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Abstract

The Dbf4/Cdc7 protein kinase is essential for origin firing during S 

phase in the budding yeast Saccharomyces cerevisiae. The catalytic 

subunit, Cdc7p, is present at constant levels throughout the cell cycle 

despite its kinase activity being periodic. Cdc7p kinase requires association 

with Dbf4p, the regulatory subunit, for its activation. This study shows 

that Dbf4 protein levels are periodic during the cell cycle. Dbf4p is absent 

from early G1 cells, appears in late G1 and accumulates during S and G2 

phases. This pattern of expression resembles the periodicity of the Cdc7p 

kinase activity. Dbf4p is rapidly degraded at the onset of anaphase in  

mitosis and remains highly unstable in pre-START G1 phase. The rapid 

degradation of Dbf4p requires the function of the Anaphase Prom oting 

Complex (APC). Dbf4p contains a destruction box sequence in its N- 

terminus, that when mutated, eliminates this APC dependent 

degradation.

Conditions that block the elongation step of DNA replication 

prevent the activation of late origins of replication in a M EC1/RAD53  

dependent manner. During such a block, CDC7 cannot execute its 

function at late replicating origins. In this study, it was observed that 

Dbf4p is phosphorylated in response to blocks to S phase progression. 

Phosphorylation of Dbf4p is dependent upon Rad53p and Cdc7 protein 

kinases both in v ivo  and in vitro. Although phosphorylated Dbf4/Cdc7p 

retains its kinase activity during the S phase block, its ability to associate 

with chromatin is inhibited. A model is suggested whereby in response to 

blocks to S phase progression, activation of the Meclp/Rad53p checkpoint 

pathway results in the phosphorylation of Dbf4p. This phosphorylated 

form would no longer be able to associate with origins of replication, 

thereby preventing Cdc7p from activating late origins of replication.
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1. Introduction

1.1 General introduction

In order to undergo division, cells need to duplicate their 

constituents and segregate them between the resulting daughter cells. 

Unlike the majority of the cellular components, DNA has to be passed on  

to the progeny with the highest fidelity possible in order to perpetuate the 

cell's genetic information. Eukaryotic cells differ from their prokaryotic 

counterparts in the way that they control the number of genome copies. 

Rapidly dividing prokaryotes are able to re-initiate DNA replication 

before chromosome segregation has taken place (Kornberg and Baker,

1992). In contrast, eukaryotic cells generally m aintain their ploidy under 

strict control by ensuring that DNA replication only initiates once the 

cells have finished their previous nuclear division. In a similar way, the 

eukaryotic cell does not segregate its genetic material until full replication 

has been achieved. The order of events required for cell division is 

achieved by a programme of control known as the cell cycle. The 

eukaryotic cell cycle is comprised of two main phases, S phase, w hen  

DNA replication occurs and mitosis, when sister chromatids separate. 

These are usually separated by two gap phases termed G l and G2. M any 

studies have investigated the mechanisms that ensure that these phases 

occur in the correct order and the reason why each step initiates only 

when the previous phase has been successfully completed. The study of 

these mechanisms gains particular relevance as it is thought that a cause
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for the rapid evolution of tum our cells might be the loss of the m itotic 

regulation due to perturbations of the cell cycle controls.

Initiation of DNA replication is one of the key control points of the 

cell cycle. Control of the initiation of DNA replication is tightly regulated 

so that re-replication of any particular part of the genome is a very rare 

event. This observation poses an interesting problem. How does a cell 

know when a particular part of the chromosome has already undergone 

replication? This question becomes more complex if we consider that, in  

the eukaryotic genome, there are multiple sites where replication 

initiates. Therefore, the cell must have mechanisms that distinguish that 

a particular parts of the chromosome that have already undergone 

replication, in order to prevent further new initiation events from  

occurring.

1.2 Initiation o f  DNA replication - The replicon model

Much of our current understanding of initiation of DNA 

replication stems from a simple idea proposed by Jacob, Brenner and 

Cuzin (Jacob et al., 1963), known as the "replicon model". In their m odel, 

a unit capable of independent replication, or replicon, would carry two 

specific determinants:

1. A structural gene controlling the synthesis of a specific initiator.

2. An operator of replication, or replicator, i.e., a specific element of 

recognition upon which the corresponding initiator would act, allowing 

the replication of the DNA attached to the replicator.
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This model suggests that initiation of DNA replication is positively 

controlled by the synthesis of the initiator protein each cell cycle, w hich 

then acts on the replicator sequence to initiate replication of the replicon 

unit (Jacob et al., 1963). Despite some adaptations, this idea has proved 

applicable to all the organisms studied and has created a unifying 

framework for subsequent research on initiation of DNA replication 

(reviewed in Huberman, 1995).

Jacob and co-workers proposed this model for the Escherichia coli 

bacterium, but in their original work they suggested that other organism s 

could be organised in similar fashion (Jacob et al., 1963). In the following 

sections, a brief description of the current understanding of initiation of 

DNA replication in several model organisms will be presented. Each of 

the systems studied possess a replicator sequence, that in certain 

organisms corresponds to the origins of replication, and their 

corresponding initiator protein(s).

1.2.1 Initiation in E. coli

1.2.1.1 The E. coli origin of replication

The prokaryote E. coli possesses a single circular chromosome that 

is replicated from a single origin termed OriC (Oka et al., 1980). This 245bp 

DNA sequence is defined by repeats of two A /T  rich consensus sequences 

with different lengths, 9bp and 13bp. There are four 9bp TTATNCANA 

consensus sequences arranged in two inverted repeats and the origin 

function is very sensitive to alterations in the spacing between them . 

Separation of these sequences by a change of one helical turn restores
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OriC function, suggesting that they are co-ordinated to function on the 

same face of the DNA helix. The 13bp GATCTNTTNTTTT consensus 

sequence is repeated three times , and is involved in two of the essential 

origin functions (Bramhill and Kornberg, 1988). It participates in both the 

recognition of the origin and provides the origin with a sequence of 

helical instability that facilitates DNA unwinding.

1.2.1.2 The E. coli initiator protein

The four 9bp repeats provide the binding sites for the DnaA 

initiator protein (Fuller et al., 1984; Matsui et al., 1985). DnaA is an ATP 

binding protein and, when complexed with ATP, DnaA is able to interact 

with origins (Sekimizu et al., 1987; Sekimizu et al., 1988). The ATP bound 

form is the active form. Once initiation occurs, hydrolysis of ATP to ADP 

renders DnaA inactive. The first step in the initiation of replication 

coincides with the binding of DnaA to OriC at the 9bp repeat sequence. 

This protein recruits other DnaA monomers to the origin making the 

origin DNA wrap around the DnaA complex (Fuller et al., 1984). The 

interaction of the several DnaA monomers with OriC promotes the 

melting of the three 13bp repeat sequences (Hwang and Kornberg, 1992). 

The next step in initiation is the recruitment of the DnaB/DnaC complex 

by DnaA to the melted region (Funnell et al., 1987). This complex 

transfers two hexamers of DnaB onto the single stranded region and the 

DnaB functions as a DNA helicase (Allen and Kornberg, 1991; Wahle et 

al., 1989). Once DnaB binds to OriC, it displaces DnaA from the 13bp 

sequences and commences DNA unwinding. DnaG primase is
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subsequently recruited to the bubble structure and primers are formed on  

both strands (Bramhill and Kornberg, 1988). Two additional proteins are 

further recruited to support the unwinding reaction, DNA gyrase, w hich 

prevents tortional strain in the DNA and SSB proteins that stabilise the 

newly formed single strand DNA regions (reviewed in Kornberg and 

Baker, 1992).

The replicon model can clearly be applied to E. coli, since the OriC 

sequence serves as the replicator and DnaA as the initiator protein. The 

DnaA initiator protein provides three essential functions: origin

recognition, induction of local DNA unwinding and the recruitm ent of 

other replication enzymes by protein-protein interactions.

1.2.2 Initiation in X phage

Bacteriophage X uses mainly its host E. coli replication proteins for

initiation of replication of the viral DNA. Despite this, the phage DNA 

encodes for its own initiator, the X O protein (McMacken et al., 1994). The

phage possesses in its DNA sequence four binding sites for X O, that

constitute the phage's replicator sequence, termed oriX. The binding of X

O dimers to oriX promotes the unwinding of an A /T  rich sequence

adjacent to the X O binding sites (Schnos et al., 1988). The unw inding of

this region by X O  requires the oriX sequence to be in a supercoiled

plasmid but, in contrast to the host's DnaA protein, this process is no t 

dependent on ATP (Schnos et al., 1988).

The phage uses the host's DnaB helicase for further unw inding of

14



its DNA. The DnaB protein is in a complex with DnaC in the bacterium , 

but another phage encoded protein, X P, sequesters DnaB from this

complex and promotes its loading onto the phage's own oriX, by

interacting with the X O initiator protein (Dodson et al., 1989; McMacken

et al., 1994; Mensa-Wilmot et al., 1989). The X P bound form of DnaB is

inactive, like the host's DnaB/DnaC complex, hence the excess of the 

loading factors of DnaB being inhibitory for the initiation step in both

systems. Unlike E. coli, the loading of DnaB onto oriX does not require

ATP, but the release and consequent activation of the helicase at the 

origin does (Schnos et al., 1988). This process requires three of the host's 

heat-shock proteins, DnaK, DnaJ and GrpE, to break the complex of X 

P/DnaB (Alfano and McMacken, 1989; Wyman et al., 1993). Subsequently, 

the free DnaB promotes the further unwinding of oriX with the help of

the host's SSB proteins. Once the bubble structure is formed, the DnaG 

primase assembles and in conjunction with the host's DNA polymerases 

concludes the step of initiation of replication.

Together with the studies of E. coli initiation, these two systems 

provided several guidelines for the activation of replication origins in  

eukaryotes (Stillman, 1994). In both systems, origin recognition occurs as a 

first step, followed by the loading of the helicase via interactions w ith the 

initiator protein. This event, in conjunction with the action of single 

strand binding proteins, promotes the unwinding of the duplex DNA 

either within or adjacent to the origin sequence which provides the
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substrate for the DNA primase and DNA polymerases. The ATP 

dependent binding of the initiator protein, in the case of DnaA, and the 

loading of the helicase by an auxiliary protein in both systems are 

analogous to mechanisms of regulation in eukaryotic systems.

1.2.3 Initiation in SV40
The study of eukaryotic initiation of DNA replication owes m uch

of its biochemical landmarks to the development of the in v itro  

reconstitution of SV40 replication (Waga et al., 1994). SV40 is a v irus 

consisting of a 5kb circular plasmid with a single origin of replication. The 

replication of the virus DNA takes place in the nucleus of the host cell 

and uses the cell's replication machinery, together with the viral initiator 

protein, SV40 large T-antigen.

1.2.3.1 The SV40 replicator

The SV40 ori sequence consists of an essential 64bp core containing 

three functional domains, referred as sites I-III (Deb et al., 1986a). At the 

centre of SV40 ori lies the 27bp site II corresponding to the T-antigen 

recognition sequence. Site II is composed of a perfect inverted repeat 

sequence containing two GAGGC sequences in each half site (DeLucia et 

al., 1983). T-antigen assembles as an hexameric complex over each half 

sequence, forming a bi-lobed structure (Mastrangelo et al., 1989). Adjacent 

to early side of site II, lies a sequence containing an inverted repeat region, 

site I. Adjacent to the late side, a 17bp sequence composed exclusively of A 

and T residues which is inherently bent, site III (Deb et al., 1986b). All 

three elements are essential for initiation of SV40 DNA replication (Dean
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et al., 1987; Deb et al., 1986a). Site II is required for T-antigen binding (Deb 

et al., 1987) and sites I and III are essential for the initial unw inding of the 

SV40 origin prior to initiation.

1.2.3.2 The SV40 initiator

The only viral protein required for initiation of SV40 replication is 

the large T-antigen (Li and Kelly, 1984). In the presence of ATP, T-antigen 

hexamer rings are formed around site II (Borowiec and Hurwitz, 1988a; 

Mastrangelo et al., 1989), which promotes the melting of the inverted  

repeat in site I and a change in structure of the A /T  rich site HI, causing 

the initial unwinding of the SV40 ori (Borowiec et al., 1990; Borowiec and 

Hurwitz, 1988b). ATP hydrolysis is not required either for the assembly of 

the hexamer ring or for the initial unwinding of the DNA helix. T- 

antigen possess an intrinsic helicase activity that promotes the additional 

unw inding of the SV40 ori DNA, this step being dependent on the 

hydrolysis of the bound ATP (Goetz et al., 1988). By virtue of protein- 

protein interaction, T-antigen recruits the host's single strand binding 

protein RPA onto the unwound DNA (Dornreiter et al., 1992; Wold and 

Kelly, 1988), providing the bubble structure required for the initiation of 

replication. This event finally occurs by the loading of the DNA

polymerase a /p rim ase  complex onto the bubble DNA by T-antigen,

leading to the establishment of replication forks on each side of the 

structure (Collins et al., 1993; Dornreiter et al., 1992).

T-antigen has three essential functions in the initiation of SV40 

DNA replication. It is responsible for recognition of the replicator
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sequence, it possesses helicase activity to unw ind DNA and it is

responsible for the recruitment of further replication proteins. Together, 

T-antigen gathers the activities of the three E. coli proteins DnaA, DnaB 

DnaC and DnaJ (Borowiec et al., 1990).

1 .2 3 3  Regulation of initiation o f SV40 DNA replication

T-antigen initiator function is regulated by its phosphorylation 

state in the cell. Phosphorylation of T-antigen at different sites produces 

both activator and inhibitor effects on the protein's function. In order to 

prom ote the initial DNA unwinding, T-antigen m ust be phosphorylated 

at threonine 124 (Schneider and Fanning, 1988). Phosphorylation at other 

sites can inhibit the T-antigen function, and the host's protein

phosphatase 2A activates T-antigen by removing phosphates from specific 

serine residues (Grasser et al., 1987; Mohr et al., 1987; Virshup et al., 1989). 

Again, the inhibitory effect of the serine phosphorylation acts on the 

initial unw inding function of the T-antigen. The fact that the regulation 

of T-antigen's function is exerted mainly on its capacity to unwind the 

origin DNA, leads to the idea that the recognition function of the initiator 

protein is not the rate limiting step for the initiation of replication. 

Rather, the activation/inhibition signals are imposed on the capacity of 

the initiator protein to promote unwinding of the origin DNA and the 

recruitment of the additional replication proteins.

1.2.4 Replication origins in eukaryotes
The prokaryotic and viral systems described so far have in

common a well-defined replicator sequence and initiator protein. In
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eukaryotic organisms, the genome is organised to a higher level of 

complexity so that the genomic DNA is distributed into chrom osom es 

that contain multiple initiation sites of replication (Cairns, 1966; 

Huberman and Riggs, 1966; Huberman and Riggs, 1968). In the original 

replicon model, the authors expanded their idea to eukaryotic genomes by 

advancing that each initiation site corresponded to a replicon u n it 

containing a replicator to which the initiator protein would bind. Origins 

of replication have been identified in eukaryotes but their organisation is 

far more complex than the ones described before. In particular examples, 

such as in the Xenopus laevis egg, specific origin DNA sequences are n o t 

required. In the following sections, a general overview of replication 

origins in higher eukaryotic systems will be outlined, ending with a 

detailed account of replication origins and their interacting proteins in  

the budding yeast Saccharomyces cerevisiae.

