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INTRODUCTION,

Xt is only couparatively recently, since the advent of
methods for preparing synchronous cultures, that cell biclogists
have been able to explore biochemical changes in cells that occur
with tige as the cell traverses its cycle. UYith the wvidespread
application ef the various mothods nov available for producing
synchrony a large body o6f data has acerued and this data may be
broadly described as descriptive; the mnjor fact to emerge has
been that many of the cells activities are periodic. Hence the
cell has toaken on a nev complexity, a complexity in time. |

Az yot the pheremcnon of periodic synthesis of cell
constituents remmins almost totally unexplained and without a much
pore comprehensive knovledge of the elcments of molecular control
mechanisms it io 4ifficult to construct testable hypothoses. Two
such hypotheses have been forvarded and will be discussed in
outline below but it is quite certain that the study of periodic
syntheses will cccupy am inmportant position in the field of cell
biology for some time to come. .

Two major cell constituents have been found to be synthe-
aized in a periodic mamner, namely DNA and some enzymes, vhilst
other enzymes have been shovn to be continmuously synthesized but
to display periodic increases in the rate of synthesis. Periodicfty
of nuclear DNA synthesis has been found to be a universal feature
of higher cells and their cell cycle is quite coomonly subdivided
into phases determined by ¢he amount of DA in the nucleus.

The periodic synthesis of enzymes has also proved to be
a universal phencmenon and this field has recently been reviewed

by Mitchison ('69a) wvho has deseribed the tvo major hypotheses
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currcat in the field,

The first of these hypothoses Hitchison hos called
oscillatory repression and it was first put forvard by Hasters and
Donachie and expanded by Goodwine Briefly the theory postulates
that the periodic rises in enzyme activity obgerved in synehronous
cultures represcnts the free or possibly eatrained oscillation of
a control system vhich incorporated a negative feedback loop. The
entrainment idea arose as a necescity of explaining the fact that
the oscillations vere of a cmece per cycle nature and the suggestion
is that the entraining event is the doubling of the relevant' gene
vhich changes the paremetera of the systen. The theory was pro-
pounded to account for results obtaimed from the study of
synchronous cultures of bacteria and is an extension of the theory
of enzyme synthesis control put forward by Jacob and Menod but there
is no inherent objection to the oxtension of the theory to higher
cella.

The other theory was proposed by Balvorson and his group
to account for their observations of periodic fluctuations of
enzyne synthesis in synchronous cultures of budding yeast and has
been called by Mitchison tho lincar reading theory. This ﬁ;heory
simply osserts that the enzyme 'steps® are due to a wave of trang-
cription eleng each chromosome in such a way that each chromoscme
ioc completely tramscribed once per cycle. The theory suggests that
reading of the chromeosome is from ome end and passes through the
centromere to the other end of the chromosome.

At the present both of these theories suffer from the
dravback that they are both rather aifficult to test. They are

important, however, because they represent scme of the first fruits
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of an approach to the investigation of the coll cycle which is
experimental as well as-being descriptive.

Recently [itchison has framed a general approach to the
study of periodicity in the cell cycle which is both experimental
and descriptive vhich he calls 'marker analysis' (Mitchison '69b).

In short this method entails mapping the cell cycle in terms of
periodic events at all levels using morphological criteria as well
as biochemical ones and then comparing the map sequence of cell
cycles measured under a rangevof different experimental cone
ditions. The purpose of meking such comparisomns is to try to
divine relationships between periodic events'and to establish
‘causal sequences' of inter-related processes. Clearly the
success of this method depends both upon the investigation in
depth of a few convenient types of cell and upon the development
of methods of modifying the normal cell cycle. It was to try to
develop a fimely coatrollable meothed for distorting the cell eyocle
of Se.pombe that this work was initiated.

The cell of interest in this study is the fission yeast
Schizosaccaromyces pombe which has been the subject of interest
in this laboratory and has been studied for many years both by the
obzervation of single cells and, with the development of the
density gradient technique for producing synchronous cultures
(Mitchison and Vincent), by biochemical methods. Uthen this
project was bogun all of the major cell constituents had been
investigated to some extent and DNA and several enzymes had been
found to be synthesized periodically in the cell cycle (Bostock
et al).

At the outset it was decided that the most profound way in
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vhich the cycle could be distorted was to specifically imhibit
the division of the cells with some agent or treataent vhich vould
produce as little inhibition of the growth of the eell o5 possible.
It vas lmowm that this effect could in fact be produced since the
occurrence of giant cells with a norval rate of growth but an
incapacity to divide had alrecdy been moted by two workers. Gill
had produced this offect by oxposing the cells to low doces of OV
irradiation, a wethoed vhich does not lend itcelf to biochenieal
lavestigation sineo it is veory difficult to treat eeolls im bulk
ia this way,and Schopfor had produced glemt cells by chemical
inhibition with em cnalogue of inositol.

The initial problem vas thus ¢he choice of agemts to
test although some inforcation was already available as a result of
a’ previous project (A, Herring). Briefly, three classes of
division imhibitor vere knowm at that time and were comnsidered
for use; these are the alkylating agents, the stendard inhibitors
of DNA synthesis and those substances vhich attack the mitotic
appératus, the colchieine. group. Since the last of these was not
thought to have an effect upon yeasts the choice was limited to
the first tvo groups.

Two findings suggested that certain of the alkylating
agents might be of use. Firstly, Mitomycin C (heaceforth NC) had
been shown by Yilliznsoa and Scopes ('62a) to be eapable of
inhibiting tho division of S. cerevisise with no measurable effect
on grouth and this finding had boen extended o S.ponbe (Herring).
Secondly, the procduction of gicmé cells of &, poabe by Schopfer
referred to above vas suspected ¢o be due to the action of the
inhibitor uscd as em alkylating agent. This effect was found
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during an investigation of the effects of inositol analogues upon
the metabolism of S.pombe and more recent work has confirmed

that the inositol annlogue in gquestion, methylenepentahydroxycyclo-
hexteno oxide, does in fact behave as an alkylating agent (see
Deshusses et al).

There wvere, houover, difficulties attached to the usze of
alkylating agonts. The inositol analogue was not commercially
available neither was it easily synthesized. HMitomycin C was
available but the lovels of drug needed to affect the division of
yeasts vas some hundred times as high as those levels normally
used for bacteria or mammalian cells, and this made experiments
of the scale nceded for biochemical assays prohibitively expensive
if the drug was to be used by simple addition to a growing culture.
Preliminary ecxperiments upon two other alkylating egents,
nitrogen rustard and ethyl methamesulphonate, did not give giant
cells and it is probable that both these agents affect growth as
wvell as divisicn.

Thus attention was also directed towards those inhibi-
tors vhich specifically block DNA synthesis and affoct division
by arresting the cycle in the Gl rhase., The following substances
vere teste§ in preliminary experiments in which division and
grovwth vero measured in the presence of the drug: hydroxyurea (HU),
2'deoxyadenocine (AdR), nalidixic acid, 5'fluorodeoxyuridine
(FU4R) and cytosinc arabinosides All of these drugs were found
to have some eoffect on the division or growth of S.pombe with the
exccption of cytosine arabinoside. They will henceforward be
roferred to by the abreviations shown in brackets.

The most interesting of this group of inhibitors turned
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out to:be HU and AdR and my preliminery experiments were con-

tinued by Mitchison and Creanor at the same time as the work

. described in this project. I shall return to this subject later
as soma of the experimonts im this projeect were performed'with
these drﬁés.' The results of the preliminary experﬁments_a;ei
not preeented as, Lor all thc inhibitors in the lis€ above, oy

wvork has been superseded by Hitchison and Creanor S'z;g) and
mony of their Pindings havo since been publishod.

At this point the discovery was made whieh lod to the
extperiments described 4m the following pagos. NC vas by far the
best épecifie inhibitor of division which I had found in GOy pre-
'liminary tests, with no measurable affect on growth as judged by
simple criterias It wvas found that it was not necessary to use |
the drug continucusly and that a short exposure to FC produced a
dranatic division delay. This discovery meant that the cost of
MC experiments becoame reasomable, and the exploitation of this
technique soon shoved that the relatiomship between induced delay
and the age of the treated cell vas quite complex. If MC was to
be a useful probe for the investigation of the cell cycle obe-
viously its actiom had ¢o be well understood and thus the experi-
ments vhich are described belov wero inaugurated.

Uhen.this project vas begun there was only ono experiment
porformed which had utilised an inhibitory treatment to investi-
gate periodic synthesis in a synchronous oculture. This was an
essperiment perforumed dy lHasters and Domachic using a synchronous
culture of Bacillus subtiliq. They inhibited DNA synthesis with
FUAR and vere able to shou that periodic steps occurred in the

activity of the enzyme ormithine transcarbamylase for two cycles



7o

in the absence of DNA cynthesis and cell division. This clearly
decmonstrated ¢hat steps in enzyme activity could mot be accanntgd
for by a gene dosage cZfoecte
However, since this project was started thero have been

several reports of periodicity being mointained after normal
progression through the cyele has been blocked in somo waye
‘Bekotein Paduch and Hilz used synchronocus cultures of
Saccharomycoa cercvisiae and followed the changes in the activity
of DNA polymerase; they found that this enzyme follows the ‘peak®
pattern in the cell cyele with the maxirmum of enzyme activity
occuring just before DNA synthesis., X~irradiation of their
synchronous culturcs caused a long delay in DNA synthesis but the
peaks of polymerase activity continued to appear and vere quite
unaffected by the irradiatione

A Still more recently the same approach has been extended:
by Bartvell and Culotti® who have isolated temperature sensitive-
mitants of Se.cercvisiae which are unable to perform either DNA
synthesis or nucleay division at the restrictive temperaturc.
Oncof these mutants which iz blocked in DEA synthesis has proved
particplarly intoresting, as groving this mutant at the restrictive
teﬁperature does not»prevent bud initiation and the result is a
many budded chimera. Thic mutant clearly deﬁénstrates that
initiation of DNA synthesis and bud initiation are independent
and form what MHitchison has called a 'non-causal fixed sequence'
in the normal cyecle. Howevgr. another mutant shows that the
relatidnship between DNA synthesis and bud initietion must be
complex since this mutant, which can initiate but rot maintain DNA
synthesis at the restrictive temperature, does not display con-
tinued bud initiation.
* See both Hartwell and Culotti and Bartwell
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To account Lfox these results Hartwell has proposed that
the cell possesses a 'cellular clock® éhich controls periodic
events in the cycle, im this case bud initiation. Halvorson's
podel prédicts that this 'clock' is the process of sequential
transcription but the results outlined above ippose a new cone
dition, that the transcription prosess must be able to re-
initiate itself? in tho absence of the vholo process of chremoesocac
roplication. The majority of Hartwell's putants do not shov
continued bud initiation and presumably have astopped the *clock’,
but there is little evidence in yoasts that eithor DNA synthesis
or nuclear division have an effsct upon tramscription. Poseibly
this systen might provide a partial test of the sequential
transcription hypothesis. ,

I have ddscussed the work above to try to illustrate the
usefulness of inhibitors or treatments which distort the cell
cycle, as the original aim of this project was to develop a tool
for the dissection of the S.pombe cell eycle. At the present
time three such imhibitors are available, [MC, AR, and HU, and
of these three, AR and HU act im a way vhich is fairly simple
and relatively vell understood. MC, however, is an inhibitor
with a more complex mode of action which resemblos the aetion of
UV irradiation and most of this thesis is concerned with the

investigation of the effects produced by lMC.
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HMATERIALS AND HETHODS,

The organiscm used for the whole of this study was the
fission yeast Schizesaccharomyces pombee Xt 45 as well to meatién
at this point that a comprehemsive review_ of the methods used to
study S.pombe has reeently boon written by J.M.Mdtchison (°70)

and thus I shall restrict myself to a brief description of the
basic techniques and will comuent at longth only when the pro-
cedures used vere not described in the article mentioned abeve.
Four strains of Se.pombe have been used, those being N.C.¥.C.
132 and three other _strains designated o72n" , 9'75}1* and uvsl 1
(derived from 972h )e The majority of the work uas perforned
vith strain 132 and it may be assumed that this strain vas useé
unless it is specifically stated to the contrary. The cells were
grovn for all the experiments in Edinburgh Minimal Hedium number
II, the composition for which is given in Appendix I, except for
a small pumber of experiments which specifically required the
eriginal médium Ef I vhich differs only in the Phosphate con=-
centration being 30 times lover (also Appendix 1).
Stoelk cultures 02 the above strains vere naintained im

10 mis of. medium in Universal bottles énd subcul tured at intervals
not exceeding 1% days. The temperature of. grouth vas alvays 320,
and at this teuperature the gencration timc vas typically 150 mins
+ 10 mins. | |

' ' Synchronous cmltﬁrés vere made by the.methoé of Mitchison
and Vincent which éeparates young cells from a logarithmic phase
population By rate zonal cex.ntrifugatioa foilouéd by the selection
'oi‘ éloweee sedimenting cclls Lrom tﬁe gradliemt. A sucrose or

glucose gradient wvas cmployeds
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Growth of the large sube-cultures used for making the
synchronous emiturés vas monitored by following the optical demsity
at 595 mﬂ.whieh provides a convenient and quick weasure of culture
grouth. Cultures vere harvested at optical demsitios uhich
indicated cell comncentrations of'between 2.0 to 4,0 x 106 eells/mle
Tho. volunes of the Lractions renoved from am 80 ml 10-kCf% sucrose
gradient to pake the culture ﬁaried from 0,5 mls to 6.0 mls
aécééding tq tho size of culture roquire&‘and the appearance of
the gradicnte |

‘ Aftor imecculation of the sclected cells culture grovth was
' estinated by optical demsity measurcments and coll division was
measured by tvo ceparate methodse The direct method 63 measuring

cell numbor imcrease vas to use a Model B Coulter Counter fitted

with a 70 B prifi@e tube as described by Mitchisoggﬂ'?o). However,
the method most cozmonly cmployed was to calculate the cell plate
index (henceforvard CPi) vhich is an estimate of the percentage of
cells in the culture which are undergoing divisiom and thus possess
a eell plate, The CPI is the direct equivalenf of the mitotiec imdex
in highor cells. |

The CPI vas cctimated either from slides prepared from
Bamples.taken fvrom the cultures at intervals amd stained with

crystal violot as described in HMitchison (170), or by direct ob-

sorvation of the live cells using darik ground illumination with a
total magnification of about X400, The lattor method is by far
the best. as it is very quick and it is possible to tell without
doubt uhetﬁer a cell has a cell plate, which is not aluays possible
in stained preparations. Most of the data presented in this thesis
were collected by direct observation. Estimates of the CPX aée
based on counts of 200=L00 colls. Figure 1., shows the typical

fluctuation in CPI with time for a synchronous, culture; there is a
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peck at about 2 hxs which is followad by a second poak at abeut &
hre. It is these peaks in the CPI that have been used to calcnlate
moan generation timz of the cells and the mean cycle position at
any given time,and the length of induced delays. A conveantion has
been adoptcd to pim-point the so called ‘cell plate peak' (hence-
foruvard CPP); it is dofined as the time at half the breadth of the
peak of the CPI mcosured at half its height.

Yhen this value wes calculated (using both w5y own data

and that of Mitchicon and Creanor) for rine synchronous cultures

on vhich both CFI and Coulter Counter measurements had been made
the CPP was found, on average, to precede the mid-point of doubling
of cell numbers by 15 minutes. Hence, using the fission to fission
convention to define the cell cycle, the cyecle was held to begin,
for the purpoges of calculation, 15 mimutes after the CPP,

The mean generation time of a culturc is thus the time
from the £irst CPP to the sscond CPP and other cycle positions were
calculated from this datae The length of the lst cycle was con-
sidered to be the same as the 2nd and the cycle positions of events
before the firct ecll plate peak were calculated backwards from the
estinated end of the first cycle. Uhexe only one CPP was measured
an average value f_o»r the mean generatica time of 150 minutes was
assumed, this value vas derived from an average of 12 mean gener-
ation times.

Since great reliance has been placed upon measurements
of delays calculated from the displacement im time of the CPP by
various treatmeats, I shall briefly consider the ezrors affecting
the cstimate of ¢he CPP. Figure 1 shows some typical data from a
fairly good synchronous culture; the vertical bars represent the

055 confidence intervals for each cstimate of the CPI (calculated



FIGURE 1, .~ An éxparioent ¢o investigate the orrors involved
‘in tho estimation. of the time of the lst cell

plate peak of a synchromous culture.

The 6pen circles represent the rav data, wvhilst the bavrs
are 95% confidence imtervals (seco teg%). The dotted and dashed
peaks vere constructed to arrive a§ the earliest and latest
'estimaﬁes of the ppll plate peak usimg the extremes of the 95%
confidence limits; The two arrowus above the abscissa represent
the mid-point'oflthgir axtremne estimates whilst tﬁe arroy below
the abscissa represents ¢he mid-point as measured from éhe ray
datae

The ordinaﬁe is the percentage of cells ;howing cell platess
the cell plaée indeszt (CPI). |
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according to the formula given im Bailey for measuremcnts follow-
ing a binomial distribution). The dotted lines are drawn through
the coxtremes of the intervals so as to give the extrome carly and
late estimafes of the CPP. These estimates are separated by omly
13 pinutes,; moreovor, they represent very extreme egtimates because
they are calculated by combining already extreme events. As 13
ainutéa represents only 0.085 of a cycle I conclude that counting
error alone is unli,kely. to give rise te large inaccurazeies. This
view is further supported by the data in Figure 24 since it is .
vnlikely that the ereataﬁent of the three pulsed cultures affected
the division of the colls at all these data may be treated as
replicaté estimates and as such thoy are quite consistent, all the
CPP'z falling vithin an interval of 5 minutes.

Unfortunately although random counting error is thus
quite small in its effoct on the estimation of any one CPP, this
error will affect the calculation of the mean eycle position 62’
the cells three times, tuice in the calculation of the mean genera-
tion time and once in the calculation of the emd of the cycle.
Thus when a cyele position is given to ¢two places of decimals
the second place of decimals is only relevant whenm coemparing cycle
positions within the same cxperiment vhore the time between two
events, for example pulse trecatments, is accurately known.

An elternative way of preducing rather poor synchronous
cmltures"was to use tho roinoculation system described by Bostock,(168).
‘This system has only a low degree of synchrony but its advanteges
are that the cells arc in a different phase of their grouth cycle,
the lag phase, and that there is a sharp burst of DNA synthesis
vhich occurs just after reinoculation.

Harvesting of the cells was by filtration exactly as
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deseribed by Mitchison ('70). Preeautions were taken vhon harveste

ing the cells for transfer into or cut of mediun containing in-
hibitor. Oxoid membrane filtors wore used exclusively for this
purpose and care was taken to sec that not all the medivm vas ro=-
aoved from above the cells during the last stages of filtrationt :
the cells vore never alloved to dry on the filters. The use of
Ozoid filters is importaont since other filtors may affect the
grorth of cells (lHtchison and Creonor, personal commmication).

A 2.1 cm, filter vas used for volumes of culture up to 80 mls,

and above this volume a & cie filter vas uced.

Luxibitors vere added to the cultures dissolved in a
small volume of medium to give the desired concentration, and in
most experiments worc racoved again by the above procedure to
effect a pulse treatment. Hovever, this procedure could not be
adopted in the case of [itomyein C due to the fact that high con-
centrations of the drug are nceded to affect S.pombe and the price
of Mitomycin C is such that it would be quite uneconcmic to treat
the cellQé in this way. Thus the [itomycin wms prepared at required
concentration in a small volume of medium at 32% and the cells
- were resuspended in this reduced velume. HNHormally the cells wore
concentrated no wore tham = 10 by this procedure, but in some
experinents the colls wore concentrated eightyfold in order to
- treat vith the druge Toots uvith Glucostat for enhaustionm of the
medium during this concentration showod that the cells did not eox-
houst the glucose im the medium during the period of concentration
(Gotails of the Glucostat test will be given later) and it is
glucose that limits growth in BN II ([itchison, percomal commmni-
cation)s It is notable that this concentration of the cells is
'Car less severe thon they normally suffer during the mormal procedurc



FIGURE 2, - TFour estimates of the cell plate peak
nade upon a synchronous culture treated
by the concentrating procedure used ¢o

pulge tho ecolls with HCe

- Top graphse open circles = controlg closed circles -
| culture comecentrated for 15 minutes
beginning at an ostimated eycle position
of O¢d3e

Bottoa grephte open txianglos and closed circles =
oculture treated at cysle position
0s33 and 0,53 wespectivelys
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for producing the synchronous culture although it usually lasts

a little longer. Before sgmchronisaéion the cells are concentrated
to a thin paste (am eight hundredfold concentration) for some five
mimites; the mornal éuration of the pulse treatment was fiftcen
minutes, Minally es showvn in Figure 2, control experiments in
vhich the cells were conceantrated without the drug showed that the
panipnlation and concontraticn of the cells had no deftectable
effect on division. lthere the duration of the pulse was longer
than fifteen minutes cells were concentrated by factors smaller
then x 10.

The inhibitors vere removed as is deseribed above and at
this point the cells were washed free of the inhibiter by thorough
vashing vith fresh wvarm mediumi the volume of the wash was usually
approximatély equal to the volume in vhich the cells had fermally
been suspended,and in the case of cultures that had been concen-
trated for Mitomycin C pulse treatments considerably greaters

The ishibitors used in this study vere Mitomycin C (KC),
Hydroxyurea (HU), 2' Doomnyadencaine (A4R) and Cyclohexinmide (CHX).
The sources of supply and a note regarding obtaining Hitomyein C
ars in Appendix IV. Solutiocms of the drugs were wade up iomediato-
1y prior to the experiments axcept in the case of INC vhich was
dizssolved in medium a8 scon as pessible before use. The latter
precauntion vas taken since the medium has a pH of 5.2 vhich is
outcide the stadble xange of MC and thus MC cannot be considered to
be stable for long pericds in EN, and indecd there is a clear
change in the absorbance spectrum of FC left overnight in B
(D.Sutherlend, personal comzunication). HC is also subject to
dogradation by visible light (Vakaki ct al). However, the time-

course of this degradation is slow and it is not expected that
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this would contribute greatly to breakdovm of the drug during the
experimental period; some small precaution was taken by simply
keeping the solutions out of direct light and strong sunlight.
Nuclear division was estimated in synchronous cultures
by observing the proportion of bimucleate cells found in fixed
and stained cells taken from the culture at intervals. The method
used to stain the ceils was slightly different from the procedure
for Giensa staining givem in the Appendix by C.F. Robinson to
[Hitchison's reviéw (*70), but it has been found to be very catis~
factory when it is sioply desired to display a nucleus (or nuclei)
in every cell, Samples were taken at intervals from the cultures
and dried down om to pre-varmed slides. Aftervards the slides
vere washed free of medium in tap water and redried, and the cells
fixed with Carnoy's fixative (absolute alcohol, chloroform, and
glacial acetic acid in the proportions 6/3/1) for 15 minutes,
and washed thoroughly in distilled water. They were then extracted
with ribonuclease A (Sigma erystalline pancreatic Rlase) at a
concentration of 100 Ug/ml in phosphate buffer pH 7.0 for some
tﬁree hours at a temperature of 30-4000. The enzyme solution was
heated to 100°C for 10 minueeé before use to denature any DNase
present. The slides were then washed for exactly 10 minutes with
running tap wvater and stained in 4 Giemsa solution (Guer's R66)
made up in phosphate buffer pH 7.0 for 4} hours whereupon they
vere removed for inspection. IXf they were adequately stained
they were then mounted in stainm highly diluted with the same pH 7.0
buffer, most of the liquid vas removed from underneath the cover-
slip and the coverslip was then pressed down firmly to compress
the cells. The mounts were then sealed with clear nail varnishe.

Ruclear structure was not revealed by this method but the nucleus
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is strongly stained and clearly visible and it was easy to dige
tinguish cells with tuo nuelei. I?roporeione of binucleoate colls
vere estimated by scoring not less thanm 400 eells.

Cell lengths vere measured by cxamining slides of cells
stained with crystal violet and negatively stained with an Indian
ink solution (geg Mitchisom '70) vith a microssope fitted with a
graticule eyepiece. At least 50 cells vere measured and scoring
vas usually restricted to those colls with cell plates. Compari-
son of the‘ lengths of trcated cells with those of the coatrol
culture vas made by using Student's 't* tect ac modified by Bailey
for use in cases vhere the variences are unequale

The method used to estimate DVA was that developed by
C.Jds Bostock ('68) and involves the DNA extraction of Schneider
as podified by Hutchicon and Munrce and the standard Burton

diphenylamine cssay or the modificd Burton assay deseribed by

6

Giles end lyers. Samples of at least 80 x 10° cells were removed

from the culture and harvested by collection on Millipore filters:
in some early experiments Oxoid membrane filters wore used .but
these were found to give rather varisble results compared to
Hillipore filters. The filters were placed im disposable polysty-
rene tubes and stored in the deep freeze over nights Next day the
samples vere recuspended in 0,50 M pemliloric acid (PCA) at of’c. .
and the filters were removed from the tubes. After 30 mimutes the
cells were spun doun znd the supernatant removed with a pasteur
pipette redrarm to give a very fine tip ueing a filter pump adjusted
to give a lov suction. The cells were then washed in 0,50 1 PCA
and once more the supermatant was discarded. Great care was taken
to remove all the PCA with as amall a loss of cells as possible,.
025 als of 0,50 M vas added to oach tube and the tubes vere
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stoppered and pleced im a 70°C vater bath apd incubated for 20
minutes vith agitation by vortex mixer every 5 mimutes. The tubes
were then cooled ¢o 0°C and the cells gpun doun, O.2 mls of the
supernatent vas rewoved from cach tube using a capillary pipette
and assayed for purine bound desxyribsse by the diphenylemine
pothod. |

The diphenylamine (DPA) reagent uscd was either that of
Burton (2% DPA, 1.5% concentrated Anales Hasow and 0.1 aguecus
acetaldehyde (Anzlar made up at 16 mg/ml) in Avalar glacial ocetic
aeid) or im later experiments that of Giles and Nyers.(%+CG3 DPA
in glacial acetic acid with 0.1% aguecus acetaldehyde)l O.% mls
of zeagent was added %o each tube which was then stoppered and ine
cubated for 16 to 20 hours at 32°C after which the samples were
spun to remove any turbidity that had developed and then the
gbsorbance at 595 rq’l and at 700 mjl was weasured in a Hitashi
Perlkin Elmer spectrophotometer. Deoxyadenosine in 0,5M PCA was
used as a standard and calibration curves were lineayr up %o com-
centrations of 20 Hg/mls separate calibration curves vere made for
each assay. The DHA content of the samples was calculated by sube-
from the Q.D,

700 59

the calibration cuxve (O.D595 - 0..D?00 plotted against concentration

of deoxyadenosine) and assuming that if in DNA the purine to pyri~

tracting the Q.0 and comparing this value with

sldine ratio is one then ome unit weight of deoxyadenosine will
produce the same absorbltion as 2.60 wits weight of DNA. Controls
to check that this procedure does in fact measure only DNA were

peplormed by Ced, Bostock (*68) who found that all the dipheny-

lenine positive meterial vas ssensitive to deoxyribonuclease.
Protein estimations were by the method of Lowry et al,
Gells were first fractionated by a slightly modified Schmidt-



18.

