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SUMMARY 

General features of the call, cycle are outlined, and a 

model for the control. of cell division is described. The  

main support for this model comes from studies of the pattern 

of division delay resulting from heat shocks, and other pulse-

treatments, in the ciliate, Tetrahymena. The model postulates 

the accumulation of "division proteins" during most of the 

cell cycle up to a "-transition point"- before division, at which 

- time these proteins are thought to perform a function essential 

for normal division. 

To test this model for generality, the characteristics of 

division delay were investigated in the fission yeast, 

Schizosaccharomyces pombe. The agents used to delay division 

were heat shock and the protein synthesis inhibitor, cyclohex- 

imide. 	 - 

Heat and cycloheximide are shown to affect a number of 

aspects of normal growth in fission yeast, including the timing 

of division. Several periods of sensitivity to division delay 

are described, which occur during particular stages of the cell 

cycle. During one of the periods of sensitivity, pulses 

of heat or cycloheximide produce division delay which increases 

with the age of the celr, up to a transition point, at which 

the response of cells changes. Heat and cycloheximide produce 

somewhat different patterns of delay during the increasing 

delay phase of the/cycle, but evidence is presented that both 

treatments affect a: common division preparation. From the' 

pattern of delay, and the assumed specificity of cycloheximide as 

an inhibitor of protein synthesis, it is concluded that S. pombe 
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accumulates. division protoins which have the same characteristics 

as those postulated in the Tetrahymena model. The accumulation 

of these proteins apparently requires previous DNA synthesis. 

Evidence for division proteins in yeast and Tetra]jjera 

is compared. The/nature of the division delay on which the 

model of division control is based is discussed., and evidence 

for similar preparations for division in other cell systems is 

reviewed. Possible roles of division proteins in mitosis, or 

as initiators of events leading to mitosis, are discussed, 
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CHAPTER. 1 

General Introduction 

The cell cycle and preparations for division 

The fact of cell division has an old observational history, 

and a great deal of descriptive information on the visible 

happenings of mitosis and cell division is available for 

eukaryotic calls (reviewed in Mazia, 1961; Luykx, 1970). It is 

of considerable interest that these events occur, but in this 

thesis the morphology of mitosis and cleavage is not the primary 

concern. The central question in the present work is why 

division ordinarily occurs with regularity, or, in other words, 

what factors and mechanisms influence the timing of division 

during the normal cell cycle. 

In order to establish a frame of reference for the discussion 

to follow, it will be useful to review, several general conceptions 

of the nature of the cell cycle. We can then go on to describe 

the model of division control which is to be evaluated in this 

paper. 

The cell cycle may be taken as the sum of the period of 

division and the interphase time between divisions. The events 

of mitosis and division traditionally mark the beginning and the 

end of the cycle for two reasons. First of all, the activity 

during mitosis is the major morphological marker in the life-

cycle of a cell. Secondly, mitosis marks the birth of func-

tional twins from a parent in terms of genetic and, usually, 

cellular units. 

is has been pointed out by others (Prescott, 1964; Mazia, 
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1961; Mitchison, 1969, 1971), the current view of the cell cycle 

includes the idea that interphase is a time of considerable 

cellular activity, and not merely a period during which a cell 

grows larger by a process of uniform growth in anticipation of 

the division to follow. DNA. synthesis may be taken as an 

example of a particularly well-defined interphase activity. 

As shown by Howard and Peic (1953) and others (reviewed in 

Mitchison, 1971), DNA synthesis is usually discontinuous in 

eukaryotic cells, occupying only a fraction of the cell cycle. 

The period of DNA synthesis, or S-period, is commonly isolated 

in interphase between two gaps, during which DNA synthesis does 

not occur. The gap between mitosis and S is termed Gi; that 

between S and mitosis, G2. The S period is thus a marker of 

cell progress through interphase. It is also an interphase event 

normally essential as a preparation for division.. 

The periodicity of some enzyme syntheses during the cell 

cycle provides further support for the conception of the cell 

cycle as a system in flux. The observation that increases in 

enzyme activity occur in ordersequences during the cycle is 

important in the description of the cell cycle as ct differen-

tiating system. This view includes the idea that,during a cell 

cycle, progress is represented by movement through ordered 

series. of genetically-controlled syntheses. Such progress is 

interrupted, in a sense, by division activity, itself a reflection 

of the sufficiency of interphase activity.. 

It is useful that some aspects of normal cellular activity 

are not essential as preparations for division. For example, 

it might be expected that increase in cell size and mass would 

have some relation to the ability to divide, and there are 
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theories involving a "critical mass" requirement for division 

(reviewed in Swarm, 1957;  Mazia, 1961). It is clear from 

examples in which normal growth-division relationships do not 

hold that growth, in the general sense of volume and mass increase, 

inot directly related to the ability to divide. Examples from 

work on the object of this study will serve to illustrate the 

point. 

When the fission yeast, Sehizosaccharorn,ces pbe, is 

deprived of nitrogen, cells will divide,but cannot grow, and 

very small cells are produced (Paed, 1959), while,if DNA 

synthesis is blocked,cells become very large, but cannot divide 

(Mitchi son & Creanor, 1971a). Therefore, while growth in 

volume and mass may be important in general, so that cells 

neither disappear nor become elephantine, this growth is 

neither necessary nor sufficient for division to occur. The 

conclusion is that some processes occurring during the normal 

cell cycle are optional, if the ability to divide is the 

criterion of successful cell cycle traverse. It follows that 

there must be preparations specifically required for division 

(Swarm, 1957; Mazia, 1961). 

The latter point has been developed by Mitchison (1969, 1971, 

1972). He has argued that a useful conceptual separation can be 

made between events essential to division and those related 

to cell growth in general. The main evidence for the separation 

comes from examples such as those mentioned above, in which 

progress toward division can be interrupted, while growth will 

continue apparently undisturbed. The importance of this scheme 

is that it formalizes the idea that the two normal tendencies 

of cells—to grow and to divide—occur in parallel, and can 
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occur in isolation from eacJther. The emphasis is thus on 

the dis:sociability of events in the cell cycle, and therefore 

on the flexibility of cellular controls (Stern, 1966). 

With the general acceptance that DNA is the genetic element 

of chromosomes, DNA synthesis can be considered the foremost 

prerequisite for cell division philosophically and in fact. 

Few cells can divide without producing additional DNA each cycle, 

and those that can are found to have multiple copies of the 

genome in one form or another (e.g., Tetrarnena, Anderson, 1972), 

though there are exceptions (e.g., mouse ascites cells, Lindner, 

1959). 

Mitosis, or its equivalent, is the other event crucial to a 

cell, because it allows segregation of the DNA which has been 

previously synthesized as chromosomes. From this point of view, 

a: cell is successful if it accomplishes these two manipulations, 

and the rest of the cell cycle is concerned directly or indirectly 

with ensuring that success (Prescott, 1964). Division, as 

physical separation of daughter nuclei into different cytoplasms, 

can be considered optional, since viable syncytia exist (e.g., 

Physar'um, Rusch, 1970), but it is usually the case that nuclei 

are sorted into separate cells, and this act of division is 

commonly associated temporally with mitosis.. 

For our purposes, then, we will consider DNA synthesis, 

mitosis, and division as primary reference points of the division. 

cycle. 

If we can allow the exclusion of some cell cycle events as 

preparations for division, it would be useful to know something 

about the kinds and number of requirements. The strategy in most 
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of the investigations relevant to the present discussion assumes 

that cells would ordinarily divide, if undisturbed (Mazia, 1961). 

Therefore, if manipulations of defined effect alter the timing 

of division, periods of sensitivity, or points of blockage. 

in the cell cycle can be ascribed to the agents. Cell; cycle 

events relevant to division can thus be located in time, and the 

nature of events inferred from the characteristics of the 

blocking agency. 

One type of evidence for division-essential events comes 

from recent successes in the isolation of conditional division 

mutants in prokaryotes] and eukaryotes2.. In this procedure 

potential points of control, or blockage, are revealed as 

mutations. The most common restrictive condition used is 

elevated temperature.. Broadly speaking, this approach providea 

evidence that there are numerous genetic loci concerned with 

progress of a cell toward division, and that lesions in such 

Loci may leave bulk growth parameters unchanged. Thus, these 

studies offer additional examples of the separability of growth 

phenomena and division. 

More importantly, such studies show that events which 

become temperature-sensitive by mutation are spread out in 

time over the whole cell cycle. An important example for this 

study is the series of temperature-sensitive division mutants 

1Reeve, et al, 1970; Reeve & Clark, 1972a b; Ahmed & Rowbury, 

1971; Eazdunski & Shapiro, 1972;  Mendelson, 1972r  Naa:i & 

Tamura, 1972.. 

2Rartwell', et al, 1970; Hartwell, 1971a, b;: Culotti & Hartwell, 

1971. 



of budding yeast isolated by Hartwell and his colleagues 

(p. 7, note Y. In these mutants, the time at which a 

temperature-sensitive gene completes its function can be 

determined by finding the last point in the cell cycle at 

which expression of the gene can be blocked by shifting from 

the permissive to the restrictive temperature. This is called 

the "execution point", and may indicate the time in the cycle 

at which a critical concentration of a gene product is 

reached. Execution points may be equivalent to the "transition 

points 1?: described, below.. The function of the gene can be 

inferred from the morphological stage in the division cycle 

at which cells terminate development at the restrictive 

temperature. 

From these studies it is clear that genes executing early 

in the cycle are required for normal completion of events late 

in the cycle. The number of mutant loci involved in the 

division cycle of yeast is between 30 and 40 by present 

estimates (Hartwell, personal communication). Several of 

thes.e genes function in budding, others are involved with 

nuclear division, and still others are required for cel 

separation and DNA synthesis. None of these mutants has been 

characterized at the molecular level, but morphological 

descriptions of execution and termination points are available.. 

Another type of evidence for division-essential events 

comes from studies in which chemical or physical treatments 

are used to block or delay division. Two kinds of information 

have been obtained from such inhibitor studies, both of 

particular relevance to this thesis,. 
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First, continuous treatments with drugs applied at 

different times during the cell cycle define the last point 

in the cycle at which division can be delayed or stopped. Such 

points have been called "critical points" (Swarm, 1957), "points 

of no return" (Mazia, 1961), "physiological transition points" 

(Zeuthen, 1964) and "transition points" (Mitchison, 1971). 

Thus, if a protein synthesis inhibitor will stop division up 

to a particular point in the cycle, after which division will 

occur despite the inhibitor, it can be inferred that synthesis 

of the last protein essential for division has been completed 

by this point.. For example, in mammalian cells treated with 

puromycin, a protein transition point has been located in the 

middle of G2, while an RNA transition point is found somewhat 

earlier in the cycle (Doida & Okada, 1969). 

A slightly different approach offers more informath. If 

a treatment which will delay division is applied as a pulse 

at different times in the cell cycle, a pattern of division 

delay can be determined. In practice, this usually involves 

brief treatments applied to synchronous cultures of cells. The 

pattern obtained is an approximation of the instantaneous 

response of cells to the treatment, with response measured- as 

blockage or delay of division. Whereas a transition point may 

be determined using continuous treatment, both a transition 

point and the pattern of cellular response may be determined 

using pulses. From the pattern obtained, and a knowledge of 

the mode of action of the delaying agent, one can draw infer-

ences about the nature of the events affected and their dynamics 

during the cell cycle. 
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The transition points that can be identified by these 

methods may be useful if they represent positions of chemical 

or physical change related to division. However, such time-

points may be incorrectly placed or may have a trivial 

explanation. This is the case when an inhibitor takes some 

time to have an effect, or when a cell can coast for a fixed 

amount of time after the inhibition has taken place. This 

point has been discussed by Mazia (1961) and by Mitchison (1971), 

and can be illustrated by the decline and fall of the "energy 

reservoir" concept. 

It was observed that cleavage could be blocked in sea 

urchin eggs by blocking oxidative phosphorylation. Cells 

were delayed in division by such blockage up to a "critical 

point" late in the cleavage cycle, after which division would 

always occur. This was interpreted to mean that energy was 

stored up for division in a special "energy reservoir". At 

the critical point the stored energy was sufficient to ensure 

that division could not be blocked by further inhibition of 

respiration. (Swann, 19571. 

It has been shown subsequently by E'pel (1963) that the 

inhibition of energy metabolism had been only partial in the 

earlier experiments. In fact, division could be blocked at 

any time during the cell cycle, if the inhibition was sufficient 

and if the inhibitor was applied somewhat before the stage at 

which blockage was desired. The interpretation is that cells do 

indeed have a small energy reserve sufficient for a fixed 

amount of progress in time after energy inhibition, but this is 

not an energy reservoir concerned with guaranteeing an energy 



supply for mitosis and cleavage. The critical point was 

therefore an artefact, since at some stage cells would have 

sufficient time to complete mitosis and be scored as "divided". 

Another point is that after a transition point cells are 

often not delayed at all in progress toward division, and 

divide at the expected time, even in the presence of the drug. 

In a general sense, the absense of delay after a transition 

point is not necessary to the concept. For example, in fission 

yeast pulsed with ultraviolet light two periods of sensitivity 

to division delay have been described (Gill, 1965). These 

periods differ in magnitude of delay, and are separated from 

eaci/other by two transition points. Delay is always positive, 

but sensitivity changes abruptly at the two transition points. 

In this case the transition points mark the ends of periods 

of sensitivity. 

Finally, it can be noted that there is no a priori reason 

for transition points. If, for example, a treatment produces 

a constant delay during the entire cell cycle, then there will 

be no transition point, though the whole cell cycle will be 

defined as a sensitive period. 

To conclude at this point, we can say that, while we are 

interested in control of division in terms of cellular constraints, 

the majority of work during the last twenty years has empha- 

sized cellular flexibility. The cell cycle has been outlined in 

terms of a series of events, including periodic enzyme syntheses, 

DNA synthesis, periods of sensitivity to drugs or other 

treatments, transition points for division, and mitosis and 

division themselves. Some of the events are particularly 
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relevant to division, while others are more closely tied to 

general cell growth, and some aspects of cellular activity are 

probably crucial to both cellular desires (Mitchison, 1971). 

The observation has been made that temporal relationships 

between events are accurately reproduced in the undisturbed 

cell from cycle to cycle. The fact of such reproducibility 

is an expression of net control at various levels of cellular 

metabolism (Stern, 1966). 

By taking adUantage of the fact that not all temporal and 

sequential relationships between events are obligatory, one 

can ask whether, under particular circumstances,some events and 

syntheses are tightly linked or are causally distant from 

eacther. This brings the level of analysis closer to that 

of causal relationships. It is a finer level of analysis, 

but is conceptually similar to simply dissociating growth from 

division. The limitations are primarily the dearth of markers 

available for manipulation, and the lack of specificity of 

many agents used to disturb the cycle. 

AT model for division control 

It will now be opportune to describe the general features 

of one system in which a great deal of effort has been expended 

in trying to characterize some division-essential events 

using inhibitors of division. This is the Tetrahymena system, 

and division phenomena have been reviewed in detail several 

times (ZTeuthen, 1964; Mitchison, 1971; Zeuthen & Rasmussen)  

1972). The concepts developed to explain division delay in 

this system are to be considered for more general application 
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in this thesis. 

The initial observation was that division in this ciliate 

could be synchronized by applying a series of temperature 

shocks to a growing culture of cells.. During this procedure, 

growth, as measured by increase in DNA, RNA, protein, and cell 

volume, is not synchronized, but continues at a slightly reduced 

tate with respect to normal. This results in an accumulation 

of cells of variable and large size which go through several 

cycles of synchronous division when released from the synchro-

nizing regime. 

The cell cycle following the heat shock treatments can 

be considered a time of recovery of cells in terms of the 

division requirements which were blocked by the heat shocks. 

But recovery can be blocked again, simply by adding another 

heat shock at the time prescribedby the synchronizing regime. 

In other words, division can be blockedreversibly. Therefore, 

one can define the recovery period in terms of sensitivity of 

division to additional, shocks placed at various times during 

the recovery period. The convenient measure of division-sensi-

tivity is delay of division. 

When such experiments are done, it is found that the 

delay a cell suffers due to an additional shock depends upon 

its age, measured as time from the end of the final heat shock 

in the synchronizing procedure.. In particular, delay increases 

with age, so that young cells suffer a short delay due to an 

additional shock, while older cells are delayed more. This is 

unusuall if one expected the cell to simply shut down for the 

duration of a shock given at any time, and resume preparations 
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for division from the point at which it stopped. 

The magnitude of the delay is also important, because 

it is greater than the duration of the heat shock. The 

delay over and above the time of the shock has been called 

because after the shock cells are further from 

division, in time, than they were before the shock. We will 

use the more general term "excess delay" here, because it 

describes the phenomenon without alluding to a mechanism. 

Late in the cycle, immediately following the maximum 

value for division delay, there is an abrupt loss of sensitivity 

to heat shock, and the point in the cycle at which the sensi- 

tivity changes is therefore a transition point. 

Most of the workers studying division delay have used heat- 

synchronized cultures of Tetrahmena, since it is technically 

easier to study the average behavior of a synchronized population 

than to observe single cells. An additional advantage of 

working with synchronous cultures is the large amount of material 

available for biochemical analysis of the recovery from division 

delay. It should be noted that increasing excess delay, with a 

transition point, has been described for single cells which have 

not experienced the heat-synchronization procedure (Thormar, 1959). 

The pa-ttern of delay in this case is somewhat different from that 

found for synchronized cells, but suggests that the mechanisms of 

recovery from heat shock in synchronized cells are similar to 

those of 	 cells. 

The fact of increasing excess delay forms the basis of 

the synchronizing procedure. If a heat shock is applied to an 

asynchronous culture of cells, they will be delayed in time 
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by cii period depending upon their individual, ages. For example,.. 

in a generation time of 150 minutes, a young cell may have 

100 minutes of cycle time left before division, while an older 

cell may have 50. But if the young cell is delayed 30 

minutes by the shock and the older one is delayed 70 minutes, 

then after the shock the cells will divide after 130  and 120 

minutes, respectively. They,will, in other words, have been 

brought into relative synchrony with respect to the time of 

division (Zeuthen, 1964). 

We can now construct the framework of models which have 

been offered to explain the control of division,in terms of 

the factors important to division whose functioning is blocked 

by heat. 

First, from the pattern of increasing delay, it is postu- 

lated that the limiting factor(s) is accumulated through the 

cell cycle, and that progress in accumulating these factors is 

lost due to a heat shock. Resumption of progress toward division 

begins at a particular point in the cycle, or a fixed time 

before division. At the transition point the factors are 

either used up, or become heat-stable, so that further shocks 

do not affect division-timing. 

The models also suggest that the accumulation of division 

factors involves the building of a structure. This is inferred 

by analogy with the behavior of the developing oral apparatus 

in Tetrahymena. This structure behaves in the way expected of 

the division factors. In particular, progress in constructing 

the new mouth is lost due to even a brief shock, as the structure 

breaks down to an early stage in its formation. In fact, once 
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breakdown has begun, it continues at the normal growth temper-

ature. This is important in the conception of excess delay, 

which is thought to be "triggered" by brief- treatments, and 

not necessarily due to cumulative damage from continuous 

exposure to such treatments. The oral apparatus also shows. a 

transition point, at which it becomes stable to further heat 

treatments.. This point is close in time to the transition 

point for division delay by heat (Frankel, 1962, 1967a,b, Zeuthen & 

because 
Williams, 1969). However ,Acellscan  sometimes divide without 

it 
a.-new  mouth,kis probably at best an analogy to the division 

factors. 

Finally, the implication is that the division-essential 

factors are at least in part protein, and that continuous 

protein synthesis is essential to normal recovery from heat 

shock. This is indicated by the fact that pulses of amino 

acid analogues and inhibitors of protein synthesis mimic: the 

effects of heat shock, producing a similar pattern of increasing 

delay with an identical transition point (Rasmussen & Zeuthen, 

1962). The factors: affected by heat shock have been called 

"division proteins" (Zeuthen,. 1961). 

It should be noted that similar patterns of division 

delay can be produced by other kinds of agents, including 

fluoride, azide, and fluoroacetate (Hamburger, 1962), meraapto-

ethanol (Maz.ia & Zeuthen, 1966), anaerobiosis (Rasmussen, 1963), 

and high hydrostatic pressure (r'eviewed in Zimmerman & Zimmerman, 

1970). 

It has been argued that most of the agents which produce 

increasing excess delay curves for division in Tetramena 



could affect protein synthesis or assembly into structure, 

either directly or indirectly, and it may be mentioned again 

that interruption of progress toward division is enough to 

trigger excess delay. Transient interruption of energy supplies 

for protein synthesis (aside, etc.), or labilization of the 

division protein structure by pressure or reduction of disulfide 

linkages may be sufficient as well. The problem is to try to 

identify particular kinds of cellular activity which could be 

affected in common ways by varied treatments. In particular, 

one wishes to explain similar delay curves and coincident 

transition points, where some of the agents producing these 

effects are probably fairly specific in their effects on 

protein synthesis or structure. 

The reason for the current study is to try to decide 

whether the kind of model of division control described above 

is applicable to the fission yeast, Schizosaccharomyces pombe. 

The significance of the yeast is that it is, in many ways, a 

very different cell from a ciliate. It does not have a 

macronucleus with multiple gene copies, and the resulting cycle 

flexibility. It is plant-like, with no cortical structure 

analogous to the oral and locomotory systems of Tetrahyjna. 

In short, it is a very different sort of microorganism, and is 

therefore,suitable to test the general applicability of the 

division model that has been described. 

The approach is essentially that of the Tetrahymena workers. 

The agents to be used to induce division delay are heat and 

cycloheximide. It is known that heat can be used to induce 

division synchrony in S. pomh (Harnden, 1957; Kramhft & 



Zeuth'n, 1971), and that heat shocks produce increasing delay 

in cultures synchronized by temperature shocks (Kramhft & 

Zeuthen, 1971). Cycloheximide is an inhibitor of protein 

synthesis, and has been shown to delay division progressively 

in another strain of S. ombe (Herring, 1973), but its effects 

have not been studied in detail for this organism. 
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CHAPTER 2 

Mat erials and Methods 

Organism 

The object of this study is the fission yeast, Schizo-

saccharomyces pombe Lindner (1893). The cell is classified by 

Lodder and Kreger-Van Rij (1952) in the subfamily Endomycet-

oideae of the family ErLdomycetaceae, subclass Ascomycetes. The 

strain used is designated 972 h, and was. obtained from Professor 

U. Leupold, University of Bern. This strain is heterothallic 

and has an haplontic life history, the only diploid stage being 

the zygote. 

Cells are characteristically rod-shaped, and grow in length 

only. Division follows-formation of a median septum, usually 

termed a "cell plate". Dividing cells are roughly four microns 

in width by twelve microns in length. 

