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Abstract

In all eukaryotes, it is essential that cells maintain a strict control over S phase to
ensure that DNA replication occurs once, and only once, per cell division cycle. To
achieve this, cells must promote DNA replication during the G1 phase and then
repress DNA replication during the G2 phase. In the fission yeast
Schizosaccharomyces pombe, two proteins required for the initiation of DNA
replication, Cdc18 and Cdtl, may be important for this control over DNA replication.
Cdc18 and Cdtl are both upregulated in G1 and have an essential function in
initiation, and are then efficiently downregulated in G2.

In this thesis, I have tested whether the downregulation of these initiation
factors is important to repress DNA synthesis in G2. I have found that the
accumulation of high levels of Cdc18 are sufficient to induce origin firing in G2 cells
and drive re-replication in the absence of mitosis. This re-replication is potentiated by
the co-expression of Cdtl, which may be mediated by the stabilisation of Cdc18 on
chromatin by Cdtl. Biochemical characterisation of these re-initiation events revealed
that certain aspects of this re-replication are similar to those observed in wild type S .
phase cells, such as the requirement for the MCMs and the cyclin-dependent kinase
Cdc2. However, these cells fail to undergo complete and efficient replication of the
chromosomes suggesting that Cdc18 and Cdtl can override the normal controls that
block initiation, but this mechanism does not fully mimic initiation in a G1 cell.

The findings presented in this thesis have identified and characterised
multiple, overlapping mechanisms that downregulate Cdc18 and Cdtl in G2. If these
mechanisms are disrupted and Cdc18 and Cdtl are allowed to accumulate in G2,
replication competence can be re-established and cells re-replicate. Therefore, Cdc18

and Cdtl form the core of the control which licenses chromosomes for replication.



Acknowledgements

I’d like to begin by thanking my supervisor, Paul Nurse, for giving me a
chance in the first place. I thank him for his support and enthusiasm, and for playing
the optimist in the face of my cynicism. It was an invaluable privilege to have Paul as
a mentor, one which I will always appreciate and draw upon for inspiration.

I would like to say a special thanks to all the members of the Cell Cycle lab,
past and present, for their endless help, for their friendship, and for making London
home. In particular, I’d like to thank Zoi Lygerou for guiding me through the
minefield of biochemistry, my neighbour José Ayté for always knowing the answers
and for his patience in explaining them, thanks to Buzz Baum who taught me
everything I know about yeast although I hadn’t realised it, and to Jacky Hayles for
teaching me everything I know about yeast the second time around. Thank you to
Anabelle Decottignies for her friendship and for the Belgian treats that have sustained
me through the writing of this thesis. Thank you to Emma Greenwood for being a
friend in and outside the lab, and for interesting discussions on the perplexities of
Cdc18.

I am also grateful to my dear friends from home, Maija Harju, Rachel
Somerfield, and Rosalyn Trigger, for indulging me in my rants and raves, for
uplifting emails and welcomed diversions from the frustrations of science.

Most especially, I would like to thank my parents, Nycole and Joel Yanow,
and my brother Stuart for their love, encouragement and interest, and for always
standing by me from across the pond.

Finally, I would like to thank Wayne Sossin for introducing me to the
wonders of lab life all those years ago, and for rescuing me from the cold room on my
first day.

This PhD was funded by a scholarship from the Natural Sciences and
Engineering Research Council of Canada, an Athlone-Vanier Fellowship from the
British Council, an Overseas Research Studentship from University College London,
by a grant to Paul Nurse from the Association for International Cancer Research, and
by the Imperial Cancer Research Fund.



This thesis is dedicated to my husband Bradley,
for every moment shared and those that lie ahead.



Table of Contents

ADSITACE ... cvueeecis ettt e 2
ACKNOWIEAGEMENLS ..ot 3
Table Of CONENES ... s 5
List of Figures @and TabIES...........cocvuvrerrrrmimecirrsss s 8
List Of ADDTEVIGHONS: ........oevvivriirieier e 10
Publications Arising From ThiS ThESIS ... 12
Notes on Collaborative WorK ..o 12
Chapter 1: An Overview of the Cell Cycle ..., 14
1.1 General overview of the mitotic Cell CYCle ..., 15
1.2 The core cell cycle MAChINErY ........cccoevviieiiei e 17
1.2.11dentification Of CAC2 ...........ccomvervvvrirrsiresiesseessses st isissssisssssssss e anns 17
1.2.2 TRE CYCINS.....cvvveer it s 19
1.2.3 Regulation of CDKS: phoSPhOMYIGtION .............cccvviiicvisiininiiicsisisississsassssssssanns 22
1.2.4 Regulation of CDKS: Cyclin proteolySiS ............ccvvemiviinccivicrsvisinsissseisissisrssssanss 25
1.2.5 Regulation of CDKS: CDK INAIDITOLS..........ccoviveriinicviiiinisisinisiesississsessessesssssnns 27
1.2.6 TRE CUC2 CYCIE.......eveeveeieersicee sttt 29
1.3 Regulation of S phase ONSEt ..o e 3
1.3.1 The repliCator SEQUENCE ...........ccvvvvvvreioriisiseieeiesessisie s 31
1.3.2 The replication inftiator; ORC ... 34
1.3.3 Assembly of the pre-replicative COMPIEX .............cccovovvvininininiinrisiisiininessisssienans 36
1.3.4 Formation of the pre-initiation complex: CAC48...........ccovmeiiinvviviinicciinivirisisienne, 39
1.3.5 Activation of the pre-initiation complex: S-CDKs and Dbf4/Cdc7 ............ccccccvuvvnv. 40
1.4 Mechanisms that restrict S phase to once per cell CYClE ..., 43
1.5 SPECIFIC AIMS ...o.vvevecieiieie e 49
Chapter 2: Cdc18 Expression in G2 Cells Induces DNA Synthesis .........couumininnnensesieans 55
Chapter SUMMATY ..ottt 56
2.0 INOAUCHION ..ottt e 57
2.2 RESUIS ..o 58
2.2.1 Cdc18 and Cdt1 are downregulated in G2 CellS...........ccouvvvovvrvrivrivciiverissiisiiniininan, 58
2.2.2 Cdc18 induces DNA synthesis in G2 CllS..........covrvvoviicivviviivisirvcinrisssisissiseninn, 59
2.2.3 Replication origins re-fire illegitimately in G2 cells overexpressing Cdc18.............. 61



2.2.4 Association of initiation factors with chromatin during re-replication from G2........... 64

2.2.5 Cdc21 is genetically required for re-replication in G2 ............ccoocovevvveeronenerrnineenene, 67

2.3 DISCUSSION ...voveciscisriiiscies ettt st sb bbbt 68
Chapter 3: Cdt1 Potentiates the Re-replication Induced by Cdc18 in G2 ........c.couunviserenne 87
Chapter SUMMAIY ..o e e s 88
3. INEFOAUCHION ...t 89
B2 RESUIES ...t bbb 90
3.2.1 Cdt1 potentiates the re-replication induced by Cdc18in G2..........ccocovvevvvvrvvicnirnnnee 90
3.2.2 The effects of CAt1 0N OFin fiTNG ........ccvmeevmrreririrereircreisescvnesesisesissessrisseenns 92
3.2.3 Re-replication does not require continuing protein Synthesis...............cvcvvoverrrenene. 95
3.2.4 Cdt1 does not promote Cdc21 chromatin association in G2 ............ccccceveeveeonernnne 97

3.3 DISCUSSION .....evvvvirierie et ess bbb st s bbb bbb e 98
Chapter 4: The Role of Cdc2 in Re-replication ..., 120
Chapter SUMMANY ..o 121
4.1 INTTOAUCHON .....covvie et 122
B2 RESUIS ...ttt b et 123
4.2.1 Cdc2 is required for Cdc18-induced re-replication..................ceonecnninnienneenn. 123
4.2.2 Inhibition of Cdc2 is not a pre-requisite for re-replication...............ccco.eevrvrcririnnnns 125
4.2.3 Two mechanisms repress DNA replication in G2..............c.vecrorrnvrernvereeserernens 127
4.2.4 Preliminary characterisation of Cat1 requlation..............c.ccccvvvvvveiverssnsiisserirssenson, 132

4.3 DISCUSSION ....vvovvrieirirsienss ittt s 133
Chapter 5: General DISCUSSION .........ccuucreenrerernesmmemssessesssssesssssssssssssssesssssssssesssssssssassssssssssss 149
0.1 DISCUSSION .....ovuirciacieicriessss sttt 150
5.1.1 The mechanism Of r-iNIatioN .............cccovrvvoriuevrrieessiserse st cssiesiens 150
5.1.2 Origin firing and the kinetics of re-replication ................ccccvvvevvisvinesrinsssissinsrisinns 154
5.1.3 Mechanisms to repress DNA SynthesiS in G2........ccveevvvvovveovrinsrissinsisnssnsissenrinins 159
Chapter 6: Materials and Methods..........cccnenienmnmnnissssssesssssssse 166
6.1 Fission yeast physiology and genetiCs.........c.cccviriiernriniirese e, 167
6.1.1 Nomenclature for gene names and Proteins............c.ceevvvvverensvsrinsnsssnsesssissnsssnns 167
6.1.2 Strain growth and MainteNaNCe...............cccccvwevrrvvvrveieivirerississesesssssssssessssssssnsanns 167
6.1.3 Nomenclature for integrants and plasmids .............cccvvvvveeimrcnrissrinsnsrinsssessessseneons 168
6.1.4 SHrain CONSITUCHON ........oovvvesrsviseeeeesiee e 169
6.1.5 Transformation and integration of PIASMIUS..............cccoevuvererrerrerenrieresresseresinsensonns 170
6.1.6 Induction of gene expression from the nmt Promoter...............coovvvvvvvnverrinsirnenne. 170



6.1.7 Shift experiments with temperature-sensitive mutants.............c.oocovoevovvereeonenrineenn, 171

6.1.8 Physiological experiments with RydroXyUrea...............cconerceonroneoneininsieenes 171
6.1.9 Flow CYIOMELIIC @NAIYSIS.........ooovververeeriririsrisisse sttt e 171
6.1.10 Cell number determination ...............cc.eevvmvcnrrrisressinssssssssssssssssssssssssssssssssnns 172
6.1.11 Visualisation of nuclei by DAPI StQINING..........ccovervrerimriveersenesrisssensiseeneesseneerens 172
6.1.12 VISUGIISBLION OF GFP .........oovvvviverrsviriissssssssssssssssssssssisssasssssinssssssssssssssanssssssesassanes 172
6.2 Molecular Biology TEChNIQUES...........ccivvviiiiiieiereesse e 172
6.2.1 GENEIAl tECHNIQUES...........coovvereevveevssvssvesissssssse st s s s st saenssssass s sssss s 172
6.2.2 Preparation of genomic DNA for two-dimensional gel electrophoresis.................... 173
6.2.3 2D GOI CONAIIONS...........coosvreveririsiesrsiicissssissiesess st s 174
6.2.4 Southern blotting for 2D GEIS...........cu.vvemiosreoriisriisrisssssesssessnssssssssssssssssssssssssssanes 174
6.2.5 ProbeS fOr 2D QOIS ........vovvvveveieveeirereevecriessessstssssssvs s sasssae 175
6.2.6 Cell eXIract PreParation................c.c.cc.cvceeivrievesissnssseissssississssssssssssssssssessassssaens 175
6.2.7 Chromatin @SSOCIGtION @SSAY............c.ceveverrvrerseerssssssississssssssssssssassssssssssssssssssssssens 176
6.2.8 WESHEIN DIOHING ......vovvovvvvvveris st 176
BIiblIOGraphy ... s sssss s ssesassssssans 178



List of Figures and Tables

Chapter 1: An Overview of the Cell Cycle

Figure 1.1 The fission yeast mitotic cell CyCle ..., 50
Figure 1.2 Regulation of the cyclin/CDK COMPIEX ..o 51
Figure 1.3 The quantitative MOdEL..........ccc.covvrieiien e 52
Figure 1.4 Assembly and activation of the pre-RC..........cccoovvviiiiccn, 53
Table 1.1 Regulation of pre-RC components in eUKaryotes ..., 54

Chapter 2: Cdc18 Expression in G2 Cells Induces DNA Synthesis

Figure 2.1 Characterisation of initiation factors in cdc25-22 cells ..........c.ccocovcneniniiinniiniicinnns 72
Figure 2.2 Overexpression of cdc18+in cdc25-22 CEllS ........cc.ocvvrviviriiiininniiniis 73
Figure 2.3 Cdc18 induces DNA synthesis in cdc25-22 arrested Cells...........cccocvvniviniiiniieiens 74
Figure 2.4 Two dimensional gel eleCtrophoreSis ..........vivivinineire s 75
Figure 2.5 Replication intermediates detectable by 2D gel electrophoresis ..., 76
Figure 2.6 Schematic of the rDNA repeats containing ars3007 ..., 77
Figure 2.7 2D gel patterns for ars3007 ... sisissins 78
Figure 2.8 Overexpression of Cdc18 in cdc25-22 cells induces origin firing ..o 79
Figure 2.9 Origin re-firing is restricted to ARS SEQUENCES..........ccovvvviriniiiniriccsisiis 80
Figure 2.10 Assay for chromatin associated proteins ..........cocvvevvceivrienicinnisieie e 81
Figure 2.11 Chromatin association of initiation factors ..., 82
Figure 2.12 Association of Cdc18 with chromatin is Orp1 dependent ..........cccccveveiinininis 83
Figure 2.13 Re-replication requires functional Orp1 ..., 84
Figure 2.14 Cdc18 overexpression in cdc25-22 cdc21-M68 nmt1-cdc18+ cells ........ccovvunnnee, 85
Figure 2.15 Cdc21 is required for re-replication in cdc25-22 nmt1-cdc18+ cells............ccoveuu... 86

Chapter 3: Cdt1 Potentiates the Re-repiication Induced by Cdc18 in G2

Figure 3.1 Cdt1 potentiates Cdc18-induced re-replication.............cccccovveevenvnnvnneiinins 104
Figure 3.2 Cells co-expressing Cdt1 and Cdc18 in G2 exhibit a dramatic re-replication

PRENOLYPE ...t 105
Figure 3.3 Kinetics of Cdt1- and Cdc18-induced re-replication in G2.........ccoocovvvcnvniivinnins 106
Figure 3.4 Co-expression of Cdt1 and Cdc18 decreases cell viability ............cccoccvervvinincnnes 107
Figure 3.5 Origin firing in cells overexpressing Cdc18 and Cdt1...........cocovvvvrmevvninniiniinins 108
Figure 3.6 Replication intermediates accumulate in response to HU...........ccoocvniicniinninne. 109
Figure 3.7 Accumulation of stalled replication bubbles in re-replicating cells................ccccocuuu 110
Figure 3.8 Origin firing persists longer in cells expressing Cdt1 and Cdc18............ccoevvvunvcne. 111
Figure 3.9 Effects of hydroxyurea on re-replication............ccccoevviinvnencniiiiens 112
Figure 3.10 Origin specificity is maintained in Cdt1 expressing Cells.........c.ccvcnviirnirinne. 113
Figure 3.11 No bubbles accumulate in non-origin regions of re-replicating cells ................... 114



Figure 3.12A Re-replicating cells do not require continuing protein synthesis ............ccccoes 115