Thannheuser fractionation (described N,Stebbing, 69 and *71)3 the

procedure vas as follous. Samples of between 10 and 40 x 106

cells
vere taken and harvested on Uhatman GFA glass fibre filters and
vashed with at least 100 mls of distilled water. Both the choice
of £ilter and the thorcugh washing are important since GFA filters
give a very lov background absorbtion in controls and the medium
gives a Loury positive reaction. The filters vere placed in dis-
posable polystyrene tubes and 1.5 ml of 1.0 HalH was added to ecach
of the tubes including a control containing only a filter., The PCA
pool extraction vas avoideds The tubes were then incubated for 3
hours at 32°C after wvhich the digest was agitated to dicrupt the
Zilter and a 1.0 ml gliquot vas removed from each tube ¢o another
10 ml Sterilin tube containing 1.0 ml of 1.0H PCA at 0°C. The tubes
were kept in an ice bath for a few minutes to ensure the complete
precipitation of protein and then the tubes were spun and tho super—
natant was removed and retained for the estimation of RNA. .. The
precipitate was then raised in 1.0ml of 0.2¥ NaCH containing 2%
Georycholate and loft overnight at a temperature of 32°C to ryo-
@issolve completely. The addition of deoxycholate is the modifi-
cation of N.Stebbing (169).1¢ was found by him %o aid the dissolu-
tion of the protein precipitate and to }educe the standard ezror of
_ the estimations, However, he also found that it effected the stabil-
: ity of the colour (ie;veloped in the assay. The colour was found to
reach & maximum after 8 minutes and to decline after 30 minutes after
the addition of the reagent, thus the samples were always read in
the spectrophotometer before 30 minutes had elapsed. The protein
estimation vas nade using the follouing reagents.
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Ae 0,10 [ sodium hydroxide

Be U sodium carbonate

Ce & sodiun potassium tartrate

D. 1% copper sulphate

E. TPolin=Ciocaltcu reagent (obtained from Hopkin and

Yilliams Ltds Folin-Ciocalteu for phosphatase,

diluted threefold before use).
The copper alkali solution was prepared by misting 100 mls of Ae
vith 100 mls of B. and adding 2 mls of C. and 2 mls of De in that
order, and 5 mls of this solution was added to cach 1.0 ml sample
with an Arnold H&mell_ automatic pipette to ensure good mixing.
After 10 ninutes 0.5 nls of Folin-Ciocalteu reagent was added to
the tubes whilst they were being mixed with a vortex mixer to
ensure that the roagent vas dicpersed irmediately.’ The tubes vere
then set aside and read as nmentioned above betucen 8 and 30 mimutes
afier the addition of the reagent. The absorbance at 740 gl was
read in a Hitashi Perkin Elmer spectrophotometer against a filter
and reagent blemk. The standards used to calibrate the results
were Bovine serum albumin solutions made up freshly in 0.2 M HaOH
containing 2! deoxycholate at concemtrations of 100, 200, 300 and
400 fg/ml BSA . vhich vere read against a reagent blanmk. Tho
calibration curve is not quite lincar as noted in O.H.lovry et al.

RIA vas estimated by measuring the absorbance of the

supernatant left after the precipitation of proteim by eold PCA.
fron the 1.0 M NalH digest at 260 gl and assuming that the abzor—
bance readings wvere direetly proportional to the amount of RNA
present. This assumption is reasonable since DNA in S.pombe repreo=-
sents only about 1% of the total nucleic acid (Mitchison and Lark

'62; Bostock '69) and tho pool of mucleotides during the exponen=
tial phase of grouth may be expected to contribute only 2% of the

abesorbance (N.Stebbing '69).
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The sucrace derepression experiments vere perfortmed in
the manner deseribed by J.ll.Hitchison and J.Crecamor ('69). 2% ml
aliquots were talen ot intervals fron synchronous cultures and
diluted 2 20 vith fresh wvarm Bl IX nade up without glucose. From
these dercpressed sub-cultures 3 er 4 10 o) samples were taken at
intervals and the cells were harvosted on Hillipore filters and
given cight wvasbes of distilled vwator to remove all trace of glu=-
coso$ the filters vore then removed to disposable polystyrene
tubes (Luckhanms,LP3).

To assay the sucrase activity in the samples the cells
were resuspended in 1.0 ml of 5% sucrose mived with tvo volumes of
0,067H Sorensens phosphate buffer, pH 6.8 containing 0.01M
ethylencdiaminetetra~acetate (sodium salt) and incubated, leaving
the filter in the tube for about two hourse. A4t the end of this
incubation the filters are romoved and 0.5 mls of Glucostat
special reagent {Yorthington) vas added to each tube at intervals
of 10 seconds in order. Uhen sufficient colour had developed as
Judged by eye the reaction vas stopped by the additiom of 1 ml of
0.25H HCL in the come order as the reagent ot 10 second intervals
t0 ensure a cousiant incﬁbatian time with the rengent. The cells
were then spun to the botteom of the tube and the supernatant vas
. measured for abscrbance at %00 wfl against filter and a reagent
blank in a Hitachi Perkin ilper spectrophotomoter.

Another techniﬁue used to investigate both the division
and the growth of the ¢cells vas time laopse photography of single
cells growing om a cwall pad of agar; this technique wvas develop=.
ed by Svann and has been described by him. The apparatus is a

Carl Zeiss Photomicroscope enclosed in a perspex enclosure kept at



constant temperature with an electrical fan assisted heating unit.
The photouicroscope camera is controlled by a time switch which
22y be adjuséed to control both the interval at vhich exposures
are taken and the duration of the exposurc. The agar mount is
prepared by placing a fev drops of molten agar (1.5 Oxoid Ionagar
Hos.l in BT II) on a clean slide such that it spreads to give a
saall flat pool about 1 oo deepe Uhen this has cet it is trimmed
to give a smal} pad roughly 1 cm sguare. A saoople of about 5 mls
is recoved from the culture and is concentrated by centrifugation
roughly ten times using a bench centrifuge at full speed for three
pinutes, Cells from this cencentrgto& culture are then placed on
to the pad using a storile lcop, several leopfuls are necessary,
and the pad is covercd with a clean coverslipe. Tho slide is then
placed on the stage of am old microscope the objective of vhich has
been replaced witha special tool. This tool is merely o solid cy-
linder of brass azbout the came size as a normal objective wvhich
has been threaded at one ond ¢o allov it to be scrowed into the
noge of the microscope, the other end of vhich is quite flat. Tho
microscope is racked downm until this flat end is in contact with
the coverslip and then, using the fine focus, the block of agar is
very olightly coopresced and the coverslip is Lixed im position
with four drops of hard waxe This procedure ensures that the
coverslip lies in a parallel plome to the slide so that all the
cells under the coverslip can be accommodated in the plane of focus
of the objective which will later be used %o observe theme HNext a
suzll cepillary tube, dravm down to about 250-500 microns, into
which a small drop of liquid paraffin has been draum is placed on
the slide with one cnd under the coverslip and near the agar pad.

The edges of the coverslip aro then sealed with soft wax 80 that
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the agar pad lies in a sealed chambers The purpose of the capille
ary tube is to allow the pressure within this chamber to equili-
brate with the outside vhen the preparation is tramsferred to the
constant temperature eaclosurce

The preparation must be closely imspected for any air
lcalzs as these can lcad to de;sicatioxz and ahri@ge of the agare
The agar nount can be made in a very semall space of time, some two
aminutes being anple. The preparation is then obsorved under the

photonicroscope and a suitable field of cells is chosen for obsers-

‘ vation, ian a ftypical expericent designed to observe only divisioan
thic would constitute a sample of about 150 cclls, and the photo-
microscope is adjusted ¢to begin taking exposures at the desired
¢ine lapsec. Thercafter it is only necessary to check that the
adcroscope stays in Locuc as there is a tendency during the first
two hours of the experiment for the focus to slip, probably due to
temperature eguilibration of the mount. The growth temperature in
811 experiments in this study vas 32°C. Dark grouwnd 1llumination
vas used and the comera was loaded with Kodak Panatomic x 35 om
£ilm. Illumination was the waximum obtainable and the exposure
¢ime was LO secondse

The resulting negatives were not printed but were analysed
by projecticm using @ Robot 35 2iln projectorg this is a very
convenient device vhich throus am image on to a semi-opaque screcn
which can them be merked vith a wvater soluble parker (Pentol,
Sign-pen) making it easy to follow the development of individual
callse
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CBAPTER 1.

The action of mulses of Eitomycin C on svgchrmnous culiurcs.

As X have previcusly mentioned in the iatroduction it

wvas knowm from the outset of this work that the division of
S.pombe could be inhibited by high concentrations of MC (400 fiz/ml)
and that, since there was little offect on growth, giant colls
uere produced. However, no satisfactory oxperiments had been
perforuied to test the reoversibilily of this inhibition and thus
the effect of lirmited exposure to the drug was unknoune

The result of such a treatucnt (henceforvard referred to
simply as a pulse of the drug im question) may be seen in Figure
3. and in Plate 1. Figure 3. shows two preliminary experiments in
vhich asynchronous culturss were used. After a pulse of the drug
division continues for about 40 minuﬁes, ceases for a period and
then resumes in a 'parasynchronous® wave of division. These
results immediately suggested tuo points, that there was a
transition point at the end of the cycle after vhich the cells
vere resiatant to delay and that for the majority of the cycle the
pulse treatment cawsed a division delay vhich probably varied
vith cycle position. This last inference vas mzde because if a
constant delay bad been iuduced then one would not expect division
to restart in this partially synchroncus nanncre

Plates 1 and 2 simply illustrate the production of giant
cells by a pulse treatment with NMC.

This. indication of differential delay through the cell
cycle suggested the use of synchronous cultures and at this point
a standard pulze of 500 [ig for 15 minutes was decided upon as a

dose that was likely, judging from preliminary results, to produce



PLATE Y - Aa 'a.synehz‘é@m@ms culture of S.pombe shoving

cells at all stages of the eeld cyslos

PLATE X < An asynchronous culture scue hours ai?ﬁe?
treatment with 500 Mg/l mitemyeim C
for 15 mimutes, showing highly clongated

cell.se

(In both Plates I amd XX, tho nagnificatiom

is the same)e






FIGURE 3, <« Tvo experiments to shov the effect of a
pulse of lNC on the division of am

asynchronous culture,

Czaph A - The effect of a pulse of 500 Mg/ml IC
from O=-15 minutes upon division measured
by the cffect on the CPI,
Open circles « control CPI, clesed circles -

treated culture CPI,

Graph B - The effect of a pulse of 400 Ng/ml MC of
30 minutes duration (ending at O minmutes)
upon division measured by the direct
cell countse
Closed circles = cell density im ¢the
control culture.

Open trlengles = cell demsity im the

troateod culture.
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a vorkable delay. Sinmce C has been found in later experiments to
be a fast acting inhibitor inasmmch as chort pulses will cause delays,
all pulse positions in the cell cycle are calculated from the
'beg'inning of the imlae.

Figures 4, 5 and 6. shov the results of three experi-

A Y

ments in which synchronous cultures were pulsed at different

"~ points in the coll eycle. Figure 4 shous the results of pulses
that £211 in ¢the firsﬁ part of the cycle; the forthcoming division
is delayed in these cells and as the position of the pulse is
roved later in the cell cycle the dolay iz smeen to increase. The
tvo latest pulces shov that a small number of cells are not
delayed and that there are two smell ‘escape’ peaks in the CPI.
These escape peaks can be seen even more clearly in Figure 5
vhich shows a series of pulses placed‘in the beginning and around
the middle of the cycle of a culture of 972h .

This failure of the cells to be delayed if they are
treated after a certain point in the cycle is a feature of many
inhibitory treatments and will be referred to as a tramsition
point. Severazl m{pe:;i}:aents shoved that this transition point
cccurred regularly in synchronous cultures at the same point in
the cycle, .

Figure 6 chous the result of treating the cells at the
end of their cyele aflter they have passed their transition pointe
In both cases the Lirst givision is completed mormally but the
subsequent division fails to occur and is subject to a very long
inhibition vhich for mamy cclls oxceeds the Quratiom of this
enperiment. Thus tho cells, whilst they are coapletely insensitive
to first divigion (_ielay. are oxtremely scnsitive to second division

delay.



FIGURE be « Tho offcet of a "stondard” pulse of NG
applicd at carly stages of the eell
eyele upor the division of a synchronous
culiurc, |

Ine estinated pulse pesiticms im the ecll cyele vere 0.19,
0s27, 0e35 and Ok, Tho leng arrous on the abscissa
represent tho estimates of the celd plate poake The two
short arrows labelled MC represent the position of the
pulse. (This will be standard notation im subsequent

figures),
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I’TIGURE 20 b

o
]

Top graph

Mddle graphse=

Botton graphie-

Tho effect of Lour MC pulces uwpon a syn-=
chronous culture of 972k vhich illustrate
che transition ¢o rosistance Go Lirst
dviolen dolay during the Lirst eyelos

Opon cireles -« control, closed cireles =

MC pulse at 0126

Open souarcs <= MG pulse at O0e26e

closed squares = MG pulse at 0659

Open ¢triangles = MC pulse 0.45.
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FIGURE 6o <« The offoct of two "standard® 'pmls@@ ox
MG Lako dn the eold eyeloo

Top graph Round circles - control culturce

cnb

Solid squares < trcated cultures

Pulec position was 077

Bottom graphte Socond ¢reated culture. The pulse

position was 0493.
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FXGURE 7o = Fowr ['C pulse troatoents vhich illustrate
the transition Go resictamce to division

deleaye

- Top graph $= Opom cixcles = control

Closed cireles = NC pulse at 0«88,
Upper widdle graph s« [NC pulse at 0,95

Isuer midddic graph

(=24

= [C pulco at 0,03,

Bottom graph g= [C pulsc at 0,09,
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FXIGORE 8, <~ Collected data to illustrate the change im
delay induccd by a “standard” NC pulse Guring
the minor poriod of seneitivity as the pulso
position ds chongedo

Xa both graphs the ordinato sh@ws delay in minutes whilst
the absecissa represents the full cell cyclce The calcoulated
positions of the ¢ransiticn polnts are showvm by the vertical
solid lines labelled "TP' vhilst the horizontal solid lines
delineate the period of high scasitivity (shoum °HS* om tho top
of the ordinate axis)a

The top graph shows the collected data Lfor straim 132
(closed circles).

The bottom graph shouvs the data for strain 927h (opem

squares) and strain 975° (closed squares).
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Figure 7 shows that arcund fission the eells undergo
another transition and revert to the same lov level of sensitivity
Zound in the carly part of the eycles

Figure 8 summarises the results of seoveral oxporiments of
the type described above, performed both upon strain 132 and upon
strains 972h" and 975h%. All the results arc quite consiatent
with the following pattern of scnsitivity through the cell cycle.
At the beginning of the cyele ¢the cells are at their most registant

Lo imducé& delay but as they pass through their cycle they become
| progressnvely noxre sensﬁtave to £irst division delays. This rise in
-‘sensativity is r@nghly liaear but the data is not good emough to
ellow this to be atateﬂ.deflnitelyg

Jnét after nid-cycle the cells suddenly become completely
resistant to MC induced delay; they pass through a transition
bpéipt.that I shall'ﬁerm the first tramsition point (TP=1). If
_tgéatég‘in this phase the cells divide normally but they suffer a
very severe delay in their sacond division.

At around fissiom the cells once more return to their
0rigi@a; resistant eondﬂfion and there is thus a sccond tramsition
point (TP=2).

| then this fairly complex pattern of senaitivity‘had
emerged iﬁ vas immediately rocognised as being almost identical
to that found by Gill im his investigation of the sensitivity of
S.pombe to division delayfinduced by low doses of uitra violet
irradiation. These éésults_thus furnich another example of the UV
radionimotic offect of MC which have baen noted by a number of
w@rkers,\a point ¢o which I shall return in the discussion.

This similarity to Gill’s data will be discussed below;
meanvhile X chall adopt cne of tho terms used by Gill. That part of
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the cycle bestween TP=1 ond TP=2 during which the cells are very
sensitive will be refcorred ¢o as the major period of sensitivity
or simply the major peried and that part of the cycle botween
TP=2 and TP~1 during which the cells are relatively resistant
will beo termed, by axtension of Gills nomenclature, the minor
periocd.

Delays produced in the ninor perioed were relatively ocasy
to quantify as such delays may be meacured cimply by the dise
placesent of the CPP. TFigure 8 contains the resulis of 11
é’z:periménta on strain 132 and the rising pattern of delay is quite
clearlg shown( as mentioned above the linearity of the rise is only
tentativel Uhere wore than one pulse was placed in the aminor
period in a single experiment the results vere always consistent
with a rising pattern of deolaye

Figure 8 also shous that the other tuwo strains examined
showed the same overall pattern of sensitivity (with possibly a
slightly earlier TP-2); this result vas encouraging as it chous
that this complex pattern is more likely to reflect complex
changes in the colls and is not merely an idicsyncrasy of our strain,

It is also notevorthy that the rising pattern of delay
éuring the sinor period explains the *parasynchronous' wave of
ddvision caused by a pulse upon an asynchronous culture as this
effect vill tond to align the division of cells treated in this
period.

Peasurement of delays caused by the standard pulse
(500 fig/ml for 15 mimutes) during the major period poses a more
fomidable problen since the delays are beth long and rather
variable. Figure 5 chous that the delays are much teo long for
the CPP displacement nethod to be of any use. The mothed of choice



FIGURE 9, =~ The offect of two "standard" pulses upon: the
| aivisicm of a synchroncus culturc Ceasured by

photonderoscopys
Opon eirclos = CPX in vatreatod culiuwo,

The 1st pulse vas at 0496, Thoe closed circlos represent the rise
in number produced by ¢he lst division of obscrved cells omly
(4ece the 2nd synchromous division) vhilst the top plot (- open
cireles) chous the %2&1 mmber of cells im the Liclde %ho
estinated “mean” delay was 214 pinutes. |

The 2nd pulse vas at 0,22 (- open squares)s The estimated mean
dela@ vas 93 ainutos.

Throo other experiments similar to that presented above gave
the following zresullis 8-

Straine Cycle position of pulse. Delay (mimutes).
132 | 0,81 199
132 0.88 250
750" 0,76 groeater than 240



-320

25 i
20 " CELLS
240 N
15- " FIELD
CPL. 200
10 -
160
54 r\/D‘D .
| | J{ 140
C ) ' ' L . LJ LA | ] L)
2 3 4 5 6 7 8

TIME(HRS)



27.

wvas thus direct cell observation by tirce lapse photography, the same
technique that was used by Gill for his study of UV induced delay
wvith the exception that synchronous cultures were usede

The use of synchronous cultures for thése experiments was
necessitated by the fact that with a chemical inhibition observation
of the cells before the pulse ¢reatoent is not possible without the
use of a perfusion chenbor of the type used by Fagd in hic study
of cell grouwthe The use of a perfhaion chamber brings its own
attendant problens of regulating drug dosage. Thus if asynchronous
cultures cre used the positiom of each eell in its cycle must be
decided by the criteriom of length alone. The errors attached to
this method have beem thoroughly discussed by Gill and he shoved
that it vas specially imaccurate for cells in the last half of the
cycle. Since the major period covers this part of the cycle it was
decided to use synchroncus cultures and te assume that the 100 to
150 cells selected for observation were representutive of the vhole
culture.

The criterion used for measuring the length of the division
delay was the time taken for half the cells observed to undergo the
affected division and the time at which the contrel cells uadervent
¢that division was calculated from the positiocn of the CPP in the
control culturce |

Figure 9 shous the result of an cxzperiment performed by
observation of a synchromous culture. Tho culture was treated at
an estimated cycle position of 0,96 and a2 small samplo of eclls
rerpoved to an agar pad as deseribed in the materials end mothods
séction.. A field was selected whieh at time 2 hours and 30 mimutes
contained 144 cells, most of the cells having undergonc their first
divicion before romoval o the pad. As may be seen the division of
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these cells was greatly retarded end it was nof until 214 mi‘xmtea
after the control culture had divided that this culture had
achieved a half doubling of ccll nuambors due to the socond
synchronous divicione

I¢ must bo moted that the total number of cells in the
observed field rises ctoeply after 6 hours but most of this
increase is due to the divicion of cells vhich did not suffer a
long delay, im oll probobility these cells werc those cells vhich
vere not in their major poriod at the time of troatuent.
TFortunately the pothod allows the fate of every imdividual cell
to be followed and thus the incresse due to just the second
synchronous division (uhich 45 the first observed division of the
cells on ¢he pad) éay bo pletted. Hovever, it is'not possible to
follov the fate of cells for much more tham 8 or 9 hours since the
progeny of divided cells rapidly overcrowd the field. It was
cortain that scae of the cells did not umdergo their second
division at 211 but it is pet known if this was due to lC damage
or %o lack of mutricntal a@lso a very few cclls became refractile
end diede

At best this methed can only give a rough estimate of
the true division delay. Apart from the difficulties mentioned
above the method of ealculating tho average position of the pulse
fron the parent culture and applying this to a small sazple of
cells is lisble ¢o sompling orrors.  Also the measurement of delay
is mubject to two scrious errors. Firstly that it is based on an
observation of only half the cells, the fate of the other half of
the population being unlmoim, and secondly a small but unkmovn
properiion of the cells will not have been in their major period

vhen treated due to the Lact that synchrony in the parent culture



FIGURE 10, = The division delay produced by a dose of
62 ergs/z of WY irradiaticn at variouws

tioos durdng the cell eyelos

NeB, This data is rcproduced by kind permission of BsGill.

The stage in tho coll cycle was calculated according
to the cecll plate conventlon of Svanne ‘

The solid limo ropresents lst division deley, the
dotted line, 2ud divicion delay.
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waé not perfects

KRevertheless, the resulis of four oxporiments corried cut
by this method sre recsonably consistent and indicate a delay of
betueen 200 and 250 minvtes for strain 132 and rather a longer delay
for strain 975h° where only '32% of the cells wers seen to have
divided 240 mimutes after the second division of the parent culture.
It is concluded that if IC induced delays are to be accurately
eeasured in this ‘highly seasitive phace of the cell cycle a lover
doso ef drug must be used.

oy that the basic pattern of sensitivity hes been des-
eribed I shall return R0 the comparison of IIC imduced delay with
_ that produced by OV irradiation; to assist this cemparison Gill's
fihd;inge are reproduced in Figure 10 in the form of a simplified
graph of delay against cell age at irradiation. The dose of UV
used by Gill was 62 erge/mma and the wavelength vas 265 nl, The
cell cycle indicated in Figure 10 is .cal-culated usging the convention
of _S__wagx_n vhich regards the end of the cycle as vthe appearance of
the cell plate and to convert this to the fission convention it is
necessary to cublrast 0,00 fyom the estimate of caell agee

The brozd siﬁilarity boetuoen the results cbtalned with UV
and MC is immediately obvious although for UV the minmor peoried is
cherter and shovs less of a r&nge of deley. Another similarity is
that Gill notes that there is less variability of delay in thoe mimor
peried vhich is certainly ¢rue with }C as synchrony is waintained
after a pulsesg hca-:e:ver. ¢this may be a function of the length of
deloy or be explained by the synchronising effect of a rising delay
with ecll agte

Good agreement is also found inm the position of the

tronsition points for UV and MC. The data used to calculate the two



FIGURE 11, = Zhe effect of four [C pulses upon a simgle
synchronous culture to estimate the positiom
of the Arst transitlien polnts

Graph a = Controle

Graph b = Pulse at 0.43
Craph @ = Pulse at 0,50
CGraph 4 . Pulse ot 0,57

Graph @ = Pulse at 0,6%
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transition points is shoum im Figures 12 and 73 the method used to
make %his calculation vas to estimate the meam cyele position at
vhich a pulse treated half the cells im ¢he ainor period and half
in the major and thus resulted in only a 50% risg ig cell numbere
» Increase in cecll number was measured either directly with a Coulter
Counter ar by the numerical integration pothod devised by NoStebbing,
details of vhich may be found in Appendix 2. This latter method
is not a precise estimate but gﬁves good agreeﬁent vith data ob=-
tained from airect neasurernents. | | .

The Zirst TP (Figure 11) was estimaﬁed by direcct measure-
ment to be at 0457 of a eycle and the second TP (Figure 7) vas
estimated by numerical integration to be at 0.03 of a cycle.
Camparison of these estimates with the results of eight other
experimente vhich located the transition points vith less
aéquracy showed a1l the resuita:to be in coﬁplete agreément.
(These expe}iments proéided the data for Figuro 8.)e

then expressed using the Zission co?ventionvGili's
transition ﬁoﬁnts ére-ét 0.53 énd 0,11 and thus the greafesﬁ
difference'is in the second TP and is only 0;08'of é.cycle.
Considering that completely different methods vere used by Gill
and myself to calculate these results and ﬁhaﬁ stocks of gtrain '
132 vere different, the disparities in the T.P's are very small
and of doubtful significancee That diffexrent stocks.of the same
strain can vary has been shovn by measurcments of DNA synthesis
upon tuo stocks of strain 132 by Mitchison and Creanor ('73b).

tYhen this pat%ern of changes of seneitivity had been dis-
coéered’in strain 132 and the corrclation with UV sensitivity
noticed two questions arose immediately, was the pattern the same
Zor other étraina qf Sepombe and could the patterm be altered by

gutation? The rosults which provide the amswer to the first of



FXGURE 12, « Four 800 Hr/el 15 mimute MC pulsos made afb
various points dm tho cycle of straim uvvasl 2L

cells .

Uppor grapht= Opoa eirecles o control.
Closed ecixcloo, dotted 1ine = pulse at 0.17.

Open squares, dotted line - pulse at O0.0l.

lover grapht- Open ¢riangles, solid line - pulse at 0.45.
Closed squares, dotted lime = pulse at Os7e

The delays produced in this esperiment by 800 Hg/ml and im two
other sinilar oxperiments are as £ollovys s=

Expordoont Cycle position Delays st Divisicn 2nd Divisiom

0,01 36 méimutes o
0,17 25 i -
as abovo

0,145 (o} W 29 mimutes
0 .7”0 o) (1] 31 00

3 0,40 15 minutes -
0.66 0 0 26 mutos
0,92 o] v 0 o
Ce33 35 0 ©

2 0858 0 G 21 cidzatos
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these questions have already been presented, strains 972h~ and
9?5h* both show the same basic pattern of sensitivity as may be
seen in Figures 5 and 8, vith the one proviso that TP=-2 may be a
little ecarlier in these two strains.

Consideration vas then given to the selection of a MC

scnsitive rutant but in view of the high levels needed to affect

Sepombe and the obscrvation made by Swuann and Sutherland (personal
communication) that still higher levels uere needed if solid medium
vas used, this would have bocen a rather costly procedure. Houwever,

during the course of this investigation a UV sensitive mutant was

o kindly made available to me by Dr. B. Kilby. This mutant is

designated uvsl 1 and is derived from strain 972h" 5 it was
selected by its sensi%tivity to the lethal effectis of UV by Dre Mo
Schupbache

Figure 12 shous the result of pulsing a syachronous
culture of strain uvsl 1 at four different positions in the cell
cycle and this result and the results of two further experiments
are summarised in the legend. One point is immediately clear from
this result which is that uvsl 1 is strikingly resistant to IC
induced delaj. The concentration used in the pulse treatments had
to be raised to 800 fig/ml to obtain any measurable effect at all
and even at this eoncéntra%ion the maximum delay produced uvas only
in the region of 30 minutes. Unfortunately not enough results
vere collected to reveal the pattern of sensitivity through the
cyclé and moke a comparison with those obtained for strain o72h",
but one fea£ure does emerge from the results presented vhich is
that there appears to be a tramsition from first to second
division delay at around mid-cycle but no period of high

sensitivity is found.
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Since the eriterion by vhich uvsl 1 is doemed sensitive
is its susceptibility to UV imduced killing and not divielon delay
one preliminary experiment was performed to test vhother uvsl 1 vas
more sensitive to killing by a pulse of MC. Asynchromous cultures
of 972h" and uvsl 1 vere treated with a 500 flg/ml VC pulse of 15
mimutes, vashed and observed by time lapse photography for 133
hours folloving treatmente Two classes of cell vere scored o
those that were refractile and cbvioucly dead and those which
sinply did not divide in the poriod of observation. In the control
%! of the observed cells died or gave rise to progeny of which
one died and a further 75 failed to divide, in the uwsl 1 sample
there vas 24§ lethality and no cells failed ¢o dividee

These results suggest that in spite of the absence of an
effect on division NG might have an effect upon viability. Hovever,
after tﬁe experiment was performed it was learmed that strain
uvsl 1 has a reduced viability in normal cultures (M.Schupbach,
personal communication) some 6% of the cells being dead at the end
of logarithmic grovth. Taus tho experiment deseribed above was
not adequalely controlled. HNevertheless, the idca that delay and
lethality may be negatively correlated has been proposed by other
workers anotably by Siaeieir who suggoste that the inverse
dopendance of delay and survival may be exploained by the fact that
a long delay allous time Lor the coﬂpletioﬁ of repair procescoB.