Culture conditions 

The standard culture medium is called Edinburgh Minimal 

Medium II (EMM II), and has been described elsewhere (Mitchison, 

1970). It is a minimal, defined medium, containing 10 g/l 

glucose as carbon source, 5 g/l ammonium chloride as nitrogen 

source, and 300 mg/i. sodium dihydrogen phosphate as phosphorus 

source. The medium is buffered at pH 5-5.5 with acetate. The 

nutrients are sufficient to give a final yield of approximately 

5 x 1O7  cells/ml in stationary phase. The generation time in 

exponential growth at 32°  C is 140-minutes. 

Inocula of the yeast were kept in Universal containers or 

McCartney bottles containing 10 ml EMM II. Sub-cultures were 
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made every few days, by transferring a loopful of stationary-

phase cells to a fresh bottle of medium. Cells were used as 

inocula within one week of reaching stationary phase. 

Cultures of cells for experimental use were grown by 

inoculating warm (32°  C) medium with approximately 21/2  ml of 

stationary-phase culture (1-2 x 10 
8- 
 cells) for each liter of 

culture required. Inoculation was usually made on the afternoon 

of the day before cells were to be used, and cultures were 

ready the following morning, having grown to 1-2 x 106  cells/ml. 

Cultures were, with few exceptions, used during the exponential 

phase of growth corresponding to 0.5-8  x 10 
6
cells/ml. Cella 

were grown in flasks of at least twice the culture volume, and 

were stirred with a magnetic stirrer. Normal growth temperature 

was 32 
0
C. 

Routine sterile precautions were observed, and only a single 

contaminated culture was noted during the period of this study. 

Reserve stocks of cells were kept both on slopes, of 2% 

Malt Extract Agar (Oxoid) and dried in silica gel. In the 

silica gel method, a suspension of cells in sterile, skimmed 

milk (or other protein solution) is put into a small bottle of 

heat-sterilized, fine grain (0.2-0.5 mm), plain silica gel. 

CQ11S can be removed from the silica gel by resuspension in 

medium at any time, and stocks can be kept indefinitely, 

ensuring preservation of the strain of interest (J. N. Mitchison, 

personal communication). 

Preparation ofsynchronous cultures 

Synchronous cultures were usually prepared. by the selection 
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method of Mitchi son and Vincent (1965). Typically, 4 liters of 

culture at 1-4 x 106  cells/ml were harvested at room temperature. 

(200 C)1  by filtration onAwhatman 1150 paper filter,, scraped from 

the filter, and resuspended in 4 ml EM/VI II. The suspension was 

sometimes given three or four strokes in a Teflon-pestle homogen-

izer at this stage, which helped to break up clumps and cell pairs. 

It was then layered onto a 10-40% sucrose gradient, made up in 

EMM II at room temperature. The gradient was spun for five 

minutes at 1500 RPM in an MSE 4L centrifuge at room temperature. 

One to three milliliters of cells was removed from the top of 

the band of cells which had formed in the gradient, and this 

fraction was inoculated into fresh EMM II at 32°  C. These cells 

then grow up and go through at least two synchronous divisions 

that are adequate for the purposes of this study. 

Two other methods of synchronizing cells were used in a 

few experiments. The first is the method of induction synchrony 

using 2 1-deoxyadenosine (Sigma) described by Mitchi son arid 

Creanor (1971a). The induction conditions for this strain of 

yeast are a period of 4 hours in 3 mM deoxyadenosine. At the 

end of the four hours the deoxyadenosine is removed by filtration 

and washing, and cells are resuspended in fresh EMM II. 

Approximately 2/ hours later, cells go through a synchronous 

division. 

The other induction method employs a series of heat shocks 

at the sub-lethal temperature of 410  C to synchronize cells. 

The procedure is to apply a 30 minute heat shock to cells, then to 

allow them to grow at the normal 32°  C for a generation (130 

minutes). A series of four or five shocks applied in this 
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way synchronizes cells with respect to division. A different 

medium was used in these experiments, consisting of 5 g/l 

yeast extract (Difco) with 30 g/l glucose as carbon source 

(Kramhft & Zeuthen, 1971). 

Optical density and cell number determinations 

As a general measure of culture growth, the optical density 

of cultures was measured in a Unicam SP 600 spectrophotometer, 

at 595 nm, 1-cm light path. The optical density could be 

used as a reliable indicator of culture density (cells/nil) 

during exponential growth in asynchronous cultures, based upon 

calibration curves of optical density vs. cell number 
Ir 

Optical density was also used as a measure of dry mass growth 

(Mitchison, 1970). 

Cell number determinations were made using a Coulter Counter, 

Model B, with 70 jim aperture. An 0.5 ml aliquot of cells was 

diluted to 5 ml with filtered electrolyte solution (i% NaCl, 

0.5% formaldehyde, in water), and this volume was lightly 

sonicated' (90 s using an MSE ultrasonic disintegrator, 20 kHz, 

2 /im amplitude, 3/8 inch probe) in an ice bath, to break up cell 

pairs and clumps of cells. The sonicate was then diluted to 

50 ml with additional electrolyte and counted. 

Cell plate index 

The fraction of cells showing cell' plates (% cell plates, 

cell plate index, CPI) was determined using dark ground 

microscopy, which is probably the most sensitive method' at the 

light microscope level. Between 200 and 400 cells were scored 
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for this stage at each estimate. This measurement behaves like 

a mitotic index, and can be used to estimate division activity 

in both synchronous and asynchronous cultures of yeast. However, 

as will be mentioned later, the cell plate stage can vary in 

duration under some circumstances, and therefore cell plate 

information concerning division has been compared to cell 

number estimates in most cases. In general, cell plate information 

does reflect cell number increase, and exceptions are noted in 

the text. 

Since much of the data obtained in this thesis are based 

upon cell plate index determinations, the criteria for the cell 

plate stage are important. A cell is considered to be in this 

stage from the first appearance of a cell plate until-notches 

become visible at the end of the cell plate. The notches 

indicate that division is occurring. The duration of celL plate 

stage is normally 15-20  minutes (Faed, 1959). 

Plate la shows two tog-phase cells without cell plates, as 

they appear in dark field; Plate lb, two cells with cell plates; 

Plate ic, two cells after "notching". Cells like those in Plate 

lb ,'ould be scored as cell-plate cells; those in Plates la and ic 

would not. 

Because the midpoint of cell plate stage has been measured 

as the terminus of the cell cycle in many of the experiments 

presented, some data is mapped into a cell cycle with 1.0 and 0.0 

representing this midpoint. This is at variance with the 

suggestion of Mitchison (1970) that cell separation should be used 

as the beginning and end of the cycle. However, the summary 

and interpretive cell cycle maps presented here plot cycle 

events with respect to division (cell separation). The conven- 



PLATE 1 

Cell plate conventions, dark-field optics. 

ãJ Two log-phase cells without cell plates 

b) Two cells with cell plates. The cell plate 

first appears as a faint white line across 

the center of a cell, then thickens to the 

point shown in these examples. 

C),  Cells which have just divided to form cell-

pairs. Notches, signifying the end of cell-

plate stage and the process of cell division)  

are evident between the cell_pairsat the 

perimeter , of the former cell plate. 

Nuclear configurations, Giemsa staining, light optics. 

at) A log-phase cell with a single nucleus. 

e r g)  Cells showing "dividing 
nuc lei"" in various 

stages of nuclear elongation. 

h) I "bLnucleate cell without a cell-  plate". The 

nuclei are not visibly connectecf, but a distinct 

cell plate has not yet formecT. 

0 Cell with a celU. plate, with daughter cells each 

showing a central, spherical nucleus. 
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tion used in each case will be noted in the text. 

Nucleardivision 

Nuclear division can be observed and scored on slides 

stained by a method developed in this laboratory from earlier 

methods (Ganesan & Swaminathan, 1958). Cells are dried down 

onto-,a slide on a hot-plate and post-fixed for 10-15 minutes in 

Carnoy's solution (60 ml absolute ethanol: 30 ml chloroform: 

10 ml glacial acetic acid). The slide is then rinsed in tap 

for 10 minutes 
water for 10 minutes. RNA is extracted using 1 N HCi,/¼at  60 C. 

The slide is again rinsed, then stained for between two hours 

and a day in 4% Giemsa stain (Gurr) in 0.1 N phosphate buffer, 

pH 7. Nuclei are examined under oil using a flat field xlOO 

objective. The percentage of dividing nuclei is based upon 

scoring a total of 400 cells/sample. 

During the process of nuclear division, an initially 

spherical nucleus (Plate 1d) gradually elongates (Plate 1 1  

sequence e,f,g) and separates into two apparently discrete 

nuclei (Plate ih), after which a cell plate becomes visible 

to partition the cell into daughters (Plate ii). The percentage 

of dividing nuclei can be scored in two ways, and usually was 0  

First, one can score for cells with nuclei like those in Plate 

1 e,f,g, which appear to be elongating, and in which daughter 

nuclei are still visibly connected by at least a thread of 

stained chromatin. Cells containing these "dividing nuclei" 

can be distinguished from cells such as the one shown in Plate 

lh, which can be described as rrbinuc leate without a cell plate", 

and which can be scored as a separate group of cells. These 
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latter cells typically have two spherical nuclei which are no 

longer visibly connected, but do not have a visible cell plate. 

In practice, these two groups of configurations are 

approximately equally common, and are combined and presented 

on graphs as "percent 	 When this icdone, one is 

scoring any cell between the beginning of nuclear division and 

the earliest sign of a cell plate as being in the equivalent 

of mitosis. There is evidence that the cell plate begins to 

form before nuclei are completely separate (McCully & Robinow, 

1971), but the early stages of cell plate formation cannot be 

seen on stained preparations at the level of the light microscope. 

There will be occasion to distinguish between the "dividing 

nuclei" and 	 without a cell plate" groups in a later 

chapter, so the conventions used here should be kept in mind. 

Cell sizing 

Measurements of cell length reflect cell volume, since cells 

grow in length only. Lengths have been measured using a calibrated 

graticule and xlOO objective on a light microscope. Cells are 

prepared for viewing by drying a drop of cells onto a slide with 

a hot-plate, smearing with io% India ink as a negative stain, 

and staining the cytoplasm with 0.25% crystal violet. The 

negative stain enables one to see the notches formed at the end 

of a cell plate, so that cell-plate cells can be sized as a 

separate class of cells.. Cells shrink by roughly 15% in linear 

dimensions during the drying procedure, so the lengths are,  

significantly shorter than in life, but are adequate for 

comparative purposes. 
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DNA and_RNA estimations 

DNA has been estimated colorimetrically using the diphenyl-

amine reaction following Schneider extraction (Schneider, 1945). 

The method is essentially that of Bostock (1970), which is in 

turn based upon the improved method (Giles & Myers, 1965)  which 

followed an earlier formulation (Burton, 1956). The details of 

the procedure are given in Appendix A.. 

RNA was estimated by diluting 25/11  of the hot-PCA super-

natant from the Schneider procedure by 100, and reading the 

optical density at 260 nm for a 1 cm light path. Since DNA 

is between 1 and 2 percent of total nucleic acids in S. Lomb?, 

the absorbance due to DNA is ignored (Bostock, 1970). For 

conversion of optical density into RNA by weight, the equivalence, 

31 a RNA/ml 	1 unit optical density was assumed 
Pi'otein_synthesis estimations 

The rate of protein synthesis was estimated from incorporation 

of 311-leucine into acid-insoluble material. The details of 

the method are given in Appendix B. 

Application of inhibitors 

Cycloheximide was obtained from Sigma, and was: stored 

dessicatedat 4 
10 
C. Solutions of the drug in EMM II were always 

made up fresh on the day of use. The effective concentration 

used in the experiments to be described was 100 jig/ml, unless 

otherwise stated. This concentration was chosen based upon 

division delay data to be presented in Chapter 6. 

Pulses were given by adding the dissolved drug to cultures 



- 27 - 

in the volume ratio, 5% drug solution: 95% culture. The drug 

was washed out of cultures by collecting cells on Oxoid membrane 

filters under suction, rinsing the pad of cells with 32°  C-EBB H, 

and resuspending cells in fresh B/VIM  II. Controls, in which a 

pulse of medium was applied with identical washing, showed that 

none of the parameters measured in this study were affected by 

the pulsing procedure alone.. 

Heat shocks were applied by shifting a flask of cells from 

a water bath at 32 0 
 C to another at 41 

0
C. The pulse duration 

shown on graphs refers to the times at which transfer between 

water baths is made.- The shock temperature is taken from 

experiments by Harncien (1957) and Kramhft & Zeuthen (1971). 

For most experiments, cultures of 10-25 ml were shocked in 

50-100 ml conical flasks to ensure a large surface area for 

heating and cooling. Under these conditions, the change in 

temperature took approximately one minute. 

However, large cultures of cells (500  ml culture in a 3 1 

conical flask) were required for DNA estimations. Heating and 

cooling of these cultures could take up to five minutes, and in 

some cases the temperature only rose to 40.50  C. Consequently, 

the conditions of heat treatment are not exactly the same for 

large cultures used for DNA estimations as compared to small 

ones used for estimating division delay. The effects on cell 

number increase are similar in both cases, so the speedof 

heating and the maximum temperature reached are probably not 

critical, but might be kept in mind. 



Photography 

Photographs of cells were taken with a Zeiss phoIomzcro-

scope using Kodak Panatomic-X film. The microscope has an 

rielectric eye", so most exposures were not under human control. 

LI 
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CHAPTER. .3 

Normal Growthin Schizosaccharorpces pombe 

Introduction 

A. common feature of most of the cell cycle studies cited 

in the general introduction is the strategy of distorting 

standardized growth of cellular systems in order to see what 

kinds of recovery procedures a cell can call into play. This 

provides information about the control of normal growth, because 

the methods of cellular inertial guidance become clearer. 

Since this study also uses the tactics of distortion, it 

is of interest to know what the yeast would do if it were left 

alone. Of particular interest, in this regard, are the properties 

of the yeast system in asynchronous, exponential growth, and in 

selection-synchronized cultures. From information about these 

two modes of growth a picture can be drawn of the normal cell 

cycle of an average cell. We will then be in a position to 

consider the 	ways in which S. pombe reacts to environmental 

disturbances. 

Asunchronous. cultures. 

The patterns of growth of yeast in exponential', asynchronous 

cultures are shown in Fig. 3.1. From the top, the figure shows 

the increase in DNA, RNA, cell numbers, and optical density. 

At the bottom are the curves for cell plate index and percent 

binucleate cells 	This experiment began at a culture density 

of roughly 4 x 10 
6

cells/mi, but the patterns of the parameters 

1See pp.  22-25 for conventions used. 

(. 
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Figure 3.1 -. Growth of an asynchronous culture of S. pombo, 

as measured by DNA (), RNA (A, jg/25ml,. 

x94 DNA scale), cell numbers (s), optical 

density (0), cell plate index (0), and 

percent binucleate (EN) cells (I , lcwer 

curve). 
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measured here extrapolate back at least as far as 5 x 10 

calls/mi. 

Growth, as measured by increase in DNA, MA, cell numbers, 

or optical density is log-linear, but not all of these increases 

are parallel. Increase in DNA parallels that of cell numbers, 

as would be expected if the amount of DNA per cell is to remain 

constant. RNA and optical density growth show slightly lower 

rates of increase, probably reflecting the fact that cells grow 

smaller during the later stages of exponential growth. 

The cell plate index fluctuates around seven percent, and 

the percentage of binucleate cells is slightly less than half 

this figure. From the information on the frequency of occurrence 

of these two stages in asynchronous cultures, and the generation 

time of 140 minutes, the time spent in either nuclear division 

o;r- cell plate stage can be calculated (equation 5, P. 18, in 

Mitchison, 1971). By this method, nuclear division takes roughly 

6 minutes, and cell plate stage lasts 15 minutes. The cell 

plate estimate agrees with time-lapse measurements on single 

cells, where cell-plate stage has been estimated to last for 

10-20 minutes in the majority of cells (Faed, 1959). 

Synchronous cultures 

Fig. 3.2 shows the characteristics of a selection-syncho-

nized culture of S. pmbe in terms of cell plate index, percentage 

binucleate cells, and cell numbers. Time zero is the point at 

which cells were harvested from the gradient in thefselection 

procedure. The first two cycles/after selection have been followed. 

The cell plate index and binucleate-cell curves are assumed 



hours 

Figure 3.2 - Growth of a salection-synchrpnizacf cuLtura 

of yeast. Cell numbers (A Y, cell plate 

index (D)-, and binucleate cells (s). 
Arrows mark mean times for respective 

curves at the first division. Cells were 

removed from the selection gradient at 

time zero. 
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to be normal distributions in theory, and usually appear to 

be in practice. The example shown here is somewhat atypical 

when compared with others found elsewhere in this thesis. The 

mean times of the middle of cell-plate stage and the middle of 

nuclear division should be the peaks of the distribution curves 

for these parameters. These times are usually determined by 

graphically estimating the time at which the area under either 

curve is bisected. Estimates of the times of the first and 

second cell plate means,using the method described, consistently 

locate the first peak between 110 and 125 minutes, the second 

between 255 and 270 minutes. 

The mean time of cell division is taken as the point of 

half-rise in cell numbers at each division. Notice, in this 

regard, that the first complete cell cycle (division to division) 

is betwi the first and second synchronous divisions. This is 

because cells selected from the gradient are part way into a 

cell cycle at the time of selection---they are young but not 

hatching. 

As indicated by the arrows at the first division, the mean 

time of mid cell-plate stage occurs 15 minutes after the mean 

time of mid-nuclear division, and 15 minutes prior to the mean 

time of division. These two intervals vary between 10 and 20 

minutes. 

DNA synthesis occurs nearly coincidently in time with 

cell number increase, as shown in Fig. .3. The solid-headed 

arrow indicates the half-rise in DNA, the open-headed arrow the 

half-rise in cell numbers. The duration of the S-period is 

not known, but must be short because of the parallel rise in 
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Figure 3.3 - DNA synthesis in a s-election-synchronized 
culture of S pombe. DNA (i), cell numbers 

(0), cell plate index (0). Open-headed-

arrow marks the half-rise in cell numbers; 

solid-headed arrow the half-rise in DNA.. 

Time is measured from gradient-selection. 
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DNA and cell numbers. Current estimates are that S lasts 

about 0.1 of a cycle, or roughly 15 minutes (Bostock, 1970; 

Mitchison and Creanor, 1971b). 

The normal cell cycle 

The information on the cycle events described above can be 

summarized on a cell cycle map, which represents the life-

history of an "average" cell. Such a summary is shown in Fig. 

3.4. The mid-points: of the periods of nuclear division and 

cell-plate stage, and the time of division, are from the relative 

positions of the means in synchronous cultures. The durations 

of nuclear division and cell plate stage are based upon 

frequencies of occurrence of these stages in asynchronous 

cultures, and on direct measurements, as described above. Here, 

nuclear division ends when a cell plate becomes visible. However, 

studies at the electron microscope level have shown that the 

cell-plate may begin to-form before nuclear division is complete 

(McCully & Robinow, 1971), but these early stages would not 

be seen in our stained preparations. DNA synthesis occurs 

at the end of the cycle, with some uncertainty as to the times 

of beginning and ending. 

Fractionating the cycle of 140 minutes, nuclear division 

is half-way to completion at 0.80, the cell plate is fully-

formed by 0.90, and DNA synthesis is in progress as division 

occurs at either 0.00 or 1.00. Using the cell cycle terminology 

of Howard and Peic (1953), the cycle is composed of a long 

G2, a brief mitotic phase (M)' 	probably a short Gi, and 

finally a brief S-phase. It is to this cycle that we wilt 

1See p.  24 for conventions used in scoring nuclear division. 
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Figure 3.4 - Cell. cycle map for an rauoragerFS. pombG 
. 

cell grown n EMM II at 32 
0 C. Generation 

time is 140 minutes.. Relative positions of 

the mid-points of nucleardivision ( ND I 

and cell-plate stage ( CF, dross-hatching), 

and time of cell division. (—f--)' from mean. 

times in selection-synchronized cultures.. 

For definitions of cycle periods N, 01, S, 

and 02 1  see text, pp. 32 & 4. 
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refer other measurements when describing the effects of treat-

ments on normal growth, and on the' timing of division. 

A. final point should be made about the timing of events 

on the cycle map. The map seems to be an accurate description 

of average cell behavior in both synchronous and asynchronous 

cultures. However, the point at which the cell divides is a 

matter of definition. The convention used here is that division 

occurs when cell-pairs, are connected loosely enough to be 

sonicated apart for electronic counting, and this accounts for 

the gap between the end of cell-plate stage and division. 

If a: hemocytometer were used, one might put the point of division 

closer to the end of cell-plate stage, since,by convention;  

this stage ends when notches appear to signal the beginning 

of cell separation. We do not know when the transition from 

one cell to two occurs, physiologically. As was noted above, 

nuclear division may not end until after a cell plate begins to 

form, though on the map these stages do not overlap. It is 

therefore important to keep in mind that what are normally 

scored as discrete events may have ill-defir.ed beginnings and 

endings. 



CHAPTER 4 

ELfects_ofçjcioheximide and_Heat-Shock on Bulk 

Growth Parameters. 

Introduction 

It was pointed out in the introduction to this thesis that 

there are circumstances in which growth and division activities 

can be dissociated in S. pmbe. This is also an important idea 

in the description of the model system of Ttramcna, although 

it is not essential to the phenomenon of division delay. 

Nevertheless, it is of interest to know something about the 

effects of the inhibitors used in the present study on the 

growth of cultures of yeast. 

Heat and cycloheximide are the agents used here to inhibit 

division, and, of the two, cycloheximide is the better defined 

in mode of action. It is considered to be a specific inhibitor 

of protein synthesis in eukaryotic cells. This conclusion 

is based upon detailed analyses of in vitro protein synthesizing 

systems, in which it has been shown that elongation of poly-

peptide chains is slowed or stopped by the drug, due to inhibition 

of the translocation reaction between donor and acceptor sites 

on 80 Sribosomes (Siegel & Sister, 1964a,b, 1965; Sister & 

Siegel, 1967; McKeehan & Hardesty, 1969; Traub, 1969). Further 

work suggests that the inhibition of elongation is due to an 

effect of the drug on the transfer factor, aminoacyltransferase 

II (Baliga, at at 1969;. Baliga & Munro, 1971). Cycloheximide 

also inhibits initiation of polypeptide chains in some mammalian 

systems (Lin, at at, 1966). 
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That inhibition of protein synthesis may be the primary 

effect of cycloheximide is suggested by the fact that naturally-

resistant strains of yeast have ribosomes which are resistant 

to the effects of the drug in vitro (Siegel & Sisler, 1965; 

Rao & Grollman, 1967). Also, some cycloheximide-resistant 

mutants of yeast show resistance at the ribosomal level, though 

cells are permeable to the drug (Cooper, L.L at, 1967). 