1.2.5 Initiation in higher eukaryotes
It is a point of debate whether higher eukaryotes possess specific

sequences that precisely specify where initiation of DNA replication 

occurs. There are examples where the region where initiation of 

replication takes place has been narrowed down to 2kb, in the case of the

hum an (3-globin gene locus (Kitsberg et al., 1993). In other cases, in itiation  

seems to occur at multiple sites within a permissive region of the genome 

that, in the case of dihydrofolate reductase locus in CHO cells, spans 55kb 

(Vaughn et al., 1990). A simple assay to identify the m inimal required 

regions that confer the replicator function in higher eukaryotes is still
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unavailable. Initiation loci identified in higher eukaryotes, w hen  

transfected independently of their chromosomal context, fail to prom ote 

their autonom ous replication (DePamphilis, 1993). Still, the sites of 

initiation of replication might not coincide with the replicator itself. In

fact, the p-globin origin example supports this idea. Deletions affecting a

50kb sequence away from the putative origin, containing the globin's 

locus control region, prevent initiation from this origin (Aladjem et al., 

1995). This, provides evidence that sites where initiation takes place can 

be regulated from genetic elements distant from them, hence m aking 

specific replicator sequences elusive in higher eukaryotes (Krysan et al.,

1993).

While some systems, at least, appear to have DNA sequences 

where initiation of replication occurs, the study of replication in the X. 

laevis egg provides important evidence that initiation can occur w ithout 

any origin specificity. Any purified DNA sequence, even prokaryotic 

plasmids, microinjected into X. laevis eggs or introduced into egg extracts 

is able to replicate efficiently and only once per cell cycle as the cell's 

chromosomes (Blow and Laskey, 1986; Harland and Laskey, 1980; Mechali 

and Kearsey, 1984). This observation suggests that, contrary to the replicon 

model, in the X. laevis early embryonic cell cycles replication can initiate 

independently of cis acting sequences. An explanation for this fact could 

be that, as the embryonic cell contains such high concentrations of 

initiating factors, the recognition of the replicator sequence might be 

promiscuous, allowing initiation to occur from near matches of the
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endogenous origin sequences.

Another degree of complexity characteristic of higher eukaryotes is 

the fact that origin usage is altered during different stages of 

development. At the passage through the mid blastula transition in X. 

laevis embryonic development, active origins situated w ith in  

transcription units become inactive once the cells resume transcription 

(Hyrien et al., 1995). Another example is the replication of the m ouse 

im m unoglobulin heavy chain locus. This entire gene locus is replicated 

from a single origin located downstream of the gene cluster in the B 

lymphocyte precursor cell lines (Michaelson et al., 1997). Once these cell 

are committed to become a B lymphocyte and start expressing the 

im m unoglobulin heavy chain gene, initiation of replication within this 

locus is modified so that multiple origins now become active th roughout 

the gene cluster.

These lines of evidence suggest that, in higher eukaryotes, the 

definition of replicator sequences is far more complex. Replicators m ight 

be separated into different elements located in different regions of the 

chromosome. In other cases, origin usage may be under the control of 

processes such as development and chromosome structure. In fact, this 

can occur to the extent that, when rapid replication is required, like in the 

X. laevis early embryonic cell cycles, the replicators can be relaxed to a 

state where apparently no sequence specificity is required at all.

1.2.6 Initiation in yeast
The eukaryotic organism where initiation of replication is best
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understood is the budding yeast S. cerevisiae. It has been in this organism  

that the replicon model has been of best use to understand the events that 

lead to initiation of DNA replication in eukaryotes. In contrast to the 

majority of eukaryotes, yeast origins of replication have been well 

characterised. The definition of the yeast origins has provided, in recent 

years, a powerful tool with which to investigate the proteins that interact 

with these elements, in search of an eukaryotic initiator. In fact, several 

proteins have been identified that might fulfil the role of initiators. The 

picture that emerges is a more complex one than for the initiators 

described previously. The yeast initiators appear to be formed by m ultip le  

complexes that assemble in different stages of the cell cycle. This fact 

highlights the importance of cell cycle regulation in the study of initiation 

of DNA replication in eukaryotes.

1.2.6.1 Yeast replicators

Yeast origins of replication were originally identified on the basis of 

their ability to allow plasmids to transform yeast cells at high frequency 

(Beach et al., 1980; Chan and Tye, 1980; Kingsman et al., 1979; Stinchcomb 

et al., 1979; Struhl et al., 1979; Tschumper and Carbon, 1980). These 

elements became known as autonomous replicating sequences (ARSs). 

Using two dimensional gel electrophoresis techniques, it was possible to 

show that initiation of replication occurs within or very close to the ARS 

elements (Brewer and Fangman, 1987; Huberman et al., 1987). Many ARSs 

have been shown subsequently to act as bona fide origins of replication 

within their normal chromosomal context (Dubey et al., 1991; Ferguson et
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al., 1991; Huberman et al., 1988; Linskens and Huberman, 1988; Zhu et al., 

1992).

Comparison of the sequences of several ARS elements led to the 

identification of an llb p  ARS consensus sequence (ACS) (Broach et al., 

1983) and in all cases tested the ACS is essential for origin function 

(Deshpande and Newlon, 1992; Huang and Kowalski, 1993; M arahrens 

and Stillman, 1994). The ACS sequence (Broach et al., 1983; Van H outen 

and Newlon, 1990), (A/T)TTTA(T/C)(A/G)TTT(A/T), lies in domain A of 

the best characterised yeast origin, ARS1 (Celniker et al., 1984). While the 

A element is essential for ARS1 function, it is not sufficient and another 

element, domain B, has been shown to have an essential role (Bouton 

and Smith, 1986; Celniker et al., 1984; Huang and Kowalski, 1993; 

Marahrens and Stillman, 1992; Van Houten and Newlon, 1990). D om ain 

B lies 3' of the T rich strand of the ACS, and the use of linker substitution 

analysis revealed a tripartite structure within this element, domains Bl, 

B2 and B3 (Marahrens and Stillman, 1992). Each of these B elem ents 

contribute individually to the origin function both on plasmids and in  

the chromosome. However, no element is individually essential and any 

two B subdomains are sufficient to co-operate in order to support ARS 

activity (Marahrens and Stillman, 1992).

Domain B is less conserved than domain A. In another origin, 

ARS307, domain B consists of only two subdomains, Bl and B2. Although 

different in sequence, the B domain from ARS307 is functionally 

interchangeable w ith that of ARS1. This indicates that the m odular 

structure present in ARS1 is likely to be a general feature of yeast origins
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of replication (Rao et al., 1994; Theis and Newlon, 1994). Sequences 5' to 

the T rich strand of the ACS can contribute to the ARS function. These 

sequences comprise a less defined domain C and may have a role in  

positioning the nucleosomes around the origin so that the ARS sequence 

is accessible to the initiation factors (Marahrens and Stillman, 1992).

Using a similar strategy for the budding yeast, ARS elements have 

also been isolated in Schizosaccharomyces pombe and shown to be active 

on both plasmids and chromosomes. The S. pombe  replicators are only 

partially similar in structure to the budding yeast counterparts. Like the 

budding yeast ARSs, the fission yeast replicators are A /T  rich sequences, 

although considerably larger, generally being above 500bp in length 

(Dubey et al., 1994). Deletion analysis of the S. pombe  arsl, showed that it 

contained a single 50bp sequence essential for origin function (Clyne and 

Kelly, 1995). However, deletion of the boundaries defining the ARS 

elements showed that additional sequences are required for efficient 

origin function.

1.2.6.2 Factors that influence replicator function

i In the budding yeast, the study of activation of ARS elements in

their chromosomal location revealed different characteristics in the
iI
i  activity of the yeast replicators.

I Firstly, it revealed that some ARS elements are more efficient in
i

prom oting origin firing than others. ARS501 is an example of an efficient 

origin that is activated almost every cell cycle (Ferguson et al., 1991). In 

contrast, the rDNA ARS sequences are used in only 20% of cell cycles
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(Fangman and Brewer, 1991). The rDNA ARS is a poor replicator in its 

chromosomal location, as it is on circular plasmid DNA.

Secondly, the chromosomal location of some ARS elem ents 

appears to dictate their function as efficient replicators. Four ARS 

elements situated near the telomere on the left arm of chromosome III 

(ARS301-4) never fire in their native locations (Dubey et al., 1991; Newlon 

et al., 1993). Unlike the above mentioned rDNA ARS, ARS301 and 

ARS302 were found to be efficient replicators on circular plasmids. 

Although chromosomal telomeric regions are among the latest 

replicating DNA sequences of the genome, it is unlikely that the 

telomeric context is the only determinant of inactivation of these ARS 

elements. At least for the case of ARS301, the translocation of this 

element to a region near the centromere maintains this sequence still 

inactive as a replicator (Dubey et al., 1991).

Thirdly, the proximity to telomeres has been implicated in the 

timing of activation of a given origin. Origins of replication do not fire 

synchronously during S phase. Rather, there is a predictable pattern of 

early and late firing origins. The ARS1 and ARS501 origins are efficient 

replicators in the cell cycle. However, ARS1 is activated early in S phase 

and ARS501 is activated late (Ferguson et al., 1991). ARS501 is located near 

the telomere of chromosome V. Moving ARS501 from its telomeric 

location to a circular plasmid converts it to an early origin. Conversely, 

when a copy of ARS1 is placed near a telomere, its timing of activation 

becomes late (Ferguson and Fangman, 1992). These experiments suggest 

that the proximity to a telomere may cause late activation of origins.
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Finally, the frequency with which any given origin is used is 

dictated by the proximity to other replicator sequences. W hen ARS1 was 

introduced onto chromosome V approximately 7kb away from ARS501, it 

was shown that either one or the other was active in any cell cycle and 

rarely were both origins activated within a given S phase (Brewer and 

Fangman, 1993). The result suggests that nearby replicator sequences 

compete with each other to establish a unique competent origin of 

replication within a given chromosomal location.

1.2.6.3 The yeast initiator

The availability of short, well defined, replicators in the budding 

yeast made possible the development of biochemical screens directed in  

isolating the yeast initiator protein.

The first protein to be identified as interacting with the ARS 

elements was Abflp. The Abfl protein binds to the B3 element in ARS1 

and also has a role in the transcription of many yeast genes (Diffley and 

Stillman, 1988). Abflp function in ARS1 can be replaced by other proteins 

containing transcriptional activation domains, suggesting that A bflp does 

not play a specific role in ARS activity (Marahrens and Stillman, 1992). 

The role of Abflp in origin function is poorly understood and its 

contribution m ust be seen in the context that the B3 element, alone, 

provides only a small contribution to the ARS activity (Diffley and 

Stillman, 1988).

The putative yeast initiator was identified in similar assays as a 

m ultisubunit complex that binds specifically to the A and adjacent B1
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domains of ARS1. This protein complex, called the Origin Recognition 

Complex (ORC), is composed of six subunits and, like the initiator 

proteins, recognises the ACS sequence in an ATP dependent manner (Bell 

and Stillman, 1992). The relevance of this complex in origin function was 

underlined by the fact that single mutations in the ACS sequence that 

inactivate the replicator activity on plasmids, correlates strongly with the 

ability of ORC to interact with the ARS sequence in vitro (Bell and 

Stillman, 1992). As predicted by their amino acid sequence, both Orclp 

and Orc5p interact with directly with ATP (Klemm et al., 1997). The stable 

binding of ATP to Orclp requires addition of specific DNA containing an 

ACS box. Mutations in the ATP-binding site of O rclp result in a complete 

loss of DNA binding by ORC. Thus, ATP binding by Orclp and ORC 

binding to DNA are interdependent. In addition to binding ATP, ORC 

possesses ATPase activity. Mutational analysis has shown that the 

observed ATPase activity is catalysed by the Orclp subunit. Interestingly, 

addition of DNA inhibits ORC ATPase activity and ORC binding to DNA 

does not require nucleotide hydrolysis (Klemm et al., 1997). This suggests 

some other role for ATP hydrolysis by ORC, possibly in assembly or 

disassembly of origin protein complexes onto origins.

ORC has been shown to bind to several yeast origins in v itro ,

including ARS307. H4ARS, ARS121 and the 2|nm plasmid origin (Bell and

Stillman, 1992). More recently it has been demonstrated that only five of 

the ORC subunits are required to co-ordinate binding of the complex to 

the replicator sequence: A complex lacking Orc6p is still capable of binding

27



origin DNA in a sequence specific m anner (Lee and Bell, 1997). Cross- 

linking studies of ORC at either the ARS1 or ARS305 origins have  

enabled the construction of a model of ORC-origin core interactions (Lee 

and Bell, 1997), where the Orel, 2, and 4 protein subunits are associated 

with the ACS while Orc5p is the only subunit that cross-links to the B1 

element and Orc6p cross links to a residue at the end of the B1 element as 

well as residues between B1 and B2.

An important step in the recognition of ORC function in origins of 

replication was the development of a genomic footprinting assay w ith  

nucleotide resolution, to investigate proteins bound to chrom osom al 

origins in vivo (Diffley and Cocker, 1992). The ACS sequence of ARS1 was 

shown to be protected from nuclease cleavage, suggesting that it was 

bound by a protein. Furthermore, the footprint over the ACS in  

chromatin was very similar to that produced by purified ORC in v i tro  

(Bell and Stillman, 1992), suggesting that ORC was also capable of 

interacting with yeast origins in vivo . The in vivo genomic footprints 

were performed using asynchronous cell cultures and the ORC protection 

over the ACS is nearly complete (Diffley and Cocker, 1992), suggesting 

that ORC m ust be bound at origins during most of the cell cycle. 

Consequently, this observation argues that, contrary to the sim pler 

initiator proteins, ORC binding is not the event that drives initiation of 

DNA replication.

The genes encoding for ORC subunits have been identified and all 

six were shown to be essential for cell viability (Bell et al., 1993; Bell et al., 

1995; Foss et al., 1993; Hardy, 1996; Hori et al., 1996; Li and Herskowitz,
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1993; Loo et al., 1995; Micklem et al., 1993). Some of these gene's functions 

have been analysed in more detail, and the available evidence indicates 

that ORC is essential for the initiation of DNA replication. Yeast cells 

carrying temperature sensitive mutations in the ORC2, ORC3 and ORC5 

genes show cell-cycle aberrations consistent with a defect in DNA 

replication and lose ARS-containing plasmids at a high frequency (Foss et 

al., 1993; Fox et al., 1995; Hardy, 1996; Loo et al., 1995; Micklem et al., 1993). 

In addition, analysis of replication intermediates in orc2 and orc5 

mutants, using two-dimensional gel electrophoresis, has indicated a 

reduced initiation frequency from chromosomal origins (Fox et al., 1995; 

Loo et al., 1995).

Taken together, these results suggest that ORC fulfils the criteria 

required for an initiator protein in yeast DNA replication. ORC 

specifically recognises the yeast replicator both in vivo and in vitro and is 

itself essential for the initiation of DNA replication. However, ORC 

binding to replicators is not sufficient to drive initiation. It is possible 

that, similar to what was proposed for previous initiators, origin firing 

may depend on the ability of this complex to recruit additional replication 

proteins to origins of replication.

1.2.6.4 Post- andpre-Replicative Complexes

The use of genomic footprinting allowed the in vivo study of the 

chromatin changes occurring at yeast replicators during the cell cycle 

(Diffley et al., 1994). These experiments identified two major DNasel 

protection patterns, suggesting that origins are bound by at least two



different complexes during the cell cycle. The first, named the post- 

replicative complex (post-RC), appears on origins after initiation of DNA 

replication and persists until the end of mitosis. The post-RC DNasel 

pattern coincides with the in vitro footprint of the purified ORC complex 

at origins of replication (Bell and Stillman, 1992). Further experim ents 

showed that the heat inactivation of ORC using an orc2ts m u tan t 

provoked the disappearance of the post-RC footprint (Santocanale and 

Diffley, 1996). The confirmation that ORC is responsible for the post- 

replicative complex came from recent experiments employing both 

chromatin binding and crosslinking assays (Aparicio et al., 1997; D onovan 

et al., 1997; Liang and Stillman, 1997; Tanaka et al., 1997). These were able 

to show that ORC subunits associate with the yeast replicators th roughou t 

the cell cycle.