Unhappily, time did not allow this particular approach to
the problem of MC induced delay to de carried any furither, but
the results above suggest that a fev more experiments could be
very profitable. The construction of survival curves for MHC killing
of uvsl 1 and $72h" vould sllow some ddea of whether the rosistance

¢o MC induced delay is due {o reduccd permeadbility or {o a more



33.

fundamental effect. I& would also be interesting te see if the
pattern of UV induced delay is modified im any way in the sensitive
straine Finally, it wounld be revealing to mate uvsl 1 with a
normai strain and analyse the spore progeny for resistance to UV
3114ng and to KC induced division delay to see if the respective
censitivity and rosistance to these tvo treatments remain linkod.
One last poimt muast be nnde o conclude this section,
In demonstrating any pericdie event in the cell syecle by the use
of syachronous cultwies it is highly desirable to show that event
.occurring in more then one eycle,as the first cycle may be dis-
torted by the synchronisation procedurc, Ixperiments in vhich the
|
showed that the same pattorn gepeated itself in this cyele as well,

second cycle of a synchronous culture‘wég treated with MC pulses
This nmay also be seen in Tgurs 7 vhere after TP-2 the cells showed
the same sensitivity as those which had: just been removed fron A
the gradient as in Figures 4 and Se

Ths folloving points sumarise the findings of this
chapter.
1. A pulse treatment of MC ic able ¢o cause a delsy in diviaion
a2t 211 points in the cell cyclce
2« There is a periodic change in the sensitivity to MC induced
division delay and the cycle may be divided into two periods, the
majoxr period gnd the minor pericd, the cell undergoing - two sharp
transitions from one peried o the next per cycles |
3« The minor period in straim 132 extendis from 0,03 to 0.57.
During the minor period sensitivity to first divisien éeléy rises
but falls abruptly to zerc at tﬁa transition pointe
4, During the major period vhich extends from 0,57 to 0.03 the

cells 20 not suffer a first division delay but divide normally.
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Hevever, the ncext 'division iz highly delayed. The delay obtained
vith a standard pulse oemg of the order of 250 mimutes.

S« This pattern of consitivity through the cyele is very cimilar
to that found by B.Gill for W induced diviaion delay for lov doses
ukich did not affcet grouth.

6. TFour strains of S.pombe have been investigated, thece being
132, 972h", 975h” and uvel 1 derived from 972h~. The first three
of these strains show the pattern of sensitivity described in

1-% =bove vhilst uvsl 1 ic highly resistant to delay. uvsl l does
show a trencition from first to second division delay around mid-
cycle but it lacks the period of high sensitivity coupletely.



CHAPTER 2.

The relationship of indueced deley %o the dose of NMC used.

The experiments in the preceding section all used the
standard rather arbitrarily selccted dose of 500 Mlg/ml for fifteen
minutes. The results of this section describe the relationship
betueen the dosage of [iC adminictered amd the resulting delaye.
Clearly the dosage may be varied in tvo ways, by changing the pulse
strength and by chanzing the pulse length. The effects of both of
these changes were investigated.

Figures 13. and 14, show the results of increasing the dose
by increasing the pulse strongth. Figure 13. shows quite clearly
that delays may be elicited by doses which are relatively low
compared with the S00 lg/ml used in the previous experiments. A
particularly interesting point about this data is that the height
of the 'escape peak' in the CPI is greatest in the cultures treated
vith a lowver dose, a result vhich immediately suggests that the
transition point may vary with dose.

Transition points in general have been recently discussed
by _Mitchison (*71) vho has identified two types which he has called
event and delay tromsition points. An event transition point is
ope which is due to a change in the state of the cell which renders
it basically insensitive té the action of the imhibitor whilst a
delay transition is due to a delay in the action of the inhibitor
vhich allous thé cell to complete its cycle before the inhibition
takes effect. Typically this delay may be due to slow penetration
of the inhibitor or to the fact that the cell pooeesses an appreciable
pool of the substance upon which the imhibitor acts or just to the

reaction of the inhibitor being slow. Since an event transition



FIGURE 13, - The offect of chamging the concentratiom .
of [IC om tho deolay caused by a pulse im the

minor poricds

Graph A =  Open eizﬁeleé ~ gomtrol CPX,
Closad circles and dotted lime - treatéd CPX,
The NG concentration vas 31,8 Mg/tle

Graph B « MG pulso of 6245 Mg/ml.

Greph C < Open cireles and solid lime - MC pulse of 125 Hg/ml.
Closed eircles and dotted line = IC pulse of 250 Hg/ml-

NeBs Xn all the above cases the MC pulase position was 0«35
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FIGURE 14 ' =  The dosage ¢ delay relationship for

a pulse of I'C at around 0.35 of a cycle.

- The different syobols represent separate experiments

and the pulse positions were as follous =

Open circles = 035
Cpen squarxes = 0635
Closed circles - 0,35
Cloced twiangles = 0,28

Closed squares = 0,33
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point is due to a change im the cell one would not expect variation
with dose. However, a delay in the action of an inhibitor may
reasonably be expected to vary with dose and thus a dose variable
transition point suggests a delay transition point, especially if
the transition point is ecarlier at lover dosese.

That the L£irst TP in fact appears to be earlier im the
recults shovn in Figure 13. in those cultures treated with lower
doses thus suggests that the trancitlon point may be of the delay
type. Houwever, there is good evidence which vill be presented
later in this work that the sccond transition point at least ic an
event transition poimt and i¢ secms unlikely that the first
¢transition point which is only just after mid=cycle is of the
delaj typee In addition the similarity of the patterns of sensie
tivity to delay induced by IMC and UV irradiation also argues
strongly for the transition points being of the event type as the
action of UV irradiation is very unlikely ¢o be of a delayed nature.

The ansver to these apparently conflicting findings most
probably lies in the observation that very high levels of HC are
required to have an effect on yeast ceils; in E.coli for example
a dose 6? 0.1 Jlg/ml is quite sufficient to produce a bacteriostatic
offect and 5 fig/ml is decidedly lethal (Sugmiti end Kilgore).
Hammaelian cells are alsa sensitive at these relatively lou levels.
It thus seems quite likely that at lower concentrations of IC
there is a delay in ponctration of the drug due to the low
perneability of the thick cell wall. A delay in penetration may
thus mean that a pulse of drug at a lover concentration is
effectively a later pulse than a pulse of high concentration
administered for the same time. This effect would be especially

marked if there is also a critical concentration of drug which



FXGURE 15, = The effect of imcreasing the length of a
500 lg/ml MC pulse upom the divisiom im

a synchromous culture.

These data were collected by observing a sample of treated
synchronous cells by time lapse photography. The pulses were
begun at 20 ninutes after inoculation. Each graph represents

a separate culture.

Top graph o Control
Middle graph se 25 ninute pulse
Bottom graph = b5 minute pulse

HeDs dis the point where a 50% increase im cell munber has
been reached.

The open circles represent the rise im cell auvmber due
to the first division amd the closed circles regpresent the rise

due to the second divisione



2801
240-
200

160-

¥le) 2nd

1120
NO

DIV.

40

120

CELL

NO. 200

160

120

2401

180+

140-

-—

3 4
TIME IN HOURS




37.

sust be reached inside the cell to cause enough damage to produce
‘e zeasurable delay.

Figure 14, chous the dosage delay relaticnship for a pulse
of MC positioned about halfvay through the minor period. 'i'nere
is an initial stecp response followved by a roughly linear soction
and at very high doses there appears to be a saturation effect.
Interpretation of this data-is difficult since the paraneter
neasured, division delay, is dependent on tho interaction of at
least tuo separate preccsses namely the process of damaging the
cell and the process of repairing that damago,and both of these
are unknown and probably complest. Certainly this data might be
‘more easily interproted if a more direct method could be used to
measure the uptake and binding of the drug caused by pulses of
different concentrations since this woﬁld be much more likely to
be proportional to *damage' than pulse concentration. Radioactive
drug can be prepared and this would be of great use in such a
study. I shall return to this point in the discussion. The con-
clusions from these experimsnts are thus limited to one simple
£inding, that delay increases with increasing dose up to a point
where some form of saturation effect begins to manifest itself,

The effect of increasing the dose by increasing tho pulse
length vas measured by the time lapse photogfaphy method and some
typical data may be seen in Figure 15. This method was chosen
because it was anticipated that very long delays would be found.
Hovever, the use of this method introduces an additional errer
since each result was obtained with a different synchronous
culture and a parallel control culture could not be observedes In
cach experiment the treatment was started 20 minutes after inocu-

lation vhich corresponds to 0.23 in an ‘average' synchronocus culture



FXGURE 16, = The reclationchip between division delay amd

pulse lengthe
Closecd circles = Data {rom photonicroscopye
Open circles = Data from ccll plate counting.

Cpen squares, dotted = The length of the cell syecle
drmediately folloving tho delayed
divicion estinated by photo-

Aicroscopy.
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FIGURE 17. = The relationship betweecn cell length at divisionm
and the length of the subscquent cycle fm MC

delayod cells.

Top graph = a scatter diagram of cycle time against length
at the fixrst division for 50 cells. The data
dnclude sister cells and vexre teken Lrom dboth

treated and vntreated cells.

Botton graph - a simplificatiom of the scatter diagran made
by sloply averaging the cell lemgth classcse
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and the delay was calculated by comparison with the results fron
a separate untreated control culture. Oace again the concen=—
tration of the pulse was 500 Jlg/ml.

Figure 16. shous the colleccted results fron five such
experiments; measurcd in this vay there appearc to be a limear
relationship between dosage and delay but once again the result
at the highest dosage suggests a saturation effect may be operate
ing. Using the slope of this line and that of the linecar portion
of Figmre‘lk. an estimate may be mado of the 'effectivenecs' of
KC in terms of mimutes delay per fg/ml ¥C per minute exposure.
This gives values of 0.307 and 0.293% minut;s per llg/ml per minute
exposure respectively;thus effectiveness of MC in ﬁrcducing delay
appears to be independent of °dose rate® over a limited range.
This result and the linearity of the dose delay relationship
shown in Figure 16. suggests that there may be a simple relation-
ship between dose and the amount of damage produced and between
| danage and the length of delay producod.

Pigure 16. also shows another relationship which was
revealed by the analysis of the time lapse photographs used to
estimate the division delay,this being the effect oprulse length
upon Che length of the cycle immediately after the delayed division.
A rough estinate was made of this generation time by measuring the
interval from the first delayed division scored to the first second
division scored. Quite clearly as the pulse length and hence the
delay increase there is a definite contraction in the time taken
to complete the subsequenﬁ cycle. The same phenomenon is illus-
trated in Figure 17.; here the length of cycle after the delayed
cycle is plotted against the length of the cell at the end of the

delayed cycle. The data is presented both as a scatter diagram
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and as a simple graph constructed by averaging the cycle times
withﬁn variocus cell length classes. Again the data shows that
there is a shortcning of the second cycle in the larger cells.

Clearly the cells are able to regulate their size by
shortening the duration of the cycle which follows the artificially
long delayed cycle. IExactly the same effect was found by Gill
for cells that had become highly clongated due to a UV irradiation
induced division delay. He recorded a condensed second cycle as
short as 60 minutes and suggested that where the length at division
of the delayed cell was equivalent %o twice the leangth of the cell
at the beginning of its cycle,the length of the shortemed cycle
may represeat the minimum time in which the cell can prepare it-
self for another division. That is the time for that synthesis
ond organisation which is obligatory for division. Certainly this
condensed cycle might well repay more careful investigation either
by single cell techniques or perhaps by the use of carefully MC
treated synchronous cultures. One interesting question is for
example, does muclear division preserve the temporal relationship
with the fission process in this shortened cycle or does the end
cycle become condensed?

Baving dealt with the dosage delay relatiomship for pulses
in the minor period of sensitivity the question remains, what is .
the situation for pulses in the major periocd? Sadly only one ex-
periment was performed o answer this question and the result may
be seen in Figure 18, The data do not really permit any conclus=-
ions as to the division delay caused by these treatments, but éne
feature of the resulls is immediately apparent, that the escape
peak of cells vhich do not suffer a long second division delay

becomes larger with decreasing dosce. Thus once more there is the



FIGURE 18, = Tho effoct of difforcnt comcontrations of
pulse during the major peried of a synchromous
culéurc.

The pulse length vas ¢ho usual 15 minutes and
its position was 0e81.
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suggestion that the transition peint is dose variable. Uhat is
alarming about this result is that the transition point appears to
move by a very comnsiderable fraction of a cell cycle. There is
every reason to consider that this transition poimnt is of the cveat
typa~as later results will I hope show, and thus it appearc that
the action of lIC pulscs at lov concentration may be highly delayed.
One attraction of this idea is that it may oxplain the high delays
at low doses scem in Pigure 1%, sinece the rising pattern of delay
in ¢this part of the cycle would mean that a delay im action womld
lecad to the drug acting in a gore semsitive part of the cycle.
Two types of experiments could be perforae&ﬁto try and recolve this
difficulty. T[irstly the whole cell cycle pattern of sensitivity
should be détermined for acnother lower dose and, assuming that the
pattern resembles that for 500 flz/ml, the position of the tran-
sition points calculated. Seccndly, the delay caused by varying
dosages should be measured upon synchronous cultures treated with
deonyadenosine which causes .the Gl period of the eycle to be ex~
tended and thus avoids the difficulty caused by lack of complete
synchreny in the Gl phase in normal synchronous cultures.

The major findings of this section may be supmrorised thuse.
i. Délay in the minor period rises as the dose of N administered
rises vhether the dose is imcreased by raising the length or
concentration of the pulse.
2. lhen, for a dose of 500 lg/ml, the dose is increased by ex-
tending the pulse duration the dose delay relationship is roughly
linear; increasing pulse concentration leads to an ini¢tial high
response followed by a linear rise. In both cases the resulis

suggest a saturatiocn offect at high doses.



3¢ The results suggest that for both major and minor periods
the transition points are dose variable beccming earlier with
lower doses.

L, After the cells have suffered a delay they are clongated by
the comseguent period of unbalanced growth but cell size appears

to be repulated by a foreshoriening of the folloving cycle.
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CHAPTER 3.
The action of pulses of Hitomycin C upon nuclear division and

pacromolecular synthesis.

The contents of thic section describe experiments vhich
attempt to answer questions which arise naturally from the results
reported in cection 1.

The first obvicus question which vas raised by the find=-
ing that pulses of liC could produce sizable division delays was,
is the effect upon nuclear division or upon cytokinesis ? In the
yeasts the division of tho nucleus and the cytokinotic event, in
this cage the formatiem of tho cell plate, are not aluays as
closely associated as they are in most mommalian and plant cells.
In S.pombe the division of the mucleus is separated from cell
plate formation by approximately a quarter of a cell cycle. Hence
the fact that the first TP wvas found to be at 0.57 (for strain 132)
~and that divisiom delay was calculated by the observation of the
cytokinetic event made it possible for either event to be sensitive.

At the time that this work was performed there had been
tuo estimates made of the Ciming of muclear division in the cell
cycle of S.pombe, both pitchison (*70) using time lapse phase
contrast microscopy and Bostock (%68), who based his estimate upon
the proportion of binuclecate cells in en asynchronous culture,
concluded that nuclear division took place at 0.75 of a cycle.
Hovevor, since neither of these estimates was made on the stock
of 132 used at the time of this vork and neither of these estimates
was made upon synchronous cultures, it wae decided o moke another
estimate of nuclear division based on the observation of synchro-
nous culturese

The method by vhich the position of nuclesr division was



PLATE XIX

=)

Cells of a synchronous culture of S.posnbe
stained with Glcmsa staine. The z_ola;te shows
three binucleate cells vhich were the class
of cells scored on a percentage of the
total to derive the nuclear division imdex
(}DX ).






FIGURE 120 -«

Top graph 2=

Bottom graphte

The calculation: of the mid-point of muclear

division in a syachronous culturc.

L22¢ hand ordinate: closed squares - CPI,
open squares,-dotted line - corrected CPI,
Right hand ordinate: closed cirecles = percenfage
of cells having undergone fission. Opon
circles = porceatage of cells having entered
(or passed through) the cell plate stage.

Left hand ordinates closed squares - NDZ,
open squares and dotted line - corrected NDI.
Right hand ordinate: closed circles - percentage
of cells having ontered the ccll plate stage.
Open circles - percentage of cells having
entered the binucleate phase {or passed through

it)e

Thus, the arrow o the abscissa im the ¢op graph shows the time

when 503 of the culture had divided and similarly ¢he arrovu in the

botton graph shows the mid=point of nuclear division (0.81).

NeB, Comsult the text for further explanation.
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calculated is as follows. Slides were made at intervals from a
synchronous culture and stained vith Giemsa as described in the
Vaterials and MHethods ssction. Thé appearance of the stained
eclls may be seen im Plate 3.jnuclear stmcture is not rovealed
in the cells but _the- nuclous is uncquivocally demonstrated im all
cells in a good preparation. The slides aro used to calculate
the nuclear divimion index (NDI) vhich i.e simply the percentage
of cells which areo im the binucleate phase. Three of the class
of cell scored as binucloate may bo ssen in Plate 3§ they are cells
vhich have a clearly divided mucleus but had not imitiated cell
plate formation. Occasional cells were seen which had mucled
vhich had asaum?& an hour—glass shape and these were presumed to
be eells which were in the process of nuclear division. These
cells were no% scored as binucleateo

Nov in order ¢o use the normal critericn for calculating
the position of an event in the cell cycle which is the point in
- ¢time at vhich half the cells have undergone the relevant event,
it wes necessary to moke an estimate of the point at which hal?
‘the cells had undergone nuclear division. The results used in
this estimation may be seen in Figure 19. The data on which this
estinate is based are the MDI the CPI and the cz2ll counts cbtained
by the use of a Coulter counter and cxpressed as a percentage of
the original cell count.

The first step in the calculation is to ealeculate vhat
will be referred to as %ﬁe corrected cell plate index (CCPI) which
is defined as the propozftica of cells wvith cell plates cxpressed as
a percentage of the original nuaber of cells in the culture. For
exermple, 3if the division of 100 cells in a synchromous culture is

considered at a point im time at which 20 of ¢he cells have cell
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plates and 30 of the eclls have undergone cell division the CPI will

be 20 x 100 = 15.4 but the CCPI is just the proportion of 100
100+30

cells with cell plates i.ce 2085 The CCPI is thus corrected for the
dilution effect that Lissicn has upon the CPI. The method used to
calculate the CCPI from the CPI and cell count data is showm in
Appendix 3. ‘

Baving derived the CCPI it is a cimple matter to combine
this value with the percentage of colls wvhich have undergone division
and to estimate the proportiom of cells vhich have cntered or passed
through the cell plate phesee The top graph in Figure 19. shows the
CFX, the CCPX percentage increase in cell number and the prowortion
of cells vhich have entered the ccll plate phase, all plotted on the
sane time awfis. The diZference between the last two curves at the
5055 level is thus an estimate of ¢the duration of the cell plate
period; as can be seen this interval is approximetely 15 mimtes
vhich cempares very fevourably with Hitchison's value of 0,095 of a
@cle {Mitchison *70) for tho cell plate duration estimated by low
power microscopy {0.095 of a cycle is 14 minutes).

The bottom graph in Figure 19. shous es%aetly the same pro-
cees repeated using the proportion of cells uhich has passed through
. the cell plate stage and the KDI %o calculate a corrected NDI and
to thus combine the data to derive a graph of the yproportion of cells
uh:-’.ch. have entered or passed through the bimucleate stoge plotted
against times |

It is notable that it would nol have been necessary to obtain
the final curve by this twvo stage process if the original scoring of
binucleate cells had simply included cells with cell plates in the

binucleate clagse. iHowever, this would not have allcusd the calcu-



FIGURE 20, <« The exfects of MC pulses im ¢the major and minow

periods on nuclecar divisicne

Yop graph (a) open cixcles = CPY of control.
closed clwreles cmd dotted lime - CPX of treated
culture, ‘
open squares and dotted lime - NDX of G;zeeated
culture.

Bottom graph (b) open circles « comtrol CPX,.
open Ctriangles eand dotted line = comtrol NDX.
open cquares and dotted lime = Greated CPI.

‘closed squarcs emd dotted linme = Greatod IDX.

The pulse positions were 0.85 for (a) and 0.45 for (b), amd the
MC concontrations were 500 end 660 Mg/l reospectivolys
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FIGURE 21, - The offect of a pulse of MC just aftor the
first transition point om nuclear divisiom im

‘a gyachronous culiure.

Top - controly botlom - treated culture; solid lines - CPXs
broken ldnes = NDX, The pulse vas at 0463, .

This cxperiment 1llustrates that the MC pulse dees mot
interf@re with the process of muclear division as binucleate cells
continued to appear during and after the pulse. The pulse positiom
was at 0;63- jut after the first ¢ransition point.
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lation of the cell plate duration which provides a useful check
on the accuracy of the method.

Thoe result of this rather nonderous aritimetic is te
arrive at an estimate for the cell cycle position of the eatry
into the binuclezte phase (that is the completion of nuclear
division) of 0.81 of & cycle. This is only 0«06 removed fron the
previcus tuwo estimates and thus it is not considered that nuclear
division is aZfected by the procedure used to produce the syn-
chronous culturce

The effcct of ¥C upon nuclear division in synchronous
cultures was investigated by simple comparison of the RDI in
treated and untreated cultures, and the results may be seen in |
Figures 20, and 21. Graph A in Pigure 20. shous that a pulse in
the major period which causes comaiderable delay in cell division
also prevents the cells undergoing a further division of their
nucleus. Graph B illustrates much the same point for a pulse of
¥C in tho minor periocd of sensitivity; once agein nuclear division
as vell as cell division is delayed. The data shown in Figure 21.
ghovus that, as may be expected with the transition point at 0.57,
the last stages of nucless division are entiroly rosistant teo
blockage by a pulse of IC placed at 0.63 of a cycle.

The conclusion dravm £rom these experiments is that after
exposure in either the major or minor period of sensitivity cells
are axrrested in a stage of their muclear division cycle vhich is
prior te muclear division. I chall return to theec results later
in this chapters.

The second basic cuestion vhich was asked about the action ‘
c? MC was, is the effect of the drug limited to am inhibition of

division or is there an effect on cell growth as well 2 Three
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criteria vere selected to measure grouth, the increase im cell
size, the gynthesis of protein and the synthesis of EHA.

Cell gize in s;Pombe may be conveniently measured by the
peasurenent of cell length as the longth of cell is proportional
to its volume to a good approximation. At the time of this work
¢the effect of contimuous exposure to MC was being studied by
Professor lﬁ.M.Swénn by time lapse microscopy vho kindly mado some
of his photographs availoble to me. These photographs revealed
that, os may be expected from the considerable elongation of the
cells which may be seon in Plate 2., there iz little effect on the
increase in size of the ceolls. Obviocusly an extremely sensitive
test would have to be used to detect any small effect onr growth
that there might be caused by exposure to HC.

The method of comparison chosen was to compare the rate
of increase in cell length in treated and control cultures,
Measurcpnents were ma&e upon time lapse photographs Jof control cells
and of cells growing in the presence of S00 fig/ml of ¥C. In these
experiments the agar pad on which the cells were growing also con-
tained MC and fairly high magnifications were used to permit an
accurate measurement of cell length (= 25 cbjective amd x 3.2
Optovar setting). BRate of increase vas measured over a period of
100 minutes in the control cells and 200 nminutes in the troated
cells. These rates of increase were then conzgldered to be normally
distributed and wvere compared using Bailey's modification of
student's *t* test (since the variances were unequal, see Bailey).

Tho result of comparing two samples of 25 cells in this_
wvay was that the rates of iancrease of cell size were found to be
significantly different at the 0.1% level, the treated cells haviag
a mean grovth rate vhich vas approximately 20% higher than that
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of the controls ¢

Consideration of the mamner of growth in size of the
cells provides the ansver to this somevhat paradoxical resulte
Volure grouth in S.pocbe follovs an increasing rate curve for the
first three quarters of a cycle amd then comes the constant volume
phase during which the cell plate is layed doun (Mitchison '70).
tleasurenents on the control cells wore thus restricted to the
first tvo thirds of the cycle to avoid the constant volume period
as far as possible, 'Emver,' the fact that growth rate follous a
curve of increasing rate means that a ccll is groving faster at
the end of its eycle than it is at the beginningi hence, it appears
that inhibited cells do not follow the same growth pattern as
they do not have a constant volume pericd and continue to grov
either at the maximunm rate found at the end of the cycle or
poseibly they contimme for scme time to grou at am increasing rate,
honce the higher average growth rate. Emmmination of the pattern
of size increase of individual ¢reated cells confirmed that the
constant volume period does not occur and suggested that the
grouth rate might become limear. No attempt vas made to try to
resoive this question of the patterm of growth of inhibited cells,
but it might repay further investigation. 7The simple comclusion
vas dravn that there is no neasurable effect of [HC upon grouth
es measured by imcrease in eell size.

The rge;zt peasurcients which vere nado upon the inhibited
cells vere upon the synthesis of protoin and HIA since the result
above does mot preclude a situation in vhich cell volure increases
wvithout a cmeaponding'increméé in eell canstit:zents. although
thic was considered wost unlikely. Estinates of total protein
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FIGURE 2k. - DNA gynthesis 4in a synchromous culturc of
975n".

Top graph = CPI,

Bottom grapht= Cecll numbers (open circles) and Mg DNA/sample

(closed circles).

The arrevs to the absecissa represent the mid-points of

the rises in cell number and bulk DNA,
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FIGURE 23, - The effect of am !C pulse im the mimor period

upon protein and RNA synthesis.

Bottom graphi= CPI in control {open circles) and treated culture
| (closed circles)s The NC pulse position was
0.27 and tho pulse concentration was 660 Hg/ml.

Toﬁ'graph se  Loft ordinate 0,D.260. closed squares = control,
open squarcs - treated culturce
Right ordinate - Protein per €ample -
élosed cireles - control, open cireleé‘-

treated culitures
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FIGURE 22, = The cffect of an NC pulse in the major pericd

upon protein and RNA synthesis.

Bottom grapht= CPI 4in control (open circles) amnd treated culture
(closed circles); NMC pulse position was 0,71,

and the pulse concentration vas 6604ﬂg/h1.'

Top graph 3= Left ordinate 0.D.260 (equivalent to RNA per
sampleo).
closed squares « control.
open squares - ¢recated culture,
Right erdinate = bulk protein per sample ox=
presée& as the equivalent coﬁcent:ation of

. Bovine serum albumin ("Loury" assay).

closed cireles = contirol.

open circles - treated cultuxe.



and BRA vere made by the method used by N.Stebbing (*69 and *71)
vhich employs the Schmidt~ Thannhouser fractionation procedure
and vhich allows both cstinates to be made upon the same sarples.
The results of assaying total protein and RFA synthesis for a
period of 2-3 hours after the IC pulse may be seen in Figures 22.
and 23. The pulses are in the pajor and minor pericds of sensi-
tivity respectively. Both of these experiments were ropeated
with essentially ‘identical resultc.

As pay be secn the results support the conclusion that a
pulse of MC hns no detectable effect upon growth and are in good
agrocpent vith the data of Milliemson snd Scopes (%62a) vho found

no c2fect of a continucus treatment of 400 Mg/l of IC on the
synthesis of protein and RNA in S. cerevisiac.

Having thus showvn that the nuclear division cycle is
sensitive to KC induced delay and that cell growth is not impli-~
‘cated in this inhibition quite clearly the ome cellular activity
vhich was of paremount ‘inﬁéx'est vas DA gynthesia. ’Q;is process
had been made the subject of an cxtensive investigation by Bostock
' £*68) and ('70). He had found DNA synthesis to be periodic, to
occur at the very end of the cell cycle at 0.86 and that the S
period had a rather short duration somevhere im the region of 10
minutes. Houwever, further neasurements on synchronous cultures
vith the nev stock of 132 cells and upon other strains by [Hitchison,
Creanor and gysclf have showvn that in these colls the position of
the S period is at 1.0 of a cycle (see Mitchison and Creamer *71ble
Figure 2%. shows one such yesult, DNA syntheosis measured in a
culture of 975h’, the result is identical with those obtained for
strain 132.

The effect of placing a pulse of KMC in the minor period



FXGURE 25, < The effect of a pulse of IiC in the minow
poried upen DA syathesis in o cyachrornous

culdurc,

Top graph 3= DNA synthocise

Botton graphit- CPI,
opern elixrcles = conrtrole

closed cirecles amd dotted line = Gtreated culitures

The pulse position was 0,35 and ¢he MC concentration was 660 He/al..

The arroy %o the abscissa in the top graph is the point at which
the bulk culture DNA had increased by 50
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FIGURE 26, - The effect of a pulse of MHC at¢ the begimning
of the major poried upomn DNA synthesis im

a synchronous culiuree

Top graph $= DNA synthesise

Bottom graphi~= CPI - open circles = control cultiure,

closed circles -~ treated culture.