In attempting to describe the mode(s) of action of heat 

we are more nearly blind. The interest in heat-shock is based 

upon its efficacy in producing division delay. Most attempts to 

describe its mode of action in this regard have tried to pinpoint 

heat effects by analogy to better defined inhibitors of division, 

and this is also the case in this study. It is probably fair 

to say that a primary mode of action for heat cannot be rigorously 

defined, though it may be possible to identify particularly heat-

sensitive activities of the cell under some circumstances. 

Effects of cycloheximide on DNA, RNA, and optical densijL 

Fig. 4.1 shows the effect of continuous treatment with 

100 jg/ml cycloheximide on growth in an asynchronous culture of 

yeast. Increase in DNA, RNA, and cell numbers cuts off fairly 

sharply after addition of the drug, but optical density increase 

falls off slowly. DNA, and possibly RNA, continue to increase 

at very low rates during the treatment. From this experiment and 

others it is clear that cells do not recover to normal growth, 

in the presence of the drug, during at least the first five 

hours of exposure, though they will recover after such a long 

treatment if the drug is washed out. 
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Figure 4.1' -  Effect of 100 pg/ml cycloheximide on increase 

in DNA (0), RNA (o , jig/40 ml, x 94 DNA' scale), 
cell-  numbers (Li), and 	tical density (0) in 

an asynchronous, exponential-phase culture. 

Drug added at time indicated by arrows (-#-CH). 
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We are, however, more interested for this study in the 

disruption of growth caused by a short pulse of cycloheximide. 

Fig. 4.2 shows the effects of a 20 minute cycloheximide pulse 

on growth parameters, as well as division activity, in an 

asynchronous culture. A 10:ninute pulse gives the some results. 

Increase in RNA and optical density is interrupted briefly. The 

depression of RNA increase lasts only 10-15 minutes longer than 

the pulse, and optical density increase is only slightly disturbed. 

There is evidence for partial division synchrony due to the 

pulse, as seen, for example, in cell number increase. This will 

be discussed in detail in the next chapter. However, DNA increase 
synthesis 

parallels number increase, suggesting that DNAAhas been synchro- 

nized with division. This means that the amount of DNA per cell 

is not altered by the cycloheximide treatment. 

Effects  of heatshock on DNA, RNA, and optical  densjt 

In preliminary experiments with heat-shock, a pulse of 

30 minutes at 410 C was used, because this was known to be 

effective in synchronizing division (Kramhlft & Zeuthen, 1971)'. 

The effect of such a shock on asynchronous growth is shown in 

Fig. 4.3. Again, the effects on. division are shown and will 

be discussed later, but it is evident that division has been 

partially synchronized as a result of the heat shock s  

The pattern of effects resembles that described for a 

cycloheximide pulse, but the inhibition of growth is more 

marked and lasts longer. RNA increase is reduced for roughly 

45 minutes after the heat shock, and optical density growth is 

decreased for perhaps 90 minutes. DNA and cell numbers continue 
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Figure 4.2 - Effect of a 20 minute, 100 jig/ml, cycloheximide 

pulse on growth in an asynchronous culture. 

B/VA (A t  jug/25 ml, x 94 DNA scale), DNA (0), 

cell numbers (0), optical density.  (0), percent 

binucleate cells (A), cell plate index (a). 
The time of the pulse is indicated by the arrows 

(+cH-) and the cross-hatched block at the bottom. 
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Figure 4.3 - Effect of a 30 minute., 41
0  C, heat shock on 

DNA (0), RNA ( , jg/25 ml, x 94 DNA scale), 

cell numbers (0), optical density (03, 

percent binucleate cells (Lx), and cell plate 

index (A). Asynchronous culture. The time 

of the pulse is indicated by the arrows (+HS-) 

and the cross-hatched block at the bottom. 



to increase in parallel after the shock, as was the case 

following a cycloheximide pulse. 

For most of the work in this study, 15 minute heat shocks 

were used, so it will be worthwhile presenting the effects of 

&uch a pulse on an asynchronous culture. These are shown in 

Fig. 4.4, The general pattern is very similar to that for the 

30-minute shock. DNA increase again follows cell numbers. The 

interruption of RNA increase is now; very brief, however. The 

lower rate of optical density growth also lasts for a shorter 

period, but still remains low until the beginning of the burst 

in cell division. The slight upswing in optical density 

between the beginning and end of the shock is characteristic, 

but its significance is not known. Since these experiments were 

done with 500 ml cultures it is possible that,during the 

relatively slow change' in temperature, growth rate increased 

slightly before being depressed, and this might be enough to 

account for the effect. 

.LLects of heat and _cycloheximidQon protein JLnthesis 

To estimate the effect of heat or cycloheximide on protein 

synthesis by S. p, 3B-leucine incorporation was measured 

for treated and control cultures. Cumulative incorporation 

was estimated by counting the total acid-insoluble 
3H in samples 

of culture removed at different times following addition of 

label. The slope of a cumulative incorporation curve at any 

point in time reflects the rate of protein synthesis at that 

point. The only case where cumulative incorporation data. is 

presented- here is in Fig. 4.5 below. 
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Figure 4.4 - Effect of a 15 minute heat shock, 41
0
C 

on an asynchronous culture. DNA (0), 

RNA ( , pg/40inl, x 94 DNA scale), cell 
numbers (a), optical density (0), and 

cell plate index (L.)•  Time of the heat 

shock indicated by arrows (+Hs_) and cross-

hatched block at bottom. 



Other experiments reported here used a different measure of 

the rate of protein synthesis. In these cases, the amount of 

3H-leucine incorporated during 10-minute pulses of label was 

measured, and this was considered a measure of the average rate of 

protein synthesis during the period of the pulse. For these, 

experiments, the points on graphs indicate the times at which 

leucine pulses were begun. The details of the procedure for 

measuring incorporation are given in Appendix B. 

Fig. 4.5 shows the effect of several concentrations of - f 

cycloheximide cycloheximide on cumulative 
3H-leucine incorporation. The 

label was added to the culture at time zero, and cycloheximide 

was added to aliquots of the master culture at the time indicated 

by the arrow. Incorporation continues at reduced rates for 

1, 10, and 20 g/ml cycloheximide. At 100 jig/ml, incorporation 

virtually ceases. Most experiments were done using 100 jg/ml, 

since this appears to reduce protein synthesis to very low 

levels, and it will be shown in Chapter 6 that maximum division 

delay also occurs with this drug concentration. 

The effect of varying the duration of treatment with 

100I9/ml cycloheximide is shown in Fig. 4.6. The control increase 

in the rate of incorporation is roughly exponential. The cutoff 

in rate 	 following addition of the drug is abrupt, 

being reduced to approximately 10 percent of the initial control 

value within two minutes. The rate falls slightly beyond this 

level, to perhaps 5 percent of the initial control value, though 

the cumulative uptake curve in Fig. 4.5 for 100 pg/ml suggests 

that the rate of incorporation is reduced to zero. 

The arrcws pointing upwards indicate the times at which 

cycloheximide was washed out of aliquots of the inhibited 
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cul.iure in Fig. 4.6. Recovery for 10 or 20 minute exposures to the 

drug foLloua similar pattern, the rate returning to a parallel 

increase with the control within 20-30 minutes. As the exposure 

time increases, the recovery time increases, so that for an 

exposure lasting for roughly a generation (150  minutes), there is 

a lag of an hour before the rate of leucine incorporation begins to 

increase from the fully-inhibited level. 

Similar experiments on the effect of heat shock are shown 

in Fig. 4.7. The control is shown together with the cutoff 

and recovery of incorporation for both 15 and 30 minute heat 

shocks. The fall in the rate of leucine incorporation isless 

abrupt than for cycloheximide treatment. For the 15-minute 

shock, the level only drops to 20 percent of the initial control 

value, though after 30 minutes the rate of incorporation has 

fallen to between 5 and 10 percent of the initial control value. 

Recoverj from heat shock takes longer than in the case of cyclo-

heximide. Cells require between 30 and 40 minutes to return to 

a rate increase parallel to the control following a 15-- minute 

shock; roughly an hour after the 30 minute shock. 

A few experiments were done on the uptake of 3H-leucine 

by cells. These showed/that uptake was reduced parallel to 

incorporation for both heat and cycloheximide treatments, and 

this may reflect feedback control on uptake due to blockage of 

incorporation. 

Recovepjpteinsynthesis_fowing inhibition at different 

points in the cell cycle 	
control 

Considering the model of division 	presented in the 
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Figure 4.7 - Effect of heat shock on rate of H-leucine 

incorporation in asynchronous culture. Heat 

applied at time zero. Cutoff in incorporation 

and recovery following O minute shock (v), 

recovery following 15 minute shock(). 

Duplicate samples. 
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introduction, and anticipating the differential effect oh eat 

and cycloheximide on division through the cell cycle, it was 

worth asking whether recovery from protein synthesis inhibition 

varies during the cycle. This has been investigated by measuring 

the recovery in the rate of leucine incorporation following 

heat or cycloheximide pulses applied at different points in 

synchronous cultures. Figs. 4.8 and 4.9 show experiments where 

inhibitor pulses were applied at three times in the cycle for 

cycloheximide and heat shock, respectively. Several other 

experiments were done for each treatment, with inhibitor pulses at 

other times in the cycle, and these gave the some results as 

those presented here. 

Recovery from cycloheximide pulses applied during the 

scond division cycle after synchronization is shown in Fig. 4.8. 

It appears that return of the rate of leucine incorporation to 

a parallel increase with the control is taking roughly 30 

minutes for all three pulses shown. By this measure there is, 

therefore, no major variation in the rate of recovery of bulk 

protein synthesis during the cell cycle. 

A similar experiment using 15 minute heat shocks)applied as 

indicatedis shown in Fig. 4.9. This experiment was done during 

the first cycle after synchronization. There may be some 

variation in the rate of recovery during the cycle, because 

recovery to a rate increase parallel to the control is clear for 

the earliest pulse, but such recovery has,at best, just been 

accomplished for the later heat shocks. The number and timing 

of samples are the same for all three pulses. From this, the 

variability in recovery time may be roughly 20 minutes. The Lag 

before recovery begins is, however, roughly the same for all 
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Figure 4.8 - Recovery in rate of 3H-leucine incorporation 

following a cycloheximide pulse (io minutes, 
100 jzg/ml)*  applied at different times in a 

selection-synchronized culture. Positions 

of first and second cell plate peaks (CPP) 

indicated by arrows. Control (0), and 

recovery (a). Times of pulses indicated by 
cross-hatched blocks (CH). Duplicate samples. 
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cultures, as is the level to which incorporation is reduced. 

A curious aspect of the recovery from 15 minute heat shocks 

in synchronous cultures is that there is a lag of 40-50 

minutes before the rate of Leucine incorporation begins to rise, 

compared to the Lag of 20-.30 minutes seen in heat-shocked 

asynchronous cultures (Fig. 4.7). This was consistently the 

case, and suggests that cells in synchronous cultures may be 

different from those in asynchronous cultures in. some respects. 

Comments 

It has generallj been argued that the effects of cycloheximide 

on processes other than protein synthesis are secondary to the 

effects on protein synthesis. For examp(/, inhibition of wall 

regeneration in protoplasts of the yeast, Saccharomyces cereL'isiae, 

ha been explained by a blockage in the formation of porypeptide 

acceptor molecules for inannose subunits (Sentandreu & Lampen, 1970). 

RNA synthesis in yeast is reduced either by amino acid starvation 

or inhibition of protein synthesis by cycloheximide (Roth & 

Dampier, 1972). There is also evidence that nuclear DNA synthesis 

may require continued protein synthesis to support initiation 

(Cummins, 1968; Williamson, 1973), and possibly elongation 

(Byodo, et al, 1971), of new DNA strands. 

Thus, the results described in this section for cycloheximide 

are not unusual. The transient inhibition of protein, RNA, and 

optical density increase due to pulses is consistent with 

previous reports. The inhibition of DNA increase probably 

relates to the synchronization of the division cycle, and will 

be discussed in later chapters. 
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As has been mentioned in the introduction to this chapter, 

it is difficult to think in terms of a primary mode of action 

for heat shock. In a general sense, heat can be considered 

either a stabilizing or a disruptive influence on molecular 

architecture, depending upon the properties of the molecules 

involved (Narslartd, 1970). Equilibrium levels, of compounds may 

shift with temperature due to thermal effects on rates of 

synthesis and degradation. The levels at which such effects 

are relevant to inhibition of macrornolecular synthesis or to 

inhibition of division are unclear, and might include disruption 

of metabolic machinery, such as ribosomes, or production of 

altered molecules which are toxic in some way. 

We can, however, note that heat does inhibit RNA, protein, 

and optical density increase markedly, and for longer than 

cycloheximide,irL this yeast. DNA synthesis appears to be 

synchronized with cell division. In Tetrahymena, there is 

some inhibition of such synthetic activity during heat shocks, 

but the inhibition is less than that described here for yeast. 

Synchrony is, nevertheless, induced in cultures of the ciliate, and 

the effect on division is therefore somewhat specific. This 

may indicate that growth has different thermal sensitivities 

in yeast and ciliates, with growth and division activities 

being disrupted at similar temperatures in yeast.. 

The greatest contrast between the effects of heat and 

cycloheximide is in the effect on optical density growth of 

S. prnbe cultures. The major inhibition of such growth by 

heat can probably be explained by the gross inhibition of B/IA 

and protein synthesis. There is also evidence, to be described 
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CHAPTER 5 

EfspfCyciohex i m i dean d Heat-Shock on 

Division in Asynchronous Cultures 

Introduction 

The model of division control described for Tetrahymcria 

(pp. 12-17) has as a central support the fact of increasing 

excess delay. Because of this fact, cell division in this 

ciliate can be synchronized to some degree by single treatments; 

with agents which induce excess delay. Therefore, one test of 

the applicability of the model to yeast is whether or not asyn-. 

chronous yeast cultures can be brought into division synchrony 

by single pulses of heat or cycloheximide. Such experiments 

are described in this chapter, together with some other observa-

tions on the effects-of heat and cycloheximide on division of 

cells in asynchronous cultures. Some of these effects have been 

presented in the previous chapter as markers of time during the 

of 
recovery/ce72a from inhibition of growth. 

ELfects_otcycloheximide on division 

The effect of a 20 minute, 100 jug/ml pulse of cycloheximide 

on an asynchronous culture is shown in Fig. 5.1. The effect of 

a:10 minute pulse is identical. Cell number increase is 

reduced compared to the control for some time after the pulse, 

suggesting that division is delayed in some fraction of the 

culture. There is then a period of relatively rapid increase in 

cell numbers, after which the culture returns to the rate of 

increase of the control. This general pattern of number increase 

implies that one effect of the pulse is to induce some division 
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Figure 5.1 - Effect of a 20 minute, 100 jzg/ml cycloheximide 

pulse on an asynchronous culture. Control: 

solid symbols, heavy ,  lines; pulsed-culture: 

open symbols, dashed lines. Cell plate index 

(eA), binucleate cells (0 IM ), and cell 

numbers (0 0 ). Position of pulse indicated 

by solid block (CH) at bottom of graph. 
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synchrony in the culture. However, only a fraction of the 

population is involved, since the percentage increase in numbers 

during the period of rapid division is only 40 percent. 

There is no evidence for an additional cycle of synchrony, 

so the effects of the pulse on division do not carry over into 

another cycle. Following the partially synchronous division, 

the rise in cell numbers is delayed by approximately 20 minutes, 

or the duration of the pulse, compared to the control. This 

delay is not always observed in such experiments. Often, cell 

number increase after the burst of synchrony is colinear with 

that prior to the pulse. This would imply that the low; rate of 

number increase is fully compensated for by the partially syn-.-

chronous division. A possibility is that all cells delayed by 

the pulse divide at the burst of division, and that the culture 

then returns, to normal, asynchronous division. 

The partial synchronization of division is also reflected 

in the cell plate index and in the fraction of binucleate cells. 

These indices show a drop shortly after the cycloheximide pulse, 

followed by an overshoot above normal levels. The fact that 
formation 

nuclear division, cell plat, and division are synchronized. 

together and with apparently normal temporal relations, implies 

that the duration of these stages is not markedly altered by 

the treatment. 

We can ask whether the synchrony reflects a blockage of 

cell growth at one stage in the cycle, so that cells collect 

at the block and then proceed toward division in synchrony. 

1Conzpare with the selection-synchronized culture in Fig. 3.2, 



This might be analogous to the system of selection synchrony, 

where cells of a particular size grow up synchronously because 

size is highly correlated with cell age. One test for this is 

to see what the cell length distribution is for treated and 

untreated cells at the time of the cell plate peak observed 

in this experiment. 

Fig. 5.2 shows such data. The histograms in A and B give 

the distribution of cell lengths for control cells with cell 

plates (effectively, dividing cells), and for cells of the 

entire control population. Histograms C and D give the same 

information for cells in the treated culture at the time of the 

cell plate peak. Comparing A and C, it appears that cells with 

cell plates are longer and more varied in length in the pulsed 

culture. From B and D, the length distribution in the whole 

of the pulsed culture is also broader than in the control, and 

the pulsed cells are longer, on average, by approximately two 

microns. This indicates, that the timing of division is not 

highly dependent on cell volume growth, because cells are not 

compelled to divide when they have attained the average volume 

of an untreated cell. While there is less variability in cycle 

position with respect to division for cells at the cell plate 

peak (i.e., wgreater proportion of cells are at or near division 

than in an undisturbed, asynchronous culture), cells remain as 

variable in size as they would have been in asynchronous growth. 

The normally good correlation between cell length and position 

in the cell cycle has, therefore, broken down. We can interpret 

this to mean that division has been specifically affected by 

the pulse (it is synchronized -in a proportion of the population), 

while growth in volume has continued asynchronously. Since 

division has been delayed, cells have had time to grow somewhat 
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Figure 5.2- -  Length distributions for samples of cells 
at the time of the cell plate peak (approx. 

11/2  hours)-  in Fig. 5.1. 	(A) and (C), lengths 
of cells with cell plates (dividing cells) 

in the control and pulsed cultures, respec--

tively. (B) and (D), lengths of cells chosen 

at random in control and pulsed cultures, 

respectively. 100 cells were sized for each 

histogram. 



longer than they would normally be at division. 

The effect of pulses of varying duration has provided 

further information on the synchronization of cells by 

cyclohexiinide. Fig. 5.3 shows the effect of varying the 

duration of treatment with 100 J1g/ml cycloheximide on sub-

sequent synchrony, as measured by the cell plate index. The 

time zero is the end of the pulse for all pulse lengths 

shown. The pattern of the cell plate index for the 10 and 

20 minute pulses is similar to that shown in Fig, 5.1, though 

there is no pronounced cell plate "peak" as such. It is 

possible that the peak was missed in this experiment, due/to 

unlucky timing of samples, as peaks of 12-14 percent have 

usually been seen in other experiments. The remainder of 

the pattern is similar to the example shown in Fig. 5.1. 

The time of the rise in cell plate index following the 

pulse is approximately the same for all pulse-lengths shown, 

but the maximum value of the cell plate index is greater the 

longer the pulse. This suggests that there is no increase 

in the length of delay for an increase in pulse length between 

10 and 60 minutes. The delay may therefore result from an 

effect on cells which occurs during the first 10 minutes of 

exposure to cycloheximide. The fact that 5 minute pulses did 

not produce synchrony suggests that delay is established after 

5-10 minutes exposure to the drug.. 

The dip in cell plate index which usually occurs 50-60 

minutes after the end of a short pulse is not seen for the 

60 minute treatment, and is less marked after the 40 minute 

pulse. The reason for this can be deduced from Fig. 5.4 This 
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index in an asynchronous culture. Time is 
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figure shows the effect of continuous treatment with cyclo-

heximide on cell number growth and cell plate index. Cell 

number increase stops after about 20 minutes in the drug, but 

the cell plate index continues to increase for about 4.5 minutes, 

finally leveling off at roughly double the asynchronous culture 

value of seven percent. The interpretation is that cells can 

form a cell plate, but cannot divide, in the presence of the drug. 

The increase in cell numbers prior to the cutoff is between 

five and ten percent, and probably means that cells which 

have formed: a' cell plate before the drug is added' can go on to 

divide. Cells which enter cell plate stage in the presence 

of the drug are arrested in this stage. The accumulation of cells 

tb.ith cell plates has been confirmed by time lapse photography. 

Cells which are held as cell-plate cells become morpho-

logically distinct, especially if they are left in cycloheximide 

for some time. An example of a cell which was in contact with 

the drug for approximately one hour after the cell plate had 

formed is shown in Plate 2a. The cell plate thickens while in 

cycloheximide, and after roughly two hours, appears to be 

double, but bowed out in the center to either side, as if the 

usual notches cannot form at the end of the cell plate, but 

the rest of the cell plate can split. These cell plates 

cannot be broken by the brief sonica'tiori used in cell counting. 

Eventually some cells do split apart at the abnormal cell 

plate, though this can take several hours. In these cases 

cell separation may be due to mechanical breakage, rather than 

cellular intent, if the cells normally require enzyme(s) to 

initiate notching and cell separation. 
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Figure 5.4 - Effect of continuous treatment with 100 jig/ml 

cycloheximide on cell numbers (0) and cell 

plate index (0) in asynchronous culture. 

Control cell numbers (0). Arrows show time 

of addition of the drug (+CH). 



PLATE 2 

Prolonged cell plate resulting from exposure to cyclohexirnide; 

dark-field optics: 

The cell in the center of the field in (a) has a 

thickened cell plate, whichdevnloped.during an 

extended period in cycloheximide (approximately an 

hourafter formation of the cell plate in the presence 

of the drug). The cell shown is no longer in 

cycloheximide. The sequence a-d shows a common type 

of recovery for such cells. After elongating at both 

ends, daughter cells form without the central thickened 

cell plate being split. 

Aberrations of cell plate stage and nuclear division, following 

heat shock; light optics Giemsa staining: 

A sub-terminal (off-center) cell plate is seen in one 

cell in (e). Two cells with oblique cell plates are 

shown in (f). The latter are also examples of long-

lasting, or "frozen",cell plates. 

Unusual nuclear configurations include the nucleus 

solated in the terminal portion of a cell with an 

off-center cell plate (e), a dividing nucleus in one 

of two daughter cells (g), two nuclei in one cell 

and the lower of the long cells shown in f), 

and a dividing nucleus extending through a cell 

plate W. 
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Some of the cells accumulated during a cycloheximide pulse 

do divide when the drug is removed, but may have an extended, but 

not apparently "frozen" cell plate stage. My impression is that 

the longer cells are in contact with the drug during cell/plate 

stage, the less likely it is that separation will occur. 

