditions of limiting
phosphate. The cells are branched and contain seversl

nuclei.
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possess, in some cases, several nuclei which are not separated
by cell plates. Counts made on Giemsa stained slides showed
that the average number of nuclei per cell increased with time
of culturing and was roughly proportional to the increase in
optical density (see table 4). Because of this the DNA
content of nuclei was calculated rather than the amount of DEA
per cell. The total DNA in the'culture rose in a similar
fashion'to optical density with the result that the amount of
DNA per nucleus remained stable at about the le¢ value (figure

24).

The possibility existed, because the mean DNA content per
nucleus was so low, that some of the cells containing nuclei
were inviable and that loss of DNA from the nuclei might have
occurred, in much the same way as there waaldeath in the phos-
phate starved stationary phase cultures. This was unlikely in
view of the fact that the estimate of DNA per nucleus was made
on the basis of Giemsa stained nuclear counts. The Giemsa
stain, after the extraction procedure, will only rgact with DFA
and the residual RNA. If there was sufficient DNA material to
yield a clearly stained nucleus it would also be measured by
the diphenylamine reaction. The residual RNA remaining aftef
 the RNase treatment would not yield sufficient-oolour to show
up the nuclei clearly as was shown by DNase digested cdﬁtrols
of some slides. - Nevertheless, viability counts were made and

it was confirmed that the cultures were between 95 and 100%
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Table 4. Average number of nuclei per cell in the continuous

culture experiment.

(Eiﬁis) °:1i;{21- 0.D. Nuclei/cell
81 2.58 .275 1.17
141 2.03 .340 1.22
189 ‘ 2.23 «317 1.35
228 2.03 <379 1.43
274 2.25 .351 1.62

300 2.48 «355 1.52



ks

Figure 24. - The amount of DNA per nucleus in continuously
cultured cells of S. pombe as a function of the length of

culturing.
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viable. The long branched cells were also viable, see figure
25, for after plating on fresh EMM 2 agar they immediately
began to divide into several cells, the number possibly

reflecting the number of nuclei present in the original cell.

It was hoped to make synchronous cultures from the
limiting phosphate continuous cultures, but for technical and
practical reasons this proved.impdssible. The major factor
was fhe heterogeneity in the cell cultures. For normal
synchronous cultures cells are selected by the sucrose gradient
according to size, and, because there is a relationship between
cell size and the stage that the cell is in the cell cycle, the
culture divides synohfonously for a few generations. In the
continuous culfures there was a tremehdous variation inlﬁhe
size of cells, with the extremes being multinucleate, so the
basis of the synchronisation procedure no longer held.
Secondly, because at least 10 litres gf culture are required to
produce a synchronous culture for DNA assay, the technicalities

in meking such a culture were immense and not possible,

The results from the phosphate experiments still do not
allow any definitive description of the sfate of the cells in
stationary phase. The two possibilities still remain, namely,
that the stationary phase is either a mixture of lc and 2¢
cells, or that it is a homogeneous population of cells in mid S
phase. The results do, howe#er, give more credence to the

first of the alternatives.



Pigure 25. A series of time lapse photographs of a\branched
cell from a limiting phosphatg continuous culture after |
plating on to EMM 2 agar. The cells were photographed undef.
dérk field illumination and each photograph represents an )

interval -of one hour.
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The amount of phosphate in the medium which is required to
givé a homogeneous 2c¢ stationary phase population ia'roughly
five times as much as that required to produce a homogeneous lc
stationary population. It is difficult to conceive of any E
control mechanism that would exercise such a fine regulation of
the point at which the synthesis of DNA would stop over such a
wide range of starting phosphate concentrations in the medium.
However, if DNA synthesis is an all or nothing phenomenon, with
the cells stopping growth in either Gl or G2, as appears to be
the case in other cell types (e.g. stationary phase Gl cells,
Williamson and Scopes, 1961, Stonéhill,and Hutchinson, 1966,
Prescott and Carrief, 1964, and Kimball and Vogt-Kopne, 1961;
stationary phase G2 cells, MacDonald, 1958; and mixed popula-
tions of G1 and G2 cells, reviewed in Gelfant, 1963), the
problem is slightly different. It changes from a problem of
maintenance of DNA synthesis to one of the initiation of DNA
synthesis.

?hough these two processes are intimately related there
are essentially three conditions that must be met before the
transition from Gl to S can be accomplished. There must be an
adequate supplyoof polymerases and deoxyribonucleotide triphoé;
phates and the DNA must be in the template condition. | Phosphate
molecules are intimately involved in the second of these
processes, namely, the supply of energy and the building blocks
for the formation of the new DNA polymer. When the aupply of



phosphate becomes limiting there will be competition for the
available amount not only between those synthetic pathways that
produce phosphate containing macromolecules, but also between
the metabolic pathways that require energy in the form of
adenosine triphosphate. If the level of phosphate within the
cell during stationary phase was too low to allow the production
of deoxyribonucleotide triphosphates, and let the synthesis of |
other macromolecular components continue, e.g. RNA turnover
(Mitchison, pers. commun.), then the level of phosphate~in the
medium could ultimately détermipe whether the S phase would be

initiated or not.

Another point in support of the mixed lc and 2¢ stationary
- phase population hypothesis comes from the continuous culture
experiments. In these cultures the mean amount of DNA per
nucleus wés essentially the same as that of a lc nucleus. As
this is a mean value it indicates that, under these growth'
conditioné, the cell cycle is composed mainly of G1, ahd that
the S phase must be fairly close to nuclear division. . If the
various phases of the cell cycle had been extended to occupy a
24 hour cell cyele, most of the nuclei, as in the normal
cultures, would be observed to be in G2 and the mean amount of
DNA per nucleus would approach the 2¢ value. If the efféct of_.
the low phosphate was to lengthen the S phase, and to make it
occupy the majority of the cell cycle, then the mean DNA
content of nuclei would be lc. Neither of the latter two
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explanations fit the experimental results, which support the
idea-of an extended Gl. The conditions of limiting phosphate
in the continuous culture are similar to the conditions present
as the cells enter stationary phase in the low phosphate media.
If DNA synthesis is delayed such that the S phase is well after
fission in the former, there seems no reason why this should

not also happen as the cells enter stationary phase.

Clearly the DNA synthesis pattern can be altered by
variations in the phosphate content of the medium, but it is
unfortunate that this change in the cell cycle could not be
used to study the effect of such a change on the other macro-
molecular synthetic patterns in the cell cycle. As a result,
other environmental changes were made in an attempt to produce _

a system which could be fully analysed.
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Chapter 8
The Effect of Increased Generation Time

on the DNA Synthesis Cycle

Change in the Carbon Source

Table 5 summarises the carbon sources that S. pombe will
and will not grow-on. Those that do support growth of this
organism all do so at very similar growth rates of between 2%
and 3% hour generation times; The differences between these
was not considered sufficient to bring about possibdble altera-
tions to the DNA synthesis cycle that éou;d bg picked up by
biochemical assays on exponentially growlng random cultures.
Because of this it was decided to try and isolate mutants,
produced in the presence of N-methyl-N-nitroso-N'-nitroguani-
dine or after ultraviolet irradiafion, that would grow on ome
or more of these carbon sources. The following potentiél
carbon sources were tested: lactose, acetate, ethanol,
tryptone, pyruvate and succinate, and, in addition, glyéerol
was also tested because some yeasts can metabolise this as a
carbon source (Ingram, 1955). All.the attempts to isolate
mutants capable of growing on different carbon sources were
unsuccessful, Eut it was found that S. pombe would groﬁ on

EMM 2 with the glucose replaced by 3% glycerol.

Figure 26 shows the growth of S. pombe in EMM 2 with 3%
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Table 5.
Carbon Sources that:
will support growth will not support growth

Glucose Lactose

Sucrose Galactose

Maltose Trehalose

Fructose | Lactate |

Mannose | Succinate

Raffinose : Citrate

Cellobiose ‘ Acetate
Pyruvate
Acetaldehyde
Ethanol
Tartrate
Peptone.
Tryptone
Mannitol

From Mitchison (pers. commun.) and Ingram (1955)



Pigure 26. Cell concentration (open circles) and DNA per
sample (solid circles) in a culture grown on EMM 2 when

glycerol replaced glucose as the carbon source.
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glycerol replacing the glucose. The mean generation time in
this medium was 18 hours at 32°C so that if a relationship had
existed between the.increase in generation time and a dispro-
portionately long Gl it should have shown up in mass culture
under these conditions. In faét the rate of increase of DNA
exactly paralleled that of the cell cdncentration, even during
the entry of cells into stationary phase, thoﬁgh the final
yield of cells on this medium is much lower than on normal

EMM 1 or 2. Throughout the whole growth of the culture the
mean DNA content per cell remained constaht at 0.0386 PRE.
DNA/cell (s.e. of mean = 0.0007). This value is not signifi-
cantly different from the mean DNA content of normal log. phase
cells, which indicates that the increase in the generation time
due to a change in the carbon source has extended each cell

cycle phase proportionately.