‘The NMC pulse position was at 0.77 and the concentratiom
vas 660 Mg/wl. |
The arrow to the abseissa im ¢the top graph indicates

the mid-point of the xise in DNA per sample.

NoBe At time 2 hours 48 minutes after smoculation it was
estimated by inspection that 2455 of tho cells had failod <o
dvide in tho troatod culliurce
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. of sensitivity upon DNA synthesis may be scen in F:a.gure 25;;
eloarly the S period has been delayed(with division)by about 90
minutes,occurring at around the time that the cells divide.
Figure 26. gives the cffect of a pulse in the major period; in
this case éhem appears %o be only‘ a slight delay in the S period.
These tvo results are from a series of soven experiments on DRA
synthesis in synchronous cultures treated vith ¢, three invol-
ving minor perioﬁ' treatments and four involving major period
treatments. In all cases the results were consistent with those
showvn, ‘the basic finding being that minor period treatment delays
DNA synthesis vhilst major period treatment pmo}uées only a very
short delay amd that this is of doubtful significance.

thother or not there is a delay produced by trecatment in
the major pericd is, in fact, a very difficult question to ansver
for the following reasomnse. Firstly, the delay in the position of
the S period in Figure 26. is just 30 mimites, about 0.2 of @

‘cycle, tut this is only O.1 of & eycle later than the most extreme
position of the S period found by Mitchison and Cregnorg 17ib).

The natural experiment to detect a delay performed by splitting a
culture and treating only ome half was unfortunately impossible as
the aize of culture needed to follow DNA synthesis and position
the S pericd was the maximum obtainable at the time., Thus the
only way to decide if the observed delays are significant is by
mich arduous repetition of the expsriment. ﬁd&itionally, if the
delay is significent it may vell be explained by procedure used to
treat the cells with the drug since these cultures were conmcon-
trated sppromimately 100 fold during the pulse due to the large
volumes involved. Bostock (°68) investigated the offect of keeping



FXGURE 270, = %he offect of am IC pulse at the ond of the
major peried upon DHA synthesis da a

syachronous culiurc,

Top graph $= DNA synthesis.
Botten graphie CPI = open cireles = comtrol culture, closed

circles « treated culturces

| The MC pulse position was 0.85 and the pulse concentration
was 500 Mg/@l.
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FIGURE 28, «  The offect of am MNC pulse late im the major
period upon cell divisiom in a synchromous

culéurc,

Open cixcles « CPI « controle
Closed circles end dotted lime = CPY ¢reated culiturc.
Closed circles eand solid line - cell numbers im the treated

culture,

The MC position was 0,80 and the concentration 500 Mg/ml.



TIME(HRS)




500

the cells at high cell concentrations during cell collection and
found that there was indeed a drop in the amount of DNA per cell,
henee this glight delay may well be an artifacte.

Another obvicus foaturc of the result ehovn in Figure 26.
is that bulk culture DNA does not double but incremses by about
70%% This ic quite gimply accounted for by the fact that the
synchrony of the very large cultures (approximately 1.5 x 10° cells)
necded for DRA assays ic not as good as in ¢the nermal smaller
cultures and at the tice of the pulse about a quarter of the cells
wyere still in their minor period and thuws suffoxed a firat division
and a delay in DNA cyathesis. |

Pigures 27. and 28. represent em attempt to answer a
further question sbeut DNA synthesis in cells treated in their
pajor period, nsmely, do the cells become agrrested in 62 or do
they gozon and synthesize any *extra’ DNA in the course of their
long delayed cycle by undergoing a further S period ? Figure 27.
shous the result of measuring DNA synthesis for scame 33 hours in
the treated cells after the initial S period. The DNA shous
approximately a further half doubling over this periocd but
ﬂ;e cell plate data shows there i:B some residual division in the
cultum whichA is attributable to cells of the class mentioned above
vhich were treated in their minor period and thus suffer only a
short delay. The cxperiment shoum in Figure 28. is an attompt to
decide vhether this lov but sustained level of division can in
gact account for tho observed imcrement in DNA. As may be secn the
regidual division deoes in fact lead to a quite substantial increase
in cell number and the result on treatment in the minor pericd pre-
dicts that these cells will be synthesizing DNA. Thus these two
isclated results suggest that no %extra' DNA is in fact symthesized
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but that the cells become arvested in G2 in a similar fashion to
those cells treated im ¢the minor period of sensitivity. Since it vas
found to be impossible to obtaiam a horogenecus population of cells in
the major period wz.thout resort to a second inhibitor, this approach
was not pursued any further.

The conclusion drawn from thess results is thus that NC
cannot be regarded as an inhibitor of DNA synthosis in these experi-
wents but as an agent ulth the power to temporarily arrest the pro-
gression of the cells through vhat }itchison (6%b) has termed the
DHA division cycle in the Gzphase of that cycle.

Theee results may nou be fruitfully compared wvith those ob-

tained by Yilliamson amd Scopes (*62a) on the effects of continmuous

tfea.tments of HC upon cells of S. cerevisinc mads to divide syn=-
chronously by the method of Yillismson and Scopes (*62b). The rele-
vant events in the first cycle of such cultures are thue; firstly
there is a round of DA synthesis some 80 minutes after inoculation

of the cells and this is folloved within a fovu mimutes by the cells

: becqza_ing‘resiatant to the inhibition of the first division by the con-
timuous application of 400 fg/ml MC. During the 30‘minui'.es after DNA
synthesis the nucleus migrates ¢o the neck of the daughter bud and
after a further 30 mimutes the nucleus can be seen to be clearly
divided by staining. WYilliamson ('66) was able o produce ovidence

from electron micrographs of the dividing nucleus that the actual
time of chromosome separation in the mucleus is betuveen DNA synthesis
and the migration of the mucleus to the neck of the bud; thus the
transition point for MC inhibition and chromosome agparation are
closely associated in time in these cells. Yilliamson (*66) shows
that in S.cerevisiae chromosome separaticn occurs sbout 30 %o 40
minutes before the nucleus is scored azs divided by Giemsa staining;
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in Se.pombe the first transition point precedes nuclear division
scored by this cfiterion by exactly the same period. The evidence
thus suggests that nuclear division is a NC sensitive process and
that the first transition point is attributable to completion of
some sgage of nuclear division, possibly chromosome separation.

Tho argument above leads naturally to the questioa, is
the chromosome itself semsitive to IMC damage? There are com=
pelling reascons for gecepting that this might be the case.
Firstly NC and UV irradiation are both known to camse damage to
the structure of DNA. Secondly, nuclear division has been shown
to be sensitive and the first transition point is well correclated
with the time at whiéh chromosome separation may be inferred to
occur. Thirdly, the second tramsition point is also asscciated
with another event of the chromosomal cycle namely DNA synthesis.
The twvo events are perticularly well associated in the case of the
HC transition point, the estimates being separated by only 0.03
of a cyclej in the case of UV irradiation the correlation is not
as good but it must be remembered that no estimate of the position
of the S period was made at the time of Gill's work and that growth
in Gill's experiments vas on solid medium.

The working hs?othesis vhich has emerged is thus that
sensitivity fluctuates with the chromoscmal cyecle and that a pulse
of Mﬁ is far more effective in the G.

1
tivity thus changes dQramatically when the G2 chromosenes separate

phage than in the Gz; sengi~

prior to nuclear division and vhen t¢he G1 vhase is ended by the
completion of replication. One proviso must be made, however, and
that is that this hypothesis may be thought to imply that MC
damage is greater to the Gl chrorosone; this is unjustified. It

is the effectiveness of MC in producing division delay vhich
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fluctuates and this Lluctuation appears to be correlated with
the chromosomal cycle. Effectiveness is a function of both damage
and its repair and both may vary gualitatively and quantitatively
through the cycle to produce the observed result.

Roturning to the data of Yilliamson and Scopes ('62a)

@y results on DNA syntheosis agree well with their finding that
DNA synthesis occurs in the presence of continuously applied M
since in both their experiments HC treatment was initiated just
before DNA syntheasis whilet the cells were ia the Gl phasaee.

The findings of this section may be summarised as
fbllows 3=
l. The effect of a pulse of MC was to delay nucleayr division
and it is this delay which accounts for the effect of MC upon cell
division. A pulse produces a delay in the forthcoming nuclear
division at @11 times in the cell cycle excepting a short period
from the first TP at 0.57 to the separation of the dsmghter nuclei
at 0.75; treatment during this interval ceuses a delay in the
subseguent nuclear division. _
2. Ho effect of HC upon growth as measnred by increase in cell
size or the synthesis of protein of RNA vere detectable.
3e A pulse of MC was noet found to have a considerable inhibitory
effect upon DNA synthesis although it is possible that MC may have
a very slight delaying effect upor the S period if applied in the
major periode. However, a pulse of MC will delay the S period if
applied in the minor period but this is thought to be due to the
cells suffering a G2 errest and failing to reach the S pariod at
the normal time;
L, The results above when considered with the pattern of sensi-

tivity to delay through the cell cycle and the position of the
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transition point foumd by UYilliamson and Scopes inm S.cerevisiae

have led to the hypothesis that the najor and ninor pericds of
sensitivity correspond to two phases of the chromesonal replication
cycley 'the major period of sensitivity being that part of the
cycle during which the chromosome is uareplicated and the minor
pericd of sensitivity boeing that part of the cycle from the end

of the S period to the time of chromoscme separation.
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CHAPTER &,

The sction of DA synthesis inhibitors enm periodic fluctuations

in sensitivity to IC induced delay.

thilst the work described in the preceding chapters was

being performed Hitchison and Creamor ('71a) were investigating
the effects of two of the inhibitors mentioned in the intrc;-
duction, nanely deoxyadenosine (AdR) and hydroxyurea (HU). Their
findings proved to be of great use to this study for they pro-
vided a means of testing the hypothesis put foruard in the last
chapter. The method vas just that proposed in the introduétion.
to distort the nuclear cycle and to examine the effect of this
distortion upon the two markersz of the I4C sensitivity cycle, the
transition points, _
' I have alrcady employed the Gl-S~02 classification of
the nuclear cycle introduced by Howvard and Pelc. Houever, there
io a problem vhen using this system with yeast for although the
S period may be easily located the other marker vhich defines the
cycle, mitosis, ic absont in yeast as an easily scorable event.
It is inherené in the hypothesis yut forward in the last chapter
that 'mitosis® should cccur betucen the first transition point
and visible nuclear fission,and before proceeding to consider
evidence vhich concorns the second transition point and ic thus
unaffected by this difficulty, I should like to deal further with
the evidence for this assumption.

Hilliomson's ('GQ work upon the muclear eventse in syn-

chronously dividing cells has already been described aﬁd provides
a basis for the hypothesis, but since that work was performed
further evidence hes cmerged to support the idea that yeast nuclear
division resembles normal mitosis. The subject has been recently
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revicved by Hatile et al and ¢hey report that several authors have

found using electron microscopy an intranuclear spindle consisting
of a bundle of microtubules attached at both ends to a modified
area of the nuclear membrane vhich has been calléd the eentriolar
plaque. They point out that this spindle has probably been obser-
ved previously by light microscopists who temed it the lateral
gmaxmle,or intranuclear fLibre. This intranuclear syindle'appears
4n the nmucleus of many Accomyceles including Sepoobe (Robinow and
Bokerspiel) and microtubules have been observed in the nucleus of
S.pombe by Barker and Scmitter. The division of the nucleus m
yoasts is thus preceded by events which strongly resemble mitosis
in the cells of higher eucaryotes although it is not yet cléar
whether the intraﬁuclear spindle has a role iu effecting chromo-
some separation. It consequently seems quite reasonable to expect
that the act of chromosome separation preceeds visible nuélear
ficsion by a significant period of time.

Ho less than three inhibitors of interest became avail-
able to dis%or{ the eycle and all of them appeared to effect DNA
synthesis, they are AdR, HU and an inhibitor which was studied by
Bostock (68 and $70b) 2- phenyl ethanol (PE)e PE vas used by

Bostock at a concentration of 0.2% in the aedium as a continuous
treatment and this results in a long cycle of about 240 minutes
with the S period cceurring a?\; abouti mid-cycle. However, it was
found to be exceptionally difficxﬁlt to obtain good synchronous
cultures of cells growing in 0.2 éE. The work of Stebbing (’?222
on lPE treated cultures provides a probable explanation of this
gigficulty, he found ¢thet there was little synthesis of protein
and hence growth durlng the Gl part of the PE affected cycles
This means that vhen making a synéhronms culture the small cells
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selected by the gradicnt ¢echnigue will have a ruch wider distri-
- bution of ecell ages than nermal and the synchrony will £all
accordingly.

Concentration vas thus focuassed upon the actiom of AdR

end HU, [iitchison and Creanor found the action of these two cca-

poonds vas very similar. then added ¢o a synchronous culture at
the aprropriate concentrations it is Loumd that the first divicion
occeurs norunlly but that the subsequent Qivision Cails to occur. .
There is little offect on the growth of the cells by either of
these inhibitors at the concentrations msed to affect division
zod thus the result is ccll clongation as is sean with MC treate
nents If the treatment is continued there is some recovery of
the ability to divide.

At higher comcentrations some effect an grovth is scen,
especially with HU; this manifests itself by a droadening and
heightening of the cell plate pealt ag the cells take longer to
traverse the cell plate nhase, However, if protein, RNA and DNA
@yﬁtheais are measured 1¢ is clear that the major effect of the
Pvo drugs is on DIA synthesis vhich shows a dose dependant reducte
ion in rate and may be completely 4nhibited by 1.1 x 10~2M HU.

The underlying basis of the affect is im both cases
zost probably the inhibition of the enzyme ribonucleoside
diphoaphate reductase. Thic onzyme has been nade the subject of
intensive study by Brown and Reichard an& has been found ¢to be
sensitive to roversible repression 'by deoxyadenoaine ¢riphosphate
(QATF) vhich appears to bind the enzyme protein. Prior to this
finding it had been sugpested by Overgaard-Hanson and Klenou that
AATP accurmlstes in AAR trected colls, The same enzyniec has been

ghovm to be senpitive to HU by Krakoff; Browm and Reichord; im this



FIGURE 29, < The offects of a pulse of deoxyadenosime upon
¢he division of a syunchronous culture, and the
effoct of a pulose of MO upen a culturc o

ercatelde

Counting graphs 1 - 5 dotmvardss

Graph 1 = Controla

Graph 2 = The effect of a pulse of 2 x 10724 AR from
' 25 minutes to }2 hours 55 winutess
Graphs 3,4 and 5 = 15 minute 500 Mdg/Bl MC pulscs vere at times
| 2 hours O minutes, 2 hours 35 minutes amd

3 hours 55 minutes respectively.
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case the inhibition is irreversible as one of the protein sub-
units of the enzyms is imoctivated. It suggested that 4t is
hydroxlamine formed from the breakdown of HU which camses this
effecet a5 exactly ¢he mamwe result can be obtained with this sub-
stance., This conclusion was also reached by Young who studied
anzalogues of HU and the reversibility of HU inhibition with
deaxzyribonucleotides. Direet evidence of tho asction of HU was
obtained by Feuhard vho was able to measure mud schow the depletion
of the pool of deogyribomucleotides in HU treated E.doli.

Another $inding of possible relevance $o the growth
effcet in S.pombe was made by Rosenlranz vho studied carbenoxy-
loxyurea, an omidaticn product of HU and found that it had a
strong effect on protein and RNA synthesis in E.coli, It was in
1ient of this particular side effcct of HU that most attention
‘was concentrated upon the effect of AdH.

Mitchison arnd Creamor ('71a) found that if ACR is added
to a synchromous culture sbout 20 minutes after inoculation at a
concentration of 2.0 x 107 and is withdrevn 2} hours loter
a highly clengated zecond eycle results lasting about 210 ninutess
Mereover DFA synthesis dees not cecur at the normal time but is
delayed by about 150 mimitec. Hence the second cycle comsists
z=ninly of a long Gl phase vhich is abcent in the normal cycle.
Thaic provided a good situation to 2est the hypothesis put forvard
in the L—zst chapter since if the hypothesis is correct the period
o2 nmzjor sensitivity should, in the AdR treated cells, extend
well inte the second cycle gnd the second ¢ransition peint chould
bz delayed by the seme amount as DNA syni}hesia.,

Figure 29, shous the result of one such experinment m

vhich three MC pulses were placed in the AJR modified cycle; as



FIGURE 30, =  An experiment to test vhether the additionm
of AdR Yo a synchromous culture modifies the
. sensitivity of ¢the cells ¢o MHC imduced delay

during the first eyeleo

Curve A = Controle

Curve B - AdR treated culture pulsed with 500 lg/ml MC
for 15 minutes at 0,28,

Curve € < AdR ¢treated control.

Curve D - AdR treated culture pulsed as above at 0«55

Curve E « AdR ¢reated culture pulsed at 0639,

MeBe AR vas added at a concentration of 2 x 102 to cultures
By Cy D and E at time 20 minutes. The MC used ¢o pulse
cultures B, D and E vas dissolved im medium plus AdR.

The delays in cultures B and E vere 61 minutes and 76
'minutes respectively, and ¢he culture D shows that the
cells pass through their Cirst transition poin¢ quite

normally im the prosence of AdRs






FIGURE 3le = Tho rolaticaship betwcen the longth of am AdR

NeBo

pulse (2 = 1072) starting at 20 minvtes after
inoculation and the delay. induced im The second
- ddvisione

Sce Figure 29 for an cxemplo of AR imnduced delay im

tho second division of a synchronous Culiurcs

This experi;ment wvas performed with a single synchronous
culture,
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can be seen the cells display high sensitivity throughout most of
the second cycle and it is only in the latest pulse that there is
any sign of cells sulfering only a short delaye. Furthermoro,
abservation of the cells vhich contributed to the 107 dividing
fraction at around 8 hours showed that most of these cells were
undergoing their third division and that the majority of cells
vere delayed before the second divisions

This result is only significant, hovever, if A4R cam be
shovn to have no fundemental modifying effect upon the sensitivity
of the celle ¢o U induced delaye. To test for guch an effect AdR
vas added ¢o a symchronous culture aftér 20 pinutes and three
pulses vere applied in the continuous presence of AdR. The result
can be seen in Figure 30.; uniform delays of durations ¢ypical of
tk_le pulse positions vere obtained and the cells unéergo their 'first
transition point in the normal waye. Hence AdR dogs not appear to
affect HC sensitivity directly.

thilst the results sheﬁn' in Pigure 29. are in é\greement
with the idea of Gl sensitivity this was not thé ideal experiment
for testing the hypotheais since the Ga phase is so reduced in
this situation thet it is impossible to schov that it retains ito
chaxracteristic sonsitivity. It was thus deecided to try ‘and' con-
struct a cycle with a Gl phase,a mid-cycle S period and an obscre
vablo G, phase sizply by nanipulating the length of the AR pulse.

Figure 31, shows the result of shoréening the AdR pulse
on the delgy produced in the second division of a synchronocus
culture. 7The result suggests that a pulse of about 40 minutes
duration gtarting at ¢the usual 20 winutes after ineculé‘hion would
not delay the second division at all, vhilst the slope of the graph

suggests that increasing the pulse length in excess of 40 minutes



FIGURE 32¢ - DNA symthesis in a synchronous culiure
pulsed with 2 x 10'3E~? AdR for 53 minutes

from 20 minutes ¢o 1 hour 13 minutese.

MD represents the time at vhich the bulk culture DNA had

incroased by 50%. This time corresponds ¢o a cycle positiom
of 00%‘20
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FIGURE 353, < The eoffect of a pulse of NMC upon DNA synthesis
in a symchronous culturc provicusly pulsed
with AdRe

AdR pwlse - 23 minutes to 1 hour 42 mimutes. The concene
tration was 2 x 10™M.

MC pulse = 15 mloutes 500 Mg/cd pulse at 1 hour 45 mimutos
{0.80).

The mid-point of the rise of DNA synthesis correcponds ¢o a cycle
position of Q.42 |
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FIGURE 34, o The eoffect of Lour pulses of MC upom a
SYRChronous eultmfe previously treated
with a pulse of AdR,

Top graph = Control = AdR ¢reated fron 20 minutes to
1 hour 15 minutes (opem circles).
Curve a3 MC pulse (15 minutes SC0 Mg/ml)
at 0.9% (closed ecircles).

Middle graph = Curve b: [C pulse at 0.03.

Botton graph = Curve ¢t MNC pulse at 0.18 (openm cireles).
Curve d: MC pulse at 0.31 (closed circles).

The delay vas 64 mimutes.

The cycle time of comtrol culture (treated AAR) was 2 hours
36 mimutes.
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FIGURE 35, « Two MC pulses upon a syunchromous culture
pulsed with AdR.

The first peak of the synchronous culture omly is shovm. Xt
vas pulcod with AdR Orem 20 ndmutos Go L hour 15 ninutos
- and the position of the MC pulses (500 Mg/l 15 minutes) was

0,91 and 0,11, The culluwes were observed by photomicroscopye

Open circles = 0,91 pulse - imcrease in number of cells
in £field due ¢o 2nd synchromous division

Oﬁlyo

Open squares = ftotal imcrease in anumber of cells im £ield.

Closed squares and circles - as above for O.ll pulses

The estimated delays assuming a typical cycle ¢ime for ¢he
contrel were 203 minutes and 260 minutes for the 0.1l and 0,91

pulses respectivelys
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canseé a one to onc increase in the delay of the second division.
The most likely explanation of this is that the S period cam be
moved in the second cycle without any effcct on the second division
but that as the pulse length is increased a point is reached vhere
an effect is seen on the second division since there must be a mini-
mum time from the end of the S phase to the end of the cell eycle
to allov muclear division and other end of cycle events to occcur.

Assaying DNA synthesis in a synchromous culture treated
with.a short AdR pulse of 50 minutes duration confirms this idea.
The result is shown in Figure 32. The mid-point of DNA synthesis
is moved to O.42 and the cycle is probably Just slightly elongated.
One further control was now performed to guard against the remote
possibility that treatment with AdR might make DNA synthesis
sensitive t§ inhibition by MC, and this was to assay DNA synthesis
in an AdR pulsed culture. Figure 33. shows the result; clearly
the S period is unaffected vhich confirms the results of Chapter
3. upon the effect of lC on DHNA synthesis.

Cne final check was made on the delays induced in cells
wvhich had been treated with AdR and that was to.ensure that the
delays suffered in the AdR lengthened Gl period were in fact come
parable to those found for untreated cells pulsed in the major
period. TFigure 35. shous data, obtained by photomicroscopy, from
tuo pulses upon a culture treated with a 55 minute pulse of AdR
" in the extended Gl phase, the deléys caused are both in excess of
200 minutes and are very similar to those reported in Chapter 1.

Having obtained these results it was then possible to
test the idea that the major and minor periods corresponded to the
Gl and 02 phases respectively.. Figure 34. shows the result of an

experiment in vhich four pulses of MC were placed in the secoand
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cycle of synchronous culture treated with a 55 minute pulss of AdR.
The two carlicat pulses show the cells to be highly sensitive
but the tuo later pulses shov that a rising proportion of the cells
exe only suffering a short delay typical of those elicited im the
oinor period. The latest of the four pulses at 0,3 of & cycle
produces a noasurable delay vhich is im oxcellent agreement with
the delay produced in on untreated culture (ses Figure 8.) in the
oinor period and a small ®escape peak' of colls which have passed
their first transition point may also be secn. Since this experi-
ment vas obviously important it vas repeated; the second experiment
contained a pulse at 0.54 of a cycle which shouved an even larger
Yescape peak® coﬁfirming that the first transition point occurs
normally in these culturés, The other three pulses in this second
experiment were at 0,95, 0,17 and 0.3% and once more the results
_clearly indicated that the effect of the AdR pulse was to move the
sceond transition point to a midscycle position. Once again the
pulse at 0.34 produced a peasurable delay of 83 mimutes which is
very similar to the control values.

That the delays produced by these'pulses in the shortened
G, period are typical of the cell cycle position and not those
delays vhich normally follow immediately after the second transition
point is intercsting and suggeste that the rising ;atterm-of delay
in the minor period may be due to the fact that a constant time is
éeede& to repair the damage done by a pulse.

thilst thess results lend zood support to the hypothesis

put foruvard in Chapter 3.,0ne finding of Mitchison and Croanor

(personal commnication) upon the effact of AdR raiced certain
doubts as to the cause of the extension of the minor period. This

finding wvas that the delay of DNA synthesis in synchroncus cultures



FIGURE 36, -

Top graph =

Botton graph =

The cffect of a pulse of hydroxyurea upon
division in a synchromous culiure amd the
offoet 6f two FC pulscs on a eulturc €O

treateds

Open circles = controle

closed squares, dotted line « culture treatead
£rcma 1 hour ¢o 2 hours 10 minutes with

Lol % 102U,

Open circles « IC pulse (500 Mg/ml 15 minutes)
at 0,76 upon the HU treated culture.
Closed circles, dotted lime - MC pulse at 0.05

on the treated culture.
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treated with AJR vas possibly not complete for there was a potice=
able slow rise in bulk culture DNA durin; the period of imhibition. .
This effect could have been camsed by either a small proportion of
poorly synchrenized cells in the culture; this is alwaye a risk 4n
the J.arge synchronous cultures used for DA estimations, or 213
the cells in the culture initiating DHA synthesis and vadergoing
synthesic at a highly reduced rate. The danger was thus that the
AdR &ffec'téd cycle did not have a proiracted Gzl vhase bet a much
extended S periods

In an atterpt to resclve this question it was decided
to investigate the relationship betueen DHNA synthesic and sensi-
tivity to MC induced delay. ﬁ'xis question vas also rclovant
" since §ill suggested that his period of high sensitivity to v
induced delay might corrzspond to the S peried. This prediction
3id not prove correct for logarithmically growing cells but his
results with cells synchronized by reinoculaticn support this view.

The first experiments vers performed with HUF Mitchison
end Cresnor found that this inhibitor used at a concentration of
1.1 x IO-ZI-! completely inhibited DNA synthesis when added to a
synchroncus culture one hour after inoculation (perzonal communi-
cation). Figure 36, shous the rcsult of a short pulee HU or a
synchronous culture and the effect of two MC pulses upon the AU
treated culture. One rezult of HU treatment is impmediately
noticeable, the broadening effect upon the cell plate peak. This
is due to an inhibition of growth by HU causing the cells Yo spend
longer in the cell plate phase. There is; hovever, no effect vith
this length of pulse treatuent on the timing of the second division,
uhich indicates that this effect is not unduly severe. The tuo

I'C pulses both give CPI profiles vhich are typical of cells in the



FIGURE 37, <= The offect of a pulse of HC at around the
S period upon synchromous cells troated with
HU compared to 8o effcet upen zindilar untreated

synchronous cellse

Open eircles, solid lime = Comtrol CPX,

Closed circles, dotted 1lime = HU treated culture CPX.

HU pulse wvas £rom 1 hour 2' ninutes to 2 hours 17 niautes.
In both eases the MNC pulse position was 0,88 and the
second cycle lasted 315&5 minutes.

Both those cultures were observed by ¢inme lapse photonicroscopye.

Control - thia line and open trilangles reprosent imcrease im
. numbers duc o the scecomnd symchronoms_ division .

(1.0o the delayed division). The opeon.SqUAres
r@i)rosent the ¢total rise in all mumbors im the
oboerved £iclde The elozod tﬂamgl@a emd thick
line ropreosont the sane as Cho above Low the EU
troated culturce

“ao dodayo wero 250 ndavites and 23h mdautes Lor centreld 2nd

gronted Ul turos 2ogpeetivolye
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major period, showing that as with AdR the segond transition
point has been delayed.