Figure 3.12B Cdc18 and Cdt1 accumulate in the presence of cycloheximide.............ccoec..... 116
Figure 3.13 Chromatin association of initiation factors in response to Cdt1 .............cccocnnieae, 17
Figure 3.14 Re-replication by Cdc18 and Cdt1 in a Cde21 mutant........cccovvcvicicciininnnn, 118
Figure 3.15 DNA synthesis can occur in the absence of functional Cdc21 in Cdt1 and

Cdc18 overexXpreSSING CEIIS.........cvmiiviirrnriiesss e 119

Chapter 4: The Role of Cdc2 in Re-replication

Figure 4.1 Cdc18-induced re-replication requires CAC2 ..., 137
Figure 4.2 Cdc2 is not required for Cdc18 to bind chromatin............cccoverveevcinincnnninninnns 138
Figure 4.3 Cdc18 can induce re-replication when Cig2 is co-expressed in G2.............c.c....... 139
Figure 4.4 The C-terminus of Cdc18 can induce re-replication in G2 as efficiently as the

fUI-IENGEN PIOTEIN.....ovtei s 140
Figure 4.5 Rum1 does not accumulate in cells re-replicating from G2 ............ccocccvovviniiinnnn, 141

Figure 4.6A Cdt1 expressed in G2 with the stable form of Cdc18 induces re-replication........ 142
Figure 4.6B Co-expression of Cdt1 with the stable form of Cdc18 induces origin firing in G2 143

Figure 4.7 Cdc18 accumulates in the presence of Cdtl ..o, 144
Figure 4.8 Cdt1 expression in G2 allows the stable form of Cdc18 to accumulate.................. 145
Figure 4.9 Cdt1 may stabilise exogenous wild type CAC18 ..o, 146
Figure 4.10 Orp2 is dephosphorylated and Cdt1 is absent in cdc2-M26 orp2-proteinA

AMTESIEA CEIIS ..ot s 147
Figure 4.11 Cdt1 is regulated differently from Cdc18 during mitosis...........ccoovvrerrereniiinnnn, 148

Chapter 5: General Discussion

Figure 5.1 Two models for re-initiation..........cccourieirrninnnincs s 163
Figure 5.2 Mechanisms that accelerate the kinetics of re-replication..............cccoccvcnvniinninn, 164
Figure 5.3 Repression of DNA synthesis in G2 requires downregulation of Cdc18 and Cdt1 165

Chapter 6: Materials and Methods

Table 6.1 FisSion YEaSt SIFAINS.........cccvvivrvirrniciesiee e ssssssasens 168
Table 6.2 Antibodies used for Western blotting..........coceeieccccsns 177



List of Abbreviations

anaphase promoting complex/cyclosome (APC/C)
autonomously replicating sequence (ARS)

base pairs (bp)

Cell Cycle Laboratory (CCL)

cell division cycle (cdc)

cyclin-dependent kinase (CDK)
cyclin-dependent kinase inhibitor (CKI)
cyclin-dependent kinase-activating kinase (CAK)
cycloheximide (CYH)

DNA synthesis phase (S phase)

Escherichia coli (E.coli)

green fluorescent protein (GFP)

hydroxyurea (HU)

maturation promoting factor (MPF)
minichromosome maintenance protein (MCM)
mitotic phase (M phase)

origin recognition complex (ORC)

origin recognition complex subunit from S.pombe (Orp)
pre-initiation complex (pre-IC)

pre-replicative complex (pre-RC)

proliferating cell nuclear antigen (PCNA)
replication protein A (RPA)

restriction point (R-point)

ribosomal DNA (rDNA)



S phase cyclin-dependent kinases (S-CDKs)
Saccharomyces cerevisiae (S. cerevisiae)
Schizosaccharomyces pombe (S.pombe)
thiamine (T)

two-dimensional (2D)

11



Publications Arising From This Thesis

Baum, B., Nishitani, H., Yanow, S. and Nurse, P. (1998) Cdc18 transcription and
proteolysis couple S phase to passage through mitosis. EMBO J 17, 5689-98.

Yanow, S.K., Lygerou, Z. and Nurse, P. (2001) Cdc18/Cdc6 is sufficient to break the
block over origin firing in G2 cells. (Submitted).

Yanow, S.K. and Nurse, P. (2001) De-regulation of Cdtl and Cdcl8 promotes
persistent origin firing in fission yeast G2 cells. (Submitted).

Notes on Collaborative Work

My contribution to the work published by Baum et al., (1998) consists of experiments
showing that the unphosphorylatable Cdc18 mutant is stable in a cdc25-22 and nda3-
km311 block. These results have not been presented in this thesis but form the basis
for several experiments presented in Chapter 4.

The paper submitted for publication entitled “Cdc18/Cdc6 is sufficient to break the

block over origin firing in G2 cells” consists entirely of my own work. Zoi Lygerou
contributed technical advice on the chromatin association assays.

12



“There is no light at the end of the tunnel,
only a pack of matches handed down
from one generation to the next.”

JonArno Lawson, Bad News, in The Noon Whistle, 1996

13



Chapter 1: An Overview of the Cell Cycle

14



Chapter 1 Introduction

1.1 General overview of the mitotic cell cycle

The faithful transmission of genetic material from one cell to another is essential for
the survival of all organisms. The fundamental events underlying this process are the
duplication and segregation of chromosomes followed by division of the cell to
generate two daughter cells containing identical copies of the parental DNA. In
eukaryotes, these events are confined to specific phases of the cell division cycle; the
duplication of chromosomes is restricted to the DNA synthesis phase (S phase) and
their segregation occurs during the mitotic phase (M phase). These phases are often
separated by two gap phases, named G1 and G2, which generally correspond to
periods of cell growth. The ordered progression of a newly divided cell from G1-S-
G2-M forms the basis of the archetypal mitotic cell cycle.

In this chapter, I will provide an introduction to the mechanisms that control
the cell cycle and how these function to bring about the specific events of DNA
replication and mitosis. Our current view of how the cell cycle operates stems from
the work carried out in a variety of experimental systems from yeast to humans but
the fundamental concepts and mechanisms appear to be highly conserved. Since the
work presented in this thesis is entirely based on experiments carried out in the
fission yeast Schizosaccharomyces pombe, I will focus on the fission yeast cell cycle,
but refer to work in other organisms for comparative purposes.

Once a cell becomes committed to the mitotic cell cycle, the process is
irreversible. Therefore, cells must first evaluate whether the cell cycle is indeed the
most viable option, a decision which takes place in G1 at a point referred to as Start
in yeast (Hartwell et al., 1974), and as the Restriction (R-) point in higher eukaryotes
(Pardee, 1974). In yeast, Start is classically defined as the period during which a cell

maintains the ability to exit the mitotic cycle and initiate sexual development. If the
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Chapter 1 Introduction

availability of nutrients is limited, cells may adopt an alternative developmental
pathway, conjugate, and enter the meiotic cell cycle. In higher eukaryotes, the R-point
is characterised by the ability of cells to respond to mitogens and at this stage cells
can decide to exit the cell cycle and remain in a quiescent state. Beyond this point,
cells become refractory to mitogenic signals and are committed to the mitotic cell
cycle.

After cells pass Start, DNA replication is initiated and cells enter S phase.
During this period, cells duplicate their chromosomes and cohesion is established
between the newly synthesised sister chromatids. In the G2 phase, cells undergo a
period of growth. In fission yeast, cells spend most of their life cycle in the G2 phase
and approximately double their mass before reaching the critical size required for
entry into mitosis (reviewed in Forsburg and Nurse, 1991a). The subsequent onset of
mitosis is marked by the loss of cohesion between sister chromatids, formation of a
bipolar spindle to which the kinetochores of each sister chromatid become attached,
and segregation of each chromatid to opposite poles. Upon exit from mitosis, the
spindle breaks down and cells form a septum which splits the cell in the middle by
the process of cytokinesis. Fission yeast cells have a very short G1 period and
cytokinesis occurs at the same time as the S phase of the following cell cycle (figure
1.1).

This series of events is common to the mitotic cell cycles of most eukaryotic
organisms. Mammalian cells go through similar stages, except that the nuclear
membrane is dissolved as cells enter mitosis. Also, the G1 phase is more critical in
mammalian cells as extracellular signals must be integrated and cells decide whether
to continue proliferating or exit the cell cycle and differentiate (reviewed in Planas-

Silva and Weinberg, 1997). In Xenopus, early fertilised embryos undergo a series of
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Chapter 1 [ntroduction

rapid cleavage divisions and have a modified cell cycle which consists merely of
alterating rounds of interphase, during which DNA replication takes place, and
mitosis, with no G1 or G2. After the midblastula transition, the G1 and G2 phases
appear and the mitotic cell cycle resembles the cycle described above for fission yeast
and mammalian cells (reviewed in Kirschner et al., 1985). In the budding yeast
Saccharomyces cerevisiae, the distribution of the G1 and G2 phases also differs from
the fission yeast cell cycle. In these cells, a size control operates in G1 and represses
the onset of S phase until cells reach a critical size. Once cells pass Start, they can
then initiate mitotic events, such as spindle formation and budding, in parallel to
DNA replication. Therefore cells spend only a small, if any, part of the cell cycle in
G2. Also, budding yeast cells divide by a mechanism that allows the daughter cell to
bud from the mother cell, instead of the symmetrical division that occurs in fission

yeast and mammalian cells (reviewed in Forsburg and Nurse, 1991a).

1.2 The core cell cycle machinery

1.2.1 ldentification of Cdc2

To understand the mechanics of the cell cycle requires the identification of the core
components of the cell cycle machinery. The complementary findings of two
different approaches, a genetical one and a biochemical one, led to the discovery of
the master regulator of the eukaryotic cell cycle: the cyclin-dependent kinase (CDK).
The genetic approach involved the isolation of gene mutations that caused cell cycle
arrest at the specific stage of the cell cycle when that gene product was required. In
yeast, cells divide at approximately a constant size suggesting that cell growth is co-
ordinated with cell division (Mitchison and Creanor, 1971). While cell division is

dependent on cells reaching a critical size, growth is not dependent on progression
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Chapter 1 Introduction

through the cell cycle (Mitchison, 1974). This observation formed the basis of genetic
screens of mutagenised yeast cells that continued to increase their cell size in the
absence of cell division. Screens of this nature were carried out in both budding yeast
(Hartwell et al., 1974) and fission yeast (Nurse et al., 1976; Nasmyth and Nurse,
1981), and led to the isolation of many conditional, temperature-sensitive mutants
that underwent cell cycle arrest and displayed an elongated phenotype at the
restrictive temperature, characteristic of the cdc (cell division cycle) phenotype
(Bonatti et al., 1972).

Analysis of the transition points for these mutants identified the stage of the
cell cycle at which the function of these genes was required and consequently led to
the isolation of genes required for DNA synthesis, mitosis and cytokinesis. Of
particular interest were mutations in the fission yeast cdc2 gene which exhibited
defects in both DNA replication and nuclear division (Nurse and Thuriaux, 1980;
Nurse and Bissett, 1981). This unique property of cdc2 mutants was similar to the
phenotype observed for mutations in the CDC28 gene in budding yeast (Hartwell et
al., 1974) and complementation analysis showed that ectopic expression of the
CDC28 gene in fission yeast could complement the temperature-sensitive cell cycle
arrest of the cdc2 mutant (Beach et al., 1982). This functional homology was further
highlighted by the isolation of a human clone that rescued the mutation in the fission
yeast cdc2 gene (Lee and Nurse, 1987). These experiments therefore identified a
conserved role for the cdc2 gene in the eukaryotic cell cycle.

Meanwhile, a biochemical approach was undertaken to examine the
mechanism of oocyte maturation in the frog Rana pipiens. Injection of cytoplasm
from mature oocytes into G2-arrested immature oocytes induced the first meiotic

division by releasing a cytoplasmic factor termed ‘maturation promoting factor’

18



Chapter 1 Introduction

(MPF) (Masui and Markert, 1971; Smith and Ecker, 1971). MPF was subsequently
discovered as a mitotic inducer in somatic cells (Sunkara et al., 1979; Kishimoto et
al., 1982). Using a cell-free system, MPF was purified by its ability to induce
maturation in Xenopus oocytes in the absence of protein synthesis (Lohka et al.,
1988), and consisted of two proteins with molecular weights of 45KDa and 32KDa
which also co-fractionated with histone H1 kinase activity. Concurrently, molecular
characterisation of the protein encoded by the cdc2 gene in fission yeast revealed that
it encodes a 34KDa phosphoprotein that also has histone H1 kinase activity (Simanis
and Nurse, 1986). Given the requirement for MPF to induce mitosis and meiosis, and
the analogous role for Cdc2 in fission yeast, antibodies against the conserved
PSTAIR motif in Cdc2 were tested against purified MPF and found to cross-react
with a 34KDa protein, the Xenopus homologue of Cdc2 (Dunphy et al., 1988; Gautier
et al., 1988). Similar experiments identified homologues of Cdc2 in starfish (Labbe et
al., 1988) as well as a histone H1 kinase activity purified from rat hepatoma cells
with the same enzymatic properties as the kinase encoded by the CDC28 gene of S.
cerevisiae (Langan et al., 1989). Collectively, these findings identified Cdc2/Cdc28
as a component of MPF and established Cdc2 as the key regulator of the onset of

mitosis in all eukaryotes.

1.2.2 The cyclins

The Cdc2 kinase and its homologues are part of a family of cyclin-dependent kinases,
or CDKs, that require the association of a cyclin partner. Cyclins were first identified
in sea urchin eggs as highly unstable proteins that appeared following fertilisation and
then oscillated with each subsequent cleavage division due to periodic proteolysis

(Evans et al., 1983). When MPF was purified from starfish oocytes, Cdc2 was
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Chapter 1 Introduction

associated with a 45KDa protein, Cyclin B, in a 1:1 stoichiometric complex (Labbe et
al., 1989). Similarly, the antibody recognising the PSTAIR motif of Cdc2 in clam
oocytes cross-reacted with two proteins corresponding to Cyclin A and Cyclin B
(Draetta et al., 1989). High kinase activity was associated with the Cdc2/Cyclin A
and Cdc2/Cyclin B complexes at the onset of mitosis which was substantially
decreased in interphase, suggesting that cyclin proteolysis may inactivate MPF to
allow cells to exit from mitosis (Draetta et al., 1989).

The striking degree of functional similarity among Cdc2 homologues
predicted that the cyclins would also constitute a highly conserved family of Cdc2-
associated proteins. In fission yeast, at least five cyclins have been identified that
interact with Cdc2: Cdc13, Cigl, Cig2, Pucl, Reml. The cdcl3 gene was cloned by
complementation of the conditional cdcl3-117 mutation and shares some sequence
similarity with the cyclins identified in invertebrate systems (Booher and Beach,
1988; Hagan et al., 1988). Cdcl3 is essential for mitotic entry and overexpression of
both the fission yeast and human cdc2+ genes can suppress the temperature-sensitive
phenotype of the cdcl3-117 mutant (Booher and Beach, 1988; Hagan et al., 1988)
suggesting that Cdc13 may form an active complex with Cdc2. Indeed, both Cdc2
and Cdc13 co-immunoprecipitate each other and form a complex that is active at the
onset of mitosis (Booher et al., 1989; Moreno ef al., 1989). As was shown for other
cyclins, Cdc13 protein levels oscillate throughout the cell cycle, peak at mitotic onset
and are essentially undetectable as cells begin anaphase (Moreno et al., 1989).