One surprising feature of these cultures, compared to the
normal cultures, was the lack of a Qrop in the mean DNA content
of cells as they entered stationary phase. This can be
explained in two ways. Pirstly the cells go into stationary
phase at a much lower cell concentrafion, presumgbly because
glycerol is not as efficient as an energy source as the sugars.
In normal EMM 2 cultures at this concentration cells still
contain the characteristic log. phase complement of DNA (see
figure 20). Secondly this value drops to the 2c¢ value

characteristic of EMM 2 stationary phase slowly over a period
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of three days. If the increase in the generation time ia
taken into account in these glycerol cultures then it would
take up to three weeks before the cells could be said to be in
stationary phase and equivalent to the three day EMM 2 cultures.
In fact the cells begin to lose viability before this, which, |
coupled with the risk of bacterial contamination over these
long periods of time, makes the analysis of the entry into
stationary phase impractical in these cuitures; However, this
is a minor aspect and clearly the change of carbon source is
having no differential effect on the length of the Gl phase in
this organism, which is detectable by the methods used.

DNA Synthesis Cycle of Schizosaccharomyces pombe at 17%

Having been unable to produce & change in the DNA synthesis
¢ycle by an increased generation time dhe to a change in the
carbon source the effect of temperature was investigated. As
discussed in the introduction to this section the most promising
temperature at which to look for alterations to the DNA
synthesis oycle was 17°C,

1

A bulk culture was grown up from a small inoculum in EMM 2
at 32°C and sampling was started when the culture reached a

6 cells/ml. After three hours the

cell concentration of 1 x 10
culture was split in two, one half being cultured at 32°C, the

other half being quickly cooled to 17%. The growth of both
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cultures was then followed in terms of the increase in cell
concentration and DNA. Pigure 27 shows the results of one of
these experiments. On being cooled to 17°C the generation
time of S. pombe was increased to 15 hours, but this increased
furthef once the cells had reached a cell concentration of

10 x 106/h1. The mean amount of DNA per cell is shown in
figure 28, where it is plotted against the cell concentration.
From this 1t appears as though there was a decrease in the mean
DNA content of log. phase cells at the lower temperature, but
it will also be seen that there was a similar drop in the
control culture. There is no significant difference .between
the' overall mean of the 17°C culture, 0.0330 ppg. DNA/cell
(s.e. = 0.0004), and that for the control cultures, 0.0341 ppg.
DNA/cell (s.e. = 0.00075).

Despite the lack of eignificgnt difference between the
experimental and control cultures, this decrease was of the
orde to be expected if a shift of the S period had been
brought about. In view of this, it was decided to see what
happened in the lag phase of tﬁese low temperature cultures.

If there was an extended Gl phase being inserted between
ﬁuolear division and the S phase it should be readily Qbéervéble

as the cells pass out of the lag phase into exponential growth.

Figures 29 and 30 show the results of such an experiment.
Essentially the pattern of DNA synthesis was the same as that
in the 32°C lag phase culture. The lag phase lasted for about



Figure 27. Cell concentration (open symbols) and DNA per
sample (solid symbols) in an EMM 2 culture divided and

cultured at 32°C (circles) and 17°C (squares).
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Figure 28. Variations in the amount of DNA per cell with
increasing cell concentration in EMM 2 at 17°Cc (open circles)
and 32°C (soiid circles). The bars represent the standard

errors of the means derived from tﬁree experiments.
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Figure 29. DNA per sample (solid circles), cell concentration (open circles)

and cell plate index (triangles) follbwing inoculation at 17°C in EMM 2.
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Pigure 30. Changes in the mean DNA content of cells following
inoculation at 1790 in EMM 2. The sblid circles represent the

I’/’/
means ofk two Véxperimenté‘and the bars their standard errors.
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30 hours after which there was an increase in the cell concen-
tration. This rise was preceded by a rise in the cell plate
index, which wés itself preceded by a rise in the amount of DNA
per ml. of culture, There was no rise in the amount of DNA
per ml. of culture following inoculation, as there was in the
EMM 1 lag phase cultures, because these experiments were
performed in EMM 2 where cells were already in G2 before

inoculation.

In figure 30 are the combined results of two experiments
which show the mean DNA content of cells as they progressed
from the time of inoculation, through lag phase, and into the
phase of exponential growth. Although there is considerable
variation in the points in the lag phase the'overall mean of
these is 0.0280 ppe. DNA/cell (s.e. of mean = 0.0005), whiéh
approximates td the 2¢ value. This :emained constant up to a
time just priér to the first appearance of cell plates, when it
increased sharply towards the 4c¢ value. This peak is somewhat
broader than might be expected, but this is essentially a
product of the combination of two separate‘experiments, in
which the positions of the increase in the cell plate index and
the amount of DNA per cell were slightly different.

It therefore appears that the DNA synthesis cycle of
S. pombe is not susceptible to differential changes in the .
lengths of the various cell cycle phases as a result of

increases in the generation time due to temperature or
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'nutritional' changes. This contrasts with the work done on
other cell types, but, with the exception of the bacteria, all
the cell types in which these phenomena have been studied have
a large proportion of their normal cell cycle occupied by a 61
phase. It may be that, in eukaryotic cells thaf have no 61,
the preparations for the start of S5 phase are carried out in
the preceding G2, with the result that the S phase can commence
immediately after nuclear division. It is only when some -
restraint, which is directly involved in the initiation of DNA
replication, is applied to the cell that the two phenomena can
be dissociated. The level of phosphate, which, though not
specific to DNA synthesis, is iqtimately concerned Wgth 1t,.has
this effect when it becomes limiting. Another, and more
specific, way of diésociating nuclear division and DNA
synthesis is by thé use of inhibitors. It is.this which is
the subject of the followiné éection. |
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Chapter 9

The Effect‘of 2-Phenyl Ethanol on the DNA Synthesis
Cycle of Schizosaccharomyces pombe

Results énd Discussion

In previous reports describing the action of 2—pheny1
ethanol (PE) there was considerable variation in the concentra-
tion of PE necessary to produce an inhibition of DNA synthesis,
depending on the type of cell that was under examination
(Bruchovsky and Till, 1967; Leéch et al., 1963; Rosencrang et
al., 1965; Gabriel, 1965), and the type of culture medium
which was being used (Trieck, 1966). Several test cultures of
S. pombe were set up, to which were added varying concentrations
of PE. Growth of these cultures was monitored by optical
density measurements, with occasional observations on cells
under the microscope. Figure 31 shows the results of one of
these experiments. Little or no effect was observed on the
growth of celis by the presence of PE up to a concentration of
0.1%. At this concentration the growth rate slowed down
slightly, though there was no apparent effect on the sige of
cells in these cultures.. At 0.2% the growth rate was reduced
83111 further and the finel yield also reduced. This effect
became even more pronounced at 0.3% and at concentrations of
0.4% or more virtually all growth was stopped upon addition of

the inhibitor.



Pigure 31. The effect of various concentrations of 2-phenyl
ethanol on the growth of S. pombe in EMM 2 at 32°C. Growth

is expressed as increase in optical density at 595 mp.
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For the experimental dissociation of the DNA synthesis
cycle from the rest of the cell cycle a concentration of
inhibitor that would effectively inhibit DNA synthesis, but
which would have little effect on the other macromolecular
syntheses, was desirable. The effects of 0,2% and 0.3% PE on
DNA synthesis were therefore investigated. The results of
these experiments are shown in figures 32, 33, 34 and 35.
Cultures of S. pombe were grown up in EMM 2 from a small
inoculum, and sampling was started when the‘cell concentration
had reached 2 x lO6 cells/ml. The growth of these cultures
was followed in terms'of cell number and DNA content.: After a
short period of grdwth and sampling, to estaplish the normal
rate of increase of both‘parameters,-PE was added to the

required concentration and the culture was thoroughly shaken.

In 0.3% PE (figures Bé and 33) there was an immediate
inhibition of all DNA s&nthesis, but there was an approximate
doublinglin the cell number. At the time of addition of PE
the mean amount of DNA/cell was 0.0376}Ppg. DNA/cell (s.e. of
mean = 0.0005), but this Qropped steadily after the addition of
fE to reach a value of 0.0201 ppg. DNA/bell-at the end of the
experiment. This concentration of PE completely inhibited DNA
synthesis, but allowed growth and division to continue for a
limited period. The cells did not, however, become unusual;y _
long, as they do in the presence of Mitomycin C (Herring, pers.

commun.) so the presence of PE was limiting to some extent the



Figure 32. Changes in cell concentratien (open circles) and
DNA per sample (solid circles) following addition of 0.3% PE
to an EMM 2 culture at 32%.
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Figure 33. Changes in the amount of DNA per cell following
addition of PE to 0.3% to an EMM 2 culture at 32°C.
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Figure 34. Changes in cell concentration (open circles) and
DNA per sample (solid circles) after addition of PE to 0,2%

to an EMM 2 culture at 32°c.
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Pigure 35. Changee in the amount of DNA per cell following
addition of PE to 0.2% to an EMM 2 culture at 32°C.
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amount of growth possible in the absence of DNA synthesis.