Many cells retain the cell plate, whether thickened or not, 

grow longer at both ends, and divide to give daughter cells, 

and, temporarily, pseudo-filaments. This sequence is shown in 

Plate 2a,b,c,d, As in this example, cell plates are not always 

formed at the same time in daughter cells, implying that such 

cells are physiologically separate, though physically attached. 

The cell plate aberrations described above are the only morpho-

logical disturbance that has been noted in connection with 

the use of cycloheximide. 

To return, finally, to the reason that the dip in the 

cell plate index is obscured in cells treated for some time 

with cycloheximide, the answer is probably that the fraction 

of cells with cell plates which do not complete division are 

scored as cell plate cells several times, and obscure the 

depression of cell plate index which is seen following short 

pulses. This can also account for the fact that the synchrony, 

the 
as measured bycell plate index is greater for longer treatments 

with the drug. Up to 14 percent of cells can be held in cell 

plate stage in an asynchronous culture treated with cycloheximide. 

If the usual synchrony amounts to 12-14 percent following a 

pulse, the maximum of 20-25 percent seen after a long exposure 

fits a summation of the two groups of cells reasonably well. 

The fraction of cells held in cell plate stage probably also 
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explains why the depression in the cell plate index following 

a pulse has hevar been observed to reach zero. 

Efects of heat shock on division 

Experiments similar to those described above have been 

carried out using heat shock instead of cycloheximide. In 

continuous heat treatments with small cultures of cells, where 

the temperature change is rapid, cutoff in cell number increase 

is abrupt and complete, as shown in Fig. 5.5. The cell plate 

index remains constant. This, together with the cutoff in 

number increase, indicates that cells in cell plate stage 

simply stop where they are in response to a shock. 

Turning to pulse treatments with heat, the effect of a: 

30 minute heat shock on an asynchronous culture is shown in 

Fig. 5.6. The percentage synchronization is fairly good, cell 

numbers increasi[ng at the burst of division by a factor of 1.75, 

Nuclear division and cell plate formation are synchronized 

as well, again in normal relation to eack/other. The net result 

of the shock is to delay cell number increase by about 20 

minutes,compared to the control, after the partially synchronous 

division. 

While the percentage of binucleate cells declines after 

the heat shock, the cell plate index does not. The explanation 

for this seems to be different, in part, from that for long 

exposures to cycloheximide. The phenomenon will be described 

in more detail in the next chapter, but involves a group of 

cells which are delayed roughly 30 minutes by a heat shock 

applied near the end of the cycle. These cells will be forming 
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Figure 5.5 - Effect of continuous heating at 41°  C on 
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in an asynchronous culture. Control cell 

numbers (o). Heat applied at the time 

indicated by arrows (+HS). 
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cell plates at the time when a depression of the cell plate 

index is expected, and I think that this is the main reason that 

such a depression is not observed. Additionally, some cells are 

arrested in cell plate stage when they are heat-shocked in 

that stage, and these would increase the cell plate index 

eStimate following the pulse.. 

Cell size distribution for control and heat-shocked cells 

at the time of the cell plate peak is shown in Fig. 5.7. The 

general pattern is similar to that described for cycloheximide-

treated cells, in that there is a greater spread in cell-plate 

and total-population cell lengths for shocked cells than for 

the control. However, the mean length of cells with cell plates 

is not markedly different in the two cultures, which is in 

contrast to the cycloheximide result. It is as though cells 

did not keep up normal growth in length as a result of the 

shock, so they do not end up larger than normal, though they 

are delayed with respect to division. This fits the impression, 

which has not been quantified, that cells heat-shocked in 

synchronous cultures do not increase in length for perhaps 45 

minutes- following the shock. 

Morphologically, cells may show a number of cell plate 

aberrations following a heat shock. The common ones are shown 

in Plate 2e,f. These examples have grown for between one and 

two generations after the shock. The most common configurations 

are the oblique cell plate, seen in (f), and the cell plate 

formed across the cell in a terminal position, as seen in (e). 

Some cells have long-lasting cell plates, analogous to those 

described for cycloheximide treated cells. The abnormal cell 
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taken at the time of the cell plate peak 

shown in Fig. 5.6. (A) and (C), lengths 
of cells with cell plates (dividing cells) 

for control and shocked cultures, respec-

tively. (B) and (D), lengths of cells chosen 

at random in control and shocked cultures, 

respectively. 100 cells sized for each 

histogram. 
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plates in (e) and (f) are of the latter type. "Blabs", such 

as that next to one diagonal cell plate in (f), are also 

observed, and are usually associated spatially with aberrant 

cell plates. Occasionally, one sees a cell with two cell 

plates formed side by side in the middle of the cell. Some 

of the aberrations show up some time after the heat shock was 

applied, suggesting that earlier preparations for normal septation 

are interfered with by heat shock. The proportion of cells 

abnormal in the ways described is roughly two percent,follouing 

the burst of synchrony resulting from a single .25 or 30 minute 

heat shock applied to an asynchronous culture. 

Nuclear division can also be distorted by heat. The more 

frequent abnormalities are shown in Plate 2e,f,g,h,i. The 

example of the nucleus apparently trapped in the end of a cell 

by the misplaced cell plate is relatively common (e). The 

dividing nucleus in one half of a cell-pLate cell (g) is also 

fairly common, and is possibly an earlier stage of the two-nuclei- 

one-cell configuration seen in W. Lastly, a few examples 

have been seen of cells which have formed a cell plate almost to 

completion, but which appear. to have nuclear material passing 

through a pore in the center of the cell plate W. These 

mitotic oddities are seen in no more than a percent or so 

of cells following a single heat shock applied to an asynchronous 

culture, but can be more frequent when a synchronous culture is 

shocked. The abnormalities are important, because they show 

that heat shock can have visible consequences in yeast and 

that the normal spatial relationships of mitosis and septatiori 

can be disturbed. 
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Anticipating that shorter heat shocks would be useful when 

-trying to position pulses within a synchronous culture, 15 

minute heat shocks have also been applied to asynchronous 

cultures. One exarnpj has already been shown in Chapter 4, 

Fig. 404. The general pattern of effects on division is similar 

to that described for the 30 minute shock. However, division 

occurs 15-20 minutes sooner following the shock, and the 

percentage increase in cells at division is less for the 15 

minute shock. The difference in time to division is nearly 

the same as the difference between the durations of 15 and 

30 minute shocks. This means that the excess delay1  is not 

increased appreciably by extending the duration of the shock 

from 15 to 30 minutes. This is important, because it means 

that excess delay, which is the important part of delay for 

the synchronizing effect of pulses, is fully established 

as a' result of a 15 minute heat treatment. 

Multie-shocktreatment of ajchronous cultures. 

It has been shown for both Tetrahymena (Zeuthen, 1971) 

and S. 2be (Kramhft & Zeuthen, 1971) that synchrony of 

division can be established and maintained by applying a heat 

shock to a culture once every normal generation time. After a 

series of four or five cycles of this procedure, division is 

synchronized quite well, and cells will go through at least 

two synchronous divisions before the jnchrony decays. 

This has been repeated for heat shocks, and the synchronous 

culture obtained is shown in Fig. 5.8. Increase in RNA and DNA 

is shown,as well as the synchrony of division expressed in the 

1See p. 14 for a discussion of "excess delay". 
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Figure 5.8 - Effect of multiple heat shocks on an initially 

asynchronous culture. 30 minute, 41 0C heat 

shocks, alternating with 130 minutes at 32°  C. 

End of fifth shock (ENS). RNA (0 , jig/40m1, 
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cell plate index (0). Yeast extract-glucose 

medium (see p.22). 
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cell plate index and cell number increase. Several differences 

are obvious between this multiply-shocked culture and the 

singly-shocked culture shown in Fig. 5.6 

First, the synchrony of the first division is only slightly 

improved by multiple shocks. More strking is the fact that 

a second synchronous division occurs. Division is therefore 

entrained by the series of shocks so that effects of the shocks 

carry over into a second division cycle. This is not an effect 

of the medium since calls can be synchronized with multiple 

shocks in EMM H. 

Synchrony induced by multiple shocks decays more rapidly 

than synchrony established by selection. This fits the idea 

that heat imposes synchrony by affecting particular events 

in the division cycle, and the rapid loss of synchrony occurs 

because most cycle events, retain their asynchrony. Sclectiori-

synchronized cultures probably remain synchronous longer because 

alicycle events are initially in phase. The difference between 

these two methods of synchrony might be thought of as the 

difference between submission and conviction. 

DNA increase does not appear to be synchronized-'to the 

same degree as division, although partial synchrony is visible 

at roughly the normal time of DNA increase with respect to 

the synchronous division 	It appears that DNA synthesis and 

division have been put somewhat out of register by the series 

of shocks, since a single shock synchronized DNA and number 

In the experiment shown, 	yeast extract-glucose medium was 

used, as described on p. 22. 

2See the selection-synchronized culture shown in Fig. 3., 



increase to the same extent (Chapter 4). 

A similarity with the single shock procedure is that 

the division following the heat shocks occurs approximately 

100 minutes after the shock, so the time required to recover 

from the shock is not altered when a series of shocks is given. 

One final point is made in Fig. 5.9, w.iich shows the size 

distribution for cells with cell plates at the two cell plate 

peaks following the fifth heat shock in Fig. 5.8. Two differences 

between these distributions and those described for a single 

shocks are evident. First, the size distribution is more like 

the asynchronous control shown in Fig. 5.7. Secondly, cells 

at the second division are smaller than those at the first. 

This is reasonable, considering that the second division occurs 

not a normal generation time after the first, as in a selection-

synchronized culture, but after only 100-110 minutes. This 

kind of shortened generation time is also seen following 

synchronization of S. pombe with a DNA synthesis block (see 
either 

Chapter 7, Fig. 7.3), and in Tetrahymena synchronizedby a' 

series of closely-spaced heat shocks or ai onejshock_per_generation_ 

time system. In the former two cases, very much over-sizecL 

cells are reduced: to normal size by a series of rapid divisions 

with relatively little growth in between. Both TetrahYmena and 

S. pmbe are only slightly oversize at the first division following 

synchronization with a one shock per cycle regime, but the cycle 

is also shortened least in these two cases. 

Less information is available for multiple-shock synchrony 

with cyclohexinide pulses. Of three experiments, the one 

shown in Fig. 5.10 shows the best synchrony obtained. The 
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Figure 5.9 - Lengths of cells with cell plates (dividing 
cells) at first (A) and second (B) cell 

plate peaks in Fig. 5.8. 100 cells sized 

for eachJiistogram. 
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Figure 5.10 - Effect of multiple cyclohximLde pulses on 

an asynchronous culture. 10 minute, 100 

,i1g/ml pulses alternating with 14 minutes 

in normal medium. End of fourth pulse 

is time zero, indicated by arrow s  Cell 

numbers (0), cell plate index (s). 
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procedure was to apply a 10 minute, 100 pg/mi cycloheximide 

pulse, followed by a normal generation (140 minutes) in EP7fi II, 

then another pulse, for four cycles. Time zero on the graph 

represents the end of the fourth cycloheximide pulse. The increase 

in cell numbers has been improved from roughly 40 to 60 percent 

at the synchronous division, compared with the effect of a single 

cycloheximide pulse. Also, there is more of a plateau in number 

increase before, and a-  clear plateau after, the burst of division. 

For a single pulse, there is a somewhat greater rate of number 

increase preceding the synchronous division, and no sign of 

a plateau in numbers afterwards. In common with the single-

pulse experiments, there is no sign of a second cycle of synchrony. 

The midpoint of cell number increase at the synchronous 

division in this experiment occurs roughly 130 minutes after the 

last pulse. For a single pulse, the corresponding point occurs 

roughly 90 minutes later. This may mean that the mechan,Ms of 

recovery from cycloheximide have been altered by the additional 

shocks. 

Comments 

The results described in this section show that cells, 

initially asynchronous with respect to division, can be partially 

synchronized by either a heat shock or a cycloheximide pulse. 

While the effects of the two agents are similar, the degree of 

synchrony and the delay are greater for a heat shock than for a 

cycloheximide pulse. The results are consistent with a: delay 

of cell division which acts prior to nuclear division, because 

nuclear division, cellplate formation, and cell divisior/are 

all synchronized by pulse treatments, and remain in normal 



-. 5? - 

temporal relation to eachothar. Results described in Chapter 

4 indicate that DNA synthesis is also synchronized by pulses 

applied to asynchronous cultures. 

We can expect that the synchrony which is induced invjves 

the phenomenon of increasing excess delay through some part of 

the cell cycle.1  For both heat and cycloheximide this delay 

can be triggered by relatively short exposures to the agent. 

A transition point in cell plate stage for both of these 

treatments is implied by the fact that cells can be arrested 

in this stage by either treatment. For cycloheximide, cells 

within some range of cell plate stage can forrrj'a cell platcand 

apparently collect at the transition point. Heat shock has an 

immediate effect on cells in cell plate stage, and there is no 

collection of cells over a period of time. 

Cycloheximide produces gross morphological distortion of 

cells only at cell plate stage. Heat is more potent in this 

respect, producing severe distortions in nuclear division and 
all 

cell plate formation in a small fraction ofAcells. Some of the 

heat effects on cell plate formation are probably due to damage 

accrued earlier in the cycle than the time of expression. 

Ii See pp.14-15 for definition and reasoning. 
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CHAPTEIL 6 

Effects_ofçjpheximide and Heat Shock on 

Division in SLjnchronous Cultures 

Introduction 

Evidence has been presented in previous chapters that a 

pulse of eithev heat or cyclohaximide can induce partial division 

synchrony in initially asynchronous cultures of yeast. This is 

consistent with the model of division control that has been 

proposed for Tetrahymena,1  and an implication is that we will. 

expect to find a pattern of increasing division delay through 

the cell cycle. 

The pattern of division delay can be determined by applying 

pulses of heat or cycloheximide at different times in synchronous 

cultures. A. series of such experiments can then be assembled 

into a composite picture of the response of a cell to a pulse-

treatment at any point in the cell cycle.. The delay that is 

measured is the difference between the time at which a treated 

culture divides and the time at which a control. divides. This 

might be estimated as the difference between the mean time of 

cell number increase for the two cultures. In practice, a 

different procedure has been used to estimate delay. In this 

study, delay is measured as the difference between the mean times 

of the middle of cell plate stage in treated and control cultures. 

The reasons for this choice are that cell number measurement s 

take longer than cell plate estimations:, and are less sensitive 

when small groups of cells within the population divide at 

different times from the majority. As will be seen shortly, 

1Described. on pp. 12-16. 
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populations of yeast are commonly partitioned,with respect 

to time of division, by heat or cyclohexirnida pulses. 

There are difficulties in the approach describedabove, and 

some of these are pointed out in Appendix C, which gives the 

details of the method used for calculating division delay. It 

is suggested that the reader consult this appendix before 

reading further, since interpretation of most of the data 

presented in the following sections depends on the accuracy 

and precision of the method described 0  

Efcsof_qlohexim i d a on division 

Fig. 6.1 shows the effect of a 10 minute pulse of cyclo-

heximide, applied at the times indicated,n a synchronous 

culture. This, and the majority of other experiments, was 

performed on the second cycle after synchronization, because 

it is the first complete cycle (division to division) in the 

synchronous system. The time zero is the point at which cells 

were removed from the selection gradient. The arrows mark the 

mean cell plate times for each peak of cell. plates. The position 

of the cycloheximide pulse in the cell cycle is taken as the 

midpoint of the pulse, and is positioned in fractions of a cycle 

between the first and second cell plate means. When experiments. 

are performed on the first cycle after synchronization,the cycle 

length is again taken as the time between the first and second 

cell plate means, and the pulse is positioned by working back 

in time from the first cell plate peak. 

It can be seen that.for a pulse at 0.50  in the cycle, the 

delay is small., and the population appears to be included in 
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Figure 6.1 - Effect of a 10 minute, 100 pg/mi, cycio-

heximide pulse applied at three times in 

a synchronous culture. Control (o), and 
treated (M Y cultures, Open-headed arrows 

indicate positions of mean cell plate times; 

solid arrows and decimal fractions show 

Positions of mid-points of cycloheximide 

pulses with respect to the cycle defined 

between cell plate peaks in the control. 
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a single cell, plate peak. This was also the case for pulses 

earlier than 0.50. As the pulse is applied progressively 

later in the cycle, the population is split into two groups 

of cells with reasonably distinct peaks. The first of these 

peaks is called the"escape peak", because the delay for these 

cells is small or negligible, and they have therefore escaped from 

the delaying effect of the pulse. The later peak represents cells 

delayed with respect to the control. 

As the pulse is applied later in the cycle, more cells are 

included in the escape peak, and fewer are delayed. This 

indicates that the split population is a consequence of imperfect 

synchrony, there being roughly an hour between the time of 

division of the first cells in the synchronous culture and the 

last. The fact that the two populations are split fairly 

distinctly suggests that the split is at a transition point 

which behaves as an all-or-none point of response. Within 

the limits of the system, cells are either in the escape peak 

or the delayed peak, and there is no obvious gradation of cells 

between the two. 

Because a pulse may split the population into two groups 

which divide, on average, at different times, a method must be 

devised to compare the mean time of division for each group with 

the mean time at which cells comprising the group would have 

divided had they been left alone. It is not sufficient to 

compare the mean time of mid-cell-plate stage for each sub-

population with the mean for the whole of the control culture. 

If this were done, any cell not in mid-cell-plate stage at the 

time of the control. mean would be scored as either accelerated' 
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(dividing before the mean) or delayed (dividing after the/sean) 

in division. This would not reflect an effect of a pulse, but 

merely the fact that the spread in time of division for cells 

in these synchronous cultures covers an appreciable amount of 

time. This problem has been solved to a first approximation 

by the use of the method described in Appendix C. By this 

method, the mean time of mid-cell-plate stage for a sub-popu- 

lation can be compared with the mean time of mid-cell-plate 

stage for the fraction of the control population that it is 

thought to represent. 

Before summarizing a group of these experiments on division 

delay, it will be appropriate to justify the use of cycloheximide 

at a concentration of 100 jig/mi. When standard-length puLses. 

of different concentrations of cycloheximide are applied at the 

same time in a synchronous culture, division delay can be 

described as a function of the concentration of the drug. This 

has been done, and the results are summarized in Fig. 6.2. It 

is clear that delay increases with cycloheximide concentration 

for 10 minute pulses. Other experiments showed that a concentra- 

tion  of 500 1ig/mi gave at most two or three minutes more delay 

than 100 jig/mi. From the latter, and the shape of the curve 

in the figure, 100 jig/ml cycloheximide was assumed to be near 

the minimum concentration which would give maximum delay. Al 

pulse of medium alone (cycloheximide concentration of zero in 

Fig. 6.2) produced at most a minute or two of delay. 

The left ordinate in this figure shows the rate of 3H-leucine 

incorporation,as a percentage of the control rate,for the 

cycloheximide concentrations which were tested for delay. These 

incorporation rates, including the control, are taken from the 
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Figure 6.2 - Delay of division as a function of either 

residual rate of leucine incorporation in 

cucloheximide (control.rate=100%) or cyclo-

heximide concentration. Delay from 10 

minute pulses applied at roughly 0.7 in 

the cycle. 
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slopes of the cumulative incorporation curves shown in Chapter 

41  Fig, 4.5. For treated cultures, it is assumed that the drug 

acts rapidly to establish new rates of incorporation. Slopes 

were estimated from the increase in leucine incorporation during 

the first hour following addition of cycloheximide to cultures. 

The slope for the control was also estimated during this time 

interval, and is taken as the 100%-rate of incorporation. From 

this data, the delay appears to be maximal when the residal 

rate of protein synthesis is close to zero, and this is 

accomplished using 100 jig/ml of cycloheximide. 

We can now sumraari2e a series of pulse-experiments performed 

on synchronous cultures. Fig. 6.3 shows this data, where 10 

minute, 100 pg/ml pulses of cycloheximide were applied during 

the first two cycles after synchronization. The delay is estimated 

by the method described in Appendix C. The mid-point of the 

pulse is plotted with respect to the middle of cell plate stage 

as the beginning and end of the cell cycle. Total delay in 

minutes, and excess delay, are plotted. Excess delay is the 

total delay minus the duration of the pulse, so the zero-point 

is simply repositioned. 

Delay of division, as indicated by the solid points, is 

clearly increasing through the cycle. 7he pattern is the same 

during the first two cycles after synchronization. The maximum 
cell 

value of delay is roughly 30 minutes, representing 0.2 of acycle. 

Excess delay is apparent for only a quarter of the cycle, and 

only cells in this part of the cycle will be synchronized 

appreciably in an asynchronous culture pulsed with cycloheximide 

(Chapter 5). 



mid-pt. of CH pulse 

Figure 6.3 - Summary of delay of division (minutes) vs 

position of a 10 minute, 100 pg/ML, cyclo-

heximide pulse applied- at different times 

during the first two cycles following 

selection-synchronization. Delayed cells 

(0), escape cells (0). Arrows mark. the 

transition point for increasing delay. 

See text, pp. 59-64 for complete 

description. 
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The open circles represent the time of division of the 

escape-peak cells, and these are delayed little, if at all. 

Cultures pulsed diring the first cycle are split into escape 

and delayed peaks like those found in the second cycle. However, 

because there were only a few experiments done on the first 

cycle, the escape-peak points have been omitted. 

The arrow at 0.75 in the cycle represents my estimate 

of the transition point for the increasing delay phase of the 

cycle. The choice is based primarily on one argument, but is 

supported by others. First, a pulse applied at this position 

will split the population into equal halves, with half of the 

cells delayed, the other half escaped. Therefore, 0.75 is the 

point at which a pulse splits the population at its mean. 

A second estimate of the position of the transition point 

can be made in the following way. The time from the pulse,in 

an asynchronous culture,to the burst of division which is induced, 

will be equal to the maximum delay plus the cell cycle time from 

the transition point to division. This is roughly 30 minutes 

(delay) plus 0.25 of a cycle (by the estimate above) to the 

cell plate peak, where the cycle is 140 minutes. The total 

time is 65 minutes, which agrees reasonably well with the 

observation that the cell plate peak occurs 70-75 minute4zfter 

a pulse,in most cases0  

A third estimate can be made by viewing a pulsed, asyn- 

chronous culture in another way. The cells which divide after 

the pulse, but before the dip in cell plates, are those past 

the transition point, since cells past this point are not 

ddlayed, and go on to divide at approximately the normal time. 
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Therefore, the time from the pulse to the minimum in cell 

plate index should represent the time from the transition 

point to mid-cell-plate stage. This time is roughly 45 

minutes or 0.30 of a cycle, which is in fair agreement with 

a transition point at 0.75 in the cycle. 

