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ABSTRACT 

These studies were undertalken in an attempt to deteraine 

the nature of the defect in a temperature-sensitive yeast 

cell division cycle (cdc) mutant, cdc7-49 which defines an 

essential step immediately prior to DITA synthesis, The 

in vivo characterisation of this mutant was extended. A 

yeast mating pheromone, ct-factort was purified and used for 

cell -synchronization purposes. Functional CDC 7 gene product 

was found to be necessary for nuclear and 2fmplasmid MA 

replication, but not for mitochondrial DITA replicationg which 

was unaffected by oL-factor. MTAq proteing phospholipid and 

phosphoprotein syntheses were shown to be unaffected by the 

mutation. 

The in vivo characterisation work suggested that the 

cdc7. ,4 mutation was due to a temperature-sensitive protein* 

One- and two-dimensional polyacrylamide gel electrophoresis 

were used to detect mutationally altered proteins. An abnormal 

protein present in the original cdc7.4 strain was shown to be 

unrelated to the lesion in DNA ý! Zrnthesis by a genetic analysis. 

A second temperature-senbitive defect was also discovered in 

this strain. An extensively characterised nuclear fraction 

was analysed on SDS-polyacrylamide gels, and another abnormal 

band pattern was observed. 

Various attempts were made to construct in vitro DITA 

synthesising systems. Controlled lysis of spheroplasts and 

the fusion of protein-filled liposomes with cdc7.4 spheroplasts 

were both nominally successfull but were considered unpractical, 

Reconstitution of a system from purified components was undertaken. 
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A hybrid plasmid (pJDB219) containing yeast 2 rDITA sequences 

was used as the substrate. Several proteins implicated in DITA 

replication in'other systems were partially purified, including 

DNA, polymerases, RNA polymerasesp single-stxmided DITA binding 

protein and DILTA topoisomerase. These proteins, and partially 

fractionated endonuclease activity, were shown not to be 

theTmosensitive. 
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1.1 An Introduction to the Cell Gycle. 

k cell divides by doubling all its structural elements and 

functional capacities. Studies on the "cell cycle" have attempted to 

discover how the many complex synthetic and regulatory events involved 

are integrated into a single pattern. The nucleusp store of the 

hereditary material, is the key to the process of division. Studies 

, using microscopy, and in the 1950'st radioactive thymidine for the 

specific labelling of DNAO were able to identify four successive 

phases of the cycle in gTowing eukaryotio cells; G19 So G2. and M 

(Howard and Pelctl953). Usuallyp DNA replication is restricted to 

S phase; nuclear division takes place in G2. leading to raitosis (M) 

and cytokinesis. G1 is particularly importantt since it contains 

control steps regulating entzy to the cycle. A further stateg GO, 

has been invoked to accommodate quiescent cells. This has become the 

classical model of the cell cycle. Illuminating exceptions have been 

discoveredg and new ideas have arisen, but for most purposes, this 

model is still the most instructive. 

The bacterial cell cycle was originally thought not to contain an 

interval corresponding to G1 in eukaryotes, but Helmstetter and Pierucci 

(1976), showed that slow growing bacteria could display such a phase. 

It may be dogmatic to think of the cell cycle as a single cycle of 

dependent events. Hartwell (1974) has shown that the cell cycle of 

Saccharomyces cerevisiaelis in fact composed of two loosely coupled 

cycles. Recentlyq Cooper (1979) attempted to explain the presence or 

absence of the G1 period, by postulating that the preparations for the 

next S phase are undertaken coincidentally with the start of the current 

S phase,, such that a particular cell will have a discrete "Gl" only 

when the preparations take longer than the collective time for S and G2. 

It is not the only possible unifying explanation. 

At the momentq such models are speculative. This thesis is 
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concerned with the period of preparation for S phase, specifically 

those events immediately preceding DNA replication. It may indeed 

be of service that eukaryotes display an obvious G1 phasep that 

these preparations may be observ-ed unambiguously. - For this reasong 

sections 1*2 and 1*4 are devoted entirely to ei2mryotic cells, 

lo2 The Importance of Gl, 

Attempts to measure the length of the phases of the eukaryotic 

cell cycle produced a mass of datap su=larised by the observation that 

different cell types have completely different cell cycles (Prescottt 

1976). Moreoverv the cell cycle times of simil cells within a 

population are not constant. Total and prolonged synchrony of a 

population of cells is impossible to attain due to these differences. 

1.2,1 The variable length ofalo 

Numerous studies have implicated G1 as the most variable phase of 

the cell cycle. Using time-lapse photograpbyp Petersen et al (1968) 

studied Chinese hamster ovary (CHO) cellst and showed that the cell 

cycle time for individual cells could be anything between 10 to 20 

hours. However. 9 the length of S+G2+M occupied from 9 to 11 hourst 

leaving G1 responsible for a1 to 10 hour variance. G1 variability 

is not heritablev since the average cell cycle time remains the same 

throughout many subcultivations. Thus G19 or some step within itp 

would appear to be the rate determining phase of the cell cycle. 

1,, 2.2 The Control, of Cell Reproduction in G1. 

Cessation of cell reproduction normally results in arrest of the 

ceU in G1. This can be seen in the transition from exponential. 

growth to stationary phasep when the average length of G1 increases 

until cells finally become blocked in G1. VanIt Hof (1970) induced 
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stationary phase in cell populations of pea root tips in culture by 

carbohydrate starvationg and found that the initiation of DNA 

synthesis was increasingly delayed, but once commencedv the transit 

times for S+G2 were not affected. 

Paxdee (1974) showed that in Baby Hamster Kidney (BEK) cellsp 

a diversity of suboptimal nutritional conditions including deprivation 

of isoleucine, glutamineq se3n, 7nt phosphate, elevated cAMP levels as 

well as inhibition by cytochalasin B (affecting cell separation),, 

resulted in the cells axresting at the same point in G1, which was 

termed the R (restriction) point. This was shown by measuring the 

time taken for arrested cells to commence DNA synthesis upon restoration 

of complete mediumv which was found to be constant at 8 hourst 

irrespective of the block or time spent at the block. This was also 

the case for contact-inhibited Nil 8 cells. 

The phenomenon of G1 arrest extends also to differentiated cells. 

Cells that cease to reproducep either reversibly (e. g. lymphocytes) or 

irreversibly (e. g. neurones)p usually contain the G1 amount of DNA. 

r Also, in regenerating tissuesp the rate of rep,? duction is governed by 

the length of time cells spend in G1 (Cameron and Greulich, 1963)- 

In generalv the S9 G2 and M phases may change in duration, particularly 

during the slow down of the rapid cell reproduction in embryogenesis 

(Hoshino et al. 1973). but the greatest variable is the length of 

retention in G1. 

Yeastq a simple eukaryote, shows G1 control most markedly. In the 

budding yeastt Saccharoruces cerevisias, haploid cells are one of two 

mutually exclusive mating types, either aora. Strains ofoc-mating 

type constitutively produce a peptide mating factorr (of. -factor)p which 

arrests a-type cells in G1 (Bucking-Throm et al, 1973). There is 

evidence that a-type cells produce a corresponding factor which arrests 

cc-type cells (Betz et al 1977). This arrest in Gi is a prerequisite 



18 

for cell fusion and zygote foxmation (Hartwell, 1974). Ultrastructural 

studies by Byers and Goetsch (1973) confirm this, by showing that 

mating cells contain a single spindle plaque (1.6)9 indicative of early 

G1 synchronization. 

Hartwell (1967)9 produced a set of 148 temperature sensitive cell 

division cycle (ado) mutants in 32 complementation groups, defining 

genes required for progress through the cell cycle in S. cerevisiaeo 

Three of these mutants, cdc49 cdc7p and cdc28 were defined as being 

blocked in the initiation of DNA. replication (Hartwell, 1973)- 

Hereford and Hartwell (1974) were able to place these genes in a temporal 

sequence for the action of their products relative to the &-factor 

mediated step. They concluded that the sequence was : 

od/MC28 -> CDC4 -> CDC7 ->initiation of DNA synthesis. 

The action ofa-factor and the cdc28 block could not be temporally 

separated. Cells arrested at either block were single# unbudded and 

mononucleate, possessing only one spindle plaque (1.6). The two blocks 

were said to mediate an early event of the cell cycle, called "Start" 

(Hartwell et al. 1974)- Passing this pointq the cell becomes committed 

to division, to the exclusion of other processes such as matingg until 

"Start" is regained at the completion of the cycle (Hartwellp 1978)- 

Nutrient deprivation in yeast, (i. e. carbon, glucose, glycerolq 

acetateg lactatet ammonia, sulphatep phosphatet biotin or potassim) is 

known to result in accumulation of cells in Gl,, Arrested cells were 

shown to accumulate at, or immediately prior to "Start" (Hartwellf 1974)- 

Wolfner. et al, t(1975)9 studied the effect of starvation for arginine, 

histidine, lysine and tryptophan upon their biosynthetic enzymes. 

No=u-d cells derepress these enzymest but Wolfher et al discovered two 

sorts of mutants which had lost this control. One typet aasq is unable 

to derepress, whilst another type, tra, is permanently derepressed for 

these enzymes. The tra mutants were found to be coincidentally 

temperature-sensitive for growth, arresting eaxly in the cell cycle. 
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Moreover, when the tra dependent step was sequenced in relation to 

the p(-factor and cdc4 blocks, by experiments analogous to those of 

Hereford and Hartwell (1974), it was found to be indistinguishable 

from theoC-factor sensitive step, i. e. "Staxt". 

Sulphate deprivation of S. cerevisiae was studied further by Unger 

and Haxtwell (1974). They used three conditions (sulphate starvation 

of a prototroph; methionine starvation of an auxotroph; and shift of 

a methionyl-tRNA synthetase mutant to the restrictive temperature)t 

to define different steps along the pathway for sulphate assimilation. 

They observed that the imposition of any of these three conditions lead 

to G1 arrest. Postulating that an inte=aediate along the pathway was 

acting as a signal to notify the cell of impending starvation, they 

concluded that the signal was generated at or after the methionyl-tRNA 

synthetase step. The signal could be the charged methionyl-tRU, or a 

protein required for completion of "Start". At the moment a mechanism 

cannot be specified, but this work suggests that nutrient "stock-taking" 

controls regulating entzy to the cell cycle may be mediated by a signal 

at the level of protein biosynthesis. 

Taken together,, this work on several different systems suggests a 

ubiquitous control point in G1 which regulates ent: ry into the cell 

division cycle, and that oncethis point has been passed, the cell is 

committed to divide. 

1.2.3 Is GI essential? 

Certain eukaryotes lack a defined G1 period. Amongst these are 

Physaxm, Amoeba proteus, the micronucleus of Tetrahymena, and rapidly 

proliferating cells within multicellular organisms (Prescott$ 1976). 

In the case of Amoeba, cessation of cell reproduction by nutrient 

staxvation leads to arrest in G2. Restoration of nutrient supply leadst 

however, not to mitosis, but to the initiation of a new S phase. This 

is clearly a more complex situation than those described in 1.2.2p but 
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it implies that the events leading up to DNA synthesis can in this 

case be found in G2, Thust G1 is not a universal attribute of cellsq 

but its presence is genetically and developmentally determined. In 

such Gl-less cases, normal G1 functions can be found in another part of 

the cell cycle (Prescottt 1976). These systems support the cell cycle 

model of Cooper (1979). mentioned earlier (1.1). 

1.3 Ideas on the Control of Cell Proliferation. 

1.3.1 The Transition Probability Model 

The variability of cell cycle times described in 1.2.1. particulaxly 

the observed variability of G1 in populations of cells, lead Smith and 

Martin (1973) to propose a modified view of the cell cycle. In this 

model, G1, S9 G2 and M, as definable states, axe dispensed with, and 

replaced by two conditions: an A state (indeteminate), and aB phase 

(dete=-inate). After mitosisp a cell is said to enter A state, in which 

its activity is not directed towards replication. It may remain in A 

state for any length of time ranging from very short periods for rapidly 

proliferating cellso to greater than 70 years for a quiescent cell* 

Whilst in this state, there is a constant probability (the transition 

probabilityg P)t that the cell will enter B phase, whereupon it is 

committed to division. Transition is random, but influenced by cell 

type and environmental factors. The relationship of this model to the 

classical view is shown in Fig. l. 

G1 

B PHASE A STATE B PHASE 
IS IG2 1 M' 

IIIS1 

GýM' 

DETERMINATE INDETEB=ATE DETERUINATE 

Fig. l. Relationship of the Transition Probability model to 
the Classical model of the Cell Cycle. (from Smith and 
Martin, 1973)- 
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Theoretical considerations suggest that the classical model predicts 

a nozmal distribution of intermitotic times, in which the probability of 

division increases with cell age. The Transition Probability model 

predicts strictly exponential kinetics for cell division (Smith and 

Martin, 1973). The authors studied various cell types growing in 

culture by time lapse photograpby, and produced Iloc-curves". relating 

the proportion of cells undivided to time. These curves are 

exponential after an initial curvature. Shields (1978) showed that a 

better analysis came from measuring the differences in intermitotic 

times of sister cells, and plotting these against time (P-curves). 

These curves are completely exponentialv and therefore fit the 

transition probability model. The initial curvature seen onoC--cuxvest 

which is not found on the straight lineA-curves, is therefore 

attributable to differences in the length of the determinate B phase 

in non-sibling cells. 

Work with several systems has produced evidence in favour of this 

model. Brooks (1975) studied serum-stimulated cell division in ser=- 

deprived fibroblasts (1.2.2)t and concluded that the cells entered S 

phase with first order kinetics, the rate constant depending on the 

concentration of serum used. Suboptimal doses of serum did not commit 

a subfraction of cells to enter DNA synthesis, but committed the whole 

population to enter at a slower rate. 

Shilo et al (1976) reported that S. cerevisiae showed first order 

kinetics in cell cycle initiation by using cells released from the 

oý-block and the cdc25 block (a Hartwell mutant, said to arrest at 

"Start"). By measuring the percentage of unbudded cells remaining 

after release, they concluded that traverse of "Start" was probabilistice 

Criticism of this paper ensued (Nurse and Fantes, 1977). with the 

suggestion that the kinetics were an axtefact of recovery from the 

imposed block, and that cdc25 was in fact defective in macromolecular 

synthesiSp such that its arrest at "Start" was a secondary pleiotropic 
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effect (Johnston et al. 1977)- SMilo et alq (1977) countered that 

other genuine "Start" blocks, such as cdc28 and tra3 (Wolfher et alt 

1975). produced the same kinetics. 

Thus it appears that in yeast there is evidence for the transition 

probability model. It is tempting to support the elegant transition 

probability modelp since it is capable of interpreting the behaviour 

of any cell typeg depending on the definition of A-state and B-phase. 

Shields (1976) and Brooks (1976) argue that serum stimulation of 

fibroblasts does not trigger a sequence of events leading to DNA 

synthesist but that it stimulates the formation of a "probability 

generating function (pgf)",, which triggers entry to B-phase. A 

sequence of events is envisaged in the formation of pgf, but this is 

said to be in A-state. Howevert this interpretation needs to be 

questioned following the work of Pledger et a19 (1978). Using density 

inhibited BALB/c-3T3 cells, they were able to detect growth arrest 

points in the plasma dependent traverse of GO/G1, i. e. within A-state 

as defined by Brooks (1976). Earlier experiments, (Pledger et a19 1977) 

had shown that there are two sets of growth factors in serumg both of 

which axe required for serum-stimulated entry into S phase. One set is 

termed platelet derived growth factor (PDGF), present in boiled extracts 

of human plateletsp and the other set is present in platelet poor 

plasma (PPP). Treatment of blocked B&LB/c-3T3 cells with PDGF caused 

them to become "competent". Addition of PPP to competent cells 

allowed them to enter S phase after a lag of 12 hours. Pretreatment 

of blocked cells with PPP could not shorten this lag, suggesting that 

PDGF was necessary for the completion of an initial step. By exposing 

competent cells to PPP for varying lengths of time, and then'removing 

the plasma stimulus, growth arrest points were detected. Exposure 

for 10 hours detected an arrest point (V point) 6 hours before DNA 

synthesis, whilst exposure for 12-15 hours showed an arrest point (W) 

just prior to DNA synthesis. Exit of cells from the W point was shown 
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to be a direct function of PPP concentrationg and to follow first 

order kinetics (c,, f, Brooks, 1976)- Interestingly, commitment to DNA 

synthesis from W was sensitive to cycloheximide but was insensitive 

to bydroxyureat suggesting adequate pools of dNTP's were availablet 

but that there was still a requirement for protein synthesis. The 

results axe summarised in Fig, 2* 

I GO I Gl IsI G2 Im 

Plasma Plasma 
1-DGF Dependent jLidqpendent 

v 

Competence Transition to committed 
state for DNA synthesist 

Fig. 2. Sequential steps before a transition point in BALB/(>-3T3 
cells (from Pledger. 2t 2,1 49 1978). 

These experiments confirm a transition probability step as 

described by Smith and Martin (1973)- However, the transition point 

was shown to be preceded by an orderly sequence of events, that cannot 

be attributed to A-state quiescence. In the light of this workg Brooks 

et al. (1980). have reinterpreted data on the stimulation of quiescent 

cells by growth factors, and have proposed a unifying model invoking 

two random transition events per cycle. An indeterminate statep 

in which serum deprived cells a=estg precedes the familiar 

indeterminate A-state,, the two separated by a lengtby determinate phase 

(L). The novel feature of this model is the alleged entry into Q state 

upon leaving A-state, i. e. upon entering S phase, reminiscent of the 

Cooper (1979) model. The model also explains non-sibling differences 

which distinguish aand A curves., 

1.3.2 The Cell Size Theory. 

The idea that cell growth is in some way co=ected with cell 
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division has been current for the whole of this century. The reason 

Ues in the observation that particular cells possess a characteristic 

sizet which is rapidly regained upon removal of an insult which 

perturbs the system. Growth was defined by Swamn (1957) as - "a not 

too precise shorthand for those processes not connected with divisicn 

which provide the bulk of the new cytoplasm". Mitchison (1971) gave 

structure to these ideas by postulating the cell cycle as two loosely 

coupled cyclesp the "growth cycle". and the "DNA-division (DD) cycle". 

In eukaryotesp the latter would be composed of centriole formationt 

S phase, nuclear divisiont cytokinesis and cell wall separationt and 

the growth cycle is said to be the synthesis of most other macromolecules 

and cell wall structures. Control mechanisms coupling the two cycles 

have been discussed by Jobnston et al,, (1977). with reference to 

S. cerevisiae and the cdc mutants. They argue that the formation of 

small cells could be avoided if the completion of some event in the 

DD cycle was dependent on growth beyond a minimum size. Alternativelyq 

a step in the DD cycle could be required for growth beyond a maximum 

size, thus preventing cells becoming too large. In the first caset 

cell growth would be rate limiting for cell proliferationg and in the 

second caset growth would be limited by progress through the DD cycle. 

Johnston et al, (1977) used the cdo mutants as blocks on the DD cyclet 

and starvation as a block on the growth cycle, and asked whether the 

imposition of a block in one cycle affected progress through the other. 

From measurements of cell weight and volumet extensive growth following 

blockage of the DD cycle was found. Also, cells were able to complete 

DD cycles already-underway when deprived of nutrients, before arresting 

in G1 (1.2.2. ). 33y monitoring bud emergence in starved cultures upon 

nutrient restoration, it was concluded that growth to a minimum size was 

required before a cell entered the DD cycle. Moreoverp in a complex 

experiment using cdc4, cdc7 and cdc28 strains, they were able to test 

for the execution of these steps at various times after releasep 
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simultaneously measuring cell size. They concluded that the attainment 

of a critical size was required before the execution of the cdc steps. 

Corroborative evidence came from the studies of Nurse (1975) on 

the fission yeast Schizosaccharon7ces pombe'. Nitrosoguanidine 

mutagenesis produced a temperature-sensitive mutantp subsequently 

called weel-50 (Nurse and Thuriauxv 1977)t which was found to grow to 

half noxmal size at the restrictive temperature (Nurseg 1975)- This 

reduction was accompanied by a corresponding reduction in cellular 

protein and RNA at the time of division. The cell cycle of this mutant 

appeaxs to be alteredt with DNL replication occuring slightly later 

than in the wild type parent. The defect is due to a single nuclear 

gene* Wild type cells, grown in conditions which produce small cells 

(nitrogen starvation)v initiate DNA. synthesis at cells of similar size 

to the weel-50 mutant (Nurse and Thuriaux, 1977)- Nurse concludes that 

there axe in fact two size controls operative in the cell, one acting 

over DNA replication, and a second over nuclear division. The weel-50 

mutant is said to be defective in this second control, resulting in a 

requirement for growth to a critical size before entering S phase. In 

normal cells, the control -it this point is axgued to be inoperativet 

since they exceed the critical size at division. Mitchison (1977)t 

argues that these results remove the requirement for a "timer" control 

on the cell cycle. 

However, several criticisms can be made of the original work* The 

cell cycle time of the weel-50 mutant is exactly the same as that of 

the wild type parent (Nurseq 1975)- For cells to grow to half normal 

sizeq containing half quantities of MU and protein at the 

restrictive temperature suggests a primary lesion at the level of 

general RNA or protein biosynthesis, with cell cycle transit time in 

the control of a "timer" mechanism. If a cell size control operatest 

assuming there is no reduction in the rates of RNA and protein synthesiog 

in the weel-50 Mutantt the transit time should be reduced. Similarlyp 
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criticism can be made of the work of Johnston et al, (1977) on 

S. cerevisiae. Since the cdc mutants used all display the 

characteristics of first cycle arrest (Hartwell# 1974). and de novo, 

protein synthesis is required for the traverse from "Start" to the 

initiation of DN& synthesis (Hereford and Hartwell, 1973). clearly 

somet or all,, of the proteins required for this transit are not 

present in G1 arrested cells. Thus, any lag phase observed upon exit 

from "Start" could correspond to the synthesis of essential proteinsp 

the correspondence with cell size being fortuitous. 

The most convincing evidence favouring control through cell size 

came from studies on bacteria into the nature of the regulation of 

ML synthesis. Early work by Schaecter et alp (1958). demonstrated 

that average cell mass increases continuously with growth rate in 

Salmonella typhimurium. Rapidly growing bacteria were shown to contain 

multiple replication forks by Yoshikawa et alp (1964)- Maaloe and 

Kjeldgaard (1966) concluded that multiple fork replication occurs when 

the rate of DNA synthesis using a single replication point becomes 

limiting. Cooper and Helmstetter (1968), suggested that these effects 

could be understood by defining two constant time intervals: C, the 

time taken for a replication point to proceed from origin to terminust 

and D. the time between the end of a round of chromosome replication 

and division. To fit observed data, C and D were allotted the values 

40 minutes and 20 minutes respectively. A set of theoretical chromosome 

configurations was generated from these constantst from which could be 

predicted the relative rate of IM synthesis in cells growing at 

different rates. When measured, these fitted the theoretical values 

(Cooper and Helmstetterp 1968). 

Donachie (1968) combined the observations of Schaecter et alp (1958)9 

with the Cooper-Helmstetter modelt to show that the initiation of 

successive rounds of chromosome replication was strikingly correlated 

with the attainment of integral values of cell mass. Jacob et al (1963). 
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had already suggested the "replicon" model for DU synthesis regulation, 

by analogy with transcriptional (repressor/operator) control. They 

postulated that each unit of replicationt or "replicon" carries 

information for an initiator molecule which governs the replication 

of that same replicon. The system envisaged positive control by the 

initiator. Donachie (1968) used this idea to suggest that a cellular 

initiator substance was produced at a rate proportional to overall 

increase in mass. A certain critical level of initiator, corresponding 

to a critical cell sizeq has to be reached before the initiation of 

DNA synthesis can be achieved, whereupon the initiator molecules axe 

consumed. 

A negative model of the initiation of BNA synthesis arose at a 

similar time. Pritchard et al(1969) suggestedp on the same theoretical 

groundsp the existence of a constitutively produced initiator protein 

(I), and an inhibitor (H) protein transribed at the time of replication, 

The two proteins are said to interact, such that growth beyond a 

critical level is required to overcome inhibition, which leads to 

initiation, followed by the further synthesis of inhibitor which blocks 

further initiation, The model neatly explains wby initiation is a 

one-off eventg not repeated until extra growth allows. Again the 

postulate of a critical cell size is a central feature. A further 

sophistication of this model was proposed by Sompceýrrao and Maaloet (1973)- 

Initiator protein (P2) is under the control of an autorepressorg (pj)t 

such that repression varies with growth rate (Fig-3). The model 

postulates that initiation takes place when at each initiation site a 

structure is built containing a fixed number of initiator moleculest 

which are consumed in the act of initiation. 
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Pig-3. The Autorepressor Modej for Control of DNA 
OL, Replication (from Sompeyrae and Haallep 1973)- 

Pritchard (1978) has shown that the Inhibitor dilution model 

can be used to explain the phencmena of stringent and relaxed plasmid 

replication, plasmid copy number control, plasmid incompatobility 

and integrative suppression (1-5-3-1). The ageing replicoh model 

cannot satisfactorily explain these effects. Howevert the molecular 

support for any of these theories is yet to be presented. Perhaps 

the discovery of a 100 nucleotide transcript from colEl (Conrad and 

CamPbellt 1979) which is implicated in the initiation of DNA synthesis 

(1-5-4-3) and is also involved in the control of plasmid copy numberv 

will provide the necessaxy molecular foothold. 

1.3.3 Summary. 

Sections 1.2 and 1-3 have attempted to establish the idea that 

major control points for cell proliferation exist prior to BNA 

synthesis. Cell population kinetics have demonstrated the existence 

of restriction points in the prereplicative phase of the cell cycle* 

Growth and division are intimately linked, but it is not true to say 

that cell size controls cell proliferation. The attairment of a 

particular cell size is due to the sum of the metabolic and biosynthetic 

processes within the cell. In embryonic tissuesp rapid cell division 
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is not accompanied by corresponding increases in overall mass 

(Graham, 1973),, Alfert (1950) showed that the nuclear volume halved 

with each division in eaxly clea3tage embryos. Thus the critical size 

phenomenon is related to the particular stage of differentiation and 

development of a cell. 

These ideas have not yet elucidated the means by which 

proliferation is controlled, but they axe important nevertheless,, 

since they question the blind adoption of any rigid cell cycle modelp 

with its attendant misconceptions, 

1.4. Entry into S phasel, 

1.4.1. NUalear-eytoplasmic interactions in DNA synthesisl. 

Numerous lines of research have indicated that cytoplasmic factors 

are involved in the initiation of S phase. Experiments have involved 

observations on multinucleate cells sharing a common cytoplasm, 

axtificially inducedfusion of cells (heterokaryons), and microdissection 

and transplantation of nuclei. 

The thousands of nuol. ei in the syncytium of Physarum polycephalum, 

initiate DNK synthesis synchronously (Nvgaaxd et al. 1960), indicating 

common control mediated through the cytoplasm. Alsot in organisms 

which are nozmally mononucleatep binucleate cells sometimes ariset or 

can be induced. The cilian protozoan Raplotes can spontaneously 

generate binucleate cellsý in which case both macronuclei enter S phase 

at the same timeq (Kimball & Prescott, 1962). Gonzalez-Fexnandez et al 

(1971) showed that in caffeine-induced miltinucleate anion root cellst 

all nuclei in the same cell commenced DNA synthesis synchronously. 

The heterokaryon studies of Jobnson & Haxris (1969. a, bc) 

produced some important findings, Chick erythrocytes, normally 

arrested permanently in G19 were induced to synthesise DNA when fused 

with HeLa cells (Johason & Harris,, 1969 b). Both nuclei entered S 

-phase synchronouslyg indicating that the factor(s) present in the HeLa 
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cell cytoplasm which cause DNA synthesis initiation were not species 

specific. Simila= studies using HeLa-mouseq and HeLaýhamster 

heterokaryonsq where the mouse and hamster paxents are characterised 

by shorter G1 phases than the HeLa cellst showed that in both casest 

the nuclei in the heterokaxyons synthesised DNA with the shorter G1 

phase (Graves, 1972). However, each nucleus was found to spend its 

chaxacteristic time in S phaset indicating that the programme of DNA 

replication is an intrinsic feature of the nucleus. 

Once S phase has been startedp it appears to be completed, 

irrespective of the cytoplasmic background. Ord (1969t 1973). transplanted 

S phase nuclei of Amoeba proteus into G2 phase cells, or even early S 

nuclei into late S cells, and showed that the donated nucleus always 

completed its own programme. The lack of a defined G1 phase in this 

organism (1,2.3). may account for differing observations made by other 

workers (Prescottt 1976). Certainlyp the results of Ord (1969) appear 

to concur with those of Rao & Johnson (1970) using virus-induced fusion 

of HeLa cells at different times in their cell cycles. They again 

showed that S phase cells completed their DNA synthesis when fused 

with G2 cells, and pointed out that the G2 cells were not induced to 

enter a new S phase. However the G1 phase could be shortened by fusing 

cells in this phase with increasing numbers of S phase cells. 

All of the work described here favou=s the idea of a cytoplasmic 

inducer of DNA synthesis present only during S phasev which acts an the 

nucleus. G2 cells do not respond to this inducer, but likewise do not 

produce a cytoplasmic inhibitort since S phase can be completed in G2 

cytoplasm. 

Of relevance in this field is the work of Jazwinski & Edelman (1976)t 

who showed that extracts prepared from the yeast cell division cycle 

mutants ado 28, cdc 4t cdc7p could stimulate DNA synthesis in isolated 

nuclei of the frog,, Xenopus laevisl, when the yeast cultures had been 

grown at the permissive temperature (23*C), but not if grown at the 
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restrictive temperature (36 0- 38 0 C) for me generation. The wild type 

parent A364A could be grown at either temperature to produce active 

extracts. Whilst not bringing an understanding of the underlying 

moleculax biology any closer, this work shows the remarkable lack of 

species specificity (i, e, the highly conserved nature) of the factor(s) 

bringing about the transit from G1 to S phase. 

1*4*2* A determined sequence ofýevents as a prelude to DNA synthesis. 

Reference has already been made to two systems which provide 

evidence for the existence of a determined sequence of events in the 

prereplicative phase of the cell cycle (1.2 and 1-3). For S. cerevisiaelt 
Hereford & Hartwell (1974) were able to place the ode 28, ode 4 and 

ode 7 genes in a temporal order,, with respect to the action of their 

gene productst using reciprocal shift experiments, (Jarvick & Bolstein, 

1973). The temperature and C4-factor blocks were the alternative 

restrictive conditions. The construction of double mutants enabled 

verification of the dependent sequence as (c4/28-*4*7*initiati on of DNA 

synthesis). In the same experiments, they were able to demonstrate a 

requirement for essential protein synthesis between the ode 4 and ode 7 

stages. When cycloheximide was added to cultures synchronised at the 

ode block, and the culture shifted to the permissive temperaturet a 

burst of DNA synthesis was seen in ode 7 cultures, but not in ode 4 or 

ode 28 cultures. Evidence was presented later (Edwards, et al. 1978)9 

that there may be a further protein synthesis requirement at the start 

of the cell cycle. 

The studies of Pledger et al (1970) described a sequential 

programme in BALB / o-3T3 cells leading from a quiescent state to a 

transition point, W. immediately before DNA synthesis (1-3-1-)- 

Knowledge has been further advanced by the isolation of numerous 

temperature sensitive cell division cycle mutants in mammalian cellst 

(review Simahen, 1978). Mutants blocked in G1 are of particular interest. 
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Amongst these axe tsLF8 (Burstin et al. 1974) tsl3t tsll and tsHJ4 

(Talavera and Basilico, 1977) all in HE cells, and K-12 (Roscoe et al. 

1973) in Chinese hamster cells. Using one of these, AF8. Burstin 

et al, (1974) were able to distinguish cell cycle arrest due to serum 

starvation from arrest due to isoleucine deprivation. In reciprocal 

shift type experimentsp they looked for IMU synthesis at the 

restrictive temperature (30-500)t following readdition of serum or 

isoleucine. Lfter serun replacementt cells remained blocked at 
'0 39.5 C. whereas isoleacine replacement resulted in transit of the cells 

into S phase. This indicated that the AF8 mutation mediated a step 

between the two blocks. Talavera & Basilico (1977) isolated three 

temperature-sensitive mutants, (tsl3t tsll and ts HJ4), all of which 

arrested between the isoleucine deprivation block, and the bydroxyurea 

block i. e. entry into S,, phase, (Slater, (1973): Hartwell, (1976). The 

lesions were tentatively sequenced in this interval, by following the 

timing of entry into S phase of synchronous cultures, and estimating 

the time at which the cultures became unresponsive to a shift to the 

restrictive temperature (the execution point). The tsHJ4 defect was 

thought to be expressed at the time of entry into S phase, m the basis 

of experimen ts on cells synchronised with bydroxyurea at the Gl/S 

boundaryt and then released and shifted simultaneously to 39-5oc- 

Under such conditions,, tsll and tsl3 could complete S phase, but tsIU4 

allowed only partial entry. 

Ashihara. et al,, (1978) used five different growth conditions to 

relate the execution points of the GI mutants AF8 (BEK cells) and K-12 

(Chinese hamster cells), to the entry into S phase. The results 

convincingly show the K-12 and AF8 steps to lie 1.8 hours and 8.6 hours 

prior to S phase, respectively, All four mutations (tsil, tsl3t K-12t 

Pý- 
taUJ4) define different genes (Talavera & Basilico 1977)- 'Thus a 

possible sequence of eventsp defined by these genes and metabolic blocks 

could be proposed (Fig-4)- Jonak and Baserga (1979) using AF8 and tsl3 



33 

cells, found evidence from studies of fusion of cytoplasts with whole 

cells (both GO) that the information for these two temperature 

sensitive functions was already present in the cytoplasm of GO cells 

before serum stimulation committed them to proliferation. This 

suggests that control of this part of the cell cycle may be mediated 

through translation or post-translational modification. Whether this 

picture can be improved by the discovery of more and better mutants 

remains to be seen. At the momentq there is no knowledge of the 

molecular events mediated by these, or any other genes involved in GI 

transit. 

GO s 

8,6 hours 
F 

hours 

AF8 tsl3 tsll K-12 

sexim isoleucine 
deprivation deprivation Hydroxyurea 

tSHJ4 

Fig-4. GI in EM/Chinese Hamster cells 
(from Talavera, and Basilicog 1977 Ashihara 

. 2: al . et al. 1978; Burstin et 19741. 

There appears to be a ubiquitous requirement for protein synthesis 

to complete G1. Experiments involving cycloheximide inhibitiong and 

amino acid deprivation have shown that continuous protein synthesis is 

necessary to allow entry into S phase (Brooks, 197Y). Analysis of the 

components bringing about DNA synthesis has been dependent on the 

development of in vitro DNA synthesising systems. These have yielded 

considerable information in bacterial and viral studies (reviewt 

Wickner, 1978). These will be discussed fully in the next section (1-5). 

It is pertinent to point out that other effectors have been 

implicated in regulating transit through G1, particularly cyclic 

nucleotides (Clarkson & Baserga, 1974). There is much evidence to 
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V, 

suggest a cell cycle dependence of the appeaxance of various cAMP 

dependent protein kinases and cAMP itself. Costa et al (1976) identified 

two cAMP dependent protein kina6e activities in CHO cells, termed 

Type I and Type IL, Total amounts of both enzymes drop in G1, but a 

rapid increase in Type II enzyme was seen at the Gl/S boundary. High 

levels of intracellular cAMP are Imown to be associated with arrest of 

cells in G1 due to serum deprivation (Sheppaxd & Bannai, 1974). There 

is also evidence that a rise and fall of intracellulax cAMP is required 

for the onset of DNA replication in lymphocytes (Wang et al. 1978)- 

Tobey et al (1974) presented evidence for cell cycle variability in the 

synthesis and phosphoxylation of histones in CHO cells. Particularlyp 

they suggest that phosphorylation of H1 (or a subpopulation) takes place 

early in G1. New H1 synthesis occurs immediately prior to DNA synthesis. 

At present it is difficult to decide on the temporal relevance of these 

observ-ationsp since histone synthesis is variably coupled to DNA 

synthesis in different eukaxyotes (GarciaýHerdugo, et al, 1977)- 

Similarly the observations of Gerner and Humphrey (1973) on the synthesis 

of a set of non-histone proteins in CHO cells of molecular weight over 

45,000 late in G1, and Chang et al (1978) regarding the methylation of 

40S ribosomal proteins in HeLa cells in late GI, may be peculiarities 

of a particular system. -unrelated to primary control processes, 

1.5. DNA Synthesis. 

1.5.1. Introduction. 

When Watson and Crick (1953) described the double helical structure 

of DNL, the means of its faithful replication appeared self evident* 

Twenty seven years later, it is clear that this process is not a simple 

enzymatic step. This section deals with current knowledge of DNA 

synthesis in prokaryotic and eukaryotic systems, with an empha sis on 

those components implicated in initiation. 
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DNA polymerases have been isolated from many sources, and studied 

extensively. (Kornberg, 1980; Holmes and Johnston, 1976). A unifying 

feature of all DNA polymerases is their inability to initiate synthesis 

on double stranded or completely single stranded DIIA templates. RNA 

polymerases can initiate synthesis of RNA without a primer, and DNA 

polymerases can use this primer to synthesise DNA chains. Another 

common feature is that all DNA polymerases add nucleotides in the 51->3" 

direction. Replication of the opposing (lagging) strand is achieved by 

multiple initiations, producing Okazaki fragments which are subsequently 

joined (Okazaki, et al 9 1978). Two roles for priming can thus be 

recognised; one at the start of replication of the genomej, and one as 

an initiation mechanism of the small fragments made during elongation 

of theýprogeny strands. 

Much work has been conducted in the last ten years an replication 

of the various bacteriophages and plasmids resident in E. coli, since 

these are simple replicons, and lend themselves to analysis much more 

easily than the complex E. coli, chromosome. Replication proteins have 

been identified in bacteria by the production of temperature sensitive 

(dna) mutants defective in DNA replication, and by the development of 

in vitro DNA synthesising systems (Wickner, 1978)- Several proteins 

purified by the latter method have not yet been allocated genetic loci 

(Wechslert 1978). Understanding of DNL replication in eukaryotes is 

comparatively smallt due to the lack of suitable mutants and in vitro 

systems. 

Further information has been gained by looking for functions which 

might be expected to participate in DNA replication. The struct=e of 

DNA presents topological problems for its replication, since the strands 

must be separated. Champoux (1978) has reviewed the work on proteins 

that affect the confozmation of DNA. Four classes can be defined: a. 

proteins that bind specifically and cooperatively to single stranded 

=9 helix-destabilising proteins (Alberts and Sternglanzq 1977)v which 
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are required in all reconstituted systems using single stranded DNA 

templates. Other proteins in this category include those which melt 

duplex DNA, e. g. RNA polymerase (Wang et alv 1977). b. enzymes coupling 

ATP hydrolysis to the unwinding of the two strands, termed unwinding 

enzymes, or helicases (Kuhn et al, 1979). The E. coli rep protein is 

an example, which is essential for OX174RP replication (Scott et al, 

1977)- c. enzymes which introduce transient nicks into duplex UlAt 

termed DNA swivelases or nicking-closing enzymes. Thew-protein of 

E. coli is an example (Wangt 1971)9 but this does not appear to be 

involved in replication. d. enzymes which introduce negatively 

superhelical turns into topologically closed DNA9 i. e. DNA gyrase 
(Gellert et a, 19 1976a). DNA gyrase is involved in DNA replication 

(Gellert et al. 1976b); there is also evidence that it is required for 

specific transcriptional events (Smith et al 1978). 

1.5.2. Functions involved in prok M otio DNA replication. 

Wechsler (1978) has reviewed the genetics of Ee coli replication., 

The=osensitive or cryosensitive mutants fall into two phenotypic 

categories, either initiation or elongation defective. Elongation 

mutants cease DNA replication immediately upon shift to their 

restrictive temperaturet whereas initiation mutants allow completion 

of those rounds in progress, The antibiotics chloramphenicol and 

rifampicin have been used to probe the requirements for protein and 

RNA synthesis respectively. Both affect initiation of new roundsp but 

rifampicin affects a step after the requirement for protein synthesis 

is completed (Zyskind et al. 1977)- Two more antibiotics, novobiocin 

and naltdixic acidv cause immediate inhibition of DNA synthesis, and 

thýbir targets have been identified as the two subunits of DNA gyrase 

(Gallert et al. 1976b; Sugino et alv 1977)- Current knowledge of 

proteins tnvolved in the initiation and elongation of E, coli MM 

replication is mimmari sed in Table I. 
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TABLE I: E. coli functions required for DNA replication. 

LOCUS CHARACTERISANION 

Required for initiation of chromosomal replication 

dnaA, Positively-actir regulatory protein (transcription r 
antiterminator ? 

J. 

dnaB252 250, OOCMW active protein, 48, OOCMW subunit. 10 molecules/ 
cell; ss DNA dependent rNTPase activity. Possible role of 
mobile promoter used by dnaG in elongation. 

dnaC(D) 25, OOCKW active protein. Interacts physically with dna-B 
gene product. 

dnal ? 

dnaP ? 

rpoB RNA polymeraseA subunit. Mutants can suppress dnaA. mutation. 
Required for elongation of chromosomal replication 

dnaB see above 
dnaC(D) see above 
dnaG 65, OOOMW active protein. Priming protein which 

synthesises mixed ribo- and deoxyribo- oligonucleotideso 
10 molecules/cell 

dnaE oesubunit of 1HA polymerase core enzyme; 10 molecules/ 
cell 

dnaZ --DNA EF II =), subunit of INA polymerase holoenzyme. 125POOCMW 
active protein (Wicknerp 1976)9 52, OOCMW active protein 
(Hubscher and Kornbergq 1979) Interacts with DNA EF III 

dnaX DNA EF III =Jsubunit of DNA polymerase III holoenzyme. 
32, OOOXW active proteing forms complex with dnaZ. 

lig DNA ligase 

polAex 5'-s3t exonuclease of DNA polymerase I 

cou component of DNA, gyrase sensitive to novobiocin and 
coumermycin 

nal component of DNA gyrase sensitive to oxolinic acid and 
nalidixic acid DNA gyrase may be required for initiation 
to produce correct superhelicity 

rep 67pOOCMW active protein; ss. DNA dependent ATPase. Required 
for OX174 RF replication, not essential for E. coli growth. 