The second cyclin, cigl, was cloned by a homology-based screen and plays a
non-essential role in the transition from G1 to S phase (Bueno et al., 1991). It forms a
complex with Cdc2 and the associated kinase activity peaks in mitosis with similar

kinetics to that observed for the Cdc13/Cdc2 complex (Basi and Draetta, 1995). The
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cig2 gene was cloned by its ability to rescue a budding yeast strain lacking all three
G1 cyclins and independently as a suppressor of a temperature-sensitive mutation in
the patl gene which regulates entry into the meiotic cell cycle (Bueno and Russell,
1993; Connolly and Beach, 1994; Obara-Ishihara and Okayama, 1994). Although
cells deleted for cig2 are viable, cells exhibit a delay over the entry into S phase
(Bueno and Russell, 1993; Mondesert et al., 1996). The expression of both cig2
mRNA and protein is under strict cell cycle control and peaks at the onset of DNA
replication (Connolly and Beach, 1994; Obara-Ishihara and Okayama, 1994,
Mondesert et al., 1996; Yamano et al., 2000). Similarly, the kinase activity associated
with Cig2 peaks during S phase, consistent with its role in the initiation of DNA
replication (Mondesert et al., 1996).

Two other cyclins have been identified in fission yeast although far less is
known about their function. The Pucl cyclin plays a role in mitotic exit by inhibiting
G1 arrest in response to nitrogen starvation, possibly by downregulating Ruml, an
inhibitor of Cdc2 (Forsburg and Nurse, 1991b; Forsburg and Nurse, 1994; Martin-
Castellanos et al., 2000). The Rem1 cyclin has been identified as having a specific
function in meiosis (J. Ayté, in preparation).

In budding yeast, two classes of cyclins associate with the Cdc28 kinase: the
Clns and the Clbs. The three Cln cyclins are required for passage through Start and
their associated kinase activity peaks in late G1 (Tyers et al., 1993). Cells deleted for
any one of the CLN genes are viable, suggesting overlapping functions within this
class of cyclins (Richardson et al., 1989). However, deletion of all three genes
induces cell cycle arrest in G1 (Richardson et al., 1989). Within the Clb class, there
are six cyclins: Clbl-4 are required for the assembly of mitotic spindles and their

kinase activity appears during G2 (Fitch et al., 1992; Richardson et al., 1992; Schwob
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and Nasmyth, 1993), while Clb5 and Clb6 are required for entry into S phase and
their associated kinase activity peaks at the G1-S transition (Epstein and Cross, 1992;
Schwob and Nasmyth, 1993). Extensive redundancy exists within the Clb class and
any one of the mitotic Clb cyclins can promote DNA replication, although cells
containing only Clb5 or Clb6 cannot complete nuclear division and cytokinesis
(Schwob et al., 1994 and references therein). However, cells lacking all six Clb
cyclins fail to enter S phase and die (Schwob et al., 1994) indicating that the Cln and
Clb cyclins cannot functionally substitute for each other.

While yeast cells have only one CDK at the core of the cell cycle, higher
eukaryotes have several CDKs which are complexed to various cyclins at different
stages of the cell cycle. Each of these complexes functions during a defined window
of the cell cycle to carry out specific functions. The D-type cyclins become
complexed with Cdk4 and. Cdké during G1, Cyclin E and Cyclin A become
complexed with Cdk2 at the onset of S phase, and the A and B-type cyclins complex
with Cdk1, the closest homologue of yeast Cdc2, during mitosis (reviewed in Sherr,

1996).

1.2.3 Regulation of CDKs: phosphorylation

In fission yeast, the identification of cdc?2 as a rate-limiting determinant of mitotic
onset formed the basis for the genetic characterisation of genes that regulate Cdc2
activity. Genes carrying mutations that disrupted the timing of mitosis, either by
accelerating or delaying the onset of cell division, were isolated as candidate positive
or negative regulators of Cdc2. One such mutant was isolated on the basis that cells
entered mitosis at a reduced size (Nurse, 1975). This mutant was described
phenotypically as ‘wee’ and the gene was thus named weel. This wee mutant

accelerated progression through G2 and compensated for its small size by extending
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the G1 phase of the subsequent cell cycle. While these wee cells were viable, when
combined with a dominant mutation in the cdc2 gene which also causes a wee
phenotype, these mutations were additive and lethal to the cell (Russell and Nurse,
1987). The double mutants underwent mitotic catastrophe due to premature entry into
mitosis in the absence of complete DNA replication and chromosome segregation.
Cells in which the weel gene was deleted exhibited a similar wee phenotype as was
observed in the temperature-sensitive mutant weel-50, while overexpression of
weel + increased the size at which cells divided, suggesting that Weel delays mitotic
onset and functions as a dose-dependent inhibitor of Cdc2. Thus, the weel gene likely
functions as a negative regulator of Cdc2 activity to repress mitosis.

Another regulator of Cdc2 was identified by the phenotype of the
temperature-sensitive mutant cdc25-22 which arrested at the G2/M boundary and
failed to undergo mitosis (Fantes, 1979). The weel-50 mutation suppressed the cell
cycle arrest of the cdc25-22 mutant and cells were phenotypically wee (Fantes, 1979)
while overexpression of cdc25+ also resulted in a wee phenotype (Russell and Nurse,
1986). In combination, overexpression of cdc25+ in a weel-50 background induced
mitotic catastrophe (Russell and Nurse, 1986). These genetic interactions suggested
that Cdc25 and Weel exert their effects on mitosis independently of each other, and
identified the cdc25 gene as a positive regulator of mitosis that counteracts the
inhibitory effects of weel.

The control mechanisms that regulate Cdc2 activity were further elucidated
from the cloning and biochemical characterisation of all three genes: cdc2, cdc25, and
weel. The Cdc2 kinase is a phosphoprotein that is differentially phosphorylated
during the cell cycle at two amino acid residues, threonine 167 and tyrosine 15.

Threonine 167 is phosphorylated by a CDK-activating kinase (CAK) which is
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thought to stabilise the interaction between the cyclin and Cdc2 and is required for
Cdc2 to be fully activated at the onset of mitosis (Gould et al., 1991; Buck et al.,
1995; Ross et al., 2000). During interphase, Cdc2 is phosphorylated at both residues
but tyrosine 15 becomes dephosphorylated as cells enter mitosis (Gould and Nurse,
1989). Mutation of this tyrosine residue to phenylalanine induces premature mitosis,
demonstrating that the dephosphorylation at this site is important for activation of
Cdc2. The kinase activity associated with Cdc2 also fluctuates during the cell cycle
and the peak of activity correlates with the dephosphorylation of tyrosine 15 upon
entry into mitosis (Moreno et al., 1989). Activation of the kinase is dependent on the
cdc25 gene product (Moreno et al., 1989) and in accordance with this, cdc25 mRNA
and protein levels peak at the G2/M boundary (Moreno et al., 1990). Cdc2 is
phosphorylated on tyrosine in cells blocked at G2/M in a cdc25-22 arrest but then is
rapidly dephosphorylated when cdc25 function is restored and cells enter mitosis
(Gould and Nurse, 1989).

These findings implicate Cdc25 as the phosphatase that activates Cdc2
through dephosphorylation on tyrosine 15. This was further supported by the finding
that fission yeast Cdc2 can be dephosphorylated in vitro and in vivo by a human
protein-tyrosine phosphatase and that this is sufficient to activate the kinase (Gould et
al., 1990). In starfish, an increase in the kinase activity of Cdc2 correlates with its
dephosphorylation (Labbe et al., 1989) and the addition of purified human Cdc25
protein is sufficient to trigger the dephosphorylation of Cdc2 and activate its kinase
activity in vitro (Strausfeld et al., 1991). Similarly, purified Cdc25 from Drosophila
and humans activates MPF in Xenopus extracts by inducing tyrosine

dephosphorylation of Cdc2 (Kumagai and Dunphy, 1991; Gautier et al., 1991; Lee et

24



Chapter 1 Introduction

al., 1992). Together, these results support a conserved role for Cdc25 as an activator
of the Cdc2 kinase by dephosphorylating the inhibitory tyrosine residue.

The cloning of weel revealed that it encodes a protein kinase with dual
specificity for serine and tyrosine residues (Featherstone and Russell, 1991; Parker ef
al., 1992). Given the strong genetic evidence that Cdc25 and Weel have opposing
functions in Cdc2 regulation, it was tested whether Weel is the kinase that
phosphorylates Cdc2 on tyrosine. Indeed, Weel was shown to phosphorylate Cdc2 on
tyrosine in vitro which inhibited its associated histone H1 kinase activity (Parker et
al., 1992). Furthermore, in the absence of both weel and a partially redundant gene
mikl (Lee et al., 1994), Cdc2 remained dephosphorylated on tyrosine 15 and cells
underwent a lethal mitosis (Lundgren et al., 1991).

Characterisation of Cdc25 and Weel as the key positive and negative
regulators of Cdc2 activity explained how the balance between these proteins
determines the timing of mitotic onset. However, each of these regulators is in turn
under cell cycle control. The localisation of Cdc25 varies during the cell cycle; Cdc25
is retained in the cytoplasm during G1 and S phase by a 1433 protein, and is then
released and imported into the nucleus during G2 (Zeng and Piwnica-Worms, 1999).
The Weel kinase is negatively regulated by the Nim1/Cdrl and Cdr2 proteins
(Russell and Nurse, 1987; Parker et al., 1993; Breeding ef al., 1998; Kanoh and
Russell, 1998) and Nim1/Cdr1 is itself negatively regulated by Nifl (Wu and Russell,

1997).

1.2.4 Regulation of CDKs: cyclin proteolysis

In early cleavage embryos MPF activity oscillates, peaking during mitosis and then
rapidly decreasing. These fluctuations arise from the periodic proteolysis of the cyclin

subunit and not due to changes in the levels of Cdc2. Truncation of the first 90 amino
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acids at the N-terminus of the sea urchin Cyclin B renders the protein indestructable
and is sufficient to arrest cells in mitosis (Murray et al., 1989). This led to the
identification of a 9 residue motif, termed the ‘destruction box’, within the amino
terminus of cyclins that is sufficient for cyclin proteolysis via the ubiquitin-dependent
pathway (Glotzer ef al., 1991). This pathway recognises polyubiquitinated substrates
which are then targeted to a 26S multisubunit protease complex called the proteasome
(Coux et al., 1996, Baumeister ef al., 1998). Three enzymatic activities are required
for the transfer of a protein to the proteasome: a ubiquitin-activating enzyme (E1), a
ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3) (Hershko et al., 1994;
King et al., 1995; Sudakin et al., 1995; Irniger et al., 1995). While the E1 and E2
enzymes are constitutively active throughout the cell cycle, the ligase component is
active only in mitotic extracts. This 20S ligase complex is required for mitotic events
in all eukaryotes including sister chromatin separation, spindle elongation, and cyclin
destruction and was thus termed the anaphase-promoting complex or cyclosome
(APC/C) (reviewed in Zachariae and Nasmyth, 1999). In budding yeast, activation of
the APC/C is controlled by genes involved in the mitotic exit pathway, ultimately
leading to the destruction of the Clb cyclins (reviewed in Morgan, 1999). Mutations
in these genes arrests cells in mitosis with high CDK activity (Jaspersen et al., 1998;
Charles et al., 1998) supporting the fact that inactivation of the cyclin/CDK complex
by cyclin destruction is necessary for cells to exit mitosis.

In fission yeast, the Cdc13 cyclin contains a destruction box which is essential
for its recognition by the APC/C during mitosis (Yamano et al., 1998). Expression of
a non-destructible Cdc13 protein lacking this destruction box is sufficient to arrest
cells in anaphase (Yamano et al., 1996). Cig?2 is also degraded by the APC/C during

anaphase in a destruction-box dependent fashion, although additional mechanisms
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exist to regulate Cig2 during other phases of the cell cycle (Yamano et al., 2000).
These results demonstrate that a conserved mechanism exists in all eukaryotes to

irreversibly inactivate cyclin/CDK complexes at the end of mitosis.

1.2.5 Regulation of CDKs: CDK inhibitors

A third mechanism regulates the activity of CDKs during the cell cycle: direct
inhibition by cyclin-dependent kinase inhibitors (CKIs). Probably the best
characterised CKIs in yeast are Sicl in budding yeast and Rum1 in fission yeast. Sicl
functions as both a substrate of Cdc28 (Reed et al., 1985) and an inhibitor of Cdc28
kinase activity (Mendenhall, 1993). Sicl accumulates upon exit from mitosis until the
onset of S phase, at which point it functions as a specific inhibitor of Clb-associated
kinase activity (Schwob et al., 1994; Bai et al., 1996). Cln/CDKs are insensitive to
Sic1 inhibition and when they become activated late in G1, Cln/CDKs phosphorylate
Sicl which targets it for ubiquitin-mediated proteolysis (Verma et al., 1997). The
destruction of Sicl relieves the inhibition of Clb/CDKs and promotes the onset of S
phase (Verma et al., 1997). This mechanism of Sicl-dependent inhibition during G1
is thought to prevent premature activation of Clb/CDKs before activation of the
Cln/CDKs, ensuring that DNA replication and budding are initiated after passage
through Start.

The Rum1 protein functions in a homologous fashion to Sicl as a specific
inhibitor of mitotic CDKs in G1. Expression of Sicl in fission yeast complements all
the defects of a ruml deletion and Ruml can substitute for Sicl in budding yeast
(Sanchez-Diaz et al., 1998). In fission yeast, Ruml is required in situations in which
G1 must be extended, for example in a weel-50 mutant, or to induce cell cycle arrest
in G1 in the absence of the Start gene cdcl0 or under low nutrient conditions

(Moreno et al., 1994; Moreno and Nurse, 1994; Labib et al., 1995). Ruml
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accumulates during G1 (Benito ef al., 1998) and specifically inhibits Cdc13/Cdc2
kinase activity through direct interaction with the complex (Moreno and Nurse, 1994,
Correa-Bordes and Nurse, 1995; Jallepalli and Kelly, 1996, Martin-Castellanos et al.,
1996; Correa-Bordes and Nurse, 1997). Rum1 also promotes the proteolysis of Cdc13
in early G1-arrested cells (Correa-Bordes and Nurse, 1995; Correa-Bordes and Nurse,
1997). These mechanisms ensure that a cell arrested in G1 prior to Start maintains
only a low level of Cdc13/Cdc2 kinase activity to prevent premature entry into
mitosis from G1. During S phase and G2, Rum1 is phosphorylated by Cigl/Cdc2
which targets the protein for ubiquitin-mediated proteolysis, and reverses the
inhibition over mitosis (Correa-Bordes and Nurse, 1997; Benito et al., 1998).

Another CDK inhibitor in fission yeast is the Sucl protein. Although little is
known about its specific function, it inhibits Cdc13/Cdc2 kinase activity and is
required as an additional mechanism to promote mitotic exit (Basi and Draetta, 1995).
Cells depleted of Sucl accumulate Cdc13 and Cdc13/Cdc2 kinase activity causing
cells to arrest with condensed chromosomes. Sucl has also been shown to inhibit
MPF activity in Xenopus egg extracts (Dunphy et al., 1988).