One interesting point of this experiment was the fact that, in
the absence of any detectable DNA synthesis, the culture
doubled in cell number. There is a short or absent Gl phése,
so the majority of the cellswere therefore inhibited in G2,
with a few cells in the two 1lc or two 2c¢ nuclei stage.
Theoretically, if the S phase could be displaced in the cell
cycle and fission take place in the absence of the previéus DNA
feplication, there should be a little more than a doubling 6f
cell number, and the mean DNA content of cells should drop to
the lc value. This condition was not quite reached in these
experiments, and even aftér 24 hours following the additibn of
the inhibitor the mean amount of DNA per cell did not decrease

3

any further.

The effect of 0.2% PE was rather different from that of

0.3% PE and showed a peculiar phenomenon of this yeast cell.
Figure 34 shows the iesults of one of these experiments. The
experimental procedure was the saﬁe as for 0.3% PE describéd
above. After the addition of PE the rate of increase in cell
nunber decreased slowly and stabilised at a generation time of
about 4 hours 15 minutes. (Growth could be maintained into .
stationary phase at this growth‘rate,_ané cultures maintained
indefinitely by subculturing in EMM 2 plus 0.2% PE.) Shortly
after the addition of PE at this concéntration the increase in

the amount of DNA in the culture stopped, and remained constant
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for about two hours. After this, synthesis of DNA recommenced
in the culture with a rate of increase equal to that of cell
number. When this data is plotted as DNA/cell (figure 35), it
can be seen. that the overall mean DNA content of cells before
the addition of PE was 0.0389 ppg. DNA/cell (s.e. of mean =
0.0001), and that this dropped to a value of 0.0300 Ppe. DNA/
cell (s.e. of mean = 0.0005 once DNA synthesis started up again
after the temporary inhibition.

The possibility existed that the cells in some way reduced
the effective concentration of PE in the medium, and hence over-
came the inhibitory effect. PE has a very characteristic
absorption pattern in the ultraviolet spectrum, and during the
growth of the culture samples were iemoved, the cells spun down
by centrifugation, and the absorption spectrum measured on a
Unicam SP 800 recording spectrophotometer. At all times
during the growth of the culture the absorption spectrum and
the peak of absorption at 256 ap remained the same, suggesting
that the inhibition and subsequent recovery of the cells was
due to some other factor than a change in the concentration of

the inhibitor in the medium.

There are two possible explanations of the change in the
mean DNA content of 0.2% PE treated cells. Firstly, the
presence of this substance could have been lengthening the
proportion of the cell cycle spent in S phase, without
affecting the time of initiation of 8. This would have had
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the effect of pushing back the point at which half the DNA was
synthesised in the cell cycle. If this was happening one
would not have expected to have got a plateau in the DNA curve
after the addition of PE, rather a much slower rate of increase
of DNA which would have gradually increased to equal the rate
of increase in cell numbers after one generation time (4% hours).
The second possibility is that the PE was inserting a Gl phase
which was approximately equal to the observed length of DNA
synthesis inhibition. In this situation one would have
expected a complete cessation of DNA synthesis after the
addition of PE, except for those cells in the S phase at the
time of addition which would have completed that round‘of

" replication. At the end of the 'mew' Gl synthesis of DNA
would have taken place at the rate per cell present in normél
cells. The S phaée would, therefore, have been in mid cycle,
with the effect that, in a random log. phase culture, the mean
amount of DNA per cell would have been less than in the normal
culture. It is not possible to distingﬁish between thése on
the basié of the results so far, due to the scatter in the
estimation of the DNA content of the culture. However, éﬁcﬁ a
distinction could be made on the basis of the results ffom |

synchronous cultures.

There were two tybes of synchronous culture experiment.
The first, of which the results of one are shown in figure 36,

involved the making of a normal EMM 2 synchronous culture with



Pigure 36. The effect of adding PE at 0.2% to an EMM 2
synchronous culture of S. pombe. The effect was followed
in terms of .cell concentration (open circles), DNA per
sample (s01id circles), DNA per cell (squares) and cell
plate index (triangles).
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the addition of PE after 45 minutes of synchronous growth,

The addition of PE to these cultures destroyed to a large L
extent the first synchronous divisions and there was little
evidence of any synchrony in the subsequent divisions. This
was probably due to the fact that PE increased the variabllity
of the sigze at which cells divided, as a high proportion of
cells divided during the first wave of divisions with acentric
cell plates. Despite this effect some degree of synchrony was
observed in the first division and this could be used to |

position the 8 phase in the cell cycle.

Pigure 36 shows the increase in cell number and DNA per
20 ml. sample in a 0.2% PE synchronous culture. A comparison
between this result and those in the absence of the inhibitor
(chapter 3) shows that there is a marked difference between the
two. The mid point of the rise in the amount of DNA per
sample occurred about 1% hours after the mid point of the rise
in cell numbers in the experiment shown in figure 36. Simiiar
results were found in repeats of this experiment. When the
results are plotted in terms of DNA per cell it can be seen
that, upon inoculation, the cells had a mean DNA content
.characteristic of 2c¢ cells. In the normal synchronous culture
this value was maintained throughout the growth of the culture,
except for a possible increase at the time of cell division.,
In PE cultures, however, because the synthesis of DNA was

delayed, and the cells divided before the S period, the mean
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amount of DNA per cell dropped, at the time of division,
towards the lc value. It never reached this value, probably
because of the lack of good synchrony at this stage, but these
results clearly show that the addition of PE to cultures of

S. pombe in EMM 2 pushed back the S period in the cell.cyéle.

The second type of synchronous culture differed from the
above in as much as the cells, which were grown up prior to
separation on the gradient, had been cultured in the presence
of 0.2% PE for about ten cell generatiqns. Also, harvested
cells were separated on a gradient which contained 0.2% PE.

The cells had had-several‘generations in which to settle down
to the presence of PE in the medium. The results of one of
these experiments are shown in figure}37. As in the previous
experiments the degree of synchrony was not good, but‘> | .
sufficiently so to establish the position of the S phase in thé
cell cycle. It can be éeen that both the cell numbers and the
amount of DNA per sample inéreased discontinuously, and thath
the mid point of the increase in the DNA curve was about two
hours before the mid point of the rise in cell numbers. In
this experiment the cells that came off the top cell layer in
the gradient to make the synchronous culture were in Gl1,
because the mean amount of DNA per cell was close to the lc
value. Shortly gfterfinoculation these cells entefed S phase
and the mean DNA content of cells in;reased to the 2¢ value.

Once the first wave of divisions began this was reduced again



Figure 37. Cell concentration {open cifples), DNA per
sample (solid cifcles), DNA per cell (squares) and cell
élate index (triangles) in an EMM 2 plus 0.2% PE
 synchronous culture of S. ggggg. rhg cells had been grown
én EMM 2 plus.0.2% PE for several generations prior to

synchroniéation.
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as single Gl cells were formed. As in the previous experiment
- the lc value was never reached, but the fluctuations in the
mean amount of DNA per cell, between the 1 and 2¢ values again
showed that, in the presence of this inhibitor at this concen-
tration, the DFA synthesis cycle had a large Gl phase.

It isttherefore possible to distinguish between the two
possible explanations of the effects observed after the
agddition 6% 0.2% PE to randonm cultures. ' There are two
features of the synchronous cultures which rule out the possi-
bility of a greatly extended S phase. | These are the presence
of 1lc cells and hence a Gl phase, which has already béén
discﬁssed, and secondly the observation that the shape of the
DNA curve was very similar in both types of experiﬁents to that
of the increase in cell number. This suggests that the S
phase was'of the same order of time as the division process,
which was also the case in normal cultures. As such the S |
phases in both normal and PE cultures were of comparable
lengths, and there is no indication that there was an& effect

on the S phase as such in the treated cultures.

‘Another significant point to emérge from the PE cultures
is the fact that the G2 phase was of similar absolute length in
both normal and PE treated cultures. In normal cultures the
cellé grew with a generation time of 2 hours 20 minutes ané the
time between the end of nuclear division to the end of thé-s

phase was about 30 minutes. G2 in normal cultures therefore
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lasts for approximately 1 hour 50 minutes. The normal DRA
synthesis cycle has been reproduced in figure 38, tOgether‘with
the position of the S phase in the PE treated synchronous |
cultures, derived trom'the relative positions of the mid points
of increase of the DNA per sample and cell per ml. curves.

The time between these two has been plotted as a fraction of
the total generation time, and figure 38 includes the results
from six PE treated cultures. From thisiit can be calculated
tﬁat the lengfh of the G2 phasg in BMM 2 plus 0.2% PE is about
1 hoﬁr 40 minutes, aségming the interval occupied by the S and
H phases to be the same as in normal cultures, out of a'tbtal
generation time of 4 hours 15 minutes. Thus both the.S aﬁd @2
. phases are of the same'order of absolute lengths in both the
normal and experimental situations, the‘major difference in thé
growth rates between the two culture conditions being thé

result of an extended Gl in the preéence of 0.2% PE.



Pigure 38, Cell cycle maps showing the difference in the
position of the S phase in S. pombe when grown in the preaehce
or absence of 0.2% PE in EMM 2.
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Chapter 10
General Discussion

The results described in the first part of this thesis
show that S. pombe, when grown at 32°¢ on EMM, has a rather
unusual DNA synthesis cycle. This cycle consists of a short,
or possibly absent, Gl phase, a shoft S phase and a long G2
phase occupying the majority of the cell cycle. The rest of
the cycle is occupied by nuclear division, and the exact length
of this process will determine the absolute length ofAfhé G2.