. Directional specificity 3'45' (Yarranton and Gefter. 1979)- 
Helicase III is an enzyme functionally similar to repp but 
works in 5'431 direction (Yaxrant e al. Other 

ýnt 
1979)- 

helicases may also be involved - la helicase I and II 
(Kuhn et al, 1979). explaining lack of dependence on a 
single enzyme. 

continued on next pagepe.,.,, 
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continued from previous page 

TA13LE I: E. coli functions required for DNA replication 

LOCUS CHARACTERISATICH 

Required for in vitro DNA replication 
? DNA binding protein (Helix destabliser) 8OtOOCKW active 

proteing 18950aw subunit; binds to single stranded DNA. 

? copol III*--DNA EF I =, Ssubunit of DNA polymerase holoenzyme; 
40, OOaW active protein; involved in elongation of primed 
single-stranded DNA. 

? Replication factors X, YZ = factors inl, n; reqaired for 
transfer of dnaB to OX174 DNA covered with DEP, in 
conjunction with dnaC. Factors Y and Z bind to single 
stranded DNA: Y has ss. DNA dependent ATPase activity. 

? protein u. Involved in OX174 8 strand synthesis. 

Rtq3gred for termination? 

dnaT Affects stability and/or termination of replication (Lark 

and Lark, 1978). Interacts with dnaC gene product. 

Notes: dnaJ. dnaK. dnaLp dnaM also define loci involved in replication, 
but are currently inadequately charaoterised. 
dnaS = dut = sof, dUTPase activity. dnaP is ribonucleotide 
reductase. 

From: Wickner (1978). with additional info=atim. 
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A number of single stxwded bacteriophages have been used as 

model systems. ' These include filamentous Iphages M13t fdo fl and 

isometric 'phages G39 OX174Y St-1, Their special mode of replicationt 

involving 3 steps (viral SS-4RP: parental ItF->progerq R?: RF-*viral 

SS; ) defines specific problems in priming and elongation* The priming 

requirements vary between lphagesp from the minimal needs of G4 for 

host dnaG gene product and helix destablising protein., to the much more 

complex system of A174 which requires many of the products of known 

genetic locip and has also defined other factors (Wickner and Hurwitzi 

19749 1&5*4-'1)* 

Other bacteriophagesp e. g. T4v T79 depend to varying extents 

on their own tphage encoded proteinse T4 does not require any host 

functiont' but ten tphage proteins involved have been isolatedv (Liu et alp 

19781 Liu et alp 1 1979). 

ColEl is a colicinogenic plasmid present in E. coli at about 30 

copies/cellt' and like E. coli chromosomet it is a supercoiled closed 

circular duplex DNA. In vivo studies have shown a dependence for 

replication on all the dna. gene products with the exception of dnaA 

(Collins et all' 1975)e 

These various systems have been extremely useful in studying the 

problem of DNA replication. *A brief summary of the functions involved 

is presented in Table II (from Wicknert 1978), ' The following three 

sections detail the info=ation that they have provided for understanding 

the initiation of DUA replication. 

1*5.3. Initiation of E. coli chromosomes replication. 

1.5-3-1. The dnaA mutation. 

The initiation of a new round of replication in E* coli is known 

to require protein synthesis (Lark et al 1963) and RNA synthesis 

(Iarkt 1972). An initiation mutant of B, subtilis was shown to be 

blocked at the restrictive temperature after the requirement for protein 
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TAME II: Protein requirements of some procaxyotic DNA replicating sYstemso 

X174 X174 COM X T7 T4 
E. coli fd DNA G4DNA DNA RP 1 DN& phage phage phage 
in in in in MNA in in in in in 
vivo vitro vitro vitro vitro vitro vitro vitro vitro 

E. coli functions 
A d a b c na + nt 

dnal, dnaP + nt nt 
dna + + + + + 
dnaC(D) + + + + 
dnaG + + + + nt + 
dnaZ + + + + + + + 

polC(DNA 
pol III) + + + + + + + 

rpoB(RNA 
pol .) + + + 

nalA(DNA 
gyrase) + + + nt nt 

cou, (DNA 

gyrase) + + + nt + 
i g(DNA 
ligase) + nt + + 

polA(DNA 
pol I) 

rep + nt 
tsnB tsnC 

r Cýdna T 
nt nt + 

g p . , dnaK) + nt nt + 
g: rpD. grpE nt nt + 
DNA binding 

protein nt + + + nt, nt nt nt nt 
DNA EF Iv 

protein 
copol III nt + + + nt nt nt nt nt 

DNA EF III nt + + + nt nt nt nt nt 
Replication 

factors X9 
Yt Z; ij n nt + nt nt nt nt nt 

Phage func- 
tions + - + + + 

aNeeded for replication. Not 
needed for replication, CNot tested. 
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synthesis, but before a transcriptional stepq as shown by its 

sensitivity to rifampicin and streptolydigin (Laurentv 1973). The 

sequence of events in E. coli was analysed most thoroughly by Zyskind 

et al (1977). who looked at the reinitiation of DNA synthesis in 

blocked cultures of dnaA and dnaC mutants, when returned to the 

permissive temperature in the presence of rifampicinp streptolydiging 

chloramphenicol,, or nalidixic acid. They were able to demonstrate that 

dnaA acts before or during the synthesis of an origin-RNA; that RNA 

polymerase synthesised this RNA,, and that dnaC gene produci was involved 

in a step after this, immediately before the start of deoxyribonucleotide 

polymerisation. Zyskind and Smith (1977) studied an unusual dnaB 

mutation (dnaB252) and were able,, by the same crteria, to show that this 

defect was also expressed before or during the synthesis of an origin-RNA* 

By the sensitivity of this step to streptolydigin, it was identified as 

an earlier step than that involving the dnaA gene product. The results 

of their observations are shown in Fig. 5. Kung and Glaser,, (1978) used 

a double mutant, dnalk (the=osensitive) dnaC (cryosensitive) to confirm 

that the dnaA, gene product acted before that of the dnaC gene, 

-..... RNA polymerase 
dna C 

gene product 

dna B252 dna A5 
gene product gene productl 

+ 
Step W Step X Step YS ep Z 

Synthesis of Synthesis of Processing of First aeoxyribo- 
Origin RNA-I Origin completed nucleotide 

RNA-II chromosomes polymerisation, 
event 

Rif-sensitive Rif-sensitive Rif-resistant Rif-resistant 
Stl-sensitive Stl-resistant Nal-resistant Nal-sensitive 

Nal-resistant 

Fig. 5. Order of events during E. coli chromosome initiation* 
(from Zyskind et al. 1977)- 

From analysis of the transient stimulation of replication by 

chlormphenicol in dnaIL strainst a negative control of initiation was 
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proposed in which the dna& gene product was either the repressor of 

o-RNA transcriptionp or was responsible for the removal of the repressor 

(Messer et al. 1975). Further work gave support for the existo*ýnce of 

a rapidly turning-over negatively acting control protein,, which was not 

the dna& gene product (Tippe-Schindler et al, 1979)- By studying the 

effects of gene dosage of the dna& gene in various constructed 

merogenotes, Zahn and Messer (1979) suggested a positive role for the 

dnaA gene product. 

In molecular termsp little is known of the dnaA, gene product. 

Bagdasarian et al (1977) showed that the dnaA phenotype could be 

suppressed by mutations in the rpoB cistrant coding for /3 subunit of 

BNA polymerase in E. coli and S. typhimurium. This is possibly 

evidence of an interaction between the dnak gene product and RNA. 

polymerase. Eaton et alp (1979) produced further evidence by showing 

a temperature dependent release of ý)? "subunits 
of RNA polymerase 

from folded nucleoids specifically in strains caxxying the dnaA, mutation* 

Bagdasarian et al (1978) showed that certain rpoB mutations caused a 

reduction in thepolarity of hisC amber mutations in the his operon of 

S, typhimurium, This is circumstantial evidence to support the hypothesis 

that the rpoB mutations may affect recognition by a transcription 

antiterminator, and thereby that this may be the role of the dnaA gene 

product. 

The dnaA. gene product has never been isolated. None of the studied 

in vitro systems require a functioning dnaA gene product, nor do 

bacteriophages or plasmids in vivo (Tomizawa and Seltzer, 1979). The 

only exception is RF replication of M13 (Mitra and Stallions, 1976) but4 

here again dnaA, is not required in vitro. The apparent specific 

involvement of dnaA at the chromosomal origin is illustrated by the 

phenomenon of integrative suppression. The integrated R factor R100.1 

is typical of many R and P factors in being able to suppress the 

thermosensitivity of the dnaA, lesion (Chandler et al. 1977)- Such 
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suppression is achieved by initiation from the origin of the 

integrated plasmid at restrictive temperatures. 

1.5.3.2. The dnaB mutation. 

The dnaB gene product has been purified using a OX174 in vitro 

system, and shown to be a single stranded DNA dependent IITPaset of 

native molecular weight 290vOOOO composed of 6 subunits of 48POOO 

each (Reha-Krantz and Hurwitzt 1978 a9b). The dnaB252 is an 

initiation mutant (Zyskind and Smith, 1977) which can be distinguished 

from other dnaB elongation mutations (dnaBts) by other criteriat i. e. 

dnaB252 will support X DNA replication and phage production at the 

restrictive temperature whereas dnaBts will not (Zyskind and Smitht 

1977). Lanka et al (1978) have purified dnaB252 gene product and 

show that this retains ATPase activity. The ATPase activity of the 

two sorts of dnaJ3 gene product have yet to be directly compared for 

their temperature sensitivityt but it is suggested that this will be 

defective in elongation mutants and normal in dna: B252 (Tomizawa and 

Selzer, 1979)- 

1.5-3.3. Other genes involved in initiation, 

The generality of this title reflects the lack of information on 

the remaining genes involved in initiation, The role of dnaC has been 

discussed in 1.5.2.1. The dnaC and dnaB gene products interact 

pbysically (Wickner aný Hurwitzf 1975). dnaP was isolated on the basis 

of its resistance to phenetbyl alceholp by Wada and Yura (1974). and may 

specify a membranwe function. dna. T and dnaK were originally isolated 

as grpCD mutants unable to support phage X replication (Saito and 

Uchida, 1978; Yochem et al, 1978. ) Little is known of these mutations. 

dnaG is no=ally classified as an elongation mutationt but comparative 

studies of various origin sequences have indicated that dnaG gene product 

(primase) may be used for priming of E. coli chromosomal origint as 

will be discussed-later (1-5-5). 
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1*5o4o The initiation of replication in bacteriophage systemse 

1.5-4-1. Priming on single stranded circular DNA. 

Three priming mechanisms are used by a range of single stranded 

Ophages, These include priming by RNA polymerase(fd)g priming by dnaG 

gene product (G4P St-1) and priming by dnaG gene product together with 

other proteins W174). 

DNA synthesis on the(D strand of the fd requires IMA polymerasep 

as shown by its sensitivity to rifampicin (WicImer et alp 1972), 

Synthesis can be achieved using only RNA polymerasev DNA binding protein 

(DBP) and DNA elongation components. (Geider and Kornbergp 1974). 

Exhaustive DXAse digestion of fd DNA complexed with ENA polymerase and 

DBP yields a protected stretch of 120 nucleotides (Schaller et alp 1976)p 

which contains the(D strand origin (Gray et all 1978). The sequence can 

fold into two hairpin loopsp but only one of these is essential for 

DNA replication (Schaller, 1978). Incubation of fd DNA with RNA polymerasep 

DBP and r11TPS results in the foxmation of a 30 base tran cript (ori-RNA) 

which was shown. to commence at the base of the essential hairpin and 

continue to the top of the loop (Schallerp 1978). 

One step up in complexity is the G4 system in whichE)strands can 

be synthesised by dnaG proteing DBP and elongation components (Rowen 

and Kombergq 1978) Primer formation can be shown to be a three step 

process (Wicknert 1978b), Pirstly G4 You t be covered by DBP, then dnaG 

protein binds (1 molecule/G4 circle). The third stage is primer 

synthesis by dnaG proteing using either dGTP and dTTP or GTP and UTP9 

which can be stimulated by ADP, Rowen and Kornberg (1978) also showed 

that the dnaG, protein (Primase) can utilise either ribo- or deovribOnu- 

cleoside triphosphatese A unique oligonucleotide of 25-28 residues 

(Bouch6 et alt 1978) is synthesisedt which extends from the base of a 

hairpin structure (Godson 1978)*' The significance of these origin 

sequences will be discussed later (1-5.6). 
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The third priming system, and the most complex, is that used in 

AX1748strand synthesis, requiring at least eleven proteins, The 

additional factors are the dnaB and dnaC proteins, and factors X, Y and Z 

(itn9n)g (Wickner and Hurwitz, 1974; Meyer et al. 1978). All of these 

proteins are required before dnaG synthesises a primer. Firstlyp DBP 

covers the DNA and one or several mblecules of Y and Z bind also. Then 

dnaJ3 protein is transferred to the protein covered DNA in a reaction 

requiring dnaC, factor X. and ATP, to give a complex containing 

9174DNAG6 DBP, dnaB, and factors Y and Z (Weiner et al,, 1976). Then 

Primase can bind and synthesise a primer. The reaction order was probed 

using antibodies raised to purified dna3p factor Y and Z proteins 

(McMacken et al 1977; Ueda et alt 1978). 

Unlike G4 and fd, no unique primer is synthesised on OX174. A 

yield of 6-8 oligonucleotides per template can be obtained, varying in 

length from 16-50 residuesp and of heterogeneous sequence (Mcmacken and 

Kornberg 1978)- From the amo=t of single stranded DNA dependent ATPase 

activity associated with the intermediatet it was concluded that a 

single dnaB molecule was present Per OX174 circle. It was suggested 

that the single dnaB molecule was responsible for all the primers 

produced on one template, and that its action was that of a mobile 

promoter for the primase (Komberg, 1978). In fact, Kornberg (1978) 

says that the dnaJ3 protein, by moving processively in the 5'-->3' 

direction on the template strand using its single stranded INA dependent 

rNTPase activity, acts as the promoter to initiate primer synthesis 

for Okazaki fragments. As it stands, this system is specific for OX174(D 

strand DNA. For extrapolation to the E. coli chromosome other proteins 

must be involved. 

Clearly these three single stranded bacteriophages have solved the 

problem of BNA chain initiation in different wayst as s-ummarised in 

Table III. The reason for this is probably topologicalg and involves 

nucleotide sequences at the origin of replication (1-5-5)- 
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Stage M13 G4 A- 

Prepriming binding protein 

Priming RNA polymerase, 
discriminating 
factors 

Elongation DNk polymerase III 
holoenzyme 

binding protein 

primase 

DNA polymeraseIII 
holoeazyme 

binding protein 
protein i,, 
protein n. 
protein n 
dnaB protein, 
dnaC protein 

primase, dnaB 
protein 

DNA polymeraseIII 
holoenzymeg 
protein 

Table IIIo Protein Requirements for the In Vitro Conversion of Phage 
Single-Stranded DNA to Duplex MI& 

1.5.4.2. Priming on double stranded OM74RFDMI* 

For duplex DNA, the production of a 31 bydroxyl end to prime DNA 

synthesis can be most easily achieved by introducing a nick. OX174RF 

replication is the best studied example of this kind of initiation. 

The Ophage-encoded gene A product is an endonuclease which nicks the(E) 

strand of an M molecule (Henry Knippers, 1974). The protein is site- 

specificp actually nicking within its coding sequence (Ikeda et al. 1976). 

Gene A protein is found covalently attached to the 51 end of the 

resulting RFII molecule, and it moves with the replication fork around 

the circle, cutting the product and sealing it into a ciravile when a 

unit length has been made (Eisenberg and Kornberg, 1979). These authors 

report 1: 1 stoichiometzy for the geaeA,: RPII complexp but Ikeda. et al 

(1979) saw multimers of geneA of up to 10 molecules/RFII. The action 

of gene A is thus more than that of a simple endonucleasev and remains 

to be solved in detail. 

Langeveld et al (1978)9 showed that gene A protein nicked both 

OX174 and G4 RFI DNA. in an A: T rich region of 30 nucleotidesp which was 

identical in both. Gene A protein will-only nick supercoiled M and not 

relaxed closed circular duplex DNA (RPIV), (Marians et alt, 1977)9 which 
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suggests that the enzyme may require partially destabilised (i. e. 

single stranded) regions for endonucleolytic activity. DNA gyrase 

is necessaxy to convert RFIV DNA to RFI to act as template for both PIP 

replication and viral strand replication (Mariana et all 1977). 

Filutowicz (1980) observed the same requirement for in vivo E. coli 

chromosome replication, indicating that correct superhelicity is 

probably a general condition for initiation of DNA synthesis. 

E? replication of the filamentous 'phages (M13POpfl) also 

depends on a 'phage specified endonucleasep the gene II proteint 

which nicks only RFI DITA from these tphages and at a specific site 

(Meyer and Geidert 1979). 

1.5.4. ý. Priming on plasmid ColEj DNA. 

ColEl requires no plasmid coded proteins for its replication 

(Kahn and Helinskip 1978), Analysis of the products of in vitro 

replication using E. coli extracts showed completely replicated 

moleculesp and others carrying a small loop in a specific region 

(Sakakibara and Tomizawap 1974), The first product of synthesis is 

a specific piece of one strand the 6S L fragment (Tomizawap 1975). 

The 6S L strand is initiated at a fixed point, from one of three 

residues, dApdA or dC in a xvgion of 5dA residues bounded by G--C rich 

regions (Tomizawa et all 1977). Approaches have been made to discover 

the minimun sequencesp i. e, origin regionsp capable of allowing survival 

of hybrid plasmids (Baakman et al 1978; Kahn et alp 1978). 

The origin region isolated by Backman et al (1978) was a 580 

base pair fragment with only 13 base pairs downstream from the origin 

site. Conrad and Campbell (1979)., showed that an RNA transcript of 

about 100 nucleotides was transcribed in vitro from this region$' 

starting about 450 base pairs away from the origin. This RNA transcript was 

incorporated into a model of initiation at the ColEl origing "the nomadic 
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primer model" by Backman et al (1978)- It was proposed that the RNA 

transcript was processed, and then bybridised to the origin region 

priming DNA synthesis. Conrad and Campbell (1979). strengthened this 

idea by showing that there was some bybridization of this transcript# 

and a similar one from the plasmid RSF1030 which bears no extensive 

sequence homology, to a restriction fragment carrying the origin site. 

They also showed that extracts prepaxed from E. coli mutants defective 

in ribonuclease III did not support ColEl replication in vitro, but 

could be complemented by purified proteing suggesting that this enzyme 

may be responsible for transcript processing. Significantlyt mutants 

with altered copy number control were found to have alterations in this 

region. Using the sequence data of Bolivar et al (1977) for PBR345# 

a ColEl-like origin cari7ing bybrid plasmidv 10 out of 12 bases in a 

part of the 100 base pair transcript match with a sequence at the 

origin. Itch and Tomizawa (1978) showed that in vitro ColEl replication 

could be perfo=ed using RNA polymerase and ribonuclease H9 further 

evidence for processing of some kind* 

This intriguing model for BNA priming remains unproved, Certain 

features are in its favour, since it attributes a specific role to the 

transcript, and also explains the "one-off" requirement for RNA polymerase 

in initiating the 6S L strand (Tomizawav 1975). 

1.5.4.4. Priming in the bacterio-phage TA system. 

Bacteriophage T4 replicates using exclusively Iphage encoded 

proteins. These proteins have been extensively purified, and used to 

construct an in vitro, system capable of replicating double stranded DNA 

using pre-existing nicks (Liu et al 1978)- Seven proteins were 

identified in this system, two of which, gene 41 protein and protein X1, 

combine to give an RNA polymerase activity involved in priming 

replication on both single stranded and double stranded DNA templatese 

Purther work has shown that the products of three genes 39,52 and 60 
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interact to form a complex which has ATP-dependent DNA topoisomerase 

activity, (Liu et al, 1979)- Mutants in these three genes, detected 

as III)NA-delay mutants". were shown to be defective in the initiation 

of DNA synthesis (McCarthy et al. 1976). This enzyme cannot introduce 

supercoils into the DNA molecules tested as substrates, unlike E. coli 

DNA gy-raset but is effective at removing them. In a later paper, Liu 

et al (1980) report that the enzyme can perform a variety of 

topological functions, including relaxation of supercoils, unknotting 

of DNA and decatenation. In doing so, it always reduces the linking 

number of the DNA (Crickt 1976) by integrals of two, possibly by 

breaking one double helical strand, and passing another through the gap 

before resealing, Liu et al, (1979) speculated on a model for the 

involvement of T4 DNA topoisomerase in DNA initiation by its action 

as a site specific DNA gyraset introducing negative supertwists at 

the origint and allowing it to be primed, 

1.5-5. Origin sequences. 

Numerous replication origins have now been sequenced, including 

the origin of complementary strand synthesis of fd (Gray et alt 1976). 

and G4 (Sims and Dressler, 1978) the E. coli origin (Mdjertt al, 1979). 

A174 and G4 RF form origins (Langeveld et al, 1978) as well as the 

eukaxyotic origins of polyoma and SV40 (Soeda. et al, 1978). It is now 

possible to compare structural features in these origins, and predict 

their functional significance. 

Sims et al (1979). sequenced the negative-strand origin regions 

of 'phages G4. St-1t A and a-3 to look for structural similaritiest 

since these 'phages all require dnaG primase for their replication. 

In all four, the negative strand initiation site lies in an intercistronic 

region of about 135 bases. Two banks of conserved sequences of 45 bases 

and 42 baseaq separated by a 13 base divergent sequence, were found. 

The two conserved stretches can be folded into hairpins of similax size, 
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and the origin lies just prior to one of these hairpins. They posed 

the question of whether other origin regions, e. g. /\ (Hobom, et alp 1978)p 

E. coli (Meij'er et alp 1979) bore the same structural features, 

Hybridization showed that there is no sequence homology between the 

single stranded phages and the E. coli chromosome. Howevery there is 

gross secondary structure simi2arity between all of the sequenced 

origins* 

The significance of this work is that it may explain the roles of 

other proteins involved in initiation, The isometric phages studied 

use only prim se whereas OX174 negative strand synthesis requires the 

much more complex system described earlier (1*5.4.1. ). In turns 

synthesis of negative strands ofJdXl74 does not commence from a specific 

origin (Mdlacken and Kornbergp 1978). Clearly the extra proteins 

remove the necessity to recognise a specific -sequence. Sims et al 

(1979) suggest that this is because the nucleoprotein complexes formed 

by these additional proteins, and DNA Taimic the secondary structure 

recognised by primase. ? or initiation of Okazaki fragments this is 

obviously importantp since it would be an intolerable straln on an 

organism to possess real origin sequences at such frequent intervals. 

It has also been argued that the structural similarities seen 

between the primase specific origins and Xand E. coli originsp (Messer 

et alp 1978) reflect the requirement of primase for synthesis of 

ori-MIA in all of these systems. MIA polymerase is said to "transcription- 

ally activate" the *X. origin region., rendering it accessible to 

replication proteins (Hobom et alp 1978). The E. coli, origin remains 

obscurep particularly due to the inability to isolate putative ori-BXA 

Fujimara. et all 1978). It may prove to be the case that PUA polymerase 

is not used to synthesis primer MIA for use by the elongation machineryp 

in which case its role remains to be clarified. 
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1.5.6. Bukaryotic DNK Replication. 

To solve the problem of replicating their vast amount of DNA9 

eukaryotes initiate synthesis at multiple sites on their chromosomesp 

from which replication proceeds bidirectionallyt (Hubeman and Riggs, 

1968). The genetic and enzymological details of eukaxyotic DNA 

replication are sparse compaxed to those of prokaryotes, and 

consequently reviews have been comprehensive (Edenberg and Hubermang 

1975; Sheinin et al. 1979). Comment here will be restricted to a 

brief discussion of replication proteinst the nature and frequency of 

replicons, the evidence for RNA priming and the studies on a single 

replicon (SV40) which may aid understanding of the initiation of 

DNA synthesis. 

1.5.6.1. Eukaryotic re]2licons. 

The size of eukaryotic replicons varies from about 4tLm (1-3xlO4 bp) 

to 280 p (90x, 04 bp) (Sheinin et al. 1979)- Callan (1974) showed 

that there were large variations in interorigin distance in DNA from 

amphibian cells at different stages of development. A large number of 

appaxently synchronous closely spaced initiations can be seen in 

embryonic S phase cells, whereas those in somatic cells are few and far 

apart, The autoradiographic work of Blumenthal et al. (1974) on origin 

frequency in Drosophila melanogaster is of central relevance. They 

compared rapidly growing embryonic cells with somatic cells from a 

later developmental stage. In rapidly dividing cells they observed 

frequent initiations spaced at 3-5 m intervals, which were not present 

in slowly dividing cells. Such cells had much greater interorigin 

distances characteristic of the heteroebromatisation of their DNA. 

They suggest that the longer S phase of slow growing cells is due to 

heterochromatisation of regions of the chromosome, particularly 

centromeric satellite DNA9 which prevents origin regions from being 

opened, coupled with the-uniform rate of fork progression. Eukaryotic 
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DNA is rich in inverted repeat sequences; they comprise nearly 61/6 

of the human genome (Dott, 1976). At the moment it is mere 

speculation that these sequences axe involved with replicon originst 

but such an idea is substantiated by the fact that palindromes axe 

found at the origins of replication of the eukaryotic viruses, SV40 

(Subramanian et al. 1977). parvoviruses (small single strand DNA 

viruses with terminal palindromes which fold back to form hairpins 

which prime replication, Tattersall and Ward, (1976)), and adenovirus 

(Ko=nberg, 1980). The SV40 origin region contains a 27 base pair G/C 

rich palindrome flanked by A/T rich regions (Subramaniantt al, 1977)- 

Shortle and Nathans (1979)t using a local mutagenesis techniquet have 

been able to observe profound effects of single base mutations in this 

region on plaque forming ability and DNA replication. The isolation 

by Stinchoombe 2eýt al, (1979) of an 850 base pair yeast DNA sequence 

(ars 1) in a 1.4 kb fragment carrying the trip genet which allows 

replication of all colinear DNA is further support for the existence 

of specific origins in eukaxyotes. 

1.5.6.2. Eukaryotic DNA Replication Proteins. 

The list of eularyotic proteins implicated in DNA replication is 

much less complete than its bacterial counterpart, Three types of DNA 

polymerase have been discovered in most organisms, called N. P. and 

8 (Kornberg, 1980). INA polymerase a and A are nuclear enzymesv and 

polymerase ý is present in nuclei and mitochondria. Polymeraseot 

appears to be responsible for chromosome replication due to its 

association with cell proliferation. The levels of polymerase A axe 

enhanced 7-10 fold in neuronal rat nuclei exposed to UV lightp 

suggesting a role in repair (Hubscher et al 1978). Polymerase 6 is 

responsible for mitochondrial DNA replication, and also adenovirus 

replication in the nucleus (Arens et al. 1977)- Yamaguchi et al, 

(1980)9 showed that chick embryo DNA polymerase ý is capable of 
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synthesising long continuous DNA strandsp whereas polymerase oCfrom. 

human KB cells makes short pieces of 3.1 nucleotides per binding event 

(Korn et alp 1 1978). Yeastt typical of other unicellular eukaryotesp 

possesses only two DNA polymerasesp I and IIp which most closely 

correspond to DNA polymerase o(of eukaryotest and DITA polymerase I 

of bacteriap respectively (Chang, 1977). 

Enzymes such as DITA ligasep single strand DNA binding protein, ' 

DNA-dependent ATPaseq and nicking-closing enzyme (swivelase) have all 

been sought for and found in eukaryotes. Two distinct DNA ligases 

have been found (Soderhall and Lindahlq 19701, and the identifidationp 

in S. cerevisiae of the cdc9 gene product as a defective DNA ligase 

(Johnston and Nasmythq 1978) confirms its involvement in DNA replication. 

Proteins analogous to the prokaryotic helix destablizing proteins 

have been purified from a variety of sources (review Champouxj 1978). 

Herrick and Alberts (1976) isolated two proteins from calf thymusp UP 1 

and "acidic" proteing, 'both of which stimulate their homologous DITA 

pol, ymeraseq as does the protein from the fungus Ustilago maydisIp which 

uniquely shows cooperative binding to single-stranded DINA (Banks and 

Spanost 1977)e 

A DITA-dependent ATPase has been purified from calf thymus ty Assairi. 

and Johnston (1979). This enzyme may perform the same function as the 

bacterial rep protein, coupling ATP hydrolysis to DITA strand separationo- 

Nicking-closing enzymest alternatively called topoisomerases and 

swivelasest have been extensively purified from nuaerous eukaryotest 

including S, cerevisiae (Durnford and Champouxp 1978), These enzymes 

can catalyse the ATP-independent removal of negative or positive 

supercoils from DITAp using the energy of supercoiling to drive the 

reaction, They differ from their nearest prokaryotic counterpartt the 

to-proteing in several characteristics (Champouxt 1978)9 most 

significantly in their ability to remove positive supexhelical turns 

which accumulate ahead of a moving replication form. There have been no 
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reports of gyrase like activities in euka3Zrotic nucleig but such an 

enzyme may be present in mannalian mitochondria (Castora. and Simpsont 

1979)- It seems unlikely that gyrase exists in nuclei, because the 

degree of superhelicity of SV40, and by extensiont chromosomal DNAf 

can be entirely attributed to its interaction with histones (Champoux, 

1978). Nicking-closing enzyme has been shown to assist the in vitro 

formation of nucleosomes from purified DNA and histones under 

pbysiological conditions (Gemond et al. 1979), Thus, this enzyme 

may have a role in chromatin assembly in vivo. 

RNA Priming in Eukaryotes. 

The involvement of RNA at replication origins has yet to be 

proved, but the work of Guy and Taylor (1978)t gives a positive 

indication of this. Using cells blocked at the Gl/S boundary by 

fluorodeoxyuridine,, they found that new origins accumulated but these 

could not be used (as measured by the release of nascent fragments), 

if actinomycinD was added before a 
3H-tbymidine 

pulse label. They 

also concluded that Okazaki piece fo=ation was not inhibited, since 

replication forks in progress could be extended in the presence of 

actinamycinD. Thus it would appeax that actinomycinD specifically 

inhibits initiation without affecting ongoing replication, implying 

an involvement of RNA synthesis at replication origins. Howevert 

such data must be interpreted with caution, since it is based on 

ass-umptions of the modes of action of the two inhibitors, There is 

good evidence that RNA priming of nascent fragments occursp from 

nearest neighbour analyses which establish RNA/DNA junctions. 

Kowalski and Denhardt (1979) have shown this in 3T6 cells. Eliasson 

and Reichard (1979) studied initiator RNA synthesis in isolated nuclei 

from polyoma infected cells and produced evidence for a decanucleotide 

primerv the synthesis of which was totally resistant to OL'amanitino 

Together with the utilisation of dNTP's almost as well as rNTPts, this 
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suggests the existence of a mammalian counterpart of the dnaG gene 

product of E. coli,. This concurs with the results of Guy and Taylor 

(1978). 

Certain eukaryotic viruses use highly specific methods for 

priming their own replication. RNA tumour viruses use a tRNA present 

in virion particles to prime synthesis by reverse transcriptase 

(Haxada et al. 1979)- 

-1.5.6.4. 
Replication of SV40. 

A few hours after infection of permissive hosts by SV40, a 

characteristic protein, the T-antigen, is produced. This protein is 

encoded by the A gene of the virus (review Weinberg, 1977), The role 

of T-antigen has attracted much attention in recent years. Temperature- 

sensitive mutations in the A gene were shown to result in a defect in 

the initiation of DNA replication (Tegtmeye=, 1972; Chou et alt 1974). 

T-antigen is an autogenously regulated protein of 96,00CKW (Tegtmeyer 

et al, 1975). Its appeaxance corresponds to the induction of cellular 

DNA synthesis in the host (Graessmann and G=aessmann, 1976). By 

fluorescence methods, D'Alisa and Gershey (1978) showed Tantigen 

binding to host DNA in vivo. The origin containing region of SV40 

binds T-antigen tightly (Tjian, 1978)- Such an interaction was 

confirmed by Shortle et al (1979). who used previously generated ori 

mutants of SV40 (Shortle and Nathans, 1979). and looked for 

pseudorevertants that retained the defective origin. Second site 

mutations were shown to lie in the region coding for T-antigen. A 

stretch of DNA 75-400 bases long in the origin region appears to be 

specifically exposed to endonuclease action (Varshavsky et al. 1978)- 

The mode of action of T-antigen is still undiscovered. Tjian and 

Robbins (1979) isolated an SV40 T-antigen related protein from cells 

infected with an adenovirus-SV40 bybrid virus. The proteint 107tOOOMWt 

mostly coded by SV40, was shown to contain ATPase and protein kinase 
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activities, which were separable by ion-exchange chromatography. 

At the moment, it is not known whether the SV40 T-antigen itself is 

responsible for either of these activities. T-antigen is probably 

more than a site-specific endonuclease, since this activity could 

be detected fairly easily. Unfortunately, initiation seems to be 

one of the few features which current in vitro systems are incapable 

of performing (Su and DePamphilis, 1978)* 

1.5-7. Summary. 

This section has been concerned with the molecular events which 

bring about DNA chain initiation. Various prokaxyotic systems achieve 

this feat by one, or a combination of the following processes: a, 

recognition of specific origin sequences; b,, unwinding to expose 

single stranded regions; c. endonuoleolytio cleavage to produce 310H 

ends; d. priming of replication by RNA. These generalities may prove 

useful in looking at the problem in eukaryotes. 

This discussion has avoided reference to the possible site of 

synthesis of DNA. There is evidence that the bacterial chromosome is 

associated with the cell membrane# from electron microscopy (Siegel 

and Schaecterg 1973) and through the isolation of folded chromosome/cell 

envelope complexes Orlica et al. 1973). Linkage of the B. subtilis 

chromosome to membrane components may occur at the replication 

origin (Seiki et al, 1979), Gudas et al (1976) reported an outer 

membrane protein (protein D) in E, coli whose synthesis was intimately 

linked to the initiation of DNA synthesis. But the postulated 

interaction between DNA. and membrane is difficult to prove, and must be 

regarded as unresolved. Certainly, as far as eukaryotic IHA replication 

is concerned, when Edenberg and Huberman (1975) reviewed the subjeotp 

there was no evidence to suggest a membrane involvement, Replication 

takes place throughout the nucleus in proportion to DNA concentration. 
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1.6 Saccharamyces cerevisiae 

The budding yeast Saccharormrces cerevisiae is a unicellulax 

eukaryote. It possesses subeellular organelles such as a nucleus, 

mitochondria, andoplasmio reticulum and Golgi apparatus, 'which oleaxly 

distinguish it from prokaryotes (Matile et al. 1969). Yet it has a 

low DNA complexity, qxlO9da. 1tons DNA/haploid nucleus (Carter, 1975). 

barely four times that of E. coli. For genetic studies the main 

advantage of S. cerevisiae lies in its ability to exist in either the 

haploid or diploid state (Fig. 6). In homothallic strains, the haploid 

exists as one of two mating types, either a or oc (Lindegren and 

Lindegren, 1943). Opposite mating types can fuse to form a diploidg 

which is quite stable and grows vegetatively in the same way as haploidse 

Under appropriate conditionsv such as nutrient starvation, a diploid 

can be induced to sporulate and enter meiosist giving rise to an ascus 

containing four spores. It is possible to dissect asci and analyse 

separately the four products of meiosis (Mortimer and Hawthomeg 1969). 

Thus mutants can be easily obtained in the haploid state, and studied 

by complementation in diploids. 
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The morphological events of the oell cycle have been well 

chaxacterised (Hartwellp 1974). Byers and Goetsch (1973), in an 

elegant electron microscopic study, followed the duplication of spindle 

plaques in relation to the cell cycle. These structures are dense 

microtubule organising centres located in the nuclear membrane. Spindle 

plaque duplication occurs at -the same time as bud emergence, and is 

the first definite chaxacteristic of a new cell cycle. In later stages 

of the cycleg the plaques separate (remaining in the nuclear membrane) 

and a mitotic spindle foxms between them. (Fig- 7)- 
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Fig. 7: Landmarks of the S. cerevisiae cell division 
cycle. Abbreviations: PD. plaque duplication; 
BE. bud emergence; ADS, initiation of DNA 
synthesis; DS, INA iynthesis; PSt plaque 
separation; NM, nuclear migration; mND, medial 
nuclear division; SE9 spindle elongation; 1NDO 
late nucleax division; CK# cytokinesis; CS, cell 
separation. Distance between events does not 
necessarily reflect interval of time between events* 

Hartwell (1967) produced a series of 1500 temperature sensitive 

mutants from a strain of S. ce_r_evisiae,, A364A. Of these, 148 were 

termed cell division cycle (cdo) mutantsv since they arrest with a 

characteristic morphology, called the "terminal phenotype" after 

a shift to the non-pexmissive temperature. The permissive temperature 

for these strains is 230C and the restrictive temperature 360C or 380C9 

depending on the leakiness of the particulax lesionp Genetic analysis 
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shows that these 148 mutants fall into 32 complementation groupst 

presumably defining 32 genes whose products are required for traversal 

of the cell cycle (Hartwell et a19 1973)- Much work has gone into 

the characterisation of these mutants in the last few years. 

Hartwell (1971,1973) showed that cdo 8 and 21 were defective in the 

elongation reactions of DNA synthesis, and ode 49 7 and 28 prevented 

the initiation of replication. Byers and Geetsch (1973) characterised 

the mitotic spindle and plaque morphology of the mutants at the 

restrictive temperature. In work previously described (1.2.2)p Hereford 

and Hartwell (1974) sequenced the steps mediated by a-factor,, cdc 28p 

ode 4. and cdc 7 in the prereplicative phase of the cell cycle. 

Subsequently, Hartwell (1976) characterised cdc2 and cdc6 with respect 

to the hydroxyurea sensitive steps (i. e. DNA synthesis) using 

reciprocal shift experiments. 

Hartwell. et al,, (1974). compiled this data into a map of gene 

function in the yeast cell cyclet which distinguished two dependent 

pathways. One pathway is composed of plaque duplication, plaque 

separationp initiation of DNA synthesis, DNk synthesis, medial nuclear 

division, late nuclear division and spindle elongationt cytokinesis 

and cell sepaxation. The second involves bud emergence, nuclear 

migrationt cytokinesis and cell sepaxation. Only completion of the 

first pathway is required to enter a new cell cycle, since one mutant 

ode 4. shows multiple cycle of bud emergence. These features are 

shown in Fig. 8 (XAý ý 1978)- 
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The =utant collection has now been extended, Kassir and Simchen 

(1978) isolated cdC40p defective in DITA replication. A few mutants 

have been characterisedq mainly those involved with ongoing DITA 

replication. Game (1976) and Bisson and Thorner (1977) confimed 

that the DNA elongation mutant cdc2l was defective in thymidylate 

synthetase, The cdc9 lesiony (and its couaterpart cdc17 in 

Schizosaccharorrqces Pombe (Nasmyth, 1979))p has been shown to result 

in a defective DNA ligase (Johnston and Na=ythp 1978). Prakash et alp 

(1979) have observed decreased UV mutagenesis in cdc8q and suggest 

that the CDC8 gene product plays a direct role in errox-prone rep airo 

The txa3 mutantp causing derepression of the biosynthetic enzymes for 

histidinet lysinep arginine and txyptophaa (Wolfner et alp 1975), 

was shown to arrest at "Start" (1*2*2, ), Though not isolated as a cell 
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cycle mutant, it possesses the desired characteristics, 

There are probably many more genes controlling cell cycle events 

which have notp or cannotp be detected in temperature-sensitive 

mutations (Hartwellp 1974). At the momentq the goal is to understand 

the available mutants. 

S. cerevisiae has been shown to contain a 2um circular plasmidp 

present in about 60-100 copies per cell (Guerineau et all 1971; 

Livingstont 1977). Its replication is under the control of the ado 

genes (Chapter 6; Livingston and Kleinp 1974)o Of unresolved 

functionp this plasmid is proving useful as a eukaryotic vector in 

gene cloning (Beggsp 1978), and as a model replicon for use in in vitro 

DITA synthesising systems (Chapter 6; Jazwinski and Edelmang 1979). 

Aim of this thesis. 

Hereford and Hartwell (1974) showed that the S, cerevisiae strain 

cdc7.4 (H201.14-4)p defective in the initiation of DNA synthesist did 

not require protein synthesis to perform DNA replication when blocked 

cultures were transferred to the permissive temperature, This suggests 

that the lesion may lie in a component of the replication apparatus 

itselfv or in some factor which functions immediately before replication, 

This work has been undertaken to attempt to discover the molecular 

basis of the mutation in this strain, since such knowledge will 

Illuminate the problems of DNA replication and its control and 

coordination during cell division. The work has involved (i) a further 

biochemical characterisation of cdc7.49 and other cdc mutantsp obtained 

from L. H. Hartwell; (ii) comparison of the protein labelling patterns 

of cdc7-4 with other strains including other alleles of cdc7p and 

further genetic analysis of the temperature-sensitive lesion (iji) 

assays of suspected temperature sensitive activities in cdc7p (iv) a 

study of the replication of the 2tkm yeast plasmid in initiation 
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defective mutants, and (v) attempts to construct in vitro assay 

system to assist in isolation of the CDC7 gene product. 
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CHAPTER TVIO. 

GENERAL MATERIALS AND METHODS 

2.1 Materials. 

The following radiochemicals were used : 6-3H uxacil (21-30 

Ci/mole); 6-3H tbymidine (24 Ci/mmole); 3H amino acid mixture 
(code number TRK 440); (U-ý4C) protein bydrolysatep 59mCi/matom carbon); 

(2-14c) uracil/60mCi/mole; (metbyl-3H) tbymidine 51 -monophosphate 

(54ci/mole); Deoxy(8-3H) Suanosine 51-triphosphate (10.6Ci/mole); 

methyl-3H) thymidine 5l-triphosphate (30-47Ci/rnole); (5- 3H) 
uridine 

51-triphosý-hate (20Ci/mole); u=idine 51ý-(ot _32p) triphosphate 

(40OCi/mole); 32p 
orthophosphate in dil, HCl PH2-3 (115-135 Ci/mg P); 

980/6 culphuric acid 
35s (22mCi/mmole). All were obtained from the ,5 

Radiochemical Centrev Amersham. 