The second footprint, the pre-replicative complex (pre-RC), was 

characterised by the suppression of the ORC dependent hypersensitive 

site and an extended protection over the B domain of the yeast replicator 

(Diffley et al., 1994). The period that the pre-RC is associated with yeast 

origins is complementary to the post-RC, since it first appears near the 

end of mitosis, before cytokinesis, and persists during G1 until origins are 

used for initiation of replication. The timing of the pre-RC association 

w ith origins shows important cell cycle properties, first, because it m arks 

origins in their unfired state during G l, second, as it assembles at the end 

of mitosis, making this transition an important step for the establishm ent 

of competence of origins to fire. The extended footprint of the pre-RC was 

suggested to be due the association of ORC with further proteins on



origins during G1 (Diffley et al., 1994).

The transition of pre-RC to post-RC on origins of replication 

strongly correlates with the event of initiation of DNA replication. Recent 

experiments show that pre-RCs remain at replication origins un til 

initiation of DNA replication has occurred. Cells can be blocked during S 

phase by the use of chemicals that inhibit the elongation of replication. 

Because origin firing does not occurs simultaneously during S phase 

(Fangman and Brewer, 1992), cells arrested at this point of the cell cycle 

possess early origins that have already initiated replication while their 

late origins remain still unfired (Santocanale and Diffley, 1998). The 

genomic footprinting analysis of early and late origins in this block 

showed that late origins were maintained in the pre-RC state while early 

origins had already reverted to the post-RC (Bousset and Diffley, 1998). 

Furthermore, once the block is relieved, the pre-RC on the late origins 

quickly reverts to the post-RC as late origins fire. These experiments 

suggest that pre-RCs are indeed required for providing origins with the 

competence for initiating DNA replication. Taken together with the 

observation that ORC binding to origins, i.e. the post-RC, is not sufficient 

to initiate DNA replication (Diffley et al., 1994), this makes the pre-RC a 

strong candidate for the competent yeast initiator complex required for 

origin firing.

1.2.6.5 Initiator interacting proteins: Cdc6p, Mcms and Cdc45p

In recent years, major efforts were employed in the identification of 

the components of the pre-RC (reviewed in Newlon, 1997). These studies
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led to the identification of a pathway responsible for loading a num ber of 

proteins onto yeast origins of replication.

Cdc6p

The budding yeast Cdc6 protein plays a central role in controlling 

DNA replication. Cell harbouring a cdc6ts m utant arrest with unreplicated 

DNA (Hartwell, 1976) and are defective in initiation of replication at yeast 

origins as shown by 2D-gel electrophoresis (Liang et al., 1995). These 

m utants were also reported to lose minichromosomes at a high rate 

(Hogan and Koshland, 1992). This phenotype can be suppressed by the 

addition of multiple origins to the plasmids, which is a feature thought to 

indicate a role for a gene in initiation. Similarly, the fission yeast 

homologue, cdcl8+, encodes for an unstable protein whose de n o v o  

synthesis is required for S phase entry (Kelly et al., 1993). Cdc6p is an 

unstable protein, that appears in late mitosis and disappears as cells enter 

S phase (Drury et al., 1997; Piatti et al., 1996). The pattern of expression of 

Cdc6p is very similar to the period of time when pre-RCs are present on  

origins of replication. The periodic levels of Cdc6p throughout the cell 

cycle are due to the rapid degradation of Cdc6p in early S phase. This 

degradation has recently been attributed to the Cdc4/34/53 degradation 

pathway (Drury et al., 1997). The degradation of Cdc6p is impaired in  

Cdc4/34/53 m utant cells blocked in mitosis and removal of the Cdc4p- 

interacting domain in Cdc6p, near the N-terminus, results in a stabilised 

form of Cdc6p. In S. pombe, Cdcl8p possesses a similar pattern of 

expression to S. cerevisiae's Cdc6p (Muzi-Falconi et al., 1996; N ishitan i 

and Nurse, 1995). In contrast to Cdc6p, over-expression of Cdcl8p leads to



m ultiple rounds of DNA replication in a single cell cycle. Thus, 

regulation of Cdcl8p proteolysis appears to be essential for m ain tain ing  

once per cell cycle replication in S. pombe  (see Drury et al., 1997) for 

discussion).

Cdc6p was the first protein shown to be involved in pre-RCs 

formation (Cocker et al., 1996). Using cells where the expression of Cdc6p 

was under an inducible promoter, it was shown that releasing cells from a 

mitotic block without expression of Cdc6p, pre-RCs did not form on yeast 

origins and, consequently, cells failed to initiate replication. Furtherm ore, 

using a aic6ts m utant strain arrested in G l, it was possible to show that 

pre-RCs were destroyed once cells were incubated at the restrictive 

tem perature (Cocker et al., 1996). These experiments argue that Cdc6p is 

required for pre-RC assembly and for their maintenance during Gl. 

Recent experiments have shown that, in G l blocked cells, Cdc6p 

copurifies with chromatin (Donovan et al., 1997). Other experim ents, 

using cross-linking reagents, have also shown that Cdc6p 

imm unoprecipitates are enriched for yeast origins (Tanaka et al., 1997). 

The interaction of Cdc6p with the yeast replicators, in these experim ents, 

was dependent on an intact ACS, suggesting that Cdc6p requires ORC to 

bind to origins. Taken together, these results suggest that Cdc6p is 

required for pre-RC formation and is likely to be a integral component of 

them .

Mcms

The m inichromosome maintenance (MCM2-7) gene family form  

an group of essential genes first identified in yeast that have been
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implicated in initiation of DNA replication on the basis of their role in  

minichromosome maintenance (Maine et al., 1984; Takahashi et al., 1994; 

Yan et al., 1991) or promotion of S phase (Coxon et al., 1992; Forsburg and 

Nurse, 1994; Hennessy et al., 1991; Miyake et al., 1993). Both genetic and 

biochemical studies in a variety of eukaryotes have shown that the Mem 

proteins interact together to form a complex essential for the function of 

the individual monomers (Chong et al., 1995; Hennessy et al., 1991; 

Kimura et al., 1995; Madine et al., 1995; Okishio et al., 1996; Su et al., 1996; 

Yan et al., 1993). Other genetic studies in yeast provided evidence for 

interactions between the MCM gene family and ORC components (Li and 

Herskowitz, 1993; Loo et al., 1995) suggesting a possible physical 

interaction between the Mcms and the ORC complex. This idea was 

strengthened by the recent discovery that Mcms interact with origins in  

an ACS dependent way. Using in vivo cross linking assays it was show n 

that Cdc47p and Cdc54p associated specifically with origins in G l and that 

this interaction was inhibited by m utations in the ACS element required 

for ORC binding (Aparicio et al., 1997; Tanaka et al., 1997). Supporting 

evidence showed that interaction of Mcms with chrom atin was 

prevented in cells harbouring temperature sensitive m utations in ORC1 

and ORC5 (Aparicio et al., 1997; Tanaka et al., 1997). Chrom atin binding 

studies were able to show that the association of Mcms with chrom atin  

was periodic (Donovan et al., 1997; Liang and Stillman, 1997) and 

dependent on members of its own family (Donovan et al., 1997), 

supporting the idea that the Mcms act together in a complex.
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The involvement of Mcms with the pre-RCs was the cause of early 

speculation due to the timing of Mem accumulation in the nucleus. The 

Mem proteins are highly abundant, estimated to be present at up to 50 

times the level of the ORC complex (Donovan et al., 1997). The study of 

the subcellular localisation of Mem proteins showed that several of the 

Mem members are cytoplasmic in G2 and mitosis and are im ported in to  

the nucleus in Gl (Dalton and Whitbread, 1995; Hennessy et al., 1990). 

Thus the time when Mcms are nuclear is coincident w ith the 

establishment of pre-RCs on origins of replication. The suggestion that 

Mcms may be components of pre-RCs was strengthened by the finding 

that the association of Mcms with chromatin requires the function of the 

Cdc6 protein. In the same conditions where CDC6 expression is repressed 

in G l blocked cells, and pre-RCs are absent from origins, Mem association 

w ith chrom atin is prevented (Donovan et al., 1997). In contrast to the 

requirem ent of Cdc6p and ORC for the assembly of Mcms onto 

chromatin, these proteins are not required for the m aintenance of the 

association of Mcms with chromatin. Cdc6p and ORC association w ith  

chrom atin can be reversed in vitro using salt conditions where Mem 

association is still retained (Donovan et al., 1997). This observation is 

consistent with the idea that Cdc6p acts by prom oting the loading of 

Mcms onto chromatin and, once loaded, the Mcms remain tightly 

associated w ith chromatin, no longer requiring Cdc6p function.

Despite their relevance in initiation of DNA replication, the precise 

function of Mem proteins remains elusive. A possible indication for their 

function might come from observations using in vivo cross linking
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experiments showing that after initiation of replication, Mcms associate 

with regions of chromatin further away from origins, in a pattern sim ilar 

to components of the elongation forks (Aparicio et al., 1997). The 

sequence analysis of the MCM gene family revealed DN A-dependent 

ATPase motifs in their sequence (Koonin, 1993). The sequence analysis 

studies and the recent report of a weak DNA helicase activity associated 

with certain Mem components in HeLa cells (Ishimi, 1997) suggests the 

possibility that, at least, a subset of the Mcms may form part of the 

replicative helicase. This hypothesis could explain the apparent 

m ovem ent of the Mcms with the replication fork as indicated above. 

A lthough w ithout a clear function as of yet, the Mcms rem ain strong 

candidates for being components of the pre-RCs and therefore interesting 

targets for regulation of initiation of DNA replication.

Cdc45p

The latest candidate for being a component of the pre-RCs is the 

product of the CDC45 gene. CDC45 is an essential gene required for S 

phase progression (Hennessy et al., 1991). Mutants of CDC45 have been 

subsequently shown to interact with members of the M C M  gene family 

and with ORC (Hardy, 1997; Hennessy et al., 1991; Zou et al., 1997). The 

involvem ent of Cdc45p in the initiation of DNA replication could be 

inferred from studies using 2D gel electrophoresis, where it was observed 

that initiation at individual origins of replication is severely impaired in  

cdc45 m utants (Zou et al., 1997). Subsequent experiments indicated that 

the conversion of pre-RCs to post-RCs is impaired in cells harbouring a 

cdc45 cold sensitive m utation (Owens et al., 1997), further implicating



Cdc45p in origin firing.

Recently, in vivo cross-linking studies have shown that, similar to 

the Mcms, Cdc45p associates with origins in Gl and, once initiation takes 

place, appears to move with the replication fork (Aparicio et al., 1997). 

Therefore, like the Mcms, Cdc45p is thought to be a component of the 

replication fork that assembles on origins in Gl. However, unlike the 

Mcms, Cdc45p subcellular localisation is constant throughout the cell 

cycle (Hopwood and Dalton, 1996), indicating that the assembly of this 

protein onto origins is regulated by other means than nuclear exclusion. 

Conflicting results were recently obtained using chromatin binding assays 

where it was shown that Cdc45p was unable to interact with chrom atin in  

early G l (Zou and Stillman, 1998). This study revealed that Cdc45p binds 

to origins just before initiation of DNA replication forming a pre

initiation complex. The function of Cdc45p is still unknow n, despite this, 

Cdc45p appears to form part of the complexes that assemble at origins of 

replication prior to S phase and, subsequently, associates w ith the 

replication fork once initiation of DNA replication has taken place.

1.3 Cell cycle control o f the in itiation o f DNA replication

Regulation of the initiation of DNA replication, unlike sim ple 

biochemical pathways where a enzymatic reaction provides the substrate 

for the following enzymatic step, is organised in a complex chain of 

interdependent events. Eukaryotic cells only initiate replication once 

segregation of sister chromatids has occurred and, likewise, separation of 

sister chromatids only happens when the full replication of the genome is
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completed. In the majority of cases, eukaryotic cells allow only a single 

round of replication in a given cell cycle. This regulation becomes m ore 

intriguing if we consider that initiation of replication at ind iv idual 

origins occurs at different times during S phase, such that the latest 

origins of replication have to be identified and fired in an increasing 

background of replicated DNA while the already fired origins m ust be 

restrained from re-initiating within the same S phase.

This section will attempt to summarise our current understanding 

of the cell cycle control of the initiation of DNA replication. It will start by 

describing initial experiments conducted in higher eukaryotic cell 

cultures that provided the basis for our understanding of this issue and, 

finally, an overview of the regulation of initiation of DNA replication in  

the model organism Saccharomyces cerevisiae will be provided

1.3.1 S phase promoting factor
During the 1960's and early 70's several intriguing observations

came to light that provided important concepts in the regulation of 

initiation of DNA replication. Cell cycle study of multinucleate cells 

provided the observation that replicating nuclei were synchronised, so 

that they entered S phase co-ordinately. This result suggested that an 

activity was present when the nuclei initiated replication that was capable 

of diffusing freely in the cell. Other experiments using transplantation of 

G l arrested nuclei from X. laevis brain cells into egg cells undergoing cell 

division indicated that an S phase activity was present in the eggs was 

able to promote the Gl nuclei to initiate replication. These studies laid the
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ground for the concept of a diffusible biochemical activity able to p rom ote  

initiation of DNA replication (reviewed in Prescott, 1976).

In 1970, Rao and Johnson in a series of HeLa cell fusion  

experiments came to two im portant concepts governing initiation of 

replication (Rao and Johnson, 1970). By fusing cells synchronised in G l or 

in G2, they were able to investigate the effect of the different stages of the  

cell cycle on the initiation of replication of the individual cell nuclei in  

the heterokaryon. When Gl cells were fused to cells undergoing S phase, 

the G l nucleus was accelerated to initiate DNA replication, consistent 

w ith what was observed with X. laevis nuclear transplantation. Since the  

G l nucleus did not affect the ongoing replication of the S phase nucleus, 

the cells in G l did not possess a diffusible inhibitor of S phase. On the 

contrary, a diffusible positive activity was present in the S phase cells that 

was able to induce the Gl nucleus to undergo replication. This activity 

was termed the S phase promoting factor, or SPF.

W hen G2 cells were fused with cells undergoing replication, 

neither nucleus was affected by this fusion. This observation indicated 

that SPF provided by the S phase cells was not able to activate the G2 

nucleus to undergo replication. Given the fact that G l nuclei are 

responsive and G2 nuclei are refractive, the passage through mitosis in to  

the next cell cycle provides G2 nuclei with a certain characteristic that 

enables them to undergo a second round of replication and, therefore, to 

be responsive to SPF.

In HeLa cells, SPF is lost as cells finish replication. This observation 

came from the fusion of G2 to G l cells. Contrary to the capacity of S phase
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cells to promote replication in Gl nuclei, the G2 cells did not affect the 

time of initiation of replication in the G l nucleus of the resulting 

heterokaryon. This observation suggested that the SPF is periodic. A more 

refined temporal analysis revealed that SPF accumulates gradually during 

G l, peaks in G l/S  and begins to disappear by the end of S phase. The 

absence of SPF in G2 cells, however, is not a general characteristic in  

eukaryotes. Similar studies conducted in Chinese lung fibroblasts show ed 

that the capacity to promote initiation of replication in G l nuclei is 

present even in cells undergoing mitosis (Rao et al., 1978). Therefore, in  

these cells, SPF is present in cells at very late stages of the cell cycle.

In conclusion, a two component mechanism was postulated to 

regulate the initiation of DNA replication in HeLa cells. First, the 

existence of a periodic trans-acting factor, SPF, present in S phase cells and 

able to promote initiation of DNA replication and, second, a cis-acting 

factor present in G l cells that gives their nuclei competence for in itiating 

DNA replication. This second characteristic is acquired at around the tim e 

of mitosis, as cells progress into a new cell cycle, and is lost once 

replication is initiated. These two components could, in principle, explain 

the limitation of replication to once per cell cycle. The periodic 

synthesis/activation of SPF in Gl ensures that initiation occurs only 

w ithin a new cell cycle and the mitotic nuclear re-setting m echanism  

ensures that once replicated, nuclei are not competent to initiate 

replication until the following cell cycle.
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1.3.2 The nuclear re-setting mechanism
The nature of nuclear re-setting by passage through mitosis was the

subject of several convergent studies both in X. laevis and S. cerevisiae. 