Finally, in the graphical estimation of delay (Appendix C), 

the time from the pulse to the point "K" is the time from the 

transition point to division (mid-cell-plate stage), and is 

approximately 40 minutes, or between 0.25 and 0.30 of a cycle. 

We might expect that nuclear division will be delayed 

along with cell plate stage and division, since nuclear division 

seemed to be synchronized by a cycloheximide pulse in an 

asynchronous culture (Chapter 4). Fig. 6.4 shows the case where 

the culture is split into 	escaped-cell and a delayed-cell 

peaka0  The relationship of the nuclear division peaks to the 

cell plate peaks is the same for control, escape, and delay 

peaks. This means that the pattern of delay for nuclear 

division is the same as that for cell plates and division. 

An implication is that the transition point must be prior to 

nuclear division, not between nuclear division and cell plate 

stage. 

DNA increase was also apparently synchronized with cell 

division in asynchronous cultures pulsed with cycloheximide. 

We can, therefore, predict that increase in DNA will be delayed 

with division in synchronous cultures. That this is the case is 

shown in Fig. 6.5, In this example, the cycloheximide pulse 

delayed division by an estimated 15 minutes. However, the 

half-rise in DNA (solid arrow) is in the normal relation to 
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Figure 6.4 - Effect of a 10 minute, 100 jg/ml, cycLo-

hexrnde pulse on nuclear division in 

a synchronous culture. Top:contrOl 

bottom: pulsed- as indicated (OH). Cell 

plate index (s); percent binucleate cells 

(0). 
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Figure 6.5 - Effect of a 10 minute, 100 11g/ml cyclo-

heximide pulse on DIVA increase in a syn-

chronous culture. Division delay was 

15 minutes. DNA (a);  cell numbers (0); 

cell plate index (0). Solid-headed arrow: 

tinie of half-rise in DNA; open-headed 

arrow: half-rise in numbers. 
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the half-rise in cell numbers (open-headed arrow). Both 

are in turn in normal relationship to the cell plate peak 

(compare with Fig. 3.3). The conclusions are that DNA 

synthesis is delayed by a cycloheximidpulse applied during 

the period of increasing delay, and that the temporal relation- 

ships of nuclear division, cell plate stage, DNA increase, and 

cell division are normal when division is delayed by cyclohex-

imide. This means that delay can reasonably be estimated from 

cell plate data, since the relationship of division to cell 

plate stage appears to be constant. 

A final question that can be asked is whether division can 

be delayed indefinitely by a series of closely-spaced cyclo- 

heximide pulses. If the preparations for division that are 

interfered with by cycloheximide were always reversible, one 

ought to be able to delay division indefinitely by arranging 

a series of reversal-recovery episodes. Fig. 6.6 shows the case 

where 10 minute -  cycloheximide pulses were given with twenty 

minute intervals between pulses. The initial pulse was at 

roughly 0.60 in the cycle, and resulted in 15 mninutes delay. 

By the end of the third pulse, most of the cells had divided, 

and,bef ore a fifth pulse could be given,virtually all of the 

population had divided, and appeared in the microscope as cell- 

pairs. 

The determination of cells to divide despite several shocks 

can be explained in at least two ways.. First, cells could be 

delayed less for each shock subsequent to the first one. The 

effect would bean acceleration of cells toward division, because 

the delay would be less than that predicted if the delay due to 

the first shock were always repeated. This would result in an 
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Figure 6.6 - Effect of multiple 10 minute, 100 jig/m1 
cycloheximide pulses on division in a 

synchronous. culture. Top: control cell 

plate index;. bottom:. celU. plate index 

for culture pulsed (filled blocks) four 

times; interval between pulses was 20 

miItLLteS. 
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increasing proportion of the population moving past the 

transition point for delay after each shock, and eventually 

all cells would divide. The latter would also be seen if the 

shocks are spaced too far apart, because a proportion of cells 

would pass the transition point before the next shock took 

effect. A choice between these two possibilities cannot be 

made at present. 

ffects of heat shock on division 

Experiments similar to those described above have been 

parformed,using 15 minute heat shocks instead of cycloheximide 

pulses. Fig. 6.7 shows the behavior of the cell plate index in 

a control culture, and in sub-cultures heat-shocked at the 

times indicated during the second cycle after synchronization s  

The heat shock at 0.17 of the cycle has caught a fraction of cells 

from the first cell plate peak, and these divide as the group 

indicated at about three hours. Again, the cell plate peak 

is single for early pulses, but splits into two major peaks 

later, the first being an escape peak, the second delayed. 

Peaks are typically sharpened, the'selection synchrony being 

reinforced by the synchronizing effects of the heat shock. 

A series of these experiments are summarized in Fig. 6.8 1  

where delay is plotted as a function of shock-position in the cell 

cycle. Total and excess delay are plotted as in the cyclohex-

imide description (Fig. 6.4). The open circles again represent 

the escape peaks. 

There are three major differences betwen this picture of 

delay and that described for cycloheximide pulses. First, the 

maximum delay is greater in magnitude, being roughly 50 minutes, 
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Figure 6.7 - Effect of 15 minute, 410  C heat ShOCkS on 

division in a 	
culture. 

Shocks indicated by filled blocks;-solid 

arrows and fractions position midpoints of 

heat shocks between first and second cell 

plate peaks in the control. Mean times of 

cell plate peaks indicated by open-headed 

arrows. Control (0); pulsed (N). 
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Figure 6,8 - Delay of division (minutes) as a function of 

the position of 15 minute heat shocks applied 

during the first two cycles following syn-

chronization, by selection. Delayed- cells 

(s);  escape cells (0). Arrows marK tJiC 

position of the transition point for increasing 

delay. See pp. 66-67 in text for details. 
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or 0.35 of a cycle. Second, delay is greater than the duration 

of the heat shock, and is therefore excess delay, during most 

of the increasing delay period. Finally, the escape peak cells 

have escaped from the period of sensitivity characterized by 

increasing delay, but are still (delayed roughly 30 minutes, 

in what can be described as a new period of sensitivity to 

heat shock. 

The transition point for increasing delay is positioned at 

0.75 in the cycle using the same reasoning as was used in defining 

the cycloheximide transition point. However, the argument 

based upon the time from the heat shock in an asynchronous 

culture to the depression in cell plate index does not apply, 

since little or no depression is seen. This is probably because 

the cells in the escape group for heat shock will be forming cell 

plates at the time of the expected depression. 

We can again ask whether DNA synthesis is delayed, as 

was suggested by the pulse experiments on asynchronous cultures 

(Figs. 4.3, 4.4). Fig. 6.9 shows the rise in DNA and cell 

numbers, and the cell plate peak, for a synchronous culture which 

was delayed 30 minutes by a heat shock. As with cycloheximide, 

DNA and cell number increase are in normal relation to eachother, 

and to the cell plate peak. Again this means that heat shock 

does not alter the relative positions or durations of these 

stages, when the heat shock is applied during the increasing 

delay phase of the cycle. In contrast, following synchrony 

induced by a series of heat shocks, DNA synthesis appeared to 

be less well-synchronized than number increase (Fig. 5.8). 

Nuclear division is also delayed by heat shock. Fig. 6.10 
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Figure 6.9 - Effect of a 15 minute, 410 C heat shock 
on increase in DNA  in a selection-syn-

chronized culture. Division delay was 

30 minutes. DNA (a);  cell numbers (0); 
cell plate index (0). Solid arrow: half-

rise in DNA; open-headed arrow: time of 

half-rise in numbers. 



shows the case where there is only one cell plate peak to 

consider. The delay for the mean in both nuclear division 

and cell plates is about .35 minutes for the shocked culture, 

and therefore both are delayed to the same degree by the shock. 

The case later in the cycle, where there is a split 

population of cells, is shown in Fig. 6.11. This figure shows. 

the pattern of nuclear division and of the cell plate index, 

with cell plate peaks A, B, and C. The solid-headed arrows 

position the mean times for peaks B and C, and the open- headed 

arrows the mean times for thejtwo peaks of nuclear division The 

position of the means for the control are indicated in the 

upper diagram. 

The peak at C represents cells in the increasing delay 

phase of the cycle, and the peak in nuclear division preceding 

it represents the dividing nuclei of cells in that peak. As was 

also shown in Fig. 6.10 above, the position of nuclear division 

is not altered relative to the delayed cell plate peak, the 

mean in nuclear divisionj3ccurring roughly 20 minutes prior to 

that for cell plates. 

The cells in peak B are those of the escape peak, and are 

delayed roughly 30 minutes. It is apparent, however, that the 

other peak of nuclear division occurs well before this group 

of cell plate cells appears. An estimate of the mean time.  of 

nuclear division in this early group has it occurring at the 

same time as the comparable control group of dividing nuclei, 

and this time is roughly 45 minutes before the cell plate mean 

for peak B. Nuclear division ordinarily occurs 10-20 minutes. 

before the mean in cell plates. The difference of about 30 
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Figure 6.10 - Effect of a 15 minute heat shock on 

nuclear dusiofl in a  synchronous culture. 

Upper graph:control; lower graph: heat-

shocked culture (HS). Delay to the shocked 

culture was 35 minutes. Cell plate index 

(0); binucleate cells (0). 
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Figure 6.11 - Effect of a 15 minute, 41° C., heat shock 

on nuclear division and cell plate index 

late in the cell cycle. Control above, 

heat-shocked culture ([IS) below. Midpoint 

of shock at 0.83 in the cycle, with respect 

to cell plate peak of control. Cell plate 

index (s) ; binucleate cells (0). Open- 

headed arrows: mean times of nuclear division 

peaks; solid arrows: mean cell plate peak times. 



PLATE 3 

Effect of heat on completion of nuclear division, Giemsa-

stained preparation, light optics.. 

The normal morphology of a cell, with a cell' plate 

is; shown in (a). Daughter cells each contain a 

central l'.y-placed nucleus. 

The cell in (b) has been at 410  CT during the 

period of nuclear division, and the nuclei 

have not migrated to the center of the daughter 

cells, though a cell plate has formed. Cells 

with terminal nuclei accumulate during a heat 

shock applied around the time of tuclear 

division in asynchronous culture,, and form 

cList inc l/cell plates only after the end of 

the shock. This example was from peak Ain 

Fig. 6.11, 
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minutes fits the interpretation that the delay suffered by 

the escape peak cells is inserted between nuclear division and 

cell plate stage, whereas the delay during the period of 

increasing delay is added prior to nuclear division. The 

cells of the escape peak have been estimated to show up to 

50 percent minor cell plate abnormalities, especially slightly 

off-center or oblique cell plates, and it is possible that 

the 30 minutes of delay results from interference with cycle 

events necessary for the normal positioning of the cell plate. 

We can now consider the third peak, represented as the 

small hump at A. This group is seen only for pulses applied late 

in the cycle, and is interpreted to be cells past a transition 

point for the escape peak. The transition point must occur 

at or near the beginning of nuclear division for two reasons. 

First, as shown in Fig. 6.12, cells can apparently complete 

nuclear division, once begun, at the usual shock temperature. 

This is indicated by the rapid drop in nuclei scored as "dividing" 

(see pp. 24-25 for conventions used) and the approximately 

proportionate increase in binucleate cells without cell plates. 

Nuclear division normally takes about 6 minutes, so the decrease 

in dividing nuclei, as binucleate cells are appearing, takes 

roughly the amount of time expecdd for completion of normal 

nuclear division. The binucleate cells accumulate without 

an increase in cell plate percentage or cell numbers, as was 

indicated in Fig. 5.5. The drop in/dividing nuclei and increase 

in binucleate cells will occur during a 15 minute heat shock. 

In the control in Fig. 6.12, the categories of "dividing nuclei" 

and "binucleate without cell plates" have been cornbirted,as usual 
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Figure 6, 12 - Effect of continuous heat treatment (41°  C) 

on nuclear division in synchronous culture. 

Top: control, cell plate index (n) and 
binucleate cells (0). Bottom: heat applied 

at time indicated by arrow. Cell plate index 

(a), percent "dividing nuclei" (A),  and 
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since both show the same peak pattern in the undisturbed culture. 

The second argument for a transition point at the beginning 

of nuclear division is that, during an experiment like that in 

Fig. 6.11, visual observation while scoring for binucleate 

cells indicates that the cells which have become binucleate 

during the heat shock are those which form a cell plate at 

the position marked as "A". These cells have a characteristic 

morphology, shown in Plate 3b. Typically, the nuclei are at 

the extreme ends of the cell, a state which ordinarily lasts 

for a very brcief time during the process of nuclear division. 

When such cells form a cell plate, the nuclei remain at the ends 

of the cell, and do not move to the center of the daughter 

cells, as is usual (Plate a). I think that these cells also 

have an elongated cell plate stage, but this is not entirely 

clear. 

In summary, the period of delay for escape peak cells 

probably ends at the beginning of nuclear division, because cells 

at this stage can complete nuclear division, and then become 

distinguished by different characteristics of delay and rizorpho-

logy from the escape peak group. 

Finally, we can again ask whether division can be delayed 

indefinitely by repeated shocks. Fig. 6.13 shows the case 

where 15 minute heat shocks are given with 30 minutes at normal 

temperature (32°  C) between shocks. The additional time 

required- for cell numbers to reach the level of the control-

doubling is around 100 minutes. This suggests more clearly than 

the cycloheximide result (Fig. 6.6) that delay can be added by 

additional shocks, but that the effect of heat shock is lessened 
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as the number of shocks increases. This may mean that cells can 

actively defend themselves by producing heat-stable requisites 

for division, or possibly that some division preparations 

destroyed by heat can be reclaimed in some way. Recovery 

from heat shock would then be faster following two shocks 

than one, and still faster following three. Another possibility 

is that heat shock acts as a stimulus to the rate of division 

preparations. 

That cells may be-able to accortodate to treatments that 

most would consider abusive is intriguing, and may be common. 

For example, Tetrahmena can be synchronized by a series of closely- 

spaced heat shocks. However, after ten or more shocks the 

synchrony breaks down, and cells begin to divide (Zeuthen, 1964). 

This cell can also recover from the division-delaying effects 

of cycloheximide, even in the presence of the drug, and goes 

on to divide (Frankel, 1970). For recovery to occur, the response 

of cells must change from the initial response of division delay. 

The mechanisms involved are not clear, though the recovery from 

cycloheximide does not include a means for degrading the drug in 

the surrounding medium. That yeast, too, may change its response 

to heat, and possibly cycloheximide, suggests that, in two 

very different cells, physiological mechanisms exist which ensure 

that the compulsion to divide can overcome external suppression 

of division. 

An overview ofeladata and transition point information 

The information on delay, which has been presented in this 

and preceding chapterS can be summarized by placing it in the 
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context of the normal coil cycle of an average cell. This has 

been done in Fig. 6.14. The top cell cycle map shows the 

normal cell cycle of S. pombe, with the relative durations and 

positions of events in the division cycle as indicated. This 

is the same map as that presented in the chapter on normal 

growth (Fig. .3.4), and uses division as the endpoint of the 

cycle. Therefore, events positioned with respect to the mean 

time of mid-cell-plate stage are moved back in the cycle by 0.10. 

The second cycle map shows the delay of division that a 

cell would suffer if it were pulsed with 100 pg/ml cycloheximide 

for 10 minutes during the major period of sensitivity in the 

cycle. There is apparently no delay following the transition 

point at 0.65, until cell plate stage, when delay may be effec-

tively infinite (Chapter 5). The second transition point that 

is indicated is probably late in cell plate stage, because cells 

can form this structure, but cannot complete it and divide, in 

the presence of the drug, although some cells can divide if 

they have formed a cell plate before the drug is added. 

The third cycle map shows the potential delay during/the 

major periods of sensitivity to 15 minute, 41 0  C, heat shocks. 

The period of increasing delay begins early,and reaches a 

transition point at 0.65, which is not distinguishable from 

that for the cycloheximide increasing-delay period. The escape-

peak period of roughly .30 minutes delay extends from the first 

transition point to the beginning of nuclear division, where an 

arrow marks 6 second transition point. A third transition point 

is shown between nuclear division and the beginning of cell plate 

formation, and indicates that cells in this region of the cycle 
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can be described in terms of a particular response to heat. 

The latter cells are delayed in formation of a cell plate, but 

apparently not in nuclear division. The magnitude of the delay 

is not clearfor the latter group, but these cells form cell 

plates 20-30 minutes 	after 	the heat shock which produced 

them. Lastly, there is a transition point toward the end of 

cell plate stage, based upon the observation that cells can 

have this stage extended by heat shock, and, in some cases, 

permanently fixed. 

If we were to plot a map showing the delay of nuclear 

division, instead of cell plate 	formation and division, 

we would anticipate the following. For cycloh?ximide pulses, 

we expect the delay to be identical to the cell plate delay s  

but with no transition point at cell plate stage, since nuclear 

division would be complete by then. For heat shock, the pattern 

of delay would follow the increasing delay curve, but woiAlc[ 

drop to zero delay at the transition point at 0.65. There 

would then possibly be some level of delay at the binucleate 

stage, just prior to cell plate formation, but perhaps not, 

if one could see whether the beginnings ofAcell plate had 

formed. Again there would be no transition point at cell 

plate stage. 

For DNA synthesis we might expect the same pattern as 

for nuclear division, but there is less information. Indications 

are that DNA synthesis will be delayed in the same way as division 

during the increasing-delay periods for either treatment. 

The fact of a period of increasing delay with setback, or 

excess delay, provides an explanation of the division-synchro- 

nizing effects of pulses of heat and cycloheximide in asynchronous 
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cultures of yeast. There are differences between the two 

treatments, however. The main ones are that the delay from 

a heat shock is always greater than that due to a cycloheximide 

pulse at a corresponding point in the cycle, and that excess 

delay begins earlier in the cycle for heat shock. This probably 

explains the better synchrony induced in an asynchronous culture 

by heat shock than by cycloheximide, as well as the slightly 

greater time between the shock and division in an asynchronous 

culture. 

While the escape peaks in split populations of cycloheximide-

pulsed cells represent. literal escape from delay, the escape 

peak in heat-shocked cultures represents a change in the kind of 

sensitivity of cells to heat, and there is still positive d'lay. 

The heat-shock escape peak cells are distinguished in beig 

delayed in the formation of a cell plate and in division, but 

not in nuclear division. The normal temporal relationship: 

between nuclear division and cell division is, therefore, not 

obligatory for successful division. Since a high proportion of 

heat-shock escape peak cells show some abnormalities in cell 

plate formation, it is possible that preparations for cell plate 

stage occur between the end of the period of increasing delay 

and nuclear division. 

Finally, from the fact that delay due to a cycloheximide 

Pulse is related to the degree of inhibition of 3F1-leucine 

incorporation, and, by assumption, protein synthesis, it 

appears that progress toward division is lost (delay is i,tcurred) 

due to a shift in the relative ability to continue cyclohex- 

imide sensitive preparations. Full delay can be established only 
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CHAPTER 7 

Experiments with Mixed Shocks and 

Induction-synchroni2ed__Cultures 

Introduct ion 

So far we have defined some effects of two kinds of pulse-

treatments in terms of periods of division delay during the 

cell cycle. The regions of the cycle in which a delaying effect 

is of a particular form are separated from other sections of 

the cycle by transition points. Transition points, operationally, 

represent times at which delay patterns change abruptly, and 

are therefore times in the cell cycle at which the physiological 

response of cells changes, when the response is measured as 

division delay. 

Between the beginning of the cycle and the first transition 

point, a standard heat shock or cycloheximide pulse produces 

dlay which increases as the shock is applied later in the cycle. 

Two questions are of particular interest regarding this period 

of division delay. First, we would like to know whether cyclo-

heximide and heat affect a common system. Secondly, we wonder 

whether cells must go through a period of increasing division-

sensitivity when the cell cycle has been altered. Evidence 

bearing on these two questions is presented in the following 

three sections. 

The non_additivLflL..f heat and cycloheximide delays 

If heat and cycloheximide affect entirely different 

requirements for cell division, we might expect delay due to 

the two treatments to be additive. Assuming such additivity, 



we can predict the delay that should be produced if cultures 

are shocked with both heat and cycloheximide, from the delay 

curves presented in the previous chapter. The easiest cases 

to test are those in which a cycloheximide pulse immediately 

follows a heat shock, since this avoids the possibility that 

heat altars the behavior of the drug. 

If we perform this kind of double-shock experiment early in 

the cycla,the additional delay 	due to the cycloheximide pulse 

should be negligible, according to the delay pattern obtained 

for single cycloheximide pulses. Later in the cycle, when delay 

due to both kinds of pulse is appreciable, the additional delay 

due to the cycloheximide pulse should also be appreciable, if 

heat and cycloheximide affect different division preparations. 

Delay should-be additive in the latter situation. 

Fig. 7.1 shows an example of the case where a heat shock 

is applied relatively late in the cycle, at approximately 0.50 

with respect to the cell plate peak for the control. The 

cycloheximide pulse follows immediately after. The delay 

has been calculated in the usual manner from the cell plate 

means1 1  and is shown in the figure. Delay due to the heat shock 

alone is 39 minutes, and from the cycloheximide pulse alone, 22 

minutes. However, delay due to these shocks applied to the same 

culture is only 46 minutes, somewhat more than that due to heat 

alone, but well short of the sum of the delays due to the mdiv-

iduaL pulses. 

When this double pulse regime was applied earlier in the 

cycle, at roughly 0.20 for the heat shock, the delays for the 

iSee Appendix C. 
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individual pulses were as observed in previous experiments 

(Chapter 6). The delay for the double-pulse was still five 

to ten minutes greater than that due to heat shock alone. This 

might mean that recovery from heat shock is blocked by cyclohex-

imide, and evidence that this is the case will be presented in 

the next section. 

A final experiment can be described here which is similar 

in principle to those described above. Cycloheximide can be 

added to a culture so that protein synthesis is inhibited just 

prior to the application of heat shock, and for the duration of 

the shock. The experiments were performed by adding cyclohex-

imide five minutes prior to the heat shock, to be certain that 

proteiny synthesis was reduced to nil by the time heat was 

applied. The cycloheximide was then washed out at the end of 

the heat shock. Such experiments have shown that the delay for 

the 20 minutes of cycloheximide alone is roughly 10 minutes less 

than that due to heat shock alone. The delay due to both heat 

and cycloheximide is hardly distinguishable from that for heat 

alone. Again this indicates that the delay for the two agents is 

not additive. 

Thus, the evidence of this section favors the interpretation 

that heat and cycloheximide affect a common division preparation 

during the period of increasing delay, even though, individually, 

heat and cycloheximide produce somewhat different patterns of 

delay throughout the cell cycle. 