For example, in S. cerevisiae Williamson (1966) has shown that

chromosome separation occurs some time before the nucleus under-
goes visible fission. In higher cells the process of chromo-
some separation and nuclear fission are both considered parts

of mitosis, or the M phase. If the same criteria for the M
phase are applied to this yeasf, the distinction between G2 and
M becomes difficult at present, without fufthgr information
about the structure of the nucleus during the cell éycle. It
is probable, though, that some form of chromosome separation
occurs prior to the separation of the daughter nuclei, so the M
phase is probably longer, and G2 shorter, than the fission and

migration of nuclei suggests.

This cell cycle is peculiar in many raspec@s when it is
compared to the situation in the majority of other cell types

that have been examined (see discussion in chapter 1). In
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these all the stages occupy variable, but significant, portions
of the cell cycle, so the main differences between §S. pombe and
these cells is the absence of a Gi, detectable by the tecﬁniques
used in this study, and a very short S phase. Unusual though
these features are they are not unique amongst animal, piant or

bacterial cells.

During the early development of amphibian embryos the cell
cycle is very short, of thé'order of 15 minutes, and there-is
no detectable Gl phase and only a very shdrt G2 phase (Graham
and Morgan, 1966). Therefore, during the first four hoursv’
after fertilisation the S phase occupies the majority of inter-
phase, but is relatively shoft compared to that observed during
the later stages of development, By the time the embryo has
reached the late blastula étaga gJGl and a substantial 62 can
be detected, and there is also an absolute increase in the
length of the S phase. From the late blastula to the tail bud
stage the lengths of all three phases increase, but M stays
relatively constant. Once the embryo has reached thé‘gastrula
stage the increases in Gl, S and G2 are such that thé bortibn
that each occupies in the cell cycle remains constant (Grahﬁhl

and Morgan, 1966).

A similar process occurs in the cells of the root of Zea
mais (Clowes, 1965). The cell cycle of the cap initial cells
of the root meristem is shorter than elsewhere in the plant,

and it lacks a measurable Gl. As the generation time
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iﬁcreases, due to development into the quiescent zone or to
differentiation into stele cells, a Gl phase is inserted which
almost accounts for the increase in the generation time. Thus
in the rapidly dividing tissue there is no Gl, but as the
generation time increases so does the proportion of the cycle

occupied by Gl.

The early divisions of sea urchin eggs show great
similarities to those of the amphibian embryos. Hindegardner
et al. (1964) showed that, at 15°C, the first division cycles
last for 2 hours, of which 13 minutes are occupied by the S |
phase, the remainder being G2 and M. DNA syntheeis starts
after the first quafter of telophase and ends at the beginningv
of interphase, there beinglno Gl. No information is available
about the pattern of DNA synthesis during later stages of sea
urchin development, but it seems probable that, as the rate of
cell division decreases, the proﬁortion of the cell.cycle
occupied by Gl and/or G2 would increase, in much the same way

as 1t does in the previous two examples. s

Another embryonic cell system that has been studiéd; and
which shows essentially the same characteristics, is the neuro-
blast cells of grasshopper embryos (Gaulden, 1956). In these
cells the cell cycle lasts for four hours and the S phase
starts at telophase and continues throughout interphase to
early prophase. There is therefore no Gl or G2 in these cells.

The absence of a Gl is also shown by the early work off);lc;jahd
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Pasteels (1955) in their studies on the DNA content of rat and
mouse embryonic cells during the first few divisions following
fertilisation. In these they showed that the DNA content of a

nucleus begins to increase at the end of telophase.

The absence of a Gl phase is not restricted to these
rather special‘deveIOping cell systems. It has also been
shown in a cultured strain of Chinese hamster lung cells
(Robbins and Scharff, 1967), which had been synchronised by the
selection of metaphase cells. It is possible that the
synchronisation technique had an effect on the cells, but it is
significant that the generation fime of these cells was less

than is normal for mammalian cells. Another example bf a cell

that has no Gl phase is Amoeba proteus, but in this case the
rate of cell division is not rapid. The S phase lasts for 6
to 8 hours and the G2 phase for about 30 hours (Prescott and

Goldstein, 1967). In T. pyriformis, grown at a generation

time of 3.7 hours on enriched synthetic medium, the micro-
nuclear S phase begins at felophasp and continues during the
process of cytokinesis, occubying 10% of the total cell cycle
(Plickinger, 1967). In the dame organism the macronuclear S
phase is in mid cycle, so whatever factors, or levels of fhem,
are controlling fhe in;tiation of micronuclear DNA synthesis,
they are not sufficient for the initiation of macronucleér DNA
synthesis. Whether or not a Gl phase is inserted into the

micronuclear cycle when the organism is grown at slower growth |
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rates is not kﬁown, but as environmental factors can affect the
position of the macronuclear S period (Cameron and Nachtwey,
1967), there are reasonable grounds for expecting the micro-
nucleus to behave likewise. If such a phenomenon was observed
it would be very similar to the situation that arises during
phosphate starved growth in S. pombe. That is to say that the
S phase would be shifted to a point after cytokinesis.

Another example of a cell cycle that has no Gl phase is
the slime mould Physarum polycephalum. Nygeard et al. (1960)

studied the incorporation of labelled orotic acid into DNA at
various intervals following synchronous mitosis in this
organism. They showed .that the S phase gommenced immediately
after mifosis and lasted for betwéenrl and 2 hours out of a
total cycle time of between 12 and 20 hours. In this organism,
therefore, the majority of the cell cycle is taken up with G2.

All the preceding examples show similarities to various
aspects of the DNA synthesis cycle of S. pombe. The first,
and most obvious, is the similar distridbution in the lengths of
the various phases of the cell cycle, and in particular the
lack of any'detectable Gl phase. But the similarities go
further than this. In some of the systems described ébove Gl
phases are inserted inrthe DRA synthesis cycle aé'a normal
consequence of development and differentiation of the cells.

As cultures of S. pombe begin to enter stationary phase similar
changes occur in the DFA synthesis cycle; the growth rate
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falis off under conditions of limiting phosphate and cells
begiﬁ to possess a Gl phase. When cultures are maintained
under conditions that simulate the conditions present ih the
early stationary phase culture medium the changed pattern of
DNA synthesis is observed and repeated for several cell géhera-
tions. The conditions that cause a slowing down in the rate
of cell division in the embryos or the root meristem are not
known, but clearly some 'environmental' factor must be involved,
and, though the factoré are no doubt different in each case,

they produce very similar effects.

The decrease in the rate of cell division due to altera-
tions in some environmental factors is not the sole requirement
for the existence, or extension, to the Gl phase. In Amoeba

roteus, for example, the generation time is of the order of

30 hours, which is not rapid by any standard, and the total
cell cycle in Physarum polycephalum is between 12 and 20 hours,
which is aimilar to the duration of the cell cycle of, for
example, mammalian cells, which generally show a distinct Gl
(Cleaver, 1967). For cells that normally possess a significant
Gl phase it is this phase ﬁhat shows the greatest variébility,.
and in general it is this phase that accounte for the majority
of the increases in generation times. This is so both between
and within cell types (Cleaver, 1967; Terasima and Tolmabh,'
1963; Sisken and Morasca, 1965), growing under constant

conditions, or between the same cell types growing under
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different conditions (Defendi and Manson, 1963; Sisken et al.,
1965; Wimber, 1966; Cameron and Nachtwey, 1967; Helmstetter
and Cooper, 1968). There are differences in the reeponses of
cells to changes in the growth rates due to temperature shifts
depending on whether the cells are in the process of adjusting
to the new temperature or whether they are in a steady state at

the new temperature (Rao and Engelberg, 1966).

The effect of temperature, pH or nutritional changes io
the culture conditions must ultimately be to change the intra-
cellular environment for, amongst other things, DNA synthesis.
Such changes will only have an effect on the pattern ofethe DNA
cycle when the conditions necessary for DNA synthesis ere f R
limiting. In this respect it.isvinteresting to note that in
the sea urchin egg, in which there are large amounts of mecro-‘
molecular precursors, temperature change has no preferen@iai
effect on any of the DNA synthesis phases (Hindegardner et al.,
1964). In T. pyriformis, when it is grown on an enriched
medium, changes in the culture temperature have no preferential
effect on any of the DNA synthesis phases (Cleffmaﬁ, 1967);.but
when the culture medium is less enriched a disproportionate
extension in the Gl can be observed (Cameron and Nachtwey,
1967). These could be interpreted as showing that unless the
environmental changes are sufficient to make a fector limiting,
or decrease the level of it in the cell, which is necessary for

the initiation of DNA replication, no effect will be observed
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on the Gl or S phases of the cell cycle. In much the same way
changes in the conditions necessary for the preparation and.'
maintenance of G2 or M could bring about a redistribution of

the proportion of the cell cycle spent in each of the phases
(e.g. Rao and Engelberg, 1966). The lack of an extension to
the Gl phase in S. pombe, when the generation time waes increased
by lowering the temperature or changing the carbon source, is
therefore possibly an indication that neither of these altera—
tions create limiting levels in the factors involved in the

initiation and maintenance of the S phase.