Based on experiments using X. laevis egg extracts, Blow and Laskey 

proposed in 1988 that re-replication within a given cell cycle was blocked 

because an essential "licensing factor" was prevented from accessing 

chrom atin during all stages of the cell cycle with exception of m itosis 

(Blow and Laskey, 1988). This licensing factor would be the cis-acting 

element that marked the chromatin in their unreplicated state. The 

authors postulated that this component was essential for initiation of 

DNA replication and could only be used once per cell cycle. Furtherm ore, 

licensing factor could only access chromatin once the nuclear envelope 

broke down in mitosis. In all other stages of the cell cycle, the nucleus was 

impermeable to this activity, thereby limiting the licensing of chrom atin  

to once per cell cycle. Subsequent work has shown that perm eabilisation 

of the nuclear membrane is not an essential feature of the licensing 

reaction in metazoans (Handeli and W eintraub, 1992; Usui et al., 1991), 

but is normally necessary for essential replication proteins to become 

reloaded onto chromatin.

Some of the components of the licensing factor were recently 

unveiled in a series of convergent studies performed in X. laevis and the 

budding yeast. The use of biochemical assays in X. laevis allowed the 

identification of cellular extracts capable of reproducing the licensing 

reaction (Blow and Laskey, 1988). Biochemical fractionation of X. laevis  

egg extracts revealed that one of the essential components of licensing
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factor were the Mcm2-7p family (Chong et al., 1995). Just as in the budding 

yeast, X. laevis Mem proteins are required for DNA replication (Chong et 

al., 1995; Kubota et al., 1995). Similarly, their association with chromatin is 

subjected to cell cycle regulation, such that they are tightly bound during 

late mitosis and G l, but are removed during replication (Chong et al., 

1995; Coue et al., 1996; Kimura et al., 1994; Kubota et al., 1995; M adine et 

al., 1995; Thommes et al., 1992; Todorov et al., 1994). In a normal cell cycle, 

Mcms are only able to access chromatin after nuclear envelope 

breakdown in mitosis, showing the importance of mitosis in the licensing 

reaction. However, Mcms are not the only components of licensing factor, 

since a second cellular fraction, yet to be purified, is also required (Chong 

et al., 1995).

The licensing of chromatin in mitosis occurring in X. laevis is 

reminiscent of the establishment of pre-RCs on yeast origins in late 

mitosis. Both events occur at the same time of the cell cycle and both 

require the loading of Mcms onto chromatin, which occurs in a Cdc6p 

dependent way (Coleman et al., 1996). Therefore, the nature of the cis- 

acting activity essential for initiation of DNA replication acquired as cells 

pass through mitosis is likely to be the establishment of pre-RCs on  

origins of replication. However, the establishment of pre-RCs in the 

budding yeast is not limited to late mitosis, as it can also occur during Gl 

(Diffley et al., 1994; Piatti et al., 1996). Work from a variety of systems has 

shown that a low level of cyclin dependent kinase activity is needed in  

order for chrom atin to be reset and to allow a new round of DNA 

replication. Consistent with this idea, in the budding yeast, pre-RCs can



only form during the period from late mitosis to late G l, in which B-type 

cyclin dependent kinase activity is low (Piatti et al., 1996).

1.3.3 A dual role for the cyclin dependent kinases in DNA replication
In eukaryotes, cell cycle progression is driven by the sequential

activation of different cyclin dependent serine/threonine kinases (Cdks), 

each consisting of a catalytic subunit and a regulatory cyclin subunit 

(reviewed in Morgan, 1995). In the budding yeast a single Cdk, Cdc28p, is 

responsible for co-ordinating several events in the cell cycle, such as cell 

growth, DNA replication and mitosis (Hartwell, 1991). The cyclin 

subunits of this kinase are divided into two groups based on their 

prim ary structure and time of expression in the cell cycle, the G l cyclins 

(Clns) and the B type cyclins (Clbs). The association of Cdc28p w ith Clns 

regulates the coupling of cell growth with cell division by committing a 

G l cell to undergo a new cell division cycle, through an event called 

START, once the cell has reached a critical size (Pringle and Hartwell, 

1981). In the budding yeast, six B type cyclins (Clbl-6) are present at 

different stages of the cell cycle. The first to appear are Clb5p and Clb6p in  

late G l, followed by Clbl-4 that are expressed during S phase and m itosis 

(Koch and Nasmyth, 1994). At the end of mitosis, the B-type cyclins are 

destroyed and the cell is devoid of Clb/Cdc28p activity until the next G l/ 

S of the following cell cycle (Amon et al., 1994; Surana et al., 1993). 

Although experiments have shown that a single B type cyclin, Clb2p, is 

capable of substituting for all its family members (Schwob et al., 1994), it is 

thought that the different cyclins promote particular events at the tim e
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that they are present in the cell. Association of Cdc28p with Clbl-4 is 

thought to drive mitosis in the cell cycle, since a strain lacking these four 

cyclins is unable to form a bipolar spindle (Fitch et al., 1992; Richardson et 

al., 1992).

Clb/Cdc28p in G l - A role in promoting S phase (SPF1

It was observed that a cell depleted of all its B type cyclins is 

incapable of undergoing DNA replication (Schwob et al., 1994). Therefore, 

the activation of Clb/Cdc28p is also required for promoting S phase in the 

cell cycle. The Clb5p and Clb6p cyclins are thought to be norm ally 

involved in this step since the deletion of the genes for these two cyclins 

delays the onset of S phase to a time when, presumably, the other B type 

cyclins are transcribed (Epstein and Cross, 1992; Schwob and N asm yth,

1993). The periodicity of the Clb/Cdc28p in the cell cycle and its role in  

prom oting DNA replication provides this kinase with the characteristics 

very similar to those observed for SPF in the cell fusion experiments.

The activation of Clb5/Cdc28p and Clb6/Cdc28p in late G l is 

regulated by at least three separate processes that are, them selves, 

dependent on the activation of the Cln/Cdc28p kinase and the consequent 

execution of START. First, passage through START activates the 

transcription of several cell cycle genes including those of CLB5 and 

CLB6(Epstein and Cross, 1992; Schwob and Nasmyth, 1993). Second, the 

newly transcribed B type cyclins are allowed to accumulate since their 

proteolytic machinery is inactivated as cells go through START (Amon et 

al., 1994). Third, the activation of Clb/Cdc28p is finally achieved by the 

destruction of Siclp, a budding yeast Cdk inhibitor specific for Clb/Cdc28p,

44



that forms a complex with the kinase during G l (Donovan et al., 1994; 

M endenhall et al., 1987; Schwob et al., 1994; Tyers, 1996). In order to 

activate Clb/Cdc28p with normal timing, the cells require the destruction 

of Siclp. The degradation of Siclp is dependent on the Cin/Cdc28p kinase, 

which phosphorylates Siclp and consequently targets it for degradation 

(Schneider et al., 1996). Since Clb/Cdc28p activity is required for in itia tion  

of DNA replication, S phase can only occur during a period limited by the 

passage through START in G l and before mitosis, when the B type cyclins 

are destroyed.

Clb/Cdc28p in M - A role in the nuclear re-setting

Studies in S. pom be suggest that B-type kinase has an additional 

role in blocking re-replication in later stages of the cell cycle. In fission 

yeast, the major Cdk is encoded by cdc2+ and the single essential B-type 

cyclin is encoded by cdcl3+. The inactivation of this kinase activity in S. 

pom be  is sufficient to re-set the genome in order to undergo re

replication. Inactivation of tem perature sensitive m utants of cdcl causes 

the cells to undergo an additional round of replication (Broek et al., 1991). 

Similarly, inactivation of Cdcl3/Cdc2p kinase by either deleting the cdcl3  

cyclin (Hayles et al., 1994) or by overexpressing Rum lp (Moreno and 

Nurse, 1994), S. pom be 's Cdk inhibitor, also induce re-replication in  

fission yeast. M ammalian cell fusion experiments described above 

showed that nuclear re-setting for DNA replication occurred as vertebrate 

cells went through mitosis. The studies carried out in fission yeast 

provided evidence suggesting that the nuclear re-setting mechanism is 

achieved by inhibition of the mitotic kinase activity.



In the budding yeast, passage through mitosis dictates the tim ing 

for inactivation of the Clb/Cdc28p kinase in the cell cycle. This is 

prim arily achieved by the proteolysis of the cyclin regulatory subunits 

(Sudakin et al., 1995), but other events, such as the emergence of the Siclp 

inhibitor also contribute to the fall of the Clb/Cdc28p kinase. Passage 

through mitosis is also the period that budding yeast origins of replication 

are provided with pre-RCs, which mark origins as being competent for 

replication. Further evidence exists that these two events, the fall of the 

Clb/Cdc28p kinase and the establishment of pre-RCs, are intim ately 

related (Dahmann et al., 1995). The overexpression of Siclp in cells 

chemically blocked before mitosis is able to promote the transition of 

post-RCs to pre-RCs at yeast origins of replication, suggesting that 

Clb/Cdc28p kinase acts as an inhibitor of these transition. If the expression 

of Siclp is m anipulated so that it is transient in these blocked cells, the 

whole genome undergoes re-replication w ithout an intervening mitosis.

A mechanism whereby Clb/Cdc28p inhibits re-replication in the 

budding yeast appears to act through the Cdc6p dependent formation of 

pre-RCs on yeast origins of replication. Using strains in which CDC6 is 

expressed from an inducible promoter, it was possible to examine the 

ability of Cdc6p to form pre-RCs at different times in G l (Piatti et al., 1996). 

Cells arrested in early stages of Gl, a time when Clb/Cdc28p is inactive, 

can be induced to form pre-RCs by promoting the expression of Cdc6p. 

However, if the cells are allowed to proceed later in G l, to a time w hen  

Clb/Cdc28p is presumably activated, de novo expression of Cdc6p is no 

longer sufficient to induce pre-RC formation, and therefore to induce

46



DNA replication. This "point of no return" can be delayed by elim inating  

the earlier Clb5p and Clb6p B type cyclins (Piatti et al., 1996), consistent 

w ith the idea that Clb/Cdc28p can exert a block to re-replication once it 

becomes activated.

These experiments suggest that the way that replication is kept to 

once per cell cycle is by a simple switch regulated by the periodic 

activation of the Clb/Cdc28p kinase. The Clb/Cdc28p kinase possesses two 

opposite roles in yeast DNA replication. First, a positive function in  

prom oting initiation of replication and, second, a negative function in  

preventing the re-establishment of competent origins by inhibiting the 

formation of pre-RCs. Thus, in a normal cell cycle, entry into S phase is 

achieved by the activation of Clb/Cdc28p in late G l and re-replication of 

the fired origins is prevented by inhibiting the formation of new pre-RCs 

during the rest of the cell cycle. The second part of the switch, the fall of 

the Clb/Cdc28p kinase activity in mitosis, allows the cell to re-set origins 

of replication by allowing the formation of pre-RCs as it enters a new cell 

cycle.

1.3.4 Cell cycle dependent proteolysis
Cell cycle dependent proteolysis is closely implicated in regulation

of the Clb/Cdc28p kinase activity during the cell cycle. In mitosis the 

inactivation of Clb/Cdc28p is accomplished by the proteolysis of the B type 

cyclins and in late G l, the activation of Clb/Cdc28p is triggered by the 

proteolysis of the Cdc28p inhibitor, Siclp, and by the inactivation of the B- 

type cyclin degradation machinery.
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The proteolysis of both Siclp and the B type cyclins is catalysed by 

the ubiquitin-dependent 26S proteosome pathway (reviewed in  

Hochstrasser, 1995). The 26S proteosome degrades proteins that contain 

covalently linked m ultiubiquitin chains. The ubiquitin chain is attached 

to proteins in a multistep process that involves three classes of enzymes, 

termed El, E2 and E3. First ubiquitin is attached via its C-terminus to an  

ubiquitin activating enzyme, or El. The activated ubiquitin is th en  

attached to an E2, or ubiquitin-conjugating enzyme. In many cases, 

ubiquitin can be transferred directly from the E2 enzyme to the substrate 

protein targeting it for degradation. Nevertheless, cell regulated 

proteolysis involves the action of a third enzyme, an ubiquitin-ligase or 

E3. The E3 is responsible for the recognition of the substrate proteins and 

together with the respective E2 enzyme promotes the ubiquitination of 

the substrate proteins. Once ubiquitinated, the substrate pro tein  

undergoes further rounds of ubiquitination that are rapidly followed by 

degradation executed by the 26S proteosome.

In the budding yeast, two major cell cycle regulated proteolytic 

pathways have been identified. These two pathways are responsible for, 

among other essential functions, the cycle of activation of Clb/Cdc28p as 

previously described. The proteolytic pathway responsible for the 

degradation of Siclp in late G l involves the action of four gene products 

Cdc4/34/53/Skpl. The second proteolytic pathway requires the action of 

the anaphase promoting complex, and is responsible for the degradation 

of the B type cyclins in anaphase.
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13,4,1 The Cdc4/34/53/Skpl pathway

Initiation of DNA replication requires the function of four proteins 

in G l, Cdc4p, the E2 enzyme Cdc34p, Cdc53p and Skplp. W h en  

tem perature sensitive m utants for any of these proteins arrest at the 

restrictive temperature, cells accumulate high levels of Siclp (Bai et al., 

1996; Mathias et al., 1996; Mendenhall, 1993; Nugroho and M endenhall,

1994). This result indicated that this degradation pathway was required for 

the degradation of the Siclp inhibitor. In fact, cells in which S1C1 gene has 

been deleted allow initiation of DNA replication in cdc4ts, cdc34te and 

cdc53ts m utant cells (Schwob et al., 1994), consistent w ith this pro tein  

being the only substrate requiring proteolysis for driving S phase entry in  

late G l cells. Further studies have shown that recombinant insect cell 

lysates containing Cdc4/Cdc34/Cdc53/Skpl were able to drive the 

polyubiquitination of phosphorylated Siclp (Verma et al., 1997), 

suggesting that this complex functions as the E3 enzyme. The Sicl protein  

is a target for phosphorylation by the Cln/Cdc28p protein kinase. 

M utation of the CDK consensus phosphorylation sites in Siclp reduces 

the ubiquitination of the protein in vitro and stabilises Siclp in v i v o  

(Verma et al., 1997). Therefore, phosphorylation of Siclp appears to be 

required for the recognition of this protein by the Cdc4p-dependent 

degradation pathway. It is likely that the essential function of the 

Cln/Cdc28p protein kinase is to target Siclp for degradation in late G l. 

This idea comes from the fact that a cell which do not express the three 

Gl-cyclins can be rescued by the deletion of the SIC1 gene (Schneider et al.,
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1996; Tyers, 1996).

Several other substrates for the Cdc34/53/Skpl degradation 

pathway have been identified. As Cdc4p programmes the complex for 

Siclp degradation, so also G rrlp  programmes it for Gl-cyclin degradation. 

M utant grrl cells are unable to degrade Cln2p but enter S phase w ithou t 

delay (Barral et al., 1995), suggesting that Siclp is timely degraded. The Gl- 

cyclins, C lnlp and Cln2p, are not only responsible for the activation of 

substrates to be degraded by the proteolytic pathway, but are them selves 

substrates for degradation by the same mechanism. In a similar m an n er 

to Siclp, their phosphorylation appears to be required for their 

degradation (Deshaies et al., 1995; Yaglom et al., 1995), suggesting a 

negative regulatory system for the Cln/Cdc28p kinase activity.

Recently, the Cdc4 protein was shown to interact with Cdc6p in a 

two hybrid screen (Drury et al., 1997). The Cdc6 protein was further shown 

to be stabilised in cdc4te, cdc34te and cdc53ts mutants. Similar to the Siclp 

protein, the N-term inus of the Cdc6 protein contains CDK consensus 

phosphorylation sites, and removal of N-term inus renders the pro tein  

insensitive to the Cdc4p dependent degradation pathway. Thus, Cdc6p 

degradation is likely to be under a similar control as Siclp in late G1 cells. 