Recovjfrom_heat shock as measured by cycloheximide delay 

An observation discussed earlier is that the transition 

point for the period of increasing delay is the same for both 

I, 
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heat and cycloheximide. This could be fortuitous, but ifjthe 

reason for coincident transition points is that common processes 

are affected by both agents, we can test this supposition in 

the following way. 

By placing a heat shock in mid-cycle, we can arrange that 

division will be delayed in time to a point well past the heat 

transition point.for increasing delay. We can then appl-y a 

cycloheximide pulse to the culture at cv time which is past the 

cycloheximide transition point, but still before the division 

which has been delayed by the heat shock. If cells are past 

the cycloheximide transition point (i.e., if the two transition 

points, are for different effectsi, the heat-shocked culture 

should experience no additional delay. 

Another way of asking this question is to see whether cells 

must go through a. round of increasing cycloheximide delay, if 

pulses are applied at different times between the heat shock and 

division. The essential question is whether the transition 

point for cycloheximide delay has been moved when cells were 

delayed by heat shock.. 

The procedure is similar to that described above for the 

double-shock experiments, except that the position of the 

subsequent cycloheximide pulse is varied. Three experiments of 

this kind are summarized - in Fig. 7.2. This figure shows 

the delay due to the cycloheximide pulse,over and above that 

caused by the heat shock. The 15 minute heat shock was applied 

in roughly the position shown in the diagram. Cycloheximide 

pulses were then applied at different times following the heat 

shock. The pulses are positioned in the cycle based upon the 

time of the control cell plate peak, as has been done in the 
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previous chapter. 

Answers to the questions posed above can be found in the 

figure. First, a cycloheximide pulse applied following the 

normal heat and cycloheximide transition point at 0.75 produces 

up to 20 minutes delay additional to the heat delay. Secondly, 

the cells appear to have to go through a round of increasing 

cycloheximide sensitivity in the process of recovery from heat 

shock. The delay is Less during this recovery, but is again 

characterized by split populations in which there is an "escape" 

group of cells,1, which is delayed roughly five minutes by the 

pulse. Finally, the cycloheximide transition point is moved to 

approximately the position shown by the arrow, or to roughly 

0.90 in the cycle. This represents a shift of the transition 

point of 0.15 of a cycle, or about 20 minutes. The dellzy due 

to the heat shock in these three experiments was estimated to 

be 23, 23, and 28 minutes, so the shift in the transition point 

is roughly the same as the delay due to the heat shock. This 

means that the transition point maintains its normal temporal 

relationship to division, and suggests that the process of 

recovery from heat shock includes a re-run through some of the 

same events that are disrupted by the first shock alone. 

The fact that the maximum delay due to cycloheximide 

pulses is less following the heat shock than in synchronous 

cultures pulsed only with the drug may reflect the apparently 

accelerated recovery, following multiple heat shocks or cyclo- 

heximide pulses, that has been noted in the previous chapter.. 	- 

The observation mentioned earlier in this chapter, that 

some additional delay was produced when a cycloheximide pulse: 

immediately followed' a heat shock, can now be explained in 

1 	 p Compare with Fig. o.3. 
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terms of interference of cycloheximide with recovery from 

heat shock. 

The experiments described in this and the previous section 

support fairly strongly the suggestion that increasing delay 

due to heat shock and. cycloheximide involves effects on a 

common system. If we assume that the effect of cycloheximide 

on division is due to a primary effect on protein synthesis, 

then both heat and cycloheximide can be considered to affect 

the accumulation of division proteins whose nature is simar 

to those postulated.for Tetrahrnena 

~ivislon delay 
	 izedyst 

In selection-synchronized cultures, increasing delay is 

a G2 event 	If the period of increasing delay represents a time 

of preparation for division, then we might expect to find this 

period in the cell cycle of S. 2ombe synchronizeciby a different 

method. We can ask 'jjhether increasing delay is a G2 event/ by 

looking for this effect in a situation in which a long Gi 

has been inserted into the cell cycle. This manipulation can 

be accomplished by synchronizing cells with a DNA synthesis 

block, and the one used with the most success in S. 22rnbe is 

2'-deoxyadenosine (Adr) (J7itchison & Creanor, 1971a). 

The effect of Adr on DNA and division is shown in Fig. 

7.5. DNA syntheaiis stops after about 45 minutes, but cell 

number increase continues for roughly 21/2 hours. The result is 

that DNA/cell. drops to a 1C uxilu.e, and the time between the 

end of the Adr treatment and the resumption of DNA synthesis 

1Se Fig. 6.1+. 
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becomes a Gi. DNA synthesis does not resume as abruptly as in 

a, selection-synchronized culture,1  but neither is division 

synchrony as good. The small rise in DNA at about two hours 

is characteristic, but its significance is unknown. 

During the period in Adr, cell growth, as measured by 

increase in RNA, optical density, and cell length, is little 

affected, and cells are correspondingly very large by the 

time division recommences. The period of time between the end 

of the Adr treatment at four hours and the mean cell-  plate 

stage is approximately 212 hours,. A. second division follows 

the first by roughly 70 minutes, and then the culture reverts 

to asynchronous growth. The second of the two synchronous 

divisions is frequently difficult or impossible to describe by 

a distinct cell plate peak. 

By applying 15 minute heat shocks at various times following 

the Adr treatment we can see whether cells must go through a 

period of increasing delay, as in selection-synchronized cultures. 

Fig. 7.4 summarizes the results of several experiments in which 

this was investigated. The cell cycle is defined here as the 

time between the end of the Adr treatment and the mean time of 

the first celL plate peak. 

There are two striking differences between the pattern of 

delay in these cultures and that discussed earlier for 

selection synchronized cultures.2  First, there is a long.  

period during which there is little total delay, and no excess 

delay. Secondly, the period of increasing delay covers a shorter 

1Compare with Fig. .3.. 

2See Fig. 6.8. 
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period of time, and is correspondingly steeper. There is 

evidence, if scanty, for the group of cells described for 

selection synchronized cultures, which are delayed roughly 

30 minutes following the period of increasing delay. A transition 

point I 
therefore probably occurs for the period of increasing 

delay in the usual relation to division. 

It should be mentioned that both cell plate peaks following 

Adr treatment are sharpened considerably by the heat shocks. The 

second cell plate peak always occurs roughly 70 minutes after the 

first peak, regardless of the delay induced by the heat shock. 

The rise in division delay begins a' short time after DNA 

increase has begun. It seems reasonable to suggest that the 

processes affected by heat shock are G2 events which cannot 

begin until DNA synthesis for the forthcoming division has 

been at least partially, if not wholly, completed. 

Experiments in which a cycloheximide pulse was used instead 

of a heat shock have not been interpretable. There is an effect 

on the synchronous division, but not until very late in the cycle. 

We can say from results on selection-synchronized culturea 

that the rise in heat delay might be expected to begin before 

that for cycloheximide delay. 1 If this is the case, and if 

there is a period of increasing cycloheximide delay,for Adr-

synchronized cells, then it would be sandwiched into a' very 

brief interval in the cycle,, and would be very difficult to 

find in this system. 

It has been suggested that division proteins accumulate 

during the Adr-synchronization procedure,so that cells can go 

1Se Fig.. 6.14. 
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through two rapid divisions once other preparations limiting 

division are completed (Mitchison& Creanor, 1971a). Thus, 

once DNA synthesis is complete cells can divide, and the second 

division follows as soon as DNA is again doubled, because smaller 

amounts of division proteins must be synthesized between the 

divisions 	This is not plausible in light of the results of 

this section for two reasons. First, it appears that the kind 

of division proteins that are thought to be accumulated are not 

synthesized until the middle of the cycle after synchronization, 

if division delay is a fair assay. More importantly, the delay 

is to both synchronous divisions, the second occurring a constant 

amount of time after the first, whether or not the first division 

is delayed. If division proteins were sequestered during the 

synchronizing procedure, we would probably expect that the 

first division would not experience increasing delay, or that 

the second division would be delayed relatiwe to the first. 

Neither of these expectations is realized. 

The speculations on mechanisms here may be unwarranted. 

The nature of the cycle following Adr synchronization is not well 

defined, and events have been rearranged, for example, DNA synthes-is. 

Also, it is not known whether the resumption of DNA synthesis 

is comparable to the normal S-phase in undisturbed cells. 

Clearly, growth has been separated from DNA synthesis and 

division. It is not known how the normal parallelisms of 

these two cycles are realigned, except to say that the rapid 

divisions ensure that cells are restored to their normal size 

and asynchrony of division. 
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CHAPTER 8 

General. Discussion 

PrOl2gue  

Original thought is a straightforward process. 

It's easy enough when you know what to do. 

You simply combine in appropriate doses 

the blatantly false and the patently true.. 

P. Hen (1970) 

Division proteins in TetrahLjmena and fission yeast ---- 

A. model for division control in the ciliate, Tetrahymena, 

was presented in its essential: form in the introduction to this 

thesis (pp. 12-17). The main intent of this study was. to seek 

how well this madel would explain division delay data for two 

agents which delay division in fission yeast. One agent was 

heat shock, the other, cycloheximide. 

The major features of the model include the idea that 

there are preparations for division which, in Tetrahymena;at least, 

are heat sensitive, because division can be blocked by heating 

cells briefly to a sub-lethal temperature. The most important 

observations concerning the heat-sensitive preparations are the 

following. First, division delay due to a standard heat shock, 

which is a measure of heat-sensitivity, increases in nearly direct 

proportion to age up to a transition point late in the cycle, after 

which the forthcoming division is not delayed. Second, delay 

is greater than the duration of a heat shock, and the difference 

between the tota,l delay and the shock length is defined as "excess 

delay", or "setback". Finally, the effects of inhibitors of 

protein synthesis are similar to the effects of heat shock, so 
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the heat-sensitive division-requirement is postulated to be one 

or more "division proteins". 

The pattern of increasing delay suggests that the division 

proteins accumulate during the cell cycle. The fact of excess 

delay is interpreted to mean that progress in the accumulation 

of division proteins is lost as a. result of a heat shock. Since 

excess delay is nearly directly proportional to cell age, it is 

supposed that, having lost their division proteins due to a 

shock, cells must resume division protein accumulation from a 

common point in time before division. As a consequence ofthe: 

differentiail delay, cultures of Tetrakymena can be synchronized 

by heat shock. 

Division proteins may belinvolved  in building a structure 

required for division inJTra/mcna,  because the oral apparatus 

in this cell behaves as expected of the unstable division 

proteins, when heat or protein synthesis inhibitors are applied 

to cells.. In particular, the developing oral. structure breaks 

down to an early primordium stage,due to brief treatments with 

various agents, up to a transition point for sensitivity to 

resorption which is the same as the division delay transition 

point. Because cells can sometimes divide without an oral 

apparatus, this structure, as such cannot be the division protein, 

but it supports by example the idea of an accumulating structure, 

composed at least in part of proteins, which is both labile 

and affected differentially during the cell cycle. 

One other important point is that inhibitors of processes 

other than protein synthesis can produce increasing excess 

delaywith a transition point at the: same time as heat, including 
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high pressure, low temperature, and inhibitors of respiration, 

The division protein hypothesis therefore postulates that 

division protein accumulation must proceed without interruption 

of metabolism at a number of levels, or division proteins are 

lost. However, the varied treatments which produce excess delay 

could all affect protein syntheais or the integrity of protein 
of 

structures, and therefore fit the general schemeAnecessaruy 

continuous accumulation of division proteins. 

We can now state the case for division proteins in yeast, 
the 

and note some differences betweenAeffects of heat and cyclo- 

heximide on S._ppje and the effects of these and other agents 

on Tetrahymena. 

The important observations in support of a division-protein 

model in yeast are thai/both heat and cycloheximide show 

increasing excess delay for pulses applied during the cell cycle, 
that 

and,4the period of increasing delay ends at a transition point 

some time before division takes. place (Chapter 6). The fact 

of increasing delay is the basis for the partial synchrony 

induced in cultures of yeast by pulses of either heat or cyclo-

heximide(Chapter 5). The transition point for the period 

of increasing delay is apparently identical for both heat 

and cycloheximide. Evidence from multiple shock experiments, 

in which it was shown that heat and cycloheximide delays are 

not additive, is consistent with the idea that heat and cyclo-

heximide affect a common process essential for division. 

Based upon the general form of the delay curves, and assuming 

that cycloheximide delays division due to specific interference 

with protein synthesis, this process could be the accumulation of 

labile division proteins with properties like those postulated 



in the model. 

As far as the division protein model is concerned, the 

effects of heat and cycloheximide on processes past the transition 
are 

point for increasing delayAof  no clear interest. However, heat 

has been shown,in this study, to affect both mitosis (nuclear 

division) and the formation of cell plates in S. pmbe. This 

is not entirely surprising, as heat is known to disturb the 

mitotic apparatus in, for examp,f, sea urchin eggs (Zeuthen, 

1972). and in the slime mold, Physarum (Brewer & Rusch, 1968). 

In Tetrahymena, some cells experience prolonged cytokinetic 

stages due to heat shock (Zeuthen, 1964), and heat has previously 

been shown to prolong cell plate stage in another strain of 

fission yeast (Harnden, 1957).  In all of these cases, the 

same temperature which causes structural and morphologicall 

changes at mitosis, sometimes irreversibly, does not result 

in irreversible damage during interphase.. In view of this 

information, and evidence presented in this study, it is 

reasonable to suppose that there are either a number of events 

in the division cycle which are sensitive to heat, or, as has 

been suggested: (Zeuthen, 19721, that heat affects a single 

process whose sensitivity is different in interphase than in 

mitosis. 

on mitosis 
A difference between heat effects4in other systems and 

in S. pombe is that heat does not seem to affect nuclear division, 

once under way, in S. pmbe, although, since chromosomes are not 

visible in this yeast, it is not possible to decide whether they 

have been segregated at the beginning of nuclear division. Most 

of the effects on mitosis in the other examples mentioned above 

ard on distributiñn of chromosomes to daughter nuclei, and it is 
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conc1')9vabLe that this function of segregation is completed 

before the yeast nucleus becomes visibly deformed in division. 

In fact, most of the effects on nuclear division which were 

presented earlier (Chapter 5) can be explained as mistakes 

in cell plate positioning, and evidence was presented that 

heat can affect cell-plate preparations during specific periods 

of the cycle (Chapter 6). It is known that,in budding yeast, 

chitin synthesis required for the septum is initiated at a 

particular time in the cycle, so that some cell plate preparations 

might be expected to be periodic in occurrence. (Cabib & 

Farkas, 1971). 

Cycloheximide also affects cell plate formation, and of 

necessity, division. It is not knowhohy this happens, but, 

considering the morphology of cells after blockage, it is 

possible that cycloheximide blocks the synthesis of enzyme(s) 

required for splitting the cell plate at its perimeter once 

it has formed. 

At present, little more can be said about the periods of 

sensitivity in the yeast cell cycle which follow the increasing 

delay phase. 

Returning to the division protein model, a point of 

difference between yeast and Tetrahymena is that, in yeast, 

excess delay for cycloheximide pulses is restricted to roughly 

a: quarter of the cycle about midway between divisions. The 

period of excess delay for heat in both the ciliate and yeast 

beins at or near the beginning of the cycle, immediately 

following the previous division. One interpretation is that 

cycloheximide affects only one of a sequence of division proteins 



in yeast, while heat affects additional preparations which 

are sensitive earlier in the cycle. A variant of this scheme 

is that division proteins begin to accumulate early in the 

cycle and that heat causes complete destruction of such 

proteins, while cycloheximide only partly discharges them, 

perhaps to an intermediate stage in the formation of a structure. 

The latter kind of explanation has been invoked to explain 

the fact that excess division delay in Tetrahymena treated with 

pulses of the amino acid analogue, p-fluorophenylalanine, has 

a value of 30 minutes immediately after the last heat shock in 

the synchronizing procedure, when heat shock excess delay is 

zero (Zeuthen, 1964). Extrapolating backward in time, the 

point of zero excess delay for the analog occurs 30 minutes 

before the end of the heat-synchronization procedure. The 

suggestion has therefore been made that heat does not discharge 

the full complement of division proteins accumulated at the 

time of a shock, whereas the analog completely abolishes 

progress. Following heat shock synchronization, cells have 

a small, but standard, amount of division proteins left. 

An alternative suggestion is that the analog takes 30 

minutes to be washed out of cells, but this does not seem to 

be relevant to the case of cycloheximide in yeast. However, 

recovery, in terms of increase in RNA, protein, and dry mass, 

takes considerably longer following a heat shock than a cyclo-

heximide pulse in S. pombe, and it is possible that the additional 

delay due to heat reflects general metabolic disruption, while 

both heat and cycloheximide also affect division proteins. 

Furthermore, recovery from heat shock in yeast is sensitive to 
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cycloheximide during the period when leucine incorporation 

due to the heat shock is still, low (Chapter 4). This suggests 

that recovery can occur when bulk protein synthesis is depressed, 

implying that the preparations that are discharged by heat and 

cycloheximide have some degree of priority under these circum-

stances. 

Another case where normal levels of protein synthesis-are 

not necessary for the progression toward division is found 

in rat intestinal crypt cel1s, where cells in G2 can move into 

mitosis and division when there is roughly 20 percent of the 

normal level of protein synthesis, but are blocked when there 

is less. Again, this implies that division-essential protein 

synthesis can occur when overall growth is largely inhibited 

(Verbin, et al, 1971). This case is also interesting because-

there is evidence for excess delay due, to pulses of cycloheximide, 

and will be mentioned again later 0. 

There is a further difference between the form of excess 

delay in Tctrahymena and in yeast. The magnitude of excess 

delay for heat-synchronized cultures of TgJJmena is very 

nearly directly proportional to the age of cellls (Frankel, 1962), 

during the first cycle after synchronization. This means that 

cells are put back in time to a common point in the cycle 

which is approximately the point at which the synchronizing 

heat shocks ended. In other word, all progress in time from 

the end of the series of synchronizing shocks is lost, and 

recovery requires the sime amount of time as normal. progress 

from the end of the shocks to division. 

In yeast, on the other hand, the increase' in delay over a 
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given interval is less than the interval itself. Put another 

way, from the point of zero excess delay, age and delay are 

not directly proportionate, delay increasing less than age.1  

This means that cells will '.not be put back in time to a common 

point in the cycle, but wil..l be regrouped over a smaller than 

normal range of time in the cycle. The result will still: be 

partial synchrony of division following a pulse applied" to an 

asynchronous culture. Excess delay can, therefore, be considered 

partial, in the sense that cycloheximide and heat sensitivitie 

cover only a part of the cycle, but also incomplete, because 

cells are not delayed. in direct proportion ,tc/ycle progress. 

One/possibility , in terms of the division protein model, is 

that cells do not lose all division protein accumulated a:t the 

time of the shock, but only a fixed proportion. This might fit 

with the response of cells to various concentrations of cycloheximide, 

where delay was- a function of cycloheximide concentration. In 

this case, delay increased with the degree of protein synthesis 

inhibition, suggesting that, when some protein syntheais was: 

stilL possible, less division protein was lost as the result 

of a pulse of inhibitor (Chapter 6). 

Another possibility is that recovery following a pulse,in 

yeast, isfraster than the original accumulation of division proteins. 

There is some evidence that this may be truefin the facts that 

cells cannot be delayed indefinitely by a multiplle shock 

treatment (Chapter 6), and that excess delay due to cycloheximide 

pulses applied after wheat shock is less than that due to 

cycloheximide pulses alone (Chapter 7). 

The comparison in the last three paragraphs may not be 

1This was pointed out to me by Dr. C. B. Sissons. 
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entirely fair. A better comparison might be between the effect 

of heat on asynchronous, single cells of Tetrgnena and 

selection-synchronized yeast, because neither system will hava' 

faced a heat shock previous to the one producing delay. Indeed, 

the pattern of delay for single Tetrahymena is more similar to 

that for selection synchronized S. pombe, in that delay joes• not 

increase in direct proportion with age.(Thormar, 1959). This 

means that, during the synchronizing procedure, the response of 

Tetrahymena must change, and this also seems to be true for 

S, 22thbe synchronized with heat shocks( Chapter 5, pp. 53-56). 

There is quite a bit of difference between heat and cyclo-

heximide in ability to induce synchrony in initially asynchronous 

cultures of yeast, and this can probably be explained by the 

differences in the duration of the period of excess delay, and 

the absolute delay, for the two treatments. In both cases, 

however, synchrony induced by a pulse applied to an asynch-

ronous culture is only partial. One reason is that there are 

cells which are not affected by cycloheximide pulses, or are 

affected differently by heat shock, following the first tran - 

sition point. This is also the case for Tetrahymena, where a: 

series of heat shocks has been used in order to "catch" cells 

which escape from the effect of a single shock (Zeuthen, 1964). 

Indeed, in S. pbe, a series of heat shocks produces: fairly 

good synchrony after several have been applied, and in this case 

produces nearly identical effects in either yeast or Tetrahymena 

(KramhØft & Zeuthen, 1971). 

For both yeast and Tetrahrnena, the mean size of cells is 

slightly larger than normal following a series of heat sThocks 
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applied a generation apart (Chapter 5, and Zeuthen, 1971). 

Also, as synchrony decays, di:visions are less than a normal 

generation apart. Rapid divisions also occur in S. 2ombe 

synchronized by a DNA synthesis block (Chapter 7, and Mitchison & 

Creanor, 1971a). It is not known why divisions follTow on each-

other so rapidly in these cases, but one possibility is a 

variation on an hypothesis proposed to account for malignant 

growth by Halley (197). He suggests that regulation of growth 

and division may be tiedto the availatfity  inside the cell of 

particular nutrients which are normally limiting. I thi.s 

hypothesis, cancer represents. cells with altered membrane per-

meability, so that concentrations. of critical nutrients can 

build to greater than normal levels, and cells can shuffle off 

"mitotic discipline"1  and divide,. 

Based upon this hypothesis, we can suppose that the enlarged. 

cells of yeast and Tetrahymena can divide more rapidly than 

usual because they have extra surface area, which might facil-

itate transport of nutrients into the cell, perhaps by providing 

more space for permeases. When nothing else is limiting, 

increased availability of nutrients might allow faster-than-

normal synthesis of division proteins. This would assure tha.t 

cells would return to normal size, and if division proteins. 

are related to nuclear function, which is probabl)' the feed-

back could be between nuclear and cytoplasmic volumes, such 

that a nucleus directing preparations for division in a normal 

cell would have sufficient supporting cytoplasmic machinery to 

prepare for division in one standard generation time. One 

advantage to this kind of explanation is that it allows for a 

Maz.ia. (1969). 
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series of shortened cycles following heat-synchronization in 

Tetrahjmena, since the first cycle does not reduce cells to 

norrna1 size, though it brings them closer to normal. Also, 

the generation time in the second cycle is not yet normal, 

but is less abbreviated than the first. Thus, generation time 

increases as size is reduced. This may be a fair approximation 

in S. 29mhe , where the shortest cycle is seen for the largest 

cells (following Adr synchronization). The cycle following the 

first synchronous division in heat-synchronized yeast is only 

shortened by about a third, but the cells are less enlarged 

than in the Adr example. 