In mammalian cells, a vast array of CKIs control the activities of various
cyclin/CDK complexes. Generally, the CKIs can be classified into two families: the
INK4 proteins (p16, p15, pl8, and p19) and a second group consisting of p21C") !
p27*"*!, and p57*'? (reviewed in Sherr, 1996). The INK4 inhibitors are specific for
Cyclin D-dependent kinase complexes and ectopic expression arrests cells in G1. The

75! protein negatively regulates Cyclin D-, E-, and A- dependent kinases and

p2
plays a critical role in the R-point transition. In response to mitogens, p27<*" is
degraded, relieving inhibition over Cyclin E/Cdk2 and Cyclin A/Cdk2. These

activated complexes can then trigger the R-point transition and promote the
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transcription of S phase genes (reviewed in Sherr, 1996). Recent work has also shown

7XP! requires the mammalian

that the ubiquitin-dependent degradation of p2
homologue of Sucl (Ganoth et al., 2001). This supports an additional role for Sucl in
the transition from G1 to S phase and suggests that CKIs may regulate the activity of
other CKIs at different stages of the cell cycle.

In summary, eukaryotic cells have evolved several mechanisms to regulate the
the cyclin/CDK complex at the core of the cell cycle machinery (illustrated in figure
1.2). Reversible mechanisms such as phosphorylation and inhibition by CKIs regulate
entry into the cell cycle and promote the ordered progression of cell cycle events

while irreversible proteolysis of mitotic cyclins ensures completion and exit from

mitosis.

1.2.6 The Cdc2 cycle

In yeast, the cell cycle is controlled by a single CDK that becomes complexed to
different cyclin partners during the cell cycle. Do the different cyclin/CDK complexes
have distinct functions or is there redundancy in the system? In fission yeast, the
answer to this question is yes on both counts. Cdc13 complexed with Cdc2 can
promote ordered progression through the entire cell cycle, but Cigl/Cdc2 and
Cig2/Cdc2 cannot (Fisher and Nurse, 1996). In the absence of Cigl and Cig2, Cdc13
can bring about the onset of both DNA replication and then mitosis (Fisher and
Nurse, 1996). In contrast, Cig2, and only partially Cigl, are capable of promoting
DNA replication in the absence of Cdcl3 but neither can promote mitosis. This
suggests that the requirement for CDK activity to promote DNA replication is less
specialised than that required for the onset of mitosis (Fisher and Nurse, 1996).

How does a single CDK promote alternating rounds of DNA replication and

mitosis? One explanation is proposed by the quantitative model, in which the fission
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yeast cell cycle is generated by a single oscillation in Cdc2 kinase activity and the
various events controlled by CDK activity, such as DNA replication and mitosis, are
induced once a threshold of Cdc2 activity is reached (Fisher and Nurse, 1996). The
quantitative model contends that when G1 cyclins activate Cdc2 to a sufficiently high
level S phase will be induced, then when the Cdc2 activity associated with the mitotic
cyclin accumulates during G2 and surpasses a higher threshold, mitosis will be
induced (figure 1.3). Proteolysis and inhibition of the mitotic cyclin/Cdc2 complex
upon exit from mitosis then re-sets the cycle back to G1 (Fisher and Nurse, 1996).
Validation of this model is supported not only by the finding that Cdc13/Cdc2
can promote both S phase and mitosis (Fisher and Nurse, 1996), but also from studies
on re-replication. Depletion of Cdc13 in G2 induces fission yeast cells to undergo
multiple discrete rounds of DNA replication without intervening mitoses (Hayles et
al., 1994). In the absence of Cdc13/Cdc2 complexes in G2, cells fail to accumulate
enough kinase activity to undergo mitosis and instead re-set the cell cycle back to G1
and promote another round of S phase. This re-replication is dependent on the
presence of Cigl or Cig2, either of which can support DNA replication although
neither is sufficient to induce mitosis. Similarly, inactivation of certain temperature-
sensitive mutant alleles of cdc2 by heat shock and nitrogen starvation and then
restoring Cdc2 function allows cells to diploidise by re-setting the cell cycle from G2
back to Start (Broek et al., 1991; Hayles et al., 1994). This diploidisation is
dependent on the ruml gene and in fact, overexpression of Ruml also induces
extensive re-replication by directly inhibiting Cdc13/Cdc2 kinase activity (Moreno
and Nurse, 1994; Labib et al., 1995). As with the depletion of Cdc13, Rum1-induced
re-replication requires either the Cigl or Cig2 cyclins to initiate replication (Martin-

Castellanos et al., 1996). On the other hand, if Cdc13 and Cdc2 are overexpressed in
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G1 cells prior to Start, the increase in mitotic kinase activity will induce mitosis in the
absence of DNA replication (Hayles ef al., 1994). These results all support the
quantitative model on the basis that the levels of Cdc2-associated kinase activity
increase throughout the cell cycle and are sufficient to bring about the onset of DNA

replication first, and then mitosis.

1.3 Regulation of S phase onset

One of the tenets of the quantitative model is that Cdc2-associated kinase activity is
responsible for promoting both DNA replication and mitosis. If this is true, how is
DNA replication restricted to once per cell cycle? The current view is that specific
substrates involved in the initiation of replication are recognised in G1 when Cdc2
activity is low and then other substrates are recognised in G2 when Cdc2 activity is
higher. The function of the latter substrates would then repress the former.
Alternatively, the availability of substrates may be restricted to the G1 phase and
modified or no longer accessible in G2. Although discrimination between these two
mechanisms may prove difficult, and indeed they may not be exclusive, a discussion
of the proteins required for the initiation of DNA replication will highlight the key

substrates that are positively or negatively regulated by Cdc2 activity.

1.3.1 The replicator sequence

Prior to engaging in a discussion of the proteins involved in DNA replication, I would
like to introduce the replicator sequences which are the physical sites at which
initiation takes place. Given the size of eukaryotic genomes, the complete replication
of chromosomes during a given S phase presents the cell with an enormous logistical

task. To maximise the efficiency of DNA replication, eukaryotes have evolved a

31



Chapter 1 Introduction

mechanism to initiate DNA synthesis from multiple sites along the chromosomes and
thus engage thousands of replication forks to replicate individual segments of the
genome. In yeast, replication origins were identified by their ability to confer
transformation efficiency and stability to plasmids using the autonomously replicating
sequence (ARS) assay (Stinchcomb et al., 1979). In budding yeast, two-dimensional
gel electrophoresis of ARS-containing plasmids demonstrated that initiation occurred
from sites within the ARS element (Brewer and Fangman, 1987; Huberman et al.,
1987) and that many of these same sequences serve as sites of initiation in their
normal chromosomal location (reviewed in Diffley, 1995).

The ARS elements in budding yeast are approximately 100 base pairs (bp) in
size and share several common features. They consist of four elements that are
sufficient for ARS activity: an A element and three adjacent B elements (Marahrens
and Stillman, 1992). The most important feature is the 11bp AT-rich ARS consensus
sequence that lies within the A element and is essential for origin function
(Marahrens and Stillman, 1992). The B elements are functionally distinct and consist
of binding sites for initiator proteins. Interestingly, the unwinding of DNA at
replication origins, referred to as ‘origin firing’, follows a specific temporal program
in budding yeast, with some origins firing early in S phase and others firing later
(Yamashita et al., 1997; Friedman et al., 1997). The sequential firing of replication
origins is determined by the chromosomal context of that origin and probably reflects
its accessibility to initiation factors (Raghuraman et al., 1997). To co-ordinate the
firing of early and late origins during S phase, a system of checkpoints is maintained
that inhibits the firing of late origins in the presence of defects in DNA replication or

stalled replication forks (Santocanale and Diffley, 1998). Therefore, the cell has
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evolved several mechanisms to regulate and orchestrate the activity of replication
origins to bring about rapid and faithful replication of the entire genome.

In fission yeast, ARS elements and chromosomal origins are larger than their
budding yeast counterparts. They are generally between 500 and 1000bp in size
(Clyne and Kelly, 1995; Dubey et al., 1996; Okuno et al., 1999; Kim and Huberman,
1998) and unlike the budding yeast origins, they do not exhibit strong sequence
similarities or a consensus sequence that is conserved among all origins. However,
they do share some structural similarities and consist of several redundant ddmains
and AT-rich regions (Johnston and Barker, 1987; Maundrell et al., 1988; Zhu et al.,
1994; Clyne and Kelly, 1995; Dubey et al., 1996, Kim and Huberman, 1998; Okuno
et al., 1999). The significance of these motifs in terms of molecular interactions
remains unclear. A puzzling feature of fission yeast replication origins is that with
one exception, the origin ars2004, no origin fires in every cell cycle (Okuno et al.,
1997). This may be due to the fact that fission yeast origins are often located in
clusters of several origins within a 4-10kb region (Zhu et al., 1994; Wohlgemuth et
al., 1994; Okuno et al., 1997). Therefore, if one adjacent origin fires first then the
neighbouring origin is likely to be passively replicated by the forks emerging from
that origin rather than firing itself. In the ura4 locus, three origins are clustered within
a 4kb region and deletion of one origin allows the adjacent origins to fire more
efficiently (Dubey et al., 1994). What determines which origin in the cluster fires in
each cell cycle remains an elusive and interesting question. As yet, there is no
evidence for a temporal program of origin firing in fission yeast, although this could
be due to the technical difficulties of addressing the timing of firing of individual

origins within the short S phase of fission yeast.
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In higher eukaryotes, the definition of a replication origin is quite
controversial since initiation sites have been mapped to specific sequence elements as
well as broad initiation zones. The best example of a sequence-specific replication
origin has been mapped to an 8kb sequence within the human B-globin locus
(Kitsberg et al., 1993; Aladjem et al., 1995). Deletion of this sequence, which occurs
in some patients with $-thalassemia, abolishes initiation in this region (Kitsberg et al.,
1993). However, firing of this origin also requires a sequence within the locus control
region that controls the expression of the globin genes and lies >50kb upstream of the
-globin origin (Aladjem et al., 1995). Thus, even the most specific origin identified
to date requires additional cis-acting sequences at great distances from the origin. In
Drosophila, similar properties of replication origins have been identified.
Amplification of the chorion genes has been shown by two-dimensional gel
electrophoresis to arise from initiation at several sites within the amplification locus
(Delidakis and Kafatos, 1989; Heck and Spradling, 1990), yet deletion analysis has
identified a specific 884bp sequence that is necessary and sufficient for initiation and
another 320bp sequence that functions as an enhancer of initiation activity at that
origin (Lu et al, 2001). Together, these examples highlight the complexities

associated with defining replication origins in higher eukaryotes.

1.3.2 The replication initiator: ORC

Early studies on the initiation of DNA replication in eukaryotes were guided by a
model explaining the regulation of initiation in E.coli, the Replicon model, which
proposed that the initiation of DNA replication is promoted by the interaction
between an initiator protein and a cis-acting sequence, the replicator (Jacob et al.,
1963). In budding yeast, the identification of ARS elements that function as

replication origins instigated the search for factors that bind directly to origin
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sequences. Using a footprinting assay, proteins were isolated that protected a region
of the replication origin 4RS! from nuclease cleavage. The Origin Recognition
Complex (ORC) was identified by this assay as a complex that bound to ARSI in
vitro (Bell and Stillman, 1992) and also generated the same footprint in vivo (Diffley
and Cocker, 1992). This complex consists of six subunits (Orcl to 6) and
temperature-sensitive mutations or deletion of the genes encoding individual subunits
are lethal due to failure to initiate DNA synthesis (Micklem et al., 1993; Bell et al.,
1993; Li and Herskowitz, 1993; Foss et al., 1993; Loo et al., 1995; Bell et al., 1995;
Fox et al., 1995; Liang et al., 1995; Hardy, 1996; Hori ef al., 1996). The binding sites
for ORC are likely to lie within the A and B1 domains of replication origins since
mutations in these elements of ARS1 abolishes ORC binding and prevents the
intiation of DNA replication (Bell and Stillman, 1992; Rao and Stillman, 1995;
Rowley et al., 1995). The ability of ORC to recognise replication origins both in vitro
and in vivo, and its essential role in initiation made ORC a prime candidate as a
replication initiator. However, genomic footprinting showed that ORC remains bound
to origins throughout the cell cycle (Diffley et al., 1994; Rowley et al., 1995)
suggesting that while ORC is necessary for initiation, it is not sufficient.

A homologous ORC complex has been identified in fission yeast and consists
of six subunits (named Orpl to 6 for QRC subunits from S. pombe) which are all
essential for DNA replication (Gavin et al., 1995; Muzi-Falconi and Kelly, 1995;
Grallert and Nurse, 1996; Leatherwood et al., 1996; Ishiai et al., 1997; Lygerou and
Nurse, 1999; Moon et al., 1999, Chuang and Kelly, 1999). As in budding yeast,
several of the ORC subunits have been shown to bind to replication origins
throughout the entire cell cycle (Lygerou and Nurse, 1999; Ogawa et al., 1999).

While specific ORC-interaction domains have not been identified in fission yeast
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origins, one of the subunits, Orp4, is characterised by AT-hooks which may be
important for binding to the AT-rich regions of origin DNA (Chuang and Kelly,
1999; Moon et al., 1999). ORC complexes have also been identified in Xenopus
(Rowles ef al., 1996; Carpenter et al., 1996; Romanowski ef al., 1996; Carpenter and
Dunphy, 1998), Drosophila (Gossen et al., 1995; Gavin et al., 1995), and from
mammalian cells (Gavin ef al., 1995; Natale et al., 2000). Thus, ORC appears to be a
conserved multisubunit complex that functions as a replication initiator in all

eukaryotes.

1.3.3 Assembly of the pre-replicative complex

While the footprinting assay proved useful for the identification of ORC in budding
yeast, it also led to the significant observation that the pattern of nuclease protection
of the origin ARS! in vivo was different in G1 and G2 cells (Diffley et al., 1994). In
G1 cells, the protected region was extended by approximately SO0bp and a site that
was hypersensitive to nucleases in G2 cells was lost. This change in the pattern of
nuclease protection defined an origin as being in a ‘pre-replicative’ state in G1 as
opposed to a ‘post-replicative’ state in G2. The transition from the post-replicative
pattern to the pre-replicative pattern occurred during mitosis and suggested that the
extension of nuclease protection was due to the binding of a complex of proteins
referred to as the pre-replicative complex, or pre-RC, to replication origins upon exit
from mitosis (Diffley et al., 1994). Since ORC is bound to origins throughout the cell
cycle (Diffley et al., 1994; Rowley et al., 1995; Aparicio et al., 1997; Tanaka et al.,
1997; Liang and Stillman, 1997), other proteins must be recruited to the replication
origins in G1 to form the pre-RC.

One of these proteins is the initiation factor Cdc6, which was first isolated as a

temperature-sensitive mutant that failed to undergo S phase (Hartwell, 1976) and was
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later shown to be defective in origin firing (Liang et al., 1995). In the absence of
Cdc6 pre-RCs cannot form or be maintained, demonstrating that Cdc6 contributes to
the extended footprint observed in G1 cells and is required for the assembly and
maintenance of the complex (Diffley et al., 1994; Santocanale and Diffley, 1996;
Cocker et al., 1996). As cells exit from mitosis, Cdc6 protein accumulates and binds
to replication origins via ORC (Piatti et al., 1995; Liang et al., 1995; Tanaka et al.,
1997, Weinrich et al., 1999). This interaction is required for the assembly of the pre-
RC but is not sufficient to reconstitute the extended footprint in vitro (Mizushima et
al., 2000).