Nucleotides were obtained from Boehringer Mannheim, Germany, 

Calf Thymus DNA (type I)v Horse heaxt cytocl=ome C (type III), 

De3cyribonuclease It Ribonuclease A. R4SF, Cycloheximide, were obtained 

from Sigmao 

Yeast extraott Bacto-peptonev Bacto- r tone and Noble agar r 

were obtained from Difoo. 

DEAE-cellulose (DE52)t Phosphocellulose (Pll) and cellulose CF11 

were obtained from Whatman. DFAE-Sephadex A25 was from Pharmacia. 

Bovine serjum albumint E-thidium bromide, N-hydroxyurea were 

obtained from BDH. Caesium ch-loride was from Fisons. 

Thiolutin was a gift from Nathan Belcher, Pfizer Inc. 

All other chemicals were AR grade. 

2.2 Yeai3t straina. 

The following strains were obtained from L. H. Hartwell, University 

of Washington, Seattle; X2180-IA (av prototrophic); X2180-1B 

(c4l prototrophic); S2072D (cc, aX94, leu 1. thr 1, trp 1); cdc28.1, 

11165-3-4 (a, ade 1(2)0 ura It his 7p lys 29 tyrl, leu 1); cdc2l. 1 
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H-146.2-3- (a, adel(2). ura, 1, lys 20); A364A (a, ade 1(2), ura. 1, 

his 7, lys 2t tyr 1); the following ode mutants are isogenic with 

A364A: cdc4-3 (H135-1-1), CdC7-4 (H201-14-4 and 4008# both have the 

same chaxacteristics), cdc28.2 (E420), cdc8-3 (13052)t cdc7-1 (124). 

CdC7.2 (325), cdc7-3 (18032), cdc7-7 (E247). 

The dW permeable strain 9308-6C (a, lys t his 9 iB. *, tmp4 tup) 

was obtained from Dr, J. G. Little. C- ercial yeast was supplied in 

lkg slabs by UCL Refectoxy, or in 50 litres primaxy fermentation 

(Stz-ain 1318) from Youngs Breweryv Wandsworth. 

The following strains were generated during the course of this 
0 

work cdc7-4ý(av ade 1(2). ura 1, his 79 lys 21 tyr 1); cdc7-4. DE200.1-3 

(a. leu lt arg 4); cdc7-4p DE200-3.2 (OG, u=a 1, his 7, leu 1); cdc2l. 19 

DE46/2 (a, ade V2)9 u=a 1, lys 2. tup), 

2.3 Media. 

IMmedium. : Per litre, this contained :- 20g glucose, 6-79 Yeast 

Nitrogen Base (without amino acids). Yeast Nitrogen Base was obtained 

from Difcot and sterile filtered into the autoclaved medium or made in 

the laboratory to the following composition : 

Boric acid 500tct CUSO 4' 5H20t 40Ft KI JOOK, FeCl 3f400 g' MnSO 4* 4H2 0 

40011-R*p Na Molybdate 20CAgt ZnSO *7H 0 400tc, (all of these were stored U- I-42 
at room temperature as 1000x concentrated solutions, 1ml of each being 

added per litre of medium); Ammoni-um sulphate 59, KH2PO 4 1g, Ngso 4 -7H20 

0-5g, NaCl 0.1g, CaCl2 O, lg, The following compounds were made up as 

a mixed oolutiong 100x caacentratedp which was stored frozen at -320C: 

10ml was sterile filtered into the autoclaved medium when cool : - 

Biotin 2 Folio acid Pkl, -, inositol jq, calcium pantothenate 40OK-. 9 J- -P-I 
2000rop nicotinic acid 40". p-aminobenzoic acid 20CpS. pyridoxine 

11M 400[Ct riboflavin 200to, thiamine HC1 400ps- 

40mg/litre amino acids were added as required. 

(YE)SD-All medium : Per litre, this contained :- (lg yeast extract). 
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20g glucose, lOg sucoinate, 6gNaOH, 6-7g Yeast Nitrogen Base (made as 

under MV medium), 40mg histidine, lysine, tyrosine (leucine), 10mg 

adenine, 10mg or 5mg uracil (the subscript denotes the amount added). 

Final PH 5-8. 

YEPD-AU medium : Per litre, this contained: - lOg yeast extract, 

20g Bacto-peptone, 20g glucose, 40mg adenine, 40mg uracil. If 

necessary, 40mg threonine was sterile filtered and added when cool. 

With 20g per litre agar (labM) addedt this medium was used for YEPD-AU 

agar plates and slopes. 

CAD medium : Per litrep this contained: - 2g Casamino acids (Difco), 

20g glucose, 6-7g Yeast Nitrogen Base, 50mg adenine. 

S Broth" medium : Per litrev this contained: - lOg Bacto-tryptonev 

59 yeast extractt 59 XaCl, lg glucose. 

M media were autoclaved at 120 0C f03? 15 minutes. 

2.4 Storýae of strains. 
For routine use, strains were maintained on YEPD-AU agar slopes 

0 1/ in 5ml Bijou bottles at 23 CP restreaking every 2 months. For long 

tem storagev two methods were used; (a) suspensions in evaporated 

milk were dried onto lcm squares of Whatman No-4 filter paper and 

stored at -32 
0C (Method of Yeast Genetics Stock Centre, C. R, Contopoulosp 

perso comme); (b) suspensions of stationary phase cells in15/16 glycerol 

were stored at -700C (L. H. Hartwellp pers. comm. ). 

2.5 Methods for monitoring cell number. 

Two methods were used: (a) Haernocytometer. Measurements were 

made using an Imprpved Neubauer haemocytometer (Hawksleyj Culture 

samples were fixed in an equal volume of 74/6 formaldehyde, Cells 

carrying buds were counted as 2 cells when the bud exceeded half the 

size of the mother cell (Hartwellp 1974). 

(b) Light scattering. Routinely cell 

densities were measured by reading. optical densities at 660qniýý standard 
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curve which had been calibrated by haemocy-tometer. This method was 

satisfactory for exponential cultures only. Cells show a marked 

reduction in volune upon entering stationary phase and the OD 660 

relationship ceases to hold. Alsor cultures which have been blocked 

by temperature show volume increasesp and consequent OD increasesp 
v 660 

without cell division. 

Cell viabilities were performed by diluting O. lml samples of 

culture into 0-3ml sterile water, and sonicating on an MSE sonicator 

for 4 seconds at full pitch (this does not affect cell viability, 

W. P. Wakeling pers. comm. )`& Two 50 fold serial dilutions were 

performed in sterile water, and 0,1ml of diluted cells were plated on 

YEPD-AU agar plates. 50 colonies growing after 2-3 days at 23 0C 

correspond to 5xlO 6 
viable cells/ml in the original culture. 

2.6 Radioactive incorporation into macromolecules. 

2.6.1 DNA synthesis. 

Unless otherwise statedl 0.5ml samples of culture radioactively 

labelled using 6-3H uracil were dispensed into lml 2N NaOH, mixed and 

incubated at 60 0C for 3 hours. This incubation was found to be 

necessaxy in order to reduce contaminating RNA counts to a minimum* 

Samples were chilled in ice and 0,5ml 0.2mg/ml carrier calf thymus 

DNA was added, and the DNA precipitated by the addition of lml ice-cold 

50% TGA. Prolonged mixing was required here. Samples were filtered 

through Whatman GF-C 2.5cm circles, washed with 5/16 ice-cold TCA and 

absolute ethanol. The filters were dried under an infrared lamp 

and counted in Brays scintillation fluid (2.6-4). 

2.6.2 RNA synthesis. 

O. Iml samples of aulture were a=ested with O. lml 7.4% fo=aldeYqde 

and stored at room temperature until processed. They were then chilled 

and precipitated by the addition of 1.5ml 5/16 TCA, (ice-cold)q and 

filtered as in 2.6.1. 
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2.6.3 Protein synthesis. 

0.5ml samples of culture were added to 0.5ml 11Y, 4 TCA in glass 

tubes, and heated at 90-95 0C for 30 minutes before filtering as in I 

2.6.1o 

-2.6.4 
Scintillation coimting. 

Radioactivity was measured using Beelman LS200 or LS355 

scintillation counterst possessing comparable counting efficiencies. 

The scintillation fluid was modified Brays solution (159 BBOTP 

1.5 litres toluene, 200g naphthalene, 1 litre 2-methoxyethanol) or 

PPO/POPOP (10g PPOO Ig POPOPv 2-5 litres toluene). 

Mixed 14C and 
3H 

counts were separated by external standard 

method using quenched 14C Packard samples (100,000dpm/pot) for 

calibration. 

2.7 Chemical estimation of macromolecules. 

INA was estimated by the Burton (1956) diphenylamine reaction. 

The procedure used a 1: 1 sample to reagent ratio, and was performed 

on iml lUlo perchloric acid hydrolysates as described by Kay (1973)o 

RNA was estimated in the perchloric acid bydrolysates using 

the orcinol reaction described by Hutchio6son and Munro (1961). 

Protein was dete=ined by the method of Lowry et al (1951), 

using bovine serum albiimin as standardt or by a U-V method (Laynev 1957)e 

2,8 Preparation and assay of oý-factor. 

2.8ol Preparation of oC-factor. (Duntze et al. 1973). 

A 20 litre aspirator containing 18 litres of XV medium was 

equilibrated overnight at 300C. A flow of air was sterilized by passing 

sequentially through a non-absorbent cotton wool filter, a 12.5/16 

sulphuric acid wash, a distilled water wash, and a sterile filter 

(Whatman Gamma 12 in line filter unit, grade 12-10 filter, Itm retention) 

and bubbled from the bottom of the aspirator to exit through a similar 
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filter -unit (grade 12-80 filter, retention BtAa) at a flow rate of 

2 litres/minute. The exit filter was removed temporarily to allow 

a 90ml innoculum of S. cerevisiae strain X2180-1B (a mating type) at 

2xlO7 cells/61 to be added. Experiments showed that the optimum 

growth time for maximum a -factor production was 40 hours at 300C 

using this innoculum. Beyond this, oC factor activity was rapidly lost. 

Tanaka et al. 1977 confimed this observation. 

The culture (pH2,8) was filtered through a Whatman GF-C 15cm 

circle on a Buchner f-unnelq and the filtrate was loaded onto a 6x20cm 

Amberlite CG-50 column at 50ml/minute at room temperature. The column 

was washed with 1 litre of W1,66 ethanol and (X-factor was eluted with 

1-5 lit=es of 8(Y/o ethanol containing O. OlMHC1. The eluate was rotary 

evaporated (water bath at 3800 to 300mlt diluted 3 fold with water 

and rotary evaporated again. The pH was adjusted to 
-5. -5 with ammonia 

solution, stood in ice for 1 hour, and centrifuged in an MSE18 

centrifuge at l5Krpm for 15 minutes at 40C. The supernatant was 

lyophilized and the resulting solid extracted with 25ml methanol by 

stirring for 2 hours at room temperature. The solid residue recovered 

on centrifugation is an MSE centrifuge at 12ICrpm for 15 minutes at 2000 

was exiracted twice with 15ml methanol. The extracts were pooled and 

rotary evaporated until sma. 11 amounts of solid began to appear, then 

diluted with 300ml distilled water and Iyophilized again. 

The methanol extraction of the 1yophilized solid was repeated 

as before, but using 12ml and 6ml successively. The supernatants were 

pooled and assayed for c4-factor activity. 

2.8.2 AssM of CC -factor activity: 

(a)- Plate assay. 

A loopful. of a culture of X2180-1)k (a mating type) grown in YEPD 

medium to 2xl06 cells/61 was streaked on a YEPD agar plate adjacent to 

a well bored into the agar using a O. 8cm sterile cork borer. 200tkI of 
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diluted o(-factor was added to the well, and the plate incubated at 

230C for 4 hours. a -factor activity was measured microscopically by 

the incidence of I'schmoos" (3-3-1)9 The minimum ot-factor activity 

required to produce an effect was defined as 1 unit of activity. This 

assay suffers from subjective errors. 

(b) Radioactive assay. 

A more direct assay measured the concentration of C4-factor 

required to inhibit nuclear DNA replication. 6x4ml cultures of A364A 

in YESD-AU 5 at 5xlO 
6 

cells/Mi received additions of 0.10t 209 40,60 

and 80, ýU oC-factor in methanol, and 80,70,609 400 20 and 0 ýl methanol 

respectively. After 3 hours at 230C, 6- 3H 
uracil was added to each 

flask to a final 4tkCi/ml, and growth continued for a further 2 hours. 

4ml 2N NaOH was added to each cultureq and then left ove=ight at 37 0 C. 

The samples were chilled in ice, and 4ml ice-cold 50/16 TCA was added 

to each to precipitate INA, which was filtered and processed as in 

2.6.1. A typical result is shown below. 

1/ 0 1.0 2,0 ,o C4-factor 0,25 0.5 1.5 

3H cpm incorporated 6700 3020 1730 430 200 220 

1,5/Do &-factor was used as the effective concentration in this 

case. The presence of methanol in the growth medium exerted no effect 

on the cells as long as adequate glucose (Zý) was present. The protein 

profile on an SDS-polyaoxylamide gel of cells grown in the presence of 

0-4.7% methanol showed no detectable changep even at the highest methanol 

concentratim. 

2.9 Methods for the formation of, yeast-spheroplasts. 

2.9.1 Snail-gut Juice ( /3 -gliacuronidase) method. 

Log-phase cells at approximately 2xlO7 cells/ml in YESD-AUlO 

were harvested and washed in 1M sorbitol. 2/16)9 -glucuronidase (Glusulase, 

snail-gut juice; Sigma) in IM sorbitol was passed through a 0-45fLm 

Millipore filter (HkWP02500). Cells were resuspended in this solution 
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to a final density of l-2xlO8 cells/mlv and incubated at room 

temperature with occasional agitation until spheroplasting was completee 

Spheroplast foxmation was monitored either microscopically by 

susceptibility to osmotic lysis on a microscope slideq or by the 

reduction in OD 660 after treating with 19/6 nonidet detergent. 

Spheroplasts were washed by centrifugation through 1-2T4 sorbitol in 

an XSE beach centrifuge at speed 5 for 5 minutes. 

2*9,2 Preparatim of enzyme from Arthrobacter luteus. 

Arthrobacter luteus (Kitamura 
_etalp 

1971) was grown in the ' 

following medium : per litre, lg KH 2P04' l9MgSO 4 -7H 20 9 20g yeast cells, 

Ig glucose, 0.59 yeast extract (Difco), 0.59 ammonium aulphate, 

final PH8-5. Bacteria were maintained on 2% agar slopes containing 

this medium. Starting cultures were subeultivated 3 times at 300C 

to ensure healthy growth (the final colour of the mediun was bright 

yellow). 25ml starting culture was innoculated into 1 litre of medium, 

and grown at 300C for 36 hours. Cells were removed by centrifugation 

at lCK rpm for 10 minutes at 40C in an MSE16 centrifuge, The supernatant 

(containing the enzyme activity) was Iyophilized. The product was 

dissolved in distilled water and dialysed against water to remove salt, 

then Iyophilized again. Pinally, the enzyme was dissolved in a small 

volume (25ml) of O. DI KH2PO 4 PH7-5P centrifuged at 10K rpm for 10 minutes 

at 409 in MSE189 then dispensed into Iml aliquots and stored frozen at 

-320C., 

2.9.3 Use of Arthrobacter_enzVme for spheroplast formation. 

Yeast cellaq preferably in log-phase, were washed in 1.5K sorbitol. 

5mXEDTA- 3 volumes of cells which had been resuspended in this solution 

at 109 cells/ml, were mixed with 1 volume of enzyme solutiont and 10 pl 
A-mercaptoethanolp 

and incubated at room temperature for 15 minutes - 

1 houre Spheroplast formation was dete=ined as in 2.9.1. 
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2.10 One dimensional SDS=j-2ojXacrvlanide gel electrophoresis of proteins. 

The method and apparatus used was that of Studier (1973)- Solutions 

for SDS gels were stored at 40C, and stock buffer solutions (2) and (3) 

were autoclaved. The stock solutions were : (1) Acrylamide/Bisacrylamide 

(30: 0-8). The bisacrylamide was weighed accurately to within 1mg, 

(2) 1.5M Tris-HC1 pH 8480 (3) 0.5M Tris-HC1 pH 6.8. 

Routinely, a 10/16 separating gel with a 5/16 stacking gel was used. 

Spacers between the glass plates were 0.8mm x lcm teflon strips. The 

separating gel was 13-5cm long- Well formers with either thirteen 0.8cm 

teeth or twenty 0-4cm teeth were used, and the stacking gel was lcm 

from the bottom of the sample wells to the top of the separating gel. 

The glass plates were clamped with bulldog clips and the edges sealed 

with 2% agar. 

The following quantities were used to make oneseparating gel 

10ml aoxylamide/BIS stock solution, 3ml 1.5MTris-HC1 pH 8.89 0-3ml NP/0 

SDS, 0.6ml O-IM EDTA, 15.8ml double distilled water, 14)Vl TEMED, 0.3ml 

10'/16 ammonium persulphate (prepared freshly). The solution was filtered 

through a Whatman GF-C 2-5cm circle and degassed before addition of the 

last two items. 

One stacking gellwas composed of : 1.66 ml acrylamide/BIS stock, 

1.25ml 0,5M Tris-HC1 pH 6.8.0.1ml 10% SDS, 0.2ml 0. UI EDTA, 6.65mi 

double distilled water, 5 ý1 TEMED, and 0.1ml 1OP/o ammonium persulphate. 

The sam]21e buffer contained 10ml 0.5M Tris-HC1 pH 6.8,10ml MY% 

SDSp 2ml 0.314 EDTA, lml 0 
-mercaptoethanolt 20ml glycerol and 58ml 

double distilled water. Samples were heated in this buffer at 1000C 

for 2 minutes. 

The electrode buffer (final PH 8-3) contained (per litre): 

6g Tris base, 28.8g glycine, 10ml 100% SDSp 2ml O. IM EDTA. 

Samples (20-50til, containing 1ýtl bromophenol blue) were ran in 

at low current (v'-12 mamps). Overnight electrophoresis (16 hours) 

was carried out at 40 volts using W/o 
-gels. 
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After electrophoresis, gels were stained in 25/06 isopropanolt 

10/06 acetic acidt 0*05/16 Coomassie Brilliant Blue, CBB (Fisons) for at 

least 8 hours at room temperature with constant stirring, then destained 

overnight in 10/16 isopropanolt lQ16 acetic aoidq 0.0025/Do CBB. Destaining 

was continued in 10/16 isopropanol, 1O/Po acetic acid until the background 

was clear. 

Gels were dried down onto Whatman 3M paper, using a gel dxyer 

developed in the laboratory. The gel dryer was attached to a vacu= 

pump and inverted over a boiling water bath for 45 minutes. 

0. 
2.11 Preparation of column chromato,, --2ýahic materials. 

i- 
All columns were run in the cold room at 49C. using an IKB fraction 

collector, the eluate being monitored at 280im in a flow cell. 

DEAE cellulosep DE52p powder was defined by decantation, and 

washed in 1M NaCl. The alkali-acid wash cycle consisted of washing in 

O, 1X NaCH for 30 minutest filtering on a Buchner, and washing with 

water to neutrality. It was then washed with O. IM HM for 30 minutes, 

water, lOx concentrated running buffer, and finally washed and 

resuspended in running buffer. The suspension was degassed and columns 

were poured at room temperature. 

DEAE Sephadex A25 and Phosphocellulose Pll were treated similarly. 

DNA cellulose, v both single-stranded and native DNA cellulose were 

prepared using Calf Thymus DNA and Whatman CF11 cellulose by the method 

of Alberts et al (1968) by I. R. Johnston. When not in use columns were 

stored at -3: 2PC in 2M NaCl. Recycling involved extensive washing with 

2M NaCl followed by rmning buffer. 

. Salt concentrations were determined by conductivity measurements 

using a Radiometer conductivity meter. 

2.12 Preparation of whole cell extracts for enzyme purification. 

Cultures were grown to mid log-phase (108 cells/ml) in YEPD-AU 

mediun (4 litres yields 20-259 wet weight of cells). Harvestingwas 
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perfo=ed either by centrifugation in an MSE Mistral for 10 minutes 

at 3K rpm at 49C. or by filtration through Whatman GF-C (15cm circles). 

Cells were washed once in extraction buffer, EB (50MH Tris-HCl PHS-OP 

lmX EDTAj 10/16 v/v glycerol, ZA NaCl, ImM PMSP and 26M DTT), their wet 

weights measured, and then transferred to 2 Braun homogenizer bottles, 

each containing 50g acid-washed 40 mesh glass beadst using 6-10ml of EB. 

A minimum of buffer should be used to yield maximum cell breakage. 

Cells were broken by 6xlO second bursts in a Braun homogenizer (Botany 

and Microbiology Dept. f UCL), cooled by CO 2* The extract was removed 

by washing with EB, decanting from the glass beads. One-half volume 
e 

of 39/6 Polyethylfne glycol (PEG) 6000 in EB was added, and stirred 

vigo*-, Ous: LY for 30 minutes in ice. The PEG precipitate, containing 

all the nucleic acid and 79% of the protein, was removed by 

centrifugation at 10K rpm for 10 minutes at 40C in an MSE18, and the 

supernatant was dialysed for 5 hours against 1 litre 20mM Tris-HC1 pH 

8.0.0-56M EDTA, 10/16 v/v glycerol, ImMDTT, O. lmM PMSF (TEDGP buffer), 

changing the buffer every hour. The extract was clarified by 

centrifugation at 10K rpm for 10 minutes at 40C in an MSE18, and used 

immediately. 

2.13 RNA polymerase assays. 

2,13,1 Shultz and Hall (1976). 

The reaction mix contained 506M Tris-HCJ pR7,, g, 1.6mM MnCl 2p 0.5mM ATP, 

CTP and GTPp 0,02mM UTP, 100 ýg/ml (1, I) native: denatured Calf Thymus 

DNA, and 10pCi/ml (5-3ý)UTP- 50)Al mix was reacted with 50ftl enzyme 

fraction for 20 minutes at specified temperatures. Reactions were 

terminated with 0.5ml ice-cold O. IM sodium pyrophosphate, and 3ml ice-cold- 

51/6 TCA. After 15 minutes in ice, samples were filtered through Whatman 

GP-C 2-5cm circlesq washed with ice-cold 5/Do TCA and then ethanolt dried 

imder an infrared lamp and counted in Brays scintillation fluid (2.6-4)* 
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2.13.2 Valenzuela_et al,, (1978)- 

The reaction mix contained 0.15M Tris-HC1 pH 8.09 501 KnCl 20 1*5e' 

ATP, GTP and CTP, 31 pM UTP, ImM 6 -mercaptoethanol, 1mg/ml Calf Thymus 

DNA (native) and 25 ýCi/ml (5-3H) UTP,, Reactions were carried out using 

20 ýl mix, 20 pl enzyme fractiont and 20ýLl of an appropriate K01 

solution. The salt optima for yeast RNA polymerases Ip II and III axe 

respectively O. IM, 0.25A and 0*1 - 0,4M KC1 at saturating amounts of 

native DNA (Valenzuela et al, 1978)* Reactions were terminated and 

processed as in assay (I)* 

2.14 DNA 12olymerase assay 

The assay has been described previously (Holmes, 1974). Assays 

(100ýLl) contained 60mM T=is-HCl pR7.89 0.2mg/ml activated Calf Thymus 

IgAp 0.6nM dATP, dGTP, dCTP and TTPt 5mM MgCl 29 0.5mg/ml bovine serum 

albumin, 26M DTT and 5tWi/ml 3HdTTP (19 cpm /pmole). Assays were 

perfoxmed at specified temperatures, and terminated as in 2,13- 

Activated DNA was prepaxed by W. P. Wakeling by the method of 

Holmes (1974) - 

2,15 Isopvcnic caesLum chloride density gradient centrifugation of 
yeast DNA. 

The methodology of caesium chloride density gmdient centrifugation 

has been described extensively (Flamm, et alp 1972). Since 2ttm. plasmid 

MA has the same density (1.699) as nuclear DNA it must be separated 

using ethidium bromide-caesium chloride gradient centrifugation (Livingston 

and Kleing 1977). All solutions were sterilized where possible. 

2.15.1 Caesium chloride gradients. 

Approximately 108 washed spheroplasts (2.9) were resuspended in 

0*5ml 5mM Tris-HC1 PH8eOt 5mM EDTA, and lysed by the addition of 50t. 4.1 

17-5/'o sarkosyl NL35- 50 pl 16mg/ml pronase (Calbiochem) which had been 

predigested at room temperature for 3 hours was added and the mixture 

incubated at room temperature for 1 hour. The lysate was spun in an 
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Epperidorf Zentrifuge 3200, and the supernatant removed and made up to 

4-Oml- From this, 3.82 ml was added to 4-7339 caesium chloride to give 

a final refractive index of 1-3985, measured on an Abbe refractometer* 

The formula of Planm et a-11, (1972) relating refractive index to initial 

density was found not to hold when using lysates containing sarkosyl. 

5ml of this solution was transferred to a cellulose nitrate Spinco 

tube (No-302235) and overlayed with light liquid paxaffin. Gradients 

were formed by centrifugation in a Beckman 50M rotor at 160C and 33K 

rpm for 60 hours, or 4CK rPm for 40 hours. Gradients were fractionated 

from the bottom of the tube by displacement with liquid paraffin via a 60, 
3-waY tap (Fl=T 1972)o 

2.15.2 Ethidium bromide - caesium chloride aMdients. 

The method described by Newlon and Fangman (1975) did not give 

satisfactory separation of plasmidt nuclear and mitochondrial DNA. An 

alternative method was described by Livingston and Klein (1977). which 

used a modification of Hirt (1967) procedure. 

108 spheroplasts were resuspended in 1,5ml 25mH Tris-HC1 pH8.09 

lOmH EDTA, and this suspension was added dropwise to 1.5ml of the 

same solution containing 2/16 SDS. The tube was inverted gently several 

times to lyse cells with the minimum shearing of nucleax DNA. 0-75ml 

5M NaCl was addedg and the tube inverted again. This solution was 

allowed to stand in ice for 16 hours, then the precipitated material 

was spun out in an MSE 18 centrifuge at 15K rpm for 1 hour at 40C- 

This technique was reported to precipitate 80-9(P/o of the nuclear DNAp 

leaving 95/06 of the 2tm-plasmid in the supernatant (Livingston and 
1171 

Kupfer). The volume of the supernatant was adjusted to 3-75ml, and this 
A: 

was added to 4-800g caesium chloride. 0.5ml 10mg/ml ethidium brcmide 

was added and 10rd4 Tris-HOl PH7.59 16M EDTA to make the final weight 

10.880g in each tube. Gradients were spun and fractionated as in 2-15-1- 
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2.16 Purification of 21asmid DNA from bacteria. 

All solutions and equipment were sterile. 50ml cultures in 

L-Broth (2-3) were grown overnight at 370c- Cultures were centrifuged 

in an MSE 18 at 101C rpm for 5 minutes at 40C. After thorough draining, 

each pellet was resuspended in Iml 25/16 sucrosev 50mM Tris-HC1 pH8. O at 

00 Ct then 0.2ml lysozyme solution (8mg/ml in 0,25M Tris-HC1 pH8, O) was added 

and the mixture kept in ice for 5 minutes. 0.4ml 0.25M EDTA pH8.0 was 

added and the tube kept in ice for 5 minutesp swirling occasionally. 

Cells were lysed by the addition of 1.6 ml lysis buffer (1yo Brij-58t 

0.4% sodium deoxycholate, 62.5mM EDTAP 506M Tris-HCl pH8.0). The lysate 

was returned to OOC for 30-45 minutes, then cleared by centrifugation 

in a Beckman 50Ti rotor at 27K rpm for 30 minutes at 40C. The volume of 

the supernatant was adjusted to 3-8ml, 0.3ml 10mg/ml ethidium bromide 

was added and this mixture was added to 3.5509 caesium chloride (for 

DS581 ColEl plasmid). Gradient formation was as described in 2-15- 

After centrifugationg plasmid MA was visible-under short wave 

ultra-violet light as a heavy band in the lower half of the gradient. 

This was removed through a hole punctured in the side of the tube with 

a sterile 21G needle. The collected plasmid DNA was extracted six times 

with an equal volume of caesium chloride saturated isopropanol, then 

dialysed against 500ml lOmM Tris-HC1 PH7-59 ImMEDTA. Plasmid DNA was 

stored in sterile sealed tubes at 40 CO 

2.17 Ararosegel electro-phoresis of DNA. 

0.8-1.49/lo' horizontal agarose gels (Marine Colloids Inc.; low 

electroendosmosis) were ran in 40mM Tris-base, 20mM sodium acetate, 

106M EDTA adjusted to PH7-7 with acetic acid (gel buffer was kept and 

a lOx concentrated stock at 400, Gels were l5cm x 20cm x 0-5cm, made 

by pouring the gel (after steaming for 10 minutes) onto a sellotape-sided 

glass plate. Sample wells were 0-4cm deep, and could hold 45 ta 

Sample preparation, Routinely 20ýAl of stop mix (7M Ultrapure ureaq 
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5U/o V/V sucroset 506M EDTAp 0.01% Bromophenol blue, pH7, O) was added 

to 20-30tkl sample containing 0.1-2 ff IUA. 

Electrophoresis was carried out at 40 volts overnight. DNA was 

visualised by staining in I r/Ml ethidium bromide for 30 minutesp 

then destaining in water for 30 minutes, and observing under short 

wave U-V light. 

2.18 Kleinschmidt spreading of IUA. 

The method used was that of Davis et al (1971)- Hypophase solution 

(0.2%1 ammonium acetate, P117-5) was poured down a heated and cooled 

stainless steel ramp into a clean 5cm petridish. While the ramp was 

still wet, 25/41 of a mixture containing 0.5M ammonium acetatet 1001Ag/ml 

cytoch. rome-C (Type III, Sigma)t 0-5-1-Otkg/ml plasmid DNA, 5rd4 Tris-HC1 

PI17-5 and lmM EDTA. The cytochrome-Ct attached to the DNA, foms a 

monolayer on the surface. After 30 secondst a carbon-coated En grid 

was touched onto the surfacet 1 grid width from the ramp and held there 

for 30 seconds. After a further 20 seconds the grid was dried against 

filter paper and then held in a drop of stain for 30 seconds. The 

stain was 1 in 100 dilution in 90/Po ethanol of 5mX uranyl acetate in 

50di HCl, prepaxed freshly. The grid was dipped into isopentane for 

10 seconds, then dried. Stain and INA concentrations and staining time 

were adjusted or necessary to give the best result. The grids were 

examined using a Phillips 124300 electron microscope. 

ph 2.19 Autoradiography and Photogra y. 

Fuji Rx medical X-ray film was used for autoradiographs. This 

was developed for 5 minutes at 2000 using Ilford Phenisol developerg 

washed in a 1% acetic acid stop, then fixed in Kodak Unifix for 

minutest followed by copious washing. 

Photography was performed using a 35mm camera and Ilford FP4 film* 

Photomicroscopy was performed on a Wild Microscope incorporating a 

Polaxoid camera using Polaxoid Type 665 po'sitiv6/negative film* 
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Photographs of ethidium. bromide stained agarose gels under U-V light 

were obtained using a Polaroid camera with red filter attached, and 

Type 55 positive/negative fi3m. 
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3.1 INTRODUCTION 

Before commencing a major study into the nature of any of the cdo 

mutations, it was important to establish that the strains in our 

possession displayed the same phenotypes as those reported in the 

literature (1.6), and to extend their chaxacterisation. 

Particular attention was given to INA synthesis. Previous work 

(Harwellp 1973; Hereford and Hartwell, 1974)p had used the incorporation 

of 6_3H uracil into alkali resistant, acid precipitable material to 

monitor DNA synthesis, since tbymidine labelling is not possible in 

S. cerevisiae due to the lact of tbymidine kinase activity (Grivell and 

Jackson, 1968). The validity of this method was tested by determining 

the sensitivity of the radioactively labelled material to DNAase and 

RNAase, as there is a risk of interference from the 50-fold excess of 

RNA known to be present in S. cerevisiae (Carter, 1975). 

A frequently used method for achieving cell synchrony in 

S, cerevisiae is the arrest of atype cells at "Start" using purified 

ct-factor (Hartwellp 1974; 1.2.1). Cells released from this block show 

a synchronous burst of DNA replication (Hereford and Hartwell, 1974). 

It was important to establish that this was nuclear DNA replication. 

Also, the DNA replicated during M-factor arrest and at the cdc7-4 

block was chaxacterised. While this work was in progress, Newlon and 

Fangman (1975) showed that cdc7-4 continued to synthesise mitochondrial 

INA at the restrictive temperature, indicating the independence of 

mitochandrial DNA replication from the CDC7 gene product. 

The effect of the cdc7 lesion upon synthesis of RNA, protein and 

phospholipid was examined at the restrictive and pezmissive temperaturesq 

because these aspects have not been adequately described in the 

literature. 

Priming by RNA synthesis appears to be a fairly common solution 

to the problem of de novo_ initiation of DNA replication (1-5). The 
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situation in yeast has not been fully exploredt though RNA priming of 

4S nascent fragments was suggested by the finding of RNA at their 5' 

ends in an in vitro system (Oertel and Goulian, 1977). An inhibitor 

was sought to probe the requirement of RNA synthesis for DNA synthesis. 

Many inhibitors such as actinomycinDq da-unomycin, ethidium bromide, 

c-ý-amanitin and lomofungin, were considered and found to be unsuitable, 

either because of multiple effects or incomplete inhibition of all types 

of RNA synthesisp or inability to enter the yeast cell (Schindler and 

Davies, 1975). Howevert one apparently suitable antibiotic which had 

been studied was thiolutin (Jimenez et alt 1973; Kha%chatourians and 

Tipper, 1974; Tipper, 1973). This compound, the structure of which is 

shown in Fig. 9, inhibits yeast BNA polymerases, Ip II and III in vitro, 

and evidence suggests that it may be a specific inhibitor of RNA 

synthesis in vivo by binding to and inactivating RNA polymerase (Tipper,, 

1973). Template was foi3nd to protect RNK polymerase, from inhibition 
ý 

thiolutin (Tipperv 1973). Experiments were perfo=ed to try to 

determine whether an essential RNA synthetic step was already completed 

in cells arrested at the cdc7 block (c, f, rifampicin and the dnah 

mutation in E. coli; 1-5-3-1). 
An enriched nuclear fraction was obtained from gently lysed 

spheroplasts by sucrose gradient fractionationt and its purity was 

assessed by chemical and electron microscopic analysis* Such fractions 

were used for studying nuclear protein profiles by SDS-polyacrylamide 

gel electrophoresis in an attempt to detect mutant proteins* 

)CH3 

0 

I 
CH3 

Fig. 9: Structure of thiolutin. 
(from Tipper, 1973)- 
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3,, 2 Methods 

3.2.1 Nuclease Digestion. 

Samples of culture were treated in 1.3N NaOH as for DNA synthesis 

determinations (2.6.1). After TCA precipitation and filtration through 

Whatman GF-C (2-5=- circles)q the filters were dried and transferred to 

empty scintillation vials, and saturated with 0.2ml digestion buffer 

(50mM Tris-HC1 pH7.8.86M MgCl 21 2uM aacld- 5ta of 1mg/ml bovine 

pancreatic DNAaseI (Sigma) in 1mg/ml BSA, or 251Ll of 1mg/ml (bovine 

pancreatic) RNAaseA (Sigma) in 50mM sodiim acetate PH5.5 (boiled for 10 

minutes) was added as required. Samples were incubated at 37 0C overnight. 

10ml ice-cold 5/16 TCA was added and the material from the vials refiltered,, 

dried and counted in Brays scintillation fluid. 

3.2.2 Processina of sM21es for phospholipid/Phosphoprotein determinations. 

2ml samples of 
32 P-phosphate pulsed cultures were treated for 1 hour 

on ice with 0.15ml 98yo formic acid (final pH 2.0) before filtering through 

IThatman GF-C 2-5 cm circles, and washing extensively with ice-cold M 

foxmic acid. Filters were air dried for 4-5 minutes then transf erred 

to glass centrifuge tubes and extracted with CHM 3 
/MeCH (2: 1) at 600C 

for 5 minutes. Tubes were spun briefly and the extract removed before 

repeating with CHM 3 
/MeCH/HC1 (124: 61: 1), Extracts were pooled and 

evaporated to dryness, the residues being taken up in 0.25ml absolute 

ethanol. O. 1ml was co-anted directly in Brays scintillation fluid to 

give counts present in phospholipidl. 

Filters remaining after extraction were air dried. Sufficient 

5/16 TGA, was added to the filters to cover them# and then the tubes were 

boiled for 30 minutes. The entire contents of the tubes were collected 

an further Whatman GF-C circles, and then dried and counted in Braysp 

to give counts P=esent in 
-phosphoprotein. 

The extraction procedure is derived from that of Letters (1968), 

desoribed in Stewaxt (1975)o 
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3.2.1 Prep tion of yeast nuclei for electron microscopy. 

The method used was that of Molenaar et al (1970)o All steps 

were performed at room temperature. The nuclear pellet was fixed in 

5/16 glutaraldehyde in O. 1M sodiun cacodylatet PH7-4P for 2 hourst then 

washed 5 times with 0.2M sucrose in O. 1N sodium cacodylate, pH7-4- 

After fixing,, the pellet was stained for 1 hour in 1yo osmic acid in 

Pa. lade buffer (comprising 5m3- 004M sodium acetate, 5ml 0.14M sodium 

barbiturate, 5ml O. 1N HC1 and 10ml 2.9/16 osmium tetroxideq, final PH7.4). 

Finally, the pellet was washed 5 times with physiological saline (0.97"16) 

PIr7-4 and debydrated with alcohol. Dnbedding in Epon and sectioning 

was performed by C. Davie* 
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3.3 Results and Discussion 

3.3.1 Temperature sensitivity and mating -ty7pe of the cdc mutants 

Cells from a vaxiety of strains, including A364A, cdc4 (H135-1111)f 

cdc7.3(18032). cdc7-4 (H201-14-4)9 and cdc2B. 1 (H185-3-4), were checked 

for their terminal phenotypes by growth at 370C for 3j hours in YEPD-AU 

medium. The results of photomicroscopy are shown in Fig. 10. The 

results can be summarised as follows: A364A had cells at all stages 

of the division cycle present (in an exponential culture, approximately 

4(y/o of cells are unbudded); cdc4 gave rise to cells with multiple 

elongated buds; cdc28 resulted in single unbudded cells# carrying a 

small probescis (11schmoo") which can be distinguished from an emergent 

bud; cdc7 strains arrested with the dumb-bell morphology. These results 

confirm those of Hartwell (1974)- 

The cdc mutants were shown to be amating type by exposure of low 

concentrations of cells toc4-factor present in wells bored into YEPD-TAU 

plates. Plates were incubated at 23 0C for 4-5 hours, and observed 

microscopically* "Schmooll forms confirmed a-mating types (data not 

shown. 

3.3.1.1 Cell Viability, 

Cell viability estimates (2-5) were performed on exponential 

cultures of A364A, cdc7-I (124). cdc7-3 (18031). cdc7-4 (DE200ol-3; 

4.3.2-4), and cdc7-7 (E247) growing in YEPD-AU after a shift to 380C- 

The results presented in Fig. 11 show that the cdc7.4 mutant begins to 

lose viability after more than 2 hours at 380C. This confirms the 

earlier report of Hereford and Hartwell (1974)t and demonstrates the 

necessity of using oC-arrest followed by brief exposure (, v2 hours) to 

the restrictive temperature to achieve synchronous arrest at the 

cdc7-4 block. Other mutants, e. g. cdc4p cdc28.1 can'be arrested at 

the ode block by exposure to the restrictive temperature for 1 

generation (about 3 hours) without loss of viability (J. B. Taylorg pers. 
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Figure 10: Terminal phenotypes of cells &rovm at -38 

0c 

Cells of straim A364AP cdc4 (H135.1.1)p cdc28.1 (H185.3-4)9 

cdc7.. 3 (18032) and cdc7.4 (H201.14.4) were grown at 380C in 

YESD-AUjO or on solid medium for various times at 380C, The 

left hand column shows cells Crown on YESD-AU 10 for 31 hours. 

The rij; ht hand column shows cells grwm on YEFD-AU plates for 8 

hourso Note that cdc28 formed obvious "schmoos" when grown on 

agar plates but not when grown in liquid culture. 
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Pigure 11: Cell viability at 38 0 Ce 
0W 

10ml exponential cultures of A364A9 cdc7.1 (124)t cdc7-3 
&0 

(18032)t cdc7.4 (DEE200*1-3) and cdc7.7 (E247) in YEPD-AU 

mediump were adjusted to 107ceUs/ml using CD600, and shifted 

to 380C. 0.1ml samples were removed at the indicated times 

and diluted into 0.3ml sterile water then sonicated for 4 

seconds with the microprobe on an = sonicator (this does 

not affect overall viability) to disrupt clumps, Two fifty- 

fold serial dilutions were performed in sterile watert and 

O. lml of the diluted cell suspension was spread on YEPD-AU 

agar plates until the liquid had dried. Plates were incubated 

at 230C for 2 days before scoring. 50 colonies per plate 

corresponded to 5xlO 6 
viable cellq/ýnl. 
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c, , 
)* The viability of cdc7-7 is markedly better than cdc7-4- 

3.3.2 DNA synthesis in cdc7*4 

3.3.2.1 Overall -pattern of DNA s7nthesis 

DNA synthesis was monitored by incorporation of 6_3H Uracil into 

alkali-resistant, TCA-precipitable counts. The protocol involired 

synchronisation of the mature with o4 -factor, followed by a short 

exposure (105 minutes) to the restrictive temperature to arrest the 

cells at the cdc7 block. Figure 12 shows the effect of temperature 

upon DNA synthesis in cdc7-4. The characteristic failure of 

cycloheximide to inhibit DNA synthesis upon shift down of cultures 

held at the cdc7 block was reproduced. A pronounced lag of about 45 

minutes was observed in cdC7 cultures released from the C6-factor 

block to 230C, This was greater than that observed in experiments 

with other ode mutants (data not shown). Howevert this lag could be 

substantially reduced by using centrifugation of cells instead of 

filtration through Millipore filters as the means of removal of 

a-factor. The gradual creep up of counts during a -factor arrest 

and at 3EPC is due to mitochondrial DNA replication (3-3,2,2), 

It must be noted that attempts to label DN-k in cells grown-Lmder 

the conditions described by Hereford and Hartwell (1974) were 

unsuccessful. Their medium contained only 0.2/16 glucoset which appeared 

to restrict growth to a maxirmim-of 2x1O7 cells/ml. Significant 

incorporation was not seen at the cell density and specific activity 

of 6-3H uracil used by these workers (WO 6 
cells/ml and 35 mCi/mmole)* 

The change to YESD-AU 
5 medium and the use of a higher starting cell 

density and specific activity (5x1O 6 
cells/ml and 70 mCi/mmole)p 

overcame this problem. 