The conditions that do introduce a Gl phase in 8. pombe,
limiting phosphate and the presence of PE, have more specific
- implications in the synthesis of DNA than the factors that have
. been mentioned in the previous paragraph, and it is easier to
imagine how they could be influencing the change in the DNA
synthesis cycle. The presence of phosphate is necessary fbr
the production of deoxyribonucleotide triphosphates, and in“
this connection it is interesting to note that the first sign
of a change in the rate of synthesis of DNA in random EMMpl
cultures coincides with the time at which the level of phos-
phate in the pool begins to drop.

Phenyl ethanol has been shown to inhibit the initiation of
the S phase in bacteria (Lark, K., and Lark, C., 1966; Trieck,
1966), possibly by interfering in some way with the association
of DNA with the initiator site. Alternatively, if the primary
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site of action is mRNA (Rosencranz et al., 1965; Slepecky and
Celkis, 1964) then the inhibition could be through the ladk of
synthesis of the initiator site. Further evidence fof the
involvement of PE in the alteration of some DNA/protein inter-
action comes from the work of Mendelsohn and Frazer (1965).‘
In in vitro studies they showed that PE had 1little effect on
DNA strand separation or on its viscosity, but that it had a
marked effect on the size of intact phage heads. In the
presence of the inhibitor the protein coat surrounding the
phage DNA was f&ubd! to shrink, though such an effect was not
—fauné:::}in the absence of DNA. The shrinkage appeared to 5e
DNA_dependent.

Within the framework of DNA/protein interactions there are
three possible sites at which the PE could be acting. The
first is that it may be al%ering the relationship between the
INA molecules and a hypothetical initiator protein, somewhat
anaiogous to that of the bacteria (Jacob et al., 1963).

Perhaps PE enhances the complexing of the DNA to the initiator
site, making it more difficult for one of the mother strands to
separate and attach to a new initiator site, or it may act by

competing with the DNA for attachment sites.on the protein, or

vice versa. If the effect was the result of competition it

should be possible to distinguish on the basis of more informa-
tion, for with each halving of the concentration of PE in the
medium the length of the Gl should be halved. Equally for



1290

each doubling in the concentration the Gl should double, which
was not the case when the concentration of PE was raised from
0.2 - 0.3%. However, at the higher concentrations of the
inhibitor other effects could be operating to mask the effect
on DNA synthesis,

Alternatively it could be having an effect on the associa-
tion of DNA polymerase with DNA such that there is a lag, the
observed Gl, before DNA synthesis can commence. In this
respect it is interesting that there is an analogous lag in the
in vitro synthesis of polynucleotides by partially purified
polynucleotide phosphorylase (Grunberg-Manago, 1963).
Grunberg-Manago suggests that there is a specific threshold
concentration of oligonucleotide primer required before
synthesis of the polymer can begin. In S. pombe the Gl may.
represent the time that is necessary for the synthesis of éome
intermediate or co-factor which is required for the polymerase
mediated DNA synthesis. In this case one would expect a
gradual increase in the rate of DNA synthesis as more intei-
mediate is made, unless an all or none effect is operating due
to a threshold concentration phenomenon. The data are ﬁot
sufficiently good to tell whether the start of the S phase is

gradual or rapid in the presence of PE.

The third possibility is that PE is affecting the associa-
tion of histones and proteins with the DNA, so that different

physical conditions are required before the two can dissociate
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prior to synthesis. The observation that, in the presence of
PE, phage head shrinkage occurs suggests that there is a tighter
association between the two, which, in the continued presence of
the inhibitor, might require more extreme conditions for separa-
tion to occur. That separation of histones and DNA must occur
prior to synthesis of DNA is suggested by the inhibitory effect
of the former in in vitro DNA synthesising systems (Bitten and
Hnilica, 1964). In this case the Gl reflects the time it takes
for the nuclear environment to éhangeﬁin such a way that
synthesis can occur. The dissociatioﬁ between the proteins and
DNA is likely to be dependent on many factors, but once the
correct environment ié present it could be as rapid as in normal
cells, resulting in a distinct change from Gl to S. Once the.S
pPhase has started it is likely to be of the same order of time
as that in normal cells because the condifions necessary for the
dissociation of proteins from DNA would be throughout the

nucleus.

It has been suggested that the primary site of PE
inhibition is messenger RNA, but it is unlikely to be the case
for S. pombe grown in 0.2% PE, because under these conditions
the net synthesis of proteins is restricted to G2 (Stebbing,
pers. commun.,). During this period of the cell eycle the‘
amount of protein doubles in much the same way as it does in
normal cells. If the primary effect was an inhibition, or a

slowing down, in the rate of mRNA synthesis the increase in the
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)

amount of protein would be expected to occur over the whole
cell cyecle. It may be the case that whatever is causing the -
delay in the initiation of the S phase is also causing a delay
in the initiation of transcription, and that, once the
conditions necessary for the initiation of S are met, trans-

cription may also proceed.

Another peculiarity of the S. pombe cell cycle is the
extremely short S phase. Although it was not possible to get
a precise measurement of the length of time that cells epend in
DNA synthesis, the shapes of the DNA curves in the synchronous
and lag‘phase cultures suggest that it is of the same order of
time that the cells take to complete fission. This is a |
fairly quick process and probably does not take 1oﬁger than
10 minutes, so the length of the S phase mﬁst be about the same.
It is short compared to the majority of DNA synthetic periods
observed in other organisms, for example, 20 minutes in E. coli

(Helmstetter and Cooper, 1968) and in the micronucleus of I,

pyriformis (Plickinger, 1967), 30 minutes in S. cerevisiae-
(Williamson, 1965), 80 minutes in the macronucleus of T. RZ£1‘
formis (Pliekinger, 1967), and 6 - 8 hours in Amoeba (Prescott
and Goldstein, 1967), plant cells (Clowes, 1965) and many
vertebrate cells in vivo and in vitro (Cameron, 1965; Cleaver,
1967). Such a 1ist is of l1little significance without the
details of growth rates and the conditions and temperature of

cell culture. Nevertheless it does show that there are large
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differences in the absolute lengths of the S phase and that

these are, on the whole, of greater length than that observed
in S. pombe.

To find examples of cells that have their S phases of
similar length to that in S. pombe one has to return again to
the sea urchin and amphibian early embryos. In the former the
S period lasts for 13 minutes at 15% (Hindegardner et al.,
1964), and in the amphibian early cleavage stages for about
12 minutes (Graham and Morgan, 1966){ Both these organisms
have a much higher DNA content per cell, 1.8 pug. in the sea
urchin, than is the case in 8. ggggé and there are theoretical
difficulties over this rapid synthesis. These are overcome by
the knowledge that synthesis can be initiated at many different
sites along individual chromosomes of higher cells (Evans, 1964;
Taylor, 1963). |

Freese and Freese (1963) in an analysis of the rate of
gtrand separation in DNA in vitro suggest that the minimum time
for the synthesis of DNA in vivo willi depend upon the rate at
which the parent molecu1e~could uncoil and split into two
"8ingle strands. This process is in turn dependent on the size
of the molecule to be replicated, such that the rate at whlch
separation can take place is inversely proportional to the’ﬁ
square of the molecular weight of the replicating molecule.

If the relationship that relates these two properties (équaﬁion

5 in Freese and Freese) is used to calculate the minimum time



133.

for the S period, it is found that DNA synthesis would take
88 minutes 1f the DNA in S. pombe was in a single molecule.
If, however, one assumes there to be about 18 chromosomes in

S. pombe, as there are in S. cezevisiae (Von Borstal, 1966),

end each represents a separate repiicating unit of DNA, the S
phase could be completed in about 20 seconds [§§~5§§9}. This
is clearly a value for the minimum time in whichlghe S period
could be completed, and in practice some other factor is
probably rate limiting; but it does show that the short S phase
observed experimentally is theoretically possible. There-may
be more than one replicating unit on each chromosome, as there
are in the chromosomes of higher cells (Evans, 1964; Taylor,
1963), in which case the minimum length for the S phase would

become even less.

The S phase also appeared to be constant in length in S.
pombe over a considerable range of generation times.  The
methods used in these studies were not suited to an analysis of
the length of the synthetic period, but the results they gave
do suggest that there were no large changes in the length of
the S phase, Thisfcontrasts with the eafly amphibian develop-
ment where the increase in the cell cycle is accompanied by a
corresponding increase in S, from about 12 minutes during the
first divisions to several hours at the gastrula stage and
afterwards. What causes this lengthening is not known and it

couid be due to one of several processes. Perhaps, after the
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initial divisions, the levels of one or more of the deoxyribo-
nucleotide triphosphates become limiting such that the rate of
synthesis of DNA is dependent on the rate of synthesis of 1ts
precursors (Schmidt, 1966). Another possibility 1s'that, .
after the initial divieions, the amount of polymerase per cell
is reduced so that it affects the rate of DNA synthesis.
Alternatively there may be aomé spreading out of the times at
which different replication units initiate their synthegis.