Both Cdc6é and ORC are required to recruit a heterohexameric complex
composed of the six minichromosome maintenance proteins (MCMs) to replication
origins (Lei et al., 1996; Donovan et al., 1997, Aparicio et al., 1997; Tanaka et al.,
1997, Liang and Stillman, 1997). The MCM genes were isolated as mutants defective
in the maintenance of mitotically stable minichromosomes (Maine et al., 1984), each
of which has a non-redundant function that is essential for the initiation of DNA
replication (Maine et al., 1984; Hennessy et al., 1990; Yan et al., 1993; Donovan et
al., 1997). The binding of MCMs to chromatin correlates with the presence of the
pre-RC; they bind to chromatin upon exit from mitosis in an ORC- and Cdc6-
dependent fashion, and then become dissociated during S phase (Liang and Stillman,
1997; Donovan et al., 1997; Aparicio et al., 1997; Tanaka et al., 1997; Young and
Tye, 1997; Weinreich et al., 1999, Feng et al., 2000). While the exact biochemical
function of the MCM complex remains speculative, evidence suggests that it is the
replicative helicase that unwinds DNA ahead of the replication fork. By chromatin
immunoprecipitation experiments, MCMs appear to travel with the replication forks

(Aparicio et al., 1997; Tanaka et al., 1997) and genetic data shows that MCMs are
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required for fork progression (Labib et al., 2000). However, no helicase activity has
been detected in vitro with purified MCM complexes. The MCM complex has been
purified from fission yeast and shown by electron microscopy to form a
heterohexameric complex with a globular shape and central cavity that could
assemble around the DNA duplex (Adachi et al., 1997). Consistent with this, helicase
activity is associated with a purified subcomplex of MCMs in vitro (Lee and Hurwitz,
2001).

Cdc18, the fission yeast homologue of Cdc6, is also essential for DNA
replication (Nasmyth and Nurse, 1981; Kelly ef al., 1993). Cdc18 is periodically
expressed, accumulates in cells upon exit from mitosis and becomes associated with
chromatin, possibly through a direct interaction with Orpl (Kelly et al., 1993;
Nishitani and Nurse, 1995; Grallert and Nurse, 1996; Muzi-Falconi et al., 1996;
Nishitani et al., 2000). As in budding yeast, Cdc18 and ORC are then required for the
recruitment of the MCM complex onto chromatin (Ogawa et al., 1999; Nishitani et
al., 2000; Kearsey et al., 2000). However, they are not sufficient for the loading of
MCMs and another essential initiation factor, Cdtl, is also required (Hofmann and
Beach, 1994; Nishitani et al., 2000). Cdtl accumulates in cells at the end of mitosis
and binds to chromatin at the same time as Cdc18 (Nishitani et al., 2000). While
Cdc18 and Cdtl interact, they are not dependent on each other for their association
with chromatin (Nishitani ef al., 2000). Instead, depletion of either protein disrupts
the ability of the MCMs to bind to chromatin and cells fail to initiate replication.

The conservation of pre-RC components from yeast to higher eukaryotes
extends beyond ORC. Cdc6 and the MCM subunits have been cloned and shown to
perform similar functions to their yeast homologues (Kelman et al., 1999; Coleman et

al., 1996; Kimura et al., 1994; Musahl et al., 1995; Kimura et al., 1996; Madine et
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al., 1995; Hendrickson et al., 1996; Coué et al., 1996; Williams et al., 1997; Petersen
et al., 1999; Berger et al., 1999; Maiorano et al., 2000). Similarly, homologues of
Cdtl have been identified in Xenopus, humans, and Drosophila, although a
homologue of Cdtl in budding yeast has not yet been published (Maiorano et al.,
2000; Whittaker ef al., 2000). Immunodepletion of either Cdc6, Cdtl or the MCMs
abolishes DNA replication in Xenopus egg extracts as does microinjection of Cdc6 or
MCM antibodies into mammalian cells, supporting an essential role for Cdc6, Cdtl
and the MCMs in the initiation of DNA replication in higher eukaryotes (Chong et
al., 1995; Madine et al., 1995; Kubota et al., 1995; Romanowski et al., 1996;
Coleman et al., 1996; Kubota et al., 1997, Maiorano et al., 2000; Todorov et al.,
1994; Kimura et al., 1994; Hateboer et al., 1998). As was shown in fission yeast, the
association of Cdc6 and Cdtl with chromatin in Xenopus egg extracts is dependent on
ORC (Romanowski et al., 1996; Rowles et al., 1996; Coleman et al., 1996) and the
association of the MCMs with chromatin is dependent on ORC, Cdc6, and Cdtl
(Maiorano et al., 2000). Collectively, these results suggest that a complex analogous
to the yeast pre-RC, consisting of ORC, Cdc6, Cdtl and the MCMs, is sequentially
assembled onto chromatin prior to the onset of S phase to bring about the initiation of

DNA replication.

1.3.4 Formation of the pre-initiation complex: Cdc45

The initiation of DNA replication can be described as a two-step mechanism: the first
step is the assembly of a pre-RC onto all origins, while the second step involves the
transition of the pre-RC to a pre-initiation complex (pre-IC) which then induces
origin firing (Zou and Stillman, 1998). In budding yeast, the transition from a pre-RC
to a pre-IC is dependent on the loading of the Cdc45 protein onto replication origins

which occurs according to the temporal order of origin firing (Aparicio et al., 1999;
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Zou and Stillman, 2000). Cdc45 is an initiation factor that is required for DNA
replication but is not a component of the pre-RC, since cells maintain a pre-RC
footprint in the temperature-sensitive cdc45 mutant (Hopwood and Dalton, 1996;
Owens et al., 1997). Cdc45 homologues have also been cloned from fission yeast,
Drosophila, Xenopus, and mammalian cells (Miyake and Yamashita, 1998; Loebel et
al., 2000, Mimura and Takisawa, 1998; Kukimoto et al., 1999) and appear to have a
conserved function. The function of Cdc45 may be to provide the crucial link
between the pre-RC and the replication machinery. Cdc45 physically and genetically
interacts with several members of the MCM complex and its association with origins
is dependent on the prior assembly of a pre-RC (Hopwood and Dalton, 1996; Zou and
Stillman, 1998; Zou and Stillman, 2000; Miyake and Yamashita, 1998; Mimura and
Takisawa, 1998; Mimura et al., 2000; Loebel et al., 2000; Kukimoto et al., 1999).
Once Cdc45 becomes associated with the pre-RC on a given origin, it is then required
for the subsequent loading of replication protein A (RPA), the replicative polymerase
alpha, and proliferating cell nuclear antigen (PCNA) (Tanaka and Nasmyth, 1998;
Aparicio et al., 1999; Zou and Stillman, 2000; Mimura and Takisawa, 1998; Mimura
et al., 2000; Loebel et al., 2000; Kukimoto ef al., 1999). Independently, Cdc4S5 is also
required to load polymerase epsilon at origins, suggesting that it coordinates the
recruitment of the replication machinery required for both leading and lagging strand
DNA synthesis (Aparicio et al., 1999; Mimura et al., 2000). In addition, Cdc45 has
an essential function in elongation and appears to travel with the replication forks

after origin firing (Aparicio et al., 1997; Tercero et al., 2000).

1.3.5 Activation of the pre-initiation complex: S-CDKs and Dbf4/Cdc7

The transition from a pre-RC to a pre-IC and the subsequent firing of origins is

dependent on the activity of S phase-promoting kinases. While the specific cascade of
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events that lead to origin unwinding are not entirely clear, two sets of kinases are
involved in the assembly and activation of the pre-IC: the Dbf4/Cdc7 kinase and the
S phase CDKs (S-CDKs) (Donaldson et al., 1998; Bousset and Diffley, 1998; Zou
and Stillman, 1998; Zou and Stillman, 2000). The Dbf4/Cdc7 kinase, which has been
identified in budding yeast, fission yeast, Xenopus, and mammalian cells, consists of
a catalytic subunit, Cdc7 (Hsk1 in fission yeast), which is present at constant levels
throughout the cell cycle, and a regulatory subunit, Dbf4 (Dfpl in fission yeast),
which is periodically expressed (Donaldson et al., 1998; Bousset and Diffley, 1998;
Masai et al., 1995; Brown and Kelly, 1998; Takeda et al., 1999; Sato et al., 1997,
Jiang and Hunter, 1997; Jiang et al., 1999, Pasero et al., 1999; Weinreich and
Stillman, 1999). Dbf4 accumulates late in G1, becomes associated with Cdc7, and
binds to replication origins (Dowell et al., 1994, Weinreich and Stillman, 1999;
Takeda et al., 1999; Brown and Kelly, 1999; Jiang et al., 1999). Accordingly, the
kinase activity of Cdc7 is stimulated by Dbf4 and accumulates during S phase
(Brown and Kelly, 1998; Takeda et al., 1999; Weinreich and Stillman, 1999; Jiang
and Hunter, 1997, Jiang ef al., 1999; Nougaréde et al., 2000).

Prior to origin firing, both the S-CDKs and Dbf4/Cdc7 promote the loading of
Cdc45 onto chromatin which marks the transition from the pre-RC to the pre-IC (Zou
and Stillman, 1998; Zou and Stillman, 2000). A similar requirement for S-CDKs to
load Cdc45 has been identified in Xenopus (Mimura and Takisawa, 1998). The
Dbf4/Cdc7 complex has also been shown to phosphorylate Mcm?2 in vitro in all
organisms and in vivo in fission yeast and in mammalian cells (Lei et al., 1997,
Weinreich and Stillman, 1999; Brown and Kelly, 1998; Jares and Blow, 2000, Sato et
al., 1997; Jiang et al., 1999). Phosphorylation of Mcm2 may be biologically

important for initiation since a temperature-sensitive mutation in the budding yeast
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dbf4 gene suppresses a mutation in mcmZ2 and restores the origin firing defect of the
mcem2 mutant (Lei et al., 1997). Also, binding of Mcm?2 to chromatin requires the B2
element of 4RS! which contains a putative DNA-unwinding element (Lin and
Kowalski, 1997; Zou and Stillman, 2000). Other potential substrates for Dbf4/Cdc7
include additional members of the MCM complex, Cdc45, RPA, and polymerase
alpha (Lei et al., 1997, Weinreich and Stillman, 1999; Nougarede et al., 2000; Jares
and Blow, 2000). Although the functional significance of these phosphorylation
events remains unclear, these results suggest that the phosphorylation of various
components of the pre-IC by Dbf4/Cdc7 may alter the architecture of the pre-IC to
bring about unwinding of DNA at the origin. Substrates of the S-CDKs include
Cdc6/Cdc18 and Cdc21/MCM4 (Elsasser et al., 1996; Jallepalli et al., 1997; Baum et
al., 1998; Hendrickson et al., 1996), although these are not likely to be important for
initiation since, at least in budding yeast, a pre-RC is maintained in a cdc28 mutant
(Diffley et al., 1994). However, in Xenopus, release of Cdc6 from chromatin is
promoted by Cyclin A/Cdc2 and is a pre-requisite for initiation (Hua and Newport,
1998).

In summary, the onset of DNA replication requires the ordered assembly of a
pre-replicative complex at all origins in G1, followed by the transition to a pre-
initiation complex which is catalysed by the activities of the S-CDKs and Dbf4/Cdc7
kinases, and the subsequent recruitment of the replication machinery to the sites of
initiation. The activities which ultimately lead to the physical unwinding of DNA at
the origin are currently unknown. While many of the molecular events and
interactions remain to be elucidated, a model for these steps is proposed in figure 1.4,
based primarily on the work from budding yeast but also incorporating the features

conserved in other organisms.
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1.4 Mechanisms that restrict S phase to once per cell cycle

The stepwise assembly and activation of the pre-RC is consistent with the features of
replication control that were first observed in a classic series of mammalian cell
fusion experiments. In these experiments, nuclei were synchronised at various cell
cycle stages, fused, and assessed for replication in the heterokaryon (Rao and
Johnson, 1970). Fusion of G1 nuclei with S phase nuclei advanced entry of the G1
nuclei into S phase, suggesting that soluble factors within the S phase nuclei
promoted the initiation of DNA replication. In contrast, fusion of G2 nuclei with S
phase nuclei had no effect on the G2 nuclei, showing that the G2 nuclei were
refractory to the S phase-promoting factors and that conversion of the nuclei from a
replication incompetent to competent state occurred between G2 and G1. This re-
setting of the nuclei is likely to reflect the assembly of initiation factors onto origins
that takes place from late mitosis to G1/S. Similarly, the S phase-promoting factors
that induce initiation are likely to be the S-CDKs and Dbf4/Cdc7 which regulate the
firing of individual origins of replication.

What is less understood, however, is the transition of nuclei from a replication
competent state in G1 to a replication incompetent state in G2. A significant advance
in how to address this issue stemmed from the proposal of a licensing model in
Xenopus (Harland and Laskey, 1980). According to this model, a licensing factor is
issued at the onset of S phase which renders chromatin competent to replicate and is
then removed by replication forks as DNA synthesis proceeds during S phase. The
observation that permeabilisation of the nuclear envelope in Xenopus egg extracts
was sufficient to allow re-replication to occur when incubated with a fresh extract
provided a valuable extension to this model. It was proposed that the licensing factor

was excluded from the nucleus during interphase and could only gain access to
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chromatin when nuclear envelope breakdown occurred at the onset of mitosis (Blow
and Laskey, 1988). Biochemical purification of the factors required for licensing
revealed that Cdtl and the MCM complex fulfilled the criteria of bona fide licensing
factors. They associate with chromatin prior to initiation, dissociate during
replication, and can only bind to chromatin in G2 if the nuclear membrane has been
permeabilised (Kubota et al., 1995; Chong et al., 1995; Madine et al., 1995; Coué et
al., 1996; Hendrickson et al., 1996; Thommes et al., 1997; Kubota et al., 1997,
Maiorano et al., 2000; Tada et al., 2001). Licensing is also dependent on ORC and
Cdc6, which are required, together with Cdtl, for the binding of MCMs onto
chromatin (Rowles et al., 1996, Romanowski et al., 1996, Coleman et al., 1996;
Maiorano et al., 2000). This link between the yeast pre-RC and licensing in Xenopus
suggests that the dissociation of these initiation factors from origins during S phase is
important to prevent the establishment of replicative competence in G2.

In all organisms, several replication initiation factors are regulated or
modified during S phase, although little is known about their biological relevance to
the repression of DNA synthesis after origin firing has occurred. In Xenopus and
mammalian cells, it is likely that the most critical mechanism that prevents re-
replication is the inhibition of Cdtl by geminin. Geminin specifically binds to and
inhibits Cdtl, preventing the association of MCMs with chromatin (McGarry and
Kirschner, 1998; Wohlschlegel et al., 2000; Tada et al., 2001). Geminin is only
present from late S phase to anaphase, and thereby ensures that Cdt1 is inhibited after
origin firing and prevents licensing until after cells undergo mitosis (McGarry and
Kirschner, 1998). A second mechanism that may be important to prevent re-
replication is the phosphorylation of Cdc6. In Xenopus, Cdc6 is phosphorylated and

becomes dissociated from chromatin at the onset of S phase (Hua and Newport, 1998;
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Findeisen et al., 1999). In mammalian cells, the expression of Cdc6 is essentially
constant but its localisation throughout the cell cycle changes (Williams et al., 1997,
Jiang et al., 1999). Cdc6 is mostly nuclear in G1 cells and then translocated to the
cytoplasm at the onset of S phase due to phosphorylation by Cyclin A/Cdk2 (Saha et
al., 1998; Fujita ef al., 1999; Petersen et al., 1999; Berger et al., 1999, Jiang et al.,
1999; Herbig et al., 2000). Other evidence suggests that S-CDKs promote the
degradation of a soluble pool of Cdc6, while a fraction of endogenous Cdc6 remains
chromatin-bound throughout the cell cycle (Coverley et al., 2000). The significance
of Cdc6 phosphorylation remains difficult to interpret since microinjection of the
phosphorylation mutants of Cdcé inhibits DNA replication instead of promoting re-
replication (Jiang et al., 1999; Herbig et al., 2000). It is therefore likely that
regulation of Cdtl is more critical to prevent re-replication in mammalian cells.