ý. 3.2.2 Chaxacterisation of DNA* 

The nature of the alkali-resistantg TCA-precipitable material was 
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Figure 12: DNA synthesis in cdc7.4 (H201.14*4). 

A 50ml culture of cdc7.4 (H201,14.4) w= grown overnight at 

230C in YESD-AU5 then the cells were re=oved t7 centrifugation In 

an MSE bench centrifuge and resuapended in the s=e medi= 

containing 414CI/=l 6_3H uracil (70=Ci/=ole). Initial cell 

density was 2. lxlO 6 
cells/ml. 0.5=1 c=ples were removed 

throughout the experiment and processed for radioactive 

incorporation into DNA as described in 2.6.1. except that samples 

were incubated overnight at 370C in alkall. The culture was 

split into 40ml and 10ml portionst both grown at 230C; the 40=1 

portion received 0.4ml 04-factor in methanol (2.8)9 and the 

10ml culture received 04,1ml, methanol* After 3j hours the 

o4-factor treated culture was split into 12 ml and 25=1 portions 

which were filtered through Millipore IIAWM2500 filters 

(equilibrated at 230C and 38 0C respectively)o Cells were 

washed with 50ml and 100ml frecoh medium at d) C and 380C 

respectivelyp then resuspended in 12ml and 25=1 fresh YESD-AU 5 

containing 4tkC: L/=l 6- 3H 
uracil at 23() C and 38oC. After 105 

minutes at 38OCt the large culture was split into 2zlOml 

portionag one of which received O, Jml lom&/nl c7clohaximider 

and both were shifted to 23 0 C. - 
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examined in a comparable experiment to that of Fig. 12, by filtering 

the precipitates onto Whatman GF-C circles and treating with DNAaseIt 

RNAase A or buffer, as described in 3.2.1. Culture samples were 

removed at 1 hour intervals throughout the experiment for nuclease 

digestion and cell viability estimationt since it was important to 

establish that failure to incorporate radioactivity was not caused by 

cell death. The results of this experiment are shown in Table IV. 

Nuclease digestion revealed that the alkali resistant counts were on 

average 89.6% resistant to RNAase. - and only 14.1% remained after 

exposure to DNAase. This confirmed the material as DNA, but suggested 

a small amount of residual RNA was present. In later experimentst BNA 

contamination was virtually eliminated by treating all samples at 

600C in 1.3N NaOH for 3 hours prior to processing. Samples removed 

throughout the experiment were equally susceptible. Cell viability 

was maintained in cells held at 38 0C for up to 2 hours (3-3-1-1)t 

though 100fg/Ml cycloheximide decreased the viability of synchronised 

cells released at 23 0 C* This may account for the incomplete doubling 

of DNA in cycloheximide treated cells released from the cdc7 block 

compared with untreated released cells, seen in Fig. 12. The apparent 

drop in viability after m-factor treatment, without a concomitant 

drop in labelled DNA was probably due to the clumpiness of the cells 

after Millipore filtration. which made disruption for plating more 

difficult. Mating arrest is known to cause cell agglutination 

(Sakai and Yanagishima, 1971). 

In. S. cerevisiae, nuclear DNA Q=1.699 g c. 73) can be separated 

from mitochondrial DNA (e = 1.680 g cm73) by isopycnic caesium chloride 

density gradient centrifugation (Flamm et al, *1972; New1on and Fangmant 

1975). This technique was used to detenaine the nature of the INA 

synthesised during and after release from C4 -factor arrest. Fig. 13a 

shows that DNA labelled with 6-3H uracil during the laBt 1-5 hours of 

a 4-5 hour d-factor treatment was predominantly mitochondria. 19 as 
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TABIE IV Nuclease sensitivity of alkali resistant TCA, 

precipitable radioactivity 

Alkali % cpM 
SAMPIE resistant remaining after Viable 

TCA pre- digestion with cells/ml 
cipitable ElAse DITAse (xio-7) 
epme 

Time zero - - 1.0 

1 hour + cc'factor 23 0C 330 84,2 5.2 1.1 

2 hours + ot-factor 23 0C 350 111.9 1119 1*2 

3,5a-hours + ot-factor 230C 1 605 81.0 34,2 1. '4 

oe-factor rpmoved after 312 hOUrSP culture split and resuspended at 0 23 C and 38"C. 

0 hour, 23 0C 547 73.1 36.6 1.1 

1 hourp 23 0C 773 93.8 3.5 110 

2 hoursy 23 0C 1373 82.7 2,8 1.0 
0 3 hours, 23 C 1334 97.5 13.8 1.8 

0 hourp 38 0C 618 93.9 16.3 110 

1 hour, 38 0C 673 82,9 8.3 

2 hours, 38 0C 724 86.9 12.6 

After 2 hours at 38 0 Cy culture split, one part shifted to 23 0 C9 
the remainder shifted to 23 0C+ 1001kg/ml cycl oheximide (CHYI). 

0 hour, 230C 1387 106.7 17.3 1.1 

1 hour, 23 0C 1744 92,9 11.3 1.4 

2 hoursy 23 0C 2086 86.3 7,2 1.6 

0 hour, 23 0C+ 100?, f-Jml 
CM 1064 

I 

82,, 2 7.8 1.1 

1 hour, 23 0C+ loopg/ml 
CIII 1373 95.2 14.8 1.3 

2 hours, 23 00+ 100KJMl 
CIRII 1676 87.3 5,8 110 

ex-age Average 
9.6% 14.6% 
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judged from the correspondence with 
14C-labelled DNA derived from 

exponentially grown A364A cells. Upon release from mating arrestp the 

DNA synthesised shows the normal. class distribution, about 10-20/06 

being mitochondrial (Fig-13b). This was an important point to establishp 

since mitochondrial DNA replication can give rise to artefactual results. 

Hereford and Hartwell (1971) reported an in vitro DNA synthesising 

system employing tolfene-treated yeast cells. However, they failed 

to characterise the product of synthesis, which was shown by Banks 

(1973) to be exclusively mitochandrial DNA. 

A similar study showed that DNA labelled at 380C with 6-3H uracil 

for 2.25 hours after 1-5 hours preincubation at 38 0C was mainly 

mitochondrial in cdc7-4 (Fig-130)- Similar results were obtained for 

cdc4 and cdc28 (data not shown). 

IHA synthesised in the presence of cycloheximide upon release of 

a cdC4 culture from its temperature block has been shown to be mostly 

nnoleax (Hereford and Hartwell, 1973). - 

3.3.3 RNA and protein svnthesis in cdc7.4 

Protein synthesis was measured by incorporation of 14c waino 

acid mixtures (aspser, leu. phe. lys) or 14c-protein bydrolysate (both 

Radiochemical Centrev Amersham), into precipitable counts resistant to 

boiling in TCA (Haxtwell, 1967). A corresponding protocol to that of 

Fig. 12 was used, and the result is shown in Fig-14. The most obvious 

point is that the cdo7 lesion does not affect amino acid incorporation 

at 38 0 C. The original work of Hartwell (1967) used a single 3 hour time 

point, thus no infomation could be gained about the rate of protein 

synthesis because his results could be explained by rapid incorporation 

and subsequent loss. These data show that the rate of protein 

synthesis at 380C is faster than at 230C, and that a culture shifted 

from 380C to 230C reverts to the typical 23PC rate after a lag phase 

lasting about 45 minutes. This observation was confirmed by later 



Fin=e 13: Nature of DITA synthesis duri4,7 and after cZ-factor 

arrestt and at 360C, 

A 25ml culture of cdc7.4 (H201-14.4) was grown overnight 

at 230C to 7-3xlO 6 
cellp/ml in YESD-AU 10 . 0.6=1 pC-factor 

(2, S) was added and growth was continued for 3 hours, The 

culture was split into 2xl2ml portio=9 one of which received 

6 HI/mi 6-3H uracilt and growth was continued for 1.5 hours. 

The radiolabelled culture was then processed as described in 

2.15.19 and the result is shown in Figure 13a. The unlabelled 

culture was washed free of U-factor by filtration through 

Millipore HATM2500 followed bY 50ml YEZ-AU109 then 

resuspended in 15ml fresh YE2D-JLUo containing 6 rCI/ml 

6jH uracil and grown for 2 hours at 23oC, This culture was 

processed for Figure 13b. To each culture sample prior to 

processing vras added 5ml of A364A culture grown for at least 

5 generations in the presence of 0.125 rCiýýl 2- 14 C uracil. in 

YESD-AU 5 at 23 0 C. 

Figure 13c shows the result for a 10=1 culture at 

9XIO 
6 

cello/ml grown in YESD-AUIO at 360C for 11 hours then 

labelled for 2 hours at 380C with 10 tLCI/ml 
OH 

uracil. A 

14C 
marker was added as above* 

Refractive indices were measured on an Abbe refractometer, 

The relationship with density used by P: Lrt"-. et al (1972) did 

not hold for caesi= chloride gradients containing sarkosyl. 

The designations nuclear (n) and mitochondrial (m) were 

therefore based on refractive index difference, 
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Figure 14: Protein sffnthesis in cdc7.4 (H201-14-4) 

A 50 ml culture of cdc7.4 in YFM-AUo was treated 

in exactly the sune way as described in Pigure 12, except 

that 6- 3H 
uracil was replaced by 0*2 rCI/ml (U 14C) 

protein 

hydrolysate and 0.5ml samples were xvmaved at the indicated 

tines and processed as described in 2,6-3 for radioactive 

incorporation into protein, 
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protein labelling studies, and is not strain specific (4-3.1-1). 

Cycloheximide at 100 IA91,111 not only inhibits protein synthesis, but 

also causes a slight loss of prelabelt which may be associated with 

the viability loss reported earlier (3-3,2,2), oc-factor appeared to 

depress protein synthesis after 2 hours,, due undoubtedly to its 

effect on cell multiplication. Time course experiments were not 

perfozmed on A364A because gross incorporation was found to be similar 

to the mutants. 

RNA synthesis was measured by incorporation of 6-3H uracil into 

TCA precipitable material, This actually monitors total nuoleic acid,, 

but since DNAc: )ntributes only about 2% (Carter, 1975) this was ignored, 

The rates of RNA synthesis in cdc7.4 at 230C and 38 0C are indistinguish- 

able from the corresponding rates in A364A over a5 hour period, 

confirming earlier reports (Hartwell, 1967). (data not shown). 

These data do not exclude the possibility that a mutant may be 

defective in the transcription of a specific message, or the translation 

of a specific message into proteins, Examples of the former are not 

knowng but there are a growing number of cases of specific translation 

defectsv presumably through mutation of recognition sites. One such is 

the rII B cistron of bacteric4phage T4. a temperature sensitive mutant 

of which was shown to be defective in translation (Singer and Goldt 

1976). Later work showed that the ts lesion was caused by an alteration 

in the AUG codon at the staxt of the coding sequence (Belin et alp 1979)- 

Landy-Otsuka and Scheffler (1978) showed that a ts cell cycle mutant 

of Chinese Hamster cells was defective in the translation of m,, RNA 

which results in lack of inducibility of ornithine decaxboxylase 

at the restrictive temperature. However, the failure of cyclohexjmide 

to block DNA synthesis in cultures released from the cdc7 block proves 

that de novo, protein synthesis is not required, thus the problem in 

cdc7-4 is one of protein conformation. 



Figure 15: Protocol for 
32p_phosphate 

labellinT of phospholipids 

and phosphoproteins. 
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15ml cultures of A364A and cdc7.4 were grown overnight in lo, pho8phat, 
(low Pi) medium (Rabin, 1973). This medium conzisted of YEZý-AU (2-3) 

depleted of inorganic phosphate by the addition of 10=1 1M YZSO 4 md 10ml 

concentrated ammonia solution to 1 litre YE-PD-AUp and after standing for 

30 minutest removal of the precipitate by filtration through Whatman No. 1 

filter paper. The pH was adjusted to 5.8 before autoclavimg. 

Each 15ml culture was subcultured to approidn tely 10 7 
cells/ml at the 

start of the experiment. 0.15mlot-factor in methanol was added to each 

cultureý and growth continued at 23 oc, After 3.25 hourst C4 -factor was 

removed by filtering the cells through Millipore HAMU02500 and washing wi-th 

50ml fresh low Pi mediun at 380C. Cultures were resuz-pended in l3m3L fresh 

low Pi medium at 38 0C and split into two 6.5=1 portions. One portion 

remained at 33 0 Cp the other was shifteil to 230C. At the tines shown., 

marked lp 2p 3v 4 and 5P 2ml samples were removed and pulsed with 50 tkCiAL, 
32 P-orthophosphate (2.1) for 15 minutes. Pulsed samples were processed , 

as described in 3.2,2, to separate phospholipid and phosphoprotein. 
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3.3.4 Phospholi2id. phospho2rotein and phosphorylated nucleotide 
Mtheses. 

The fact that cdc7-4 cannot tolerate exposure to the restrictive 

temperature for long periods (3-3-1-1)t whereas mutants such as cdc28 

will regrow at 230C after several days at 370C (unpublished observations)v 

suggests that the lesion in cdc7-49 if it is responsible for this effectf 

may have more damaging consequences than an inability to. initiate IWA 

replication. It was, howeverv not possible to conduct an exhaustive 

survey of putative metabolic defects. Certain of thea will be referred 

to in Chapter 5 (5-3-1)- 

Greengard (1978) reviewed the evidence suggesting that many 

neurotransmittersp ho=ones and other regulato: ry agents achieve their 

biological effects by a1tering the phosphorylation of specific proteins. 

The rapid commencement of DNA synthesis upon release from the cdc7 block 

is consistent with the lesion affecting a regulatory event such as 

protein phosphorylation. Incorporation of 32P-phosphate into 

phospholipidp phosphoprotein and nucleotides can be determined fairly 

easily, and was relevant to a general characterisation of the yeast 

strains. 

3.3.4.1 Phospholipid and phosphoprotein estimations were performed on 

the same set of samples using the familiar protocol of arresting cells 

with m-factor for 3.25 hours, then releasing from the block to either 

230C or 38oC, as shown in Figure 15. Experiments were performed on 

A364A and cdc7-4 (H201-14-4). At specific times 0 hours in ot-factort 

1 and 2 hours after release) 2ml samples were removed from the master 

cultures and pulsed for 15 minutes to high specific activity with 

carrier free 32P-phosphate. Low molecular weight compounds were removed 

by formic acid extraction. Phospholipids were extracted using a CHM 3 

MeOH/HCl method (Letters, 1968; Stewarto 1975)t and remaining counts 

(phosphoprotein) precipitated with 5% TCA, A rich medium depleted of 

inorganic phosphate (low Pi) was used in these experiments (Rubint 1973)- 
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The results of two experiments on phospholipid synthesis are 

presented in Table V, Two points can be made : - 

(1) Phospholipid synthesis never reached its oL. -blocked value in 

cdc7-4 even 2 hours after removal of vL-factor, at either 230C or 380C, 

whereas A3641k rapidly increased synthesis after a-factor removal at 

both temperatures. 

(2) 380C does not appear to exert ary greater inhibitory effect 

than does 230C in cdo7-4- In fact, pulse values for cdo7-4 2 hours 

after U-factor removal are higher at 36PC than at 23PC in both 

experiments, 

The data suggest that phospholipid synthesis in cdc7-4 during 

recovemy from Oc-factor arrest is different to that in A364, k. However, 

this effect does not appear to be temperature-sensitive, It may be 

caused by a further defect in cdc7-4t or it may be a side effect of 

the lesion in DNA replication, through an effect on some precursor 

corxnon to both phospholipid and DNA synthesis (e. g. CDP, SAM). The 

roles of SAM (involved in phospholipid synthesis) and mevalonic acid 

(involved in cholesterol biosynthesis) in DNA replication will be 

discussed further in Chapter 5- 

The corresponding phosphoprotein data from these and other 

experiments have not been included here. In seven experiments, no 

temperature-sensitive difference in gross phosphoprotein labelling was 

observed. In experiments using centrifugation as the means of removal 

of oc-factorv the incorporation in both A364A and cdc7-4 at 230C and 

380C was lower than in corresponding experiments using filtration* 

These effects may be attributable to the degree of "stickiness" of 

the cells observed during end afterol-factor release (30.2,2)t 

which may cause problems of accessibility and recovery, dependent 

on the technique used. 

Confirmation that the effect on phospholipid synthesis is due to 

the cdc7-4 mutation could be obtained by performing the experiment- , 
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in Pig-15 an outcrossed strains to establish that cosegregation always 

occurs. In later workp an outorossed strain of cdc7-4 referred to as 

DE200-1-3t which was known to lack two additional defects carried by 

its parent H201-14-4 (4-3,2.4), was tested for the effect of recovew 

from oý-facto= arrest on phospholipid synthesis. When compared with 

A364A, this strain showed no decrease in labelling of phospholipid or 

phosphop=otein after release from the c4-block (data not shown). 

This suggests that the effect observed in Table V is not caused by 

the defect in DNA synthesis. 

3.3.4.2 Phosphorylated nucleotides were separated by 2 dimensional 

ascending chromatograFhy on polyetbyleneimine cellulose plates by the 

method of Randerathq (1964). The method was not sensitive enough to 

detect deoxynucleotide triphosphates in the formic acid extracts from 

pulsed cells. Reichard (1978) dismussed pool sizes of dNTPs in polyoma 

infected mouse fibroblastst and concluded that they were small, 

particularly that of dGTP. The method of Skoog (1970) is reputedly 

more sensitivep and may be more suitable for estimations using 

S. cerevisiae. 

However, it can be concluded indirectly that the pools of dNTPs 

axe not affected in cdc7-4- Figures 13a and 13c show that mitochondrial 

DNA continues to be labelled during oe-factor a=estp and at 38OC- 

Mitochondrial DNA replication uses the cellular pool of dTTP, since 

cdo2l, defective in tl*midylate synthetase (Gamep 1976) arrests all 

types of DNA replication immediately upon shift up to the restrictive 

temperature. Thus, adequate pools of dITTPs must exist in cdc7-4 at 

380C- 

3.30 Purification of nuclei from the cdc mutants. 

Nuclei from lysed or disrupted suspensions of yeast cells have 

been purified by centrifugation on discontinuous sucrose gradients 

(Sillevis-Smitt et alq 1972; Groner and Phillipst 1975). This section 
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describes the successful purification of nuclei from cdc7.49 and the 

problems that were encountered. 

3.3.5.1 Nuclear nýficationprocedure. 

A method was sought which would give intact nuclei in high yield, 

An initial problem was the choice of method for cell disruption. 

Disruption by glass beads in a Braun homogenizer is suitable for making- 

protein extracts (2.12)p but results in extensively sheared D-ITAj, i. e. 

nuclear disintegration (I. R. Johnstony pers, comm,, ). SJMJI rly, 

methods which use pressure disruptiong e. g. in a French press 

(Bhargava and Halvorsonp 1971) have been reported to give variable 

yields (Wintersberger et alp 1973)p and almost certainly results in 

some nuclear disintegration. Thus a method using lysis of spheropla-sts 

was chosen (Groner andPhillipsi, 1975) since this was reported to give 

a high yield of nuclei. A variety of techniques were subsequently 

reviewed by Duffus (1975). 

one problem faced was the strain dependent variability in 

susceptibility to attack by g 
-glucuronidase (snail-gut juice) a 

preparation which breaks down yeast cell walls (reviewp Kuo and 

Yamamotop 1975). Figure 16 shows the time course of spheroplast 

production for cdc28.1 and cdc7.4 as measured by residual light 

scattering at 660= after lysis in PITM buffery pH6.5. 

To improve the poor response of cdC7.4 to ý 
-glucuronidasef a 

pre-treatment withg-mereaptoethanolp as used by Newlon and Pangman 

(1976) Nyas tried, This did not improve the rate of spheroplast 

fo=ation (data not shown), Neither did the inclusion of 
ý-mercaptoethanol in the digest. lOmM YZCl 2 or CaCl 2 was found to be 

inhibitoxyp but 5rdl EDTA did not cause any stimulation. Zinker and 
re 

Warner (197() have also commented on the differences in spheroplasting 

ability between A364A and its derivatives. cdc7-4 is much less 

susceptible to snail-gut juice than cdc28.1 and A3ý4; cdC4 is- 



Figure 16: Rates of spheroplast formation of cdc28*l and 

cdc7.4 

10ml cultures of cdc28.1 (H185.3-4p and cdc7-4 

(H201el4-4 were grown overnight in YESD-AUIO then 

diluted to 107 cells/ml by OD 660nm' measurement. Growth was 

continued for 3 hours before harvesting the cells by 

centrifugation in an MSE bench centrifuge. Cells were 

washed once in double-distilled water then resuspended in 

ý-f 4-10 
ý 

-glucuronidase in IM sorbitol at a concentration of 

108 cells/ml. At indicated intervalsy 0.2ml, samples were 

removed into 0.9ml PMT 3, ysis buffer (lOmU PMSv PHG-5; 

0.5nM LW12; lOmM NaCl; lmM DTT: 0.1% spermidine: Groner and 

Phillipsy 1975) plus 1% nonidet. Samples were chilled in 

ice for 15 minutes before reading OD 660'm' 
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Pimnv 17: Sucrose pradient technique for preparation of 

nuclei. 

Log-phase cdc7.4 calls were spheroplasted for 45 minutes 

as described in the legend to Pigure 16. SpheroPlast: 3 were 

collected by centrifugation at 3300 rpm for 5 minutes at 40C 

in an ESE swing-out bench centrifuge; then washed once in 

IM-sorbitol + 5mM EDTA. The spheroplasts were resuspended in 

2ml PM buffer (see legend to Figure 16)9 containing 1M sorbitolp 

imm MgCl 2 and 2mM PMP., Spheroplaats were lysed gently by the 

addition of 0.22ml PM buffer containing lelo nonidet IE. 2ml 

of this lysate were loaded onto the llml stepped gradients 

shown in the figurep which were centrifuged in a Beckman V, 40 

rotor at 35K rpm for 15 minutes at 40C. Samples were removed 

as shown in the figure using a hooked Pasteur pipette, 
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intermediate. It was also noted that spheroplasts prepared by this 

method were not lysed by osmotic shock (i. e. dilution in water). 

In later work, an enzyme prepared from the culture fluid of Arthrobacter 

luteus, grown on autoclaved yeast cells (2.9.2) proved much more 

effective at removing cell walls. Under the microscope, spheroplasts 

made using A -ýglucuronidase were refractory (see whole cells in Fig. 10)t 

and often retained their buds, whereas Arthrobacter-produced spheroplasts 

were rounded and non-refractory, and much more susceptible to osmotic 

lysis. 

The lysate preparation and sucrose gradient centrifugation 

followed the method of Groner and Phillips (1975). with the addition of 

a 2.4n sucrose shelf at the bottom of the gradient. This was necessary 

because a proportion of the spheroplasts always remained unlysed, and 

pelleted at the bottom of the tube, Fractions were removed from these 

gradients as shown in Figure 17. 

S. 
Pl 

Pf 

2.0ml Load 

7-5ml 2-OMsucrose 
in PMN 

3-5ml 2.4Msucrose 
in PMN 

3. ý. 5.2. Characterisation of Nuclear fractions 

Sucrose gracUent fractions were analysed chemically for their 

content of DNA, RNA and protein (2-7)t and also for the recovery of 

radioactive label in DNA and protein (2.6). The results for cdo7-4 

are shown in Table VI. The fraction designated P2 clearly contained 
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the bulk of the recovered DNA. Figures in paxentheses relate the 

total amounts (iný) of DNA and protein to DNA. Corresponding 

figures from other preparationst reported by Duffus (1975) and Groner 

and Phillips (1975) are also included in Table VI for comparison. 

Ap2 sample from cdc7-4 grown at 230C was prepared for electron 

microscopy by the method of Molenaar et al (1970)- Pig-18a confinas 

that the prepaxation is composed of nuclei, with characteristic "dense 

crescent" regions which correspond to the nucleoli of higher eukaxyotes 

(Sillevis-Smith. et al,, 1972). However, this photograph shows that the 

nucleax membrane was completely removed in the purification. The 

nucleax structure remains intact. Fig. lýrb is an enlargement of one 

nucleus showing an intact mitotic spindle and a spindle plaque. 

Extensive work by J. B. Taylor failed to improve the quality of this 

nuclear preparation, for the cdc mutants. Treatments resulting in the 

nucleax membrane remaining intact also retained substantial attached 

cytoplasmic material. The presence of spermidine in the lysis buffer 

potentiates this effect (J. B. Taylor pers. comm. ) 

3. ý. 5.3. Analysis of nuclei on SM-PoIjacalamide gels. 

A similar method of separation involved centrifugation of the 

lysate through a 1,511 to 2.41 sucrose gradient in a Beckman SW50-1 rotor 

at 20K rpm for 15 minutes at 40C. Fractions were removed from the 

bottom of the tube, preoipitated with 7(P/o absolute ethanol, and prepared 

in Studier sample buffer for electrophoresis on SDS-polyacrylamide gels. 

(2.10). A lysate was prepared from a culture of cdc7-4 grown at 230C 

in the presence of 6-3H uracil and (U-14C) protein hydrolysate, to 

label DNA and protein respectively,, and centrifuged through a lineax 

sucrose gradient. Figures 1% and l5bshow the 3H and 
14C 

profile of the 

gradient, and an SDS-polyacrylamide gel of the corresponding fractions. 

It is interesting to note the gradual changes in several bands (arrowed), 

as the gradient is descendedq identifying proteins that are cytoplasm or 



Figure 18: Electron micrographs of cdc7-, 4 P2 fraction. 

A P2 fraction from 100ml cdcT-4 grown at 23 0C in YESD-AU 10 

medium to a cell density of 9xlO 6 
cells/ml was prepared as 

described in 3.3-5,1, The sample was fixed and stained for 

electron microscopy as described in 3,2.3. Pigure 18 shows 

a complete field (magnification xBOOO), Figure l8b is a further 

riam-Afication (x 41000) of the mitotic spindle seen in Figure 

18a. (Abbreviations; app spindle plaque; dc, dense crescent). 
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Figure 19: Linear oucrose gradient separation of-cdc7.4 

nuclei and analvais of proteins by SDS- 

_polVacrylamide gel electrophoresis, 

A 1OCml culture of cdc7,4 was grown overnight to a final 

cell density of 1,8xlO 7 
cellWýil in YESD-AUjO medium containing 

2 ýCi/ml 6-3H uracil and 0,1/aCI/ml(Uj4C) protein hydrolysate 

(2.1). A 2ml lysate was prepared as described in the legend to 

Figure 179 and loaded onto an Ilml linear 1*5y-2,4M sucrose 

gradient in P= buffery which was centrifuged in a Beckman 

SW40 rotor at 2CK rpm for 15 minutes at 40C. lml samples were 

removed from the gradients by displacement from below and 

precipitated overnight at -320C by the addition of 2.3ml 

chilled absolute alcohol, The precipitates were taken up in 

0,, lml Studier sample buffer (2.10)and boiled for 2 minutes* 

Figure 19a shows the analysis of these samples for radioactivity 
V-71 r7q 

present in DNA [Z 
, protein L'ý](2.6). Figure 19b shows 

the same samples electrophoresed on a leli, EDS-polyacx7lamide 

gel (2,10 )* Bands which were observed to change as the 

gradient was descendedj, identifying proteins which were nucleus 

specific are marked with an arrow (< 
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nucleus specific. 

Such patterns were confirmed by SDS-polyacrylamide Gel electro- 

phoresis of S and P2 fractions. Samples were obtained from cultures 

grown at 230C. 380C and in some cases 380C shifted down to 23 0C in 

the presence of (U- 14 C) protein hydrolysate. Unfortunatelys 

difficulty was found in reproducibly obtaining good p. fractions (as 

determined by DNA and protein recovery) from cultures grown at 380C, 

again caused by variable susceptibility to lysis during spheroplast 

formation 

An analysis of S and P2 fractions using one-dimensional SDS- 

polyacrylamide gel electrophoresis will be presented later (4-3-2.6). 

This system represents a good analysis of some nuclear proteins 

in S. cerevisiae. 

3.3.6 Effect of thiolutin on RNA and DNA synthesis in cdc7.4. 

Figure 20 compares the effects of thiolutin (5rg/ml) and 

cycloheximide (100tirlml) on DNA synthesis in cdc7.4 cultures released rý" - 
from the temperature block in the presence of inhibitor. Thiolutin 

totally blocked the cyclohleximide-resistant burst of D14A synthesis 

(3-3.2). However, this level of thiolutin was found to cause immediate 

cessation of both RNA and DNA synthesis in exponentially growing 

cultures between 5x 10 
6 

and 107 cells/ml. (Figures 21 and 22). 

Protein synthesis continues at a decreasing rate for up to 40 minutes 

af ter addition of thiolutin at 2. Wml or 5V&Iml (data not shown) o 

What is the significance of these observations? Figure 21 

appears to show a direct effect of thiolutin on DNA synthesis. The 

antibiotic was shown to have no effect on DNA polymerase activity (2.14) 

in a 0-50% ammonium sulphate fraction of a crude extract from log-phase 

A364A cells (Figure 23). Preincubation of the enzyme fraction at 300C for 

10 minutes with 25Wml thiolutin had no effect on DNA polymerase activitY9 

but this level was reported to totally inhibit PIIA polymerase activity 



Fir, ure 20: Effect of thioluti n on the burst of DNA In 

cynchroniced cdc7.4 cello. 

The experi=cntal protocol vrari identical to that of 

2igure 12, with the foIlowing exceptio=: an 80ml 

culture wan cynchronised using 0*8=1 cl. -factOr in 

methanol (A) and after removal of go-factor the 

entire culture was shifted to 3800 (0); after 105 

minutes at 330C the culture was split into 4xl5ml portionsp 

one remained at 38 0C(0 )t the othor three were shifted 

to 230Ct one without inhibitor 0 )p one containing 

100 Wml cycloheximide (0 and one containing 5 Wml 

thiolutin (A). Thiolutin was madeup as a 295=, t-/=l 

solution in D=O,. The control cultures (0) and 

each received 30 pl DZIO at the time of addition of 

inhibitoroo" 
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Figure 21: Effect of thiolutin on D", ITA mynthesis in vivo. 

A 25ml log-phase culture of cdc7.4 in YEZO-AU 5 
(prepared 

by growth overnight in YES'D-AUjO followed by centrifuaation. in 

an MSE bench centrifuge and res=pension of the cells in YESD-AU 5 
at a density of 8xlO 6 

cells/ml then grow at 230C for 1 hour to 

21 6_3H allow exponential growth to resume) received 2.5tLCI/ 

uracilt and 0.5ml samples were removed at the times indicated 

for radioactive incorporation into DNA (2,6,1), After 1 hourg 

the culture was split into two 10ml portionsp one of which 

received 20 fLl of a 2.5mg/ml solution of thiolutin, in VZO 

final 5 ur/ml)v and the other received 20 jAl DUSO 
0 )* Cell viability was not affected by thiolutin. at up 

to 4j hours after addition in this experiment* 

Piguro 22: Effect of thiolutin on ZTJL cynthesis in vivoo 

O. Iml sa=ples from the same cultures used in Pigure 21 were 

processed for radioactive incorporation into IVA (2.6*2)e 

Figure 23: Effect of thiolutin on DNA polyme so activity 

in vitro, 

A crude extract was prepared from log-phase cdc7.4 cells 
(2,12) and a 0-50ro a=oni= sulphate fraction was obtained* 

The ammonium sulphate precipitate was taken up in TWD buffer 
(2,12) and dialysed, The fraction was diluted to a protein 

concentration of 5mg/ml with TEGD buffer and 45 pl aliquots 

were pretreated at 300C for 10 minutes with either no additions 

or 5 pI of a 0.25m&/ml solution of thiolutin in D=O 

or 5 pI of DMSO (0). After 10 minutest 5 rl of 
the 0.25mrjml thiolutin. solution was added to the sample which 
had been incubated without additions (A )p and 200 fa DITA 

polymerase assay mix (2*14) was added to each sample, 
Incubations were continued at 300C and at the indicated times 

50 pl aliquots wero removed and processed as described in 2.14. 
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(Tipper, 1973)- 
The possibility, therefore, axises that thillutin may affect an 

RNA priming step essential for ongoing 1HA replication, Blumenthal 

and Clark (1977) showed nascent fragments in Drosophila cells to be 

short, in 3 major size classes of 61,125 and 240 nucleotides (i. e. 4-6S)o 

This contrasts with nascent DNA in prokaryotes, where fragments axe 

8-10S i. e. 19000-2gOOO nucleotides (Anderson, 1978). Yeast, appears to 

be a typical eukaxyote in this respect, generating short 4S fragments 

in vitrog (Oertel and Goulian, 1977) and also in vivo in ligase 

deficient strainst (Johnston and Na=Vth, 1978), Assuming thiolutin 

prevents their initiationg the residual DNA synthesis of nascent Okazaki 

fragments would not be detected in incorporation experiments such as 

Figure 21. (Iml of culture at 5xlO6 cells/ml would incorporate at most 

0.2 pmole of nucleotide if synthesis is discontinuous on both strands). 

It is, of courseq possible that thiolutin in vivo may inhibit a 

component of the replication apparatus other than DNA polymerase. 

Therefore these renults cannot unequivocally confirm a role for RNA 

synthesis in DVA replication in S. cerevisiae. 

It must be concluded that thiolutin is nott as yet, as useful 

a probe of yeast 121A replication as rifampicin has proved in bacteria 

(Laxkv 1972; Zyskind et alp 1977)- It would be of great importance to 

distinguish "Grand Start" priming events from the priming of Okazaki 

fragmentst as has been done in prokaxyotes. A suggestion that 

actinamycin D can achieve this in CHO ce lls (Gi3y and Taylorq 1978) must 

be treated with caution, since the antibiotic interacts with DNA not 

with any RM synthesising enzyme (Wells and Larson, 1970)- Howeverv 

strains of S. cerevisiae sensitive to low concentrations of actinomycin D 

do exist (Schindler and Davies, 1975), and it would be interesting to 

discover the behaviour of the cdc7-4 mutation in such backgrounds in 

the presence of inhibito=. 
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3.4 Conclusion. 
The characterisation work reported in this Chapter has extended 

knowledge of the cdc7-4 mutation, Several points can be made. 

1: The use of 6_3H uracil to label IIIA in yeast was shown to be a valid 

technique. 2: The DNA labelled after release from the M-factor block 

was shown to be nuclear. 3: DNA synthesised at the restrictive 

temperature in cdc7.4, and at the V-factor block was found to be 

predominantly mitochondrial. Shortly after this work had been performed, 

New1on (1975) reported the same result using the cdc7-4 temperature 

block. Thus mitochondrial IDTA replication is independent of the CDC7 

gene product (and also the CDC28 and CDC4 gene products) and 01-factor 

mediated cell arrest. In later work on in vitro DNA synthesising 
0 

systems (Chapter 6)t this fact necessitated the use of aý strain to 

eliminate incorporation- 4: The cdc7-4 lesion did not affect gross 

RNA and protein synthesis over a time scale in which the lesion in 

DNA synthesis was apparent- 5: There are no gross differences in 

phosphoprotein labelling in this time scalet suggesting that major 

protein kinase activities function normally, This does not exclude the 

possibility of a highly specific protein kinase being defectives 

6: The decrease in phospholipid synthesis in cdc7-4 (H201-14-4) 

following recovery from C4 -factor arrest was not reproduced in cdc7-4 

(DE200-1-3). suggesting that this is not an effect of the lesion in 

IHA synthesis. 7: A technique was developed which yielded an 

enriched nucleax fraction, 8: Thioluti. n, an inhibitor of RNA synthesis 

in yeast (Jimenez et al. 1973) and BNA polymerase in vitro (Tippert 1973)t 

was shown to totally inhibit DNA synthesis in cdc7-4 in vivo at low levelst 

without any effect on DNA polymerase in vitro. This is circumstantial 

evidence of an involvement of RNA synthesis in DNA replicationg which 

must await definitive characterisation of the antibiotic for its final 

proof, 
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CHAPTER FOUR. 

A study of cdc7.4 using polyacrylamide gel 

electrophoresiso 

4.1 Introduction 
4.2 Materials and Methods 

4.2.1 Gel electrophoresis 
4.2.2 Genetic analysis 

4.5 Results and'Discussion 
4.3-1 One-dimensional PAGE analysis 
4.3.2 Genetic analysis of the 72K MW band present 
in cdc7.4 
4.3.3 Two-dimensional gel analysis 

4.4 Conclusion 
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CH&PTER FOUR 

A STUDY OF cdc7.4 USING POLYACRYLANIDE GEL ELECTROPHORESIS 

4*1. INTRODUCTION 

0 
The fact that cdc7-4 does not require protein synthesis to 

complete a round of DNA synthesis upon a shift from the restrictive 

to the pemissive temperature (3-3.2.1. ) suggests that the mutation 

is due to a temperature-dependent conformational change in protein 

structure. SDS-polyacrylamide gel electrophoresis was used to search 

for a mutationally altered protein, Vaxious in vivo labelling 

protocols were used because such an altered protein might show 

abnoxmal rates of synthesist processing or turnover. (Goldberg and 

Dice, 1974). or it might show net charge or size heterogeneity. 

Temperature-sensitive RNA polymerase mutants have been found in E. coli 

(Kirschbaum et al 1975), which show altered synthesis and degradation 

of defectivej6 and g1subunits at the nonpermissive temperature. In 

this case, the defective protein was poorly represented in the cell, 

but unusually high levels might also be anticipated, as is the case in 

temperature-sensitive mutants of SV40 gene A. coding for T-antigent 

a protein known to promote viral DNA replication, in which the 

overproduction of a 100900aW protein was observed under restrictive 

conditions (Tegtmeyer et al 1975)- 

cdc7-4 was known to be inviable after only relatively short periods 

at high temperature (3-3-1-l-), so changes in protein profiles compared 

to the wild type parent A364A were expected. At present, there are at 

least 7 different alleles of the cdc7 gene in existence, (Hartwell et al 

1973)t some of which have not yet been studied. Pive of these alleles 

were available, and their protein profiles were compared on one 

dimensional SDS-polyacrylamide gels, and also on two dimensional 

polyacrylamide gels, 

Gross incorporation of 32P-phosphate into phosphoprotein was found 
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not to be temperature-sensitive in cdc7-4 (3-3-4-1), Howeverv there 

axe good reasons for implicating a protein kinase in an initiation 

scheme. In certain cases a cell cycle dependence of protein kinase 

activity has been established, Hardie et al (1976) discovered two 

histone kinase activities in Plxvsar= po&ceehalum nuclei which both 

act on histone H1 in G2 phase but show different times of appeaxance. 

Costa et al (1976) studied Type I and Týpe II cANP dependent protein 

kinase activities during the cell cycle of Chinese Hamster ovary cells, 

and observed little Type II activity during G1 but a rapid increase 

at the Gl/S boundaxy. More recently further evidence for the 

importance of protein phosphorylation in DNA synthesis initiation 

was given by the demonstration of protein kinase and ATPase activities 

in a protein antigenically related to SV40 T-antigen Mian & Robbins 

1979). The phosphoproteins of A364A and cdc7-4 were analysed on SDS- 

polyacrylamide gelsp using -the labelling regime described earlier 

(Pig 15; 3-3-4-l-)- 

An anomalous protein of 72K IN was observed in cdc7-4 (H201-14-4) 

which was tested for correspondence with lesion in DNA synthesis by 

genetic analysis. 
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4.2 MATMIALS AND IMMODS. 

4.2.1 Gel Electrophoresisl. 

One dimensional SDS gels were rLm as described in 2,10. 

Two dimensional gels were run by the methods of O'Farrell (1975) 

and Ames and Nikaido (194)- 

(i) SEMle 2reparation. About 108 cells were harvested and 

washed with double-distilled water. Pellets were resuspended in 0-05 ml 

sonication buffer (106M Tris-H61 PH 7-49 5mN MgC12; 50pg/ml RNAase A, 

221 PMSF. ) and transferred to 50mg No. 100 glass beads (acid washed) in 

Eppendoxf tubesq then sonicated ai OOC for 3X15 second intervals with 

the microprobe an an MSO sonicator, chilling for 10 seconds between 

each burst- 3ý1 of 1mg/ml EP-DNAsel was added, and the sample digested 

for 50 minutes in ice. FinallY9 75ftl Buffer A (9.5M urea, 2/06w/v Triton 

X-100 (Sigma)t 2/06 Ampholines composed of 1.6% pH range 5-7.0.4% pH 

range 3-10p 5/Doý -mereaptoethanoll btored frozen in aliquots)was added, 

and the sample heated at 75 0C for 10 minutes, Samples were assayed 

for TCA-precipitable counts at this stage, and equivalent counts were 

loaded onto each gelo 

(ii) First-dimension gels. The first, isoelectric focussing 

dimension, was run in disc gelb of 2-5 mm diameter. Gels were composed 

of the following mix (sufficient for eight gels) :- 5-5 g urea (Ultra- 

Plure), 1.33 ml acrylamide stock (28-38% acrylamidep 1.62/16 bis-acrylamide)t 

2ml lQ/6 TritonX-100,1-97 m3. double-distilled water, 0.415 ml Activator 

solution (0-14 mg/61 riboflavin, 19/6 TIMED) 0-4ml PH 5-7 ampholines, 

0.1 ml pH 3-10 ampholines (both LXB-Produkter). The gel mix was 

filtered through Whatman GF-C, degassed and run into acid washed 
L 

siliconised precision-bore glass tubes, the bottoms sea*ed with parafilm., 

Gels were overlaid with 8M urea and polymerised by exposure to 

fluorescent light for lj hours. Gel length was 11-4 cms- 

The urea overlay was removed prior to sample applicationg and 

following thist a fresh overlay replaced. The cathode solution was 
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O., 02N NaOH, and the anode solution 0.01N Phosphoric acid. Gels were 

nm for at least 5000 Volt hours (350 volts for 18 hours). 