Eavingvestablishe& that a pulse of HU gave results which
are comparaﬁle with those obtained with AdR the experiment shovm
in Figure 37. vas performed. The aim of the experiment was to
compare the delay cauvsed by a MC pulse made at the time when the.
pesdirum nurber of cells would be iﬁ the S period vwith the delay
caused by a pulse at the same time upon cells vhich had had thelr
' DNA synthesis imhibited by treatment with HU., The delays pro-
duced were measured by time lapse photomicrosecopy amnd clearly
‘both pulses give highly sinilar delays, the figurés being 234
minutes for the treated .culture and 250 minutes for the control
culture. _ | |

Oaly a tontative comclusion is possible from this result
wvhich is that the inhibition of DNA synthesis‘does not unduly alter
the sensitivity of the cells, Apart from the difficulty of inter-
preting photomicroscope data mentioned in Chapter 1. anothor woak-
ness 6? this experiment is that as the durat;on of the S period in
Sepombe is unknovm there is also uncertainty as to thé proportion
- of cells vhich are aetually in the S period during the fifteen
minute pulso; if the S period is very short this proportion may be
very smalle This uncertainty @Quld have been reduced if the degrec
of synchrony of the culture had been greaters; there is no means of
doing this with the conventional density gradient method of pro-

. Qucing synchromous cultures but S.pombe can be induced to undergo
a particularly synchronous round of DNA synthesis by exploiting
the reinoculation system developed by Bostocke

Bostock chowed that if a four day old stationary phase
culture grovm in the low phosphat; medium ET] I is reinoculated

into frech medium there is an exceptionally synchromcus burst



FXGURE 38, = The offect of Louxr MC pulses upon a culture

reinoculated {rom stationary phasce

Tho Lirst pulec of I'C was appliocd bofore ineculaticn of
the culture. The control growth curve is indicated by the open
circles and heavy lince.

Thus the times of ¢he pulses and resultant delays im the

timee Lor a 50% imerease in all numbers wvere je

(a) pulsed from mimus 15 minutes (15 minute 500 Mg/ml -~ open
,é;lrcles) delay = 28 mimat@s.
(v) p‘ulseé at 20 mimutes (closed cireles) delay = 5% minutese
(c) pulsed at 52 minutes (open squarcs) delay - 58 winutes. _
(d) pulsed at 1 hour 46 mimutes (closed sguares) dolay = 5% mimutes.

The left hand ordinate refers to the opem triengles which
show the imcreasé 4n DNA in the comtrol culture during tho first
three hourse ‘ (Th@‘ zero time point was derived L£rom the value
o2 2292 = 205 of DA por ctatieanry phaso eoll, grevn da B L
wndo value coy o feumd 4a Bootesk ¥68).

o

HeBe wio dev phoophnte rodiun 431 4 vas used for ¢his omorincmbe
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of DWA synthosic and that after a lag averaging four to five hours
the cells divide with a low degree of synchronye.

Figure 38, shous such a culture and the result of making
 Zour pulse treatments with KC on it the first pulso being adminis-
tered before the cells wore inoculatede Also shown is the change
in bulk culture DNA vith time for the contrel culture, The
vertical barzs to the curves of cell numbers indicate the points
at which the individval cultures shov a half doubling and éxre
ueed %o calenlate the delays. As can be seen the delpys are
relatively modest relative to those induced in synchronous
logarithmic phase cultures and although the second pulse (labelled
be) was made at the time at which DNA synthesis reached its maxi-
mus rate no high sensitivity is evident and the delay differs
little from that caused by subsequent pulsese  To a certain extent
the seme criticiem applies to this result as to the time lapse
photography data in that the delays are calculated by scoring the
division of only half the cells;hence the calculated delays may
be a considerable underestimate of the mean delay. However, the
rise of cell number in the treated cultures parallels the increase
in the control up to the first doubling of cell mumber and this
does not suggest a hidden sensitive fracfion in the puised ecultures.

This resuit contrasts markedly with the fmdings of
Gill who showed that if céllg vere irradiated vith lov doses oi’ﬂ
UV 1light et different tines after reinoculation there was a marked
peek of sensitivity to delay associated with the first 30 minmutes
of culiu?e grouth, the peried of maximum DNA synthesis. The
vesult is similar, however, in that the absolute sensitivity of
the cells vas less than that seen in normal logarithmic phase cells,
the mactimum delay being in the order of 100 minutes whilst the
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logarithmically groving cells suffered maximun delays of 250
minutes when irradiated in their major pericd with the s=me dose.
Cace again this result hes failed to show any eifect of
DA syhthesis upon the sensifivity of the cellsy; but interpre-
tation of this result would, like the study of the dose delay
relationshié, greatly berefit from additional information on the
uptake of the drug simce it is quite possible that there ave
changes in permeabilily during the physiological transition from
the resting state to logarithmic growth which change tho effective
dose received.
The major findings ol tuis chapter may be summerised
thuse _
\ l. AdR pay be used to inhibit thao synthesis of DA and thus to
change the relative lengths of the Gl and G‘a Phases of the cycle
without the introduction of any significant division delaye .
‘2.' :C pulses on such & distoried cycle show that the xﬁajor ﬁeriod
of sensitivity is extended in exactly the same way as the Gy
‘ phase of the cycle and the resulis are in full agreemnt with the
idea that the changes in sensitivity to delay are correlated with
the events of the chromoscme replication cjclea |
3. Using HU treated cultures and cultureé in vhich DA sgnth@is
iz naturally synchromized it has not been possible to show that
celis undgrgoing DA gynthesis possess any special sensitivity to

MC induced delaye
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CRAPTER 5.

The offects of heat chocks and short periods of tein thesis
inhibition on the division of Sepoubee

thilst tho last chapter dealt with factors which effect

the overall pattern of sonsitivity through the eycle this chapter
is concerned only with the question of the rising pattern of delay
vithin the minor pericd. This was of special interest because
this pattern of doelay is by no means unique to S.pombe; it has
been found to be caused in Tetrahymena by a large variety of
agents and has been the subject of a great deal of work.

The study of division in Tetrahymena was pioneered by
Zouthen an? Thormar and the early work and basic hypothesis which
stemmed from it is described by Zeuthen. More recently the whole
body of work which grew out of those early experiments has been
reviewed by Zeuthen and Rosmussen. The basic finding was that a
temperature shock, cither hot or cold, or a pulse treatment with
inhibitors of protein synthesis or treatment for a short duration
wvith various other agents could induce a division delay by a
phenomenon vhich Zeuthen named *set back®'s This neme was given
’to the process because the induced delays rose with cell mgé in a
vay which suggested that treated cells had to ropeat their pre-
parations for cell division; the cells vere set back to the
beginning of their cycle.

It was to account for the *set back' phenomenon that
Zeuthen propounded t¢he 'division protein hypothesis® which, put
very simply suggests that the increasing delay iz caused by the
accumulation through the cycle of a labile protein which has %o
reach a critical level for division to occur, treatment with any

one of a number of agents causes the inactivation of this protein
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and it is the time requixred Loy dts resynehésis.which explains
the delay. | :

One of tho most strikiang Leatures of the set back?
phencmenon is the vide variety of treatments vhich cause it}
apart from the two main treatments mentioned above azide,
flvoracetate, high hydrostatic pressure, mercaptoethancl and
anaerobiosis cam all cause ‘set backS to some extont. The question
thus arises, is it poseible that MC could act in a similar mannor?
Bullk proteig synthesis appears to be unaffected by HC, but it is
not impossible that NC could imterfore with tho motabolism of a
specific protein by am imdirecct mechaniem such as the alkylation
of a long=lived messeng@r RNA EO? example., Additionally the exe
periments necessary to ancwer the above question would also provide
evidence as to the wider applxcability of the division protein
hypothesis vhich is an interesting question im its owm right.
Finally, the preliminary experiments were also necessary to study
the effects of imhibition of protein synthesis om the ropair of
MC damage prior to tha delayed division.

The tvo treatments which vere studied were the two which
have received by far the most attention Lrom the Tetrahymena
vorkers, heat shocks and a pulse trea@ment of a protein synthesis
inhibitor.

Foréﬁnately, vhen starting the work on the effect of a
temperature shock socme information was available £rom am earlier
study of the effects of fluctuating temperature by Harnden who had
attempted to synchronize S.pombe by this means. Harnden had tried
various regiées and had enjoyed scme success but had never managed
to achieve a useful degree of synchrony by this method. However,
he had identified the highest sub-lethal temperature at which

S.pombe may be cultured vhich vas 41.5°C.



FXGURT 39 <= - %he ddvicien dolay caused by varicus

35 minute hoat shocks arcund nidecyclce

The open amd closed circles indicate two different symchronous

experiments (sec Figure 4O for typical experiment).

Open circles = chock position (ecaleulated from mid-point
of shock) = 0s55,

Closed circles = shock positiom 058
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. FIGURE 40, =

Yop graph -

Bottom graph =

Two experiments showingthe effects seen
wvhen a synchromous culfture was eoxposed o
a . heat shock of 40.5°C for 25 mimutes ab

varying points in ¢the cyclae.

Open cirgles « control.

Closed circles and dotted lime -« culturc shocked
at 0,22, ' This culture shows the peak sharpen-
ing effcct of a heat shock in ¢the begimning of

the cycles

Open circles = control.

Closed circles and dotted line = culture shocked
at 0493, The failure of the CPX ¢o drop im the
shocked culture was due to the effect of the

heat shock on fission, some 10% of the cells

- wore axrosted im the eell plate phases
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FIGURE 43, = The zclationship botwcen the eyslo position,
heat shock and daduced division delay for a
25 mimute 40.5°C shock.

The closed squares shov Lirst division delay (le.ce din Cthe same
cycle as the shock), and the open eircle imndicates a second

division delay (im ¢the cycle after the shock).

TP indicates the transition poimt fron Lirst to sccond division

delays

Xs delay was cxcess delay vhich was total delay mimus the shock

poriode
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The cycle sensitivity to heat shock vas investigated
by heat ghocks of 25 or 35 minﬁtes duration with the warming up
period, which was approxzimately 5 mirmtes. included 4n this period.
Figure 39+ shous ‘the result of the first experiment vhich was
performed to select a suitable temperature for the investigation
of the vhole cycle. 35 mimute heat shocks wore applied to a
synchronous culture vith the mid-point of the pulse (heat shocks
pozitions are defined by the time at ndd-pulse) just -aftex; mig-
cycles The delays prodﬁcéd vere uniform and, as may be seen,
increase charply with increasing temperature. The data in fact
would have been better plotted on a semi-logarithmic plot as it
givés a straight line vhen treateé in this vaye.

This one result alone is at variance with the Tetrahymena
situation for the temperature induced delay vhich produces set
back is not highly temperature dependent; I chall return to this
point. One effect noticeable in these cultures is that significant
lethality, as judged by the appearance of highly refractile cells,
océu:rad at temperatures in excess of 40.5°C. It was interesting
that these dead cells did not appear after the pulse but only
after the first divisiﬁn. In view of this lethality a shock
temperature of 40.5°C was selected and to assist the spacing of
the shocks a standard shock length of 25 mimutes was adopted.

Two of the effects observed when the shock was applied
at various positions through the cell cycle can be seen in Figure
k0. vhilst the collected results of three such e::périments each
measuring delay at four separate cycle positions may be seen in
Figure 4l. The early shock in Figure &0, shous the typical effect
seen when the cells are shocked in the first hal? of the cycle, a

considerable sharpening of the cell plate peak which suggests that
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the cells have become more synchronous. The later shock at the end
of the cycle shous another effect, a failure of the cell plate
index to fall towards the bascline after division of the control
éue Yo the fact that a sizable proportion of the cells £ail to
undergo fission but remain Lixed in the cell plate phase. This
cffect vas eapecially pronounced in cultures treated between 0.6
to 0.9 and the resultant distortion of the cell plate peaks made
the delays produced very difficult to ecstimate. This effect of
heat treatment wvas also moted by Harndens the cells so afflicted
are able to undorgo subsequent divisions but ‘give rise to only
three ‘cells® on division, the innermost daughters remaining
paired,

This effect upon the cell plate iadex must be bornme in
@mind when considering the collected results. The ﬁosition of the
transition point is only tentative and would probably be a little
ecarlier if entry into the cell plate phasoe was considered the end
of the cycle. Hovever, this uncertainty only really affects the
estimates at 0.75 and 0.82 and leaves the overall pattern of sem-
sitivity reasonably clear§ once more it is an increasing pattern
through the cycle with a gentle slope and a meximun delay of about
50 to 60 minutecs, and again there is a transition point at the end
of the cycle.

The rising pattern of delay and the sharpening effect of
an early pulse on the cell plate peak of a syanchronous culture
are two results vhich are in excellent agreement with ome another
since this patterm of delay will predictably have tho effect of
differentially delayimg the older cells and will tend to align the
tine of divisieon in cells of different agea. The effect is probably
too weak to allov am appreciable synchronization of a synchronous
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culture vith a single sheck, but it may be that reinforcement

of synchrony can be achieved if the correct spacing of the shocks
can be founde IfZ this is o synchronocus cultures of S.pombe may
parhaps be produced by this method just as they are in Tetrahymena,
cac complication would be the accurmlation of cells blecked in the
cell plate phase but these cells may discppear by dilution or pay-
be another strain could be found vhich lacks this rosponse.

One very iateresting possibility to be raised by the
discovery of thia'effect iz that it noy be possible to caintain
the synchrony of a synchronous culture with cne heat shock per
cycle. If this is indecd possible it could lead the wvay to the
production of giant synchronous cultures especially if resort
can be made %o contimucus culture techniques. UYhether the culture
could be made to lock om to a cycle of shocks is, however, doubtful.
Multiple ehocke im Tetrahymena load to adaptation and to division
at the chock temperature (Zsuthen) but in that case the shoclk
serves to ccupletely delay division mot merely to align it. The
real question is whether the aeéaaiﬁviﬁy to heat shock cycle is
entrained to the cell division cycle, if it is all may be well,
if not the synchrony vill be steadily lost. %The preliminary [55: 38
periments to test vhich is the case are relatively easy and cer-
tainly the prospect of large quantities of synchronous cells is a
very tempting goal.
| Viewved in terms of the division protein hypothesis the
two results above are sharply conflictings One of the cormer
stones of the divﬁ.sion protein hypothesis is that it rosembles
em 211 or mothing offect; (Zeuthen) varying the temperature of
the shock has little effect upon the delay produced since the

shock only serves to discharge the pool of division proteing the



71.

delay is fixed being the time for resynthesis. The rate increasing
curve vhich relates delay to shock temperaturc in S.pombe is thus
the exact opposite of the relatiomship predicted by the division
protein hypothesis. Houever, the pattern of sensitivity is roughly
in line with the ¢heory as is the effect on the degree of synchrony.

X shall return again to this point later.

The next question to be investigated was the effect of a
short period of protein synthesis inhibition. The choico of in-
hibitor to use wvas fortunately cquite simple as the antibiotic
cycloheximide (CHX) had been showm by the vork of both Stebbing

(*69) and of Mitchison and Crcanor ('69) to be a rapidly acting

and effective inhibitor of protein synthesis in S.pombe. The

properties of CHX as an inhibitor haw been reviewed by Sisler and

Siegel and the following points cmerge as important. CHX acts
in some but not all fungi (some being CHX resistant) as a rapidly
acting inhibitor of protein synthesis and is active both *in vive'®
and %in vitro®. Its action is reversidle and protein synthesis
resumes after CHX has been washed out of the culture. The exact
wode of action of the drug is unknowm, but it is thought to act by
blocking the transfer of amino-acid sRiA's into volypeptides.
It does not inhibit the synthesis of RIVA but RJA metabolism is
affected and this has been studied in S.pombe by Taber and Vincente
DNA synthesis is inhibited by CHX but this effect only manifests
itself 'in vivo' and may well be a secondary comnsequence of protein
synthesis inhibition.

Yhe concentration of CHX chosen at the time that these
experiments were performed was 100 Jlg/wl CHX as this concentration

had been shown by [Titchison and Creamor (personal communication)

to have had the effect of reducing Clu leucine incorporation to
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The effect of various lengiths of treatment
with 100 lg/ml cycloheximide upon divisiom

. in an asynchronous culture,

controle
Culture contimucusly treated with 100 Mg/mi
cyclcheximide Lron ¢ime O ninutose
Cycloheximide withdrawn after 20 minutes.
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about &% of the control volme im ebout 10 mimmbos. Subsoguent
vorle im thic laboratery bos chewm that the core offect cowld have
bocon cehioved by usimg cuch sver coneontzaticns bud. &hat tho
ofZcets of 100 i/l cre quito rapddly roversible (HlaPolousshols
poretnal cer—uniendicn)e

Sro proldcdenyy azposrfomt dhemm dn Flouwo D20 woo thoa
porporncd. o dosfido tho epdicyn loagth of pulco ¢o ueo and Go goe
1% o sdngle pulco of GIX could preduee cay oyanchreadsing offcet,
wnich weuld cugsest a rpising pabttern of dolays Cloarly graph C
in Pgurc §2. shovs that a 20 ninmuto pulse of CHX dees im Lost
produce a fair peak in the cell plate index, hence this length of
pulse was adopied im the subscquent experiments with synchroncus
culturcs.

Figure 43. chous the offect of a CHX pulse of 100 Jlg/ml
for 20 minutes uponr a synchronous cultureg as in the casse of the
hoat shocks,the pulso pesition iz coleuwlated from the midepoint
of the pulse in view of the Lact that tho inhibitor takes g.bma\t
10 minutes to exort its full offect. Three foatures of the data
are immediately cvident. Firstly that a pulsce just after mid-cycle
causes a delay of about an hour im the first division. Secondly
that once again the sharpening effect upcom the symnchrony of the
Pirst diviocion has cccurred amd finelly that therc is clear cvi-
dence of a transitien poiat bobtuwcen the two pulces shovm at 0.59
and 0.69 vhich 45 mot obzoured by any offcct upon coll fissione

Figuro Lb. chous the colleeted data fron aix copzrate
- exporiments of the type shoum in the provicus Lfigurce Tho ccll
cycle cppears to be divided into throe distimet veglions3s Lrom the
beginning of the eycle to absout 0,35 there is a period in which the

cells sulfor littlc cxeess delay. Irecess delay 4s a term used by
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FIGURE Lk, - The relationship between imduced division delay
and the position inm the cell cycle of a 100 lg/ml

20 minute CHX pulse.

Closed squares - first division delaye.

Open squares - very, short Lirst divisiom delays induced after
the transition to second division delay (TP)
vhich were thought to be due ¢o a lengthening
of the cell plate phasee |

Open circles = second division delays.
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FIGURE 43, - The effect of ¢wo 100 Hg/ml pulses of CHX

upon divisicn in a synchronous cdltureq

Graph A :=- Open circles = control.
Closed circles and dotted line - culture pulsed
at 0,59, (There wvas a peak sharpening effect
similar to that seen with a heat shock).

Graph B := CHX pulse at 0.69. There was a siight first

. divieion delay(probably due to a slight
lengthening of the time spent in the cell plate
phase)émd?a;smin.peak due to cellé vhich had
not passed their transition point at the time
of the pulse. The second division was con-

sidorably delayed for all cells,
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the Totrahymena vorkers te describe delay vhich is in excess of
the length of the pulse ¢roatment, it is assured that cells camxot
be expected to progress Covards division during the actual pulse
and thus excess delay is a better measurc of the true dolaye
During the next phase of the cycle there is a rising pattern of
delay vith cell age and doubtless it is this vhich explains the
synchronizing cffeet of a 20 minute pulse of CHX on a synchronous
cultufe. At approxinately O.6%k of a cyele the cells undergo a
transition and become resistant to long cuxcess delays. After
this point in the cycle the cells appear to suffer very short
delays in the region of 10-15 minutes,; this is probably not a real
X delay but is due to an elongation of the cell plate phase which
broadens ¢he cell élate peek and makes the mid-position of the
peakt slightly later. There does, hovever, appear to be an effect
on the second division vhen the cells are treated after the
transition point, but more data is nceded before anything definite
can be said of this, especially as an effect during this part of
the cycle may be due to am interference with DHA synthesis. It
has been shown by Cummins and Rusch for example that in Physarum
protein synthesis is essential for a ccaplete round of DNA syn-
theais to occur.
One more cbservation was made upon CHX delayed cells and
that ves to memsure the size of the delayed cells at dliviéion. In
\\\\*ﬂhy@em geneéél protein synthesis is not affected to any greéﬁ‘
extent byheat treatments vhich produce 'set back?' and the
cells synchronized by multiple heat shocks are consequently quite
significantly enlarged. The size at division vwas measured om two
types of cnltt.;r@. A synchronous culture treated with a 20 mimute

pulse was observed and a result very similar to that ssen in
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Figure 42. vas obtained; the sample for length mcasurements was
taken from the cell plate peak and a semple vas taken from the
conirol at the seme timo. Tho other comparison vas made between
syachronous cells pulsed at 0,59 (as shovn in Figure 43.) and the
control cells. Ia both cases the neam lengths of the troated
cells in the cell plate phace uas higher than the control by 5%
in the mynchronous exporiment and by 955 in the synchronous
experiment. Both of these differcaces are significant at the 0.5%
level vhen tested by Bailey's modification of student's *¢' test.
Thiz observation suggests that the eeils are not delayed because
of a gemeral offect upon growth which prevents the cells from
attaining a critical size for division but that the efféct vhich
causes delay is upoh a specific system involved directly or in-
directly im the control of division.

The results above are reasonably éonsiatent with the
division protein hypothesis if one proviso is accepted (nd that is
that the synthesis of the protein is restricted o only that part
of the cycle from 0.35 to 0.65 during vhich the delay rises with
cell age. These results with others thus raise the question of the
vider applicability of the divisiom protein hypothesis. This
question has recently received attentiom from Mitchison (71)
who has produced several different models to account far.the effects
of heat shocks and pulses of division inhibitors upon various
systems. I shall return %o this topic in the forthcoming dic-
cussion.

Returning to the question of whether }NC might act in the
sane way &3 heat and CHX by an interference with protein wetaboliesm
comparison of the results with all three inhibitors allows two

conclusions. Firstly, that there is a broad similarity in the
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€indings vith all threec agents since all causc a variable age
depzndent &eléy during the Lirst part of the cell cycle, and
secondly that HC differs from heat and CHX in that it does not
cause a sharpening of synchronye

The failure of NMC to sharpen the eell plato peak is
probably duc to the gradiont of the delay against ecll age curve
being steeper than is found with heat or CHX, Consideration of
the 'set back! podel shous that at apy given cell age the delay
resulting from a single troatsent is equal to the time from zero
sensitivity ¢o the transition point minus the interval batueen
the cell age and the ¢tramsition point. There is only onc variable
t:ﬁ;ich is the interval between the cell age and the transition
point, and ¢this is clearly xclated in a linear Lfashion to cell
agee Thus delay is also a lineaxr function of cell age. The model
also predicts that slope of the graph of delay against cell age
vill be 45° in its rising portion. 12, for cxample, cells are
set back by say 100 minutes in a cycle of length 150 minutes with
a transition point at 120 minutes the cells will start to be delay
sensitive when aged 20 minutes and delay will increase in a linear
maxmér vith cell age until cells aged 120 minutes will suffer a
100 minute delay; hence from age 20 minutes there is a one to one
increase in increaent in age and increment in deléy. Cells aged
£ronm 20 to 120 ninutes all divide at the same time, and thus if an
agynch?oncus culture of theso hypothetical cells is %reated some
EHeasure o.f synchrony vwill result. However, this synchrony will
only occur if the age dependent delay rises in a one to ome
pomner with coll age; the nearer the approach to this relation=-
ship the better will be the synchronizing effect of a single pulse.

Reference to Figures 8, 41 and 4& for NMC, hoat shock and
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Tho offeect 0o a pulee of syclohoxnimide upom
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Bottom graphse

The effect of a heat shock upon a cullure
delayed by an KC pulse im the minor pericd
of soncltivitye

Open cixrcles = controle
Closed circles and dotted lﬁlnc?‘ = [HC treatods
Control culture (660 Hg/ml pulse for 15 mimutes

at O0e3l)e Dolay = 74 minutes.

The effoct of a £0,5°C 25 mimute heat shock
pld=point 1 hour 8 mimutes upom the MC treated
culturce Dolay (relative to completely une=

¢reated control) = 105 minutes.
As above, shock midwpoint is at 1 hour
53 minutess Delay « 105 minutes.

Az above, shock Didepoint do at 2 hours

28 minutos, Dolay = 108 ninutes.
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CHX data respectively shows that the gradient of the FKC curve is
_greater than 45°, for heat shocks the gradient is less than 45° and
for the ascending portion of the CHX curve the gradient is approxi-
mately 45°%. Hovever, the heat shock data is not particularly good
at the tuo oxtremes of the cell cycle and does bear a strong rescm-
blance to the CHI data in mid-cycle vhere most of the results were
achieveds Over the period from 0.2 to 0.6 the excess delay does
show a roughly one to one increase with cell age and it was pulses
in thic part of the cycle that showed the sharpening effect. The
fact that the slope of tho delay graph for HC is greater than 1}50
exxplains why no increased synchrony is seen with MC pulses on syn-
chronous cultures and it also argues agmxxs‘t the comnstent repair
time theory to explain this patterm of delay since this theory
also predicts a 45° slope {see Mitchison (*71). However, it may be

¢that minor cycle dépendenﬁ: factors influence the delays and modify
the sensitivity pattern and it is notable that the delay-cell age
relationship in Tetrahymena for tomperature shocks is mot lincar
but is a shallow upvard curve (see Zouthen).

Having obtained some idea of the effect' of heat shocks
end CHX treatment om untreated cells it was possible to test whether
there was any sinilarity in the offects caussd by these agents and
KC . Figures 45. and 46. shou the results of the experiments
wvhich were simply performed by treating a MC delayed culture wvith
pulses of CHY and heat sﬁocks.

CHX appears to have no effect at all upon the division
of cells imhibited by NC although the results above show that there
is no time at all im the normal cycle vhen division cannot be

delayed by CHX treatment. Thus to guard against the unlilely
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possibility that MC might confer some type of resistance against
CHX ¢he experiment was repeated with exactly the same result and
a comparison was mpade of the cell lengths at division between the
IC treated culture and the cultures treated with both agents. The
lengths of the CHX treated cells were 12-145 lover than the NC
treated control and the differences were all significant at the
0.05% level, Tested against themselves, hovever, none of the three
CHX treated cultures differed significantly at the 10.0% level.
Evidently CHX was having its customary effect upon cell grouth.

This result is not explainable in terms of the division
protein hypothesis at all, im fact it suggests that MC does not-
agfeoct the synthesis of divisiom protein but that during the HC
jnhibited period cnough divicion protein is made to not only
provide for the coming division but also to counteract any offect
of CiX. This idea of excess division protein is also consistent
with the schortened sccond cycles found in Chapter 2. Perhaps the
most straightforward conclusion to be made from this result is that
the repair of MC dammge is not dependent upon continuous protein
synthesis.

Hhilst CHX does not affect the inbibited cells Figure 46.
chous that a heat shock does have an effect, although there is very
3ittle excess delay (6,7 and 9 nminutes for the three heat shocks
in order of lateness). However, the last pulse shows the effect
of sharpening the cell plate peak and thus there is evidence that
there is vaeriable delay just’befora the inhibited division. 1In
vicw of the lack of effect of CHX the simplest conclusion vhich
may be dravn from this result is that the elevated tcmperature has
an inhibitory effect upon the repair of MC dnmagee

These %o results together muggest two furtber experiments



FIGURE 47, -

The effect of a second pulee of MC upom
the division of a synéﬁronaus culture

previously deleyed with MCo

Open circles and solid lime = controle

Closed squares and dotted lime = 15 mimute 660 Bg/ml MC

pulse at 0,226

Open triangles and dashed line = effect of a second

didentical MC pulse, 60 minutes after the first, upom the

treated culbure.
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wvhich might produce interestiﬁg resultse The first is to deter-
pine hov much further protein synthesis is reqﬁire& for cells
&elayed by MC treatment to initiate muclear division and cytolkkine~
cis afier the normal cell size for cell division has been reached.
This conld be dome by the addition of CHX to the delayed cells at
various times af‘t_er the treatment with MC and following nuclear
division and cell plate initiation. The second question is if
division is limited im MC treated cells only by the repair of IC
damage then the temperature optimum for this process way well be
different from the normal growth temperature of 3200., Thus simply
shifting treated cells to a range of ﬁemperatures aftor the MC
pulse couid possibly result in a shortening of the delay.

The last result in this chapter is shown in Figuro 47.3
the experiment was performed to test vhether cells treated once
with MC and presumably in the process of repairing MC damage |
acquired any resistance o the effects of a second pulse. 45 can
be seen a second pulse is cjuite efi’eétive in producing further
delay and there is no reason to suppose that a second pulse is
any less effective., This cuperiment agein suggests a sequel which
would yield interesting information which would be to plot the
gensitivity of the MC inhibited cycle to further HC induced delay.
Unfortunatelys time did not permit this experiment to be performed.