The Cdc4/34/53/Skpl proteolytic pathway is responsible for the 

destruction of two of the factors that have important functions relating to 

the activity of origins of replication. It is responsible for the destruction of 

Siclp, that prevents Clb/Cdc28p kinase activity, and of Cdc6p, that is 

required for the formation of the pre-RCs. It, therefore, likely, that this 

pathway plays a central role in the re-setting of the nuclear origins.
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1.3.4.2 Anaphase Promoting Complex

Progression through mitosis requires the ubiquitin dependent 

degradation of specific substrates. In the budding yeast, two major steps of 

proteolysis have been identified in mitosis. The first step triggers 

degradation of Pdslp, a protein involved in the establishm ent of the 

G2/M  checkpoint, and induces the metaphase to anaphase transition  

(Cohen-Fix et al., 1996). The second step triggers the exit form mitosis by 

prom oting the degradation of the B type cyclins (King et al., 1996) and 

A selp (Juang et al., 1997), a protein involved in the disassembly of the 

mitotic spindle. The identification of the ubiquitinating m achinery 

revealed that the substrates were recognised by a specific E3 complex that 

include the products of CDC16, CDC23 and CDC27 (Lamb et al., 1994), 

which was termed the anaphase promoting complex (APC).

The stability of APC substrates varies greatly in the cell cycle. APC 

substrates are generally stable during S phase, G2 and early m itosis 

(during which Clb2p has a half-life of more than two hours), but are 

unstable during the exit from mitosis and the subsequent G1 (Clb2p half- 

life measured in G1 is less than one minute) (Amon et al., 1994; Brandeis 

and Hunt, 1996; Cohen-Fix et al., 1996). The regulation of APC-dependent 

proteolysis is complex. In late G l, the inactivation of the APC requires the 

prior execution of START promoted by the association of the G l cyclins 

with Cdc28p (Amon et al., 1994). The continuous inactivation of the APC 

during S phase and early mitosis requires the activity of either 

Cln/Cdc28p or Clb/Cdc28p kinases (Amon, 1997). Finally, the activation of
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the APC-dependent proteolysis in mitosis is under the control of several 

regulators. In fission yeast, protein kinase A has been shown to inh ib it 

APC activity (Yamashita et al., 1996), whereas the budding yeast's polo

like kinase, Cdc5p, appears to activate the APC (Shirayama et al., 1998). In 

addition, recent studies have shown that the degradation of specific 

substrates at the different stages of mitosis is a consequence of the 

activation of the APC by two independent proteins, Cdc20p and Hctlp. 

Cells harbouring a cdc20te m utation arrest in mitosis with unseparated 

sister chromatids (Burke and Church, 1991) and high levels of Pdslp 

(Visintin et al., 1997). Overexpression of CDC20 in G l blocked cells 

promotes APC dependent proteolysis of Pdslp (Visintin et al., 1997). 

Conversely, deletion of the HGT1 gene results in the stabilisation of Clb2p 

and Aselp but not of Pdslp  during mitosis (Schwab et al., 1997; Visintin et 

al., 1997). These results suggest that the Cdc20p and H ctlp provide the 

specificity for the individual substrates to be degraded by APC m ediated 

proteolysis.

1.3.5 Dbf4/Cdc7p - A second S phase promoting factor
Previously, evidence was presented suggesting that Clb/Cdc28p

possesses the characteristics attributed to SPF. The Cdc28p kinase is 

required for entry into S phase, and Clb5p and Clb6 are its regulatory 

cyclins that need to be re-synthesised every G l in order to activate their 

kinase partner to promote initiation of DNA replication. Yet the 

activation of Clb/Cdc28p alone is not sufficient to promote this event and 

another kinase is required to be activated for entry in S phase, namely the
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Dbf4/Cdc7p kinase. The CDC7 gene encodes a serine/threonine protein 

kinase (Bahman et al., 1988; Hollingsworth and Sclafani, 1990; Yoon and 

Campbell, 1991) and, like Cdc28p, has been conserved in evolution. 

Homologues have been found in S. pombe (Masai et al., 1995) and higher 

eukaryotes including X. laevis, mice and hum ans (Jiang and Hunter, 1997; 

Kim et al., 1998; Sato et al., 1997). The CDC7 gene was identified as the last 

genetically defined step before S phase after which no protein synthesis is 

required for initiation of DNA replication (Hartwell et al., 1973; Hereford 

and Hartwell, 1974). Furthermore, at the cdc7ts block point, Clb/Cdc28p is 

fully active (Schwob et al., 1994), demonstrating that it is not sufficient to 

drive initiation on its own and that activation of Cdc7p is required for 

entry into S phase. DBF4 was originally isolated in a genetic screen based 

on the terminal cellular morphology of conditional cell cycle m utants - 

"Dumb-bell" forming (Johnston and Thomas, 1982; Johnston and 

Thomas, 1982). Recently, purification of S. pom be's Cdc7p hom ologue, 

H sklp , revealed the existence of a copurifying protein, Dfplp, which has 

been identified as the fission yeast homologue of Dbf4p (Brown and Kelly, 

1998).

The Cdc7 protein is present throughout the cell cycle, but its kinase 

activity reportedly peaks at the G l/S  transition (Jackson et al., 1993; 

Sclafani et al., 1988; Yoon et al., 1993). Evidence suggests that Cdc7p kinase 

activity is regulated by its association with Dbf4p. Genetic studies show 

that DBF4 and CDC7 interact: dbf4ts m utants have the same term inal 

phenotype as cdc7ts (Johnston and Thomas, 1982; Solomon et al., 1992) and 

DBF4 acts as a multicopy suppressor for cdc7ts m utations (Kitada et al.,
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1993). A cdc7ts is synthetically lethal with dbf4ts and the double m utant is 

non-viable at any tem perature (Kitada et al., 1993). The DBF4 and CDC7 

gene products interact in a two hybrid assay (Dowell et al., 1994; Jackson et 

al., 1993), and both the Cdc7p-interaction domain in Dbf4p and the Dbf4p- 

interaction domain in Cdc7p, are essential for their protein function. The 

biochemical study of Cdc7p kinase activity, as measured using non- 

physiological substrates, indicates that Dbf4p is required to prom ote Cdc7p 

kinase activity. W hen Cdc7p is imm unoprecipitated from dbf4ts m u tan ts 

arrested at the non-perm issive tem perature Cdc7p kinase activity is 

impaired (Jackson et al., 1993). The Cdc7p kinase activity can be 

reconstituted in vitro by mixing extracts collected at the non perm issive 

tem perature from cdc7ts and dbf4ts mutants (Jackson et al., 1993). Therefore 

an association of Cdc7p and Dbf4p occurs, which is essential for the 

activity of Cdc7 protein kinase.

Using the analogy of Cdc28p and cyclins, the oscillation of the 

Cdc7p kinase activity was proposed to be a consequence of the periodic 

association of Cdc7p with Dbf4p (Sclafani and Jackson, 1994). Dbf4p shares 

no homology at protein level with cyclins but, like CLB5 and CLB6, it 

contains an MCB element in its prom oter sequence that confers periodic 

cell cycle transcription in late G l (Chapman and Johnston, 1989). 

Furthermore, Dbf4p has PEST-like sequences in its C-terminus (Jackson et 

al., 1993), which have been implicated in protein instability in G l cyclins 

(Cross and Blake, 1993; Tyers et al., 1992; Wittenberg et al., 1990). Although 

no direct study of Dbf4 protein levels has been described, several au thors 

have suggested that Dbf4p could behave functionally like a cyclin.



The DBF4 gene has also been shown to interact w ith CDC5. CDC5 

was identified in a screen for high copy suppressors of dbf4ts m utan ts 

(Kitada et al., 1993). Contrary to the suppression of cdc7ts by DBF4, 

overexpression of DBF4 does not suppress a cdc5ts mutant. CDC5 can 

suppress dbf4ts, but not cdc7ts m utations (Kitada et al., 1993), suggesting 

that Dbf4p interacts independently with Cdc7p and Cdc5p. Furthermore, it 

was recently shown that DBF4 and CDC5 interact using a two hybrid 

system (Hardy and Pautz, 1996). The product of the CDC5 gene is a protein 

w ith homology to the polo kinase identified in Drosophila m elanogaster  

(Llamazares et al., 1991). The Cdc5 protein is expressed in mitosis and its 

function is required for mitotic progression (Kitada et al., 1993). CDC5 may 

also have a role in replication since cdc5 is synthetically lethal with orc2 

(Hardy and Pautz, 1996). Additionally, cdc5 m utants have a plasmid loss 

phenotype that can be suppressed when further origins are added to the 

plasmid, which is a characteristic of m utants defective in initiation of 

DNA replication. This raises the question of whether DBF4 has a second 

function in association with CDC5 later in the cell cycle, that is required 

for the following S phase.

The genetic analysis of cdc7is m utants suggests that this gene 

product interacts with ORC (Fox et al., 1995; Hardy, 1996; Loo et al., 1995). 

However, a new insight for the role of Dbf4/Cdc7p in the initiation of S 

phase was gained w hen it was discovered that Dbf4p interacts with yeast 

origins of replication (Dowell et al., 1994). A "one-hybrid" genetic screen 

devised to identify proteins that interact with origins isolated DBF4. This 

was dependent on an intact ACS at origins, the binding site for ORC.
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Dbf4p may interact directly with ORC or, alternatively, it may interact 

w ith unidentified protein(s) which in turn interact w ith ORC. 

Furthermore, Dbf4p was shown to have separate domains for Cdc7p 

binding and for origin interaction (Dowell et al., 1994). This evidence 

suggests that Dbf4p has a dual role in the initiation of DNA replication. 

First, the activation of Cdc7 protein kinase and second, the recruitm ent of 

this activity to yeast initiation complexes.

The target of Dbf4/Cdc7p at yeast origins of replication is still 

unclear although, the Mem proteins provide the best candidates. Two 

main genetic studies have provided evidence suggesting an interaction 

between Dbf4/Cdc7p and Mem proteins. The first was the identification of 

bobl as an allele of M CM 5 (Hardy et al., 1997). The bobl recessive 

m utation bypasses totally the requirement for Dbf4/Cdc7p in the cell cycle 

(Jackson et al., 1993). It remains intriguing whether bobl is a gain of 

function m utation that no longer requires the function of Dbf4/Cdc7p, or 

alternatively, bobl is a loss of function m utation of Mcms, perhaps acting 

as an inhibitor of DNA replication, since it acts as a recessive m utation . 

The second genetic study identified a m utation in the MCM2 gene that 

specifically suppressed a dbf4 m utant (Lei et al., 1997). The newly found 

mcm2 m utant can not survive in a wild type background and requires the 

presence of the m utant dbf4 for cell viability. Finding allele specific 

suppression with m utations in two genes indicates a close relationship 

between their gene products, and purified Dbf4/Cdc7p kinase from yeast 

cells overexpressing its components is able to phosphorylate Mcm2 

protein in vitro (Lei et al., 1997). This study was extended to the rest of the



Mem family and it was found that, despite Mcm2p being the best 

substrate, all Mcms were able to be phosphorylated by the Dbf4/Cdc7p 

kinase in vitro with exception of Mcm5p (Lei et al., 1997). A lthough the 

physiological relevance of Mem phosphorylation by the Dbf4/Cdc7p 

kinase remains elusive, further understanding of Mem function and 

their regulation might lead to a definition of the Dbf4/Cdc7p kinase 

function in the cell cycle.

Two recent studies provide a better understanding of the 

Dbf4/Cdc7p kinase regulation of origin firing. Contrary to w hat was 

previously thought, Dbf4/Cdc7p does not act as a switch at the G l/S  

transition, but instead Dbf4/Cdc7p kinase is required to activate 

individual origins throughout S phase (Bousset and Diffley, 1998; 

Donaldson et al., 1998). In one set of experiments using cdc7ts m utant cells 

blocked in S phase, by exposing them to chemicals that block elongation 

of replication, it was shown that the function of Cdc7p is required for the 

initiation of replication from late origins of replication (Bousset and 

Diffley, 1998). In another study, a short pulse of Cdc7p was provided to 

cells at the beginning of S phase. This study showed that by provid ing  

cells with a limited am ount of Cdc7p activity, this was sufficient to 

activate early origins but late origins remained unfired (Donaldson et al., 

1998). These experiments provide evidence that Cdc7p function is 

required throughout S phase to promote initiation of individual origins 

of replication. This idea is further supported from the fact that, Dbf4p, the 

regulatory subunit of Cdc7p, interacts specifically with origins of 

replication in vivo .



1.3.6 Replication checkpoints
In a normal cell cycle, the Clb/Cdc28p activation cycle could be

sufficient to explain the alternation between DNA replication and the 

segregation of sister chromatids in mitosis. Cells in G l would in itiate 

DNA replication before mitosis, since the S phase prom oting cyclins 

Clb5p and Clb6p appear before the mitotic cyclins with sufficient time to 

finish replication (see Koch and Nasmyth, 1994). However, if cells 

encounter blocks that interfere with S phase progression, such as DNA 

damaging agents or chemicals that inhibit replication enzymes, this delay 

in S phase is generally accompanied by a delay in the onset of m itosis 

(Weinert and Hartwell, 1988). The resulting effect provides eukaryotic 

cells with a process that prevents segregation of partially duplicated 

chromosomes by inhibiting the onset of mitosis, a surveillance 

m echanism that m onitors incompletely replicated or damaged DNA. 

Such surveillance mechanisms are generally known as checkpoints (Carr, 

1997; Elledge and Harper, 1994; Hartwell and Weinert, 1989; Murray, 1992; 

W einert and Lydall, 1993). The particular process that prevents mitosis in  

response to incomplete replication, termed the G2/M checkpoint, is still 

poorly understood in budding yeast although it is apparent that it does 

not involve the delay of the mitotic cyclin synthesis, since cells blocked in  

S phase arrest with significant levels of Clb2/Cdc28p kinase activity (Basco 

et al., 1995). It is clear, however that initiation of DNA replication is 

necessary in order to prevent the mitotic delay. In the absence of Cdc6p 

function, cells cannot initiate DNA replication but they undergo m itosis 

with norm al timing as in wild type (Piatti et al., 1995). Sim ilar
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observations were obtained with certain m utant alleles of cdc7 and dbf4 

(Toyn et al., 1995). In the case of the dbf4ts m utant allele, it was observed 

that exposure to ionising radiation in G l did not block the onset of 

mitosis when the cells were raised to the restrictive tem perature 

(Tavormina et a l, 1997). Therefore, it appears that initiation of DNA 

replication is required in some way to provide the activation of the 

damage checkpoint that delays the onset of mitosis until S phase is 

finished. Alternatively, it is also possible that the proteins involved in  

initiation of DNA replication are themselves involved in the 

surveillance mechanism by providing essential components either to 

monitor or to act upon.

The components of the checkpoint pathway have been the subject 

of a recent series of studies. In the budding yeast, a series of protein 

kinases is required for the cell's checkpoint responses at the centre of 

which are two protein kinases, M eclp and Rad53/M ec2/Sadlp, that 

appear to co-ordinate the cell's response (Allen et al., 1994; Stern et al., 

1991; W einert et al., 1994). Genetic and biochemical studies provided 

evidence that M eclp acts upstream of Rad53p (Sanchez et al., 1996; Sun et 

al., 1996). It was suggested that sensors of either damaged or incom plete 

replicated DNA activate Meclp that, in turn, activates Rad53p by 

phosphorylation (reviewed in Elledge, 1996). Once activated, Rad53p is 

thought to modulate the cell's response by phosphorylating the still 

unidentified checkpoint effector proteins that promote cell cycle arrest. 

There is some evidence, however, that M eclp can act independently of 

Rad53p. In the presence of DNA damage, M eclp alone is capable of

59



promoting the phosphorylation of Pdslp  (Cohen-Fix and Koshland, 1997). 

In the budding yeast, the onset of anaphase, a critical step in the execution 

of mitosis, is under the control of the Pdsl protein (Cohen-Fix et al., 1996; 

Yamamoto et al., 1996). The exact function of Pdslp is unclear, but 

degradation of Pdslp appears to be necessary to initiate anaphase 

(Yamamoto et al., 1996). These observations suggest a model where in  

response to DNA damage M eclp would act by prom oting the 

phosphorylation of Pdslp causing its stabilisation and, as a consequence, 

to inhibit the onset of anaphase.