Other initiation factors are also modified during the cell cycle, including
components of the ORC and MCM complexes. In hamster cells, the stability of Orcl
on chromatin changes during the cell cycle; Orcl is tightly associated with chromatin
during interphase but becomes unstable and dissociates from chromatin during
mitosis (Natale et al., 2000). The importance of this regulation is not evident but most
likely plays a role in determining origin selection in a given cell cycle (Natale et al.,
2000). In Xenopus, Orcl, Orc2, and MCM4 are hyperphosphorylated in mitotic
extracts which also correlates with their dissociation from chromatin (Romanowski et
al., 1996; Carpenter et al., 1996, Hendrickson et al., 1996, Coué et al., 1996; Tugal et
al., 1998; Findeisen ef al., 1999, Tada et al., 2001). These results suggest that several
mechanisms may be required to dis. assemble the pre-RC during S phase and prevent

re-replication.
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In budding yeast, high levels of Clb/Cdc28 kinase activity in G2 are sufficient
to prevent re-replication. Depletion of Clb/Cdc28 activity by expression of Sicl in
G2/M-arrested cells re-sets the cell cycle back to G1 and allows new pre-RCs to
form, although transient repression of Clb/Cdc28 is then required to allow cells to
undergo one additional round of DNA replication (Dahmann et al., 1995; Noton and
Diffley, 2000). This re-replication is dependent on de novo synthesis of Cdc6 which
can only occur when kinase activity is low (Piatti et al., 1996, Noton and Diffley,
2000). Consistent with this, phosphorylation of Cdc6 by Clb/Cdc28 during S phase
and G2 targets the protein for degradation, suggesting that downregulation of Cdc6
by Clb/Cdc28 may be important to block re-replication (Piatti et al., 1996; Elsasser et
al., 1996; Deitweiler and Li, 1997; Elsasser et al., 1999). However, expression of
Cdc6 lacking the Cdc28 phosphorylation sites can still complement a CDC6 deletion
and cells do not re-replicate (Elsasser et al., 1999; Drury et al., 2000). This implies
that regulation of other initiation factors also contributes to the block over re-
replication. A strong candidate is the MCM complex, since some re-replication can
occur in a cdc6-3 mutant in which MCMs are persistently associated with chromatin
(Liang and Stillman, 1997). During S phase, Clb/Cdc28 activity promotes export of
the MCMs from the nucleus and re-entry is dependent on the inactivation of Cdc28 at
the end of mitosis (Labib et al., 1999; Nguyen et al., 2000). Therefore, degradation of
Cdc6 and re-localisation of the MCMs both ensure that these initiation factors are not
available or accessible to chromatin in G2. The cell cycle regulation of other initiation
factors, such as the phosphorylation state of Orp6 and the accumulation of Dbf4, may
also play important roles in preventing the re-firing of origins in G2 (Liang and

Stillman, 1997; Pasero et al., 1999, Weinrich and Stillman, 1999). However, de-
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regulation of neither of these factors is sufficient to induce re-replication in budding
yeast cells.

In fission yeast, a different set of controls is likely to exist to prevent re-
replication, the most important of which is the regulation of Cdc18. As with its
budding yeast homologue, Cdc18 expression is tightly cell cycle regulated, both
transcriptionally and post-translationally. Gene expression is controlled by the
transcription factor Cdc10 which induces transcription of Cdc18 during mitosis,
peaks at G1/S, and is then repressed during S phase and in G2 (Kelly et al., 1993;
Muzi-Falconi et al., 1996, Baum et al., 1998). Despite the accumulation of Cdc18
transcripts during mitosis, Cdc18 protein fails to accumulate due to the activity of the
mitotic CDK, Cdc13/Cdc2 (Baum et al., 1998). As Cdc13/Cdc2 levels drop in
anaphase, Cdc18 accumulates and peaks at G1/S (Nishitani and Nurse, 1995; Baum e¢
al., 1998). During S phase, Cdc18 is then phosphorylated by Cdc2 and targeted for
ubiquitin-mediated degradation (Jallepalli et al., 1997; Brown et al., 1997; Kominami
and Toda, 1997, Jallepalli et al., 1998; Lopez-Girona et al., 1998). The evidence that
this strict regulation of Cdc18 expression is critical to prevent re-replication is the
uncoupling of S phase from mitosis when Cdc18 is overexpressed, leading to DNA
synthesis in the absence of mitosis (Nishitani and Nurse, 1995).

The regulation of Cdt]l may also be important to prevent re-replication as co-
expression of Cdtl with low levels of Cdc18 induces re-replication (Nishitani et al.,
2000). Cdtl is known to be transcriptionally regulated by Cdc10 and its expression
follows a similar profile to the expression of Cdc18 (Hofmann and Beach, 1994;
Baum et al., 1998). However, little is known about the regulation of the Cdtl protein
in fission yeast, except that it accumulates in G1 cells and is undetectable in G2 cells

(Nishitani et al., 2000). It is likely that Cdtl is regulated differently from its
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mammalian counterparts since no homologue of geminin has been identified in
fission yeast.

Regulation of other initiation factors, such as the MCMs, is probably not
critical the the block to re-replication since the localisation of the MCMs does not
change during the cell cycle and the complex is constitutively nuclear (Sherman and
Forsburg, 1998; Pasion and Forsburg, 1999; Kearsey et al., 2000). Instead, MCMs
can only associate with chromatin from late mitosis to G1/S since chromatin binding
is dependent on the presence of Cdc18 and Cdtl (Ogawa et al., 1999; Kearsey et al.,
2000; Nishitani ef al., 2000). Thus, the regulation of Cdc18 and Cdtl appear to be the
major contributors to the block to re-replication in fission yeast. A comparison of the
mechanisms that regulate initiation factors in budding yeast, fission yeast, and
metazoa, is presented in Table 1.1.

According to the quantitative model, S phase is restricted to once per cell
cycle due to the increase in Cdc2 kinase activity to a level that inhibits the initiation
of replication (figure 1.3). Does Cdc2 direct this control toward the disassembly of
the pre-RC or the prevention of new pre-RCs? The regulation of Cdc18 suggests that
both processes may be under Cdc2 control. Newly transcribed Cdcl8 fails to
accumulate in the presence of high kinase and Cdc2 also promotes the degradation of
available Cdc18 in S phase and G2 by phosphorylation (Jallepalli et al., 1997; Baum
et al., 1998). Thus, the pre-RC is only assembled during G1 when the kinase activity
is low and then disassembled and prevented from re-assembling when the kinase
activity is high. When Cdcl18 is overexpressed, this two-step mechanism for
replication control is clearly aborted. It is possible that high levels of Cdc18 saturate
the degradation machinery rendering the protein refractory to inhibition by Cdc2. The

accumulation of Cdc18 may then promote the continous re-loading of MCMs on

48



Chapter 1 Introduction

DNA that has already been replicated. However, the mechanism by which Cdc18 can
promote re-replication has not been examined in detail and is poorly understood.
Also, the specific cell cycle stage during which Cdc18 can promote re-replication is
largely unknown. Re-replication may be confined to cells within S phase, when other
initiation factors are available and the replication machinery is also already in place.
However, since MCMs are present in the nucleus throughout the cell cycle, it may be
equally important to downregulate Cdc18 in G2. While it is known that Cdc18 is
necessary for the formation of pre-RCs, it is not known whether Cdc18 is also
sufficient to promote the formation of new pre-RCs in G2 and recruit the replication
machinery even though the cell contains fully replicated DNA. Therefore, Cdc18, and
possibly Cdtl, may be important determinants of whether chromatin is in a
replicative-competent state, as in a G1 cell, or a replicative-incompetent state which

defines a cell as being in G2.

1.5 Specific aims

In this thesis, I have attempted to identify the mechanisms that repress DNA synthesis
in G2 cells, with the following aims:

1. To test whether the accumulation of Cdc18 in G2 cells is sufficient to induce re-
replication.

2. To determine the importance of Cdtl regulation for re-replication control.

3. To characterise the mechanisms by which Cdc18 and Cdtl induce re-replication.

4. To determine the contribution of Cdc2 to Cdc18- and Cdtl-induced re-replication.
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Figure 1.1 The fission yeast mitotic cell cycle

The two major events of the mitotic cell cycle are the duplication and segregation of
chromosomes which take place during S phase and M phase, respectively. These phases
are flanked by two gap phases, G1 and G2. In fission yeast, the G2 phase constitutes
approximately 70% of the cell cycle while M, G1, and S make up 10% each. Since the
G1 phase is short, septation and cytokinesis occur at the same time as DNA replication
of the subsequent cell cycle. During the cell cycle, cells approximately double in mass
before dividing.
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Chapter 2: Cdc18 Expression in G2 Cells Induces DNA Synthesis
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Chapter 2 Cdc18 expression in G2 cells

Chapter Summary

The Cdc18/Cdc6 protein is essential for the initiation of DNA replication in
eukaryotic cells. In the fission yeast, Schizosaccharomyces pombe, Cdc18 is normally
absent in G2 cells due to periodic transcription and proteolysis. In this chapter, I have
found that ectopic overexpression of Cdc18 in G2 cells is sufficient to drive cells into
DNA replication without mitosis. Two-dimensional gel electrophoresis demonstrated
that high levels of Cdc18 induces de novo origin firing in G2. At the origin ars3001,
initiation is restricted to the ARS sequence and is not detected in flanking regions,
suggesting that replication in G2 involves the re-firing of origins normally used in S
phase. Biochemical characterisation revealed that Cdc18 binds to chromatin when
overexpressed and binding of Cdc18 with chromatin is dependent on Orpl. The
MCM Cdc21 is required although a significant increase in the association of Cdc21
with chromatin was not observed in re-replicating cells. In addition, the initiation
factor Cdtl was undetectable in cells re-replicating from G2. Together, these results
support a major role for the downregulation of Cdc18 in G2 to restrain the onset of

DNA replication by preventing the re-firing of origins.
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2.1 Introduction

In eukaryotic cells, the onset of DNA replication is tightly regulated to ensure S phase
is properly initiated during the G1 phase and is restricted to once per cell cycle. This
is achieved through a combination of cellular controls that render the chromosomes
competent to undergo replication only when cells are in S phase. A hallmark of
replication-competent chromosomes is the presence of pre-replicative complexes
(pre-RCs) that assemble onto origins of replication in G1 (Diffley et al., 1994), and
consist of at least the ORC, Cdc18/Cdc6, Cdtl, and MCM proteins (Diffley et al.,
1994; Santocanale and Diffley, 1996; Aparicio et al., 1997; Tanaka et al., 1997;
Mizushima et al., 2000). ORC is constitutively associated with chromatin throughout
the yeast cell cycle (Diffley et al., 1994; Aparicio et al., 1997; Liang and Stillman,
1997; Tanaka et al., 1997; Lygerou and Nurse, 1999; Ogawa et al., 1999) and
functions as a ‘landing pad’ for Cdc18/Cdc6 (Liang et al., 1995; Grallert and Nurse,
1996) which can then, together with Cdtl, recruit the MCM complex onto chromatin
(Aparicio et al., 1997, Donovan et al., 1997, Tanaka et al., 1997; Ogawa et al., 1999;
Maiorano et al., 2000; Nishitani et al., 2000; Kearsey et al., 2000). Since the major
function of Cdc18/Cdc6 appears to be the loading of the MCM complex, this implies
that it may be necessary to dissociate Cdc18/Cdc6 from chromatin once initiation
occurs to prevent further re-loading of MCMs.

In fission yeast, overexpression of Cdc18 induces extensive re-replication
without intervening mitoses (Nishitani and Nurse, 1995; Muzi-Falconi et al., 1996).
At present, little is known about the mechanism by which Cdc18 brings about this
increase in DNA content. It is possible that re-replication is confined to cells within S

phase, as persistent high levels of Cdc18 might allow continuous re-loading of MCMs
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on DNA that has already been replicated. However, since fission yeast MCMs are
constitutively nuclear (Sherman and Forsburg, 1998; Pasion and Forsburg, 1999), as
are those in many higher eukaryotes (Kimura et al., 1994; Todorov et al., 1994), it
may be equally important to downregulate Cdc18 during G2 to prevent the re-
establishment of replication-competent DNA once S phase is complete.

In this chapter, I have addressed the role of Cdcl8 regulation in G2 by
overexpressing Cdc18 in G2-arrested cells. I have found that high levels of Cdc18 are
sufficient to drive re-replication and induce origin firing in G2. I have also
investigated the roles of other proteins required for initiating replication in G2 cells

including the MCM Cdc21 and Cdtl.

2.2 Results

2.2.1 Cdc18 and Cdt1 are downregulated in G2 cells

During the initial characterisation of the Cdc18 and Cdtl proteins (Nishitani and
Nurse, 1995; Nishitani et al., 2000), it was discovered that both proteins are
downregulated in G2 cells. To confirm this result, cdc25-22 cells were arrested for
four hours at the restrictive temperature of 37°C to accumulate cells in the G2 phase
of the cell cycle. The kinetics of cdc25-22 cells arrested in G2 are shown in figures
2.1A and 2.1B. The cell number in the population (figure 2.1A) fails to increase
significantly between two and six hours at 37°C indicating that these cells are no
longer dividing. Similarly, the percentage of binucleates in the culture (figure 2.1B)
which represents cells that are either in mitosis, G1, or S phase, decreases to less than
5% after two hours at 37°C. These cdc25-22 cells can efficiently maintain the block

over mitosis until six hours at 37°C, after which time they begin to leak through the
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block and attempt to divide. Boiled extracts were prepared from these cdc25-22 cells
arrested for four hours, run on SDS-PAGE, and Western blotted for Cdc18 and Cdtl.
Both proteins were barely detectable in these G2-arrested cells (figure 2.1C). In
contrast, when extracts were prepared from the same cells that had been
synchronously released back into the cell cycle and collected at the G1/S boundary,
increased levels of Cdc18 and Cdtl were detected. This is consistent with the
published results which describe the periodicity of Cdc18 and Cdtl levels throughout
the cell cycle (Nishitani and Nurse, 1995; Nishitani ef al., 2000).