One final point can be made in comparison with Tetrahymena. 

When the ciliate is treated with p-fluorophenylalanine, there 

is a carry-over of sensitivity from one: c!jcle to the next. 

Following the transition point for division one, divisior/delay 

begins to build up again, but affects division two (ZEuthen, 

1964), suggesting that preparations for another division begin 

immediately after those for one division are complete. There 

is no evidence for such carry-over in S. 2ombe for either heat 

or cycloheximide. This may be because DNA synthesis normally 

occurs at the time of division in yeast, and heat-sensitive 

preparations for division do not seem to begin until DNA synthesis 

has been partially completed (Chapter 7). In Tetrahymena, the 

macronucleus contains sufficient DNA. to allow division without 

further DNA synthesis (Lowy & Leick, 1969),  but if yeast must 

synthesize DNA before division proteins can be synthesized, then 

division protein accumulation woull4be an obligate G2 procedure. 
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Evidence for division Proteins in other systems 

A case has been built that fission yeast produces. division 

proteins with the general properties of those postulated to 

exist in Tetrahymcna. The evidence for this is essentialry 

the same kind that has been accumulating for years:for the 

ciliate, that is, mostly data on the kinetics of recovery of 

cells from heat shock or other pulse treatments. The two key 

facts are exa.ess delay, and a transition point for excess delay 

and protein synthesis. 

Excess delay means that cells lose more time in moving 

toward division than would be expected if further progress were 

simply interrupted, by a. treatment, and suggest/s instability of 

preparations for division. In terms of the model, the block 

leads to loss of division proteins. The transition point means 

that there is a time at which heat-sensitive preparations for 

division are sufficient for division, whether or not it also 

means that division proteins are stabilized against the effects 

of a shock. It is possible that preparations are sufficient 

because they have discharged their function, and are not more 

stable in a structural sense than before the transition point. 

For exampLe, an initiator building up through the cycle might 

switch on a. sequence of genes, at the transition point. Once 

the switch was thrown, the initiator would appear stable. This 

point will be taken up agzin in a later section. 

We can suppose that all cells must perform a similar 

series of preparations for division. That there are a: number 

of discrete, geneticall)j-controlled events involved in assuring 

division is clearly shown by the mutant series described by; 



HartwelE and colleagues in budding yeast (flartwelL, 1971a,b; 

Hartwell et al, 1970;  Culbtti & Hartwell, 1971). These have 

been discussed. in somi detail.. in the introduction (pp. 7-8), 

and the important point is that mutations in 30-40 different 

loci reveal potential points of blockage of progress toward, or 

through, mfftosis and division, which are spread through the whole 

cell cycle in time. If we assume that all of the division cycle 

genes described by Hartwell code for essentialL proteins, then 

we can conclude that there are in fact many "division proteins, 

and the question becomes whether or not the division proteins. 

which are heat-sensitive in yeast and Tetrahymena perform the 

same function in both cells. This may not be so, but the fac 

that similar delaying effects can be produced in cells as 

different as yeast and ciliates. suggests. that the accumulation 

of labiedivision proteins may be common. 

If all cells-  do go through a similar series of division 

preparations which includes; accumulation of division proteins, 

then we might expect to find transition points for protein 

synthesis inhibitors, in many different systems. There might 

also be transition points for RNA synthesis inhibitors, on the 

assumption that division proteins must be coded for by RNA 

messages. 	The time between the RNA and protein transition 

points:, if both exist, would depend upon the point art which 

messages: are? transcribed, and their stability. An RPM transition 

point could be identified, as the last point in the cycle at which 

inhibition of RNA synthesis blocks division. Finally, there 

might be other examples of excess delay, if division proteins 

are accumulated' by cells, but this assumes that division proteins 



are necessarily unstable, and must break down to give: a 

characteristic pattern of division delay. This is by no means 

certain. It is easy to imagine that requirements for division 

will tary in, for example, temperature sensitivity in different 

kinds of cells, and there is no a priori reason fa .think that 

division proteins must be destroyed if their synthesis is inter-

rupted. 

Some examples of protein and B/VA transition points, were 

mentioned in the introduction, and others are presented below., 

Transition points: have been determined in several ways. First, 

inhibitors can be added to an asynchronous: culture, and either 

the amount of time for which cells continue to divide at the 

normal ra±e or the proportion of cells which divide after 

addition of an inhibitor can be used to calculate how far 

back in the cycle a:. transition point is located with respect 

to division (e.g., Tobey, Petersen, Anderson & Puck, 1966). 

Another way of identifying transition points is to add drugs at 

various times in synchronous cultures, and to find a. point at 

which division is no longer blocked (e.g.., continuo-us treatment 

with p-fluorophenylalanine in Tetrahymena, Zeuthen, 1961)'. 

Finally, some studies have been done in which transition points: 

are determined .from changes in patterns of division delay, 

based upon pulses applied to either synchronous or asynchronous. 

cultures. The latter method involves the kinds of experiments 

described in this study (Chapter 6). 

There are a number of examples of protein synthesis 

transition points in mammalian cells, and a few examples. 

where increasing excess delay probably occurs. Transition 
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points for protein synthesis inhibitors (puromycin, cyclo-

heximide, or chloramphenicol) have been found in human KB 

cells (Taylor, 1963),  kidney cells (Kishimoto & Lieberman, 1964)', 

mouse L cells (Doida & Okada, 1969), and Chinese hamster cells 

(Tobey, Anderson, & Petersen, 1966;: Tobey, Petersen, Anderson, & 

Puck, 1966). RNA transition points. have also been found for 

the kidney, mouse, and hamster cells listed above. In the case 

of the hamster cells,therej'some evidence that the Bit/A transition 

point represents the end of synthesis causally related to the 

protein transition point.. 

There is evidence for both transition points and increasing 

excess delay in other mammalian systems. In human amnion cells, 

there is a burst of division following nearly a generation 

after an act inomycin D pulse (Donne'ly & Sisken, 1967),  and,in 

rat intestinal crypt cells, a' similar burst of division follows 

an injection of cycloheximide, which presumably acts as a pulse 

in vivo (Verbin & Farber, 1967)..  In both of these cases, the 

pattern of the mitotic index is similar to that for the cell 

plate index in asynchronous S. pombe cultures pulsed with 

cycloheximide or heat (Chapter 5). The actinomycin example 

supports the idea that division protein accumulation may be 

interrupted at the level of transcription. 

Leaving mammalian cells, atudies with antimitotic factors 

from certain strains of Amoeba, which reduce RNA. synthesis in 

sensitive strains of this cell, suggest an RNA transition 

point at prophase (Jeon & Lorch, 1971).. 

Another ciliate which shows excess delay and a transition 

point is Paramecium. This response is- found for pulses of 



p-fluorophenylalanine, puromycin, chloramphenicol, and fluoro-

deoxyuridine (Rasmussen, 1967).  There is also evidence for 

carry-over of the effect into another cycle, as with fluoro-

pheny7alanine in Tetrahimena (p. 951. 

The slime mold, Pjsarum, shows transition points for 

actinomycin and cycloheximide (Cummins et al, 1966; Oleinick, 

1972), and variable delay due to heat shocks (Brewer & Rusch, 

1968). There appear to be two cycloheximide transition points, 

one just before prophase, and another between late prophase and 

prometaphase. The cycloheximide experiments used continuous 

exposures, so no information is available on the pattern of 

division delay. However, for heat shocks there is a period 

of delay in early G2 where delay is less than the shock, followed 

by a period of increasing excess delay. The excess delay then 

decreases up to a transition point 16 minutes before metaphase, 

which is not distinguishable from the first cycloheximide 

transition point. Between this transition point and metaphase, 

abnormal nuclei are produced in response to heat shock. 

One last example of interest is that of the marine alga, 

Ulva. Here,dark periods placed: at various times during a light 

cycle produce increasing excess delay up to a transition point 

(Lvlie, 1964). This might be another example where normal 

accumulation of division proteins depends upon uninterrupted 

growth. (See p. 87)'. 

Finally, increasing delay with a transition point for 

heat shocks is seen in the prokaryote, Escherichia:coli, where 

division can be synchronized by a single 15 minute heat shock 

applied to an asynchronous culture (Smith & Pardee, 1970). In 



selectiOn-synchronized cultures of F. coli, brief exposure to 

p-fluorophenylalanino sensitizes cells to heat shock, since 

shorter heat shocks will produce the same delay as longer ones 

without the analog, though the short shocks alone have no effect. 

This suggests that unstable division proteins are also synthesized 

in bacteria. In this case, these proteins probably have a 

function relating to septum formation 

The effect of heat shock on F. coli has been investigated 

further by Lomnitzer and Ron (1972), who have shown that depri.-

vation of methionine for 16 minutes also causes synchronization 

of initially asynchronous cultures. Furthermore, the heat-

sensitivity is abolished in the preJce of methionine. They; 

suggest that the effect of heat is on proteins required for 

methionine biosynthesis. This is interesting in itself, but 

does not address the question of what it is that is differentially 

affected in cells, such that division can be synchronized. It 

is possible that transient methionine starvation results in the 

breakdown of a division protein structure due to interruption 

of amino acid supply. 

From these examples, it is clear that the phenomena of 

transition points and excess delay are not restricted to a few 

minor groups among the current variety of cells available for 

study, nor even to unicellular organisms. In eukaryotic cells, 

mitosis is usually the stage scored for delay, while in the 

single prokaryotic example septation was the delayed event which 

was measured. The latter does not preclude the possibility 

that chromosome segregation is affected in bacteria, hut there 

is no information to evaluate this question. Most of the 

protein transition points are found-  in G2, and are closer in 
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time to mitosis than to the S/2 boundary. In the cases 

where fl/VA transition points have been found, these are before 

the protein transition points, suggesting that the final point 

of essential division-messenger transcription occurs before, 

and sometimes well before, the final point at which inhibition 

of translation will block division. This suggests that division 

protein message-s vary in stability in different cells. 

In the introduction it was pointed out that transition 

points may represent times in the cycle at which essential 

synthesis for division is complete (p. io). They might also 
toward division 

be artefacts when cells can continueAfor  a period of time 

following treatments, either because of a delay in the effect 

of an inhibitor, or because cells have some reserves which 

allow further cycle progress. The possibility of a lag before 

blockage is established must be considered even when, for 

example, protein synthesis is shown to he quickly reduced to 

low levels. There is evidence that division-essential protein 

synthesis can proceed when bulk protein synthesis is rectuced 

by 80 percent (Verbin, at al, 1971). Also, cells deprived of 

leucine are halted in Gi, S and G2. Small additions of leucine 

allow progress through S and G2 of cells formerly blocked, 

but cells cannot move through Gi (Everhart & Prescott, 1972)'. 

Thus, protein synthesis required for progressiñn through 

particular phases of the cycle may not be equally sensitive to 

gross inhibition. 

We do not know how many of the transition ooints.. listed 

above: are influenced in timing by cells coasting into division 

on lag-time for the effects of treatments.. Markers of further 

progress after inhibition is attempted-'are not generally 
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available, so it is not possible,in most cases,to say whether 

calls progress, regress, or mark time in the cycle. In Tetra--, 

hmena, oral regression occurs. while cells continue to increase 

in DNA, RNA, and protein content. S. pmbe seems to be slightly 

larger at division following a cyclohexim.idulse, indicating 

further growth despite delay of division0(pp. 45-47). 

The cases where transition points are inferred from abrupt 

changes in the pattern of division delay for pulses which are 

short with respect to the generatLonare more convincing. In 

these cases, it is clear thdtbrief treatments can produce an 

effect during some parts of the cycle. This is interpreted 

here as a triggering phenomenon. When, for example, in this 

study, the transition point is further from mitosis than the 

duration of a pulse, there is less liJihood that a cell has 

avoided the consequences of the pulse and slipped into mitosis, 

and more that the transition point expresses a real change 

in sensitivity. This is reinforced by the fact that a brief 

treatment will split a yeast population into discrete groups, 

with no marked gradation between them (Chapter 6). Such a 

split suggests a sudden change from sensitivity to insensitivity 

as cells pass a particular point in the cycle. However, we 

assume that the delaying effect of the treatment is established 

during the treatment, but it is possible that the trigger 

does not equal the block, in which case the block might 

occur later than the pulse which initiated it.. 

A. final comment on transition points is that they are 

usually some time before mitosis or division, though there 

are exceptions (e. g., Psarum, for cycloheximide treatment). 
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This implies that other preparations for division occur 

between the transition point and division, presumably involving 

molecules synthesized somewhat earlier in the cycle. These 

could be organizational events related to the condensation of 

chromosomes and the construction of the mitotic apparatus, 

or possibly the work of orienting and building the site of 

septum initiation on a bacterial cell wall. For fission yeast, 

there is some evidence that heat-sensitive processes required 

for normal cell plate formation occur between the protein 

transition point and nuclear division (Chapter 6),, 

Reasons for excess delay 

The phenomenon of excess delay as described so fai is 

defined simply as the difference between total delay of division 

and the delay which would occur if cells were held up in 

further progress toward division by exactly the duration of 

a given treatment. When there is excess delay, recovery ta•ites 

longer than the time between the initiation of the pulse and' 

normal division. The cell, therefore, loses time in progress 

toward division. There are several ways in which the time 

represented by excess delay could be lost, each of which implies 

a.mode of recovery from shock treatments, and therefore something 
possible 

about the nature of division proteins. 

In Tetrahyena, because excess delay increases during the 

cycle, it has been equated with progressive setback of division 

to a common point for all cells ('before the transition point)', 

from which recovery of division proteins must begin. The oral 

apparatus, thought to be a/alogous to division protein (Z'euthen & 



Rasmussen,. 1971), is an example of a structure whose construction 

is setback in the literal sense of a regression, since it breaks 

down and must be rebuilt from a particular primordium stage. 

In this interpretation, excess delay is an expression of the 

fact that damage becomes progressively greater through the 

cycle for a standard "triggering"shock, and recovery time to 

division is constant and equal to the time from the end of the 

final heat shock in the synchronizing regime to division. 

Recovery involves reconstruction of some of the usual require-

ments for division (oral morphogenesis)., but some aspects of 

growth are not affected very much. We do not know how much of 

this recovery process involves repair of old structures or 

reuse of old materials, but the conception is that a single 

structure required for division, perhaps composed of several 

division proteins, must in some sense be replaced because it 

has lost its functional value. As far as the oral apparatus 

analogy goes, this replacement requires. accumulation of normal 

or standard. amounts. of "mouthnessi'though cells may become 

oversized in other dimensions. 

Another kind of interruption of progress toward division 

could also lead to increasing excess delay. This is the case 

where a standard treatment produces. damage requiring a constant 

amount of time for repair at any point in the cycle up to a 

transition point, after which division will take place despite 

the damage. This kind of model is based upon effects of 

radiation on cells, and has been reviewed by Mitchison (1971). 

If heat or cycloheximide were producing damage requiring 

a constant amount of repair time, a. pattern of increasing delay 



Like that found for these agents in yeast and Tetrahynzena 

could be produced,. cIssuming that calls are held up at the 

transition point until repair is effected.. If the repair time 

were a small fraction of the cycle, then young cells would 

have sufficient time to repair damage before the transition 

point, and would show no delay. Older cells would be delayed' 

by an amount of time representing the repair that had not been 

completed when the cell reached the transition point. Thus, 

delay would increase as cells were damaged closer to the 

transition point. If the repair time was longer than the 

time from the beginning of the cycle to the transition point, 

cells early in the cycle would experience delay. The difference 

between the pattern for short and long repair times would be 

like the difference found in this study for cycloheximide 

pulses and heat shock, respectively (Fig. 6.14). 

The constant repair time concept is somewhat different from 

the setb*  concept described above for Tetrahyjena. For 

this simple repair model, excess delay would not reflect 

setback in cycle time, because cells would progress up to the 

transition point and wait for repair to be completed. Excess 

delay would be a measure of the damage left to be repaired when 

cells reached - the transition point. The damage would be constant, 

and repair time constant. For setback, the amount of damage 

increases as cells approach the transition point (more oral 

apparatus is resorbed, more division protein is lost)'. Both 

of these mechanisms will produce some synchrony of division 

because the effect on the time of division for cells pulsed at 

different pointS in the cycle is differential, and involves 
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excess division delay which increases during the cycle. 

Arguing for a setback model in yeast and Totrahumena are 

the examples where some events need to be redone. The oral 

apparatus is rebuilt by the ciliate following a heat shock; 

S. 22be seems to repeat cycloheximide-sensitive prepa/ations 

for division which show increasing delay and a transition point 

after a heat shock. Also, if repair time were constant, one 

might not expect cells to escape from the effects of multiple 

shocks, which both S. pombe and Tetrahymena are able to do, 

though it might be argued that repair time becomes shorter 

because several shocks produce several bursts in repair enzymes, 
more 

the enzymes. accumulating and allowing rapid recovery to occur. 

One would, however, have abandon/ed the constant repair time 

model at that point. 

A. third possibility is that the interruption of progress 

toward division produces. a. signal to begin a complete new round 

of division preparations, without damage as such being involved. 

This might be a specific sequence of protein syntheses required 

for division. Once through the series, cells would not be 

sensitive during the remainder of the cycle. One of the best 

examples of this concept of recapitulation of progress is 

found not in a sin gj y'  cell, but during the development of 

the multicellular stage of the cellular slime mold, Dictyostelium. 

The following description is based upon the work of Newell, et al, 

(1972). 

During development of this organism, single cells aggreiate. 

to form a migrating, multicellular slug, which ultimately differ-

entiates into a fruiting body. The series of morphological 

changes between the slug and fruiting body stages is parâlleled 
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by a definite sequence of enzyme synthesis. 

Al kind of "setback" experiment can be perrformed by dis-

aggregating the ceU) mass between the slug stage and completion 

of sporulation. This sets the sequence of morphologica-1 

differentiation back by returning cells to a unicellular 

condition. When this is done, the entie morphogenetic sequence 

must be repeated. if the single cells are to participate in 

normal fruiting body formation. In fact, cells do not stop 

at a morphological re-run, but go through a second series of 

enzyme syntheses, with the activities of the enzymes doubling 

a second time in the order characteristic of normal morphogenesis. 

Thus, when progress toward sporulation is reversed, recovery 

involves a recapitulation of a whole sequence of normal 

developmental events in order to reach the original point of 

fruition. The recovery series of enzyme synthesis is apparently 

triggered by the reaggregation, and such recovery takes place 

rapidly compaied with normal development, cells being delayed-

in fruiting body formation by only a smalll amount of time with 

respect to the controls... 

There are several points of analogy here with the 

behavior of division proteins. First, setback has been imposed, 

and the system goes through a recovery phase, which is 

essentially what must happen following heat shock in yeast or 

Tetrahyçj. Secondly, the round of enzyme synthesis in progress 

is immediately abandoned',and the enzymes that have been syn-

thesized up to the point of disaggregation are inadequate for 

recovery-morphogenesis, though the activities are not destroyed. 

The latter is implied by the fact that cells go through another 
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round of enzyme synthesis to accumulate levels of enzymes well 

in excess of those ordinarily required for morphogenesis. Loss 

of function is also a property of division proteins, when 

excess delay is produced, but it is not known whether new 

rounds of synthesis and additional quantities of these proteins 

are involved in recovery from shocks. Finally, recapitu/ytion 

of progress is relatively quick compared with normal progression 

through development. This may also be true for yeast treated: 

with heat or cycloheximide pulses. (Chapter 6) or during 

recovery of yeast from a heat shock. (Chapter 7).  In Dicto- 

stelium, the extra. enzymes built up may be of use in speeding 

up recapitulation, but it is also possible that only the enzymes 

require resynthesis. so  less time is required for the whole 

series of developmental events. 

The conction of excess delay from the above would be 

that cells would be setback due to interruption of a sequence 

of events leading to division, and the whole sequence would 

have to be repeated. The only evidence for such repetition 

in S. pombe is the fact that recovery from heat shock includes 

a round of increasing delay due to cycloheximide pulses. This 

is interpreted as evidence that heat and cycloheximide affect 

a common event, but also that the processes of recovery include 

the original property of lability that suggested - instability  

of division proteins in the first place. We do not know, however, 

whether division proteins are single or a sequence, since 

neither the morphological not' the enzymatic markers offrvelopment 	- 

toward division are adequate to decide what cycle progress is 

lost, or repeated following shock treatments in yeast. 



A final point is that recovery from heat shock in Tetrahymeno 

and recapitulation of development in Dictyostelium, requires 

some level of transcription. Development of the slime mold is 

blocked by actinomycin D (Newell, et at, 1972) and division 

following heat shocks in Tetrahymena can be blocked by the same 

drug (Nachtwey & Dickerson, 1967). There is no information 

on this question in S.2be. However, requirements for further-

transcription 

urther

transcription would be expected to depend on the stability of 

division protein messages, and, in a recapitulation scheme, the 

production of new messages might be obligatory. 

This discussion has tried to present severa-1 possible 

things that cells might do with time spent being excessively 

delayed, and offers three possibilities which are neither 

mutually exclusive, nor an exhaustive collection. Combinations 

of specific replacement, repair, and recapitulation of sequential 

events may well be involved. Indeed, the most flexible 

physiology might rêsullt from a combination of possibilities. 

We do not know what actually triggers excess delay, though 

we can produce the effect in many ways. We can suggest, however, 

that in the yeast and ciliate examples the advantage may be 

to the cell which can backtrack when circumstances become 

upromising for division. At least with respect to heat, 

mitosis and division are sensitive stages of the cycle, tending 

to be subject to irreversible damage (Zeuthen, 1964, 1972; 

Westra & Dewey, 1971), and the ability to wait on these: stages 

might be of considerable value to cells which appreciate that 

rapid changes of temperature can occur in puddles. 



idisontins 

In order to generalize the idea of the accumulation of 

division proteins, based upon the transition point information 

and delay data, we must assume several things. First, if the 

transition point is to identify more than simply the end of 

all essential protein synthesis for division, we need- to 

know whether it always marks the end of a particular series of 

divisioii-essential events in all cells, the completion ofwhich 

sequence normally leads to, or triggers, division. That is, 

we wish to know whether particular kinds of proteins are always 

the ones that are sensitive to heat or protein blockage. 

There are at least two ways of considering this question. 

First, we can look for examples where excess delay occurs, to 

see whether common factors are involved. This appr,6)9Ich assumes 

that setback of readily visible processes is a fair analogy 

of what might happen in cells which have little visible structure, 

for example,yeast. 