A second replication checkpoint pathway was uncovered by 

m easuring the length of S phase in cells continuously exposed DNA 

damaging agents, such as methyl methane sulfonate (MMS) (Longhese et 

al., 1996; Marini et al., 1997; Paulovich and Hartwell, 1995; Paulovich et 

al., 1997; Sugimoto et al., 1997). The perturbation of S phase by this agent, 

in addition to preventing the onset of mitosis, provokes a severe delay in  

S phase progression. This so called intra-S phase checkpoint requires the 

function of both M eclp and Rad53p, since in the absence of these two 

proteins, S phase proceeds at the same rate as in the wild type causing the 

death of the m utant cells (Paulovich and Hartwell, 1995). The slowing 

down of replication could be a consequence of either the stalling of 

replication forks during elongation or, as origins of replication fire 

throughout S phase, the inhibition of initiation of replication at new  

origins once the damage is detected, or even still a combination of these 

two processes. In fact, there is some evidence that both processes m ight 

occur during the intra-S phase checkpoint. In one study, a dom inan t



m utant of the DNA primase protein was identified that failed to delay tlhe 

rate of replication when cells are exposed to the DNA damaging agent 

MMS (Marini et al., 1997). During DNA replication, the prim ase is 

required for elongation of DNA replication and inhibiting its function  

could cause a slow down of the replication fork's rate. Furtherm ore, th e  

primase is also involved in initiation of DNA replication, m aking th is  

protein a good candidate for negative regulation by the M eclp/Rad53p 

checkpoint pathway during S phase. In another set of studies it was 

observed that blocking S phase progression by exposing cells to 

hydroxyurea or MMS caused the inhibition of the initiation of DN A  

replication at late origins (Santocanale and Diffley, 1998; Shirahige et al., 

1998). Genomic footprinting experiments had previously shown that pre- 

RCs are present on late origins of replication when elongation of 

replication is inhibited by hydroxyurea (Bousset and Diffley, 1998). T he 

observation that blocking elongation causes a inhibition of initiation of 

replication was shown to be an active process under the control of the  

M eclp/Rad53p checkpoint pathway (Santocanale and Diffley, 1998). 

W hen these m utants cells are exposed to hydroxyurea, late origins 

undergo the transition from pre-RCs to post-RCs, suggesting that 

initiation of replication had occurred. The transition to the post-RC state 

was shown to be accompanied by an accumulation of replication 

intermediates specific for these origins of replication (Santocanale and 

Diffley, 1998). Therefore, these results suggest that in response to blocks to 

elongation, the M eclp/Rad53p checkpoint pathway responds by 

preventing the firing of new origins of replication, thereby contributing to



a slow down of the whole S phase. Although the targets of this pathw ay 

are currently unknown, it is possible that they m ight coincide w ith the 

components of SPF that promote initiation of replication. Since it was 

previously shown that the Dbf4/Cdc7 protein kinase is required for 

activating individual origins of replication during S phase (Bousset and 

Diffley, 1998), it is tem pting to speculate that the inhibition of late origin 

firing prom oted by the M eclp/Rad53p pathway might act through the 

direct inhibition of the S phase promoting protein kinases.

1.4 Conclusion

The cell cycle regulation of the initiation of DNA replication in the 

budding yeast involves two steps, the first of which is the Cdc6p 

dependent assembly of pre-RCs on origins of replication either in late 

mitosis or during G l (Diffley et al., 1994; Piatti et al., 1996). This step 

requires the decrease of Clb/Cdc28p kinase activity by the concerted 

degradation of the B-type cyclins in mitosis and the expression of the Sicl 

protein kinase inhibitor. The second step is the initiation of DNA 

replication throughout S phase with the consequent transition of pre-RCs 

to post-RCs at origins of replication. In the budding yeast, this step is 

regulated in late G l by the activation of two protein kinases, Cdc28p and 

Cdc7p, and involves, at least in the case of Cdc28p, the periodic association 

w ith their regulatory subunits, Clbs and Dbf4p (Epstein and Cross, 1992; 

Jackson et al., 1993; Schwob and Nasmyth, 1993). The activation of 

Clb/Cdc28p is the culm ination of a m ultistep pathway dependent on 

previous execution of the cell cycle commitment point in G l called
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START. Initiation of DNA replication occurs at individual origins during  

S phase and recent evidence suggests that Dbf4/Cdc7p (Bousset and 

Diffley, 1998; Donaldson et al., 1998), and Clb/Cdc28p (Donaldson et al., 

1998), activate origins directly in discrete events throughout S phase. 

These protein kinases exhibit characteristics that make good candidates 

for the budding yeast SPF, as they are both present in S phase, are 

periodically activated and both are required for initiation of DN A 

replication.

1.5 A im  o f this thesis

Previous experiments have emphasised the essential role of the 

Dbf4/Cdc7 protein kinase in the initiation of DNA replication. Dbf4/Cdc7 

protein kinase activity is periodic in the cell cycle, despite Cdc7 pro tein  

levels in the cell cycle being constant (Jackson et al., 1993; Sclafani et al., 

1988; Yoon et al., 1993). The Dbf4 protein is required to activate Cdc7p 

kinase activity (Jackson et al., 1993), and possesses two essential dom ains, 

one that interacts w ith Cdc7p and another that is required for association 

with yeast origins of replication (Dowell et al., 1994). This thesis aims to 

study the regulatory subunit of this kinase complex. Subsequent chapters 

will describe the regulation of Dbf4 protein levels through the cell cycle, 

how this is achieved and, finally, how Dbf4/Cdc7p kinase may be 

im portant for a checkpoint mechanism regulating the activation of 

origins of DNA replication during S phase.
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2 . Materials and Methods

2.1 Bacterial and Yeast Strains

2.1.1 E. coli Strains

D H 5a - supEAAD lacU169 (iS0lacZDM15) hsdR17 recAl endA l gyrA96 thi-1 
re lA l

2.1.2 S. cerevisiae Strains

Strain Genotype Reference
W 303-la M A T a ade2-l ura3-l his3-ll,15 trpl-1 leu2-3,112 

canl-100
(Thomas and
R othstein,
1989)

L202-1A M A T a  ura3 leu2 trpl dbf4-2 (Johnston and 
Thomas, 1982)

2032 M A T a  cdc7-l omnc ura3 S. Piatti and 
K. Nasm yth

Y300 M A T a , canl-100, ade2-l, his3-ll,15, leu2-3,112, 
trpl-1, ura3-l

S. Elledge

Y301 Y300 sadl-l=mec2=rad53 (Allen et al., 
1994)

yMIGOl W303-la cdc4-1 (Drury et al., 
1997)

yMIG02 W303-la cdcie-123 (Drury et al., 
1997)

yMIG03 W303-la cdc23-l (Drury et al., 
1997)

yMIG07 W303-la DBF4::DBF4myc URA3 this study
yMIG08 W303-la DBF4::pGALl-10-mycDBF4 URA3 this study
yMIG09 W303-la DBF4::pGALl-10-DBF4 TRP1 this study
yMIGlO yMIGOl DBF4::pGALl-10-DBF4 URA3 this study
yM IG ll yMIG02 DBF4::pGALl-10-mycDBF4 URA3 this study
yMIG12 yMIG03 DBF4::pGALl-10-mycDBF4 URA3 this study
yMIG13 W303-la ura3-l::URA3 pGALl-10-mycDBF4 R62A  

L65A
this study

yMIG14 yMIG02 ura3-l::URA3 pGALl-10-mycDBF4 R62A  
L65A

this study

yMIG15 2032 DBF4::DBF4myc URA3 this study
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2.1.3 Storage of E. coli Strains
E. coli strains were stored at 4°C on solid medium for up to 1 week.

For long-term storage, sterile glycerol was added to a small bacterial 

culture to a final concentration of 15%. The culture was frozen in  

ethanol/dry  ice and stored at -70°C. To recover the bacteria, an aliquot of 

the stock was streaked onto LB solid medium and grown at 37°C.

2.1.4 Storage of S. cerevisiae Strains
S. cerevisiae strains were stored at 4°C on solid m edium  for up  to 2

weeks. For long-term storage, strains were stored at -70°C in m ed iu m  

containing 15% glycerol. A small culture of yeast in appropriate m ed iu m  

was grown up and 60% glycerol added to a final concentration of 15%. The 

glycerol stock was frozen in ethanol/dry  ice and stored at -70°C. To 

recover the yeast, the top of the glycerol stock was scraped w ith  an 

inoculating loop, streaked onto appropriate solid medium and grown at a 

suitable temperature.

2.2 M edia and Cell M aintenance
All chemicals were purchased from BDH or SIGMA and all

solutions were prepared using MilliQ water, unless stated otherwise. 

Amino acids were purchased from SIGMA, Calbiochem and A ldrich 

Chemical Co. Ltd.

2.2.1 E. coli Media 
Luria-Bertani Broth (LB)

Contained 1.0% (w /v) Bacto-tryptone (DIFCO), 1.0% (w /v) Bacto-
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yeast extract (DIFCO), 0.17M NaCl and 2.0% (w /v) Agar for solid m ed ium , 

in deionised H20  with the pH was adjusted to 7.0 with NaOH. LB was 

sterilised by autoclaving and ampicillin added to a concentration of 

50|ig/m l if required.

SOB M edium

Contained 20% (w /v) Bacto-tryptone, 0.5% Bacto-yeast extract, 

lOmM NaCl, 2.5mM KC1, lOmM MgCl2, lOmM MgS04, in deionised water 

with the pH adjusted to 7.0 with NaOH. SOB was sterilised by 

autoclaving.

SOC Medium

SOB m edium  (see above) plus 20mM glucose (added after 

autoclaving).

2.2.2 S. cerevisiae M edia 
Yeast Rich Media (YPD)

Contained 1.0% (w /v) Bacto-peptone (DIFCO), 1.0% (w /v) Bacto- 

yeast extract (DIFCO) and 2.0% (w /v) Agar for solid m edium  in deionised 

H20  and sterilised by autoclaving. 20% (w /v) glucose added to a final 

concentration of 2%.

Synthetic Complete Medium (SCM) - Drop-Out

SCM mix contained lOOg Yeast Nitrogen Base, w ithout amino acids 

and am m onium  sulphate (DIFCO), 0.3g arginine, 0.3g cysteine, 0.3g 

proline, 0.3g serine, 0.45g isoleucine, 0.45g lysine, 0.45g tyrosine, 0.75g 

phenylalanine, l.Og aspartic acid, l.Og threonine, l.Og valine, 294g 

ammonium sulphate, 30g K2H P 0 4.
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The ingredients were ground with a pestle and m ortar, stored at 

room tem perature and the mixture was shaken well before each use:

SCM m edium  contained 5.6g SCM mix, 1.6g Agar (for solid 

medium), 720ml H20 .

The medium was sterilised by autoclaving. 80ml of the appropriate 

carbon source was added (20% glucose or 20% galactose and 20% raffinose) 

along with the following amino acids as required: 1.6ml h istid ine  

(lOmg/ml), 8ml adenine sulphate (2mg/ml), 2.4ml leucine (lOm g/m l), 

8ml uracil (2mg/ml), 1.6ml m ethionine (lOmg/ml), 1.6ml tryptophan 

(lOmg/ml).

2.3 M ethods o f Cell Transformation

2.3.1 Escherichia coli Transform ation
A. Preparation of Competent Cells

A sample of DH5a from a glycerol stock at -70°C was streaked out

onto SOB agar and incubated at 37°C for 16 hours. 5ml of SOB was 

inoculated with a single colony from the plate and incubated at 37°C for 2 

hours (A600 = 0.3). 100ml fresh SOB were inoculated with this culture and 

incubated for a further 2 hours at 37°C (A600 = 0.48). The culture was 

chilled on ice for 5 minutes and then harvested by centrifugation in a 

Sorvall GSA rotor at 6000rpm at 4°C for 5 minutes. The cells were 

resuspended in 40ml Tfbl (30mM potassium acetate, lOOmM rubid ium  

chloride, lOmM calcium chloride, 50mM manganese chloride, 15% (v /v ) 

glycerol, adjusted to pH5.8 with 0.2M acetic acid). After incubation on ice 

for 5 minutes, the cells were harvested by centrifugation in a Sorvall GSA

67



rotor at 6000rpm at 4°C for 5 minutes. The cells were resuspended in 4m l 

Tfbn (lOmM MOPS, 75mM calcium chloride, lOmM rubidium  chloride, 

15% (v/v) glycerol, adjusted to pH6.5 with KOH). After incubation on ice 

for 15 m inutes, the cells were aliquoted into cryotubes. The com petent 

cells were frozen in ethanol/dry ice and stored at -70°C (Sambrook et al., 

1989).

B. Transformation

The prepared competent cells were thawed and incubated on ice for

10 minutes. 5|il of transforming DNA (~20ng) were added to 50 jul of cells.

The cells were incubated on ice for a further 30 m inutes before heat 

shocking at 42°C for 90 seconds. Cells were incubated on ice for 2 m inutes. 

Four volumes of SOC were added and the cells were incubated at 37°C 

with aeration for 60 minutes. The cells were collected by centrifugation in

a microfuge, resuspended in 200(il SOC, spread on selective plates and

incubated at 37°C for 16 hours (Sambrook et al., 1989).

2.3.2 Saccharomyces cerevisiae Transform ation
Yeast were grown in appropriate m edium  to a density of 0.5-lxl07

cells/m l (mid-log phase) and harvested by centrifugation in a bench

centrifuge at 3500rpm for 2 minutes. The yeast were washed 3x w ith

sterile MilliQ water and once with 1ml sterile lithium acetate/TE (lOOmM

lithium  acetate, lOmM Tris-HCl pH7.5, ImM  EDTA). The cells were

pelleted by centrifugation in a microfuge and resuspended at 2x109

cells/m l in lithium acetate/TE. l-2|ng of plasmid DNA were added to 50(0.1 

aliquots of cells along with 5|Lig salmon sperm DNA (Schiestl and Gietz,
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1989) 300jil lithium-PEG (40% PEG4000 in 0.1M lithium  acetate/TE) were

added and the samples were incubated for 30 m inutes at 30°C w ith gentle 

agitation. The samples were heat shocked at 42°C for 15 m inutes and th en  

chilled on ice. The cells were harvested by centrifugation in a microfuge, 

resuspended in a suitable volume of TE pH7.5, spread on appropriate 

plates and incubated at a suitable temperature for 48-72 hours (Gietz et al.,

1992).

2.4 Plasm id DNA Preparation from  E. coli

2.4.1 'M iniprep ' Procedure
This procedure was used for the rapid isolation of DNA from E.

coli transform ants for plasmid screening. 2ml of LB + ampicillin at 

5m g/m l were inoculated with a single transform ant and incubated w ith  

agitation at 37°C for 16 hours. The cells were harvested by centrifugation

for 30 seconds in a microfuge and resuspended in lOOfil cold Solution I 

(50mM glucose, 25mM Tris-HCl pH8.0, lOmM EDTA pH8.0) by vortexing 

vigorously. 200fil Solution II were added (0.2N NaOH, 1% SDS). The 

samples were mixed by inversion and 150jil cold Solution III were added

(3M potassium, 5M acetate). After incubation on ice for 5 m inutes, the 

samples were subjected to centrifugation in a microfuge for 5 m inutes. 

The supernatants were transferred to fresh tubes and the nucleic acids 

were recovered by ethanol precipitation (Sambrook et al., 1989). The 

pellets were resuspended in a convenient volume of TE pH8.0 and treated 

with 10U RNAse A (Ribonuclease A Type IIIA from bovine pancreas,
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SIGMA) at 37°C for 2 hours to degrade the RNA. 5j l l 1 of the DNA were 

used for agarose gel electrophoresis or in restriction digests.