For transfer to the second dimensiong gels were removed and 

equilibrated in SDS sample buffer (62.5 mM Tris pH 6-89 1C% v/v glycerolp 

0-7 M-mercaptoethanolv 2. y/o SDSq 1 01 PMSF) and frozen at -200C imtil 

required. 

(iii) Second dimensions 10/16 SDS-polyacrylamide gels of lm 

thickness were made as in General Methods. The stacking gel was Y/6 

polyacrylamide filled to within 2mm of the top of the glass plates. 

This gap was filled with 1,5% agarose (Sigma) in SDS sample buffer and 

bromophenol bluep the disc gel laid on, and completely covered with 

agarose. Gels were run for 5 hours at 18mA. or overnight at 50 volts- 

After running gels were fixed in 500 ml 10/16 Acetic acidt IUlo 

isopropanol. 

(iv) Fluorography. This was perfomed on all 2-D gels to enhance 

sensitivity of autoradiography. The method is that of Bonner and Laskey 
4 

(197*)-with modifications by J. B. Taylor (personal communication), 

(a) After draining off the EAc-isopropanolt the gels were given two 

washes in 150 ml UISO previously used in (b), 20 minutes per wash. 

(b) A further 20 minute wash in 250 ml fresh IMSO. (c) Gels were 

soaked for 4 hours at room temperature in 60ml, 10% PPO in MSO, 

warming occasionally to keep the PPO in solution. (d) PPO was 

precipitated in the gel by washing wiýh water, removing the excess 

PPO by hand with a rubber glove. (e) Gels were dried down as described, 

as soon afterwards as possible. 

4.2. ý Genetic Analysis. 

The techniques and theory of yeast genetics were used as described 

(Mo=timer and Hawthonie, 1969). Constraction of diploids from haploid 

strains of opposite mating types by growth on selective mediap was 

followed by sporulation. and microdissection of the resulting tetrads* 
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Media used were described in the Cold Spring Harbor Manual of Yeast 

Genetics (1975). 

Construction of diploids. 

Diploids resulting from a cross between two strains were selected 

by mixing streaks of fresh growths of each from YEPD-AU agar plates 

onto NV-agar containing any mutally required supplements. Colonies 

were subcultured on the same plates prior to use. 

(ii) Sporulation of diploids, 

A single diploid colony was picked off and serial diluted to about 

100 cells/plate on presporulation agar (0*81/6 yeast extracto O. Y16 peptone, 

10/16 dextrose). Colonies were grown for 1-2 days on this rich medium at 

300C. then clumps of cells were transferred by sterile toothpick to 

sporulation agar (1yo potassium acetatet 0.151o yeast extractq 0.05P/6 

dextroseq plus mutual supplements). After at least 5 days at 300C on 

this medium, the presence of asci can be seen -under the microscope. 

(iii) Dissection of asci. 

ý-glucuronidase (snail gut juice) attacks the ascus wallt leaving 

the spore coat undamaged (Wright and Lederberg 1957). Dissection of 

digested asci was performed by Dr, D, Wilkie (Botany and Microbiology 

Dept., UCL). The resulting tetrads were grown on YEPD-TAU plates. 
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4. 
-3 

RESULTS AND DISCUSSION. 

4olol. One dimensional PAGE analysisl. 

4oý. lolo Amino acid labellinp experimentslo 

The patterns of proteins synthesised at the permissive temperature 

230C. the restrictive temperature 380C and upon a shift from 380C to 

230C. were analysed on one dimensional SDS-polyacrylamide gels by 

autoradiograpbyo Fig 24 shows I 
4*Aithe marked difference between 

stained and labelled bands and the effect of temperature shifts on 

cultures of cdc7-4o The broad, ill defined appearance of the bands 

was found to be due to the use of thick gels (1.6mm) causing band 

spreading upon drying. This was improved in later experiments by using 

thinner gels (O.. 8mm)o 

In early experimentsp no differences between A364A. and cdo7-4 

extracts were observed. 

Figo 25 shows an autoradiograph of a later gel on which were rLm 

whole cell extracts of proteins labelled at 230C and at 38 0 C, in 

cultures of A364A, cdc4-3, cdc7.4 (4008), cdc7-4 (H201-14-4). cdc28.1. 

A band appeared at 72K MW which was specific to cdc7-4 grown at 230C. 

A fuller analysis of this band is presented in 4-3.2, Estimates of 

moleculax weight were obtained from a calibration curve)OMP=44 

With the exception of the band at 72K MW, no band was observed in 

cdc7-4 extracts which could not be reproduced in corresponding A364A 

extracts. Studies on the temperature dependence of protein synthesis 

in S. cerevisiae (Marmiroli et al 1976) have indicated that the optimal 

temperature for mitochandrial protein synthesis is 370C and for cytoplasmic 

protein synthesis is 300C with glucose as carbon source. Thus major 

metabolic differences axe to be expected between 23 0C and 38 0 C. These 

differences axe reflected in the altered pattern of proteins synthesised 

at the two temperatures. (EIxamples are axrowed on Fig. 25). The pattern 

changes presented a major problem in the seaxch for an altered protein. 



Figure 24: 
_ 

SDS-pol-vac=lamide gel electrophoresis of whole 

cell extracts fromcdc7.4 cultur, (, n. 

A 30ml loc-phase culture of cdc7.4 in YZS: ý-AU 5 V= 

prepared a3 deacribed in the legend to PIgure 21. The 

culture was split into three 10ml portionsp two of which 

were shifted to 38OCt and one remained at 23 0 C., One of the 

38 0C cultures and the 23 0C culture received 1 eC11=1 (U--14 C) 

protein h7drolycate (2.1). Incubation was continued for 2 

hourse After this time radioactive labol was added to the 

previously unlabelled 380C culturet and this wma shifted to 

230C for 2 hours. The cons were rc=oved ty centrifugation 

at 40C in an LZE bench centrifLk,, ep wazhed once in Studier 

a=ple buffer (2,10) and then remmpended in Oelml of the 

came buffer containing 1=2 P. MF. The c=ples were transferred 

to polycarbonate tubcs containing 0,25j; acid wazhed , 7o,, 100 

glass beads (IM11) and sonicated for 1 minute usirZ the microprobe 

on an = conicator whilst chilling in ice. A furthar 0,15=1 

sample buffer was addedl and after centrifujation to rc=ve 

debris the clear supernatant was treated for 2 minutes in a 

boiling water bath. After assaying for radioactivity present 

in protein# 25 pl c=ples (contairdxZ,, 9500cpm) wero 

electrophoroced on a 10% SD. 3-polyacx7lamido gal (2*10). After 

staining, the gel was autoradiographod as described in 2,199 
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Figure 25: Comparison of protein profiles of whole cell 

extracts from A364A, cdc4.3, cic7.4 OW8), 

cdc7.4 (IT201.14.4) an4 cdc28.1 cultures by 

5105-polyacrylamide gel electrophoresis. 

The culture conditionag radioactive labeUing and 

sample preparation were the same as in rigure 24 except 

that only cultures labelled at 230C and 380C were used, 

and the level of (U- 14 C) protein hydrolyaate w3s 0.38 Ci/ml- 

The gitand&rds uaed were: phosphorylass a (Pal 94000OKd); 

pyruvate kinaae QK, 5700OWd); ovalbumin (43000OKd); 

lactate dehydrogenase (LDHj 360OCKd). In later experimentsl 

Xgalactosidame V-gal, 13000OWd) wLs also used. A 

calibration curve was prepared for each gel 

Two anomalous bands in CIC7.4 cultures at 72K ý&nd 

69KW. 4 are indicated by arrows. 



1 

k 

-94K 

-72 
-69 

-57K 

-43K 

36K 

211 30 1 230 
l3e 1 ZY 

1 3e 
1 

291 3e 
I 

ZY 
1 

38 

A364A cdc4.1 cdc7.4 cdc7.4 cdc 28.1 
4008 H201-14-4 

lp OPP--. qw 



135 

A, 3.1.29 32 P labellina of proteins. 

Proteins phosphorylated during and after release from d -factor 
treatment were studied. The experiment involved pulsing cultures grown 

in low Pi medium with 32p phosphate for 15 minute intervals at 380C and 

230Ct 1 hour and 2 hours after release from the ot- block, using the 

Protocol Of Fig 15- It was known from the kinetics of uracil 

incorporation into DNA (3-3.2.1. ) that at approximately 45 minutes after 

release the cells synchronously commence a burst of DNA synthesis. 

Thus the cdc7-4 gene product is present and functional at 230C at this 

tine. After 2 hours the cells have finished the burst of synthesis, 

whilst cdc7-4 cells kept at 38 0C are beginning to lose viability (3.3-1-1)- 

These conditions were chosen to optimise the differences not only 

between A364A and cdc7-4p but also between the restrictive and permissive 

temperatures in cdc7-4. 

The results of one such experimentp not reproduced here because of 

excessive background on the autoradiogramo drew attention to five bands, 

Band I at 72K was the stained band present in cdc7-4 but not in A364A 

(4-3-1-3-). Two bands (bands II and V, at 51K and 34K respectively) 

were more prominently labelled at 380C in cdo7-4 than in A364A, Another 

two bands, III and IV at 49K and 45K respectivelyq were not seen as 

labelled bands after 2 hours at 380C in cdc7.4t but were seen in other 

treatments. Any of these anomalies could have been due to the lesion. 

However, on careful repetition of this experiment several timesp these 

features were not reproducible. One experiment is shown in Fig 26. 

Band V appeared strongly labelled in all treatments, and migrates in 

the same region as histones, (Thomas & Firber 1976). Band II did not 

become more prominently labelled. Bands III and IV showed variable 

labelling, but not in a strain or temperature dependent fashion. Unlike 

the protein phosphorylation patterns seen in less complex systems, for 

example T7 (Rahnsdorf et al 1974; Zillig et al 1975)9 the results in 

this simple enkaryote axe nowhere near as clear out. However, the band 



_26t 
Phoon'. hoM,. rlated proteinn of ',. ý64A and- cdc7.4. 

Cultures of A364A and cdc7.4 were pulsed for 15 minutes vdth 
32 P 

phosphate at the times sho-. m in PiCure 15 to yield s=plc: 3 19 2P 39 4 

and 5. Additional cample3 vmro also obtained in this experinent, 

(numbers 6t 7P 8 and 9), These corresponded to: 6P 3 hours at 23 0C 

after release from c4-factor; 7P 3 hourz at 36oC; 89 1 hour at 23oC 

after 2 hourn at 3eC; qj 1 hour at 230C in the presence of 

cycloheximide after 2 hours at 330C. These culture conditions were 

equivalent to tho3a used in the DNA aynthesis experiments (PiCUM3 

12 and 20). 

Wholo cell extracts were prepared as described in Fig-uro 24. 

Samples containine 34000 32ý 
cpa in protein were rLm on the 2 SDS 

polyacz7lamide gela choym (Note; c=plo 6(A) r= ovarloaded)- 

PiCurD 26A ohows the otainod golso and Pigure 26B nhoim the 

romating autoradiograph3. A band at 4GC (=&Zed bY all arrOw in 

FiLnim 26B)appeared to be a protein phosphorylated opecifically 

in the presence of cC-factor. 

AtA364AI 71 cdc7.4(nol. 14.4). 
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at 72K (which does not appear to be a phosphoprotein) was a 

reproducible feature of cdc7-4 at 230C- It is worth noting that the 

major stained band present on all SDS-polyacrylamide gels,, tentatively 

identified as tubulin. (Snyder and McIntosh, 1976), which runs with an 

apparent molecular weight of 55K, was seen as a doublet of phosphorylated 

proteins on autoradiograms. 

All gels of 
32P-phosphate labelled proteins had high backgrounds, 

which may be due to indiscriminate binding of nucleotides or free 

phosphate to protein. Dialysis of samples prior to electrophoresis 

did not improve the results. It was thought not to be caused by nucleic 

acid, since ultrasonicated IHA does not enter 10/06 polyacrylamide gels 

(Loening 1967)- 

4.3.1.3. Effects of growth medium and temperature upon the 72K band. 

At the time when these experiments were performed, the 72K band 

had only been seen during the 32P-phosphate labelling experiments, It 

was therefore possible that the band arose in cdc7-4 due to growth in 

low Pi medium. SDS-polyacrylamide gels were run displaying unlabelled 

whole cell extracts of A364A, cdc4-3# cdo7-4 and cdc28.1 grown at 23 0C 

and 380C, using four sorts of growth medium, YEPD-AU, low Pi, YESD-AU 10 

and SD-AU 100 Fig 27 shows the results for extracts from YEPD-AU and 

low Pi grown cells. There was no effect of growth mediun upon the 

appearance of the 72K band (data for YESD-AU 10 and SD-AU 10 not shown). 

The band at 72K which was present in all cdo7-4 extracts at 230C seemed 

to be reciprocally related to a prominent band at 69K in A364A, cdc4-3P 

and cdc28.1 which was only poorly represented in CdC7-4 at 230C- 

Moreover, at 380C, as shown in tracks 6-9 and 14-17, the apparent 

proportions of the two bands changed in cdo7-4- More of the 69K band 

appearecý with a reduction in the 72K protein. This suggested that the 

72K protein was a unique feature of cdc7-4 and that it also responded 

to the temperature of growth. 
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7ir, ure 27: Effect 
-of amwth medim and temporuture uron 

the 72K Uff bard. 

10ml loa-pha-se cultumis of A364AP cdc7.4t cdc4.3 and 

cdc28.1 ware growa for 2 hours at 380C and 23 0C in YEF-'-AU 

modium and lair Pi medium (see Pigure 15). Whole cell 

extracts were prvpared and clectrophorvaed as described in 

Pigure 24* 

As A364A; 41 cdc4. i; 79 CdC7.4; 28, cdc28*1* 
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4.3.2. Genetic analysis of the 72K band present in cdc7.4. 
The best method for testing whether an observed defect corresponds 

to a defined genetic lesion is to demonstrate cosegregation upon 

outcrossing (Mortimer and Hawthorne 1969). Consequently a prototrophic 

diploid colony (DE100) resulting from a cross between cdc7-4 (a ade 

ura his lys tyr) and S2072D ( v4 arg leu thr trp) was selected by 

growth on minimal medium* After induction of sporulation, 4 tetrads 

were isolated (Fig 28). The resulting 16 strains were tested for 

temperature sensitivity of growthq effect of temperature on DNA 

synthesis, segregation of genetic markers, and the presence of the NK 

band. 

4. ý. 2.1. The effect of temperature on growth is shownin Fig 29. The 

figure shows the gradual loss of growth in specific strains as raised 

from 230C to 30 0 Ct 350CP 370C and finally 39 OC,, At 350C and 370C a 

2: 2 segregation of temperature sensitivity was observed. Strains which 

were sensitive to 370C were designated at tsl. However, at 3EP-390CP 

a further growth defect appears which results in eventual temperature 

sensitive segregation of 4: 0- 3: 1 (twice) and 2: 2. S2072D and the 

diploid strain DE100 both grew satisfactorily at 380ý-39 0 C. This 

indicates the presence of a second ts lesion. From Fig 29 it was 

possible to identify strains 100.1.2,100-1-3t 100,2,19 100.4,1 as 

carriers of this defect, which was designated ts2. Where cosegregation 

with the more drastic tsl occurred, as presmably in 100-3-1 and 100-3-3 

and the parent cdc7-4. the presence of ts2 was completely obscured. 

The four strains of tetrad 1 (4: 0 segregation) were further tested 

by following the increase in cell number at 230C and 38 0C (Fig 30)- 

Again two phenotypes were easily distinguishable. Strains 100.1.1 and 

100-1-4 (both tsl) behaved in the manner of the cdC7.4 parent. Strains 

100.1.2 and 100-1-3 (both ts2) reach cell nvmbers at 380C not much 

lower than the wild type parent. These two strains unambiguously 
displayed the ts2 Phenotype when grown on'agax plates at 390C (Fig 90* 
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Zi_r, qre 2B: 
- - 

Dinnection of four tetrads f rýo, th., cdc7.4a 

x S2072Dcc cronn 

After sporulation of diploid colonie3y four tetrads were 

din3ected. The 2: 2 segregation of the adenine requirement is 

shown by the pink colouration of auxotrophic strains. The strains 

were numbered as foUow3 u3irig the first tetrad as an example: 

DE100.1.1; DE100.1.2; DE100-1-3; and DE100.1.4. (The number 100 

foUowing the D3 prefix denotes that this was the first cross 

series usingp the original strains obtained from L. H. Ilartwellg 

the second number is the tetrad numbery and the thirdt the strain 

number. 

of the outcrossed Pi!,,, ure 22t Effect of tc-nperature upon rr 

Fitrains. (al. 

Cells were plated out at approidrintely 10 6 
ceUs/ml and groym 

on YEPD-TAU agar platen for 4 days at the tc=perature3 opecified 

below. The enlarged caption identifies the strainze 

2: YC (( 
C3Et 

37t 300C 

Les 

Tetrad 1- (D (2) (3) (@ 
Tetrad 2- (D (2) (5) (@ 
Tetrad 3- G) (2) G 
Tetrad 4 -( 00a@ 

DE100 S2072D CdC7.4 
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Figure 28 Strain no. 
123 

Tetrad 1- 
Tetrad 2- 

Tetrad 3- 

Tetrad 4- ý Mik -. - 

Figure29 



Pifram 301 Effect of tempernture up2n growth of the 

outcrossed atrains (b), 

Cultures of otrains 100.1.19 100.1*2t 100.1,3P 100-1.4t 

cdc7-49 32072D and DEIOO (Diploid) were adjusted to 10 6 

cello/ml in YESD-AU 10 plus fuU amin acid supplements and 

grown at 230C and 380C. CeU number was measured by 

ha=ocyt=eter (2-5). [-O), 2JO-, [ 01 3eC 
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This apparent discrepancy could be due to leakiness of the block at 

380C or a failure to give first cycle arrestv (Hartwell 1974). The 

latter is suggested by the fact that cells diluted to lo4 cells/ml 

never reach 106 cell/ml even after prolonged incubation. 

4.3.2.2. The effect of temperature on DNA mmthesis was tested in a protocol 

derived from Hartwell (1967) 
- Exponentially growing cultures of the 16 

derived strains and the parent DE100, were split, one portion remaining 

at 230C. and the other shifted to 38 0C for * hours, After this periodt 

the 380C culture was itself splitt one half remaining at 38 0 Ct the other 

shifted back t6 230C, These conditions were chosen to give optimal 

synchrony without excessive loss of viability (3-3-1-l-) such that the 

final temperature drop would give a burstbf DNA synthesis in those 

strains harbouring a defect in the initiation of DNA synthesis (Hartwell 

1967). Two distinct phenotypes emerged. The first was that which was 

expected for an initiation mutantý This behaviour correlated always 

with strains previously designated tsl. In the second caset DNA synthesis 

increased more rapidly at 380C than at 23 0 C. decreasing on a shift down 

to 230C9 as typified by the diploid parent DE100. This was true of 

strains which were wild type for growth, as well as ts2 strains. 2: 2 

segregation of this character was upheld in all 4 tetrads. The results 

for tetrad 1 and the parent DE100 axe shown in Fig 31- Cell viability 

estimations perfomed during this experiment showed 2: 2 segregation of 

poor : good at 380C, Two strains from each tetrad had essentially zero 

viability after 421, hours at 380C, This always corresponded with the 

presence of tsl. 

4.3*2,3. The results of SDS gel electrophoresis of whole cell extracts 

of the strains is shown in Fig 32. The 72K band segregates 2: 2 in all 

tetrads (data for tetrad 2 not shown). 



Pigum 311 DNA rZrntheois in the outcrossed strains* 

30ml exponential cultures of straim DMOO, 1.19 

100*1*1v 100,1,2t 100.1-39 100-1.4 and =100 were prepared 

as described in the legend to Pigure 21 received 5 CI/Ml 

6_3 H Uracil. The cultures were split into 20ml and 10ml 

portionzt the larger cultures beizk-,, shifted to 38 0 Cp the 

smaller ones remaining at 23 0 C. 0.. 5ml s=ples were removed 

throughout the experiment at the times shown and processed 

for radioactive incorporation into MIA (2.6.1). After : 21 

hours the 360C cultures were split into two 8al portionsp 

one of which v= returned to 230C. [O 1,230C; ( 0 1,3dC 
- 
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Pi-pure 321 SDS-polyacrylamicle I: el electrophoresin of 

whole cell extracts of the outcrossed strainse 

Whole cell extracts were prepared f=m 10ml cultures 

of the outcroased atrainz in tetrads 19 3 and 4v and also 

cdC7.4p S2072D and D21009 grown in YEPD-AU to 9xlO 
6 

cells/ml 

an described in the legend to Pigure 24. 
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y of rties off the DE1100 peLiLes 
_TrqRtýý 

Table VII: Sirmnar 

outcrossed strains. 

OBSERVED DEFECTS 

STRAUT tsl 
DNA ts2 

72K GENETIC LURKERS 
initiation t9band 

100.1.1 -++ ura leu hist a 

100.1,2 ++ ura thr arg ade tyr 
his trps oL 

100-1.3 ++ lys ade thr arg trPtw- 

100-1.4 ++3, va leu tyrt 

100.2,1 + ura ade leu [tyr his 
trp] 

100,2,2 - - (+O, %_) + lys thr arg 

100,2.3 + ++- lys ade thr leu tYr 
his trp 

100,2.4 ura arg [tyr his trp] 

100.3.1 - -(-)- lys ura arg his 

100-3,2 + +++ lys ade leu tyr trp 

100.3.3 - -(-)+ thr tyr his 

100.3.4 + ura ade thr leu arg 
trp 

100.4.1 + ++ arg tyr trp 

100.4.2 (+or-) + lys ura ade leu tyr 

100.4,3 + ++ lys ura thr arg his 

100.4.4 (+or-) leu ade thr tyr his 
trp 

cdc7.4 
(H201.14.4) (-)+ ura ade his lys tyrv oL 

B2072D + At + are leu thr trpp4 

DE100 
(Diploid) + + +and- 

Notes: + denotes wild-type phenotype., - denotes mutant 
phenotype 

denotes result which cannot be verified 
denotes result uncertain due to inadequate 
growth. 
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A. 3.2.4. Summary. 

TableM displays a complete analysis of genetic markeTst presence 

of the 72K band, tsl and ts2 in all of the strains used above* There 

was no correspondence of the 72K band with either ts2 or tsl. It was 

notable that the diploid parent of the strains appears to contain equal 

amounts of the 69K and 72K proteins. 

TableVII shows that there was no strain which had the genotype 

tsl(+) ts2(-) 72K(-), This strain, i. e. carxying only the lesion on 

the DNA synthesis was thought desirable for future study. To obtain 

it, a further cross between 100.1.1a and S2072Doýwas constructed and the 

progeny (DE200) dissected as previously. The three tetrads isolated 

showed lower spore viabiUtyt two giving only 3 surviving colonies. 

Temperature sensitivity segregated 2: 2 in the intact tetra(4 expected 

for the presence of a single lesion. Two of these strains DD, 200-1-3a 

and DE200-3.2 behaved as tsl when tested for growth at 380C and also 

lacked the 72K band. 

DE200.1-3 was tested in the same protocol as used earlier (3-3.2.1) 

to prove that the ts defect was still the same as the original cdc7,4, 

Fig 33 shows that this strain retains the insensitivity to Cycloheximide, 

on dropping a synchronised culture from 380C to 230C. In all later 

studies on cdo7, DE200-1-3 was the strain used unless otherwise specified. 

4.3.2.5. Confirmation of the uniquencess of the 72K band to cdc7,, 4 by 

gel analvsis of other cdc7 allel_e_s_. 

Fig 34 shows the result of SDS polyacrylamide gel electrophoresis 

of whole cell extracts of some of the available alleles of cdc7-lP 

cdc7-3. cdc7-4 (H201-14.4) cdc7-4 (DE200-1-3), and cdc7-7. The 72K 

protein was present only in E201-14-4- However, this gel revealed a 

further set of differences in the region of 52.5K to 55K- Four and 

probably five bands were visible in various extracts, with considerable 

differences in intensity between cdc7-1. cdc7-3,, cdo7.7 and H201.14.4. ' 



153 



Figure ý3: DITA synthesis in cdC7.4 (DE200,1.3), 

Experimental conditions were the same as for Figure 
Z6 

l*# except that the cell number was 4.7xlO ceUq&l at 

the start of the experimento 4.414Ci/ml 6-311 uracil was 

used and the growth medium was YESD (+ amino acid 

supplements). 
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Figure 34: SDS-polyacrylamide gel electrophioresis of 

whole cell extracts of various alleles of 

cdc7. 

Whole cell extracts were prepared from 10ml cultures 

of cdc7-1, cdc7.39 cdc7.4 (H201,14-4)t cdc7.4 (DE200*1-3)v 

cdc7-7t and A364AP grown in YEFD-AU to 107 ce3. ls/ml as 

described in the legend to Figure 24. 
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The important comparison is now DE200-1-3. This showed a band pattern 

closely resembling A364Ap and distinct from H201-14-4- Clearly the 

difference cannot be due to the defeat in DNA synthesisq as it would be 

carried by DE200.1-3. The abnormal band pattern has been eliminated in 

the changed genetic background. 

A-3.2.6, Analysis of nuclear and cyloplasmic proteins of cdc7.4 

(DE200.1-3. ). 

Using the method described in 3.3-5., nuclear and cyloplasmic 

fractions were prepared from cultures of A364A and cdc7-4 (DE200.1-3. ) 

which had been labelled with 14c protein hydrolysate at 230C and 380C 

for 2j hours, Proteins were separated an a one-dimensional SDS- 

polyacrylamide gelq which was then fluorographed (Fig 35). This 

figure contains two exposures of the same fluorograph, to enhance 

visualization of the heavy and light bands. The resolution on this 

gel was significantly improved canpaxed -to gels of whole cell extracts. 

The temperature dependent band labelling changes were shown most 

maxkedly by the nuclear proteins. The briefly exposed fluorograph was 

obtained at a later date. This showed a band variation which had not 

been obvious in the overexposed copy. A band at 1201M was depleted 

in A364A nuclei at 380C (track 6), relative to A364A nuclei at 230C 

(track 5) and cdc7-4 nuclei at 230C and 380C (tracks 7 and 8). There 

appeaxed to be a reciprocal relationship between this band and a 

smaller protein of 109MIAll because the intensities of the two were 

reversed in A364A and cdc7-4 nuclei both grown at 230C, when compared 

with bands which had equal intensities in both tracks (arrowed). This 

may indicate a product-precursor relationship between the two bands* 

If this is the case, then the residual presence of the 120K protein in 

cdo7-4 nuclei at 380C may be significant. Unfortunately, this 

information was not available at a time when the necessary checks for 

correspondence with cdo7-4 (11201-14-4) could have been made. 



Pip, ure 351 SDS-po]Zaarylnmide gel electrophoresis of nuclear 

and cytopla-cnic fractionm from A364A and cdc7.4 

-(DE200.1*3)- 

90ml exponential cultures of cdc7-4 and A364A in 5D-AUlO 

at 8xlO 6 
cells/ml were prepared as described in the legend to 

Ficure 16, The cultures were split into two 45ml portions, 

0.5 r0l/ml (U.. 14C) 
protein Iqdrolysate was addedt and one 

portion of each culture was shifted to 3800. After a 2.5 hour 

labelling periodl the cultures were given a 30 minute chase 

using 30melml Casanino acids (Difco). The s and P2 (cytoplasmic 

and nuclear) fractions were obtained as shovm in Figure 17. 

Samples containing 5000 cpm viere electrophoresed in a 1C(, *,, SDS- 

polyacrylamide gell which was then fluoro, -,, raphed (4.2.1. ), Two 

exposures (2 days and 7 days) are shov. m. Bands at 12011 and 

109K =7 are identified by arrows, 
[--D'j 
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A. 3.3. Two Dimensional Gel Ana3ysis, 

Cultures of A364A. cdc7-1. cdo7-4 (H201-14-4), 
, 
cdc7-4 (DE200.1*3., ) 

and cdc7-7 were labelled for 1 Generation at 230C (Fie 36). The major 

observable differencesq and there were several in the region around 

pH6, and 14W 45 - 57K. were between DE200-1-3. and H201-14-4- Other 

strains showed greater similaxity with the latter. Under the 

conditions of exponential growth used herep it was not possible to 

detect significant differences between H201-14-4- and A364A. The 72K 

protein in cdc7-4 (H201-14-4) cannot be identified, so presumably it 

has a PI>7- Clearly this analysis requires expansion of the pH scale 

to include basic proteins. 
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Figure 36: 2 dimensional po2Zacrylamide Pel patterns of the alleles 

of cdc7. 

Miole cell extracts were prepared from cultures of cdc7-19 

cdC7.4 (H201.14.4) cdc7.4t DE200,1.3 and cdc7o7v which had been 

labelled using (U_14C) protein hydrolysate as in Figure 249 

Samples were propared and electrophoresed as described in 4.2.1 and 

volumes equivalent to 20tOOOcpm were used for each gel. At cdc7.1; 

Bjcdc7-7; Cycdc7-4 (H201,14-4)v Dvcdc7.4 (DE"200-1-3). 

IF signifies the first, isoelectric focussing dimension; 

SDSp the second dimension. A region of heterogeneity is marked 

with dotted lines, 
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4.4. CCNCLUSION, 

The anomalous protein at 72K discovered in cdc7.4 (H201-14-4) 

was not related to the defect in the initiation of DNA synthesis. The 

two characters segregate independently in genetic crosses. The protein 

was also not related to the presence of a second temperature-sensitive 

lesiong which was masked by the first in cdc7.4. Thus H201-14-4 was 

found to contain at least 3 completely independent differences from its 

wild-type parent. Pringle (1975) points out that induction of mutation 

by N-methyl-nitro-N-nitroguanidine (IiNG)'as used by Hartwell (1967). 

often results in multiple mutations within a short stretch of the 

chromosome. So it is possible that there axe yet more mutations 

resident in H201-14-4. These may be the cause of the further abnormal 

bands seen in Fig 34. For this reason etbylmethanesulphonate (MIS) 

as a mutagen is preferable since it does not give multiple lesionsp 

(Pringle 1975) and was used to generate cdc7-7. (Hartwell et al. 1973)o 

This strain may prove more amenable to analysis. 

. The 72K band defect is interesting in its own rightp since it 

appears to be related to a 69K protein in wild-type cells. The 72K 

protein does not appear to impaxt any biological impai=enti, and equa. 1 

amounts of 72K and 69K proteins are made in a diploid strain (DE10O)o 

There may be a precursor-product relationship between these two bands, 

since many secretory proteins in higher enkaryolic cells are made as 

preproteins, from which a 1000-2000 101 signal peptide is later removed 

(Campbell and Blobel 1976; Geisow 1978)- If this were the case, it 

could be argued that mutation has modified the cleavage site in the 72K 

preprotein. Alternatively, the 72K protein may result from mutation of 

a texmination codont allowing read through. 

The ts2 lesion carried by H201-14-4 confers an inability to grow 

at 38o-390C, The evidence suggests that this mutation allows multiple 

rounds of cell division before arresting, Haxtwell (1974) discussed 

such mutants and concluded that they may result from defective folding 
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during synthesis of an altered protein at high temperature. Proteins 

synthesised at lower temperatures adopt an active conformation which 

is retained on raising the temperature. Therefore the cell can 

continue growing and dividing at the restrictive temperature until 

the activity is diluted out. 

One-dimensional gel electrophoresis and analysis of 
32P-phosphate 

labelled proteins did not shed any light on potential mutant proteins. 

It was hoped that the extra resolving power of 2D-gel electrophoresis 

would provide an answer. West and Emmerson (1977) had used this 

technique to successful2, v identify protein X of E. coli as the recA 

gene productv through the change in mobility of the protein from a tif-1 

(recA) mutant. However, the problems encountered were unexpected. 

The strains obtained from L. H. Haxtwell were reported to be isogenic 

(Hartwell et al 1973), but differences in their protein profiles were 

observed in one-dimensional. gels. This may be due to the presence of 

additional undetected mutations, such as those found here in cdo7-4 

(H201-14-4). The patterns on 2-D gels were also found to be dependent 

on the genetic background of the strains. The outcrossed strain 

DE200-1-3 showed severa. 1 differences from the original H201-14-49 which 

cannot be related to the lesion in DNA synthesis. The technique is 

undoubtedly a sophisticated one capable theoretically of resolving 

(4V the gene products VA 6000) of the entire E. coli genome (O'Farrell 

1975)- In the limited analysis performed here, it did not provide 

a solution. 

Many proteins were observed on SDS-polyacrylamide gels whose 

synthesis vaxied dramatically with changes in the growth temperature 

of the cells. This effect had not been reported previously. Howevert 

it proved to be a major problem in the seaxch for a mutant protein 

using radioactive labelling at the restrictive and permissive 

temperatures. 

The nuclear prepaxation chaxacterised eaxlier (3-3-5) cleaxly 
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gave an enhancement of nucleus specific proteins. It allowed 

the detection of an abnormal band pattern in cdc7-4. not observable 

on SDS-polyacrylamide gels of whole cell extracts. The approximately 

equal intensities shown by several major and minor bands (arrowed in 

Pigure 35) which do not vary between A364A and cdc7-4 but which depend 

on the growth temperature of the cells,, suggests that the purification 

procedure does not result in selective loss of proteins, and that 

comparisons of bands which show vaxiations between strains are justified, 
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CHAPTER FIVE. 

SPECULATIONS ON POSSIBLE DEFECTIVE FUNCTIONS 
IN cdc7.41. 

5.1. INTRODUCTION. 

The crucial role of the CDC 7 gene product in the successful 

initiation of DNA replication (Chapter 3)t allows speculation on 

possible defective functions, Indeedq as an adjunct to the search 

for a mutant proteint and the development of an in vitro DNA synthesising 

system, it was important to establish that IIIA polymerase, RNA polymerase, 

and other assayable activities implicated in DNA replication (1-5.6.2)t 

are not responsible for the defect. 

Apart from abnormalities in these proteinst there are good grounds 

for suspecting that certain metabolic deficiencies might influence the 

initiation of replication. Cyclic nucleotides appear to fluctuate 

during the cell cycle (review, Friedmang 1976). Elevated levels of 

cAMP have been shown in inhibit serum-stimvlated DNA replication in 
r human fibroblasts (Rechlet et al, 1977). Estimates of cGMP levels in 

proliferating and non-proliferating cells have strengthened the idea 

that cGKP has an opposite effect to that of cAMP, as elevated levels 

axe associated with proliferation (Goldberg et al, 1974)- Ilowever, 

Wang et, al (1978) have shown that a rise and fall of internal eAMP 

levels is necessary for the entry of lymphocytes into S phase. The 

effects of these and other nucleotides upon growth of the cell cycle 

mutants at the restrictive and permissive temperatures were observed 

on nutrient agar plates. 

Rapaport and Zamecnik (1976) reported the presence of diadenosine 

51P5 111 pl, P4- tetraphosphate (Ap4k) in various eukaryotic cell 
? 

linesp the levels varying dramatically with the proliferative 

activity of the cells. Inhibition of protein synthesis, or the arrest 

of proliferation by ser= deprivation reduced the level of Ap4A up to 

50 fold. Grwnmt (1978a9b) reported that Ap4 triggered DNA 
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replication in pemeabilized G1 arrested = cells. Howeverv the 

product characterisation was limited to the demonstration of 

replication eyes in 2.60,16 of molecules observed by electron microscopy. 

The specific binding of Ap4A to DNA polymerase-oL and to no other 

purified BNA polymerase has been alleged and suggests an effect on 

nuclear I)NA replication. However, the significance of this work 

remains to be established. An analysis of the effects of the nucleotides 

Ap4A and Gp4G on the cell cycle mutants was not undertaken in this 

workt but forms paxt of another thesis from this laboratory (F. Z. Watts). 

Modification of purine nucleotides in IIIA by methylation or 

glucosylation is a widespread phenomenon. In bacteria, there are 

numerous distinct metbylase activities, including an adenine metbylase 

(dam gene product), a cytosine methylase (dcm. gene product), and the 

methylases of the Type I and Type II restriction-modification systems 

(for review, Ko=bergt 1980). The restriction-modification metbylases. 

represent the method by which the cell distinguishes foreign DNA from 

its own. The roles of the other metbylases are unresolvedg but the 

hyperecombinational behaviour of dam-mutants suggests that dam-mediated 

methylation may regulate recombination (Konrad, 1977)- It has been 

Imown for some time that the substitution of ethionine for methionine 

in the growth medium of methicnine auxotrophic bacteria allows 

completion of rounds of replication in progresst and initiation of 

further roundst but replication stops abruptly when the region of 

non-methylated IDNk comes to be replicated again (Lark and krbor, 1970)- 

Lark (1979) reported that the IDNk synthesising ability of lysates of 

E. coli cells which had been grown in the presence of ethioninet could 

be restored by the addition of SAM and ATP, and that this synthesist 

which did not appear to be repair, was perfomed by DNA polymerase I, 

However, the relevance of this phenomenon to the in vivo condition 

must be questioned, since ts polk strains restart DNk replication 

upon addition of methionine at both pemissive and restrictive 
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temperatures, The fact remains that the correct methylation of 3WA 

is a prerequisite for its replication, 

Restriction-modificatian enzymes in prokaxyotes fall into two 

categories, TypeI and TypeII. (Boyer, 1974). TypeI enzymes, e0g, 

Boo B and Eco K. axe structurally complext have requirements for 

xg 2+ 
p SAM and ATP, and cleave away from their recognition sites (Linn 

et alp 1974, Yuan et alp 1975). Type II enzymes such as EcoRI require 

only Mg 2+ for activityg and cleave at their recognition sites (Boyer, 

1974)- 

Together with its role in phosphatidyl choline biosynthesis from 

phosphatidyl ethanolamine (Lehningerg 1970). this knowledge of the 

involvement of SAM in the recognition and usage of IVA sequences by 

proteins in bacteria prompted a study of the effect of exogenous SAM 

upon growth of the cdc mutants. In S. cerevisiae, the pool of SAM is 

labelled very rapidly (20 seconds) when cells are supplied with 

3H-methionine (Warner et alt 1976). Thus it was possible that an SAM- 

dependent protein was in some way involved in the initiation of MA 

synthesis in S. cerevisiaet and that the lesion in cdc 7.4 might be a 

defeat in SAM synthesisq e. g. SAM synthetase. This could also explain 

the lack of viability of cdc7-4 at the restrictive temperature (3-3-1-1)- 

The rapid burst of INA synthesis seen on dropping arrested cdc7-4 cells 

to the permissive temperature is consistent with the SAM pool labelling 

reported by Warner et al (1976). A study of the levels of SAM 

synthetase in A364A and the available cdC7 strains was also undertaken. 

A report by Quesney-Huneeus et al (1979) suggests a connection 

between 3-bydroxymethyl-3metbylglutaryl (EMG) Colk reductase activity 

and DNA replicationg since the enzyme was observed to increase in 

activity at or just prior to the peak of INA replication in synchronised 

BHK cells. Compactin, a competitive inhibitor of EKG CoA reductasep 

completely abolishes S phase and this inhibition can be reversed by 

the addition of mevalonic acid, the product of the EKG CoA reductase 
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reaction. Mevalonate is a metabolite on the pathway to cholesterol 

biosynthesis (Lehainger, 1970). Thus as with the proposed SAN 

deficiency,, a defect in mevalonio acid could account for the 

characteristics of cdc7-4. The value of such screening tests were 
IA, 

confizmed by the work of Ga*e (1976) who demonstrated that the 

mutation in cdc2l. 1 was probably due to a defective tbymidylate 

synthetase by correcting the ts phenotype on agar plates supplemented 

with dTMP. 

Strand separation is a logical necessity for the initiation of 

INA replication. There are now several known cases in prokaxyotes 

where this is achieved by the introduction of a nick in a specific 

regiong yielding a 31CH group which serves as a primer for INA 

replication (1-5). Henzy and Knippers (1974) purified the gene A 

protein of bacteriophage OX174 which performs this action at a specific 

site on the viral strand of OX174 RIT INA (Langeveld et al, 1978)- 

Geisselsoder (1976) showed that gene A of bacteriophage P2 produced a 

strand specific discontinuity required for replication. The gene II 

protein of bacteriophage fd nicks supercoiled RFI fd DNA in the viral 

strand, and will not relax any other supercoiled DNA (Meyer and Geiderp 

1979)- Such activities have not been discovered for bacterial 

chromosome and eukaryotic DNA initiation. In the mid-1970'sp interest 

became focussed on nucleoprotein complexes, in which foTm many 

plasmids such as ColEl and R factors could be isolated using gentle 

lysis techniques. They were te: rmed "relaxation complexes", because 

treatment with protein denaturing reagents or- conditions resulted in 

relaxation of the supercoiled plasmid by the introduction of a single 

nick and covalent attachment of protein to the DNA (Blair and Heliskit 

1975)o The relaxation event in ColEl was faund to be strand and site 

specific, 19/16 of a genome length away from the single EcoRl site 

(Lovett et al. 1974a). The fact that this site could not at first be 

distinguished from the replication origin (Lovett et al 1974b), and 
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the apparent similarity with a bona fide initiation protein$ 

M74 gene A protein, in the attachment of protein to the 51 terminus 

of the nicked DNA strand (Guiney and Helinskit' 1975)y suggested at 

that time that these complexes were involved in the initiation of 

plasmid DNA replication. Similar nicked DNA-protein complexes were 

isolated from SV40 (Kasamatsu and 17u, 1976) indicating that this was 

not an exclusively prokaryotic phenomenon. 