The major results of this chapter may be summarised thus.
1. Both heat shocks and short pulses of the protein synthesis
inhibitor eycloheximide will delay the division of synchronous
cells. The cell éycle sensitivities are broadly similar to both
'agents delay rising tith age during ﬁrst part of the cyeie with
a trensition point at arcund Oube

2. Heat shocks of 40,5°C have an effect on cell fission and some
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cells s0 treated become blocked in the cell plate phase.

3. The pattorns of sensitivity loosely rescmble that found in
Totrabhynona Lfor both agents and this raises the question of the
general applicability of the 'division protein hypothesis®
developed to cxplain the results of these inhibitory treatments
on Tétrahymenaé |

L, T™periments in vhich both IXC and either heat shock CHX were
used did not indicate that either treatment shared the same mode
of action as LC.

5 HC delayed cells acquire no resistance to further MC induced
delaye
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CHAPTER 6.
The effect of MNC treatment upon enzyme synthesis.

The regults described in this chapter illustrate the use
of Eé in the‘ménner envisaged in the introduction, as a”téolvto
distort the cell cycle. NC has been uséd in two vays to iﬁvesti-
gate enzyme synthesis and in both cases has yielded reasonably
clear cut and interesting results,

The first use of NMC was not by myself but by Robinson
(personal commuﬁication) in a study of the factors affecting the
synthesis of.the enzyme alcohol dehydrogenase. In normalAsyn-
chronous cultures of S.pombe growing in B IX alcohoi dehydro=
genase shows a rise in activity, normally interpreted as being due
to a synthesis of enzyme, vhich follows the pattern that Mitchison
(*69a) has called *stepping®. Thus it appears as if the enzyme
is synthesized in a periodic manner with synthesis in this case
being around midecycle. '

Thé fact that enzyue activity rosec at mid-cycle made the use
of a pulse to distort the cycle inconvenient ahd thus a continuous
treatment of MC was used at a concentration of 100 lig/ml. The

- drug was added to the culture just after inoculation from the
gradients This had the effect of producing a hiéhly delayed first
division vhich ocecurred some 5-6 hours after inéculation with a
poor degfee of synchrony; naturally it also led to a great elon-
gation'of the cells. Hy results suggested that the cells would be
arrested in G2 by %his treatment and thus DNA synthesis would also
be highly delayed. This was confirmed by DNA assay.

Assaying for the rise of alcohol dchydrogenase in cul-

tures trcated as above shoved that this treatment had no detectable
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effcct upon the rise in activity for the Lirst two synchronous
cycles, the first tuo 'steps® in activily occurring as in the
control. This rosult is quite consistent with those found by
other vorkers as vas mentioned in the introduction. I shall re-
turn to this point in the discussion.

The ether way im which [C has been utilised vas to test
the gene doubling theory put forvard by Hitchicon and Creanor

(*69). This theory ariscs fron the finding that some engymes
vhich arc synthesized in a linear fashion throughout the cell
eyele show two ¢ypes of periodic changes in their rates of syn-
thosis. The first change is found vhen tho basal level of enzyme
is neasured through the cell cycley the rise in activity is found
to be linear but with periodic doublings in the rate of synthesis.
The second type of pericdic change is found when synthesis of the B
cnzyue is derepressed at intervals throughout the cell cycle and
the resulting rate of synthesis plotted agaimnst the time in the
cell cyecle at which the rate of dercpressed eazyme synthesis was
measured. This shous that the ability of the cells to make enzyme
when challenged (the so-called cnzyme potentinl) increases in a
otep-vvise mannor. The gene doubling theory cmerges because in
bacteria both the rate changes and the steps in potential
have been interprcted as gene dosagoe effects.

However, in S.pombe both these changes happen about 0.2
of a cycle after DNA syathesis (vhen allovance is made for the
delay in the assembly of the emzyme protein from its sub-units,)
(see Nitchison and Creanor (*69) and thus IHitchison and Creanor

have postulated that they are due to gene dosage effects but that
there is a delay betueen chemical rcplication (DNA synthesis)

and the production of a functional gene which is able to express



itsel? (functional replication). In the prokaryotes the dosage
explanation of stop=sice chonges in potential iz supported by
experinents in vhich increases of potential have been showm ¢o be

dependent upon DNA replication (Donachie snd lasters, Pato snd

Glaser)} it is just this cxporiment vhich can be performed with
liICe Potcntial changes rather than rate changes vere measured in
these cxporiments mince it is pore difficult to estimate the
position of a rate change than a potential change.

thilst DNA synthesis cannot be inhibited wvith FC it can
be easily displaced in time by pulsing the cells in their minor
period and producing arrest in the Gz phase. The question was
thus, vould such a treatment also displace the stcp in onzyme
potential ?

The‘ enzyse vhich was assayed was gucrase; details of the
method used to perform this assay may be found in the Haterials
and Hethods sectione Briefly, the design of the experiments to
reasure sucrase potential vas as follows, éliquots vere taken from
& synchronous culture at intervals 6? 15-30 miputes and vere de-
ropressed by tventyfold dilution into modium withau;t glucose.
From these sub-cultures scmples vere taken at intorvals of 25,50,
end 75 ninutes after imoculation and the sucrace activity of these
samples was assayed, and from this data which gives a lincar plot,
the rate of rise of sucrase activity can be ealculated for each
sub-culture. The sucrase potontial curve can theon be drawn by
plotting the rates of chénge in aetivity in the sub-culturoc 50
minutes after inoculation against eclapsed experi.mentél time. This
convention has been adopted by Hitchison and Creanor ('62) beeause

the cells continue to grov in the derepressed culture,and it is
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further discussed by them.. ‘

A preliainéry cxperinent was performed on an asynchronous
culture in order te cnsurc that HC trecatment did not interfere with
the estimation of enzyme activity. 4 15 oinute 500 Jlg/ml pulse
was used and the results ghoved that sucrase potontial continued to
rise fbf about an hour after the pulse and then levelled off. As
this is the expected patteorn of DNA gynthecis in a pulsed asyn-

" chronous culture this initial rosult wvas encocuraging aﬁd a series
of oxporiments vere mado upon synchromous culturces.

The regults may be seen in Figures 48. and 49. The first
Figure shous the effect of a pulse of MC applied in the minor
poriody this wvould bave the effect of delaying DNA synthesis and
it appears to have had just that effect upon the step in sucrase
potential vhich occurs about 40 minutes afier the division of the
treated cells thus retaining roughly its normal relationship with
eell division. A word of explaration is mccessary here about the
shape of the po%entigl curvey the rise which is seen from 1-2
hours in thic curve is quite commonly seen and is possibly due to
the fact that cells vhich have Jjust been removed from the glucose
gradiénts, vhich are used feor these sxperiments, have oilgorbed
exogenous glucose and thus do not derepress normally.

Figure 49. chous the effeet of a }C pulse in the major
period of aéaaitivﬂ%y; in this experiment DNA synthesis should
oceur at around the normel time and ag can be seen the step inm
potential also occurs mormally. It is also noticcablo that no
further step in potential secms to eccur.

Both of these experiments were repeated with very cimilar
fesults:'relaﬁive to the control cultures the two cxperi,ents

shovn gave cell cycle positions for the rise in potential of 0,61
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and 0,37 respectively and the two duplicate experiments gave
positions of 0.59 and 0.31 for minor and major pulses respectively.
Mitchizon cmd Croamor ('71b) have recently published an estimate

of the position of the step in cucrase potential in the stock of
strain 132 used for these cxperiments and theoy found that the
mean of ten cstimates vas 0.34 of a cycle with the latest estimate
of the tem being at Ce.l0. The chences of obtaining such rosults
by chaonee variation of the position of the step thus secm highly
Temotae

Thiz data thus represents the Lirst experimental support
for the hypothesis that the changes in potential for enzyne syn-
thesis are a .direct reflection of gene dosage to be obtained with
a cukaxryote. The experiments also illustrate another advantage
of MC which i3 not shared by the inhibitors of DNA synthesis
described in Chapter 3 and that is that by manipulating the
position of the pulse DNA synthesis may be either delayed in time
or pay occur at the same ¢ime as the control. This allows the
experimenter to investigate the linkage betueen DNA synthosis and
other cvents and be sure that if they show the same behaviour as
DNA that the inhibition is not due to the action of the drug it
self which is alwvays a danger with inhibiter cxperiments. ,

One final point vhich is suggested by the data choun in
Figure 49. is that the conclusion reached in Chepter 3 that extra
DHA is not synthesized after the first S periocd in cells treated
in the major peried is supported by the finding ¢hat in neither of
the cultures pulsed in the major period did the sucrase potentiaml
show & second &tcpe

The conclusions drawm from this chapteyr may be summarised thus.
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l, That a pulsc of KC in the minor period will delay the step
in potential for tho enzyne sucrasc.

2¢ That a pulce in the major period will not delay ¢he step in
sucrase potential.

3« Thet tho tuo rcsults above uphold the interpretation of
dtchiscn and Crcanor that the stop in sucrase potentia) is due
to a gene dosmge offcets Thesc tuo results also cerve to illus-

- trate the efficacy of HC pulses os an experimental tool.
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GEXERAL DISCUSSION.
Introduction.

The rosults prescated in the previocus pages have, up to
this point, only beon related to the findinge obtaincd bsr a few
other vorkers, and an attempt hac been made to refor only to very
relovant findings and to work which has had a direct influence
en the design of tho experiments or cm the conclusions dravm from
theme I shall noy try to relate my results to thosc of a variety
of other workers and te spceulate upon their significance. I must
at this point apologise to the reader for producing this long and
rather ponderous discussion wcti@. Since so little is knowm of
the control of division much of what is to follow is of necessity
speculative, and I have adopted this format in order to try and
keep speculation clearly seperate from the obsewations.‘

In the pages which follow I propose to consider four
major arcas. Firstly, I shall discuss wvhat is at present known of
the action of HC and compare the findings of other workers with
this drug to those reported in the preceding chapters. Secondly,
I vish to extend the discussion o imclude the effects caused by
UV irradiation in view of the known similarity of effect of NC
and UV, Thirdly, I wish to comsider vhat might be the fundamental
physiological basis of the divisien delay induced by !MC. Finally,
I shall consider the value of MC and other of the drugs used as
tools in the study of the cell cycle of S.pombe.

The chemical and biological properties of iC have been
reviewed twice recently by Yaring in 1966 and by Szybalski and
- Iger in 1967. The latter of the two revievs contains more details

of the chemistry of the mitomycins and closely related forfiromycins
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- but essentially ¢hey both report the same vwork amd reach rmch the
same conclusions.

The ﬁajor effecte of the mitomycins and porfiromycins
are thought to result from their capacity to act as polyfunciional
alkyiating agents after being cﬁeaically activated by reduction
within the cell. 'In vitro' they are both inert unless activated
by chemical reducing agents. This alkylating activity allows MC
to react with DRA to form thermostable covalently bonded crosse
links between the two ccaplementary strands of the DNA helix

(Iyer and Szybalski '64). However, binding cxperiments performed

by Szybalski and Iyer ('64%) suggest that only about eme in five to

ten of the NC molecules bound to DNA participates in a cross-link
and that most of the rolecules react with ome strand only.‘ I¢ has
also been shovn by Lipsctt and ﬂeissbach that all the héses in
DHA are not alkylated equally but that porfiromycim reacts pre-
ferentially vith guemine although there is some reaction with all
the bases.

| The binding of MC is not restricted purely to DNAj

Yeiscbach and Lisio report binding of MC to RNA, ribosomes, pro-

teins and glycogen, but the greatest veaction is with the nucleic
acids.

Pricer and Ueissbach have made *in vitrq' studies of the

reeulis of MC alkylation on the ability of DNA to serve as a
tcoplate for polymerase activity. They showed that DNA extracted
from treated cells of E.coli chous reduced teomplate ability to-
vards DNA polymerase but an unaltered ability towards RUA poly-
merase. However, they also ghowed that DNA alkylated *in vitro'
suffers impairment in both respects. The former result is
supported by the Linding of Saith-Kielland that fast labelled
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‘oRNAY in E.coli treated with NMC is apparently normal as judged
by its ability to hybridise with DNA.

Hoving from the molecular effects to the offects of the
érug at the cellular level reveals a varicty of results depending
ca the type of cell and dosage involved. Basically there appear
to be two types of response, an inhibition of division vhich,
coupled with continuing growth leads to giant cell or filament
formation, or an inhibition of division coupled with a breakdown

of DHA end in some cases RVA (Kersten ot al, Suzuld and Kilpore)

leadiné to cell death. DHA synthesis is found to be gffected in
varying degrees. Additionally, in some bacteria, the respomse
s further complicated by ¢he induction of lysogenic phage.

The effect on bacteria is quite well documented. Kersten
et al revort the degradation of sRNA as a result of sub=lethal
treatments vith HC bu¢ the most common report is the depolymeri-
sation of DNA. This lattor effect has now been largely explained

by the work of Boyce and Howard-Flanders, Terewaki and Greenberg

and Mehler. Taken together the work of these authors showe that the
depolymerisation of DHA as a response to MC treatment is highly
strain dependent and may be correlated with the ability of the
strain in question to repair lesions produced by MC and other
agents in its DNA. DHA breakdowm is thus thought to be a socondary
response to HC treatment resulting from the enzZymic rcopair of
allylated sites im the DNA. Additionally, both Torawaki and

Greenberg and Mahler werc able 2o show that a repair process was

in operation by demonstrating the Qisappearance of MC induced
cross-links from the DNA of treated dacteria with time during
rost-treatment incubation. In both cases the authors exploited

the fact that MC induced cross-links render the DNA fast renaturing.
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One picee of work which has appeared since the publica=
tion of the two revicus does much to put the results of previous

anthors in percpeetive; this is the vork of Suzuli and Kilgoro

on the effcects of m upon E.60ld B. Their results shoved that
_ most of the effeets_-rep@éted previously could be induced in E.coli B
Giaplyl by nanipulating the dosc of MC used. lhilst at low con~
centrations of déug (0.1 fiz/ul) the effectc om cocromolecnlar syn-
thesis vero slight and tho major offect vas the imhibition of cell
divigion and subsecquent filarent formation, at higher doses the
characteristic sharp inhibition of DNA synthesis was seen and also
an inhibition of ﬁ-galac%osidase synthosis and RVA synthesis. In
addition there was a depolymerisation of both DNA and RNA. . A1l
these effects, with the exception of the DNA synthesis inhibition
which was innediate, appeared with a lag of about 30 minutes after
the start of HC treatment. Heasuring the change in viability with
time after the start of iacubation shoved tha£ vhilst the e;’feets
of 0.1 fiz/ml were reversible troatment with 5.0 Jig/ml vas lethal.
' 'Ehé authors conclude that MNC has two actions,being cytostatic at
lov doses and cytotoxie at highor doses. thilst they stress the
action of }C on RWA eynthesis as a possible basis for the effect
at high doses they offer no suggestion for the mode of action at
cytostatic levels. |

vith memmalion cells the effects are broadly similar.
Shatkin et al using mouse 1929 fibroblast cells and SOL mouse

melancma cellis report giant cell formation accompanied by nuclear
fragnentation end partial depolymerisation of the muclear DNA,
They conclude from this that the action of HC on higher cells

nay resemble ite action on the bacteria, but feference to their
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data shous that muclear fragmentation is only seen after 50-70
hours exposure to doses considerably higher than that needed to
inhibit division permanently and thus this offect may only repre-
sent the eventuai demise of the cells. Using lowver doses they
chou that it is possible to only partially inhibit division and
¢hat cells vill undergo their cycle in the pressnce of [NC with a
much extended gencration ¢ine. This is just the result obtained
by myself using asyachronous cultures and by Robinson (personal

. commmication) usiag.éynchronous cultures of S.pombee

Studinski and Cohen exemined the effects of a continu-

'oas dose of 0.1 Jlg/ml upon Hela cells and found that both cell
division and DNA synthesis were inhibited cecmpletely whilst RNA
and protein synthesis continued almost unchanged for some 48 hours.
| They were aleo able to show that clevated levels of two scparate
deoxzyribonucleasces found in the inhibited cells vere due to 'de
novo'! synthesis, thus showing that the protein synthesis ﬁachinery
of the cell remains intact.

Host uorkeré using ¥iC have concentrated on the effects
of continuous trecatments and the results cutlined above show that
the universal observation Lrom this type of experiment is an
inhibition of division mccompanied by various effects upon synthe=-
gise Ko cleaxr explanatiom has emeéged to account for this inhi-
bition although all amthors have considered the effect of the drug
upon DNA metaboliem. Before considering this effect myself,
however, 1 wish to cxamine in a more detailed fashiom the results
of three studies vhich have special relevance to this work since
they entail the ¢reatment of synchronocus cells with short pulse
treatments of drug.

Nowell used human leucocytes isolated from whole blood
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and stimulated to divide with phytchaemagglutinin, a system which
produces a vorkable weasure of synchrony. His preliminary studies
shoved that 1 lg/ml for 2k hours completely suppressed mitosis
end that a pulse of 2-& hours produced pmarked inhibition except im
G,. He thus used pulses of 1 hour of 1 Pe/il at four different
tices during the cell cycle and in addition the Ga sermple vas
treated continneuslﬁ for the last four hours of culture. Treat-
ments vere made'in the GO° Ql, early S, mfd S and Ga phases of the
eycle and all cultures wore termivated after 72 hours with the
addition of colchieine fox ¢the last four hours of growth. He
collceted his results by measuring the mitotic indices after 72
hours and comparing %hem-with that of the control..

Novell found that the cells were resistant to delay in
Gb but became semsitive during Gl' sensitivity £ell during the S |
period and there was only a small effect updn G2 cellis, 'He also
scored chromoscne aberrations and found that im Cthis case both Go
and Gl vere maximally semsitive with sensitivity once more dropping
to a lov level in Gé’ Most of the aberrations found were simple
chromatid and chromosome breaks but there were also a considerable

pumber of chromatid rearrangementé.
The study of Stein and Rothstein ('68a) may be compared

vith that of Howell inm that they also used a system in wvhich the
aitotic cycle is started from the ’GO’ resting condifion, nemely
icclation and culture of tiscue from the eye of the adult bulifroge.
This system iz also only sori-gynchroncus, a wave of division
pagping over the explamts and reaching a mardmn at 87 hours after
isclation. The resulis obtained by Stein and Rothstein are difficult

to interprot since they used different doses at varying times in
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the cell cycle. However, they do shouw that a contimuous eoxposure
o 0,01 fig/ml or C will coupletely abolish tho normal divisien
vave in their system. They also show that an 8 hour pulse of
0.3 Pe/md of MC Suring their so-called G, period will reduce RNA
syathesis by 343, protein syathesis by 507 and DNA synthesis by
6558 Thcse inhibitiens are imferred Lrom the uptake of the
relevant labelleéﬁp;fgyrsqgsand froa these weasurenmcnts they infer
that FC may act by reducing essential.32 RVA and protein synthesis.
¢ A word of cxplanation is necessary regarding Stein and
Rothstein'®s definition of Ga. They define this period as folloy-
ing that time (typicolly 64 hours after explant) at vhich the
addition of S-fluorcdeoxyurdidine (FUAR) does not inhibit the nor-
nal vave of mitosis (i.c. the transition point for FUdR). Their
uptake data shous, however, that from 64~70 hours after explant
the tritiated thymidine uptake, by which they measure DNA syne-
thesis, is approximately 80 of the meximm level reached.

Hartononn and Heldolborgor showed that the action of FUAR is

attributable to an inhibition of the synthesis of thymidine
monophosphate a precursor of DNA. It thus seems reasonable to

assuice that the transition which Stein and Rothstein designate as

the entry into 32 in fact marks the completion of synthesis of
thyaidine monophosphate. They did not perform the decisive ex-
periment of directly measuring DNA synthesis after the addition
of FU4R,

Additionally, a later report of Stein and Rothstein's

(E8b)sugzests a possidle basis for their carlier results. They
showy that RHA and protein synthesis, (once more inferred from
uptake data 2leme) are not conlinuous in the first cycle of their

celle but shov two peaks of °‘synthesis® during this cycle. Thus
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if the effect of MC is to prevent the cells traversing their cycle
the cella may not reach the synthetic period at the same time as
the controls and this would account for the large difference from
the contrecl. In the same article they also report that short ex-
posures to UV light at 64 hourc after explant have the same
effects on division and synthesis as a pulse of NC.

The final study which utilised short pulse treatments
of HC is that by Didrdjevic and Kim and is the most interesting.

They used Hela cells made synchronmous by the selection of mitotic
cells from a monolayer 4by contreolled agitation. Their prelimine-
ary resulis contrast strikingly with those of Studinski and Cohen

in t¢that they foﬁm& that C.1 He/ml ¥C had little effect on DNA
synthesis for the first % hours of treatment but they too found
¢hat RNA and proteinv synthesis were little affected as well.
Their synchronocus experiments vere performed with 2 hour pﬁlses
of 0.1 fig/ml HC and the parameter measured was cell survival as
judged by colony forming ability.

IOnce more the ceils vere found to be most sensitive
during the Gl phase with sensitivity decreasing during the S
period and survival being maximal at around the .':7/(;2 boundary.
The G, phase is short in these cells and around mitosis survival
falls to the @1 level. An attempt was made to compare the sen=
sitivity of 62 and S period celis by preparing enriched popu-
lations of these tuoc cell types by selective techniqﬁea this
showed that the S phase cells were most rosistant.

After having established this cycle of fluctuating sen-
sitivity Djorjevic and Kim investigated the effects of post~
treatment incubation of the cells with acetoxyeycloheximide, a



protein synthesis inhibitor related to CHX thoy found that this
treatment increased survival with a constant dose medifying Lactor.
They. interpret this finding as effect upon tho repair of MC damage
other them imnterstrand cross-links in the DA which they felt would
be irrcparable. Thoy attribute ¢he fluctuation of sepsitivity to a
eorrespording fluctuation of pormeability or of the number of sene
sitive sites in the cell or possibly of the ability of the troated

cells ¢o undergo post-treatment repair.

Since noae of the three studies outlined above were de-
signed to investigate division delay specifically only a limited
comparison with my results is possible. Two points emerge as im-
portant, firstly that in ¢two of the studies, those of Nowell and
Djorjevic and Kim, there is a clear fluctuation through the cell

cycle of sensitivity to the offects of MC treatment and this effect
may be occurring in Stein and Rothstein's system although the re~
sults are unclear. Secomdly, that in the two cases which clearly
show this fluctuation the most sensitive part of the cycle is
found to be Gl a result which 4is in good agreement with my findings.

Uhilst I am not inclined to place too much reliance upon
the results of Stein and Rothstein ('68a) their conclusions raise
. the simple question, does MC have any significant offect on syn-
thosis? Several investigations have been made which are relevent
to this question amd they £all imto two groups, studies upon ‘enzyme
synthesis in HC treated colls and studies of the ability of KC
itreated cells to support virue replication.

Experirents of the latter class shou much the same ve=-
sults if performed on mammalian cells or bacteria. Ben Porat ot al
have shown that in rabbit kidney cells treated wvith a level of MC
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vhich reduced their rate of DNA synthesis to some 2-3%% of the
control value will produce psuedo rabies virus if infected but
that the virus particles produced vere ncé infective. e and
Hiller shoved much the same result with Hela cells and Vaccinia
-virus using porfiromycin but they add that if such higher doses
of porfircmycin are used virus replication may also be inhibited.
In Ec.coli Sekiguchi and Tekasi shoved that im the presence of

10 [ig/al phages '22, TB' and Ts can carry ocut a lytic cycle but
once more the resulting progeny virus is not infeciive.

Inzyne synthesis has been studied in mammalisn cells
by Kit et al and they were able to shov that in mouse fibroblasts
there vas normal synthesis at doses as high as S0 Jlg/ml but as
the enzyme vas virally induced thymidine kinase this work is per=
‘haps more coﬁiaarable to the virus studies. Séveral vorkers have
studied the effect on enzymes in the bacteria and the most popu~
layr system has been the induction of P galactosidase in E.coli
wvhich has been investigated by Shiba et al, Cheer and Tchen, and

Suzukd and Kilgore. The results are in broad agrecment and shoy

that at doaes vhich have a marked effect upon division and DNA
‘synthesis B galactosidase may still be induced at rates vhich are
comparable with the céntml, However, as noted above Suzuki and
Kilgore showed that at high doses which quickly lead to cell
death this capacity may disappear after a short time. Similarly
Coles and Gross showed that in Staphlococcus aureus treated with
1.3 Ag/ml FC penicillinase inducibility omly falls below the com-
| trol level vhen the synthesis of RNA and protein begin to be
affected some 45 minutes after tho addition of MC. Since in this
systerm the half-life of ¢the penicillinase mRNA is calculated to be

in the region of one minute or less they conclude that the prin-
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cipal effect of IC cannot be upon prote;a or RNA synthesisc.

The studies of virus replication and enzyme synthesis'
thus both give rosults vhich lead to the ssme general conclusionA
as that reached in Chapters 3 and 6, that liIC does not appear to
damage the synthetic machinery of the cell. Normal synthesis
occurs after treatment even im cells vhich are treated with high
doses vhich lead imovitably to cell deaths The lack of infectivity
found in viruses produced im the presence of KC is perhaps sure
prising, the authors mentioncd above atiribute this effect to
interstrand c¢ross~-links ia the DNA of the progeny virus, but if
these éolecnles contain cross-links how uvere they replicated? This
problen brings us maturally to the question of DNA synthesis in-
hibition.

The denonstration that NMC produces links betusen the
ccmpiementary strands of DNA led naturally to the conclusion that
such demage must present at least a steriec hiné£a;§eito the repli-
cation of DRA and will probably produce a compleée Elock. There
is pgood evidence that in the bacteria DA cross-links are the most
important form of damage since lethality is directly proportional
to the degree of cross-=linking and calculations of the nuamber of
cross~1inks needed to kill a cell ghow that only one per genome is
required (Szybalski and Iyer *67). Indced Szybelski and Iyex (*67)
state in their review of the effects of IC that 'the wmitomycins ave

considered as sféndafd, rapidly acting and selective inhibitors
cf DNA synthesis® but perhaps it might have been more accurate to
add a proviso to this that this is only true in the bacteria.

The results cited above illustrate that in the higher
cells a complete range of respounsc is seen from the total inhibi-

tion of DNA synthesis to the complete absence of effect found by



97«

Yilliemson and Scopes and myself. It is also pertinent that 0y
resulis indicate that MC iz able ¢o prevent the cells from tra-
versing the cell cycle in the normal wvay and any agent which will
cause this effect will of nécessity reduce the rate of DNA syn-
thesis in an asynchrenous culture because cells will be prevented
from entering the S periode This may, for example, explain the
directly contradictory findings of Stu&inski and Cohen and
Djordjevic and Kim who both used O.1 fAg/ml MC upon Hela cells,

The explemation of thes¢ results ey well lie in the
fact that DNA replication in higher cells 'is managed in a funda-
mentally different way from the bacteria. The effoct of cross-
linking on DNA syntﬁesis is presumably proportional to the proba=
bility of a golymeraseb molecule meeting a ¢ross-link and this
will be related directly to the size of the roplicon. Thus with
replication organised in the bacterial manner with only one or two
replicating forks per genome, the poiyﬁerase molecule will stop at
the first cross-link met and replication of f:he vhole genome will
rapidly cease. However, with replication proceeding in the

weemelian fashion, as discovered by Cairns and Huberman and Ripes

with each melecule o‘f DNA comsisting of a large mumber of repli-
cating units obviously much more DNA can be synthesized before
all the polymerase enzyw:«;es meet cross~-links. A rough calculation
confirms this theoryj Huberman and Rigpg give the length of the
typical replicating unit as 30 microns and since the replication
of this unit is bidirectional from the centre, the length of DNA
covered by one polymerase molecule is about 15 microns. Using

6

their value of 2.6 x 10" daltons per micron we see that this

length represents some 4.0 % 107 daltoms of DNA, The figures of



Szybalekd and Iver (°67) shov that for B.subtilis treated %o Y
survival there is an average of one cross-link per 108 daltcas of
Dﬁ&;thus at ¢the same level of cross-linking rmany marmalian repli-
cons would not contain a cross=link at all.