2.4.2 Large Scale Plasmid Isolation (Alkaline Lysis Plasmid 'Maxipreps')
This method was used to prepare plasmids for DNA m an ipu la tion

and for the transformation of S. cerevisiae. lOOpl of an E. coli culture used

in the m iniprep m ethod were used to inoculate 200ml LB + am picillin. 

The cultures were grown for 16 hours at 37°C with aeration. The cells 

were harvested by centrifugation in a Sorvall GSA rotor at 6000rpm at 4°C 

and resuspended in 4.5ml cold Solution I (50mM glucose, 25mM Tris-HCl 

pH8.0, lOmM EDTA pH8.0). The cells were transferred to a Corex tube and 

0.5ml 50m g/m l Lysozyme (48,000U/mg from chicken egg white, SIGMA) 

were added. After incubation for 10 m inutes at room tem perature, 10ml 

Solution II were added (0.2N NaOH, 1% SDS) and the samples were 

incubated on ice for 10 minutes. 7.5ml cold Solution III were added (3M 

potassium, 5M acetate) and the samples were mixed by inverting several 

times. After incubation on ice for at least 10 minutes, the samples were 

centrifuged for 20 m inutes at 4°C in a Sorvall HB4 rotor at 10,000rpm. 

18ml of the supernatants were mixed with 12ml of isopropanol in a fresh 

Corex tube to pellet the nucleic acids and centrifuged for 20 m inutes at 

room tem perature in a Sorvall HB4 rotor at 10,000rpm. The pellets were

washed with 70% ethanol and resuspended in 4.5ml TE pH8.0. 20|il (200U)

RNAse A were added and the samples were incubated at 37°C for 40

minutes. 100pl of a lOm g/m l ethidium  bromide solution and 4.5g
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caesium chloride were added to the DNA solution which was transferred 

to a Beckman Quick-Seal polyallomer tube and subjected to centrifugation 

for 16-20 hours at 50,000rpm at 20°C in a Beckman VTi65 rotor (Sambrook 

et a l, 1989).

The lower red band formed on the gradient (containing the 

supercoiled plasmid) was collected with an 18-gauge needle attached to a 

syringe. The DNA was extracted 4-5x with an equal volume of water- 

saturated isobutanol (to remove the ethidium  bromide). The plasm id 

sample was then loaded onto a 10ml Sepharose CL-4B (Pharm acia 

Biotech) column equilibrated with TE + 0.3M NaCl. 5ml TE + 0.3M NaCl 

were added to the column. The first 3ml to flow through were collected 

and discarded. The next 3ml (containing the plasmid) were extracted lx 

with an equal volume of phenol, lx  with an equal volum e of 

chloroform:isoamylalcohol (24:1), and the DNA was recovered by e thanol 

precipitation (Sambrook et al., 1989). The DNA was resuspended in a 

convenient volume of TE pH8.0 and actual DNA concentration was 

determined spectrophotometrically. All plasmids were stored at -20°C.

2.5 Gel Electrophoresis o f DNA
The agarose was purchased from Boehringer Mannheim.

2.5.1 Agarose Gel Electrophoresis
Horizontal agarose gels were routinely used for the separation of

DNA fragments greater than 200 nucleotides in length. All agarose gels 

were 0.8% (w /v) and were run submerged in lx  TAE (40mM Tris-acetate, 

ImM  EDTA pH8.0) (Sambrook et al., 1989). The samples were loaded in lx
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gel-loading buffer (6x = 0.25% bromophenol blue, 0.25% xylene cyanol FF, 

40% (w /v) sucrose in H20), and the gels were run for 45 m inutes at 80 

volts (minigels) or 3 hours at 150 volts (large gels).

To visualise the DNA, the gels were submerged for 30 m inutes in

an ethidium  bromide solution (lpg/m l) and viewed on a UV

Transillum inator (UVP Inc.). Gels were photographed with a Polaroid 

545i camera using a red-orange filter, varying the aperture and exposure 

time as necessary.

The gel markers used were BsfEH-digested X DNA, supplied by 

New England Biolabs, w ith fragments of the following sizes (in base 

pairs): 8454, 7242, 6369, 5686, 4822,4324, 3675,2323,1929,1371,1264, 702, 224 

and 117.

2.5.2 Recovery of DNA from Agarose Gels
The DNA fragments were isolated from gels for use in DNA

m anipulations were separated by agarose gel electrophoresis and 

visualised by staining with ethidium bromide. The appropriate fragm ents 

were excised from the gel using a scalpel and purified using a Gene Clean 

II Kit supplied by BIO 101 USA, according to the m anufacturer's 

instructions.

2.6 DNA M anipulations
The phenol used in the following protocols was obtained from

Rathburn Chemicals Ltd. and was water-saturated. Phenol was 

equilibrated by extraction 3-5x with an equal volume of buffer (0.1M Tris 

pH8.0, 0.15M NaCl, lOmM EDTA pH8.0). 8-hydroxyquinilone (SIGMA)
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was added to a final concentration of 0.1%.

2.6.1 Restriction Digests
Restriction enzymes were purchased from New England Biolabs

and used according to the m anufacturer's specifications. DNA was 

digested in the recommended buffer, according to the m anufacturer's 

instructions.

2.6.2 Dephosphorylation of DNA
This technique was used to remove the 5' terminal phosphate from

linear DNA molecules to prevent re-ligation. The DNA was digested to 

completion with the appropriate restriction enzyme and approxim ately 

5U of Calf Intestinal Alkaline Phosphatase (CIP, Boehringer M annheim )

per jig of DNA was added along with the appropriate am ount of lOx CIP 

buffer (lOmM ZnCl2, lOmM MgCl2, lOOmM Tris pH8.3). The reaction was 

incubated at 37°C for 30 minutes. The restriction enzyme(s) and CIP were 

inactivated after use by incubating at 65°C for 1 hour in the presence of 

5mM EDTA pH8.0 (Sambrook et al., 1989). The dephosphorylated DNA 

was recovered by extraction with an equal volum e of 

phenol:chloroform:isoamylalcohol (25:24:1), and ethanol precipitation.

2.6.3 Ligation of Cohesive Term ini
Ligation of DNA fragments with compatible overhangs generated

by digestion with restriction enzymes was performed as follows. The

DNA fragments were made up to 9jnl in bacteriophage T4 DNA ligase

buffer (50mM Tris-HCl pH7.8, lOmM MgCl2, lOmM DTT, Im M  ATP, 

50m g/m l BSA). To this, 0.5U bacteriophage T4 DNA ligase (New England
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Biolabs) were added and incubated at 16°C for 16 hours (Sambrook et al., 

1989). A further 0.5U of bacteriophage T4 DNA ligase were added and 

incubated at room tem perature for 2 hours. The reaction was stopped by

incubating at 70°C for 10 minutes. 2.5(il of each ligation reaction was used

for bacterial transformations.

2.7 D eterm ination o f N ucleotide Sequence from  D ouble  
Stranded-Plasm ids

The dideoxy chain-term ination sequencing m ethod (Sanger et al.,

1977) was used to sequence all generated constructs, following the 

protocol in the m anual supplied with 'Sequenase Version 2' (kit from  

USB). All reagents were supplied by USB. The radioactive label used for 

sequencing was a 35S dATP (>400Ci/mmol, Amersham). 5% 

polyacrylamide 7M urea gels were used to separate the sequencing 

products. To visualise the labelled DNA, the gels were fixed (10% 

methanol, 10% acetic acid), dried onto W hatm an 3MM paper, and 

exposed to X-ray film (X-OMAT AR-5) at room tem perature for 

approximately 16 hours. The films were developed in a Fuji RGII Film  

Processor.

2.8 Polym erase Chain Reaction (PCR)
Full length and sequential deletions of the DBF4 gene were

amplified from genomic DNA isolated from W303-la using 

oligonucleotides that hybridised to the 5' and 3' ends of the gene. 

Extensions were performed with TAQ polymerase. A mixture of genomic 

DNA, TAQ polymerase, deoxyribonucleotides (dATP, dCTP, dGTP, dTTP.
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All the nucleotides used in the extension reactions were supplied as 

ultrapure solutions at lOOmM and at pH 7.5 from Pharmacia Biotech).

PCR reaction m ix
• 10|iil lOx Taq extension buffer'*
•  I O j l i I ,  2.5mM each dNTP
•  I j l i I  o f  e a c h  p r im e r  o l ig o n u c le o t id e  (1 0 0 p m o le s / |L il)

• lOng of genomic DNA
• Sufficient H20  to make up the total volume to IOOjllI.
*10x Taq extension buffer = 0.1M Tris-HCl pH8.5, 0.5M KC1, 0.015M MgCl2.

All reactions were overlaid with 50|l l 1 m ineral oil and incubated at

98°C for 7 minutes. The samples were chilled on ice and 2jll1 (2.5U) Taq

DNA polymerase (a gift from Mike Howell, ICRF) was added. The 

reactions were cycled 30 times in a thermal cycler: 30 seconds at 94°C, 1 

minute at 50°C and 1-2.5 minutes at 72°C.

W hen the cycles were complete, 5j l l 1 were w ithdraw n from each

reaction and run in 0.8% (w /v) agarose gels, stained w ith e th id ium  

bromide to visualise products.

The PCR reactions for each amplification were extracted once w ith  

an equal volum e of phenokchloroform  and the supernatants were 

transferred to fresh tubes and the nucleic acids were recovered by ethanol 

precipitation (Sambrook et al., 1989). The precipitated DNA sequences 

were dissolved in 50j l l 1 of TE.

2.9 Oligonucleotides used in PCR reactions.
All the oligonucleotides used in this thesis were prepared using an

Applied Biosystems 380B DNA Synthesiser and purified by reverse phase 

high performance liquid chromatography (ICRF Oligonucleotide
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Synthesis Laboratory). Additional purification was obtained by dissolving 

the oligonucleotide in 200|il of 0.3M sodium acetate w ith 10 mM MgCl2 

and precipitating with 3 volumes of cold ethanol for 15 m inutes at -70°C. 

The oligonucleotide was resuspended in H20  at 100 pm ols/pl.

The oligonucleotides used in this study were the following:

FSP 5'GTAAAACGACGGCCAGT3'
RSP 5'CAGGAAACAGCTATGAC3'
DBF4# 3 5 'A A A A A AGG ATCCT AGT GT AG A AG ATT GG AC A ATG3'
DBF4M 5/AAAAAAGGATCCTATGTATTTAATGTAAGAAAC3/
DBF4W7 5'AAAAAAGGATCCAAATGCAAATAACTCAATTTTTTG3'
DBF4#9 5'AAAAAAGGATCCAAATGTATAAGCGCGTAGTAAAG3'
MIG#1 5,AAAAAAGGATCCCAATATTTGAAATCTGAG3/
MIG#12 5'AAAAAAGGATCCAATGGTTTCTCCAACG3'
MIG#20 5'AAAAAAGGATCCATGGTTTCTCCAACGAAAATG3'
MIG#29 5'AAAAAAGTCGACTATTTGAAATCTGAGATTTTC3'
MIG#30 5'AGATCTCTTGAGGCCCTCGAGGCCCAACAGCAGC3'
MIG#31 5'GCTGCTGTTGGGCCTCGAGGGCCTCAAGAGATCT3'
SJD#15 5'AAAAAAAGGATCCAAATGGTTTCTCCAACG3'
SJD#16 5'AAAAAAAGGATCCACTTTACGTCGTGTCCC3'

2.10 Site directed m utagenesis o f  DBF4

The DBF4 R62A L65A m utation was constructed as follows. The 

full length DBF4 gene (the PCR product of primers: MIG#20 and MIG#29) 

was cloned into the pMHTgal vector. The resulting plasmid was used as 

the template for a single round of site directed mutagenesis using the 

following PCR primers: MIG#30 and MIG#31 as described in the 

QuickChange Site-directed Mutagenesis kit (Stratagene).

2.11 Construction o f the DBF4 Tagged Strains
Epitope tagging of the DBF4 gene was performed in W303-la and

cdc7-l using a similar strategy to that previously described (Micklem et al., 

1993). The tagging was performed by cloning the PCR product of the 3' end
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of DBF4 (primers: DBF4#7 and MIG#1). in frame to sequences encoding 

for the c-myc epitope (recognised by the 9E10 monoclonal antibody) and 

nine histidine residues in the pMHT integrative vector (Micklem et al.,

1993) at the Bam H l site. The vector was linearised w ithin the DBF4 

sequence and used to transform the yeast strains. This process substituted 

the endogenous copy of DBF4 w ith its epitope tagged version. A sim ilar 

procedure was used to substitute the DBF4 prom oter sequence by the  

Gall-10 prom oter in W303-la, cdc4te, and APC mutants. The PCR products 

of the 5' end of DBF4 were cloned in pMHTgal (primers: MIG#12 and 

DBF4M) and pRS304gal (primers: SJD#15 and DBF4#3) integrative 

vectors downstream of the GAL1-10 prom oter sequence using the B am H l 

site. The vector was linearised w ithin the DBF4 sequence and used to 

transform  the yeast strain. Integrants were selected by auxotrophy for 

uracil and by the ability to grow in galactose/raffinose but not on glucose 

m edia.

2.12 Cell Synchronisation o f Saccharomyces cerevisiae
For several experiments it was necessary to arrest cells at particular

points in the cell cycle. The visualisation and quantification of budded 

cells on a haemocytometer was achieved using a Nikon Optiphot-2 Light 

microscope.

2.12.1 Nocodazole
The microtubule inhibitor nocodazole (methyl-(5-[2-

thienylcarbonyl]-H-benzimidazol-2-yl) carbamate, SIGMA) as a stock 

solution of 2m g/m l in DMSO, was added to cells to give a final
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concentration of 5 |ig /m l (Jacobs et al., 1988). After approximately 3 h o u rs

at the appropriate tem perature, cells were arrested in m itosis as large 

budded cells with the nucleus in the mother cell.

2.12.2 Hydroxyurea
Hydroxyurea (SIGMA) was added to cells to give a final

concentration of 0.2M. This chemical blocks the elongation stage of DN A  

replication (Slater, 1973) by inhibiting ribonucleotide reductase (Lowden 

and Vitols, 1973) and cells arrest in S phase as large budded cells after 

approximately 3 hours at the appropriate temperature.

2.12.3 M ating Pheromone, a  factor
Saccharomyces cerevisiae haploid strains can exist as two distinct

mating types, M A T a  and MATa.. M A T a  cells can be arrested in G1 by the  

addition of exogenous a  factor (Duntze et al., 1973) to a concentration of

1 0 |L ig /m l. The cells take approximately 2-3 hours to arrest as unbudded

cells at the appropriate temperature. The arrest occurs at the same po in t 

in the cell cycle as the cdc28ts block point which is at the G1 checkpoint,

START. The peptide sequence of a  factor is TRP-HIS-TRP-LEU-GLN-LEU- 

LYS-PRO-GLY-GLN-PRO-MET-TYR, and the a  factor used in this thesis

was supplied by SIGMA and the Peptide Synthesis Laboratory, Im perial 

Cancer Research Fund.

2.12.4 Cell cycle block and release experiments
In order to achieve synchronous cell cycles of yeast cells, the yeast

strains were first synchronised in a  factor for the appropriate time. W h en
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>90% of the cells were blocked, the chemical agent was washed off by 

centrifuging the cultures twice in a benchtop centrifuge at 3000rpm and 

finally resuspending the cells in fresh m edium  containing the  

appropriate carbon source. If the cells were to be subm itted to a second

blocking agent after the a  factor block, the second chemical agent was

included in the washes after the a  factor block and kept in the final

resuspending medium. These second chemical agents were either 0.2M 

Hydroxyurea or 0.03% MMS (methyl methane sulfonate, SIGMA).

2.12.5 Use of CDC Genes
By making use of strains carrying m utated versions of CDC (Cell

Division Cycle) genes of Saccharomyces cerevisiae, cells can be arrested at 

various points in the cell cycle (Hartwell et al., 1970). W hen a cdc m u tan t 

is tem perature sensitive, cells will accumulate at a specific stage in the cell 

cycle when shifted to the restrictive tem perature (usually 36-38°C). These 

genes encode products required for specific steps in the cell cycle. The 

arrest normally takes approximately 2-3 hours after shift from the 

permissive tem perature to the restrictive temperature.