It was therefore of interest to assay the temperature-sensitivity 

of endonucleases from cdc7.4. The supercoiled covalent3. y closed 

circular yeast 2p plasmid was an ideal substrate for such assays, 

but it was not knowa at that tine whether its replication was dependent 

on the function of the CDC gene products. This was'a crucial point 

to establish, since it had already been shown that mitochondrial DITA 

replication was unaffected by the cdc28s 4 and 7 mutations (3-3,2,26)6 

Expexdments were undertaken to resolve this issue,, 

The use of the 2 ým plasmid in the endonuclease assay necessitated 

its preparation in quantity9 and radioactively labelled, Several 

methods were assessedp and the most successful is described in detail 

here, At a later stage in the woews a recombinant plasmid became 

available containing the entire yeast 2 Fm plasmid. Beggs (1978) 

reported the isolation of several hybrid plasmidsp one of whichp 

pJDB2199 consisted of the yeast 2m plasmid sequencep a ColEl 

derivative pMB9p and a yeast chromosomal leu 2 sequence. The plasmid 

can be propagated in suitable strains of both E. coli and S. cerevisiae. 

It has the advantage of ease of purification fraa bacteria in 

considerably greater quantities than the yeast 2 ým plasmid had ever 

been obtained from Socerevisiae. Alsop since it contains the fall 214m 

plasmid sequencep any putative sequence specific activity should be 

equally evident using pJDB219. 

Four endonuclease activities have so far been reported for 
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S. cerevisiaeo Pinon (1970) described endonuclease Al which requires 

118 2+ 
or jjn2+f and has a 750 fold preference for single-stranded DNA 

over double-stranded DNA* Two endonucleasesl B and Ct' both inactive 

on denatured DITA have also been separated (Pinon and Leneyt 1975). 

They were distinguished by the requirement of endonuclease B for 

Tin 2+ 
p and the action of endonuclease 0 in making single strand nicks 

with tIg 2+ 
as cofactor, but double strand breaks with 11a 2+ 

* Bryant 

and Haynes (1978) isolated an endonuclease from nuclei of S. cerevisiae 

which also functioned preferentially on denatured DNA. This enzyme 

was thought to be distinct from endonuclease A (Pinont 1970) due to 

its ability to insert random nicks into OX174 BFI DNAp and hence it 

was designated endonuclease a. The in vivo functions of these enzymes 

have not yet been established. 
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MMODS 

5.2.1. Additions to growth media. 

106 cells were grown on YEPD-AU agar plates at 38 0C and 230C in 

the presence or absence of 100 t4m cGKPt or 1mM cAMP (Town et al. 

1976), NAI)pNADE6SAM, or mevalonic acid (MA). Plates were scored after 

3-4 days. 

5.2.2. RNA polymerase seParatiOne 

, &ssay of RNA polymerase activity 'was performed as in 2.13-1. 

Cell extracts were obtained from cells grown in YEPD-IU to 1-2xlO8 

cells per ml (mid-log phase)* log wet weight cdc7-4 (H201,14-4. ) 

cells were mixed with 20mlo Extraction Buffer (0,2M Tris-HC1 PH 7.99 

2(F/6 glycerol 20d4 MgC'2t o. 6M(NH 4)2SO4' 
imm EDTA, imm DTTP 3-401 

PXSF), and homogenised by 3x2O second bursts in a Braun homogeniser 

(Botany Dept. UCL). The beads were washed with extraction buffer 

and the extract (35ml-) spun at 46K rpm in a Beckman 50Ti rotor for 

90 minutes at 4OCe The Spinco supernatant (25ml. ) was diluted to 

200mle and loaded onto a DEAE-Sephadex A25 column OX32.5 cm-) 

equilibrated with 0.05M Ammonium sulphate in 50mM Tris-HC1 PH7-9t 

2. T/6 v/v glycerol, 0.5mI4 EDTA., 1mX DTT (TGED) containing 1-76M PMSF- 

The column was washed with 100ml of this buffer then eluted with a 

700ml linear 0-05-0-45M Ammonium sulphate gradient. 

. 
Itu-P)mutants. 5,213L Isolation of dTKP, j3ermeabLe 

CAD agar plates (2-3) containing aminopterint sulphanilamide 

and dTMP were used. The cCmPonentS of UD were dissolved in 400ml 

distilled water and autoclaved. 600ml, of a solution containing 4g 

sulphanilamide and 20mg aminopterin (dissolved in lml IKSO) was 

sterile filtered and added when cold. A sterile filtered solution of 

10mg/ml dTMP was added to each agar plate to give a final concentration 

of 100 
rg/ml 0 
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107 cells from a stationary phase culture of cdc2l 0146.2-3) 

were plated out and incubated at 230C for 10 dVs. Approximately 

15 colonies/plate appeared. The biggest of these were picked off, 

and screened for ability to incorporate 3H dUV into INA., 

, -Dlamnid on-Benzovlated-naDhthovlated- 

Cells from 2 litres of mid-log phase cultures were spheroplasted 

using Arthrobacter enzyme (2,9 ),, After washing by centrifugation 

through 1.5M sorbitol O, 1M EDTA, the spheroplasts were resuspended in 

O, IX Tris-HCl PH7.6, O. IM EDTA (TE buffe=)v and lysed by addition of 

saxkosyl 1-35 to a final 3P/6. The lysate was maintained at room 

temperature for 45 minat then spun at 27K rpm in a Beckman 50Ti rotor 

at 40C for 30 minutes. The supernatant was decanted into a sterile 

measuring cylinder, and solid XaCl was added to IM final, After 

dissolving,, PEG 6000 was added to 101% w/v, and the extract was 

transferred to a sterile 50ml glass centrifuge tube and kept on ice 

for at least 2 hours. The PEG precipitate was removed by centrifugation 

at 1000 rpm in a XSE bench centrifuge for 5 minutes at 40C. and 

resuspended in O. IM TE buffer pH7.6. One-tenth volume of 5mg/ml boiled 

RNAaseA, was added, and the mixture dialysed overnight against I litre 

O. OIM TE p117.6. Proteinase K was added to 75 g/ml and incubated at 

450C for 2 hours. One-ninth volume of 3M NaAcetate pH6.0 was added, 

followed by 2 volumes of chilled absolute alcoholt and the DNA, 

precipitated at -7000 for 2 hours. 

The DNA precipitate was collected by centrifugation at 3K rpm in 

an MSE bench centrifuge for 10 minutes at 400, and resuspended in 

0.001M TE pH8.0. After complete rebydrationg IN VaCl was added to a 

final concentration of 0.3M. Using a Type CnAW72 pH electrodep 

(Russell pH Ltd. )v the pH was adjusted to 11-85 at 200C by addition of 

0.5N NaCH. After 3 minutes at this pHt N HC1/M Trio base (9/1) was 

added to bring the p1l down to 8,, 0 at which point the preparation was 
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chilled in ice. 

M. -cellulose (Boebringer; recycled 17 washing twice in 6M 

guanidinium. chloride (G-aCl) and twice in sterile O. IM TE pH7.61, then 

with several volumes of 0.3M NaC1 0.001M TE pH7.6) was packed hard 

into a 2cm diameter colunn to give a bed height of 1.8cm. The extract 

was loaded onto the column, followed bY 30M1 0.3M NaCl 0.001M TE pH7.6. 

Plasmid DNA was eluted with DI NaC1 0.001M TE pH&*, then ethanol 

precipitated as before. Single-stranded ]DNA was eluted with 6M 

guanidinium chloride (Aristax, BDH). 

5.2.5. Preparation of t-ColEl INA and 
3ý-13JDB21-9 INA* 

50ml cult=es of DS581 ColElt Ecoli (sti-rt tb3r: -) in L-Broth 

or 11-9 medium (2-3) were labelled overnight at 370C with 2 rCi/ml 

6-3H tIUmidine (2.1). If amplification was requiredo 2,, 5mg/Mi 

chloramphenicol (Sigma) was added (sterile filtered) to a final 

concentration of 100 ýg/ml. Plasmid was prepared as described in 2.16 

p, TDB219 was prepared similarly from the E., coli strain -TA221 

(recAl. le B6, trp E5P BdR7 s&T4' lacY C600; Begist 1978 - 

Tetracycline was sterile filtered into the medium (L-Broth) to a final 

concentration 15ý9/: ml- All operations with this organism and the 

plasmid pJDB219 were Perfo=ed =der category Pl contai=ent cmditions. 

5; 2.6. Nitrocellulose filter binding'andonuclease assay* 

The method was that of Center et al. (1970), R6action mixtures 

(O. Znl) contained 50mM Trio-HC1 PH8-09 7mm NgC'2,15 ýPSA (from. a 

0*5mg/ml stock solutiong, heated at 750C for 45 minutes to destroy 

nucleases), 1.5mM IDW, 0.2-0-4ýg plasmid 3WA (700-2000 cpm). 

O. Iml diluted enzyme and O. Iml concentrated mix were preincubated 

separately in sterile glass tubes for 45 seconds at the raction 

temperatures before mixing and reacting for 3-5 minutes. Reactions 

were tezminated by the addition of O. Iml 0.1M Tris-HClg pHB,, Oý OlMTkt 

followed by Iml lxSSC (0.15M NaCl, 0.015M sodium citratet PH7*0)o 
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Xixtures were boiled for 3 minutesp then chilled immediately in ice. 

5ml ice-cold 6xSSC was added and the mixtures were filtered slowly 

(2ml/minute) through nitrocellulose Millipore filters HAWP 02500., 

Pilters were washed with an additional 5ml 6xSSC, dried, and counted 

in PPO-POPOP-toluene scintillation fluid (2.6. ý* 

2 

10-20g wet weight of cdo7-4 (DE200.1-3) cells grown to mid-log 

phase in YEPD medium (2-3) were harvested and broken in a Braun 

* 12- 
hcmogenizer as described in Section 2. except that 2M NaCl was omitted 

from the extraction buffer. After washing theglass beadN solid NaC1 

was added to lMv and the extract was clarified by centrifugation at 

38K rpm for I hour at 40C in a Beckman 5GTi rotor. The supernatant 

was dialysed for 5 hours (4 changes) against 2 litres TEDP buffer 

PHT. 5 at 4*C, then centrifuged at 15K rjpm for 10 minutes at 40C in a 

MSE 18 centrifuge. The extract was then loaded onto DEAE-cellulose 

columns as described in the legends to Pigures 43 and 44. 
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5.3 RE SULTS AND DISCUSSION. 

5.3.1. Effect of addition of, metabolites Mon growth. 

The effects of addition of cAMPt cGMPt NADt NAD(H)v 

S-adenosylmethioninet and mevalonic acid upon growth of A364A. cdc4, 

cd07 and cdc28 on nutrient agar plates (5.2.1) are su=arised in 

Table VIII. No compouad restored growth of any of the mutants at 370C- 

Growth was unaffected at 230C. Colony forming ability at 370C of the 

paxent strain A364 was equal to that at. 230c( .. ). but colony size 

was maxkedly reduced(+). 

Table VIII. Effect of additions 11.2on growth* 

Growth* 

Addition 
A364A 

23 0 37 0- 
cdc4.3 

, 
230 

, 
370 

cdo7-4 

23 0 37 0 
cdc28.1 

230 
- 

370 

none .. + +++ +++ 

cANP .. + +++ 

canp +++ + +++ +++ 
NAD .. + +++ 
NAD(H) .. + nt nt .. nt nt 
SAM +++ + +++ - +++ nt nt 
MA2 .. + nt nt +++ nt nt 

Notes: 

1: All additions were ImH final except for oGMP which was 100ýM* 

2: cdc7-4 strain was DE200,, 1-3; all others were H201-14-4 (Section 2.2)e 

SA14 synthetase activity was assayed in crude extracts of A364A and 

the collection of cdc7 mutant alleles using the method of Holcomb and 

Shapiro (1975). Surprisingly, levels of the enzymes were found to vary 

by as much as six-fold between strainst whereas INA polymerase and 

alcohol dehydrogenase specific activities were fairly constant. Howeverv 

SAM synthetase activity was greater in all the strains tested when 

measured at 370C than at 23 0 C. (This work was perfoxmed in conjunction 

with I. R. Johnstm)o 
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5. ý. 2. Thermosensitivity of RNk polymerases from cdo7.4. 

RNA polymerases Iv II and III were separated on BE&E-Sephadex A25 

by the method of Shultz and Hall (1976); 5.2.2. Fractions were 

assayed at 230C and 360C as described in 2-13.1. The results axe shown 

in Fig- 37- Simultaneouslyp fractions were assayed for their sensitivity 

to 20 rg/mla-amanitin, the results suggesting that the ascribed order 

of elution as being polymerase I. II and III was correct. In yeast, 

RNA polymerase III is resistant to 2 mg/mloL-amanitint whereas 

polymerases II and I can be inhibited by 20 rg/Mi and 2mg/ml, 

respectively (Valenzuela et al. 1978)- In this fractionationt 

polymerase III was incompletely separated from polymerase 119 appearing 

as a shoulder on the trailing edge of the polymerase II peak. This 

was probably an artifact of the extraction and chromatographic 

procedures usedq since an A364A extract shows a similar profile (data 

not shown). 

There was no obvious temperature-sensitivity of any species of 

BNA polymerase using this assay. This does not eliminate the possibility 

that the cdc7 mutation might affect a regulatory sub-unit equivalent to 

E. coli RNA polymerase tr factor, (Chamberlin, 1974)t or the Ngene product 

of bacteriophage X(Lewin, 1977) which would not be detected. 

sitivitv of DNA -nolvmerase-and sin-mle-stranded INA 

Crude extracts obtained from log phase A364 and cdc7-4 cells 

(5.2.2) were assayed for DNA polymerase activity (2-14) at varYing 

dilutions for 15 minutes at both 230C and 370C. At equivalent protein 

levels (approximately 200pg protein/assay) the incorporation into acid 

precipitable material at 2300 corresponded to 224 and 266 moles total 

nucleotide for A364A and cdc7-4 respectively, and at 370C the equivalent 

values were 697 and 798 moles respectively. Thus there was no 
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Pimire 37: Temperature censitivity of IVA polymernses from 

cdc7.4. 

MIA polymerases from log-phase cdc7.4 (H201-14-4) calls 

were ceparated on a 2. Ox32.5= col= of DEJO-Sephadex A25 

as described in 5,2.2, 20 minute assays wero perfo=ed, at 

23 0C(0) 
P 36 0C( OP ) and at 230C in the presence of 

20 jLg/ýnl o( -am=-itin (I) as described in 2.13-1- 



180 

llosv 

N 

'Sulwo?, 114OS; / joýjlejodjooui . dvinl-H. selow d 

m 

c 
0 
*Z 
ci 
Co 
1- U- 



181, ý 

detectable thermosensitivity by this assay, which is in keeping with 
7. L4- 

the initiation phenotype of cd6 (see section 6.3-4.1 for DNA polymerase 

separately). 

Using the assay for INA-dependent ATPase activity described by 

Assairi and Johnston (1979)p it vras established that when the extracts 

used above were fractionated by chromatography on phosphocellulose P11, 

neither the column flow-th=ough or the activity peak eluted with a 

0.251n potaosi-um phosphate wash showe(i detectable thermosensitivity in 

assays ranging from 15 to 45 minutes. The results axe presented in 

Table M 

TABLE 1%. DNA-dependent ATPase activities* 

A364& cdc7.4 
0 23 C 370C 23"C; 0 37 C 

Phosphocellulose 
Flow-through 8.27 7.87 6.80 8-75 

Eluted activity 
peak fraction 2-45 4.96 2.48 4-91 

*Activity expressed as moles ADP -produced in 30 ininilte reactionsp 
separated on PET. -cellulose paper 

tSchleicher 
and Schull)* 

5o3.4. The Yeast 2r 'Plasmid, 

5-3-4*1. Control of repli-cation of the veast plasmid. 

The 2ttm plasmid has the same density Q =1.699 eon; -3) as nucleax 

DNA (Carter, 1975). but they can be separated using ethidium br=ide- 

caesiim chloride gradient centrifugation., The dependence of 2PMplasmid 

replication upon the CDC7 gene product was tested by determining whether 

the plamnid was replicated in cultures arrested at the cdc7 block. 

This was done using a protocol which involved Eýmchronization of a 

culture of cdc7-4 byot-factor a=ests, followed by release from the 
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&, -block and splitting of the culture into two portions, both of which 

received 101ACi/ml 6-3H uracil. One portion was incubated for 90 

minutes at 230C and the other at 380C. After the labelling period, an 

excess of unlabelled uracil was added to each culture, to chase any 

replicating intermediates. The sample prepaxation, as described by 

Livingston and Klein (1977)t was a modification of the method of Hirt 

(1967). involving clearance of a crude lysate by precipitation at 

OOC with SDS-M NaCl. At this point in the preparation,, equal portions 

of a similaxly processed culture of cdc7.4 which had been labelled 

overnight with 0.08 ýWi/ml 2-14C uracil were added to each sample to 

act as markers. The gradient analysis displayed in Fig. 38, shows 

conclusively that 2fLm plasmid was not replicated in cdo7-4 cells held 

at the restrictive temperature, Likewisep nuclear DNA replication was 

blocked but mitochondrial INA replication continued unabated, as had 

been shown previously (3-3.2.2). At 230C. plasmidt nucleax and 

mitochandrial DNAs were replicated in proportion to the amounts of 

l4c-prelabelled DNA. 

Confirmation that the peak designated "plasmid" (inset in Pigs* 

38t 39 and 41) contained 2ttm. plasmid, was obtained by electron 

microscopy and agarose gel electrophoresis. Molecules from a 

corresponding peak on another gradient were spread as a monolayer by 

the Kleinschmidt tecbnique (2.18), then picked up on carbon coated 

E-N grids. Fig- 4P shows that the molecules observed were unifo=ly 

2fm in length, mainly supercoiled, with an occasional relaxed circle, 

which probably arose during sample preparation for the microscope. 

This DNA migrates as a single band fractional3, y faster than DS581 COM 

DNA on agaxose gelsp again confirming its size and nature (data not 

shown). 

A modified protocol was used in similar experiments upon A364A, 

cdc4-3, odc28.1 and cdc28.2. Cells from the overnight 2-14c uracil 
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Plaure 38.0 2 Mm Pla=id replication in cdc7.4 

A 50ml exponential culture of cdc7.4 (0200.1-3) at 107 cells/ 

ml was arrested with cý -factor then oplit and released at 23 0C 

(a) and 38 0C (b) in the presence of 10 FCI/=1 6-3H uracil as 

described in Figure 13. After 90 minutes the label was chased 

for 30 minutes by the addition of 20ozr/litre uracil, to the 

cultures, Lysates were prepared as described in 2.15.2. To each 

lysate (2,5ml)t 1*25=1 of a similar lysate prepared from cdc7e4 

erovm for 5 generations in the presence of 0,08PCI/ml 2_14C uracil 

was added., Ethidium bromide-caesi= chloride gradients were 

prepared and centrifuged as described in 2.15.2. The inset in each 

case shovm the plasmid peako P. N= nuclear DNA; 11--aitochondrial. 

, ),, A. (0) 3H; (0 )14C. Total 14C 
and 

3H 
counts recovered 

on the gradients are given. 
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labelled cultures were washed free of radiolabel by centrifugationt 

then resuspended in fresh medi-um and used for the 6-3H uracil 

labelling treatments. Alsot since the cell cycle times of these 

strains are about 3 hours (data not shown), and the S phase lasts 

for about 25/Do of the cell cycle (Caxter, 1975). S phase was estimated 

to be 45 - 50 minutes in exponential cultures growing at 230C. Thust 

the washed l4c-prelabelled cultures were split and incubated at 230C 

and 38'C (360C for cdc4-3) for 65 minutest calculated to allow all 

S phases vnderway to be completed at the restrictive temperature, 

prior to labelling with 6--311 uracil for 2-5 hours. The results of 

this labelling regime upon the DNLA synthesised at 380C or 360C in 

A364A, cdc4-3 and cdc28.2 are shown Figures 39 and 41. Companion 

gradients showing the DUA labelled at 230C axe not included here. 

The distribution always corresponded precisely with the 14C-prelabelled, 

I)NA. Four points axe apparent from these figures: 

1. mitochondrial DNA was not always resolved from nuclear INA; 

2, IUA replication in A364A at 380C followed the same distribution 

as the 14C prelabel; 

3, - cdc4 showed a clear, increase of mitochondrial DNA at 380C. 

without a corresponding increase in nuclear and plasmid IHA. 

4- there was not such a convincing shut-off of plasmid replication 

in cdc28.2 (Fig. 3,9) as was seen in the other cdc mutants. Howeverg 

the 3g/14c ratios for the peaks labelled p. n and m in Fig.., ', g are 

o. 67,0-70 and 2.82 respectively. Clearly the plasmid was replicated 

to the same extent as the nuclear DNA at 38 0 C. both being much less 

than the mitochondrial DNA fraction, Control gradients containing 

DNA labelled in cdc28,2 at 230C gave corresponding values of 3-879 

4.45 and 3.81 respectively. Thus 2JAm plasmid INA replicationt like 

nuclear INA replicationt requires functional CDC28, CDC4 and CDC7 gene 

products for its initiation, 
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Fip, u ý2: 2 t! m pla=id replication in 
-A364A and cdc28,2o 

1 

The experiment r= the s=o as in Figure 38 except that 

the 3H labelled cultures had them. -, elves been pre-labelled with 

2-14C uracil overnight. The gradients show restats for 

cultures labelled at 3SOCp after 65 minutes at 38 0C without 

label; (a) A364Ap labelled for 70 minutes; (b) cdc28*2, 

labelled for 150 minutes. (0)3. U; (0)p 14C. 1, v IT 

and M= plasmid, nuclear and mitochondrial DITAs. 
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Pip_ure 401 Electron -aicroscolrl of the 2 m-a pla---id peak on 
I 

Etd ]3r-CsCl gradientso 

The DITA present in the peak marked P. in Ficurc 38 ra, -- 

Kleinschmidt opread as in 2.18 except that staining rms with 

, ph--OsphotunZstic acid. A field of cupercoils (a) was observed 

with occasional open circles (b) The bar represents 0.5 pmo 

Fir-ure 41: 2 ýL-i plasmid- replication in CdC4.1. 

The protocol was the s=e as used in Figure 39, except 

that 6jH uracil labelling was for 2.5 hours at 3CC after 

1 hour at 36 0C without label, (0 )1 311; (0 ), 14CO 

pq IT and LI = pla=idt mitochondrial and nuclear DYAso 
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An interesting point which arose from these experiments was 

that the amount of 2 rm plasmid relative to total IHA varied between 

the strains examined. A364A, cdc4-1 and cdc7-4 all possessed roughly 

similar amounts (5-8% of the total 3WA on each gradient), whereas 

cdc28.1 and cdc28.2 both contained reproducibly less plasmid, (1-2% of 

total DNA per gradient). This probably reflects a lower copy number 

of the 2ým plasmid in these strains, which may be an effect of the 

cdc28 mutation. Howevert it must be noted that 2ýAm INA sequences 

axe totally absent in certain strains of Scerevisiae, without 

apparent adverse effects (Tabak, 1977)- 

A difficulty encountered in these experiments was the sensitivity 

of cells grown. at 38 OC to Arthrobacter enzyme, Cultures grown at 

230C spheroplasted wellt and could be handled without excessive lysisp 

but after growth at 380C. cells of all the ode mutant strains were 

very easily lysed. This did not affect the results presented heret 

but did cause invalidation of several other experiments. This lead 

also to the inclusion of 1. Z4 sorbitol in the sample preparation 

(2.15.2- ). which may be responsible for the occasional poor 

resolution of nuclear from mitochondrial INA in caesium chloride& 

5.3.4,2, Large scale prepaxation of least 2 ý! R ]21asmidl. 
I 

Attempts to scale up the ethidium-bromide, caesi-um chloride 

separation method (2,19.2 ) for preparative purposes proved unsuccessful. 

One problem encountered when making 6-3H uracil labelled plasmid was 

the high RNA contamination despite Mase digestion before centrifugation, 

A solution to this was offered by the use of dTMP-pe=eable strains, 

allowing specific labelling of DNA (Jannsen et al. 1970; Brendel et alp 

1975). A second improvement came with the development of 

chromatography on benzcylated-naphtho7lated DEAE (IUD) cellulose as 

an alternative plasmid separation technique. 

The rationale behind the isolation of dTHP pezmeable mutants is 
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as follows. Depletion of tetralWdrofolates by treatment with 
61 

angopterin (causing inhibition of dibydrofolate reductase) and 

sulphanilamide (causing inhibition of de novo production of dibydxofolate) 

causes growth axrest. The biosynthetio pathways of adenine, histidine, 

methionine, and dMIP axe tetrabydrofolate dependent (Barclay and 

Little, 1977). Administration of both inhibitors is necessaxy 

to arrest yeast growth (Brendel et al. 1975). If cells are starved 

for dUQt continued growth in the presence of a metabolic block 

(i,, e, with adenine and required amino acids supplied exo*genouslyt 

and the aminopterin/sulphanilamide block imposed) results in 

"thymineless death" of the cells. Cells can be rescued if they are 

permeable to exogenously supplied d'24P. as a result of mutation at 

the tup locus (Wickner, 1974). 

cdc2l. 1 (Hl46*2-3-) which was known to have a defective tbymidylate 

Eýmthetase (Bisson and Thorner,, 1977)t was exposed to the above 

selection conditions as described in 5.2-3. Large colonies were 

screened for their ability to incorporate 3H-dRT. One strain cdc2l. 1 

DE46/2 gave optimm labelling, and the best conditions were 320C in 

CAD mediua containing 0-7 ff/ml dIffIP and 0,25ýAci 3H-dTKP/ml. Another 

similarly isolated strain (g308-6C) was obtained from Dro J, G. Littlet 

which proved to be even better at 3H-dIRIP incoTporationt than cdc2l. 1 

DE46/2.3H-dDT was shown to have labelled MNA exclusively by caesium 

chloride gradient analysis. 

The often poor yield of 21xm plasmid from EBr-CsCl gradients, 

caused by the overlap of the peaks as the gradient load was increased, 

prompted a seaxch for alternative plasmid sepaxation techniques. Both 

the hydroxyapatite column method of Co3mian et al, (1978) and the acid 

phenol extraction tecbnique of Zasloff et al, (1978) proved unsuccessful 

when applied to yeast* Another method involved the use of benzoylatedt 

naphthoylated DEAE (BND) cellulose which binds double-stranded IHA 

much less tightly than single stranded ]DNA, Using alkali to denature 
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linear MNAt followed by renaturation and chromatograpby on END-cellulose, 

S; sheime= and Komano (1966) separated AX174 RP1 IDNA from the linear 

foxm, Hayton et al (1973) had also used the method to detect single 

stranded regions in replicating DNA in BEK cells. 

The preparation is described in detail in 5,2.4. Briefly it 

consisted of : (1) spheroplast formation using Arthrobacter enzyme 

(2.9-3- ) and lysis by 1Y6 sarkosyl detergent; (2) high speed 

centrifugation to yield a cleaxed lysate; (3) precipitation of nucleic 

acids by 10% PEG 6000 in MaM; (4) RNAaselk and proteinase K digestion 

of the resuspended PEG precipitate; (5) denaturation at pH 11-85 and 

room temperature for 3 minutes followed by neutralisation and rapid 

chilling; (6) MM-cellulose chromatograpbyt eluting plasmid DNA with 

IM NaCl in 16M Tris-HC1 pH B. O. ImKEDTA, and denaturecl. DNA with 6M 

guanidinium chloride. 

k typical purification is shown in Table 34 - The final yield 

represents about 2(P/6 of the total plasmid in the cells. Samples taken 

at various stages during the purification were riln on a 10/0 agarose 

gel (Fig 42). The IM-NaCl wash contained only supercoiled plasmidp 

but aome was also retained on the column, and was eluted with 6M 

guanidiniurn chloride. Extensive washing of the column before elution 

was necessary to remove BHA, which does not appear to stick. 2 ý`m 

plasmid prepared in this manner was used in the assays for endonuclease 

activity 5.3-5. 

An interesting point axising from the use of dTKP pe=eable strains 

was that the specific activity of the labelled DNA was never more than 

15% of that of the input radioactivity in the growth medium, This 

suggests that there is endogenous tbymidylate synthetase activity in 

both 9308-6C and cdc2l. 1 DE46/2. Bisson and Thorner (1977) assayed 

tbymidylate synthetase activity in cdc2l extracts, and found less 

than 0.2/16 of the activity of comparable wild-type extracts, even at 

230C. F. Z. Watts has confizmed this observation. The evidence cited 
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here, coupled with the fact that cdc2l survives at the permissive 

temperature, demonstrates the presence in vivo of a process supplying 

dTMP. The apparent absence of activity in vitro must be caused by 

instability of the mutant enzymes during extraction. This must be 

borne in mind when attempting to isolate mutant proteins. 

Table Xi. 'i IND-cellulose purification of 2 Amm 321asmid. 

Sample Description 
Total TCA 
]ýrecipitable 
. ýHcpz 
(xl 3) 10 

Recovery am 
6 of total ýHcpm 

in 
culture 

1. Culture 15tO84 100 

2, Digest supernatant 79 0.5 

3* Lysate (pre Spinco) 3,570 23-7 

4- Lysate (post Spinco) 3t220 21-3 

5- Spinco pellet 4160 27.6 

6. PEG precipitate 3P144 20,8 

7- PEG supernatant 39 0-3 

8. Post-alkali treatment 
(BND cellulose load) 29492 16-5 

9. X-NaCl wash 98 0.6 

10. 6M guanidinium chloride 
wash 4451 9.6 

Notes. A. Sample 3 was lowt presumably due to lack of scintillant 
penetration on the filters, since it should equal the 
total of 4 and 5- 

, %g308-6C, labelled with (methyl-3H)- B. The strain used,, W 
thymiciine'r, " "'ArpV'c3Mc 6Lotivity of INA in 9 and 10 was 
2720 cWt4g* 
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5.3.6. Endonuclease actiA&. 

For the purpose of screening a large number of gradient fractionst 

the endonuclease assay used was the nitrocellulose -filter binding 

assay described by Center et al (1970). This measures activity on 

supercoiled covalently closed circular. DNA by its conversion to a form 

which can be retained on nitrocellulose filters. These filters 

preferentially trap single-stranded DNA at high salt concentrations 
(6xSSC). The assay was used by Henry and Knippers (1974) in the 

purification of 9174 gene A activity. Assays were short (3 minutes), 

since the bypothetical endonuclease need only nick once per circle. 

Since the initiation of DNA synthesis in vivo proceeds rapidly upon 

a temperature shift from 380C to 23 0C (3-3,2,1)t it was necessaxy 

that the reaction mixtures and fractions -under test both be 

preincubated at the3maction temperaturest to ensure that the defective 

protein could not function, 

5.3.6.1. Fmctionation of crude extracts on DFAE-cellulose. 

Crude extracts (5.2-7) of log-phase cdc7-4 cells were fractionated 

by ion-exchange chromatography on DEAE-cellulose DE52, and assayed using 

yeast 3H-2 r plasmid as substrate. The first experiment showed some 

apparent temperature-sensitivity of an early eluting peak (50mm NaC11, 

fractions 32-38) whereas late eluting activity was remarkably similar 

at both 230C and 380C (Fig 43). However, when fractions 33-36 were 

pooled and chromatographed on phosphocellulosep a single peak was 

eluted at 0.4M NaCl which showed no apparent teaperature sensitivity 

in the filter binding assay (data not shown). 

On repetition of the DEAE-cellulose fractionation of a cdo7-4 

crade extractv assaying for endonuclease activity with END-cellulose 

prepared 3H-2 pm plasmid as substratep (Fig 44). another marginally 

ts peak eluting at the front of the gracUent was seen. Howeverp on 

careful reassay of fractions 67-74 covering this region, the effect 
ti could not be reproduced. It was thought that a contributory factor 
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Firure 43: Nitrocellulose filter bindin!! ansay for 

endonuclease activilZ in fractions f=m DM 

cellulose using 2 pm plasmid DITA as substrate. 

A crude extmet (18ml) from 8.41; wet weight of log-phase 

yeast cells prepared as described in 5.2-7v was applied onto 

a 3. Ox29-5 cm DEAE-cellulose columa at a rate of 40mlAour- 

After extensive washing with TEDGP Bufferp pH8.0 (2,12)9 bound 

proteins were eluted with a 20Cml O-lLI X01 gradient in the same 

buffer. 50fxl samples from the fractions were assayed by 

endonuclease activity at 23 0C(0) and 380C (0) using the 

nitrocellulose filter binding assay described in 5.2.6 with 
3H-2 

pm plasmid DITA (13.800epi;, / pg; 970cpq&ssV) as substrate& 

Figure 441 Nitrocellulose filter bindirV! assay for 

endonuclease activity using 2 pm plasmid DNA as 

substrate. 

The experiment vras the came as Figure 43y except that the 

crude extract volume Yras 42ml, a 2.8x36= DEAE-cellulo-se column 

was used and the 3H-2 
jAm plasmid was 1680cpm/ pg (860cpr4/assay) 

(0), 230C; (0) 380C. 
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in this lack of reproducibility was the high protein concentration 

used in these assaysq which upon denaturation may have trapped INA 

on the filters. This was particularly so in the mid-z=ge of the 

gradient, where assays contained up to 0.5mg of protein. 

When assays were repeated after ten-fold dilution of the 

fractions using enzyme diluent (20mK Tris-HC1 pH8, O, 0.5mM EDTA,, 

0.5mg/ml BSA heated at 75'C for 45 minutes, ImM DTT)t and perfozmed 

on 3H-DS581 ColEl DNA, a much clearer pattern emerged (Fig 45). With 

the exception of fractions 73 and 75, all other fractions assayed 

had greater activity in the filter binding assay at 380C than at 230C- 

A small peak at fraction 81 at 230C was seen, and a much larger peak, 

corresponding to 7U/6 retention of the input DNA, was seen for fraction 

85 at 380C. These assays, at the same dilutions, were repeated using 
3H-pJDB219 DNA as substrate (Fig 46). Minor peaks at fractions 19 

and 71 appeared which were not seen using ColEl DNA9 otherwise the 

activity profiles of Figs 45 and 46 were similar, Identical assays 

to those of Fig 45, i. e. using ColEl INA, were performedt but instead 

of boiling and chilling as in the 6ndonuclease assay (5.2-7). chilled 

6xSSC was added directly and the samples were filtered through 

nitrocellulose (Fig 47)o In such high salt conditionst and without 

denaturation, the assay measured tight DN-k binding proteins. The 

major peak for fraction 85 at 380C is a feature of Figures 459 46 and 

47e It had been assumed throughout these assays that the retention 

of counts on the filters represented endonuclease activity. The 

unexpected amount of tight INA binding activity made this assumption 

questionable. 

The products of the reactions'were therefore analysed on agaxose 

gels (2.17 )p to ascertain that the supercoiled plasmid substrate 

was being nicked by endonuclease actim. Alsog to establish whether 

the differences between Pigs 449 45 and 46 were due to artefacts in 

the assay, or were due to INA sequence specific effects, assays were 
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Fimmre 45: ITitrocelbilose filter binding assay for endonuclease 

activity usiriZ 
3H-. ColEl DITA as substmte. 

The fractionz fr= the DEAE-cellulose gradient in Figure 44 

were diluted 10 fold with 1= Tris-IM19 pH7.6; ldl EDTA; 1OCtq/ml 

BSA (heated at 750C for 45 minutes); lmM DILT; and assayed for 

endonuclease activity at 23 0C(0) and 38 0C(0) 
with 

3H-ColE1 

DITA (8200cpm/ p,,; 1680epm/assay) as substrate. 

Firure 46: Nitrocellulose filter binding assay for endonuclease 

activity usirIg 
3H 

pTDB219 DITA as substrate. 

The experiment wa3 the same as Figure 45 except that 3H-pTDB219 

DNA (9200epc%/jAg; 1250opm/assay) Y. w uzed. 
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47: Nitrocellulose filter binding assay for double- 

P, 
3 

-ColEl DITA. stranded DNA binding proteins usin, H 

Reactions were performed using the same fractions and under 

the s=e conditions as for Figure 45, except that s=ples were 

not denatured by boiling prior to addition of 5ml 6xSSC and 

filtration throuZh nitrocellulose. 

Pi! Nm 48: Agarose gel electrophoresis of endonuclease assay 

products using, ColEl and pJTDB219 DITA as substrates. 

Fractions 67-85 from the DEAE-ceUulose gradient in Figure 

44. were diluted three fold with enzyme diluent as used in Pigure 

45v and lOtAl aliquots were incubated in 201&1 assays containing 

5= Tris-HCII pH8.0; 7mM LýgC'2; 1.5m'M DTT and 80 Wml pJDB219 

DNA or 80 fkllý ColEl DILTA. Incubations were perfo=ed at 38 0C 

for 3 minutes. Reactions were terminated and samples 

electrophoresed in a 1% agarose gel as described in 2.17p except 

that 0,5iug/ml ethidiun bromide was included in the gel and 

electrophoresis buffers. Assays using fraction 81 contained 

0*75mg4a protein. P= pJDB219, C= ColrEl. The band order in 

decreasing mobility was supercoilp linear, and opencircular DNAs. 
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perfo=ed on both pJDB219 and ColEl INAs. The results of agarose gel 

electrophoresis of reactions using fractions 67-85 perfo=ed at 380C 

is shown in Fig 48. The designations supercoilp linear and open circle 

were confi2ned independently by WAsel digestion pattezns. 

5.3.6.2. Survey of data from ELMEes-44=48. 

Several points can be made from analysis of the data presented 

in Figures 44-489 which all derive from the sane DEAE-cellulose 

gradient. 

1) From Figure 48, both the pJDB219 and ColEl plasmid. 

prepaxatims were partially nicked yielding open circular molecules, 

either before or during the reactions,, The filter binding assays of 

Figure 46 using pJDB219 as substrate had fairly high blanks (250-300OPM 

from 1700cpm input DNA per assay)q probably reflecting the amoiMt of 

open circulax INA present in the preparation. Experience showed 

that 3H-plasmid DNA was much more easily nicked on storage than 

unlabelled DNA. 

2) The small filter binding effect of fraction 71 seen in Figure 

46 which was not observed using ColEl IWA as substrate (Figure 45) 

could not be observed on the agarose gel in Figure 48. 

3) Fractions 73,75 and 771caused faster migration of the 

supercoiled band on the agaxose gel (Pigure 48)- 

4) Praction 81 caused trapping of DNA in the sample well in 

Figu-re 48 - 

5) The retention of radioactive DNA on filters seen in Figures 

45 and 46 using fraction, 85 (the peak tube) at 380C was not 

corroborated by the appearance of greater amounts of open circulax 

DNA. on the agarose gel in Figure 48. Thus it seems likely that some 

of the radiolabel retention caused by fraction 85 in Figures 45 and 

46 was caused by the tight binding effect seen in Figure 479 and was 

not due to endonuclease activity. Bryant and Haynes (1978) reported 

a similax problem when using the Center et al (1970) nitrocellulose- 
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filter technique for assays of endonuclease activity in crude fractions* 

5-3.6.3. Further studies on fractions 75 and 81. 

The effects of fractions 75 and 81 described above demanded 

further analysis. Initiallyp it was thought that the fraction 81 

effectp causing trapping of DITA in the sample well in Figure 48P was 

due to complex formation between the plasmid and saturatir4g, amounts 

of double-strand specific DITA binding protein, as was later shown 

for a Drosophila. satellite DITA binding protein derived from Drosophila 

melanogaster embryos (Hsieh and Brutlagg' 1979). Howevert it was 

discovered that the effect was due to precipitation in the reaction 

mix. The precipitation was due to the addition of 7mM, MgC1 2 to fraction 

819' and was independent of added DNA (data not shown), 

When smaller amounts of fraction 81 were used (4.5ttg protein/ 

assay) in endonuclease assay reaction mixturesp the precipitation and 

consequent trapping of DNA in the sample wells of aggarose gels was 

reduced. Fig 49 shows a time course of the effect of diluted fraction 

81 upon pJDB219 at 380C. Also shown is the effect of DNAase I upon the 

same plasnid (tracks 10 and ll)* Clearly fraction 81 possessed 

endonuclease activity which was not thermosensitive. 

The leading fractions of the same gradient (Figure 44) were 

assayed for DITA polymerase activityg using the assay described in 

2,14. The activity peakp eluting at 0.12MNaCl was found to be at 

fraction 82 (Figure 50). 

The purification of nicking-closing enzyme (topoisomerase) 

from S. cerevisiae was reported by Durnford and Champoux (1978). 

Using DEAE-Sephadex gradient sievorptive chromatographyl the nicking 

closing activityp as determined by a filter binding, assay (Champoux 

and Durnfordt 1975) eluted at the front of the salt gradient. The 

activity discovered here which caused faster migration of plasmid 

DINA on agarose gels (fraction 75; Figure 48) was eluted from DEAE-cellujose 
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Figure 49: Demonstration of endonuclease activity in fraction 

81 by N, -arose gel electrophoresis, 

A single 240 tC incubation was performed at 38 0C of the 

same composition as used in Figure 48 except that the level of 

pJDB219 DITA vras reduced to 64 P&I'll y and the amount of fraction 

81 vras reduced to 150 p&/ýnl of protein. At zero time the 

diluted fraction 81 vras added and 30 jAl samples were removed 

into 20 ýl stop mix (2.17)at 0,3P 5P 10v 15,20# 25 and 30 

minutes into the reaction (tracys 2-9). Tracks 9 and 10 were 

samples removed from a parallel digest containing Crij, /ml DITAase I 

(Sigma), Track 1 contained O., 8)ug linear pJDB219 DITA prepared 

by Sma I digestion (Boehringer). B= supercoilq 1= linearp oc 

opencircle. Electrophoresis was as described in Figure 48. 