This argement also supposes that all the DHA in the
parmalian genocae is equally susceptible to NC crose-linking, but

there has heen a most elegaant demonstration by Szybalski (*64)

that this is not tho case. Sgybalshki started from his observation
that it vas not possible, cven vhen using MC concentrations in the
region of 100 fig/ml, $o cross-link all the DNA molecules of over
10? daltons moleéular woight from rabbit kidney cells but that
only 30-40 of the molecules were affected vhoreas in bacteria
there vas ccmplete cross-linking. This finding suggested that
part of the genome of theze cells is protected ysainst cross-
linking by the chromcsopal structure; SZgbalski put this idea to
test by comparing the degree of cross-linking of DNA in the rabbit
kidney cell mucleus with ¢that of naked psuedo-rabies virus DNA
iecated vithin the same nucleus. The results shoved that when
differences in base composition had been discounted that the viral
DNA was far more susceptible ¢o cross-linking fhan the chromosomal
host DHA and Sgybalslkl concludes that a large proportion of the
miclear DHA is protected presumably by close association with the
chromosomal proteinse

‘Clearly this protection of part of the genome and the
pessibility that many replicating units may not contain a crosse-
link suggests that in higher cells DNA synthesis would be expected
to continue after MC damage as is indecd observed in a number of
cases., The successful replication of the whole gencae would

dcpend on the ability of the colls to remove crosc-links. Removal
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has been showm for two bacteria, E.coli and B.subtilis by Teravaki
and Greenberg and Hahler., Both of these studies used the same
approach to show the removal of MC cross-links, tho change in the
renaturation properties of the treated DNA with post-treatment
incubation and in the case of lMahler, vho worked with B.subtilis,
advantage was taken of the fact that ﬁc is able to render trans-
forming DNA heat resistant. Both studies also conpared the
effects of I'C upon normal cclls with those on UV radiation sensi-
tive mutants. The results shoved that the fast renaturing
property of MNC crosselinked DNA was lost with time after treate
ment in strains able to repair UV radiation damagej this pro-
perty vas absent or much reduced in radiation sensitive strains,
However, Terawaki and Creenberg suggested their finding that
éome radiation resisfant strains were still sensitive in spite
of thoe fact that they could remove cross-links may indicate that
there is more than one mode of action for MNC.

In the higher cells there is also evidence that the damage
caused by alkylating agents can be repaired. Crathorn and
Roberts showed using 335 labelled sulphur mustard that Hela cells
are able to rcmove bound label with time after treatment end that
this repair was associated with DNA synthesise.

Taken together -the results reported above suggest that the
cross=linking theory can successfully account for most of the
effects of MC treatment aﬁd that since cells were probably able to
repair cross-links it is feasible that they can survive low doses
of }MC which only introduce a limited number of cross-links. The

two results vhich require explanation are those of Yilliamson and

Scopes ('62a) and myself that MC does not effect DNA synthesis in

yeaste



1cC.

Certainly the most impordemt question to be mnsvered re-
garding ¢his synthesis is, does MC treatment imtroduce cross-links
into yeast DIA? Simce it 45 nov possible to isolato high molecular
weight DNA from S.pombe (Bestock °62) ¢this problea is directly

snsverable by the application of Csaso@ density gradient centrie

fugation as applied to normalian cells by Szybalskd ('6h4).

If it cam be shovn that HC treatment does cross-link yeast
DA then tho most likely explamations of this effect are either that
most of the DHA is resistent, &5 chovm by Szybalskd for nurmelian
DNA, or that the mumber of cross-limks introduced is small and only
a spall fraction of the DNA is affocted. It is pertinent to this
latter point that the way in which yeast DNA is replicated is not
knowm but that if the figures for the epeed of replication and

replicating unit size given by Huberman and Riges are applied to

Se.pombe the length of the S period is estimated to be about 10
minutes and this is just the fipure ayxrived at by Bostock. Thms a
small number of cross-links vould affect only a very small proportion
of the DHi. A third possibility is that cross=linking is extensive
but that repair is very efficient and that the division delay in
the case of a pulse is caused by the necessity %o remove every last
trace of damage or by another mechanism.

ALl of the suggostions above vould result in the bulk of
the DNA being replicated at the norﬁal tice and only é small pro-
portion of the genome remaining unreplicated. Certainly the
diphenylamine assay used by myself and Yilliamson and Scopes (°62a)
would not be able to aetect a small under—doubling of the bulk
culturé DHA, Indeed, it is a very difficult problem to detect
a snall unreplicated fraction of DHA in yeast without the advantages

of the radioactive and density labelling techniques which are
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norually used for the Line study of replication in memmalian
and bacterial systemse.

| Thus, to sumwarise the conclusions up to mou, several
points have emerged. Firstly, the general effects of IiC on other
gystens are comparable with the resulis obtained with S.pcmbe in
that cell division is found to be sensitive and that proteiﬁ and
RiJA synthesis do not appear to be the primary targets of MC damage.
Secondly, the cross=linking thcory accounts for most of the effects
of IMC upon cell viability and on DA synthesis but that further in-
vestigation is needed in the case of the yeasts. Thirdly, no clear
explanation has emerged for the effect of MC upon the division of
S.pombe treated in the Ga phase or for the rising pattern of delay
seen during the minor period. I have suggested that this pattern
might be due to the cells needing a constant time to repair MC
damage although as pointed out in Chapter 5. the data is not exact-
1y consistent vith this idea. MC cross-linking of DNA hes been
shovn to be a repairable form of damage, but it is pot clear how
this could effect divisiom during Ga vhen conventional DNA syn-
thesis inh;bitqrs have no effect. I shall return to this last
‘question again. ,

Finally, in the two studieg in which constant doses of
HC have been applied to cells at different times in their cycles
the results have becn consistent with those found for S.pombe in
that the Gl period has been found to be rmost sensitive.

It is this last point phich I wish to pursuc in the
pages to follou by considering the effects of ultra violet
irradiation, this is useful and relevant for the following reasons.
Firstly, the effects of KC and UV are the same in several areas,

notably in their ability to induce lysogenic phage and colicins
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(Otsuji et al) their ability to imduce the filsmentation response

in sensitive bacterio (Grula and CGrula) aud since some rmtations

causing sensitivity to UV alsc catise sensitivity to NC (Boyce and
Houard-Flandors, Teroucld end Greenberg, and Mchler. Secondly,

the pattern of sensitivity to UV imduced delay found by Gill
is very similar ¢o ¢that Lfound im ¢his study for HC induced delaye
Thirdly, both UV and KC are potent inducers of mitotic recon~

bination 4m both the suut fungus, Ustilage Maydis, and S.corovisice

(Holldday,'6b). Tho final point is that UV irradiction is alvaye
applied as é finite dose which is much more comparable with a
mulse of KC and more attention has been given to the study of
division delay produced by UV, |

However, at this point I must atress that I am not postu-
lating a complote synergism betwoen the two agents) differences
in action are plentiful. To give just two examples the potencies
of HC and UV in inducing the petite 'mutation® in yeast are widely

disparate ({illiemson, °70) and the most UV resistant organiem

knowm, Micrococcus radiodurans, is relatively NMC sensitive (Moseley).

Because of the very large amount of wori vhich has been
performed with UV and since ncbody has yet faced the daunting task
of reviewing this body of work I chall restrict myself to the
consideration of a fov fairly modern studies perfoxrmed speciﬁcaliy
¢o investigate UV effects in relationship to the cell ecycle.

The system of choice for the investigation of radiation
induced mitotic delay has long been the newvly fertilised echinodorm
egz and especially those of the sea urchin, Strongylocentrotus
purpuratus or the sand dollar, Echinarachnius parma. This material
has the advantage of being highly synchronous and its activity is

limited to division with very little grovth vhich makes it a good



103.

model syetem,“ its major disadvantage for the study of UV induced
delay being that the cytoplasam is strongly absorbent and thus
shields the nuclous.

The sensitivity of this system to UV induced delay hes
been investigated by several vorkers dbut the rmost recent and far
reaching study has been by Fustad vho has also recently revieved
this fiecld (Rustad *71). In the first cycle there are four dise
tinct phases, an initial high sensitivity asscciated with ferti-
lisation vhich docs not rcoccur, & platean of sensitivity to delay
during which first division delay is comstanmt, a period vhen sene
sitivity falls rapidly to zero and an insensitive phase in which
no Lirst division delay is elicited but ¢this last phase counstie-

- tntes the plateau phase for the second division. INA synthesis
in this cycle cccurs just before prophase about L0 minutes after
fexrtilisation and it is at this ¢ime that the Lalling phsse of
seneitivity is seene. The second round of DNA synthesis occuré
imnediately after the first nuclear division and the next mitosis
follous shortly aftor that} there is thus very little @ or G,
in the subsequent cycles.

Pérhapa the most interesting facet of the ochinederm
system is that there are two pieces of evidence vhich directly
linkc UV {nduced delay in this systgm wvith dauage to the DNa,
These are firstly that UV induced division delay may be reduced by
treatament with rhotoreactivating light and secondly that S=
bromodeoxyuridine (BUAR) will sensitize cells to the effects of
UVs; Both of these cffects were shown by Cook in his study of delay
in the eggs of the Sand Dollar. Cookt found thét he could not pro-
duce BUIR sensitization of the first post-fertilisation division

and that UV treatment failed to extend the UV sensitive part of the
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cycle, a result vhich ties in with that of Zeitz et al who showed
that delay induced in the urchin ogg by the UV treatment of the
cpern does not delay the first S period. Cook concluded that delay
could only be produced by irradiation of unreplicated DNA. Thus
here again ve have an example of the sensitivity of the unrepli-
cated chronosome, a result vhich agrees well with the £indings
vith S,Pombes

RBustad (°59), hewever, has put foruvard the idea that the
cajor cause of delay is demage $o the centrioles and to centriolar
DNA, He considers that the semsitive cvent happens during the
transition phaso (Bustad '60) and this is the ¢ime of centriolar
duplication although it ie also the tims of DHA synthesis. He
also supports his theory by pointing out that wultipolar mitozes
‘ are a common result of UV treatment and this indicates centriolar
damage although he acknovledges that there is an alternative exe—
blanation ¢that mmltipolar mitoses are the resﬁlt of an extra
duplication of the centriole@.dne siply to the extra time pro-
vided ‘by the division delay. One rather surprising piece of.évi-
dence, however, argues against a chromoscmal basis for delay and
that is that UV irpadiation prior to fertilication of am egg mado
enucleate by microsurgery will produce division delay anmd this
delay 4s photoreactivatable. Scme 80-95% of the DVA in the egg is
eytoplasnic so this DNA may alse play a part in division delay
(Rustad *71). Additionally, against this last result must be set
the fact that irradiation of the sperm vhich has virtually no
cytoplasmic DNA iz more effective in produciﬁg post-fertilisation
division delay than irradiation of the egg by a factor of tem.
Clearly this system is complex.

The other naturally cccurring synchronous system, the
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slime moulds, alco suffer from the'diaadvantage that cytoplasmic
absorption maltes it difficult ¢o irradiate all the plasmodial nuclei
equally. However, UV induced delay has been studied in Physarunm
polycephalun by Devi et aly their results indicate that mawicum
seacitivity to delay occurs during mitosis and during the S vhase
which dircectly follous witosis. During the Gz phase which consti-
tutes tho majority of the cycle sensitivity declined gradually.
then ﬁ;rméiage& in mitocis the delay is in the subsequent division.
Cnce oore these resultis point ¢o the unreplicated cbromosore chove
ing maximun sensitivity to delay. Another finding of this study
whigh agreas well with the results obtained with S.posbe is that |
the eycle vhich follous the delayed cycle is quite significantly
reduced in lengthe

Studies of the effects of UV on masmalian cells have
tended to concentrate on the lethal effects which are easier to
measure rather then division delay, but several papers contain a
little data on delay. No complete studies of delay through the

cycle have been made using synchronous cultures, but recently one

comprehencive study bas been published by Thompson end Bumphrey in
vhich both letbality and delay vere investigated by the use of time
lapse photography in much the some way as Gill for S. pombe. They
used mouse L cells and found once again that the Gi phase was the
most sensitive to delay with sensitivity falling during the S phase '
<o réach a minimun at arcund the SaGa boundary? at this point the
cells passed through & trensition to zero censitivity to Lirst
division delay but just as with S.pombe these cells suffer a severe

second division delay.

3roadly similar results werce obtained by Domon and Rauth

uging irradiated asynchroanous cultures of mouse L cells and analysing
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the cell eycle by the labelling method of Uhitmore. They were able
to shoy that the transitiom point to first division delay vas in
Lact dose depondent and that ¢he cells.could be arrested in Ga
if higher doscs are uscde Once more they Lound that the nost
sensitive part of the eycle to division delay was Gl with the
absolutely most sensitive point being at the Gi-s boundary. Delay
£cll during the S periocd and at thedose they used o measure delay
éhe transition point vas around the S—Ga boundary. They also
showed that the progression of the cells from Gl_to S was wnaffec-
ted by UV and that the Qelay occurred in (raversing the S periced
wvith a conseénent reduction in the rate of DiA synthesis.

Both Thompgon and Hurrhrey and Domon and Rauth found, as

did Gill for S.pombe, that sensitivity to UV induced division delay
and lethality were well correlated and thus it is relevant that the
same general pattern of changes through the cyele for lethality

‘ has“}béen recorded by several other groups of workers with the one
pE;;iso that the most sensitive point in the cyecle in these studies
is generally f{rom early tc mid-S phase and not actually"in Gl°

Those groups are Sinclalr and Morton , Han and Sinclair, Djordijevic

and Tolmach and Hootama and Hurmmhreye. There is also broad agree-

" ment that UV doee not delay the cells at the eles boundary and

that the delay ccours by protraction cf the S peried.

One of the studies above, thet of Han and Simcleir,

shows that whilst wmoximun eensitivity is reached in @mid-S phaese in
the Chinese flampster cell that they used, this high sensitivity
does not appear to be dependent upon DA synthesis. They found
that the addition of HU or excess thymidine to the cells inhibited
the onset of DHA synthesis in their synchronoue cultures, hut did

not effect the decline in sensitivity to its mid-S level] further-
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mora the cells remained sensitive until the inhibitor was removed.
This result parallels very closely my result with AdR treatment

of S.pombe inasmuch as it shows that DNA synthesis is responsible
for reducing the sensitivity to damage and does not itself confer

secnsitivity. Han and Sinclair ‘also found that CHX could inhibit

both the ocnset of sensitivity im late Gl early S and the onset of

resistanee in late S-GZ: they conclude that the fluctuations in
sensitivity are governed by an unknown cycle which is dependent
upon protein synthesis but which is only loosely linked to DNA
synthesis.

There is little data available for UV induced division
delay in the fungi except for the complementary studies of Syann
and Gill on S.pombe, but some data is available én the effects
upon survival from threc studies of the changes of induction by
UV of mitotic recombination through the cell cycle. Holliday
{'65) presents data wvhich shows that in the smut fungus, Ustilago
maydis, there is a highly resistant and a highly sensitive part of
the cell cycle and interprets his results as indicating that the
cells are highly sensitive during the S phase. He considers the
possibility that the sensitivity may ve correlated with the amount
of DNA per nucleus and wentions that his data fits this idea,as |
the onset of sensitivity coincides with completion of mi.tosis,
but concludes that it is tﬁe S phase vhich confers sensitivity
since this is indicated in a parallel series of experiments on
S.cerevisiae, the results of which have not been published.
However, this report that the survival of yeast growing in sya=
chronous cultures shows S phase sensitivity does not agree with
the small amount of other data available on this system vhich is

found in a report by Esposito,who also used the yeast synchronous
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system to investigate UV induced mitotic recombination.

Esposito found that survival at 105 minutes after inocu-
lation vhich is towvards the end of the f£irst period of DNA synthesis
in his cultures was higher than that at 150 minutes at which time
there is no DNA synthesis at ail. Other differences betwecn thease
tvo studies are also interestings both authors found fluctuations
in the numbers of reconbinants induced at different times in the
cell cycle and both were able to show that high frequencies of in-
duced reccmbination were corrclated with low survival valuese.
However, vhilst Holliday correlated his maximum induction time with
DNA cynthesis, in yeast Esposito XLound that the induction of re-
conbinants in his cultures reached a mardimum just before the S
phace and declined rapidly as the S phase progressed. Moreover,
Espcsito found tho same pattern of induction for both X rays and
UV and vas able to show using FUAR that delaying the S period also
delays the fall im induction of recombinants by X rays found during
the S periode Once more the idea that the uareplicated chromosome
ic eonsitive, in this case to recombination inducing damage, scems
"to it the data welle

It would be interesting ¢o repeat the Ments dig=
cussied above with IC which, as has been previously mentioned, is a
pete}né inducer of mitotic rocombination. Hollidey's recults suggest
that the axperiments could them bo poerformed with both Ustilago
and S.cerevisiac vith no significent lethality which chould assist
the compeaxison of those two gystems. Additionally, 4if A4R acts in
these two synchronous systems in the same way as it does on S.pombe,
i¢ should be relatively casy to decide the importamcc of the S
period for both induced mitotic recombination and the survival of
UV irradiations
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The third study is that of Parry and Cox who also uscd

Socerevisiae to study UV induced mitotic recombination, but imstead
of producing their synchromnocus cultures by the alternate feeding
and starving method of Yilliemson and Scopes they used the gradient

method of Mitchicon and Vincent. Their survival data does not

shou the drawmatic changes seen in Ustilago and the synchrony of
their cultures appears to be somevhat less than was achicved by
the other twvo eauthors but the data, which shovs fluctwations im
survival of 20-30j ¢through the cell cycle, tends to suppert the
conclusion of Holliday that the S phase is maximally sene::;tive.
The fLinal study of the effects of UV upon symclronous
cells that I wish to comsider im this section is an especially
interesting one for it compares the effects of heat shocks and UV
upon Tetrahymena end is thus comparable in aim with Chapter 5 of

this thesis. This is the work of Nachtvey and Giese who found

that lou doses of UV applied to heat synchronized cells produced
a constant delay up to a sharp transition point some 30 minutes
after B, (EH is the time of the end of the last heat shock in the
synchronizing regime). At higher dosss, houever, there is evidence
that delay moy be caused later in the cycle and thus the transi-
tion point is probably dose decpendent. The dose-delay relation-
ahip for these cells is complex and resecmbles that found for HC
induced delay in S.pombe; the initial response is high and this is
followed by a shallover limear increase as the dose is incrcased.
Nachtuey and Giese also investigated the effect of photoreactiva-
ting light upon delay and found that the delay at higher doses
could be reduced by photoreactivation but éhey verc uncertain as
‘to the effect on the initial high response at lou doses. Having

thus found that the patterm of UV induced delay did not :esemble
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that induced by heat shock, ﬁheg performed an experiment im vhich
a culture vas first UV irradiated and then exposed to heat shocks
at intervals thereafte:. The result shoved that the effects pro-
duced by heat and UV vere roughly additive in that UV appears to
delay the tramsition point foxr heat sheck, and it is interesting
that they also report that» UV delays the onset of stomatogenesis.
It is impossible to interpret these results in terms of
the nuclear cycle since these coxperiments vere performed with a
strain of Tetrahynena which lacks a micronucleus (¥illiams).
Furthermore these synchronized cells do not appear to require to
perform DNA synthesis to divide since they become ‘overmature®
with respect to DNA syathesis during the synchronisation procedure
and inhibiting DNA synthesis by 80-90% with FudR will not effect

the first division (Zecuthen). Nachtvey and Giese explain the
izwelvemenfi: of DNA suggested by the finding that delay is reduced
by photoreactivation by extending Rustad's_centriqlar damage
hypotheeis to include damage to the kinetosomes which are also
thought to contain DNA. Certainly macrouucléar -4involvement in
this delay is hard to envisage since the activities of the macro-
nucleus do not appear to be fully aynchrogiz;ed in these cells in
the first cycle after ER (Zeuthen) and the sharp trancition point
and 'retention of synchrony by the delayed cells strongly implies
that a synchronized process underlies this sensitivity. Perhaps
the simplest and safest conclusions are that UV arrests the pro-
gression of the cycle for a constant time if the cells are exposed
before 30 minutes after El,and that UV is unlikely to act by the
same mechanicm as heat shock,although the two types of damage may
intoractes One more difficulty which affects the interpretation

~ of these resulis is that there is evidence 'irma a much earlier
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study by " Iverson and Giese that the first cycle after EH may be

abnormally resistant to UV induced delay. They found that in the
subsequent synchronized cycles when the‘DHA per cell approached
the normal value that much higher delays were elicited per unit
dose and concluded that delay was inversely proportional to the
agount of DHA per cell.

There are th najor conclusions which can be drawm from
the work described above. Firstly, the fact that in the two sys-
tems vhere it bhas been éttempted photorcactivation has been shovm
to reduce delay clearly implicates damage to DNA as being in-
vélved in the causc of delay. This conclusion is strcngthened by
Cook's deéonstration that BUAR sensitizes cells to delay. It is
imteresting that whilst photoreactivation reduces delay it does
not abolish it amd thus thymine dimers do not appear to be the
-82le cause of delay. Possibly the effect of photoreactivation can
' be explained by the fact that there may be competition betueen
thymine dimers and other forms of damage for the attention of

another repair system (discussed for yeast by Kilbey and Smith.)

Seeondly, comparing the cell éycle seneitivities.éf several
different types of cell to UV induced delay shows that many of the
regults tend ¢o support the ﬁypothesis that the most sensitive
part of the cycle is found when the chromosomes are unreplicated.
This last finding is in good agrement with the results found for
S.pombe with MC and with the results obtained with pulses of MC
on magmalian cells sugges%a that one form, and perhaps the major
. form, of damage which causes delay is to the chromosomese.

This brings us inevitably to the basic question, what
csuses division delay? During ¢the section that follous I intend

to cxamine some ideas on this subject and to try and sketch out
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some further ideas for an cxperimental attack on the probleme.
that ve are seeking is a form of damage which will arrest a cell's
progress towards division but vhich the cell can then make good
%o allowy it to proceed to division.

The common factor which links the agents vhich cause
division delay without an effect upon growth is that the great
sajority of them cither damnge DNA in a number of ways, come of
which are relatively well understocd, or inhibit its roplication.
Nurtherzore, ve have the evidence of involvement of DINA in UV
mediated delay quoted above. Uhat them are the known functions
o? DHA vhich can be zhoun to be or thought to be pertinent to
the control of division? There are three i)mcesses vhich might
qualify, transcription, replication and the ability of the DNA ¢o
ke packaged for segregation into the daughter cells.

The first of these vthree, transcription, is unlikely to
be important «-siacé. -as was shown- for MC, considerable delay can
oceur in the absence of any noticeable effect on protein synthesis
and this would be expected to follow an e¢ffoct on tramscription.
However, protein synthesis inhibition has been implicated as a
factor in division delay caused by ionising radiation both by

Rustad and Burchill working with the Sea Urchin egg and by Doida

-aind Okada. vorking with cultured mouse cells. The role of protein

danage and protein synthesiz inhibition has also been dealt with

by Mitchison (f71) who concludes that there is not yet enéugh
evidence to decide wvhether or not proteins play am important role.
The second function, replication, deserves mﬁch closer attention
for it has been amply shown in many systems that the gross inhibi-
tion of DNA synthesis leads %o am inhibition of division and there

iz clearly some form of control mechanism which ensures that the



113.

cell does not initiate division until replication has been perform-
ed. The results obtained with AdR vhich are ioresented in ¢this
thesis provide a typical example of this phenocumenon. Another point
is that i replication is the semsitive process thén this provides
a good explanation of the general sensitivity of the Gl condition.

I have already dealt with this point for the resulis
achieved with S.pembo and concluded that if replication is sensi-
tive then the lesion or lesions must be restricted to a small
fraction .oi’ the total DNA.‘ Houvever, ether delay@é systcems shoy a
variety of responses to delaying treatments. In general,mammalien
cells appear to raspond to most delaying treatments with a pro-
longation of the S phase;

Domon_and Rauth found that the division delay induced by.UVin

their mouse L cells could all be accounted for by am increase in
the length of the S periode Using the same cells, Walker and
Thatcher showed that low doses of sulphur mustard héd little
effect on progression through G,, mitosis or Gl but .that the cells
suffered delay by an elongation of the S periode A particularly
interesting observation made in this work was that although the
mustard treated cells have completed théir normal premitotic amount
of synthesis after 24 hours,the S period, as judged by inc.orpofaw
ticn of labelled thymidine, goes om for a further 26 hours. The
authors suggest that this incorporation may ropresent repsir of
dameaged DHA and i¢ this is e0 it agxees quite well with the idea
of only a small fraction of the DNA preventing the completioxi of
replication. ‘

Another repoi't which éaggasts that a discreet minor
fraction of DNA may be especially semsitive to the action of sulphur

mustard comes from Flamm et al ('69). This group studied the
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replication of wmouse satellite DﬁA in cultured mouse cells using
labelled sulphur mstard and the BUAR density labelling technique
%o identify neuly cynthesized DNA. They found that although, as
far as they could tell using high lethal doses, all the DNA was
equally alkylated, that at lower doses mustard treatment specifi-
cally effected the replication of satellite DHA, It is notable
that by equal alkylation Flazm et al refer to the alkylation of
DHA of different buoyant densities. Since sulphur mustard ic a
bifuncticnal alkylating agent which like IMC is capable of pro-
ducing interstrand cross-links (Lawley and Brookes) it would be
inﬁe}esting to knou vhether, as Szybalski (*6k) shoued for MC
alkylated marmelian DNA, there is a fraction which is resistent
to sulphnrAmustard cross-linking. The result of Flamm et al
suggests that if there is such a fraction it is made up ef all
buoyant demsity classes. .

Other ecukaryotic cells, however, do not show an exten=-
ded S phase and against the results vith mammalian cells must dbe
set the results of Zeitz et al for the sea urchin that UV induced
delay does not delay the cells in the S phase, my results in
S.pombe that the MC delayed cells are blocked in G, and the result

2
of Nachtuvey and Giege that cells which do not require to synthesize

DNA at all may be delayed with UV. The results with Xeray induced
delay of mammalian cells are also notevorthy for in th;s case

Sinclair coﬂcludes, in his reviey of X-ray effects, that there are
tvo compoments of delay, a prolongation of the S phase and a Ga
block. These results, with the exception of the Tetrahymena

situation, can be atfributed to an effect on the replication of a
suall fraction of DNA conatituting the blocke This theory cammot,

howe&er. account for one obvious feature of the S.pombe results
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vith both MC and UV, the fact that a delay may be elicited by
treataent in Ga. |

Delays produced by treatment in Gz are found in several
other cell types tooj Domon and Rauth found that mousc L cells.
could be delayed in G, using high doses of UV and G, delaye are
shown in the nuclear division of Physarum by Devi et al. If
these delays are t¢o be explained by an action on DNA replication
¢heon clearly the DNA affected must ecither be outside the muclous
or must be an aberrant nuclear fraction. There is in fact evidence
that extra-nuclear DNA i{s involved in division delay from two
systems. The first picce of evidence is that delay may be pro-
duced by UV irradiation of Sea Urchin eggs made enucleate by
microsurgery and subsequently fertilised to initiate the division
cycle (Rustad '71) and the second is a report by Jagger that delay
may be produced by irradiating only the cytoplasm of a flattened
amoeba with a UV microbeams. In both cases DNA is implicated as
the sensitive molecule since the delay may be shortened by photo-
reactivation but similarly in both cases the nature of the DNA
target is uncertaine _

One possible target suggested by both the above authors
is mitochondrial DNA (mDNA) and certainly this is the most
ubiquitous of all cytoplasmic minor speciese. Mitochondrial DNA
ghares with bacterial DNA the properties of being naked and circu-
lar and certainly the effects of HC -trea%mentk or UV irradiation
of bacteria are a rapid cessation of DNA synthesis and a delay in

its reinitiation (discussed sbove for MC and sece Haas and Dau&neg

and Smith and o'lesry for the effects of UV). The feasibility of
mDNA replication inhibition being important in division delay thus

depends on two guestions$ Vhether this inhibition would in fact
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be cxpected to have a delaying effect upon division and whether

mDNA is still umreplicated im the Gz

can account for delays induced in Ga.

period so that this effect

Yilliemson (*70) has postulated that the control of mDNA

replicaticon is under ruclear control as part of a model te account
for the potite mutation in yeast and it is not unreasonable that
guch a control mechanisn should alse feed-back on the division
controls,since to maintain the cellular mDHA at a constant level
i¢ is necessary to ecnsure that mitochondrial replication has
occurred before division.

The éositign of mDNA replication during the cell cycle
has nov been investigated in several cell types‘althongh most
attention has heen directed towards yeast and thé 8lime moulds.