The examples where cellular processes literally regress, or 

are setback and require re-production, involve structures 

composed in part of microtubules. The oral organelles of both 

Tetrahymena and Stentor break down in response to heat shock 

or inhibition of protein synthesis during their formation 

(Frankel, 1962; Burchill, 1968). For a series of shocks applied 

during their formation, setback increases with stage in oral 

construction up to a transition, or stabilization point. 

Another example is the response of the soil amoeba, 

Noegria, to mercaptoethanol pulses during the process of 

flagellar growthe(Wade & Satir, 1968). Here, flagellation is 
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blocked by mercaptoelhanol, and recovery of flagellar growth 

takes longer as pulses are applied later in time. There is 

a transition point for these treatments roughly 20 minutes 

before full motility develops. 

Finally, mitotic nuclei in Physarum revert to an interphase 

state following ultraviolet irradiation, up to a transition 

point just prior to metaphase (Devi, et at, 1968). This may 

not be a fair example, since higher energy radiation than heat 

shock is being used, but the setback is clear. 

The common element in these examples is a fibrous structure, 

or structures, and in these examples the structures are all 

involved in one form or another of cellular movement. The 

common factors. required for division in different cells might, 

therefore, be conc(?Ie}ved  of as components of the mitotic spindle, 

since fibrous structures are generally found in cells with 

dividing nuclei, even if all cases do not show text-hook mitotic 

figures (Zeuthen & Williams, 1969;  Zeuthen & Rasmussen, 1971; 

Zeuthen, 1972). If spindle proteins were accumulated during 

the cycle up to a concentration that initiated mitosis it 

could account for the commonality of transition points, and, 

as illustrated above, such proteins are subject to excess delay, 

at least when they are formed into a structure. It might also 

account for the carry-over of delay into other cycles, since 

there is evidence that some spindle proteins are used in 

division cycles later than the one in which they were synthesized 

(Sisken & Wilkes, 1967;  Sisken et al, 1972). 

It is less clear where the bacterial division proteins would 

fit into this scheme, though it is possible that they wold be 
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required as structural components of the septum. There is 

another possibility which pushes the "spindle protein" suggestion 

fuçther. It has been proposed that differential membrane 

growth between DNA replication complexes results in segregation 

of bacterial "chromosomes"-  (Jacob, et at, 1963).  However, 

specific zones of conservation of membrane material cannot be 

detected in Bacillus subtilis., though they would be expected for 

the differential membrane growth model(Mindich & Dales, 1972). 

From this fact, the latter authors suggest that bacteria may 

have a structure analogous to the eukaryotic mitotic apparatus, 

which would be responsible for positioning the septum. hi 

eukaryotes, the plane of division is usually strictly related to the 

position of the mitotic apparatus (Mazia, 1961), though exceptions 

have been noted for yeast in this study. The control of 

both timing and spatial relationships of division might hinge 

on the timing of synthesis and deployment of spindle proteins, 

and this is therefore one possible line to division proteins. 

A somewhat more flexible possibility is that proteins 

required for various processes are commonly accumulated to 

functional levels over some period in a cell cycle, and that 

these proteins may show the property of instability which is: 

implied by excess: division delay data. This view assigns the 

attributes of initiators to such proteins. An initiator can be 

thought of for the pufrposes of this discussion as a substance 

which is accumulated to a critical effective concentration. At 

the critical concentration, the initiator triggers an event or 

series of events, possibly by participating as a component in 

a morphological change, or perhaps by derepressing formerly 

repressed genes. The initiator is then lost for further use, 
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and is built up again in a new cycle. The failure to produce 

an initiator would not necessarily stop other aspects of 

growth. 

There are several attractions to this point of view. 

First, in Chinese hamster cells treated during Gi with puUses 

of either cycloheximide or puromycin, initiation of DNA synthesis 

is delayed with a pattern of increasing excess delay up to a 

transition point approximately 55 minutes before S (Schneitlerman, 

et al, 1971; Highfield & Dewey, 1972].  These results. have been 

interpreted to mean that unstable proteins essential for the 

initiation of DNA synthesis are synthesizecJJ during G1. This 

is of particular interest because there is evidence for protein 

initiators of DNA synthesis in bacteria, and these are apparently 

produced in proportion to growth rate (reviewed in Helmstetter, 

et al, 1968; Donachie et al, 1973). The point is that the GI 

proteins in the Hamster cells behave essentially like the 

Tetrahmena or yeast division proteins, but they are related to 

a different process. 

Secondly, it has been shown that temperature-sensitive 

mutants can be produced in either bacteria or yeast, which can 

be blocked at various points in the cell cycle (see pp. 7-8). 

This suggests that proteins may be temperature-sensitive?, but 

clearly need not be, since there are insensitive wild-type cells. 

In some of the bacterial examples, cells are apparently set back 

to a particular stage of the cycle from which recovery commences, 

perhaps analogous to the scheme of "recapitulated sequences" 

described earlier for Dictyostelium (pp 108-109) (Ahmed & 

Rowbury,. 1971;  Reeve & Clark, 1972). Thus, we can consider 

that the instability which leads to excess delay is not intrinsic 
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to preparations for division. This allows explanation of 

why some systems which show transition points for protein 

synthesis exhibit a. constant delay in response to pulses: 

(Tobey, Anderson, & Petersen, 1960. If division proteins 

are sometimes stable, then preparations will be delayed up 

to a transition point, but delay will not vary (Mitchison, 1971). 

It is not clear whether the quantity of an initiator 

needs to be large or small. I the case of division proteins 

concieved of as spindle proteins the quantity might be sizeable, 

but it is not certain that the analogy is fair. As Zeuthen 

and Mazia have emphasized, division proteins must be crucial, 

but may not be a major protein fraction (in Zeuthen, 1961). 

Evidence consistent with this idea is that S. pombe can 

continue to divide when starved of nitrogen, so that total 

division protein synthesis must be supported by recycling 

of cellular material (Faed, 1959)'. However, as cells become 

smaller following this treatment, they might require shorter 

spindles, and therefore less spindle protein. On the other 

hand, in Tetra/yena, replacement of the oral field of kinetosomes 

requires very little d6 novoprotein synthesis, so reconstruction 

of an oral apparatus probably depends almost completely on 

salvage of T'old?  proteins. In this case it has been suggested 

that morphogenetic !regulator  proteins may be synthesized in 

small amounts, and these would somehow supervise' organization 

of new oral apparatus basal bodies.(W'illiams & Nelsen, 1973). 

Such proteins might also serve as initiators of mitosis by 

organizing the spindle at an appropriate time. 

A final example and model combine most of the essential. 
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ideas of the division protein hypothesis into a unified scheme. 

We can think of division protein accumulation as analogous, 

perhaps homologous, to the accumulation of mitotic initiators 

in the slime mold, Phusarum. In this organism the cLiploid 

stage is a multinucleale plasmodium. Mitosis occurs synchron- 

ously in all nuclei, presumably due to equilibration of 

cytoplasmic substances throughout the plasmodium. The fact 

of synchronous mitoses provides one line of evidence for 

mitotic initiators in this organism (Johnson & Rao, 1971)'. 

The other evidence comes from fusion experiments using plasmodia 

of different ages (Rusch, et ci, 1960. When two plasmodia of equal 

size but different age (time from last mitosis) are fused, the 

next mitosis is synchronous, and occurs midway between the times 

of mitosis in unfused controls. In other experiments, the 

relative size of fused plasmodia was varied. The time of 

mitosis was then related to the relative contribution by volume 

and age of the two plasmodia, i. e., mitosis in the fusion 

product was closer in time to controls for the larger piece 

than the smaller. These experiments imply that mitosis is 

controlled b,- accumuliiting '.cytoplasrric substances which are 

sufficient for mitosis at a critical concentration. This 

concentration is apparently reached within one hour of mitosis. 

The accumulation does not begin until virtually all of the DNA 

is replicated' during the S period and could be the component 

sensitive to protein synthesis inhibition up to the first 

cycloheximide transition point, and which is functionally lost 

during heat shock, resulting in division delay (Sachsenmaier, 

ci al, 1972). 



The similarities of this model to the TotrahLjmena 

division protein modal have been pointed out elsewhere 

(Sachsenmaier, at al, 1972), and include the idea of accumulation 

of a substance required for mitosis up to a transition point. 

The substance behaves as an initiator, and, since it builds 

up in proportion to plasmodial mass, it can have the attributes 

of a clock mechanism. in Physarum it is, supposed that this 

substance interacts with receptor sites on or within nuclei:, 

and the signal for mitosis is the filling of sufficient sites. 

The time of the signal would correspond with a transition point 

Daughter nuclei then present a new set of sites to be "titrated" 

during the next cycle. The latter would be a property of 

most cells, not only of syncytia. 

The completion  of DiVA synthesis may be the trigger that 

initiates accumulation of the initiator. This could be 

the case for division proteins mA. pomüe as well,. Ev idence 

from the pattern of division delay in induction-synchronized 

cultures (Chapter 7) suggests that some DIVA must be synthesized 

before division proteins begin to accumulate. Mutant studies 

in budding yeast also suggest that DNA replication must be 

complete before mitosis can occur (Hartwell, 19711 . This 

ensures that division proteins are synthesized in G2, and 

might explain the ordinarily constant S+ G2 time in eukaryotes. 

It has been noted before that initiation of DNA synthesis 

seems to start a chain of events leading to division which is 

commonly invariant in duration, ('Mazia, 1961; Helmstetter, el al, 

1968). 

The general ideas of the previous paragraphs are also 

consistent with phenomena known to occur in bacteria. in 
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prokaryotes, it appears that a round of DNA replication 

triggers a sequence of events which culminate in division. 

Part of the sequence includes essential protein synthesis. 

The suggestion is that a constant period of 40 minutes of 

protein synthesis is required for division, and this is followed 

by 20 minutes during which components may be asrf IV? Zed for 

the septum. There is therefore a protein transition point, and, 

apparently, the accumulation of at least one substnce essential 

for division in bacteria (Donachie, et al, 1973;  Smith & Pardee, 

1970). 

In conclusion, the idea- of division proteins is consistertt. 

with the idea of the accumulation of initiators of particular 

events in the cell cycle, an example of which is mitosis.. 

The idea of an initiator does not preclude the possibility 

that the initiator may take an active part in the process it 

initiates. For example, miotic apparatus proteins, or 

proteins required for septation in bacteria, may build up 

through the cycle, .serving as triggers for sequences of events 

leading to division and may also form integral parts of 

division-essential structures. Further, a system in which 

a crucial substance accumulates. in a constant way every cycl 

is essentially a clock, and this property will ensure that 

division occurs at regular intervals if the pendulum is not 

disturbed. However, we know neither the identity of division 

proteins, noft the way in which they are essential for division. 
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Further appr oaohes 

There are several ways in which further progress might 

be made in trying to identify division proteins, of the rind 

described in this study. 

First, further studies on the kinetics of division delay 

using other inhibitors can he dbne to see whether the site at 

which excess delay is' triggered can be further circumscribed. 

This approach would be of some interest ifr defining the 

qualities and timings of events, essential to division, but is 

limited by the reliablity and definition of inhibitors. There 

is the further problem of insensitivity of yeast to drugs. For 

example, I have tried to confirm the cycloheximide results by 

usi.ng  puromycin. Thi.s drug did not have any effect on either 

cell growth or leucine incorporation for at least the first 

hour of treatment, soould' not be used for pulsing experiments. 

A second approach is to try to identify division- essential 

events by mutation, as has been done with success in budding 

yeast.(Hartwell', 1971a,bj. 4 combination of inhibitors and 

conditional mutants may make possible identification of the 

genes whose products are sensitive to cycloheximide, for 

example. Eventual identification of lesions in biochemical 

terms could offer considerable insight into cellular control 

processes. 

Finally, in the long term it is desirable that division 

proteins be characterized at the molecular level. There are 

two obvious lines of attack on this prob:lem. 

One is to assume that division proteins will have certain 

properties, and to look in various cellular protein fractions 
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for the expected behavior. This has been tried in Tetra1-Ly1zena 

by 	 They fractionated cell proteins 

into water and salt soluble groups, and ran each group on an 

ion-exchunge resin. They predicted that division proteins would 

be built up in quantity during the period of increasing delay, 

that the fraction containing division proteins should show 

enhanced amino acid incorporation following heat shock, and 

that the quantity of division protein should be reduced following 

a. heat shock. Based upon these and other criteria, a fraction 

from the water-soluble preparation was identified as division 

protein. Unfortunately, this work has not been repeable in 

other hands. (see Lowe-Jinde & Zimmerman, 1971). However, this 

kind of blind approach, using clues about the behavior of 

divisionproteins from the kinetics of division delay, may 

be successful., especially if it is applied to mutants which 

have execution points at the right time to have lesions in 

division protein of the sort we- are after. 

A third approach seems most likely to provide information 

at this time, and is also technically probably the most reasonable. 

This is to assume the identity of division proteins, and to see 

whether the properties of the assumed protein fit the kinetics 

of division protein accumulation. This approach avoids the 

main snag in the blind approach described above, because 

division protein is identifiecia priori. However, division 

proteins may well not exist is large amounts, and the fact 

that functional progress is lost in response to heat shocks 

may not mean that a protein is degraded. 

The clear choice of proteins to try to follow in eukaryotes 
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is tubulin, the component of microtubules. This is a protein 

which is clearly involved in mitosis, and mitosis is the 

earliest identifiable stage in the cycle which experiences 

division delay. Tubulin is relatively well-characterized, 

and should exist in fairly large amounts, at least at mitosis. 

Two ways of following the synthesis of this protein 

during the cycle are likely to work. One is to identify the 

fraction by pulse-labelling.followed by electrophoresis)for 

various points in the cell cycle. This would give a picture 

of the kinetics of synthesis of this molecule, and one could 

decide whether these fit the division protein model. 

The other way of following the protein during the cycle 

is by using antibodies. to tubulin, and folfing antigenicity 

of cell extracts for samples taken at different times. This 

method is potentially specific and technically easy, and has 

been used to detect nuclear and nucleolar macromolecules, 

during the cell cycle in human lymphocytes. (Tan & Lerner, 1972). 

However, unless tubulins from different cells are immunologically 

similar, one must identify tubulin in yeast and purify sufficient 

to produce antiserum to the protein, and this may not be easy. 
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APPENDIX A 

Estimation 	_9jA b _the diphenylamine method 

Samples of 1-5 x 10 
8

cells were collected by filtration 

on Millipore membrane filters. The pad of cells was washed on 

the filter with 10 ml of 0.1% MaCi, and filters were then 

placed in plastic tubes (LP3,  Luckham), and frozen before 

processing. Samples could be stored frozen for at least a 

week without any effect on estimated values of DNA/cell. 

Processing of the samples included the following operations 

in the order given:' 

Incubation of samples in 1.5 ml of ice-cold 5% perchloric 

acid (PCA),with frequent mixing, for 30 minutes. The  

filter was removed' from each tube at the end of this period. 

Samples were spun for 10 minutes at 2500 RPM, 
40 

 C (MSE 4L 

centrifuge)', and the supernatant was discarded. The pellets 

were washed with another 1.5 ml PCA, samples were respun, the 

supernatant was again discarded. 

The pellet was resuspended in 0.3 ml PCA, tubes were capped 

and incubated.' for 20 minutes at 70°  C, with frequent mixing. 

At the end of this extraction the samples were again centri-

fuged, and 0.25 ml of the supernatant was placed in a clean 

tube. 

To the 0.25 ml fraction was added 0.4 ml of diphenylamine 

reagent, consisting of 0.8 g diphenylamine (Sigma), 20 ml 

glacial acetic acid, and 0.05 ml of 16 mg/mi acetald'ehyde 

in water. 0.25 ml aliquots of deoxyadenosine standards 

(2,4,6,8,10,12 jig/mi in 5% PCA)' were treated the same way. 
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5. Standards and samples were incubated 12-16 hours at 320  C. 

All tubes were then centrifuged before reading optical 

densities at 595 nm and 720 nm in. an Hitachi-Perkin spectro-

photometer. Readings at 720 nm were subtracted from those 

at 59m to give a calibration curve going through the origin 

(Giles & Myers, 1965).  Equivalents of deoxyadenosine/sample 

were estimated from the calibration curve, and were 

converted to values of pg DNA/ ml using the equüalence, 

/ 
-2-4Q-pg cEebxyadenosine/m1. =Zjg DNA/ml. 
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APPENDIX B 

Estimation of_3H-leucine_incor2oration 

Estimates of protein synthesis were macia by measuring 

incorporation of 
3HL-ieucine, either cumulative-or daring 

10 minute. pulses. of Label. L.leucine-4,5-3H, 17 Ci/mmoll 

(Amersham) was used in all cases, and L-leucine carrier (Sigma) 

was added. 

For the cumulative experiments, the Label was added at the 

beginning of the experiment, at ijiCi, 30 jtg leucine/ ml of 

culture. One ml aliquots of culture were removed at intervals 

and were squirted into plastic tubes containing 200 pg L-Leucine 
to stop further incorporation 

in one ml ice-cold io% trichloracetic acid (TCA 	Samples were 

left in an ice bath untillprocessing. 

In the pulse-experiments, one ml of cell, suspension was 

incubated for 10 minutes at-the growth temperature (320  C, except 

for estimates during a heat shock, when 410  C was used)' with 

1:pai, 30 jig leucine in 50 p1 EMM II. The incorporation was 

stopped as in the cumulative procedLire: above, but the cold 

reagent was: added to the tubes. 

All samples were poured onto Whatman GF/A filters, and 

were washed on the filters. Filters had been pre-washed with 

a,-solution of 200 pg/ml laucine in 5016 TCAT (wash solution). 

Sample tubes were rinsed with 10 ml wash solution, and filters 

were washed with an additional 10 ml of the solution. Filters 

rec/Jved a final wash of 10 ml ice-cold distilled water, and 

were allowed to dry. 

Radioactivity was counted in a Packard; liquid scintillation 



counter, using a toluene-0.5% butyl PBD scthtUlant, 

The amount of leucine incorporation during cv' 10 mrLute 

pulse was considered 	measure of the average rate of protein 

synthesis during that 10 minute period. Rates of protein 

synthesis were also estimated in a few cases from the tangent 

ofkcumulativa incorporation curve at a given point in time 
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APPENDIX: a 

Estimation of division delay from cell plate data  

When comparing the mean timeEjof division of a control 

and a pulsed culture, the procedure is fairly straightforward if, 

in each culture, all cells divide within a single cell plate 

peak. In this case, the mean time of mid-cell-plate stage can 

be estimated graphically by finding a weighted mean for each 

culture. When the cell plate distribution is symmetrical, the 

mean is the time of the cell plate peak. The difference between 

the means for the two cultures is found by simple subtraction. 

However, when a culture is split into two or more sub-

populations, it is not sufficient to compare the mean time of 

mid-cell-plate stage for each sub-population with the control 

mean. This is because, due only to the natural spread in the 

time of cell plate formatioz in the population, some cells 

divide early compared with the control mean, while others divide 

late. What one needs is a way of comparing the mean time of 

division for a sub-population with the mean time of division 

for the corresponding fraction of cells in the control. One 

way of accomplishing this is described here. The theoretical 

procedure is described first, followed by comments on its 

application to real cultures, 

1The theory of this method was described to me by Mr. Neil 

Mitchison, over a pint of Guinness in the Meadow Bar, Edinburgh. 

I am grateful to N.M. for both his advice and the Guinness. 
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Refer to A and B in figure JC. We assum/e i) that the 

distribution of a control cell plate peak (I) is normal; 2) 

that the duration of cell plate stage is not, on average, 

affected by pulses; 3) that the division of sub-populations 

I and 12 can be adequately distinguished (this means that the 

dip between the peaks is low compared with both peak maxima, as 

indicated in B). 

Then: I is a transform of part of I, as is I2 

Assume that I is a transform of part of I before K, 

for. some K (K is defined by fl = 

Then I is a transformation by perturbation of 13•  

Similarly, 12 is a transformation of 14. 

Assume, between the "time of selection" (when the 

pulse of inhibitor was applied) and the "time of 

sampling" (when cells were examined for cell plates), 

I suffered a perturbation which lpjt itsmean unaltered. 

Then the cells in I have been delayed on average by 

(mean I - mean 13). The cells in I have similarly 

been delayed on average by (mean 12 - mean 14). The 

delay estimated is to the time half-way through cell 

plate stage. 

In praatice, a delayed (and sp2it) culture looks 

approximately like that in B. The peaks I and 12 are smoothed 

in from the cell plate data. They are then superposed on the 

control (I), which is also smoothed by eye. I and.- T2 
 can 

usually be located when they are mapped into the control curve 

by supposing that the upswing on I and the downswing on 12. 

(indicated by heavy lines) can be superposed on the corresponding 
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K 

A 

TIME 
FigureX- A &C: normal distributions representing theoretical' 

cell plate index curves for a selection-synchronized 

culture. .8: A"split" population, producedby a pulse 

of some agent, showing an "esc.ape"peak, I, and a 

delayed peak, 12• 13  and 14  correspond .with I and 

I2 respectively, cind. represG'nt the fractions of the 

control population, I, which are split apart by a pulse 

to give the escape and delayed peciks in B. The dotted 

lines in I indicatQ how the peaks, 1  and 12 are mapped 

into the control, i t 
 to estimate the mean times of mid-

cell-plate stage for each peak. These means are then 

subtracted from means for 1 and 12 to estimate delay. 
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portions of the control curve. Thus, I and 12  are mapped into 

the control as shown by the dotted lines in A. By this 

procedure an absolute value of the position of "K" cannot be 

estimated, because curves for I and 12  are not precisely 

çifinedat the division between the two, and the sum of 

+ 12 should graphically give the control I. 

The means are estimated graphically by dividing the peaks 

into columns and finding a weighted mean for each peak. 

The correspondence between the theoretical division of 

the population by the pulse (13/14  in C) and I and 12  (in B, 

and mapped into the control in A) is indicated by the arrows. 

Difficulties are encountered when estimates of delay are 

made for cultures pulsed near the cell plate peak in a 

synchronous culture, because cell plate duration is affected-

in a proportion of cells. Estimates can be made by working 

backwards from 12  (the delayed peak), because cells of the 

trailing edge of this peak are the last to form cell plates, 

and the area corresponding to this peak can usually be estimated 

and mapped into the control,cThspite. the fraction of cells with 

extendd cell plates. 

When estimating the position of the transition point for 

increasing delay (pp. 63-64), the time from the pulse to 

the point "K" represents the time from mid-cell--plate stage 

to the transition point, working back from this stage. The 

position of K can only be estimated from the sketches of I 

within about 10 minutes. 