While Cdcl18 and Cdtl are downregulated in G2, the MCMs remain
constitutively nuclear (Sherman and Forsburg, 1998; Pasion and Forsburg, 1999).
This was confirmed by tagging the endogenous Cdc21 gene, which encodes a subunit
of the MCM complex, with green fluorescent protein (GFP) at its C-terminus in a
cdc25-22 strain and monitoring the localisation of this fusion protein by live imaging
of GFP. Consistent with published results (Kearsey et al., 2000), Cdc21-GFP was
detected in the nuclei of all cells growing exponentially, and also in cells arrested in
G2 by shifting the cells to 37°C for four hours (figure 2.1D). Together, these results
characterise a G2 cell as having low levels of Cdc18 and Cdtl, yet with Cdc21 in its
nucleus, and suggests that the repression of DNA synthesis may be due to limiting

amounts of Cdc18 and Cdtl and not MCMs.

2.2.2 Cdc18 induces DNA synthesis in G2 cells

To determine whether downregulation of Cdc18 is important to block re-replication
after the completion of S phase, Cdc18 was ectopically expressed in cells arrested in
G2 (the role of Cdt] will be discussed in detail in Chapter 3). cdc18+ was expressed
under the control of the regulatable nmt] promoter in cdc25-22 cells (cdc25-22 nmt1-

cdc18+; kindly given by H. Nishitani). The nmt promoter is induced when thiamine
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(T) is removed from the media and requires approximately 15 hours for full
expression of the gene under its control. To ensure that the inducible Cdc18 was
expressed only once all cells have arrested in G2, the nmt] promoter was de-
repressed for 11 hours at 25°C before shifting the culture to 37°C. Under these
conditions the endogenous Cdc18 was degraded after two hours at 37°C as cells
arrested in G2 while the ectopically expressed Cdc18 accumulated after four hours at
37°C (figure 2.2A and 2.2B). These cells maintained an effective block over mitosis
throughout the incubation at 37°C; after two hours at 37°C, there was no further
increase in cell number and the percentage of binucleate cells remained less than 5%
(figure 2.2C and 2.2D). These cells maintained a more efficient block over mitosis
than the control strain (figure 2.1), perhaps due to a reduction of Cdc2 kinase activity
due to the higher levels of Cdc18 (Nishitani and Nurse, 1995).

I next assessed whether high levels of Cdcl18 in G2 cells was sufficient to
induce re-replication. Using FACS analysis, the DNA content of the cdc25-22 and
cdc25-22 nmtl-cdc18+ strains was monitored after the shift to 37°C in the absence of
thiamine. In the control strain, cells arrested with a 2C DNA content as expected for
G2 cells, and there was no further increase in DNA content during the eight hour
incubation at 37°C (figure 2.3A). It should be noted that the FACS peak in these cells
drifted towards the right as they persisted in the block due to an autofluorescence
artefact as a consequence of cell elongation (Sazer and Sherwood, 1990). In contrast,
when Cdc18 was overexpressed in the cdc25-22 block, the DNA content began to
increase after five hours at 37°C and cells accumulated an apparent 16C peak after
eight hours at 37°C (figure 2.3B, note the log scale). Given the effect of cell
elongation on apparent DNA content, these cells have undergone at least two

doublings of DNA content (equivalent to 8C) by the end of the time course. This
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increase in DNA content coincides with the accumulation of Cdc18 protein (see
figure 2.2B) suggesting that overexpression of Cdcl8 is driving these cells to re-

replicate from G2.

2.2.3 Replication origins re-fire illegitimately in G2 cells overexpressing Cdc18

While FACS analysis revealed a bulk increase in DNA content, I next determined
whether this was arising due to de novo origin firing, in these G2 cells. To detect
origin firing, I used the technique of neutral-neutral two-dimensional (2D) gel
electrophoresis (Friedman and Brewer, 1995) (outlined in figure 2.4). This technique
involves the preparation of genomic DNA from cells, digestion of the DNA with
restriction enzymes, and then separation of the restriction fragments by two stages of
gel electrophoresis in agarose gels. The first gel (‘first dimension’) is run at low
voltage and in the absence of ethidium bromide to separate fragments primarily on
the basis of mass. The entire lane of the gel containing the restriction fragments of
various sizes is excised, rotated 90° , and re-cast in a second agarose gel. This
second gel (‘second dimension’) is run at higher voltage in the presence of 0.3ug/ml
of ethidium bromide and separates fragments on the basis of both mass and shape.
Linear fragments will migrate along a diagonal arc (‘arc of linears’) while fragments
containing structural complexity will be retarded in the gel and migrate above the arc
of linears. Southern blotting of the second dimension gel and probing with a fragment
of interest reveals replication or recombination intermediates detected within a
specific region of the genome. Figure 2.5 illustrates the typical structures
corresponding to passive replication of a fragment (‘simple Y’ or ‘fork arc’), origin
firing (‘bubble arc’), and recombination and/or termination intermediates (‘X-spike’).

The replication origin analysed in these studies is named ars300/ and has

been mapped to a 600bp sequence within the non-transcribed spacer region of the
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ribosomal DNA (rDNA) repeats upstream of the rDNA genes (figure 2.6). This origin
was identified by its autonomously replicating sequence (ARS) activity in plasmid
transformation assays (Kim and Huberman, 1998) and by the detection of replication
bubbles by 2D gels within a 3kb fragment with this sequence in its central third
(Sanchez et al., 1998). Both assays confirmed that origin activity was restricted to
this 600bp sequence and not detected in other regions of the 10.9kb rDNA repeat.
The two probes used in subsequent 2D gel analyses are shown in figure 2.6 and are
referred to as probe A and probe B. Probe A recognises ars300! within its central
third and probe B recognises a non-origin region of the rDNA repeat spanning the
5.8S and 258 genes.

The rDNA repeats are present in approximately a hundred copies in each cell
and are mostly arranged in a tandem array along chromosome III. Since each repeat is
likely to be identical, hybridisation of a 2D gel with a probe for ars3001 will
recognise the hundred copies of this origin and reveal a composite of the replication
intermediates present in the entire array of rDNA repeats. This is exemplified in
figure 2.7 in which genomic DNA was prepared from wild type, exponentially
growing cells, run on a 2D gel, and probed for ars3001 (probe A). A fork arc, bubble
arc, and an X-spike were all detected in these cells (figure 2.7A and 2.7B). This
reflects the fact that ars3001 is not functional as a replication origin in every copy of
the rDNA repeat. If every single origin fired, then only a bubble arc would ever be
detected. Instead, for each origin that does not fire, a fork will be detected travelling
through the origin region. Based on the ratio of the intensity of the bubble arc
compared to the ascending portion of the fork arc, the efficiency of origin firing can
be estimated. Depending on the position of the initiation site within the fragment

probed for, the descending portion of the fork arc may also include forks emerging

62



Chapter 2 Cdc18 expression in G2 cells

from the initiation site. For ars3001 the efficiency is conservatively estimated at 30-
50% since the hybridisation signal of the bubble arc is approximately equal to the
signal from the ascending portion of the fork arc. This is consistent with the estimate
published by Sanchez et al., (1998).

Using 2D gels as an assay for origin firing, I tested whether ars300/ was re-
firing in G2 cells when Cdc18 was overexpressed. Genomic DNA was extracted from
the cdc25-22 control and cdc25-22 nmtl-cdc18+ cells before the shift to 37°C and
every two hours thereafter. Digested DNA was run on 2D gels and probed for
ars3001 (figure 2.8). In both strains, the typical pattern of replication intermediates
(see figure 2.7B) was detected in cells before the shift to 37°C. In the control strain,
replication intermediates were no longer detected by two hours after the shift to 37°C
and for the remainder of the block, consistent with all cells arresting in G2 (figure
2.8, upper panel). In the strain overexpressing Cdcl8, replication intermediates were
not detected at two and four hours at 37°C, but as Cdc18 began to accumulate by five
hours, both replication forks and initiation bubbles appeared and persisted as cells re-
replicated (figure 2.8, lower panel). This result demonstrates that high levels of
Cdc18 can induce origin firing at ars3001 from the G2 phase of the cell cycle.

I consistently observed that the ratio between the bubble and fork arcs
changed as cells re-replicated. At five hours, the ratio was roughly similar to that
observed in exponentially growing cells (see the zero and five hour time points in
figure 2.8, lower panel) suggesting that the origin firing in G2 occurs with
approximately the same efficiency as in a normal S phase. However, as cells
increased their DNA content, the bubble arc became progressively weaker and was
dominated by a stronger fork arc. From this I propose that efficient origin firing is

limited to early stages of the experiment (see Discussion).
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To test whether initiation during re-replication was restricted to origin
sequences, 2D gels were hybridised with a probe specific for a non-origin region 3’ to
ars3001 that has been shown previously to lack ARS activity (Kim and Huberman,
1998; Sanchez et al., 1998). Consistent with this, only a fork arc was detected at the
zero time point when cells were asynchronously growing at 25°C (figure 2.9). No
replication intermediates were detected within the first four hours after the shift to
37°C, although by six hours a strong fork arc was detected which persisted
throughout the block, but never a bubble arc. I conclude that the DNA synthesis
occurring in this region of DNA in response to high levels of Cdc18 only arises from

initiation at the defined ARS origin region and not from adjacent sequences.

2.2.4 Association of initiation factors with chromatin during re-replication from G2

During G1, components of the pre-replicative complex become sequentially
associated with chromatin in preparation for origin firing at the onset of S phase
(Ogawa et al., 1999; Kearsey et al., 2000; Nishitani et al., 2000). To determine
whether components of the pre-RC become re-associated with chromatin in cdc25-22
nmtl-cdc18+ arrested cells that are induced to re-replicate, an assay was used to
purify proteins associated with chromatin. This assay was developed by Lygerou and
Nurse, (1999) and modified slightly (see Materials and Methods). An outline of the
purification steps involved in this assay is illustrated in figure 2.10. The protocol first
involves the preparation of spheroplasts which are then lysed by Triton to generate
the Total cell lysate. Centrifugation through a sucrose gradient allows the separation
of the Triton extractable fraction and the pellet which contains a crude chromatin
fraction. The pellet is then treated with DNasel in the presence of low salt to
solubilise proteins associated with chromatin. After centrifugation, the supernatant

fraction is enriched for chromatin associated proteins. The total cell lysate, Triton
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extractable and chromatin fractions were then run on SDS-PAGE and Western blotted
for various initiation factors.

I first examined whether Cdc18 itself becomes associated with chromatin
when overexpressed. Total cell lysates, T riton extractable and purified chromatin
fractions were prepared from cdc25-22 and cdc25-22 nmtl-cdc18+ cells every two
hours throughout the incubation at 37°C and equal amounts of each, as judged by the
respective loading controls, were run on SDS-PAGE (figure 2.11). As a control for
the increased chromatin association of Cdc18, Cdtl, and Cdc21 which is observed in
preparation for a normal S phase, cdc25-22 cells were arrested for four hours at 37°C
then shifted back to the permissive temperature of 25°C to allow cells to
synchronously re-enter the cell cycle. Cells were collected sixty minutes after the
shift to 25°C which corresponds to the G1/S phase. Fractionation of these cells and
Western blotting confirmed that increased Cdc18, Cdtl and Cdc21 became associated
with chromatin in G1/S cells relative to the cdc25-22 arrested cells.

In the cdc25-22 cells, very little Cdc18 was detected in either the total cell
lysate, Triton extractable, or the chromatin fraction, consistent with the majority of
endogenous Cdcl18 being downregulated in the G2 arrest. In the cdc25-22 nmtl-
cdc18+ cells, Cdc18 accumulated to high levels in the total cell lysates and Triton
extractable fractions between four and six hours at 37°C in the absence of thiamine.
Concurrently, a significant fraction of Cdc18 became associated with chromatin when
it was overexpressed in these G2 cells. When the Cdc21 protein was assessed, levels
of Cdc21 in the total cell lysate remained constant in the control, consistent with
Cdc21 levels being constant during the cell cycle (Maiorano et al., 1996). Similarly,
Cdc21 levels did not change in the Cdc18-overexpressing cells. In the chromatin

fraction, a low level of Cdc21 binding was detected during the G2 block which
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increased only a small amount upon overexpression of Cdc18. This marginal increase
is not as significant as the increase observed in a normal G1 cell. When the Westerns
were re-blotted for the Cdtl protein, no Cdtl was detectable in any of the fractions in
the G2-arrested cells regardless of Cdc18 overexpression. This is in striking contrast
to the accumulation and chromatin association of Cdtl in a normal G1 cell. From
these results I conclude that a large fraction of overexpressed Cdc18, but only little
Cdc21 and apparently no Cdtl, becomes associated with chromatin at the re-initiation
of replication in G2 cells.

To address the possibility that the apparent increase in Cdcl8 binding to
chromatin was an artefact due to excess Cdc18 protein in the cell, a similar time
course was followed with a strain overexpressing Cdc18 in an orpl-4 temperature-
sensitive mutant (orpl-4 nmtl-cdci8+; kindly given by H. Nishitani). Orpl+
encodes one of the subunits of the Origin Recognition Complex. When the amount of
Cdc18 in the total cell lysate was compared in the orpl-4 mutant and cdc25-22
mutants, the levels of expression were similar in both strains (figure 2.12). However,
in the orpl-4 mutant only a small fraction of the Cdc18 in the total cell lysate was
apparently associated with chromatin. This indicates that my assay for the association
of high levels of Cdc18 with chromatin in the cdc25-22 strain is specific and that
binding of Cdc18 to chromatin requires Orpl.

To assess whether overexpression of Cdc18 in the orpl-4 mutant can induce
re-replication, the DNA content of these cells was analysed by FACS (figure 2.13).
At the restrictive temperature, this mutant did not re-replicate and cells arrested with a
1C DNA content (figure 2.13A). This arrest was irreversible since shifting the cells
back to the permissive temperature of 25°C after five hours at 37°C did not induce re-

replication (figure 2.13B). It was confirmed that the inability of these cells to re-
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replicate was due to a requirement for functional Orpl since orpl-4 nmtl-cdcl8+
cells could re-replicate when Cdcl8 expression was induced at the permissive
temperature (figure 2.13C). These results support the conclusion that Orpl1 is required

for Cdc18-induced re-replication and for Cdc18 to bind to chromatin.

2.2.5 Cdc21 is genetically required for re-replication in G2

In wild type cells, Cdc18 is required for the loading of Cdc21 onto chromatin
(Kearsey et al., 2000; Nishitani et al., 2000). Since high levels of Cdc18 do not result
in a major increase in the loading of Cdc21 onto chromatin in G2 cells, I tested
whether Cdc21 was required for re-replication. A strain was constructed which carries
temperature-sensitive mutations in both the cdc25 and cdc21 genes, and has the
cdcl8+ gene integrated into the genome regulated by the nmtl promoter (cdc25-22
cdc21-M68 nmtl-cdc18+). These cells were grown at 25°C in the absence of
thiamine for 11 hours and then shifted to 37°C, as described in figure 2.2A. Western
blotting showed that Cdc21 became destabilised in this mutant four hours after
shifting cells to 37°C, and that ectopically expressed Cdc18 accumulated within these
cells after six hours at 37°C (figure 2.14). DNA content of these cells was monitored
by FACS during the eight hour time course at 37°C and remained constant with a 2C
peak (figure 2.15A), with some drift of the FACS peak due to cell elongation. A
similar drift was also detected when Cdc18 expression was repressed in the presence
of thiamine at 37°C (figure 2.15B) supporting the conclusion that Cdc18 fails to
induce re-replication in these cells. This inability to re-replicate was not reversible
since shifting the cdc25-22 cdc21-M68 nmitl-cdcl8+ cells to 25°C after five hours at
37°C did not induce re-replication (figure 2.15C). This was due to a requirement for
functional Cdc21 protein since Cdc18 could induce re-replication in this strain when

grown at the permissive temperature (25°C) (figure 2.15D). The Cdc25 protein is not
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required for re-replication since overexpression of Cdcl8 induces re-replication in
cdc25-22 arrested cells (figure 2.3B). These results suggest that while there are only
low amounts of Cdc21 associated with chromatin in the presence of high levels of
Cdc18, Cdc21 is nevertheless essential for Cdc18 to induce re-replication in cdc25-22

arrested cells.