Cottrell and Avers using cultures of S.Cerevisiae synchronized by

the feeding and starving method of Hilliamson and Scopes (‘62a)

found that there was a minor component which replicated outside
the normal S period when DNA synthesis was estimated by direct
colourimetric estimation. Since the time of this minor *step' in
DNA coincided with the étepwise increase of two enzymes located
in the mitochondria they postulated that this step may represent
mDHNA synthésis. The conclusion that mDNA synthesis is periodic
vas also reached by Smith et al using synchromous cultures of
Saccharomyces lactis and the mercury ion and caesium sulphate
equilibrium density gradient technique of Handi et‘al,tc estimate
the proportion of mDNA.in total cell DNA at different times in the

cycle. The latest study by Williasmson and Moustacchi reaches the

opposite conclusion. The authors combined dircect measurement of
the mDNA by caesium chloride density gradient centrifugation with

labelling studies to show that synthesis of mDNA in cultures of
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S.cerevisiae made synchronous by the feeding and starving method
is continuous.

Certainly this last result is in better agroement with
the results from all other systems studied vwhich all suggest that
synthesis occurs throughout the cycle. Thus, using human liver
cells Koch and Stokstad shoued that mDNA ié made continuously with
the maximum rate of in¢orporaticn of label during the G2 phase,
and contimuous synthesis has also been showvm in Tetrahyuena by
both Parsons and Rustad and Charret and Andre.

The most comcistent results come from four studies of
DNA replication in the slime mould Physarum polycephalum by Evans,

Guttes et al, Holt and Gurney and Braun and Evans. All of these

authors agree that mDNA synthesis in this system is continuous and
additionally the last three groups of the list above show that there
35 a minor muclear component which shows incorporation during the

A Gé phase which mekes up the majority of the cycle. Braun and Evans
jdentified this caﬁponent as being a heavy satellite DNA which
comprised about one per cent of the total cellular DRA.

It thus appears that mDHA 'does constitute a potential
target for delay inducing treatments and that the inhibition of its
replication may be a possible mechaniem vherebdy cells are delayed.:

Cne great attraction of the hypothesis that the division
delay caused by alkylating agents and UV irradiation is due to an
interferonce wvith replication is that in some systems this theory
way nov be testable, although there is no one cell ¢ype which
lends itself readily to this type of experimantf Clearly since
all the ecell types studied so far show significant fluctuations in
‘sensitivity through the cell cycle,vhat is required for such an

investigation is:a convenient synchronous systeme. The traditionally
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favoured naturally synchronous systems, urchin eoggs and the slime
moulds,both suffer KLrom the dravback that it is difficult fo con=-
trol the dose of irradiation received by the ﬁucleus since both
have strongly absorbént cytoplasmy the use of am alkylating drxug
;ike IC might ovorcome this difficulty. There is one study of the
- effects of pulse treatuents of nitrogen mustard upon Physarun by
McCormick and Nardone and tho results are rather surprisinge DNA
synthesis was blocked by pulses in either'the § period or Gz but
the first division vas not delayed. The two subsequent cycles are
delayed but two mitoses appear to occur in the abscnce of any DNA
‘sjmthesis- - However, there is some doubt as to whether these
‘mitoses’ are'real.or‘just represent a synchronous cycle of chromo-
some condensation sigee giant nuciei appear and no telophese nuclei
vere observed. In addition growth is affected and the plasmodia
"do not recover their normal growth rate until three months after
treatmentl |

The major factor vhich will decide the usefulness of a
systen is whethor the most sensitive techniques may be applied to
it to study its DNA replication. Physarum is good in this respect
as its genome has been well studied and it will readily incorporate
both labelled thymidine and BUAR density lebel? the sea urchin ogs
. will incorporate both of these labels but suffers from the‘dis-
advantage that a larée propox;tion of the egg DNA is éytpplasmic
and of unknown function (discussed Rustad, '71).

. The yeasts do not lend themselves particularly readily
¢o the detailed study of DNA replication due to the fact that
thymidine is not incorporated specifically into DNA in yeasts and
thus both simple labelling experiments and BUAR density experi-

ments are not poosible with yeast. There is one report by Jannsen
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ot gl that thymidine monophosphate is a specific DNA label in
yeasts bﬁt apparently useful levels of labelling cannol be obtéinéd
by this ‘means (B.Cox, personal communication). The yoast genome,
however, is fairly vell characterised and ome reccnt report is of
special intereste. This is that the emall closed circular DNA of

nuclear budyemt density discovéreé by Hollenberg et al is p&ssibly

a cytoplasmic species (Clavke-Walker). This DNA thus represents
yet‘anather poﬁenﬁbizﬁ target Lor ghe action of UV and alkylating
agents. ' |

The pammelien cell genome has been the subject of séveral
detailed studies of _Zi.&te and there is general agreement that during
~ the S period there is a transition from the replication of high
G=-C DNA, vhich iz synthesized first, to lower G-C DNA vhich is

replicated later (Tobia et al, Flamm et al and Bostock and Prescott).

However, the disadvantage of mammalian celle for the study of
division delay is that although homogeneous populations of cells
may be obtained in various phases of the cell cycle by inductive
or selective tcchniques, the retention of synchrony by such cule-
tures is poor. One technique vhich has been used with mammalian
cells by several vorkers mentioned above is the use of labelled
alkylating agents vhich allous precise localisation and quantifi=
cation of the bound drug. MC may be useful in this type of experi~
ment since a fairly simple method has been developed by wéissbach
and Lisib: for the synthesis of labelled pafﬁmwcin using MC as
a starting material,

The third ‘ty'pe of effect which might explain the delay-
ing action of DNA damaging ¢reatments is that the chromosonal
cycle vhich eﬁsnrjes- the safe segx'egation" of the replicéted DNA to

the daughter cells at division may not be able ¢o function properlye



120.

Chromoscmal damage as the couse for dividon delay is by no meams .
o nev idea. Carlson found that X-rays could revert prophase nuclei
to the interphase condition in the neuroblasts of the grasshopper
éhortoyhaga and a simiiaf cbgervation ﬁas made by Devi et al using
nigh doses of UV on Physarum. Additionally, ‘there is the visible
effect of both DNA damaging agents and DNA synthesis inhibitors
namely the production of chromosome breaks and chromosome aberra-
tions (reviewed Sheldon Wolff, and for alkylating agents, Loveless).
¥Yhilst the present state of knowledge of chromosome
structure does not permit very much of an expérimental approach to
this problem there is one type of UV induced damage which certain-
1y wmight be expected to have a profound effect upon chromoscme
structure; this is DNA to protein cross-linking. This damage vas
first postulated bnggggg on the basis of the obscrvation that UV
rendered the DNA significantly less extractable than in normal
cells and he subsequently performed ‘in vitre' experiments which
confirned that the cross-linking vas to protein (revieved Smith

end Hanawalt).

Recently tuwo groups have drawm attention to tﬁe impore
tance of this type of damage in mammalian cells§ Habazin and Han
argue that thymine dimers may not be important in determining the
survival of aammalian cells since survival does not appear to be
dependent on their excision from DNA. They showéd that a dose of
UV wvhich yields 0.1% of the DNA as dimers will render 5% of the
DNA unextractable and presunably cross-linked o protein. Smets
and Cornelis implicate DNA-protein in the sensitisation to UV
brought about by the incorporation of BUAR into the DHA of human
kidney cells; they found that most of the photo-damage in the sub-

stituted DNA was readily repairable but that there was a very



i21.

significant increase in the DNA cross-linked to protein. This
effect vas so great that at a dose of 1000 ergs per‘mma the ex-
tractable DNA had dropped to onlyAEO% of that found in irradiated
controls without BUdR. Both of the above groups lecoked for any
reduciion of.fhis effeéé on the DNA with post treatment incubation
but found no evidence that this type of damage is repaired. They
- both also mention that at‘the high doses neeaed to blearly show
this phenotienon su;vival is very lov and the situation may be
different at wore physiologicai dosese.
Thelrelevance of DHA=-protein cross-linking to this study

is that there is onc isolated report which shows that this type of .
damage may be caused by alkylating agents as aeil,as by‘UV irra=-
diatién. This is the work of Steele who studied the increased
toxicity to Ehrlich's ascites cells of bifunctional over mono-
functional alkylating agents. He showed that a range of bifunc—
tional mustards were able ¢o link DNA to protein but that, as
would be expected, monofunctiohal agents 1écke8 this ability. He
also showed that at doses allowing 10% survival that some 10-15%
of the DNA is.brosseiinked to protein and isolated the DNA-protein
complex. He concludes that nitrogen mustard cross-links prbteiﬁ
' through the purines .of the DNA and the carboxyl groups of aspartic
and glutamic acids aﬁd that ¢the bound protein is not a hiséone but
an acidic proteine A

" As MC acts as a polyfunctional alkyiating agent and only
one out of five to ten of drug molecules bound to DNA is thought
to participate in a cross-link,there seems no reason why MC should
not also ceause considerable DNA protein cross-linking. The in=-
vestigation of this effect seems doubly worthvhile since not only

may the results yield some clue as to the cause of division delay
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but this might also be & method for determiming which proteins
are in the most intimate contact with DRA., thother this form of
DRA damage ia repairable or not remains to be seem but if tﬁe cell
can succeed in removing an imterstrand cross-link there seemé no
a priori rcason to doubt that repair of ﬁhis dapage is feasible.

Bofore loaving the subject of damsge to the chromosome |
it is perhaps as well to mention that it is quite possible that
meny kinds of damage to the DRA may affect the interaction_betweeﬁ
DNA and proteins and thus disrupt’the chromosomal cycle, but until
there are further advances in our knowledge of the interbhase
chrémoscme and chrogosome structure generally, it is impossible to
frame a testable hypothosis in theselterms.

The last idea which I vish to discuss is that division
delay may not be caused by damage to cell components which direct-
1y prevents those components uhdergoing.their norimal cycle leading
to cell division,but that delay is an indirect‘effeét uhieh‘repre-
sents an adaptive response on the part of the cell to the presénce
of damage in i¢s genetic material. The one immediate objection to
this idea is thét there are agents which are known to damage DNA
which do not appear to have much effecé upon divisioﬁ.For example

MeCornmick and Naxdone found that monofunctional nitropen mustard

had no effect on &ivision of DNA, RNA and protein synthesis and

in a preliminary study for this thesis I found that ethyl methane-

sulphonate had little effect on the division of S.pombo.
Hevertheless the ability to repair lesions in the.DNA

appears to be a fundamental property of cells and is found at all

levels of organisation from mammaliam cells to m&coplasmé(D.ﬁ.Smitﬁ‘

and P.C. Hanawvalt.) That the process of repair also appears to be
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very closely related to the process of recombination is also an
observation which has been made both for the bacteria (discussed

K.CoSmith and P.C.Hanauvalt)end in fungi (see Holliday '6k and

Esposito). Thus'division delay may represent a.physiological
response by thé cells by vhich normal progression through the cell
cycle is halted possibly by the came mechanism which operates to
control the progress of the normal meiotic cycle. This view is,
in escence, an adaptation of the hypothesis discussed by Holliday
£'6h4) that UV irradiation croates an intracellular environment
resembling that found in the meiotic ceil.‘ I¢ this view is correct

then fluctuations of sensitivity through the cell cycle to both
induced delay and lethal demage may reflect underlying change in
the ability of tho cells to perform repair and this vievw has been
exzpressed Sy several authors. Thus Sinclaiy suggests that there
may be a connection between survival and division delay since the
| results with X irradiated,mémmalian cells tended to indicate am
inverse relatiomnship between them. He argues-that fhis may indi-
cate a greater degree of repair is possible in the cells which
-suffer the longest delays. Hovever, as mentioned above, this
relationship does not seem'to hold fbr UV induced division delay
and lethality. Lenge also concludes that his results with X-ray
dose fractiomation experiments on Hela cells indicate that repair
capabilities fluctuate during the cell gycle ifi the assumétion is
made that the amount of damage per unit dose rewmains constant
‘through the cell cycle.

One cofollary of this theory iz that it predicts that
there may be a class of sensitive Eutaﬁts vhich have lost this
ability to arrest the.cell cycle ¢o gain time for repair to be

completed properly. This is just the response found when the oV
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sensitive mutant 6f S.pozbe vas challenged with MC (Chepter 1)

and this suggests that a simple test of this idea in yeast would
be %o survey the considerable number of radiation sensitive mutants
now available for UV induced division delay. . Certainly this vould
be an intéresting and simple task with the S.pombe sensitive
cutant uvsl-l,as Gill's work would scrve as a basis for comparison
vith the wild type,and the use of syrchronous cultures combined
with time lapse photography would considerably facilitate the
analysis,of'cell cycles 'Iﬁ vould also be very interesting to knou
vhether yeast wvhich is known to have a photoreactivating systen

and an efficient dark repair system (Patrick ot al) suffers a

reduced delay after UV ¢roatment folloved by photoreactivation.

In suamary of my conclusions {rom this section of the
discussion the follouing points energe as important. Firstly, the
inhibition of DHA synthesis cannoé be overlocked as a pessible
cause for division delay as there appears to be some DNA replica-
tion throughout the cell cycle in most cell types. However,
techniques now cxist vhich may be able to detect small effects on
replication,notably the combined use of labelling and the BUAR
density labelling vhich have been widely applied in the study of
repair. Perhaps the bost material for the study of such an effect
would be Physarﬁm, using UV as the delaying agent.

Secondly, delay may be caused by damage to the chromosome
which prevents it from undergoing its normal cycle. One form of
dapage vhich may be important in this respect is DNA-protein cross-
linking caused by alkylating agents and this seems to merit further
investigation. |

Finally, delay may be a physiological response on the

part of the cell to gain time for repairgy if this is 0 then a
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study of radiation sensitive mutants may reveal mutants with
different patiterms of division-delay response from the wild type.

In the final section of this discussion I wish to examine
the narrover question of what advantages the phenomenon of MC
induced dolay offers for the study of the cell cycle of S.pombe.

I have alrcady deal? in the last chapter with vhat I
consider to be the greatest use for IC,vhich is to determine
wvhether or not any particular periecdic event im the cycle is linked
to'the DNA synthesis cycle; im this capacity !C will complezent
AdR, Clearly exactly the same type of experiéent can also be used
to investigate linkage with the cytokinetic cycle again with the
advantage that the experiments can be designed to control for the
effects of the inhibitore. Linkage with nuclear dividon can also
be studied using MC but in this case it is not possible to control
for the effects of the inhibitor, and as AdR will‘permit such a
control it is the agent of choice in this respect. The initial
results obtained by Robinson and myself using MC to study enzyme
synthesis are very encouraging. Certainly Robinson's results are
éuiee unequivocal and support his result obtained with HU that
steps in'enzyme activity cccur in the absence of DNA synthesis and
division. This finding has & clear corollary for the sequential
transcription theory. This is that the process which controls the
ordered transcription of the chroéosome must clearly be capable of
reinitiating the cycle in the absence of DNA synthesis and nuclear
divisione This result thus agrees with the findings of both
Eckstein et al and Culottl and Hartuell which vere described.in

the introduction. However, Culotti amnd Hartwell'’s results suggest

that reinitiation of the cycle may depend on the point in the cycle

at which the cell is arrested. It would thus be interesting to
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repeat Robinson's expericents with continuous t¢reatments of MC but
Yo delay the addition of the drug until after the first transition
point; this will lead to the cells being ¢reated im the major
period and.my rosults suggest that the first round of DNA syathe-
sis will occurs It is poseible that if the ecll eycle is arrest-
ed at a different position from that achieved vhen treatment is
ctarted in tho minor period then a different result may bo scen
vhen the activity of alcohol dchydrogenasc is assayed.

. Another imtercsting éxperimem% wvhich éay be performed
with [C concerns the location of the rate change points found by

Mitchison and Creanor (°69). then the baszl level of sucrase and

soveral other ensymes is measured im synchronous cultures of
Se.pombe a pattern of synthesis is seen vhich iz best explained by
treating it as sories of limear curves wvhich have pericdic ine
creases in rate, but the lovel of synchrony of the cultures is not
good cnough to enable tﬁis.eomclusion to be reached without ro-
course to a c@mpl$¢ated computer aided amalysis of the data. Tais
means that the rate change points are very tedious te locate since
_the collection of a great deal of data is required. lMitchisom
and Creanor (°69) postulate that the rate changes are Gue to
dosage changes in the relevant genes wvhich are not eﬁpressed at
the time of DNA replication but with a slight delay for *functional
gene replication’s Thus rate changes might be expected to rospond
in the same vay as the change in sucrase potential ¢o a pulse ;2
MCe However, it would also be useful to conpletely block division
end DNA synthesis vsing a continuous treatment of Mé. X£ the
system responds as cxpeeted the pattern of basal synthesis of |
enzyme in a continucusly treated culture should be a eimplo
lineaxr increasc. Furthermore the locatiom of the rate



127.

change peint should be easy to cglculate simply by comparison of
the treated culture result with the control result.

In fact one such an experiment was performed by Creanor
and myself but the-continuons dose of IiC administered in this ex-
poriment (50 pg/ﬁi) was found ¢o be too lov to completely abolidb
division and thus DHA synthesis. The basal sucrase level was
found to follow a shallow upvard curve with time in ¢this experi-
pent. Prohably a result would have been obtained if a concen-
¢ragion of 100 flg/ml had been used.

The two transition points found for the effects of MC
provide two useful cycle markers although it would be highly
desirable to have some information regarding the changes in position
of these transition points when pulses of lower doses are used.
The fact that to a very near approximation the major and minor
periods of eensitiﬁity are the same as the Gl and Gz phases of the
cycle for standard pulse employed'throughout this thesis suggests
that ¥C might also be useful,if in some future étudy it is wvisghed
to deﬁermine which phase of Fhe cycle cells are ip at any given
time. Naturally this type of experiment must be interpreted with
ceution but it might be useful vhere a DNA assay is out of the
~ question due to lack of material,and it has the adventage that
determining the sgnsitivity of the cells o MO induced delay is
@much qpicker than a DNA assaye

As & system for the study of the biochemistry of division
delay the problem, as mentioned above, is that it is not possible
to apply the most sensitive techniques to the study of DNA repli-
cation in yeastc. The situation is not aided by the fact that it

iz difficult ¢o isolate DNA from S.pombe although a method has
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been developed by Bostock (°69) and the combined isolation and

density gradicent analysis method described by YWilliamson,

Moustacchi and Fennell could also be successfully applied. The

uscfulness of the system thus depends upon the developmsﬁt of very
sensitive ﬁéchniqmea for the study of DNA replication, one tech-
nigue whiéh night be adaﬁtedbto this end is polyacrylamidc elec=
‘tréphoresis of pucleic acid (see Loening). This technique, vhich
is eurrently used to study RIA metabolism in S.pombe, might well
be usaful since it can effect a complete separation betveen DHA
and RNA and thus 1¢ allowz the use of a non-specific nucleic acid
ilabel to study DNA. Another approach to this problem would be to
use ruch larger synchronous cultures produced by the inductive

method using AdR or HU as described by Mitchison and Creamor (71a),

although such experiments would be rather costlye.

One nucleic acid experiment which ié feasible and whicﬁ
would frovide a very useful complement to this study is, as
mentioned above, to determine whether or not MC does cross-link
é.pambe’DNA. The method for shouing this effect is quite straight-
forvard and depends om the fact that MC cross-linked DNA renatures

instantly after denaturation (see Sybalski and Iyer (*67) and

thus does not show a change in buoyant density after denaturation
end rapid coolinge |

The results presenfed in Chapter 5 of experiments with
CHX and heat shocks,uhilst they do lit¢le to clarify the effects
of ¥C,do raise some interesting questions regarding the comtrol
of division in S.Pombe. These questions have already been dis-

cussed quite thoroughly by Mitchison {°71) and are beihg actively

investigated by Mitchison and Polenschek;thus I shall only comsider
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these results bfiefly and have only one ancillary point ¢o add of
Ely Otm.

Hitchicon has produced several models to account for the
patterns of delay observed with delay inducing treatments and
these may be classified into two types: pool filling models in
which the cell is required to complete the synthesis of a certain
agount of division protein before division,and sequential models
in vhich the inhibition depends upon interference with a sequence
of synthetic events. In the pool £illing models Mitchison has
relied on a feature of the Teotrahymena theory to explain the
occurrence of excess delays, namely the breakdown of the pool of
unstabilised division protein. There is, however, another mechanism
vhereby excess delays may be caused if the ability of the cell to
resune protein synthesis after the period of inhibition varies
through the cell cycle, |

Consider the case of a cell vhich synthesizes its divie
sion protein over most or just part of its cycle. Should synthesis
be inhibited in this cell and the pool of pre—existing divisioﬁ
protein does not breakdoum, the resulting delay to that cell will
only be constané through the cycle if, when synthesis is resumed,
the time taken to regain the control rate of synthesis is constant
throughout the cycle and thus cells of all ages will take the
saile time to make the required quantity of division protein. Some

cells, as Mitchison ('71) points out, appear to suffer a constant

delay when treated with protein synthesis inhibitors and thus
presumably do resume synthesis after inhibition im a uniform

manner (see VUalters and Petersen).

If, however, there is any effect of the age of a cell
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upon its ability to resume the synthesis of division protein after
inhibition, age variable delay would result and it might be exe-
pected that if this effect is operating the pattern of synthesis
of the division protein through the cycle may have a profound
effect upon the resulting delays.

If the pattern of synthesis is 1inéar with time it is
probable that this effect would only cause small variations in
delay induced at different cell ages,but if the pattern is expo-
nential it is possible for this effect to cause quite large vari-
ations in induced delay. As an example, consider the situation
of a cell vhich makes its division protein exponentially and which
after inhibitio;<can only reinitiate synthesis at the same rate as
it would normally at the beginning of the cell cycle. It becomes
clear that a pulse of inhibitor early in the cycle will cause a
mich shorter delay thag a later pulse since the time to re-establish
the control rate of synthesis will be correspondingly shorter.

Since the synthesis of bulk protein during the cell

cycle of S.pombe follows anm exponential pattern (Mitchison and

Wilbur) it seenms likély that the further investigation of the
effccts of CHX pulses on synchronous cultures will yield some in=-
formation on the way that reinitiation of protein synthesis is
related to the cycle position at the time of the pulse. This,
however, oniy provides a partial test of the theory; and my observa-
tion that CHX delayed cells are larger at division than comtrol
cells suggests that in S.pombe division protein does not respond

in the same way as total protein. The conclusion that bulk pro-
tein patterns do not reflect those patterns expected from other

evidence in S.pombe is}also reached by Yain as a result of a
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detailed analysis of soluble protein synthesis through the cell
c&cle.

It thus appears that there are various interesting ex-
periments vhich can be performed with MC and with the other in-
hibitors used in this work in several areas of investigation. I
would like to comclude this discussion by referring the reader to
my acknowledgenents which can be found overpage and by expressing
the hope that some of the work presented in the preceding pages

will prove useful to those who study S.pombe in the future.
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APPENDIX 1.

The composition of Edinburgh Minimal Hedium 2.

Glucose 1 g
Apmonivn Chloride 5 g
Sediun Acetate . ig
Potomsium Chleride ‘ lg
Hogmesiun Chloride 0.5 g
Sodiun dihydrogen phesphato 300ng
Sedium Sulphate 1Cag
Calecium Chloride 10ng
Inositol 10mg
Hicotiniec acid 1Cng
Calcium Pantothenate - ing
Biotin ' ioug
Borie acid 500Ug
Hangenese Sulphate

(?-ZnSOq.HZO. ) LOoUg
Zine Sulphate

(2nS0, « 7H,0.) LooUg
Ferric Chloride :

(EeClB.G}‘iaO.) 200Ug
Holybdie acid .

(ﬂzﬂeﬂh.ﬁao.) 1600g
Potacsiuvm Iodideo 100Ug
Copper Sulphate ’ ,

© (CuS0,5H,0.) _ 40Yg

Citric acid ing

Tho above constituents are dissolved and made up to 1 litre and
the resulting solution sterilised by autoclaving for 15 mpinutes
at 10 1bs. per square inche. ‘

Edinburgh Minimal Modium 1 is identical to the above with the
exception that the Sodium dihydrogen phosphate concentration is
only 10mg per litre.



APPENDIX 2.

Tho method of estimating the risc in cell number in a synchronous
culture by numerical integration of the cell plate indices.

The mothod used vas devised by N.Stebbing,and it rust
be stressed at the cutset that i¢ is not a rigorous calculation
but a rough estimation of the fisé in ecll numbor. However, the
resgults achieved'by this method coaparce favourably with those
obtained by direct cell counting. (J.Me i tchison, personal
communication. )

The rationale behind the method is simply to derive the
cell count at any given timo by increasing the originai ¢oll count
(if it ic kuown) by a Lactor proportional to the arca under the
curve of the cell plate index plotted against clapsed time. The
cell plate index curve camnot be rigorously. treated in this way
because of the dilution effect of fission on the CPI as a measure
of the rate of division in the culturc (discussed Chapter 3).

The first ctep of the calculation is to estimate the
CPI at intervals. of 10=-15 minutes throughout the cell plate peak,

the increcase in cell number ic then ecalculated by the formula

CP
Et st W
©

1C0

Nt s’ Né b4 2

there No iz the original cell count, I, is the c¢cll coumt at time

£
- te and Egp iz a svmmation of the cell plate indices according to
tho following formula

CP Y y

By = Byy v OBy v Oy
vhere CPt and C?ﬁdl are coll plate indices estimated from the
graph of CPI against time at a predetermined interval. E;p is

thus a summation of the cell plate imdices im vhich all but CPt



occur Luice.
Stobbing’s original methed vas to malke ¢he iatorval

t=1 to ¢ equal to the ecll plate ¢ime, ie.ce 15 mins. Howevex','

in the onc cxperiment in vhich this mothod vas used, the intor=

val t-1 to t vas found cmpirically which gave a calculated

100 wiec in cell mumber due to the £irst CPP. This sane

interval vos then used to calculate the riso im cell mumber

in tho troated culturecs.



APPENDIX 3.

Derdivation of the mothed cmployed for tho calculation of the
‘corrected cell plate index‘,

12, in a synchromous culture undergoing its first divis-
don, the cell count is obéervod to increase by a certain porcoatage
2 it follous that the percentage of dividod eells in tho original
p@ﬁulation is pimdlorly . The @reportioﬁ of nevly divided eeclls
in a population of synchromous cells of vhich X% have divided is
thug

proporticn nevly divided = 2%
cells 1G04x

vhich expressed as & perccntage becemes

porcentage nevly divided = 200x
cells 1C0ex

flow the cell plate index is the percentage of the vhole
population of cells uh‘ii.ch display coll plates but the corrected
cell plate index is {(as ezzﬁla:‘med in Chapter 3) the porcentage of
¢he original population of cells displaying cell plates. Thus in
calculating the corrected cell plate index from the cell plate
index a correction mst be 'made for the newly divided cells counted
Suring the estimatione.

If 100 cellz are counted and y cells have cell plates

the CPI is clearly

CPL = _yx 100
160

but of i;hpae 100 cello a certe_ain propéftiom will have passed through
the cell plate stage and will bo newly divided cells and this pro-
portion roproseat only half their nurboer in terms of the original
population. The number oi" cells of thaioriginal 'population repre=

sented by those 100 cells is thus



_ - 200x
number of original cells = 100 - 1C0x

TR ARG

2

Tho corrected CPL (CCPX) is thus equal to

CCPX s T le@@
. 200x ‘

100 -~ 100ex

2

= 160y

100 . 100z

1004x
=300y ( __ 1 )
160 (1= _x )
- 100+xm

=CPL ( 100¢x )
100
The CCPI may thus be casily calculated from the CPFI provided that
the percentage increase in the cell nunber at the time of esti-

pation of the CPI is knowme



APPENDIY 4,

Sources of drugs uscde.

Deoxyadenosine, Hydroxyurea and Cycloheximide wore all obtaimed
grom Signa. |

Mitomyein C vas obtaimed from Kyova Balke Kogyo Co.Ltd.,
Chtemachi Building, Chtomachi, Chiyoda-lu, Tolgyo, Japan. The drug
is ocupplicd in 2 mg ampoules wvhich also contain ‘58 2g of codiun
chloride. The reraoval of this salt isc oscontial and it ooy be
achieved by dissolving the mitomyein in absolute ethancl and re-
covering the drug by vacuun drying, the losses due to this pro-
cedure vere ostimated spectrophotometrically to be only 2¥. If
larger quantities of the drug are required it may bo obtained salt
free from the above saxm:é by applicétion to the Pharmaceutieal

Foreign Trade Dopt.