Figure 50: DNA polymerase activity 

The leading fractions of the D'EIAE-cellulose gradient shown 

in Figure 44 were assayed for DIIIA polymerase activity at 30 0C 

using the assay described in 2.14. ' 
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by low salt concentrations (506M Nacl)- It was thought that the 

activities might correspond. Consequentlyp the Du=ford and Champoux 

(1978) filter binding assay was repeated over the leading fractions 
V 

of the DEAE-cellulose gradient shown in Figure 44. However, their 

assay did not allow identification of fraction 75 as the nicking- 

closing enzyme. 

The apparent ability of fraction 75 to cause supercoiled MA 

to migrate faster on agarose gels presented a major problem. The 

effect was reproducible, but did not occur in the reaction mix of 

Durnford and ChamPoux (1978)t which further suggested that this was 

not the nicking-closing enzyme (data not shown), 1f9 after reaction 

at 38oct reaction mixtures were exposed to protein denaturing conditions 

(5M guanidium chloridet 2/16 SDS, phenol extraction), the INA retained 

its fast migrating characteristic (Figure 51). Thus this effect was 

due to a topological alteration of the plasmid and was not due to 

INA/protein complex formation. The effect was shown to be not 

thermosensitivep by the appearance of the fast migrating species at 

both 230C and 38 0C (Figure 52). Other work showed that this activity 

was not affected by the addition of nalidixic acid at 300pg/ml or 

novobiocin at 80 ýg/ml (Figure 51) or ImMATP or 16mEEDTA (data not 

shown). Thus the 7mM M92+ present in the assay was not in fact required* 

This activity will be discussed again in 6-3-4-6- 

5.3.6.4. S=marv- of Endonuclease assay work* 

In the foregoing workt two techniques were used to estimate 

endonucleolytic cleavage of DNA: a nitrocellulose filter binding 

assayv and the analysis of reaction products on agarose gels. The 

filter binding technique was adversely affected by high protein 

concentration, and may also have responded spuriously in the presence 

of tight DNA binding proteins. Agarose gel separation provided a less 

ambiguous analysis, but could not be easily quantitated, Sucrose 
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Figure 51: Effect of T)rotein denaturing conditions on the 

DNA product after reaction with fraction 75. 

Eight 30 pl incubations were perfomed at 380C for 3 minutes 

as described in Figure 48, except that pJDB219 was used at 106 rg"mi. 

Four received 9 pg fraction 75 protein from the DBAE-cellulose 

gradient in Figure 44p and the other four received enzyme diluent 

(Figure 45) as controls. Pairs of samples (control and fraction 

75 treated respectively) were given the following treatments: 

5M guanidiniun chloride (tracks 1 and 2); eo SDS and heating to 

70 00 for 2 minutes (tracks 3 and 4); heating to 700C for 2 minutes 

(tracks 5 and 6); and extraction with phenol and chloroform (tracks 

7 and 8). The samples in tracks 1-4 were also extracted with phenol 

and chlorofom prior to electrophoresis as in Figure 48. 

The same reaction mix was used for the samples in tracks 9-11, 

which all received 9 pg fraction 75. Track 9 was without further 

additionst track 10 contained 300 wMl nalidixic acid (Sigma) and 

track 11 contained 80 Kjml novobiocin. After 3 minutes at 38PC 

these samples were treated as in Figure 48. S= supercoily 

oc = open circle. 

Figure 52: Temperature sensitivity of the fraction 75 effect. 

30 ýl assays were performed as in Figure 51 using 10 rl of three 

fold diluted fractions 73-77 from the DEAE-cellulose gradient in 

Figure 44. This was 12 ýg protein for fraction 75. Pairs of reactions 

at 230C and 380C were perfoimed for 3 minutes, then terminated and 

electrophoresed as in Figure 48. 

The fractions were 18 months old when these reactions were performed 

and fraction 75 had suffered repeated cycles of freezing and thawing 

with consequent reduction in activity. 
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gradient analysis is also definitive (Henry and Knippers, 1974)t but 

cumbersme when screening many fractions. 4 

Endonuclease activity was detected in fraction 81 (Fig 49). The 

coincidence with DNA polymerase was probably fortuitouso since Chang 

(1978) extensively purified DNA po3, vmerases I and II from 

Secerevisiaeq and did not report an associated endonuclease. However, 

it is a feature of other DNA polymerase purifications that endonuclease 

copurifies in many steps, as was shown by M66hali and De Recondo (1975) 

for IIIA polymerase from regenerating rat liver. 

The activity eluting in the region of fraction 81 was probably 

the same as an activity observed by Pinon, and Leney (1975) using 

DEAE-Sephadex chromatograpby. The activity was not characterised by 

these authors. Endonucleases B and C (Pinon and Leney, 1975) both 

occur in the flow-through frcm DEAE-Sephadex, and probably correspond 

to the activity seen at fraction 19 in figure 44, 
- 

The yeast nuclear 

enzymeq endonucleaseoýv observed by Bxyant and Haýmjas' (1978) has in 

common with fraction 81 its binding to and elution from DEAE-cellulosep 

and also its ability to introduce nicks into supercoiled DNL molecules 

(Figure 49)- In this latter respect fraction 81 differs from 

endonuclease k (Pinon, 1970)- Since the activity was found to be not 

the=osensitivep using a substrate which corresponded as closely as 

possible to the in vivo template, it was not further characterised, 

The precipitation phenomenon associated with fraction 81 upon addition 

of 7mm MgC'2 (and seen with further purified yeast DNA polymerase I,, 

6-3-3) may be related to the ionic strength dependent precipitation 

of phosphoproteins from calf-tbymus nuclei observed by Gershey and 

Kleinmaith (1969). 

From the same DEAL-cellulose gradient (Fig=e 44) an activity 

(fraction 75). was discovered which caused a topological change in 

the structure of supercoiled plasmid DNA. This activity was not 

the=osensitive,. when assays were analysed on agarose gels* 
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5.4. CONCLUSI ON. 

Attempts to rectify the cdc7,, 4 mutation by the supply of a 

variety of exogenous metabolites were-unsuccessful. The 

concentrations used (O. IM)t should have been sufficiently high to 

allow some penetration into the cell (Town et alt 1976), Total DNA 

polymerase, DITA-dependent ATPase and SAM synthetase activities were 

sho, = to be normal in cdc7-4t as were all three RNA polymerases. 

Of considerable interest howeverg the replication of the yeast 

2 txm plasmid was shown to be-under the control of the CDC gene 

products. In this respect it corresponded to nuclear DNk replication, 

and was distinct from mitochondria3. DNA replication. Thus the 2 ým 

plasmid can be used as a model replicon to study the events during the 

initiation of nuclear DNA replication. For this reason, an improved 

method of preparation of the 2 ým plasmid was developed. 

An endonuclease activity from cdo7-4 which cofractionated with 

DNA polymerase on DEAFcellulose chromatography was shown to function 

in vitro at the nonpermissive temperature (380C). An activity 

causing a topological change in supercoiled DNA was also shown not 

to be temperature sensitive. 
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cHAPTER 

In vitro DNA synthesis, 

6.1. Introduction* 

Prokaryotic systems capable of in vitro DNA synthesis have been 

discussed in detail in 1-5- In eukaxyotesp in vitro DNA synthesis has 

proved to be much more difficult to achieve. The defined systems 

studied so far have been capable of various steps in DNA elongation, 

but not initiation of INA synthesis. 

A-vFparent initiation has been observed in very crude systems 

involving nuclear transplantation (1.4.1. )v or addition of cytoplasmic 

extracts from proliferating cells to resting nuclei. Resting frog 

liver nuclei have been stimulated into DNA synthesis by extracts from 

yeast cdc mutants (Jazwinski and Edelman, 1976) and from temperature- 

sensitive mammalian cell cycle mutants (Floros et al. 1978). when such 

extracts were prepared from cells grown at permissive, but not 

restrictive temperatures. 

Much attention has been given in the last few years to the 

replication of eukaryotic viral chromosomes in vitro* De Pamphilis 

et al (1978) reviewed the synthetic abilities of five subeellular 

fractions from SV40 infected CV-1 monkey cellst including cell lysatesp 

washed nucleip nuclear extracts, SV40 nucleoprotein complexes and 

replicating SV40 chromosomes. These extracts were capable of perfo=ing 

vaxious elongationseparation and tezmination functions, and their 

subsequent analysis has provided much information about these processes, 

particularly regarding the fozmation of Okazaki pieces in eukaryotes. 

However, none of these fractions was capable of initiation. The same 

is true for a soluble replication system using nucleax extracts from 

adenovirus infected HeLa cells (Horwitz et al. 1978). Temperature- 

sensitive mutants defining 3 adenovirus genes required for replication 

have been isolated, and the use of this in vitro system identified 
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the defect in one mutant, H5tsl25, as being in a 72KKW single-strand 

INA binding protein (Horwitz, 1978). wbich could be complemented by 

the addition of wild-type IUA binding protein (Kaplan et al. 1979)- 

In yeast, simple in vitro, DNA synthesising systems have been 

difficult to obtain. The toluene-treated whole cell system of Hereford 

and Hartwell (1971) was shown subsequently to have synthesised only 

mitochondrial DNK (Banks, 1973), The best studied system has been the 
i 

osmotically-shocked spheroplast system of Oertel and Goulian (1977). 

The system synthesised mostly mitochondrial DNA in f+ strainsp so to 

strains were necessary to study nuclear DNA replication. The replicated 

DNA consisted of short 4S fragments after very short (30 seconds) pulses 

of (0(_32p)-dTTp, which grew to 6-8S with longer pulse. timest reaching 

a maximum of 15S. Little incorporation into high molecular weight 

INA was seen. Density labelling experiments with BrdUTP instead of 

dTTP, suggested that only 2U16 of the product represented strands fully 

synthesised in vitro, the remainder being due to addition to pre-existing 

strands. RNA priming of the nascent fragments was indicated by the 

isolation of small quantities of 
32P-labelled 21(3l)-rNmPs following 

labelling of DNA with (W-32p)_dTTp, and treatment of the DNA with alkali. 

Oertel and Goulian (1979) described an in vitrO system using ether 

pemeabilised yeast cellsp which produced 95/16 mitochondrial DNA in C 

strains. 

Jobnston (1979) produced a concentrated yeast lysate system, based 

on the cellophane disc method of Schaller et al (1972), which appeared to 

show more extensive synthesis than the Oertel and Goulian (1977) 

spheroplast method, and also synthesised predominantly nuclear DNA. 

Again synthesis proceeded via low molecular weight intemediates which 

did not mature into high moleculax weight DNA. 

Three approaches were made in thevork described in this chapter. 

Initially, attempts were made to use osmotically-swollen spheroplasts. 

A second method involved the fusion of protein-filled liposomes with 
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cdo7-4 spheroplasts. This technique has been used extensively for the 

introduction of a wide variety of active materials into cells (review, 

Poste et al. 1976). The third approach was the development of a 

reconstituted system from partially purified componentsp using the 

plasmid pJDB219, containing the yeast 2 ým plasmid DNA sequences (Beggs, 

1978) as a model replicon, 

Convenient methods for the purification of yeast IHA polymerases I 

and Il (Chang, 1977) and yeast RNA polymerases I. II and III (Valeazuela 

et al. 1979) have now been reported. Plevani and Chang (1977) have used 

all three RNA polymerases to prime DNA replication by DNA polymerase I. 

but not DNA polymerase 119 on single-stranded MA. From comparison of 

the properties of yeast DNA polymerases I and II, Chang (1977) has 

suggested that the replicative enzyme in yeast is DNA polymerase IV 

which appears to correspond to mammalian In polymerase oc (Holmes and 

Johnstong 1975). The yeast RNA polymerases appear to correspond 

functionally to the similarly numbered RNA polymerases of higher 

eukaxyotesp but differ from them in their od-amanitin sensitivity 

(Chambont 1975). The specific transcription of rRNA genes by yeast 

RNA polymerase I (Holland et al, 1977; Van Keulen and Retel, 1977)# and 

its specific localization in the nucleolus (Sebastian et al 1973) 

suggests that this enzyme is responsible for rBNA synthesis in vivo* 

The differential ce -amanitin sensitivities of the three enzymes has 

also proved valuable for the elucidation of their in vivo functions. 

Thus M polymerase II, with the greatest sensitivity to the inhibitorg 

was shown to synthesise heterogeneous nucleax RNA (Reeder and Roeder, 

1972). Likewise, Weimann and Roeder (1974) showed that the synthesis 

of tRNA and 5S BNA species in mouse myeloma cells was inhibited to the 

same extent by cý-amanitin as solubilised RNA polymerase III activity. 

In this work, attempts were made to use paxtially purified yeast 

M polymerases I, II and III to prime DNA synthesis on a supercoiled 

INA template by yeast DNA polymerase I. Other putative components of 
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the replication apparatus (1-5.6. ) were also partially purifiedv 

including a single-strand DNA specific binding protein (Herrick and 

Alberts, 1976) and a DNA topoisomerase (Champoux., 1978). 
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6.2. Methods. 

6.2.1. Production of eo. strainsl. 

The method was that of Clark-Walker (1972). Small colonies 

gravring on YP agar plates (0.. 7/o yeast extract, 1% Difco peptone, 

0.3% KH? O 4' 4P/o glycerolt 0,10/6 glucose) in the presence of ethidivm 

bromide were selected. 
4 

6,, 2,2,, Preparation and use of liposomes. 

Lipos=es were formed using 7tAmoles phosphatidyl cholineq 

2 ýmoles cholesterol and 1 rmole dicetyl phosphate. Individual lipids 

were stored at 40C in CHM 3 : MeOH(2: 1). After mixingt the solvents were 

removed by a stream of nitrogen. 0.25-1*Oml of protein solution (in 

ice) was added to the lipids, and the mixture was shaken for about 1 

minute -until no lipid remained on the wall of the tube. Each mixture 

was then sonicated for 2x5 second intervals using the microprobe on an 

MSE sonicatort keeping the tube chilled in ice. The resulting mixture 

of vesicles, many of which were multilamellar (Poste et al. 1976). were 

stored in ice and used within 1-2 hours* 

Solid sorbitol was added to the liposomes to give a final 

cancaatration of 1M. O, lml of liposomes was mixed with O. Iml of 

spheroplast suspension at 4x108 cells/ml in M-1 medium (YESD containing 

2M sorbitol) followed by 0.2ml 4(y/6 PEG in M-medium. Chloramphenicol 

was added to a final-6onjentration of 50 Wml. The addition of PEG 

caused the agglutination of spheroplasts as viewed by light microscopy. 

The mixture was incubated at 38 0C for 30 minutes to allow fusion, and 

then diluted with 2ml M-1 medium containing 10 ýCi/ml 6-3H uracil and 

incubated for specified times. Samples for DNA and RNA synthesis were 

processed as described in 2.6.1 and 2.6.2. 
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6.2.3. Preparation of yeast DNA polymerases 

DNA polymerases were purified from 20-259 wet weight log-phase 

cdo7-4 cells grown in YEPD medium, or from lkg commercial yeast slab 

(UCL Refectory). All steps were performed at 0-40C- Cell extracts 

were prepared in a Braun homogenizer (2,12) or in a Manton-Gaulin 

homogenizer, model 15M-BB&. One unit of DNA polymerase activity was 

the amount which caused the incorporation of 2Amole dTMP into acid 

preoipitable material at 300C in 1 hour using an activated DNA template 

(2,14), The method was that of Chang (1977), with the following 

modifications. 0*5/16 protamine sulphate was used for precipitation of 

nucleio acids: this did not precipitate INA polymerase activity. The 

phosphocellulose step was performed by sluzWing the dialysed extract 

with an equal bed voluine of phosphocellulose P119 stirring at 40C for 

1 hour. The phosphocellulose was washed with O. Z4 KC1. and INA 

polymerase activity was eluted batchwise with 0.6K KC1. The DEAE-cellulose 

column was 35x2-7=, and a one litre 0-0,5M KC1 gradient was used* 

Active fractions containing DNA polymerases I and II (Figure 59) were 

pooledt. precipitated with W16 anmoniun sulphatep resuspended and 

dialysed, then chromatographed on denatured DNA-cellulose columns 

(10xl. 8=). The crude extract contained 0.5 units DNA polymerase 

activity/mg protein, ten fold lower than the extracts reported by Chang 

(1978)- Enzyme activity was consequently lower throughout the purification. 

After DEAE-cellulose, DNA polymerase I and II fractions contained 54-0 

units/mg and 7-0 units/mg protein respectively. Consequently further 

purification was restricted to denatured DNA-cellulose chromatograpby,, 

during which excessive loss of activity was found (final specific 

activities were 19.0 units/mg and 4-0units/mg respectively). 
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6.2.4. Pre2aration of yeast RNA polymerases.. 

RNA polymerases were purified from 3009 wet weight Youngs Brewery 

yeast strain 1318, or from lkg commercial yeast slab, by the method of 

Valenzuela et al. (1978). The assay for RNA polymerase was described in 

2.13.2. One unit of activity was the amount which caused incorporation 

of 1=ole OMP into TCA precipitable material in 10 minutes at 300C. 

Column dimensions were adjusted to suit the extract volumes corresponding 

to those used by Valenzuela et al'. (1978). The method involved seven 

chromatographic steps which will be su=arised here. An initial 

phosphocellulose step separated RNA polymerase I (bound) from RNA 

polymerases II and I31(flow through). RNA polymerase I was then 

purified by DEAFSephadex A25 chromatography. RNA polymerases II and III 

were further purified by polyethyleneimine precipitation, and then 

separated on a DEAE cellulose column. The flow through activity was 

RNA polymerase IIIp which was further purified by DEAE-Sephadex A25 and 

denatured DNA-cellulose chromatography. RNA polymerase II which bound 

to DEAE-cellulose, was subjected to another phosphocellulose step. The 

final sucrose gradient step used by Valenzuela et al, (1978) was not 

employed, since the fractions obtained were nuclease free in 20 minute 

assays at 370C on agaxose gels (2*17), 

6,2-5- Purification of single-strand DNk binding protein. 

A crude extract from 20g wet weight A364& cells grown in YEPD-AU 

(2-3) was prepared as described in 2.12, except that the buffer was 

20mX Tris-HC1 pH8.0.0.5mM FM, lQmXjS -mercaptoethanol; lmT4 PMSF; 

1% I14SO (Buffer A), The crude extract was prepared in Buffer A 

containing 24 NaCl. The dialysed PEG supernatant, (2.12) was loaded 

directly onto a 2xl5cm, native IMA cellulose column coupled to a 2-5xl2cm. 

denatured DNA cellulose column (Herrick an4 Alberts, 1976). After 

washing with 1 litre Buffer A containing 50zM NaCl, the columns were 

separatedt and the denatured DNA cellulose column eluted with a 0.05ý-24 
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NaCl gradient in Buffer Ae Practions were collected and analysed by 

SDS-polyacrylamide gel electrophoresis (2,10), 

Southern transfer of denatured DNA to nitrocellulose 

The method was that of Southern (1975) as described by J. Williams 

and R. M. Kay (personal com=nication). All solutions were autoclaved 

where possiblev otherwise 1 drop of dietbylpyrocarbonate was added and 

the solutions incubated at 650C for 30 minutes. After the transfer, 

the millipore sheet (Schleicher and Schull BA, 85) was removed, air 

dried, cut into strips corresponding to gel tracks and baked in a 

vacuun oven at 900C for 2 hours. 

The baked strips were incubated for 3 hours at 650C in a sandwich 

box containing 50ml prebybridization bruffer (3xssc, 2mg/ml BSA, 2mg/ml 

Ficoll 400K. 2mg/ml polyvinyl py=olidone (Sigma), 0,1,0/o SDS) with 

gentle shaking. This solution was replaced with 50ml degassed bybrid- 

ization buffer at 650C (as prehybridization buffert +50 ýg/ml heat 

denatu=ed calf thymus DNA). 32p-jjNA transcripts (107cpm) after gel 

filtration through Sephadex: G-200 to remove (, OCN-P)-rUTP were mixed 

with 7ml Portions of hybridization buffer,, and each incubated with a 

nitrocellulose strip in heat-sealed Polythene baggs for 60 hours at 

650C- 

6.2-7. In vitro DNA synthesis assay mix. 

50 e assays contained 50mH Tris-HClp pH8oO; 3mT4 ATP; 300 id, Cut 

GTP, UTP; 60 fal d&TP, dCTP, dGTP; 20tdi dTTP; 3ýdTTP (1000epm/pmole); 

3xbl DTT; 6.5mX I-IgCl 2; 20 14g/ml pJDB219 plasraid DNA. Assays were 

stopped by the addition of 0.5ml O. IX sodium pyrophosphate and INA 

precipitated by 3ml ice-cold 5/16 TCA. After 15 minutes in iceq reactions 

were filtered through Whatman GF-C 2.5cm circles and counted in Brays 

scintillation fluid (2.6)* 
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6.3 RESULTS and DISCUSSION. 

6.3.1. Osmotically-shocked apheroplast method. 

To avoid interference from mitochondrial 1HA replicationp which 

was known to continue unaffected in cdc7-4 at the restrictive temperature 

(3-3.2.1; 5.3-4-1). af0 derivative of cdo7-4 (H201-14-4) was obtained 

by ethidium bromide treatment (6.2.1; Clark-Walker, 1972). Several f- 

strains were labelled overnight with 10 )&Ci/mi 6-3H uracilp then mixed 

with portions of a culture of cdc7-4( E+) which had been labelled 

overnight with 0.25 rCi/ml 2-wý uracil. Lysates were prepared from 

the mixtures and caesium chloride density gradients of the DNA were inm 

(2-15-1). Figure 53 shows a gradient of one such straint which 

convincingly lacked mitochondrial MNA. This cdc7-4 fo strain was 

used in the osmotically-shocked spheroplast system. 

It had been shown that the leakage of intracellulax material 

from yeast spheroplasts was dependent on the molarity of the sorbitol 

present as osmotic support (Kuo, and Yammotot 1975). An experiment 

was performed to deteniine the leakiness of spheroplasts prepared by 

the glusulase method (2.9.1). The results in Pigure 54 show that 

below O. 8M sorbitol spheroplasts began to leak OD260 absorbing 

material. Moreover, the leakage was almost immediateq since zero time 

readings did not differ markedly from 2hour incubated samples, which 

also implied that there was not extensive disintegration of spheroplasts 

during this period, at low sorbitol concentrations, 

Since Kuo and Yamamoto (1975) also observed that the leakage of an 

intracellular enzyme (at-glucosidase) also followed the OD 260 absorbing 

material leakagep it seemed possible that spheroplasts suspended in 

sorbitol in the 0-3 to 0.6M range might be permeable to exogenously 

supplied nucleotides and proteins. Such an experiment was perfoxmed upon 

cdc7-4 fo cells which had been arrested at the cdc7-4 block by incubation 

at 38 0C for 2 hours* Assays for DNA synthesis were performed at 23 oc 
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Pigure 53: Analysis of a cdc7.4if strain Ir caosium chloride density 

gradient centrifuo-ation 

A 10ml culture from a small cdc7.4 (H201*14.4) colony growing 

after ethidium bromide treatment (6.2.1) was labelled overnight with 

10 ýCi/ml 6_3H uracil. A 5ml portion of cdc7.4 e+ Which had been 

labelled overnight with 0,25 r, Pi/ml 2-14C uracil v= added and a 

mixed lysate prepared and centrifuged as in 2.15.1* 0 )1 3H; 

(0 )v 14C. 

Fir, ure 54: Leakage from osmotically swollen spheroplasts. 

The cdc7., 4eo strain obtained in Figure 53 was gro,; = to mid-log 

phase in YEPD-AUj and spheroplasts were prepared using 

P-clucuronidase as described in Figure 16. The spheroplasts were 

split into ten lml portionsp centrifuged and resuspended in 

duplicates in O. Z19 0,4M9 0.6Y9 0.91 and 3M sorbitol. 1 portion 

was centrifuged i=ediately and the CD260nm of the supernatant 

was measured (0). The other portions re=ained in suspension 

for 80 minutes prior to OD260= measurement 
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Figure 55: 
_DNA 

synthesis in osmotically swollen apheroplasts 

using exogenous nucleoside triphosphates. 

A 10ml exponential culture of cdc7.4 (0 grown in YEPD-AU medium 

was shifted to 38 0C for 2 hours. After 65 minuteaq to allow all 

S phases underway to be completed (5-3.4.1), 0.1H hydroxyurea 
3 

was added to prevent further DrIA synthesis (Slaterj197)r; Hartwells 

1977). Spheroplaata were produced as described in 2-9-39 except 

that the temperature was 370C and WH hydroxyurea was present, 

After washing in ice-cold 0,8H sorbitoli5mM EDTA90.111 hydroxyurea, 

the spheroplasts were resuspended ice-cold 0.8 and 1.4M sorbitol 

at .5x 
10 

8 
spheroplasts/ml, 100pl incubations were performed at 

230C and 380C using 40[a of 
. 
the spheroplasts suspensions and 

containing 100mM Tris-HC1, PI17.8; 161ýM dATP, dGTPj dCTP and dTTP; 

8.3MM HgC12; 3.5MM DTTI; 33tXilml methyl-3H dTTP (55cpm/pmole); 

8.3 g/ml BSA. Duplicate mixes also contained lmllf rATP, zGTPj rCTP 

and rUTP. 25ta samples were removed at 0,15 and 30 minutes after 

mixing and processed as described in 2-13. Final eorbitol concentrations 

were Al 0-32M and B, 0.56M. Open symbolsq minus rNTPs; solid 
1: 3 

symbols, plus rNTPs; 0 ). 230C; (-#)t 380C. 
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and 380C in the presence or absence of r. NTPs. and at final sorbitol. 

concentrations of 0-32M and 0-56M, The results are shown in Figure 

55A and B. 

The most remaxkable feature of the figures is the stimulatory 

effect of rNTPS. The addition of dNTPS alone did not allow significant 

synthesis above a control incubation containing 18MM EDTA, S)Mthesis 

in the incubations appeaxed to be complete at 15 minutesq and 230C 

incubated samples incorporated more radioactivity (^V20/po) than 

eorresponding. 380C incubations. The result seemed promisingg except 

that it showed that the treatment used to arrest the cells at the cdC7 

block was unsatisfactory, possiblv due to the brief chilling during 

the spheroplast preparation. 

However, ten attempts to reproduce and extend the results from 

this system were unsuccessful. Variations were performed using 

Arthrobacter and glusulase derived spheroplasts (2,9)9 various buffer 

systems, the addition of nonidet LE35 detergent. and upon blocked and 

unblocked cells. Microscopic examination of the spheroplasts 

following each of these treatments showed that the integrity of the 

spheroplasts was related to their treatment. Arthrobacter derived 

spheroplasts were much more fragile than glusulase produced onesp such 

that suspension in low sorbitol concentrations as used in Figure 55 

was found to cause osmotic lysis. However, despite the lack of cell 

wall and outer membrane, cell contents were frequently seen to be clumped 

together. It is possible that the precise conditions used for Figure 

55 were sufficient to cause lysis without disruption of cell contents, 

which could not be reproducibly obtained. Consequently,, this experimental 

approach was abandoned. 

6.3.2. Liposome fusion experiments. 

The basic approach involved the fusion of protein-filled liposomes 

with yeast spheroplasts using 2(Y/6 polyethyleneglycol. To avoid triggering 
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DNA replication in cdc7-4 spheroplasts held at the restrictive 

temperature, it was necessaxy to have all the components preincubated 

at 380C before fusion. Initiallyt liposomes filled with crude protein 

extracts from wild-type cells were fused with spheroplasts of exponential 

cdc7-4 cellsand complementation was assayed by measuring DNA synthesis 

at 380C. Liposome fusion experiments were always perfo=ed in the 

presence of 501"9/ml chloramphenicol to eliminate possible effects due 

to bacterial contamination since the liposomes were not prepaxed under 

sterile conditions (6.2.2). The order of addition to prepared 

spheroplasts was always: i) liposomes, ii) any other additions (buffert 

etc)q 111) 40% PEG, 

6.3.2.1. Growth of spheroplasts. 

It was essential to prove that spheroplasted cdc7-4 cells retained 

the ability to make DNA at 230C but not at 38 0 C. A culture of log-phase 

cdc7-4 (DE200-1-3) cells was spheroplasted using Arthrobacter enzyme 

(2.9-3) and the resulting spheroplasts were incubated in YESD medium 

containing IN sorbitol (M-1 medium) and 10 ri/mi 6-3H uracil. DNA and 

BNA synthesis was monitored at 380C and 23 0C as described in 2.6. The 

results in Figure 56 showed that at 230C DNA and BNA synthesis continued 

exponentially for at least 6 hours. At 380cp DNA synthesis reached a 

plateau after 2 hours, and RNA synthesis ceased at 4 hours, followed 

by a loss of labelp presumably due to cell death (3-3-1-1)-. Thus it 

seemed that 4 hours was oydmal for observing the difference in DNA 

synthesis between 230C and 380C grown spheroplasts. The DNA synthesised 

in the first 2j hours at 380C in cdc7-4 spheroplasts was shown to be 

65116 nuclear and 35% mitochond: rial by caesium chloride gradient centrifugation, 

ý The optimum spheroplast concentration for radioactive incorporation 

was also studied. Figure 57A shows that for cdC7-4 (DE200.1-3), a plateau 

in RNA and DNA synthesis was reached using 2-3x107 spheroplasts/ml. 

Howeverg when this work was repeated using wild-type parent A364A and 
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Pirurc 561 Synthesis of DITA =d IVIA in spheroplants of 

cdc7.4. 

A 45ml exponential culture of cdc7.4 (DE200ol-3) in YESD 

medium was aphoroplasted using Arthrobacter en--7me as described 

in 2,9.3v and the spheroplasts vmre resuspended in YESD medium 

containin, g, 1U sorbitol (= Ml medium) and 10 tCl/ml 6jH uracil 

at a density of 6*5xlO 6 
spheropla-sts/ml. The suspension was 

0 
split into two 10ml portions one of Which vras shifted to 38 C 

(0 )p the other ranaining at 230C (0)0.5ml m-A O-lml 

s=ples were removed at the times indicated for DNA and MTA 

synthesis respectively. (a) DIJA synthesist (b) PUA synthesis* 
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57: Effect of spheroj! last density on DITA and MTA 

synthesis, 

Washed spheroplasts prepared from exponential cultures of 

cdc7.4 (DE200.1-3). A364A and X2180-1A as in Figure 56v were 

resuspended at various densities in. 1.11 medium in duplicate 

pm-tions which were incubated at 23 0C (open symbols) and 360C 

(solid symbols). After 4 hours samples were removed for DNA 

and RNA synthesis a: s in Figure 56. 
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protrotrophic X2180-1)k spheroplasts (Figure 57B and C), the results 

were remarkably similar to those for cdc7-4- In fact, A364A spheroplasts 

(Figure 57B) appeared to be more temperature-sensitive than those of cdc7-4. 

This observation proved to be the major problem in this approach. Clearly, 

it was difficult to establish a complementation assay when the defective 

character could not be distinguished from the wild-type phenotype. 

This work suggested that the stability of spheroplasts was a strain- 

dependent characteristic. Also, it confirmed that the use of spheroplasts 

held at the cdc7-4 temperature block would be necessary to prove a 

complementing activity. 

It was observed in other emperiments that Arthrobacter enzyme and 

glusulase derived spheroplasts were indistinguishable in DNA and RNA 

synthesis in 14-1 medium over a4 hour period (data not shown). Thus 

Arthrobacter enzyme was used throughout this work. The spheroplasts 

produced did not appear to regenerate cell wall or divide even after 

overnight incubation at 230C in M-1 medium. Instead, they grew ve17 

large (10 x normal size). It had been reported previously that glusulase 

derived spheroplasts regenerated their cell walls after a short period 

of growth (Hutchison and Hartwell. 1967). The greater effectiveness 

of Arthrobacter enzyme for cell wall removal (3-3-5) may be responsible 

for, this effect. 

2. Effect of IiDosomes containinR, crude extracts on DNA 

Liposomes were charged with three crude extracts derived from log- 

phase A364A cells. One preparation, A. was a complete -unfractionated 

extract (2.12), Two otherst B and C. were 0-50yo and 50-80% animonium 

sulphate fractions of a similarly derived crude extract. The effect 

of liposomes charged with equal protein concentrations (9.6mg/ml) of all 

three preparations upon DNA synthesis in cdc7-4 spheroplasts at 380C is 

shown in Table XI. The spheroplasts were produced from exponentially 

growing cdc7-4 cells. Control incubations included spheroplasts alonet 
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and spheroplasts plus 2U16 PBG, The major control used heret upon 

which estimates of stimulatory activity were based was spheroplasts 

plus buffer-filled liposomes fused with 2U/o PEG (incubation 1). With 

this as a basis, stimulation of 44P/ot 57% and 39/96 was observed for 

fractions A. B and C respectively, 

If this effect was in fact due to complementation, and not due to 

the additional stabilization of the spheroplasts by the high protein 

concentrations, then the stimulatory activity was distributed between 

the two ammonium sulphate fractions. However, sýabilization is suggested 

by the increase in RNJk as well as DNA synthesis (Table XI), 

of more extensi 
a 

S 

A crade extract from 80g wet weight of log-phase X2180-1L cells 

grown in YEPD medium (2-3) was prepared and fractionated by phosphocellulose 

and DEAE cellulose chromatography to yield twelve fractions as described 

in the legend to Figure 58., After concentration of these extracts by 

vacuum dialysis against 3mK potas-linn phosphate pR7.2.5MM P 
-mercaptoethanolp 

IL 
liposomes were prepaxed for each fraction as described in 6,2.2. using the 

maximm possible protein concentrations. 

Complementation assays were performed using CdC7-4 cells which had 

been synchronised with Ot-factor and then spheroplasted and washed at 
0, 380C. 0-1ml spheroplast suspension (3-8X107 cells/ml) iw=3 mixed with O. lml 

of Uposomes containing protein extracts and X-sorbitol, and 0.2ml 4(y/o 

PEG in 11-1 medium was added. The results of two such experiments are 

shown diagrammatically in a histogram in Figure 58- Incorporation into 

DNA and RNA measured as described in 2.6.1 and 2.6,2, respectively,, can 

only be expressed as acid-precipitable opm since the specific activity 

of the 6-3H u=acil cannot be dete=ined (DE200-1-3 did not require uracil 

for growth). The control upon which estimates of stimulation were based 

was spheroplaste + buffer filled liposomes + 2(Y16 PDG Three 

points can be made from Figure 58 
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Pi. -ure 581 Idposone complementation assay usirý--, fractionated extracts. 

80g wet weight of log-phase X2180-1A cells grown in YE11D medium 

were broken by passage (taice) through a French pressure cell at 9000- 

16000psi at 40C in lOmM pgtassium phosphatyt pH7.2; lmll EDTA; lelo V/V 
dl J3 -M( Buff .X 

glycerol; Intl RISF, -ýThe extXIaCt' (20ýý. 15 
prepared as described in 2*12 

was loaded onto a 42x3-3cm, phosphocellulose column equilibrated in 

Buffer X. After washing with 500ml of Buffer X, bound proteins were 
bulk eluted with 500ml of Buffer X containins 500=11 potassium phosphatep 

pH7.2j collecting three large fractions (P(I)q P(II) and P(III))* 

The phosphocellulose flow--through (315ml) was loaded directly onto a 
31x2e7cm DEAE-cellulose DE52 column equilibrated in Buffer X. The 

column was washed with 1 litre of Buffer X, and bound proteins were 

eluted with successive washes containing 50='19 100mM, 20QmM and 500mM 

potassium phosphatet pH7.2 in Buffer X. The first two washes were 

each collected as two fractions (D50(I)p D50(II)p DlOO(I) and DlOO(II)), 

With the inclusion of the phosphocellulose load (P, )p DEAE-cellulose 

load (D 
L) and the DEAE-cellulose flow-through (D 

2 
)p this protocol 

yielded 12 fractions, All fractions were concentrated to 10-20ml by 

vacuum dialysis against Buffer X containing 5.15of v/v glycerol in Schleicher 

and Schull Ultra-Thimbles (UH100/25). Pinally, the concentrated fractions 

were dialysed against 3mM potassium phosphatet pH7.2; 0.1mm DTT. The 

protein concentrations are shown in the figure, Lipsomes were charged with 

0,25ml of each of these fractions as described in 6,2.2. except that the 

quantity of lipid used was reduced to 2.5jamoles total. 

Liposomes were fused with spheroplasts of ot-factor synchronised 

cdc7*4 cells as described in 6,2.2. After incubation at 38 00 for 3 hours 

0.75ml and 0*02ml samples were removed for DITA and ICTA synthesis 

respectivelyp processing as described in 2,6. 

The upper and low histograms show the results for DITA and RUA synthesis 

respectively. The differently hatched columns give the results for two 

separate experiments. Incorporation is expressed relative to a control 

incubation of spheroplasts fused with buffer-filled (3mM potassium phosphate 

ptH7,2p 0,1mll DTT) liposomes (zero cpa), 
The assay numbers correspond to the foUowir4e,, fractions: 

F '; 
4PP(I); 5PP(II); 6tP(III); 7tD50(I); 89D50(II); 9tDlOO(I); "' 2ýPL; 3tDT 

lOlDlOO(II); 11ID200; l2tD500; 13, Controllminus PEG; 14PControltminus liposomen, 
l5tControlt minus PM and liposo: mes. 
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1) Incorporation into DNA in all the tested fractions and controls 

was low compared with whole cells -under the s=e conditions (data not 

shown). 

2) 29/6 PEG inhibited RNA synthesis bY 50-75% of control incubations 

without PEG (15 and 15), 

3) Three fractions were of interest for their effect on RNA and 

M synthesis. Fraction P(III) assay number 6, 

BNA synthesis below the control lev-el ýCM= 

number 4 and fraction DEAB 50(1) assay number 7 

stimulation of DNA synthesis in one experiment. 

stimulated RNA synthesis. 

Further experiments using these fractions 

caused a decrease in 

ý. Fractions P(I) assay 

caused slight 

Fraction 50M also 

were perfo=ed but a 

lack of reproducibility was found. The situation was not improved 

when steps were taken to eliminate PEG totally from the precipitates. 

Other difficulties inherent in the system were the necessity for 
of 

synchrony/spheroplasts and for the use of low spheroplast concentrations 

(6-3,2,1) and the inhibitory effect of 2% PEG on RNA synthesis when 

using synchronised spheroplasts. As a consequence of these problems 

this approach was not pursued further in these studies. 

6.3.3. DNA synthesis on crude extracts supplemented with DNA polymerase I* 

Attempts were made to produce a concentrated crude extract from 

exponeatial cdc7-4 cells which would support replication of added 

pJDB219 plasmid DNA at the pezmissive but not at the restrictive 

temperature. Two crude extracts were prepared, one of which was 

clarified by centrifugation in a Beckman 50Ti, rotor at 40K rpm for 45 

minutes at 40C. the other being treated with W16 PDG 6000 as described 

in 2.12. As well as increasing the OD 28010D 260 ratio' PEG precipitation 

in Z4 NaCl removed approximatelY W/6 of the protein from the extract. 

Three ammonium sulphate, cuts (0-50%ot 50-8(P/o and 80-lW/6) were obtained 

from each crude extract, 
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These six ammon-lum sulphate fractions were assayed for their 

ability to stimulate DNA syathesis in the reaction mix described in 

6o2-7-P containing 10 pg/ml pJDB219 plasmid. Also mixtures in pairs 

were assayed, Slight incoxporation (0-37 pmoles) was seen with the 

0-59/6 fraction from the extract not treated with PBG. All other 

fractions gave less than 0-03 pmoles when tested individually. However, 

mixing the 0-5U/o and the 80-100/16 fractions from the extract nottreated 

with PEG resulted in incorporation of 1.09 pmoles. Table XII shows 

that the synthesis was dependent on dNTPs, r-NTPs and Mg2+, but the 

addition of DNA polymerase I was fomd to be inhibitoz7, and the omission 

of plasmid DNA resulted in only a 20% reduction in total incorporation* 

Table XII DNA synthesis usinr, mixed, crucle extracts. 

Crude 
extract 
addition 

Factor omitted 
from assay 

3ý-TMP 
Incorporated (pmoles) 
(10 minutes, 33 0 C) 

Nil Complete 0 

0-50% (5 pl) 0-37 

80-iW/O (10 Pl) 0-03 
0-50% 

+ (5+10 pl) 1.09 

80-1000/0 
It it rNTPS 0,27 

of dNTPS 0-30 
to of Mg 2+ (20d14 EDTA 

added) 0100 

to it pJDB219 M O. Bg 

it it MA polymerase 1 1-53 

Note: Assays used the reaction mix described in 6,2.7 containing 7 jig 
IIIA polymerase I, 
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Thus the synthesis arose froom the mixing of the 0-5(P/ and 80-109/6 

annonium sulphate fractions and was independent of added DITA polymerase. 

Assays in which DNA polymerase I was omitted and the concentration of 

plasmid DNA was vaxied showed that the DNA synthesis observed was not, 

directed by the plasmid (data not shown). The nature of the components in 

the two fractions was revealed by treatment with either 0.5mg/ml trypsin 

or 20'-- pg1ml (75 Worthington units/assay) micrococcal nuclease +3mM CaCl2 

for 16 hours at OOC. Control incubations for each treatment included 

1mg/ml trypsin inhibitor or 8mM BGTA added before the digesting enzymes. 

Treatments were tezminated by the addition of 3. mg/ml trypsin inhibitor or 

8mM BGTA. Table XIII shows a complete list of treatments and their effects 

on the stimulation of INA synthesis. Stimulation was measured by adding 

-untreated 80-109/6 fraction to treated 0-5(y/o fraction and vice versa. 