In differentiated higher cells there is asynchrony of iﬁitia¥
tion of synthesis along chromosomes (Evans, 1964), and theA
ésfablishment of this condition would contribute to a |

lengthening of the total S phéée.

Whereas the absence of a Gl phase and the short S‘phase,f
are unusual propertieé of cell cycles, the constancy of.thefGé :
phase under different environmental con@itione is more | |
universal. The‘term 'constant' can be used to refer to thé.
length of G2 in either absolute terms or relative terms.' In
the former, although the experimental conditions may dauseﬁan
extension in the cell cycle, the length of the G2 would be-of
the same length as in the normal cycle. However, the relative
length of the G2 will have decreased as a result of an increase
in one or more of the other phases of the cell cycle (e.g;
Sisken et al., 1965; Rao and Engelberg, 1966). Alternatively,
the relative length of the G2 phase may not change, due to an
absolute increase in its length (e.g. Schaechter gﬁigl.; 1958).
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In practice both these elements arise as a result of environ-
| mental changes, but on the whole the absolute increases are

less marked than similar changes to the Gl phase.

The environmental changes can be considered in three
classes - temperature, nutritional and inhibitor effects.
Changes in culture temperature resulted in absolute increases
in all the cell cycle phases of §. pombe, with tbe result that
there was no relative change in them. In this respect the DNA
Asynthesis cycle behaves in a similar way to the increase iﬁ
volume of this organism (Mitchison et al., 1963), in that the
patterns of increase over the cell cycle are the eame over.
quite a lerge range of temperatures. This can be compared to
the change in the pattern of dry mass increase when cells are
cultured at 1700 (Mitchison et al., 1963), and suggests that
the amount of DNA per cell is not closely related to the

control of dry mass increase.

The response of S. pombe to changes in the composition of
the medium is more complex. When the carbon source was
changed to glycerol there were absolute increases in the
lengths of the cell cycle phases so that the normal relation-
ship between them was maintained. The response of S. ggggg to
a culture temperature of 1700 or the presence of glycerol is
atypical compared to the other cell systems mentioned in
chapter 6. The increases in the generation times due to these

treatments was almost entirely a result of an eAteneion to G2,
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with no preferential effect on the other phases. With a
several fold increase in the generation time some absolute
increase in G2 would be expected, but not so much as to account

for the total increase in the generation time.

During continuous culture 1n4iimiting phosphate a quite
different pattern was observe&;. The mean amount of DNA per
nucleus was found to be 0;0151 Rpg. DNA, which was not signifi-
cantly different from the estimated amount in a le¢ nucleus.

This would suggest that the S phase in these cultures was just
before nuclear separation, so that only a small proportion of
phosphate starved cells existed in G2. The G2 phase in normal
cultures, growing at 3200, is about two hours, and the genera-
tion time of the phosphate starved cells was 24 hours, so a G2
of the same absolute length of that in normal cultures would
represent less than 0.1 of the cell cycle. Measurements of the
mean DNA content of nuclei would not be sufficiently sensitive
to pick up tha presence of a small proportion of @2 nuclei, so
the results are not inconsiatentnwith the presence of a G2 phase
of similar absolute léngth to that preaent in normal cultures.
Thus, in the phosphate starved continuous cultures the G2 phaae
probably remained constant in absolute length but was reduced

drastically in relative length.

A more striking demonstration of the constancy, in absolute
terms, of G2 is given by the experiments with PE. Although the

generation time was increased, and the initiation of the S phase
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was considerably delayed in these cultures, the interval
between the S phase and the following nuclear division was

similar to that in normal cultures.

In the examples ciféd above either the absolute or the
relative length of the G2 remained constant according to the
environmental changes that were made. Th¢<ohly time that it
might be said that there was both an absolute and relative
increase in the length of the G2 was during the lag phase, -
where it was of the order of 3 - 4 hours, depending on theil-'
culture medium and the lengfh of time tha% cells had been in
stationary phase prior to inoculation. The lag phase is,
however, a time of unbalanced growth, when the cells are
increasing to a size greater than that at any timé during

logarithmic growth (Johnson, 1968&).

The DNA synthesis cycle of S. pombe is therefore unusual,
but some of its featufes are advantageous for the study of the
control of macromolecular syntheses in the cell cycle. The
ability to shift the S phase in the cell cycle has advéntéées
when the causal relationships between events are being C
considered. This ability has beep'demonstrated in many
organisms, but most of the agents that bring about such changes
are non-specific for DNA synthésis and it would be difficult to
know what would be 'cause' and what would be 'effect'. Thié
can ﬁe overcome by the use of inhibitors that specifically
attack the Dﬂﬁ_synthetic process, but to date such inhibitors
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result in the eventual cessation of growth. The effect of PE
on S. pombe, therefore, provides an unique system in which the
S phase can be specifically displaced in the cell cycle in cell
cultures that maintain balanced growth indefinitely. In the
presence of 0.2% PE the S phase is moved from about 0.85 in one
cycle to about 0.35 in the next, and a change of this_magnitude
should allow the relationship between the chemical and bheno-
typic replication of genes to be analysed in more detail.

Also, because the inhibitor seems to be affecting the initiation
of the S phase, a further examination of the phenomenon could
permit a greater understanding of the events necessary for the

initiation of DNA synthesis.

Another feature of the cell cycle of this organism, which
is useful in some respects, is the shortness of the S phase.'
It has the disadvantage that it makes the analysis of the
synthetic process difficult, but in relation to the other
events it provides a distinct marker to which they can be
related. Because the initiation and completion of DNA
syntheéis are so close in time the S phase can virtuall& be..
considered as a single event, which shows very liftle overlap
in the whole cycle with the other synthetic processes. This
feature accentuates the difference between the chemical replica-~
tion of genes (DNA) and the ddﬁbling of - the gene products, and

clearly shows that there is a delay between them.

The measurement of various gene products in §. pombe has
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been discussed in the introduction in chapter 1, but mention of
some of them could be made again to illustrate this intriguing
phenomenon. Iwo blosynthetic enzymes, aspartate transcarbamy-
lase and ornithine transcarbamylase, are synthesised in short
bursts at 0.4 of the way through the cell cycle, whereas |
tryptophan synthetase is synthesised in a burst at 0.9 of the
way through the cycle. The enzymes, sucrase, alkaline phos-
phatase and acid phosphatase, are synthesised continuously
throughout the cycle though they show a discrete doubling in
the rate of synthesis at 0.4 of the way through the cycle.

The rate of synthesis of induced sucrase also ddubles at 0.4 of
the way through the cell cycle (Mitchison, 1967). With the
exception of tryptophan synthetase all the engymes studied so
far double in quantity or in the rate of synthesis at a time
which is intermediate between DNAwpynthesis and nuclear
division. There are basically two processes which take place
before the information contained in the DNA code is expresséd
in the form of a protein. These are transcription and trans-
lation, and there must be a delay in one or both of these
before information is expressed in S. pombe. The separation
of the chemical replication of a gene and the doubling in the
quantity of its product has been shown before (e.g. Tauro et
al., 1968; Masters and Donachie, 1966), but S. pombe also
shows the separation of the chemical replication of a'gene and
the doubling in the rate of synthesis of its product, which, 1h

the bacteria, for example, are very closely related in time
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(reviewed in Donachie and Masters, 1968).

L}

The other aspect of this phenomenon is the relationship
between the timing of DNA synthesis and the behaviour of cells
following ultraviolet irradiation, and their resistance to the -
damage to DNA due to 32P decays. Cells are extremely resistant
to killing by ultraviolet light and 32P decays between 0.4 énd
0.6 of the way through the cell oycle, whereas they are highly
sensitive to these treatments between 0.9 of one cycle and 0,.2-
in the next (Swann, 1962). - The change from extreme sensitivity
to resistance coincides with the point in the cell cycle at
which tﬁere is a change in the distribution of deaths of
daughter cells following irradiation of the parent cell.
Irradiation of cells from 0.0 to 0.15 in the cycle yielded a
1:1 ratio of similar and differential deaths in the progehy of
the irradiated cells, whereas irradiation after 0.45 of.the way
through the cell cycle yielded almost completely differential
deaths in the daughter cells (Swann, 1962). The simplest
interpretation of these results, and the one that is put férﬁard
by Swann (1962), is that the rise in resistance to killing and
the changeover from similar to differential daughter deaths
represent the time at which 'gene' (DNA) replication takes place.
It clearly is not the chemical replication of the gene in téfﬁs‘
of its DNA content, but what precisely the ultraviolet irradia-
tion experiments are measuring is not possible to say at the

present time. The effects of ultraviolet light are complex
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and numerous. It can cause modifications in the bases within
DNA (reviewed by Shooter, 1967), produce'cross-links betweed
different strands of the DNA (Marmur and Grossman, 1961), and
form cross-links between DNA and pfoteiu (Smith et al., 1966).
Added to these, damage due to ultraviolet light can beArépéired
by enzyme systems which have been shown to be present in 8.
pombe (Clarke, 1968). More information is needed about the
processes involved in ultraviolet light and 52P-decay damage
before it would be possible to identify the component of a

'gene' that these treatments are measuring.