2.3 Discussion

In this chapter, I have found that if high levels of Cdc18 accumulate in G2, these cells
are driven to replicate DNA that has already completed replication in the previous S
phase. Therefore, accumulation of high levels of Cdc18 has the capability to re-
license chromatin in G2 and recruit the replication machinery to bring about
additional DNA synthesis. The increase in DNA content of these re-replicating G2
cells is unlikely to arise from random initiation events. Using 2D gel electrophoresis,
origin firing was only detected within the ars300/ locus and never at flanking
sequences, suggesting that normal S phase origin specificity is maintained during re-
replication initiated in G2 cells. I also found that when Cdc18 first accumulates in G2
cells, the efficiency of origin firing is similar to that which is detected in wild type
cells and indicates that the controls which determine origin usage for ars3001 during
S phase also apply to cells that fire illegitimately in G2.

Interestingly, as the G2 cells continued to re-replicate, the ratio of the bubble
arc to the fork arc diminished substantially implying that origin firing may be
progressively more inefficient. There are least two explanations for the decrease in
origin firing in these cells. One possibility is that there are a limited number of pre-
RCs that can assemble onto origins to bring about initiation. Evidence from budding

yeast estimates that one ORC complex is assembled per origin (Rowley et al., 1995).
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If ORC determines the maximum number of origins that can be functional per cell,
then the first round of replication in G2 cells would use origins normally. If no more
ORC complexes could be assembled, then as the DNA content increased the fraction
of origins used per chromosome would decrease exponentially. Likewise, if fewer
initiation events occur within each rDNA repeat then proportionally more forks will
be detected due to passive replication of ars3001.

Another possibility is that some other factor is unstable in G2 cells which
leads to inefficient assembly of pre-RCs onto origins. I have shown that while high
levels of Cdc18 can bind to chromatin in G2, there is only a very limited increase in
the binding of the MCM Cdc21 to chromatin and no detectable Cdtl. I have shown
genetically that Cdc21 is required for re-replication from G2, consistent with data
showing that cdc21-M68 cells overexpressing Cdc18 cannot continue to re-replicate
when shifted to the restrictive temperature (Kearsey et al., 2000). While I detected
only low levels of Cdc21 biochemically associated with chromatin, Kearsey et al.,
(2000), clearly detected association of Cdc21-GFP with chromatin in re-replicating
cells using an in situ chromatin assay. The discrepancy between these results could be
explained by a difference in the cell cycle stage during which Cdc18 accumulated. In
the experiments presented here, Cdc18 was specifically overexpressed in G2 cells
whereas in the experiments conducted by Kearsey et al.,, (2000), Cdcl18 was
overexpressed in exponentially growing cells which will consist initially of
approximately 10% of the cells in G1/S phase which might increase as cells proceed
through the cycle and accumulate in this phase. It is therefore possible that Cdc21 can
be more efficiently loaded onto chromatin within these G1/S phase cells. Perhaps in
the presence of high levels of Cdcl8 in G2 cells the association of Cdc21 with

chromatin is transient, and although sufficient to bring about origin firing, this
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association becomes more unstable as cells persist in the G2 block. An explanation
for this could be the lack of Cdtl, especially since Cdtl is essential for the
recruitment of MCMs onto chromatin during a normal G1 (Nishitani et al., 2000). In
G2 cells, Cdtl appears to be absent or present at very low levels which may hinder
efficient loading of MCMs onto chromatin by Cdc18. This hypothesis was tested and
the role of Cdtl regulation in these re-replicating G2 cells is the focus of the
experiments described in Chapter 3. One question that remains outstanding is whether
Cdtl is required for Cdc18-induced re-replication in G2 cells. At present there are no
temperature-sensitive mutants of Cdtl available which would allow me to address
this.

Another feature of the re-replication induced by Cdc18 in G2 is the kinetics of
DNA replication are much slower than in normal wild type cells. In fission yeast, S
phase usually lasts between 10 and 15 minutes whereas the doubling time in these re-
replicating cells, as judged by the FACS data shown in figure 2.3, is approximately
two hours. Lack of synchrony in these experiments may be partly responsible but
another possibility is that the low level of Cdc21 binding to chromatin is affecting the
fork rate. MCM complexes from fission yeast and human cells have been shown to
have helicase activity in vitro (Ishimi, 1997; Lee and Hurwitz, 2001), and it has been
shown in budding yeast that MCMs travel with replication forks and are required for
elongation (Aparicio ef al., 1997; Tanaka et al., 1997; Labib et al., 2000). If MCMs
are also important for fork progression in fission yeast, then perhaps the instability of
Cdc21 on chromatin could account for the slow replication rate in these G2 cells.
Taken together, these possibilities are not mutually exclusive and limiting amounts of
ORC, Cdtl, and transient association of Cdc21 could contribute to the inefficiency of

origin firing and DNA synthesis during re-replication in G2.
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In conclusion, I propose that in fission yeast Cdc18 plays a key role in the cell
cycle control of S phase and its downregulation is critical to prevent re-replication in
G2 cells. High levels of Cdc18 can abrogéte this control and induce origin firing and
re-replication, which is ultimately lethal to the cell. While Cdc18 overexpression is
sufficient for re-replication in G2, other factors such as Cdtl and Cdc21 may be

limiting and reduce the efficiency of re-replication.
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Figure 2.10 Assay for chromatin associated proteins
Diagram illustrating the steps involved in the purification of chromatin associated
proteins.
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Chapter 3: Cdt1 Potentiates the Re-replication Induced by Cdc18
in G2
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Chapter Summary

In this chapter, I have shown that the downregulation of Cdtl contributes to the
repression of DNA replication in G2. While Cdtl on its own does not induce
replication in a G2 cell, co-expression with Cdc18 induces extensive DNA synthesis.
This re-replication is approximately four times faster than the re-replication observed
with Cdc18 alone, with a doubling time estimated at 30 minutes. In these cells, origin
firing was not found to be more efficient and is also restricted to defined ARS
sequences. This suggests that the total number of origins that fire is similar to that
observed during Cdc18-induced re-replication. However, origin firing may persist
longer in cells co-expressing both Cdtl and Cdcl18. This re-replication is also
resistant to cycloheximide indicating that it can occur independently of continued
protein synthesis. Levels of Cdc21 associated with chromatin were not found to
increase significantly in cells co-expressing Cdtl, although as shown for Cdcl8-
induced re-replication, cells nevertheless maintain a genetic requirement for
functional Cdc21. While Cdtl may not promote the association of Cdc21 with
chromatin when expressed in G2 cells, it may contribute to the enhanced re-

replication by stabilising Cdc18 on chromatin.

88



Chapter 3 Effects of Cdt1 on re-replication

3.1 Introduction

Critical to restricting S-phase to once per cell cycle is the regulation of factors that
license chromosomes for replication. An essential property of licensing factors is that
they promote the onset of DNA replication in G1 but are not functional in G2. In
Chapter 2, I described how overexpression of Cdc18 induces illegitimate origin firing
and re-replication in G2 cells. This demonstrated that the downregulation of Cdc18
that normally occurs in G2 is essential for the repression of DNA synthesis. However,
the DNA synthesis observed was slow and inefficient, suggesting that other initation
factors may have been limiting. In particular, the MCM Cdc21 did not significantly
accumulate on chromatin and the initiation factor Cdtl was not detectable in cells re-
replicating from G2.

In higher eukaryotes, Cdtl is inhibited in G2 by the protein geminin which
prevents the association of MCMs with chromatin (McGarry and Kirschner, 1998;
Wohlschlegel et al., 2000; Tada et al., 2001). While a yeast homologue of geminin
has not been discovered, this finding suggests that Cdtl may be an additional target
for the block to re-replication in G2 in yeast. In this chapter, I have tested the effect of
co-expression of Cdtl and Cdcl8 in cdc25-22 arrested cells to determine whether the
downregulation of Cdtl in G2 constitutes a second mechanism used by the cell to

repress DNA replication in G2 cells.
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3.2 Results

3.2.1 Cdt1 potentiates the re-replication induced by Cdc18 in G2

By crossing the cdc25-22 nmtl-cdc18+ strain used in Chapter 2 with a ura4-D18
strain, I was able to select for cells that can re-replicate in the absence of thiamine at
37°C and are auxotrophic for uracil. This strain was then transformed with either an
empty pREP4 vector which serves as a control or a plasmid expressing pREP4-cdt] +.
Thus, both Cdc18 and Cdtl are expressed from the strongest nmt promoter and are
induced in the absence of thiamine (please refer to the Materials and Methods chapter
for an explanation of the nomenclature used for plasmids and integrants expressing
genes under the nmt promoters). As explained in Chapter 2, the timing of expression
was adjusted to ensure that the proteins accumulated at least four hours after shifting
the cells to the restrictive temperature of 37°C, at which time cells have fully arrested
in G2. In cdc25-22 cells transformed with the plasmid pREP4-cdtl+ 1 failed to detect
any re-replication in the G2 arrest as judged by FACS analysis (figure 3.1). Cells
arrested with a 2C DNA content as was observed for the cdc25-22 control (figure
2.3A). This demonstrates that, unlike Cdc18, Cdtl is not sufficient to induce re-
replication on its own. The middle panel shows the FACS analysis of cdc25-22 nmtI-
cdcl8+ cells transformed with the empty vector, pREP4, and shifted to 37°C in the
absence of thiamine. As described in Chapter 2, DNA synthesis is de-repressed in
cells expressing high levels of Cdc18 in G2 and cells in this strain accumulate with 4-
8C DNA content. In contrast, cells expressing both Cdc18 and Cdtl in G2, as shown
in the right panel, were capable of undergoing extensive re-replication. Cells
accumulated apparently 64C DNA content after 4 hours of overexpression of Cdc18

and Cdtl (see Western blot in figure 3.13). Consistent with this finding, DAPI
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staining of these cells detected significantly more DNA in cells overexpressing both
Cdtl and Cdc18 compared to those with Cdc18 alone (figure 3.2).

The FACS analysis of cells co-expressing Cdc18 and Cdtl in G2 suggests that
the bulk of the DNA synthesis is occurring between six and eight hours at 37°C with
only one more doubling between eight and ten hours. This led me to investigate the
kinetics of re-replication during the six to eight hour window to estimate the rate of
doubling of DNA content. Time points were taken at ten minute intervals during this
period of extensive re-replication (figure 3.3). As observed by FACS, there appears to
be a continuous accumulation of DNA within this time window with the bulk of the
cells exhibiting a doubling time of approximately 30 minutes. Once cells accumulated
32-64C DNA content they did not replicate further suggesting that the replication
system is saturated with this amount of DNA. A small portion of the cells never re-
replicated and remained with a 2C DNA content. These cells may have lost the
plasmid expressing Cdtl but continue to overexpress Cdc18 which should lead to an
increase in DNA content to at least 8C. It is not clear why re-replication has not
occurred in these cells.

This analysis of the re-replication kinetics has shown that Cdtl accelerates the
re-replication observed with Cdc18 alone. It also revealed that the FACS profile of
these cells does not exhibit discrete peaks of DNA corresponding to multiple
complete rounds of replication. To test this further, the viability of these re-
replicating cells was assessed to determine whether any viable diploids or tetraploids
could be recovered during the time course. Cells were plated in the presence of
thiamine at 25°C at various time points after inducing re-replication at 37°C. A
viability curve was determined for the cdc25-22, cdc25-22 nmtl-cdc18+ pREP4, and

cdc25-22 nmtl-cdc18+ pREP4-cdt] + strains by calculating the ratio of viable cells
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over the number of cells plated and normalising to the zero time point for each strain
(figure 3.4). cdc25-22 cells were found to recover efficiently from the G2 arrest even
after ten hours at 37°C. In contrast, viability decreased in cells overexpressing Cdc18
once cells began to accumulate >2C DNA. Viability was even more severely
compromised in cells undergoing extensive re-replication due to the presence of
Cdtl. These results are consistent with the re-replicating cells not fully replicating

entire chromosomes.

3.2.2 The effects of Cdt1 on origin firing

To bring about an increase in DNA content, Cdc18 and Cdt]l must be inducing origins
to fire on regions of DNA that have already been replicated. Given the increase in the
kinetics of re-replication when Cdtl is co-expressed with Cdcl18, I tested whether
there was an increase in the efficiency of origin firing in these cells. Using 2D gel
electrophoresis, I examined the replication intermediates at the origin ars300! during
re-replication. In the strain expressing only Cdcl8 (figure 3.5, upper panel),
replication forks and bubbles reappeared after cells had been arrested at 37°C for six
hours, as was shown in Chapter 2, figure 2.8. In the strain expressing both Cdtl and
Cdcl8, a similar pattern of origin firing was detected throughout the time course.
There was no evidence to support an increase in the efficiency of origin firing which
could account for the rapid kinetics of re-replication in these cells. As was observed
for the strain overexpressing Cdc18 alone, the intensity of the bubble arc, relative to
the fork arc, diminished as cells increased their DNA content. One difference,
however, was that the replication forks were far more prominent at the ten hour time
point in the cells expressing Cdtl. This may suggest that the forks persist longer in

these cells compared to those expressing Cdc18 alone.
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One possible distinction between the strain expressing only Cdc18 and the one
expressing both Cdc18 and Cdtl is that Cdtl increases the frequency of re-firing of a
given origin. If Cdtl increases the efficiency with which a pre-RC can re-form at an
origin that has just fired then this would allow more rapid DNA synthesis. This would
also be consistent with the finding that these cells do not accumulate DNA in genome
equivalents. To address this possibility, the replication bubbles were analysed by 2D
gels after treatment of cells with hydryoxyurea (HU), an inhibitor of DNA synthesis.
In wild type cells, replication bubbles can expand for several kilobases in the
presence of HU and then arrest as large bubbles (Santocanale and Diffley, 1998). By
2D gel analysis, the accumulation of these large, stalled replication bubbles is
detected as a region of increased intensity within the upper portion of the bubble arc.
This was observed in wild type cells treated for 3.5 hours with HU and probed for
ars3001 (figure 3.6, designated by arrow). After washing out the HU and releasing
the cells back into the cell cycle, the stalled replication bubbles were resolved and
after 30 minutes, the intensity of the bubble arc was once again uniform. If cells
expressing both Cdtl and Cdc18 re-fired origins more rapidly then perhaps more
replication bubbles would stall in the presence of HU and a more intense signal
would be detected compared to cells expressing Cdc18 alone. In the first experiment,
HU was added to cells after four hours at 37°C and genomic DNA was prepared from
both strains after six, eight, and ten hours at 37°C (figure 3.7). When probed for
ars3001, 2D gels from both strains revealed the accumulation of stalled bubbles after
six hours at 37°C. No dramatic difference was detected between the two strains and in
both cases, the stalled bubbles were not efficiently maintained after eight hours at

37°C.

93
























































































































































































































































































