The results indicated that the 0-50% fraction was trypsin and 

micrococcal nuclease sensitiver but the 80-100/16 fraction was only 

sensitive to micrococcal nuclease. Cleaxly, the stimulation of DNA 

synthesis was largely due to the addition of a nucleic acid component 

conta. ined in the 80-100/16 fraction to enzyme and nucleic acid components 

in the 0-5(y/o fraction. Addition of native or denatured DNA to the 

0-50% fraction gave results which suggested that the stimulation may 

have been caused by single stranded DNA in the 80-100/16 fraction* 

Despite the lack of dependency upon input plasmid DNA, this crude 

system was analysed extensively beca-use, it was necessary to understand 

the cause of the observed synthesis. Another in vitro system using a 

crude cell free extract (a 0-5Q16 amoniun sulphate, fraotion) prepared 

from log-phase yeast cells has been reported recently (Jazwinski and 

Edelman, 1979). which claimed to observe DNA synthesis directed by 

added 2 rm plasmid DU. The artefactual synthesis observed above must 

be borne in mind when interpreting the results from such crude systems. 
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a 

6.3.4.1. DNA polymerase purification. 

i 

DNA polymerases I and II were separated on DEAE cellulose IDE52 

by the method of Chang (1977) as described in 6,2.3, using the assay 

described in 2-14. The sepaxation is shown in Figure 59. SDS-poly- 

acrylamide gel electrophoresis of the fractions obtained from denatured- 

DNA cellulose showed that the enzymes were not pure. However, DNA 

polymerase I was free of the endmuclease wbich was found to copurify 

with it in 5-3.6-39 when assays using supercoiled pJDB219 for 20 minutes 

at 370C were analysed by agaxose gel electrophoresis. The presence of 

a small amount of contaminating activity was indicated by the observatiaa 

that extended incubations (6 hours at 370C) caused the fo=ation of 

nicked circular plasmid (data not shown). 

The temperature-sensitivity of the separated enzymes was assayed 

on an activated DNA template (2-14) at 230C, 300C and 380C. The 

enzymes were compared with Calf Tbymus DNA polymerase A2 (a gift from 

Dr. A. M. Holmes). The results are shown in Table XIV. Neither DNA 

polymerase I or DNA polymerase II showed temperatu=e-seasitivity, which 

confirmed the results using crude extracts described in 5.3-3- 

Table XIV. Compaxison of DNA polymerase activity at, 23 0 C. 300C and 380C. 

Enzyme pmoles d9TIP incorporated using 
activated 3MA template. 

230C 300C 380C 

Yeast DNA polymerase 1 146 311 549 

Yeast IVA polymerase 11 15 34 49 

Calf TkWmus DNA polymerase A2 
1 

371 
1 

642 
1- 

951 
II 

Assays were performed as described in 2-14 using 20 rl east DNA 
Polymerases I and 11 (27 and 37 ýg protein respectivelyý and 10 V1 
calf thymus polymerase A2 (7 pg protein). 
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Pigure 59: Separation of yeast DNA poly-merases I and II on DEAE- 

cellulose. 

After ammonium sulphate precipitation and dialysis the peak 

of DITA polymerase activity from phosphocellulose (6*2.3) was 

loaded onto a 35x2.7cm DEAE-cellulose column equilibrated in 

25mllt potassiun phosphatep pH7,2; 5mLIP-mercaptoethanols 1& v/v 014 

glycerol. The column was eluted with a1 litre 0-0.5M KC1 gradient. 

DXA polymerase activity was assayed as described in 2.14. 
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6.3.4.2. Purification of yeast RNA polymerases I. II and III. 

RNA polymerases were obtained from commercial yeast strains (2.2) 

by the method of Valenzuela et al (1978) as described in 6.2-4. The 

final specific activities of RNA polymerases I. II and III were 4-1. 

55-4 and 22-3 units/mg respectively. Stability of the enzymes during 

purification was not a major problemp though the inability to remove 

s=e ammonium sulphate precipitates by centrifugation necessitated 

filtration through Whatman GF-C with some attendant loss of activity, 

However, the enzymes were very unstable on storage at -320C, Polymerase 

II was the most stable, retaining W16 of its activity after 6 months 

at -320C. Polymerases I and III both lost activity rapidly at -32 
0C 

and polymerase III was unstable even at -700C. 

The RNA polymerase preparationswere characterised by three criteria: 

i) salt oPtimump ii) band pattern on SDS-polyacrylamide gels and iii) 

inhibition by M-amanitin, For stability =easonsp not all the polymerases 

were available for characterisation by all of these techniques 

simultaneously. The polymerases also showed marked differences in their 

ability to use supercoiled plasmid DNA as template (6-3.4-5). 

The salt optima of RNA polymerases I and II is shown in Figure 60. 

The values were 75mM and 150MM Y-Cl respectively. Differences from 

the published data (10001 and 2506M KC19 Valenzuela et al. 1978) were 

probably due to differences in template/protein ratio, since the template 

concentration (20 t1g/assay) was not saturating. However, the lower 

salt optimum for polymerase I suggests the designations were correct. 

The band patterns on SDS-polyacrylamide gels suggested that each 

of the fractions contained additional proteins besides those attributable 

to RNA polymerase subunits (data not shown). Por RNA polymerase Ig 

bands were visible at 186K. 135KP 48KP 44K9 41KP 36K and 24K which 

corresponded to those reported by Valenzuela et all (1978). Additionally, 

bands were visible at 154K, 62Kt 58K9 57-5KP 53K and 51K MW which were 

not reported. (However, in a later preparation these bands were absent). 
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Pigure 60: Salt optima of IUTA polymerase I and II preparations. 

MIA polymerases I and II were prepared as described in 6*2.4o 

Their activity at various KC1 concentrations v= measured in 

the assay described in 2.13*29 using 998 r protein for ETA 

polymerase I(0) and 3.8 ra protein for ETA polymerase II 

Pigure 61t &. -amanitin sensitivity of ETA polymerase II and 

III preparations. 

60 tQ assays as described in 2-13,2 were perfomed using 

3.8 F, protein from MTA polymerase II (0) and RNA polymerase 

III (, & ) preparations. A stock solution of 04-amanitin 

(Boehringer) at 6m, -,, ýl in sterile water was diluted into 

duplicate assays to firial concentrations of 20 Wml 9 200 tv-, ý 

and 2mg/ml. 
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For polymerase Up corresponding bands were seen at 20OXt 145KP 46K 

and 24Kv and two bands 35-5K and 28K were absent. Polymeraze III showed 

bands at 160Xv 130KP 41KP 37KP 34K9 28K and 20K. A reported band at 

82K was not seen. In all cases the lower molecular weight subunits 

below 28K MV, could not be confirmed on 10% gels. 

The a-axnanitin, sensitivities of polymerases II and III are shown 

in Figure 61. The sensitivity of RNA polymeraze II to 20 Wml inhibitor# 

and the resistance of polymerase III to 2ng/Snl were both obsery-edy 

suggesting that these fractions were correctly identified. 

MIA polymerases I and II and DNA polymerase 1 (6-3.4-1) showed 

no endonuclease activity as measured by the appearance of open circular 

DITA on agarose gels (c. f. Fig 49P 5.3.6.3) when assayed for short 

incubation times (20 minutes at 3700). Long incubations (6 hours) 

caused extensive degradationg incidating the presence of contaminating 

endonuclease activity (data not shovwn). Howevert since the assay 

periods were usually shortq this effect was not significant. 

6.3-4-3. Purification of a single strand-specific DITA bindir4-, protein* 

A crude extract (2.12) was passed through coupled columns of native 

DITA-cellulose and denatured DNA-cellulo3e. A symmetrical protein peak 
tI 

was eluted from the denatured DNA-ceelulosev centred at 0.2M ITaC1 

(fraction 25). Samples from the surrounding fractions were electrophoresed 

on a 107, o SDS-polyacrylamide gel. The resultv Pigure 62, shows that a 

3TK MW protein band was the major protein species in this peak. 

The effect of this protein on DNA replication was studied using a 

defined synthetic template, The template chosen was d(pA )400' d(pT)lOj 

in a 2.5: 1 A: T base ratiot the concentration of d(pA )400 being O. lmM 

nucleotide in the assays. Template and initiator oligonucleotides were 

hybridised by heating to 550C for 10 minutesp in 50MM NaClj 5mM MnC'21 

lOmM Tris-HC1 pH7.5, then allowing to cool slowly to room temperature 

(Wickxemasinghet 1975), The effect of various concentrations of the peak 
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Figure 62: SDS-polyacrylamide rel electrophoresis of si", le- 

strund specific DITA bindi" proteins. 

40 td s=ples of fractions from the single-stranded DNA- 

cellulose column described in 6,2*5 were mixed with 10 ttl 0.5M 

Tris-HC19 p116.8 and 10 pl leýo SDSp heated in a boiling water 

bath for 5 minutes and electrophoresed on a lejo SDS-polyacxylamide 

gel oz described in 2.10o 
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fraction 25 (Figure 63) upon IVA synthesis by yeast INA polymerase 1 

(6*2-3) and calf tbymus MA polymerase A2 (a gift from Dr. A*M* Holmes) 

was studied at 270C on the synthetic template and the results are shown 

in Figure 63. The activity in fraction 25 clearly stimulated both 

polymerases on this template. The stimulation had not reached a 

maximum with the largest amouat of INA binding protein added (2.8txg), 

and it also appeared to be cooperative. The yeast DNA polymerase I was 

fowid to differ from calf tIVmus polymerase A2 in its template 

utilisation (Table XV), 

xv 

pmoles dTHP incorporated in 30 minutes at 27 oc 

Enzyme Activated DNA template d(pA) 00 d(pT)lo 
(PH7-8) 

Yeast DNA polymerase 1 105 16 
(27 rg Protein) 

Calf Thymus polymerase A' 
--- 

3409 3-5 
(7 rg proteiý) 

Table XVI displays a f=ther investigation of the stimulatoxy effect 

of fraction 25. The stimulation was not affected by heating at SOOC for 

10 minutes. In fact a slight stimulation was observed. Single-strand 

DNA binding protein (ssDBP) had no DNA polymerase activity itself. The 

stimulation did not appear to be due to the addition of nucleio acid in 

the ssDBP fraction because the observed synthesis was directed by the 

d(PA). d(pT) template primer, since substitution of 3H-dTTP by 3H-dGTP 

resulted in no detectable synthesis. 

Taking advantage of the heat insensitivity of the ssDBP fraction, 

an experiment was perfoxmed to establish that the activity was due to a 

Proteint because the OD 280/0]3260 ratio for fraction 24 was 1-14, indicating 

the presence of 2yo nucleic acid (Laynet 1957). Table XVII shows the 
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Figure 63: Effect of siri! 7le-stranded DNA bindin, -- protein (ssDBP) 

upon DITA synthesis by yeast VIA polymernse I and 

calf thymus DIIA polymerase A2 using a d(pA) 400* 

d(pT)lo template. 

DNA synthesis was monitored in duplicate 50IL&1 asaVa 

containing 50mM Trio-HC19 pH8.0; 200 pM dTTP U PCVýl (meth. 71- 
3H) 

dTTP (31cpm/pmole); 2*5m: J LýgCl 2; 2m: 1 DTT; 10mll ITaCl; lmU LInC'2* 

The template primer was d (PA)400* d(pT) 10 in a 2.5: 1 (A: T) base 

ratioý Nvith O. 1mM template present (as nucleotide). Assays used 

27 fig yeast DNA po3, vmerase I(0) and 7 jAg calf tbymus DITA 

polymerase A2 (0) with various amounts of ssDBP (0-2,8 rxg), 

After reaction at 27 0C for 30 minutes assays were processed for 

acid precipitable radioactivity as described in 2,13. 
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Table XVI. Stimulation of -DNA s: jmthesis by a single strand-sl2ecific 
DNA binding 

-protein, 

Additions 
pmoles 

3H-dTKP incorporated 
at 20C in 30 minutes using 
d(pAý 400. d(pT)lo template. 

0,, 2 vnits DNA polymerase I* a. 6 

0.2 -units DNA polymerase I+1.4 P9 
ssDBP 71-7 

0,2 vniýs DNA polymerase I (heated 
at 80 C for 10 minutes) 0 

0,2 units DNA polymerase I+ 1-4 rg 
0 ssDBP (heated at 80 C for 10 

minutes) 89.0 

0.2 units DNA polymerase I+1.4 rg 
ssDBP + 2WI EDTA 0 

0.2 units 3 DNA polymerase I+1.4 'Aq 

F 
ssDBP ( HdTTP replaced by -H-d TP) 0 

Table XVII. and 

Yeast ssDBP pmoles 
3H-dqjjp 

INA Treatment incorporated 
polymerase I minutes in 30 

0 C using at 2 
PAý d( * d(pT) lo 400 

template. 

0,, 2 units No ssDBP added 8.6 
it 14 ý9 ssDBP, incubated 370C 1 hour ; hen 800C for 10 minutes 27,2 
to 1-4 p9 ssDBP + lmg/ml carboxypeptidase 

A. incubated 1 hour at 370C. then 
800C for 10 minutes 7-0 

it Ag ssDBP + lmg/ml pronase incubated 14 f 1 hour at 370C then 800C for 10 
minutes 16.4 

1.4 p9 ssDBP + lmg/ml phosphodiesterase 
+ GO Mg2+ Mcubated at 370C for 1 
hour, then 800C for 10 minutes. 24-7 

Note: mix specific activity in Tables XVI and XVII was 31 cpm/pmole. 
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effect, of -treatment of ssDBP with 1mg/ml carboxypeptidase At pronase, 

and snake venom phosphodiesterase (Sigma) at 370C for 1 hour followed 

by 600C for 10 minutes to inactivate the added enzymes. The remaining 

stimulatory activity was considerably reduced even in a control ssDBP 

sample incubated without additions. Howevert the proteasescarboxypeptidase 

A and pronase caused reduction of the ssDBP stimulatory activity whereas 

phosphodiesterase caused little. Therefore, the stimulatory activity 

appeaxed to be due to a protein. The protein also stimulated yeast 

DNA polymerase I activity on activated DNA (2-14) by 2EF/6 in 60 minute 

assays at 230C. (data not shavm)- 

6.3.4.4. Attempts to initiate BNA synthesis an supercoiled pJDB219 INA 
usinm purified components. 

Using the purified components obtained at this pointq namely INA 

polymerase It RNA polymerases It II and III, and a single strand-specific 

DNA binding protein, DNA synthesis was assayed on pJDB219 in the reaction, 

mix described in 6.2-7. Assays were performed at 230C for 60 minutes 

with the acmponents alonet or mixed in vaxying concentrations. In no 

case was significant synthesis observed. Agarose gel electrophoresia 

(2,17) of phenol extracted samples confirmed that supercoiled plasmid 

INA remained at the end of these incubations, Also, 5 ýd samples of 

fractions from a DEAE-cellulose gradient (0-0,5M NaCl) of a crude 

extract (2.12) were added to 50 Id assays containing 15 rl DNA polymerase Iq 

3 rl BNA polymerase It 5 fd BNA polymerase II and 8 rl ssDBP. Again no 

synthesis was observed. Also a gradient fractimation of native DNA 

cellulose fractions gave the same result. 

6.3-4-5. RNA synthesis in vitro. 

Following these expexdnents two questions needed to be answered. 

Could the RNA polymerases utilise the supercoiled plasmid as a template 

and could the DNA polymerase utilise RNA primers synthesised by RNA 

polymerase? The latter question had been positively answered by Plevani 



256 

and Chang (1977) using single stranded DNA. The former question 

represented an entire field of reseaxch in itself. 

The utilisation of pJDB219 DNA as a template by the RNA polymerases 

was studied using an RNA polymerase reaction mix as described in 2-13, 

the template being 20 ff/Mi pJDB219 IVA in the assay, Various amounts 

of RNA polymerases I. II and III were tested in this mix at 300C for 

30 minutes. The results for RNA polymerases II and III are shown in 

Figure 64. Two preparations of RNA polymerase I failed to transcribe 

supercoiled I)NA. Figure 64, howeverv shows that an optimum concentration 

of BNA polymerase II at a ratio of 3-9tg protein/1-3 pg plasmid DNA 

was found. Much more extensive synthesis was seen with RNA polymerase III, 

It was therefore of interest to discoverwhether the observed transcription 

was occurring at specific sites on the plasmid DNA, or whether it was 

distributed at random. pJDB219 has 4 EcoRl sites (Figure 6ý). Several 

samples of EcoRl out and %mcut plasmid DNA were sepaxated in adjacent 

tracks on a 1,49/6 agarose gel (2-17)t as shown in Figure 65. The DNA 

was denatured and transferred to a nitrocellulose filter as described 

in 6.2.6.32P-labelled HffA transcripts were prepared using EVA 

polymerases II and III. in BNA polymerase reactions mixtures as used in 

Figure 649 but of final volume 0-35mlq with 3H-rUTP replaced by 

(Ot, -32p) rUTP. Samples were removed from these incubations at, 5 minutes 

and 20 minutes into the reaction. Preliminary observations had shown 

that the rate of transcription by RNA polymerase II was linear for up 

to 20 minutes; RNA polymerase III transcription began to decline after 

10 minutes (data not shown). Figure 66 shows that RNA polymerase II 

-transcribes selectively band III in Figure 65, with material bybridising 

to band II after 20 minutes incubation. RNA, polymerase III transcribes 

specifically the DNA in bands I and II. 

Prom an inspection of the map of pTDB219 (see legend to Figure 65) 

these results indicate that RNA polymerase II transcribes specifically 

the region of the plasmid encoding the yeast leu 2 genet and RNA 
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Figure 64: Transcription of pJDB219 DITA by yeast ICIA 
-polymemses 

II and III, 

IUA synthesis using pJDB219 as template was measured in the 

assay described in 2.13*29 with calf thymus DINA replaced by 

20 ýg/ml pJDB2199 and 15mM KC1 present, Assays used 0-9,8 pZ 

RNA polymerase II (0) and 0-21.0 yg MIA polymerase III (A 

The specific activity of (methyl_3 H) rUTP was increased to 

1050 cpm/pmole in this assayl and reactions were performed at 

30 0C for 30 minutes. 



258 

0 00 

Co 

0g 

0 

-22- --ts-l 
a) 
4-a cz L- 
0 
CL 

0 

CL 

co 
co 
a) 
0 
E 
CL 

4 

3 

2 

1 

0 

0 

10 

5 10 15 20 26 
pg protein / assay (6qd) 



Figure 65: Treatment of pJDB219 with EcoRl restriction enzyme. 

A 223 td digest was prepared containing O. lM Tris-HClqpH7.5; 50mll 

NaCl, lOnO MgCl 29 26 rg pTDB219, DITA and 30 fa diluted EcoRl enzyme 
(Boehringer; a1 in 12 dilution of enzyme in lOmM potassium phosphate, 

pH7.0; 0.2M NaClq lmM EDTAp 0.7mMg -mercapto ethanol I 2ing/ml BSA., 0,21, ý'Iia 

v/v Triton X-100). The digest contained 200 units of EcoRl activity 
(Boehringer), and was perfoxmed at 370C for 10 minutes* 75 pl of stop 

mix (2.17) was addedt and six 45 P1 portions were run in a 1.4% agarose 

gel with 3 pg undigested pTDB219 DNA in adjacent tracks. A map of 

pJDB219p with the identification of bands It III III and IV is shown 
below. 

EcoRl 
IV/ 

leu 
2VmDNA 

EcoRl PJD; B2i2. 

I- 5-4 kbp pMB9 
11 = 4-1 so III = 2.5 so 
IV = 0-8 11 

Figure 66: Rybridisation of transcripts to pTDB219 DNA* 

0-35ml incubations were performed using the conditions as in Figure 

64 with 39 RNA polymerase II and 34 p9 MIA polymerase III and 4.2 

ttCi/ýnl (oC- 32 P)-rUTP. 170 fa samples were removed at 5 minutes (tracks 

A and C), and 20 minutes (tracks B and D)e These samples were extracted 

once with redistilled phenol (equilibrated with 0,1U Tris-HC1 pHS, O)t 

and once with chloroform. Sodium acetate was added to a final 

concentration of 0.3M, and the DNA was precipitated in 7a/of ethanol 
overnight at -320Ce After dissolving the pellets in 100 sterile water, 

32 #1 
removal of Y, -' P)-rUTP was effected by passage of the samples down 
sterilized 22xO. 5cm Sephadex G-50 columns. The DNA in the agarose gel 
shown in Figure 65 was transferred to nitrocellulose sheet as in 6.2.6. 
and the MIA polymerase-II (A and B) and MTA polymerase III (C and D) 
transcripts were hybridised as in 6.2,6. 
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polymerase III transcribes the sequences derived from pMB9 and adjacent 

yeast 2 tim DNA sequences (Bands I and II in Figure 65), Thus RNA 

polymerase III appeaxed to transcribe from the prokaxyotic promoter 

for the tetracycline geneg and RNA polymerase II utilised the yeast 

leu 2 promoter. In keeping with other observations (Van Keulen and 

Retel), RNA polymerase I failed to utilise supercoiled ]DNA. 

Returning to the question of priming of DNA synthesis by RNA 

polymerasest this was tested in the reaction mix described in 6.2-7. 

but with plasmid INA replaced by a final concentration of 80 ff/Mi 

freshly heat denatured calf t1Vmus MU (Sigma). RNA and DNA synthesis 

were measured in duplicate mixes using 
3H-rUTP and 

3H-dTTP 
respectively 

(1000opm/pmole each), The test was performed using RNA polymerase I 

(9,, 8 Vg) and DNA polymerase 1 (3-3 rg). The results are shown in 

Figure 67. Although the observed DNA synthesis was low, a definite 

stimulation by RNA polymerase was appaxent. The results also confi=ed 

that RNA polymerase I had no ]DNA synthetic ability and conversely DNA 

polymerase I had no RNA synthetic ability. 

Thus DNA polymerase I as used in the assays in 6-3.4-4, had the 

capacity to utilise RNA primers to synthesise 19A. Also, there was 

evidence to suggest that RNA polymerases II and III were capable of 

transcription from various parts of the pJDB219 plasmid (Figures 65 and 

66). This suggested that the failure to observe DNA synthesis in 

reconstituted assays was caused by a lack of essential components in 

the reaction, and was not due to inactivity of the purified components. 

6.3.4.6,, Purification of-nicking-closirw- enzyme (DNA topoisomerase 

In section 5-3.6, an activity referred to as "fraction 75" 

(Figure 44) caused apparent faster migration of supercoiled DNA (Figure 52). 

Bvidence suggested that this was due to a topological alteration of the 

plasmid (Figure 51). It was realised that a possible solution to the 

problem of opening the double helix at a replication origin without the 
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Fim, are 67: 
- 

Synthesis of DITA and TTA on sinp_le-strancled DNA using DIIA 

polymer-ase I and RITA polymerase 1. 

Using the in vitro assay conditions described in 6.2.7t but 

containing 80 Wmi heat-denature calf thymus DITAl and 9 4ilml of 

either (methyl-3H)rUTP or (metbyj_3jj)dTTPj (1000cpq/pmole for both), 

Assays were perfoxmed using 9.8 fLC ICTA polymerase I(0) or 3.3 tAg 

DNA polymerase I(0) or both together (A). In all casest 12P 1&1 

assays were incubated at 30 0 C, and 25tAl samples were removed at the 

times indicated for processing an. described in 2,13. Figure 67A 

shows the results for DITA synthesis (open symbols) and Figure 67Bv 

the results for RNA synthesis (solid symbols). 
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necessity for an endonuclease to produce a31 OH end, would be 

underwinding of the superhelix via a DNA gyrase-like activityt causing 

helix destabilization in a limited domain, Same time later, Liu et al. 

ý979) suggested just such an activity for the bacteriophage T4 gene 

39v 52 and 60 products, mutants of which were Imown to be defective in 

the initiation of IUA synthesis. The activity of "fraction 75" was Imown 

to be notthe=osensitivet but it seemed possible that this activity was 

an essential component of the initiation/replication machinery. 

However, the true nature of this activity was revealed when the 

DEAE-cellulose fractionation described in 5-3.6 was repeated, It must 

be noted that the agarose gels depicted in Chapter 5 were electrophoresed 

according to the legend to FigL=e 48t the electrophoresis buffer 

containing 0-5 pg/ml ethidim bromide. 

A crude cell extract from cdc7-4 cells prepared as in 5.2-7 was 

fractionated on DEAE-cellulose DE52p using a O-IM NaCl gradient, The 

fractions in the 0.04-0. ICEI NaCl region of the salt gradient were 

assayed for 3 minutes at 380C with 1-5 " PJDB219 DNA in 50MM Tris-HCl 

PH8-09 7mM XgCl2, then the samples were electrophoresed in a 0.81/6 

agarose gel precisely as described in 2.17. The result, Figure 68t 

showed no fast migrating DNA species; instead, fraction 31 caused 

the plasmid to ran in the position of open circular DNA. When pJDB219 

IEA samples treated with this fraction, as in the time course shown in 

Figure 69, were run in a 0,80/o agaxose gel containing 0.5 /ml ethl. dium 

bromide, the fast migrating DNA was seen. Clearly, this result was an 

artefact of electrophoresis in the presence of ethidi-um bromide. 

Electron microscopy of Kleinscbmidt-spreadq phenol-extracted pJDB219 

following reaction with fraction 319 confimed that the product was 

relaxed circulax DNA (Figure 70). The optimum salt concentration for 

the formation of relaxed DNA was determined in 30 ý1 reactions containing 

50mM Tris-HClp pH8.00 1-5 rg pTDB219 ENA, and added M of varying 

concentrations. The result of agarose gel electrophoresis is shown in 
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Figure 68: 
-- 

Assay of DEAE-cellulose P-radient fractions on an 

agarose rpel. 

A crude extract from log-phase cdc7.4 (DE200.1-3) cells was 

prepared as in 5.2.7 and fractionated on DZAE-cellulose as in 

Figure 44 except that the column was 39.5x3. Ocmv and a1 litre 

0-0.5M NaCl gradient was used. Fractions 21-33 (in the 0.04-0., lM 

NaCl region of the gradient) were assayed for their effects in 

p, TDB219 DITA in 50mM Tris-HC1 pH8, Oj 7m'JI MgCl 2 as in Figure 52p and 

the reaction products were analysed on a O. Erlof agarose gel as 

described in 2.17 (Notep no ethidium bromide was present during 

the electrophoresis) 89 supercoil; lp linear; ocp open circle, 

I Fir_ure 691 A time-course of the effect of fraction 31 upon PLTDB219 

u3ing agarose gel electrophoresis in the presence of 

ethidi= bromide* 

A 360ttI assay was performed using 108tAg fraction 31 protein 

under the same conditions used in Pigure 68.301al samples were 

removed at Op 0,25p 0.59 0.759 1-Op 1.5,2.0p 3.0s 5.0p 7.0s and 

15.0 minutes after mixing. Electrophoresis was as described in 

Pigure 52, i. e. in the presence of 0.5tkg/ml ethidiua brcmides 

f= fast migrating DNA. 



Figure 68 

9 

44 oc 

44 

Enz. 1 
22123124125126127128129130131 132133 

dil. 
Fr. no. 

Figure 69 
9 

4 

Time 
mins. 

minus 
en z. 

10 10210'510-11 1 11- 512 13 15 17 115 1 



267 



Fi, Pure 70: Electron microscopy of pJDB219 DNA before and after 

reaction with_fraction 31. 

10 ýg PJDB219 DNA Yras completely converted to fast migratir4g, 

DNA as in Fivire 69 by reaction with 9 rZ fraction 31 protein. 

The DNA was phenol and chloroform extractedj, ethanol precipitated 

and Kleinschmidt spread as in 2.18. 

Figure 70A: shows supercoiled pTDB219 not treated with fraction 31. 

Figure 70B: shows the product of the reaction with fraction 31. 
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Pip,, ure 71: Salt optimun of yeast MITA topoisomerase. 

30 ta reactions contained 50mM Tris-HC1 pT. 18.01 InO DTTp 

195 ýg pTDB219 DITA9 2.5 " fraction 31 proteins and 0-0,5M 

KCI* Reactions were'for 3 minutes at 380C- 

Figure 72: Relaxation of positive and negative superhelical 
turns by yeast DNA tapoisomerasee 

Reactions were perfoxmed as in Figure 71 using 75mM KClp and 

containing 09 1-5v 5 or 10 Wal ethidium bromide. Control 

reactions were perfoxmed for each concentration using enzyme 

diluent (Figure 45). After reactions for 15 minutes at 37 0 Co 

enzyme and ethidium bromide were removed by phenol and chlorofoxm 

extractions and the samples run on a O. ep agarose gel. 



S 

(B 

e 

Figure 71 

oc - 

s- 

KCI 
conc. 
mm 

Figure 7ý 

oc- 

s- 

EBr conc. 
[)Lgiml] 

1 
IltC 

'T 1C 1T1C1T, Ic 

0 1-5 5 10 o 

- 7r- 

IIIIIIIII ici 

0 25 50 75 100150200300500 0 



271 

Pigure 71. Not only was a salt optimum of 75mN KC1 observed, but 

this gel confirmed that the activitY in fraction 31 was a nicking-closing 

enzyme by the appearance of a ladder of intezmediate bands (tracks 1 

and 6), each band representing a INA species whose linking number, L, 

(Crickt 1976) differs by one from its neighbour (Bauer et al. 1980), 

The fast migration of relaxed INA relative to supercoiled DNA in agaxose 

gels containing ethidium bromide has also been observed by Keller (1975b). 

The DNA topoisomerase activity isolated from cdc7-4 cells showed 

optimal activity under conditions which differed from those reported 

for the same enzyme by Duniford and Champoux (1978) using a 

nitrocellulose filter binding assay, The assay used here is clearly 

superior, since it allows -unequivocal interpretation of the extent of 

the reaction by visualization of the products. 

Confi=ation that the INA topoisomerase could remove both positive 

as well as negative superhelical turns was obtained by performing 

reactions in the presence of varying concentrations (09 1-5t 5.0 and 

10,0 rg/ml) of ethidium bromide, Righ concentrations of dye cause 

relaxation of negative superhelical turns and the introduction of 

positive turns deperident on the amount of bound dye (Gale et al, 1972; 

Kellert 1975a; Champoux and Dulbecco, 1972). After reaction of enzyme 

and DNA as in Figures 68-70, enzyme and ethidium bromide were removed 

by extraction with phenol and thea chlorofonnt the resulting INA species 

were run on a 0,89/6 agarose gel (not containing ethidii3m bromide). 

Figure 71 shows that the D14A species which had been exposed to DNA 

topoisomerase and high ethidium bromide concentrations (5 and 10 P-. -/Mi) 

migrated faster than DNA carrying the normal number of supercoilst due 

to the increased negative supercoiling following removal of ethicuum 

bromide (Bauer et al. 1980). Byý defining a unit of DNA topoisomerase 

activity as an amount causing complete relaxation of Imole pJDB219 

DITA in 10 minutes at 380C. then the specific activity of fraction 31 
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(Figure 69) was 2950 units/mg protein. 

6-3-4-7. Effect of DNA topoisomerase, on in vitro DNA synthesis. 

Benbow et al (1978) reported that DNA synthesis could be observed 

using OX174 M DNA as template in an in vitro system consisting of DNA 

polymerase a9 RNA polymerase II and DNA topoisomerase from Xenopus 

laevis oocytes. The corresponding enzymes from yeast were assayed 

for activity on pJDB219 DNA, with a4 hour incubation time at 300C as 

used by Baabow et al, (1978)- Under these conditionst yeast DNA 

polymerase I alone caused some incorporation of 3H-dW into acid- 

precipitable radioactivity (data not shown), However,, calf thymus DNA 

polymerase A2 showed no activity., The interpretation of this rematt 

and the observations of Benbow et al (1978) comes from the observation 

that the DNA polymerase I and RNA polymerase II preparations possessed 

endonuclease activity (6-3.4,2) when assayed for an extended period 

(i. e. 4 hours). Thus the DNA synthesis stimulation seen by Benbow 

et al (1978) may have been due to a contaminating endonuclease activity 

in one of the enzyme preparations, 
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6.4. Conclusion. 

This chapter has described attempts to observ-e initiation of 

INA synthesis in a yeast in vitro system, Methods using complementation 

in whole cells necessitated the use of synebronised arrested cells. 

This caused problems in the interpretation of results, since cdc7-4 

cells and spheroplasts, and also sphnroplasts of wild-type A364A cells 

were fo-und to be unstable, and therefore it proved difficult to 

distinguish omplementaticn from stabilisatibn. A better and more direct 

approach was the attempt to reconstruct an in vitro DNA synthesising 

system from purified components. Thus fart meaningful initiation of 

DNA synthesis has not been observed using a supercoiled plasmid template, 

But there was evidence to suggest that the purified components were 

functional in these assayst and that the failure to synthesise BNA was 

due to the absence of an essential initiation factor(s)p which may be 

the cdc7 gene product. 
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CHAPTER SEVEN 

Summary and General Conclusion 
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CHAPTER 

Summary and General Conclusion, 

Many approaches have been adopted in these studies in an attempt 

to discover the nature of the defect in cdc7-4. At this point it is 

useful to emphasize some of the difficulties which were encounteredp 

which will bear on future studies, The cdc strains themselvesp Whilst 

entirely suitable for the genetic studies performed by Hartwel. 1 

(reviewq 1978)9 have been found to possess characteristics unfavourable 

to the biochemical analyses performed here. The necessary restrictive 

temperature for cdC794P 380CP lies at the limit of the growth capability 

of A364Aq its wild-type parentv which can grow and synthesise DNA for 

only, _2 generations under these conditions (3-3,1,, 1)1, after which time 

growth is clearly affected (5-3., l)o Another wild-type straing B2072DP 

is much more competent at growth at 380C than A364Ap but even this 

strain shows reduced overall growth at 38oC compared to 230C (4.3*2*1)o 

Furthert cdc7.4 displays poor viability after more than 2 hours at 380C 

(3-3.1-1. ). This is a particular problem in studies. in vivot where an 

observed effect may be due to cell deatho and not a direct consequence 

of the cdc7.4 mutation, The studies performed on Spheroplasts as a 

prelude to the complementation. assays using liposomesp confirmed the 

strain dependent nature. of-cell stability with respect to temperature, 

Spheroplasts prepared from wild-type A364A cells were much less competent 

at DNA synthesis at 380C than similarly prepared cdc7-4 spheroplasts. 

The initiation phenotype ofIcdc7-4 necessitated, that the conditions used 

in in vitro and in vivo studies were such that the cells or extracts 

were in the temperature blocked condition prior to use. ' This would not 

be the case for a DNA elongation mutant. These bandling problems were 

the major barriers to the success of two complementation systems using 
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cdc7-4 spheroplastso 

Purther problems have been manifest from the use of the cdc mutant 

collection. cdc7-4 (H201-14-4) was found to contain at least three 

separate mutations, namelyp the defect in the initiation of DNA synthesisp 

a further ts lesion designated ts2 and an anomalous protein band at 

72'K MW on SDS-polyacrylamide gels, It is conceivable that otherp as yet 

hiddent defects may also be presentp probably as a consequence of the 

original mutant isolation procedure using NNG (Hartwellp 1967). The 

multiplicity of mutationn lead to difficulties in the analysis of SDS- 

polyacrylamide gel patterns. It must be emphasised that the bands seen 

on one dimensional polyacrylamide ge2srepresent moderately prevalent 

proteins within the cell, That band pattern differences exist between 

strains implies that it may be difficult to detect a mutant protein 

using exclusively this technique, The extra'resolving power of 2D- 

polyacrylamide gel electrophoresis was found to be of little value when 

applied to extracts from whole cells because of obvious differences in 

the eýectrophoretic patterns of extracts from alleles of cdc7 which were 

allegedly isogenic (4.3*2*5)o Howevert it may prove to be much more 

successful for the study of nuclear proteins. A method was described 

which gave highly purified nuclei in good yield. Using this preparationg 

an anomalous band pattern was seen when cdc7.4 (DE200.1-3) nuclei 

labelled at 380C were compared with similarly labelled A364A nuclei 

(4.3*2*5)o The validity of this observation has not yet been corroborated 

by comparison with the original cdc7.4 straing H201*14.4. Clear2, vp 

further analysis is essential now that a collection of outcrossed cdC7 

strains exist (DE100 and DE200 series)v as well as the other alleles of 

cdc7 from the Hartwell collection. The difficulty in preparing nuclei 

from cells vdUch have been incubat ed at 38 00 (3.3.5-3)t means that sample 

preparations can vary markedlyp so a thorough investigation of this 

observation is necessary, 
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An observation of prime importance made in these studiesp was that 

the replication of nuclear and 2 plasmid DNA was under the control of 

the CDC4Y 7 and 28 gene productst and that mitochondrial, DIIA synthesis 

was not (3-3.3,2; 5.3-4-1), This meant that the yeast 2 ým, plasmid, 

could, in principley be used to construct an. in vitro system to study 

events during the initiation of nuclear DNA replication, An improved 

method for the preparation of 2ýLm DNA in quantity was therefore derived, 

However this was eventually superseded when a recombinant plasmidv 

pJDB2199 containing the entire yeast 2 rm plasmid genome (Beggs, '1978) 

became available. ' 

Several enzymes which could possibly play a role in the initiation 

of replication were shown not to bethermosensitive in cdc7.4v namely 

RNA polymerases Ip II and 1119 DNA polymerases I and Up DNA-dependent 

ATPase activityp SAM synthetasep DNA topoisomerase (nicking-closing 

enzyme) and an endonuclease which probably corresponds to endonucleaseot., 

(Bryant and Haynest 1978). Howevert a note of caution must be soundedp 

since the assays would probably not detect defects in regulatory subunitsp 

or the in vivo functions may differ from those studied-in vitro as has 

been suggested for the DNA topoisomerase activity associated with the 

products of T4 genes 39P 52 and 60 (Liu et al 1979; 1980). 

Yeast DNA polymerase It BNA polymerases It II and IIIj a singleiý 

stranded DITA binding protein and DITA topoisomerase were partially 

purified, Some of these proteins have not been extensively studied 

previouslyo The single-stranded DNA binding proteint which may correspond 

to a p3mtein of the same size (37K MW) isolated from a crude preparation 

of yeast ENA polymerase (Changy LoM. 'S. et alP 1978) vras shown to stimulate 

DNA replication by yeast DNA polymerase I and calf tIWmuq* DNA polymex-ase 

A2 on a synthetic template (60.4.3)o This is an unusual feature, since 

other ssDBPts seem to stimulate'only their homologous DNA polymerases 

(review Champouxv 1978). This pintein is worthy of further study. The 
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DNA topoisomerase was purified essentially free of nuclease activity after 

only one chromatographic step, The fraction obtained was assayed for its 

activity on supercoiled DNA using agarose gel electrophoresisp which 

showed that the reaction conditions and assay described in a previous 

report (Durnford and Champouxp 1978) were unsatisfactory. This work is 

also the first time that the lack of thermosensitivity of the enzyme from 

cdc7.4 has been proved directly. 

Attempts were made to observe initiation of DNA synthesis on 

supercoiled pJDB2-19 DNA using these partially purified proteinss This 

was not successfuly but the components were shown to function individually 

in alternative assaysp' suggesting that the apparent failure was probably 

due to the absence of an essential function. The utilisation. of single- 

stranded DNA by DNA polymerase I was shown to be enhanced by the addition 

of RNA polymerase Ip presumably through the provision of ribonucleotide 

primers produced by the RNA polymerase (6.3*4.5). ETA polymerase I did 

not transcribe supercoiled DITAt but BNA polymerases II and II were 

shown, to use different promoters on the pJTDB219 plasmid. A problem with 

this type of in vitro assay is that initiation must be detected by 

subsequent DITA synthesis. Since the template is a supercoiledv double 

stranded DNAp the topological problems in replication are considerablet 

which means that activities capable of moving the replication fork must 

be present, Thus it might now be necessary to purify proteins with 

DITA-dependent ATPase activitiest analogous to the rep protein 

(Yarranton and Geftert 1979) and helicases I and II (Kuhn et alp 1979)p 

of E. colij, , and similar activities from higher eukaryotesp e. *g. calf 

tbymus (Assairi and Johnstonp 1979)t which have been implicated in this 

role. As yett a similar protein has not been purified from S,, cerevisiae, 

Since relaxed plasmid DITA can now be obtained easily using the 

DNA topoisomerasep it is now possible to search for enz; ymes from 

Socerevisiaep capable of the introduction of supercoils. This is of 
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particular relevance following the work of Id. ý 
et alt(1979t 1980) on 

the ATP-dependent DNA topoisomerase II required for the initiation of 

T4 DNA replication, There is evidence to suggest that Eocoli DNA gyrase 

is required for the initiation of DNA replication (Filutowiczt 1980)4,, 

Previously it bad been believed that such activities were not necessary 

in eukaryotest' since the observed supercoiling of isolated SV40 chromosomes 

could be entirely accounted for by their interaction with histones 

(ChampouxO' 1978)* Howevery the discovery of an activity in Xenopus laevis 

which can introduce supercoUs into relaxed DNA (Tocchini-Valentin: L et all, 

1978) questions this generalisationo 

A further point concerning the methodology of future in vitro assays 

is that attempts to isolate a thermosensitive DNA initiation enzyme from 

extracts of cdc7,4 may be doomed to failure due to very low amounts of 

activity in the extract. This has been found to be the case for 

tb, 7mid, vlate synthetase from cdc2l (F, Z, Watts. 9 unpublished observations; 

Bisson and Thornerv 1977) which had less than 0,, '2% of wild-type activity 

in vitro in extracts prepared from cells grown at 230C, The dTMP 

labelling of DNA described in this work suggests that there is 

appreciable thymidylate synthetase activity in vivo at 23 0 C, indicating 

that the apparent lack of activity must be caused by enzyme instability 

during preparation of cell extracts. Thus it may be necessary to 

fractionate wild-type extracts to find activities which cause initiationt 

and then attempt to purify the simila protein from cdc7.4 to demonstrate 

its temperature-sensitivity* 

The cdc7-4 gene product may not necessarily be a protein, Whilst 

this work has been in progresst' evidence has appeared suggesting that 

a specific initiator PITA may be involved in the priming of ColEl replication 
(Conrad. and Campbellp' 1979)*' Alsop temperature-sensitive RNA species have 

been discovered (Belin et al, p 1979), This idea must be boxne in mind in 

further work on the in vitro assay system. 
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Another approach has been used in this laboratory to determine 

the nature of the cdc gene products., Work is in band to clone 

the wild-type genes using bybrid vectors such as pJDB219, Ultimatelyt 

it is hoped to transcribe and translate the transfo=ing DITA, For 

cdc7p when this point is reachedp the final demonstration of the 

activity of the product will be the stimulation of DNA synthesis in 

an in vitro-assay system* 
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