The results presented in this thesis are essentially a
description of the DNA synthesis cycle and give little informa-
tion on the mechanisms that control the initiation and ﬁain—
tenance of DNA synthesis. They_d; show that the initiatién of
the synthesis phase can be displaced in the cell cycle and an
analysis of this phenomenon could yield 1nformati§n about the
processes necessary for the start of DNA synthesis. These
resulte also suggest that, ih this organism, once the S phase
has started it is always carried to completion in approximately
the same length of time that it is when the cells are gfown |
under optimal conditions. This raises the question of whether
it is possible for initiation to occur without the completioh
of the S phase, and whether the conditions necessary for the
initiation of S are sufficient to ensure the completion of the

S phase. Within the broader context of the control of other
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macromolecular syntheses these results raise the question of
what is causing the delay between the replication of the DRA
within the genome and the doubling in the gene product. The
knowledge of the pattern of DNA synthesis in S. ggggg,paé added
to our knowledge of this organism's cell cycle, but in.doing so
it has raised several further questions related to the control

of macromolecular synthetic pathways.
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Summary

Estimations of the mean DNA content of cells of Schizo—

saccharomyces pombe at various stages of the growth cycle wére

made. From these it was found that lag phase cells contain
0.0292 ppe- DNA per cell, log. phase cells contain 0.0576.Pyé.
DNA per cell, stationary phase cells, in Edinburgh Minimalr
Medium 1, contain 0.0199 ppg. DNA per cell and spores contain
0.0146 pug. DNA per spore. |

From these results it was suggested that the pattern of
DNA synthesis in the cell cycle of S. pombe is as follows.
The synthesis of DNA is fairly rapid, of the order of 15
minutes, and occurs immediafely after nuclear fission and
migration. The cell cycle is therefore pre@ominantly composed

of G2, there being very little Gl.

This pattern of DNA synthesis was subsequently confirmed

by an analysis of synchronously dividing cell cultures.

A study of the amount of mitochondrial DNA present in
cells during log. and stationary growth phases showed that the
proportion of mitochondrial DNA increased as the cells passed
into stationary phase. During logarithmic growth about 1% of
the total DNA was mitochondrial DNA whereas in stationary phase
this increased to 8%.

The mean DNA content of stationary phase cells suggested
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that, under the limiting conditions present at that stage in
the growth cycle, a8 significant Gl phase could be inserted into
the cell cycle.

Experiments involving variations in the level of phosphate
in the medium showed that it was possible to determine ﬁhether
cells would enter stationary phase in Gl‘or G2. By “growing
the cells in a chemostat under conditions of limiting phosphate
the cell cycle could be altered so that the majority of it was
the G1 phase. | |

Variations in the growth rate brought about by alteration
"of the growth temperature, or substitution of glycerol for
glucose in the medium, lengthened each DNA synthesis phase in

proportion to the increase in the total generation time.

The effect of the DNA syntheéis inhibitor, ?—phenyl
ethanol, was investigated and it was shown that it had an
unique effect on S. pombe. At a concentration of 0.2% of |
2-phenyl ethanol.the cell cycle was:changed so that a Gl phas;
occupied approximately half of the total cycle. Cells could
be cultured indefinitely in medium containing  this concénfration

of the inhibitor.

These results were discussed in relation to other work onm-
the fission yeast and the DNA synthetic patterns in other

organisms.
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Appendix 1
Culture HMedia

The following were the composition of the media:

Edinburgh Minimal Medium 1 - EMM.1 - for Schizosaccharomyces pombe.
(Modified from minimal medium in Leupold, U., Arch. Jul. Klaus-
Stiftung, Zurich 30 506 (1955).)

In 1000 ml. water:

(A) € - source Glucose | | 10 ge;
(B) K - source NH4Cii'- 5 8.
(C) Salts Sodium acetate | 1 g.
' (buffer) o
KC1 . | 1 g.
M5012 - | 0.5 g¢

,NaH2P04 . 10 mg.

Na2804 ,10 ng.

CaCl2 10 mg.

(D) Vitamins. Inositol. ' 10 mg.

Nicotinic acid 10 mg.

Calcium pantothenate -1 mg.

’ Biotin n 10 pg.

(E) Trace elements H3BO3 .. 500 pg.
Mnso4.H20 400 pg.

2050, . TH,0 400 pg.

FeCl;.6H,0 200 pg.

H2M004.H20 : 160 PE.

K1l 100 ng.

Citric acid 1000 ps.

e e

: . The pH of this medium is about 5 3 before growth of cells, but
is reduced to about 4 6 in statlonary phase cultures. N }
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EMM 2 is the same except that the phosphate concentration
is 30X higher - i.e. 300 mg./L. This should be added '
separately to the final solution. EMM 2 gives a higher final
yield of cells and prevents phosphate depletion of the medium.

Malt Extract Agar
" In 1000 ml., distilled:
30 gms. of '0Oxoid' Malt Extract
15 gms. powdered bacteriological agar
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Appendix 2
The Ea%on Press

The press used was a modification of that describdbed
originally by Eaton (1962). The cylinder block and the
receiving tube block were machined from a cylindrical bar of
stainless steel as shown in figure 39. The cylinder block had
a central hole, 2 cm. im: dismeter, into which fitted the piston,
except for the bottom 2 em. = In this region phere was a small
hole, 1 mm. in diameter, through which passed the cell suspen-
sion during operation of the press. The piston was machined
from stainless steel, hardened andlground to a diameter
0.050 cm. less than the diameter of the cylinder. The bottom
of the cylinder block had a reduced diameter which fitted into
a recess in the top of the receiving tube block. The latter
had a central hole which would Just take a 10 ml. stainless .
steel MSE centrifuge tube. There were grooves cut radially in
the top of the receiving tube block, and a 2 mm. hole between
the tube compartment and the base, to allow free passage of air

avoiding a build up in pressure in the collection compartment.



Pigure 39. The Eaton Press.
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Appendix 3
The Practionating Device

Pigure 40 shoﬁs a diagram of the device. Essentiélly it
was composed of a 20 ml. syringe (without its piston), a 2 ml. -
syringe and a hypodermic needle all connected via a three way
stop~cock. The 20 ml. syringe served és a reservoir for
liquid paréffin and coﬁldnbe connected to the 2 ml. syringe by
opening the tap between thesé fwo. | Once the 2 ml. syringe was
full the tap could be changed so thaf the small syringe was now
open to the needle. The rubber bung over the needle was
tightly inserted into the tube containing the gradient to be
fractionated. The bottom of the tube was pierced with a fine
heedle and, because the seal between the tube and the bung was
airtight, little liquid was lost. Fraétione of a given volume
could then be collected by dispensing a given amount of liquid |

paraffin from the small syringe.
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Appendix 4

Derivation of the Equation Relating Stage in the Cell
Cycle to the KNumber of Cells that have passed that Point

\\ Area fraction of total a

No/2

No

T t

and when ¢+ = T n = '

= Noe

e—kt _ 3
?k?“;‘;ibg;eg]

find d, such that

d T
J Noe ¥%34¢ = a’[ Noe ¥%g¢

o

(e = a (e7HT

o =8
e~¥d_y = a ekt o
-kd _ a
e =1 - 3
= - - 8
kd = log.e(l 2)
a
g‘ _ 105’8(1 - '2')
T log. 2

-~

| " This equation was derived by Dr. M.H. Williamson in |
{ 1964 when he held a lectureship in the Department of Zoology,
- University of Edinburgh... - | |
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Appendix 5

Index to Materials and Methods

Cell Counting

Cell Plate Index

Continuous Culture Apparatus

Coulter Counting

DRA Estimation, the Diphenylamine Method
Fluorometric Assay for DNA

Growth Media and Conditions
Mitochondrial DNA: Extraction, Isolation and Analysis
Nuclear Staining

The Organism

Phosphorus Determinations

RNA Estimations

‘Separation of Spores

Synehronisation Procedure

Viability Counts
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SYNTHESIS OF ENZYMES AND DNA
IN SYNCHRONOUS CULTURES OF
' Schizosaccharomyces pombe

By C. ). BOSTOCK, Dk W. D. DONACHIE*,
Dr. MILLICENT MASTERS*t
and Pror. J. M. MITCHISON

Department of Zoology, and Institute of Animal Genetics,
University of Edinburgh

HERE has been considerable interest in recent years
in the production of enzymes by synchronous cell
cultures'-*®. The long-term aim of this work is to under-
stand the mechanisms which regulate the rate of synthesis
of specific proteins during the cell cycle. We have assayed
a number of enzymes in synchronous cultures of the fission
yeast, Schizosaccharomyces pombe. We have also used
these cultures to determine the pattern of DNA synthesis.
This has previously been an intractable problem because
of the difficulty of selectively labelling the DN A4,
Synchronous cultures -of 200-700 ml. of S. pombe .
(N.C.Y.C. 132) in Edinburgh minimal medium?® (1 — 4 x
10¢ cells/ml.) were prepared by the method of Mitchison
and Vincent®. Glucose gradients were used instead of
sucrose gradients in order to avoid perturbing the culture
by changing the carbon source. In some cases, an
asynchronous control culture was prepared from the
remaining cells in the gradient after the top layer had been
removed to make the synchronous culture. The cultures
were grown at 32° C and samples removed -at intervals
for enzyme assay (washed and freeze-dried), DNA assay,
scoring of cell plates and, sometimes, cell numbers.
Aspartate transcarbamylase (ATCase) was assayed by
resuspending -freeze-dried samples in 0-1 ml. 1 M glycine
(pH 9-5) and 0-1 ml. 0-25 M z-aspartic acid (pH 9-5) in an
ice bath and then adding 0:1 ml. carbamyl phosphate
(4 mg/ml.) to complete the reaction mixture. ' The
reaction was carried out at 28° C and the carbamyl
aspartic acid formed estimated by the method of Gerhart
and Pardee!’. Ornithine transcarbamylase (OTCase)
was assayed in exactly the same way, except that 0-03 M
L-ornithine was substituted for the aspartic acid. The
citrulline formed was estimated by the same method as was
used for carbamyl aspartic acid. Alkaline phosphatase

* Present address: Medical Research Council Unit for Microbial Genetics
Research, Hammersmith Hospital, Ducane Road, Londén, W.12.

t Post-doctoral Fellow of the National Institute of Child Health and
Human Development, U.S. Public Health Service.

'
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‘Fig. 1. ATCase (a), DNA (b), cell number (¢) and cell plate index (d
. in a.’ synchronous culture .
was assayed by the method of Torriani'®. Sucrase
(invertase) was assayed by the method of Masters et al..
A similar method was used for maltase, with maltose as
the substrate. DNA was measured by a modified version
of the fluorometric technique of Kissane and Robins?®.
This is up to a hundred times more sensitive than the
diphenylamine reaction®. Coniparative tests with the
two methods gave very similar DNA values with this
material. The cell plate index (percentage of cells showing
the transverse cell plate which precedes division) was
measured on dried smears which were negatively stained
with 10 per cent waterproof black drawing ink and then
stained with 0-25 per cent crystal violet. This index
is analogous to a mitotic-index and is constant at about
10 per cent in a normal culture growing asynchronously.
Cell numbers were determined by counting in & haemo-
cytometer. /

In the synchronous culture shown in Fig. 1, measure-
ments were made of ATCase, DNA, cell numbers and cell

2



plate index. There were two synchronous divisions and,
slightly before them, two peaks in the cell plate index.
' DNA synthesis was sharply periodic' with a doubling in
total amount at about the time that the cell numbers
doubled. In a series of similar experiments, the mean
time of DNA doubling was a little earlier (about 15 min)
than the doubling in cell numbers. This relation is shown
in Fig. 3c. The single nucleus of S. pombe divides shortly
before-the appearance of the cell plate?*. It seems, then, .
that DNA synthesis, at least in these synchronous cultures,
has the following pattern. At the completion of nuclear
division, the DNA synthetic period (S) commences almost
immediately. There is therefore little or no presynthetic
(@1) period between nuclear division and the S period.
It is difficult to determine the exact length of the §
period but in a number of experiments (including that in
Fig. 1) the rate of increase of DNA during the S period
was the same as that of the cell numbers. This would
imply a very fast replication process. Finally, there is a
long~postsynthetic period (G2) before the next nuclear
division. A restricted period of DNA synthesis during the
-cell cycle is the usual pattern of higher cells and it also
occurs in budding yeast??:23. It is less common for G2 to
occupy most of the cycle, though two other organisms
in which this is known to happen are the slime mould
Physarum®* and sea-urchin eggs?®>. DNA synthesis in
S. pombe is at present being explored by one of us
(C.J.B.). : '
Fig. 1 also shows that ATCase activity rose in steps.

" Assuming that the enzyme is stable, it is synthesized

only during a restricted period of the cell ecyecle. The - ‘

length of this period would seem to be rather longer than
that for DNA synthesis. The time of initiation of the -
burst of synthesis is the middle of the'cycle in each of the
two cycles. A similar result with another synchronous
culture is shown in Fig. 2. In this experiment, a control
asynchronous culture was set up from the same gradient

- and it showed an exponential increase in ATCase activity

without any steps. The periodic nature of enzyme
synthesis is therefore a property of the cell cycle and not
simply the consequence of re-inoculating the cells from the
gradient into fresh medium. The initiation times from five,
experiments are shown on a cell cycle map?*3 in Fig. 3a.

OTCase activity followed a very similar pattern except
that the steps were less well defined and somewhat more
variable in their timing in the cycle (Figs. 2 and 3b).
The average initiation times for the ATCase and OTCase
steps are plotted on a cell eycle map in Fig. 3¢, together
with the mean cell plate peak and the mean mid-point of
DNA synthesis. Although there is a difference between
the ATCase and OTCase means, it is not statistically
significant. L

We have also measured the activity of three other
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enzymes—sucrase, maltase and alkaline phosphatase. The
first two are at basal level in Edinburgh minima] medium
(where the carbon source is glucose) but can be induced
by. the appropriate carbon source. Alkaline phosphatase
appears .to be constitutive since its activity per cell
cannot be altered either by raising or by lowering the
phosphate content of the medium. This enzyme has also
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Fig.2. OTCase (a) and:ATCase (b) in a synchronous culture, and ATCase
" in a control (¢) asynchronous culture from the same gradient. The arrows
indicate the cell plate peaks in the synchronous culture, as in Fig. 1

been shown to be constitutivé in arother yeast?. With

all three enzymes there was a continuous increase in -

activity through the cell cycle in synchronous cultures.

Three experiments with syrichronous and control cultures

are shown in Fig. 4. There was an initial fluctuation in the
maltase activity which occurréd in both synchronous
and control cultures and was probably a result of the
synchronizing procedure. These enzymes, unlike ATCase
"and OTCase, appear to be synthesized continuously and
‘smooth curves have been drawn provisionally through the
points on the logarithmic plot in Fig. 4, but there may
in fact be changes in the rate of synthesis similar to those
. found with repressed enzymes in synchronous bacterial
cultures (alkaline phosphatase in Bacillus subtilis®, alkaline
phosphatase and B-galactosidase in Escherichia coli®).
This point is being investigated by one of us (J. M. M.).

One purpose of this work was to discover whether all
enzyme synthesis during the céll cycle was periodic, as
reported for Saccharomyces cerevisiae®:®, or whether it was
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periodic for some enzymes and continuous for others, as in

bacteria®6. The results reported here indicate that

both periodic and continuous syntheses of enzymes oceur.
Furthermore, it was found that basal synthesis of the
sucrase and maltase was continuous, while there was

periodic synthesis of ATCase and OTCase which may be

.

controlled autogenously®. In this respect, therefore, the .

results obtained with S. pombe are identical to those
obtained with B. subtilis and E. coli*-¢. ‘The constitutive
synthesis of alkaline phosphatase was also continuous.

- An opposite result to this has been found in budding yeast

where there are two steps in this enzyme in each cycle®.:

This may be due to differences in the degree of repression
in the two systems since alkaline phosphatase activity in
synchronized B. subtilis is continuous when fully repressed®
and stepwise when derepressed®. The continuous synthe-
sis of this enzyme and of the sucrase and maltase is in
accordance with the hypothesis that periodic enzyme
synthesis results from the operation of a fced-back of
end-product on enzyme synthesis®*¢.2728, Tt is also
possible to explain',continuous synthesis in terms of
periodic transcription through the cycle of a number of
genes in different positions on the genome®. Without very
accurate assays, it -is impossible to distinguish a curve
showing continuous rise in enzyme activity from . one

with more than two or three steps. This explanation would -

. not, however, account easily for the doublings in rate of
synthesis at a particular point in each cycle in the bacterial
systems?5.

Another object of this work was to detérmine whether

L 4 (a)

“} YW 9w 4
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_ Av -
[ Y v {' L} : — )
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fe) A DNA
} ‘ ‘ 1 : 7 (¢)
DIV t biv
Ccp
0 50 100 '

. Min .
Fig. 3. Cell cycle maps of-enzyme steps. (a) ATCase from five synchro-
nous cultures. Each triangle is the initiation time. CP is the cell plate
peak. (b) OTCase from four synchronous cultures. (¢) Overall map.for
ATCase (A) and OTCase (0). DIV is cell division (mid-point of rise in
cell numbers). DNA is the mid-point of rise in DNA
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the initiation of periods of enzyme synthesis was closely
. connected with periods of gene replication. The results
show particularly clearly that initiation of enzyme steps
can oceur during periods when there is no net DNA syn-

thesis. This confirms for S. pombe the conclusion reached
.for B submhss :

100 T

i

“10

-- Enzyme agtivityfml.

1 . 2
0o . 5
Time (h)

Fig. 4. Alkallne phosphatase (a), sucrase (b) and maltase (¢) in synchro-

nous cultures and in control (a’, ¥’ and ¢’ respectively) asynchronous

cultures from the same gradlents The arrows indicate the cell plate
peaks in the synchronous cultures, as in Fig. 1

+

These results therefore extend our knowledge of the cell
cycle of fission yeast and indicate that similar modes of
enzyme synthesis are found in both prokaryotlc and
eukaryotic cells.

We thank Mr. J. G. Creanor and Miss Helen Grozier _
for ‘their :technical assistance. ; This work was supported -
by a grant Erom the Science Research Council.
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