2.13 Flow cytom etric DNA analysis o f yea st cells
Aliquots

of 1ml were taken from yeast cultures with 107 cells/m l density, the cells 

collected by centrifugation and immediately resuspended in 70% Ethanol 

for at least lhou r at room temperature. Once fixed, the cells were first 

washed with 1ml 50mM Tris-HCl pH7.8 and resuspended in 0.5ml 50mM 

Tris-HCl pH7.8 containing 0.4m g/m l RNAse A (SIGMA) and incubated
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overnight at 37°C with agitation. The cells were then pelleted and 

resuspended in 0.5ml of 5m g/m l Pepsin (SIGMA) freshly dissolved in a 

55mM HC1 solution and incubated at 37°C for 30min w ith agitation. Once 

the Pepsin treatment was accomplished, the cells were washed once w ith  

FACS buffer (180mM Tris-HCl pH7.5, 190mM NaCl, 70mM MgCl2) and

resuspended in 0.5ml of FACS buffer containing 50|Xg/ml Propid ium  

Iodine (SIGMA). The samples were sonicated briefly, diluted to 1/500 in  

FACS buffer and analysed on a Becton Dickinson FACScan according to 

m anufacturer's instructions.

2.14 DAPI staining and visualisation o f yeast nuclei
The visualisation of yeast nuclei in the synchronisation

experiments was achieved by taking 1ml aliquots of yeast cells w ith  

107cells/m l cell density and immediately resuspending them  in 70% 

Ethanol and allowed to stand for at least lhour at room tem perature. The

cells were collected and resuspended in 90% Ethanol containing 0.1|ig/m l 

DAPI (4',6-diamidino-2-phenylindole, SIGMA) and incubated for 5min at 

room tem perature with occasional agitation. The cells were then w ashed 

several times with MilliQ water until optim um  fluorescence of the yeast 

nuclei was achieved. The yeast cells were visualised in a Zeiss Axioskop 

fluorescence microscope.

2.15 M ethods o f Yeast Cell Lysis

2.15.1 Lysis with Glass Beads
Extracts were made after resuspending the cell pellet in 3 vo lum es

(w /v) of lysis buffer and immediately vortexing 3-5 volumes of cell slurry
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with 4 volumes of glass beads (0.5mm, BDH) for 4 x 30 seconds in a 14ml 

Falcon tube. Lysis buffer is 25mM Tris-HCl pH7.5, lOOmM NaCl, 10%

glycerol (v/v), ImM  PMSF (0.1M in isopropanol), 2 |ig /m l leupeptin ,

lp g /m l pepstatin A (lm g /m l in methanol), lOmM benzam idin HC1 and 

0.1% Tween20 (BDH)

The glass beads were prepared in the following way. The beads 

were soaked in concentrated hydrochloric acid for several hours, w ashed 

thoroughly with deionised water, washed with 1M Tris-HCl pH8.0, 

washed again with deionised water, and microwaved to dryness.

2.15.2 Lysis in Liquid Nitrogen
Cultures carrying the epitope tagged Dbf4p under its own prom oter

were grown to 5xl07 and frozen in liquid nitrogen. The frozen pellets 

were crushed in a coffee mill in the presence of dry ice until more th a n  

70% cell lysis was obtained. While the lysed cells were sill frozen, 50% 

(v/w ) of 2x lysis buffer lacking Triton X-100 (lx lysis buffer is 50mM

H epes/N aO H  pH7.8, 400mM NaOAc, 50mM p-mercaptoethanol, 0.1%

Triton X-100, 10% glycerol plus protease inhibitors: O.lmM AEBSF,

2 |ig /m l aprotinin, lOmM benzamidin HC1, 2pg/m l leupeptin, lp g /m l

pepstatin A) was added and the extract allowed to slowly thaw on ice w ith  

gentle stirring. Once thawed, Triton X-100 was added to a final 

concentration of 0.1% and left to stir for 30min. The hom ogenate was 

centrifuged at 16,000g for 30min. at 4°C. The supernatant was collected and 

the final pH was adjusted to 7.8, producing the yeast whole cell extract 

(WCE).
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2.16 SDS-PAGE Electrophoresis o f Proteins
Acrylamide and bis-acrylamide stock solutions were supplied by

Severn Biotech Ltd. All other reagents were supplied by BDH or SIGMA.

Samples to be electrophoresed by SDS-PAGE were treated as 

described (Laemmli, 1970). The compositions of the gels were as described 

below. The stacking gels were 1cm long and the resolving gels were 6cm 

long. Gels were run at 150V until the brom ophenol blue reached the 

resolving gel. After the samples penetrated the resolving gel the voltage 

was turned up to 200V. Electrophoresis was term inated w hen the 

brom ophenol blue run off the bottom of the gel or further still if h igher 

resolution was required.

2.16.1 Gel and Buffer Compositions

Resolving gel:
Reagent 7.5% 10% 12.5% 15% 17%
Acrylamide (v /v) 7.5% 10% 12.8% 15% 16.9%
Bis-Acrylamide (v/v) 0.19% 0.12% 0.10% 0.09% 0.07%
All gels contained SDS 0.1% (w /v) and 0.38M Tris HC1 pH  8.7.
Gels were polymerised w ith 0.04% (w /v) am m onium  persulphate and 
0.08% (v/v) TEMED.

Stacking Gel:
Reagent Concentration
Acrylamide 
2% Bis- 
Acrylamide 
Tris-HCl pH6.8 
SDS

5.1% (v/v) 
0.14% (v/v)

0.125M 
0.1% (w /v)

Gels were polymerised with 0.05% (w /v) Am m onium  persulphate and 
0.1% (v/v) TEMED.
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3x Laemmli Sample Buffer:
Reagent Concentration
Glycerol
SDS
P-m ercaptoethanol 
Tris-HCl pH6.8 
Brom ophenol Blue

20% (v/v)
9% (w /v) 
2.16M
0.1875M 
0.0125% (w /v)

Gel Running Buffer:
Reagent Concentration
Tris base 0.04M
glycine 0.32M
SDS 0.1%
m ethano l 20%

2.16.2 Molecular W eight Markers for SDS-PAGE
Low and high range standards (BIO-RAD) were routinely used in all SDS-

PAGE gels.

High range MW(kDa) Low range MW(kDa)
M yosin 200
p-galactosidase 116
Phosphorylase B 97 Phosphorylase B 97
Bovine serun i Bovine serum
album in 66 album in 66
O valbum in 45 O valbum in 45

Carbonic 31
anhydrase
Trypsin inhibitor 21.5
Lysozyme 14

2.16.3 Treatm ent of Protein Samples
All samples heated at 95°C in IX Laemmli buffer prior to

electrophoresis

2.17 Coom assie Staining o f SDS-PAGE gels
After electrophoresis the gel was transferred to a clean plastic

container. Sufficient 0.25% Coomassie brilliant blue R-250 (SIGMA), 50% 

methanol and 10% acetic acid was added to cover completely the gel. The
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gel was incubated for up to 2 hours while shaking. The stain was 

removed and the gel was destained by with 10% methanol and 7.5% acetic 

acid.

2.18 Silver Staining o f SDS-PAGE gels
After electrophoresis the gel was transferred to a clean glass

container. The gel was stained using BIO-RAD's Silver Stain Plus kit and 

used according to the manufacturers' instructions.

2.19 D eterm ination o f Protein Concentration
Protein concentrations were routinely determined by the Bradford

assay (Bradford, 1976), using the Bio-Rad protein assay solution. 

Absorbencies were read at 595nm in a spectrophotometer. A standard 

curve was made with dilutions of known amounts of bovine serum  

album in (BSA). Alternatively, with samples of purified protein, a v isual 

comparison was made between the protein run on a SDS-PAGE gel, 

stained with coomassie brilliant blue and of known am ounts of bovine 

serum  albumin.

2.20 Sem i-Dry Transfer o f Proteins to N itrocellulose
For all imm unoblots a BIO-RAD 200/20 semi-dry transfer

apparatus was used.

After SDS-PAGE electrophoresis the stacking gel was cut off and the 

gel equilibrated in transfer buffer for 20min. Transfer buffer is 48mM Tris 

base, 39mM glycine, 0.0375% SDS, 20% methanol.

The nitrocellulose (Hybond ECL, Amersham) was cut to the size of 

the gel and equilibrated in transfer buffer for 20min. Just before assembly,

84



two pieces of thick blotting paper were completely saturated in transfer 

buffer.

Blotting paper, gel, nitrocellulose, blotting paper were assembled in  

that order on the platinum  anode (bottom part of semi-dry transfer 

apparatus) one layer at a time, rolling out air bubbles at each step w ith a 

glass pipette.

The cathode was placed on top and gels were transferred for 20m in. 

at 15V. After transfer the nitrocellulose was stained with 0.2% (w /v) 

Ponceau S (SIGMA) in 3% (w /v) trichloroacetic acid (BDH) to exam ine 

whether proteins were successively transferred. The stain was washed o u t 

successive rinses with deionised water.

2.21 Im m unoblotting

Once the tranfer of the proteins onto nitrocellulose was achieved, 

the blot was incubated with a large excess of blocking solution (5% non-fat 

at dry milk powder (Marvel) in TBS-T (25mM Tris pH 8.0, 140mM NaCl, 

2.5mM KC1 and 0.1% v /v  Tween 20, SIGMA) for 2 hours at room  

tem perature or, alternatively, for 12 hours at 4°C. After the nitrocellulose 

was blocked it was washed quickly with 2 rinses of 200ml TBS-T. The blot 

was incubated w ith the primary antibody for 1-2 hours at room  

tem perature (alternatively, overnight at 4°C) in the blocking solution. 

Subsequently, the solution was discarded and the blot quickly rinsed 5 

times and washed 4 times in succession with a total volume of 11 of TBS- 

T for 40 minutes. The secondary antibody was subsequently incubated 

with the blot for 1 hour at room temperature. Once the incubation of the
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secondary antibody had finished, the solution was decanted, the blot 

quickly rinsed 5 times and finally washed 4 times in succession w ith a 

total volume of 11 of TBS-T for a total time of 40 m inutes. The 

immunoblots were revealed using Amersham's ECL kit (RPN2106) using 

the m anufacturers instructions and exposed to X-ray film (X-OMAT AR- 

5) in various exposures.

Several antibodies were used in the im m unoblotting procedure. 

The concentrations for the primary and secondary antibodies were the 

following:

9E10 im m unoblots - Primary antibody: 9E10 at 2pg/m l (ICRF Cell and

Media Production unit) in 5% milk/TBS-T. Secondary antibody: A n ti

m ouse IgG labelled with horseradish peroxidase (HRP, Amersham) used 

at a dilution of 1/10,000 in 5% milk/TBS-T.

Dbf4p polyclonal im m unoblots - Primary antibody: Dbf4p polyclonal #36 

used at a dilution of 1/10 in 5% milk/TBS-T (the Dbf4p polyclonal 

antibody was produced during this study). Secondary antibody: Protein  A 

coupled to HRP (Amersham) used at a dilution of 1/10,000 in 5% 

milk+2% yeast extract/TBS-T.

Cdc7p polyclonal im m unoblots - Primary antibody: Cdc7p polyclonal #35- 

3 used at a dilution of 1/500 in 5% milk/TBS-T (provided by K ristine 

Bousset, ICRF). Secondary antibody: ProteinA coupled to HRP

(Amersham) used at a dilution of 1/50,000 in 5% milk/TBS-T.

Rad53p polyclonal im m unoblots Primary antibody: Rad53p polyclonal 

antibody used at a dilution of 1/1,000 in 5% milk/TBS-T (provided by
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Corrado Santocanale, ICRF). Secondary antibody: Protein A coupled to 

HRP (Amersham) used at a dilution of 1/10,000 in 5% milk/TBS-T.

2.22 Printing o f  Im m unoblot images.
All X-ray film exposures of imm unoblots used were scanned by a

Molecular Dynamics Computing Densitometer. The images were 

im ported into Macintosh ClarisDraw program (Claris corporation) and 

labelled with text. The images were printed on a Tektronix Phaser IISDX 

printer.

2.23 The Chromatin Binding A ssay.
The chrom atin binding assay was performed as described in (Donovan, 

1997).

A) Spheroplasting

Cells from a 50ml culture at lxlO7 cells/m l were pelleted and 

resuspended in 15ml of the following buffer lOOmM Pipes/KOH pH  9.4, 

lOmM DTT.

The cells were incubated at 30°C * for 10 m inutes w ith agitation. 

After which they were spun out and resuspended in a 10ml so lu tion  

containing 10% (v /v) YPD**, 0.6M Sorbitol and 25mM Tris-HCl pH  7.5. 

Subsequently, 20pl Lyticase 25 m g/m l (L-5763 8,000 un its /m g  protein, 

SIGMA) was added. The cell suspension was incubated w ith the enzym e 

at 30°C for approximately 15 minutes w ith agitation until cells were 100% 

spheroplasted - as judged microscopically by lysis in 1% Triton-XlOO.

*In the case of working with strains grown at tem peratures o ther 

than 30°C, the tem perature used in the various steps outlined above was
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that at which the cells were initially harvested.

**When cells were grown with a different carbon source, this 

media was used instead of YPD and supplem ented w ith the required 

concentration of Sorbitol and Tris buffer as above.

B) Cell Lysis

Once spheroplasted, the cultures were spun at lOOOrpm in benchtop 

centrifuge 3 m inutes to pellet cells. The pellet was washed three tim es 

w ith 1ml lysis buffer, each time cells were spun out as above. (Lysis Buffer 

is 0.4M Sorbitol, 200mM Potassium acetate, 2mM M agnesium acetate, 

25mM Pipes/KOH pH  6.8, ImM  PMSF, lO pg/m l Leupeptin, lp g /m l 

Pepstatin A, lOmM Benzamidine HC1). The cells were finally resuspended 

in 1ml of lysis buffer.

The total volum e of the cell suspension was m easured and 10% 

Triton X-100 (v /v  in H20 )  was added to the suspension so that the final 

concentration was 1%. The solution was mixed gently on ice until the  

suspension turned clear, this constitutes the whole cell extract. An aliquot 

of 20ul of the whole cell extract was w ithdraw n and added to lOpl of 3x 

Laemmli buffer.

C) Chromatin Isolation

lOOjil of the extract was removed and spun in microfuge at top 

speed (14000rpm) for 15 m inutes at 4°C. The total volum e of the  

supernatant was measured. An aliquot of 20pl of the supernatant was 

removed and added to lOpl of 3x Laemmli buffer and the rem ainder of 

the supernatant was removed and discarded. The chrom atin pellet was
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gently washed w ith lysis buffer and resuspended in the same volum e of 

the supernatant. Finally, 20pl was taken from the pellet solution and 

added to lOpl of 3x Laemmli buffer. This resulted in three samples: the 

starting whole cell extract (WCE), the supernatant (Su) and the chrom atin  

pellet (Ch), all norm alised to deliver loadings equivalent to the starting 

extract.

2.24 Phosphatase o f yea st whole cell extracts

In order to inactivate endogenous proteases, the yeast whole cell 

extracts were immediately incubated for 3 minutes, at 95°C in the presence 

of 3% SDS. The extracts were diluted 1:10 in PAP buffer (20mM MES pH 

6.5, 0.1M NaCl, 5mM MgCl2, protease inhibitors: O.lmM AEBSF, 2jig/m l

aprotinin, lOmM benzam idin HC1, 2 |ig /m l leupeptin, ljig /m l pepstatin

A). The potato acid phosphatase (Boehringer) was added to a final 

concentration of 5U /m l and incubated for 30 minutes at 30°C either in the 

presence or absence of 50mM NaF, the phosphatase inhibitor. The 

reactions were stopped by adding 3x Laemmli buffer and boiling the 

samples for 3 minutes.

2.25 Purification o f the Tagged Dbf4p Protein .

2.25.1 N i2+-NTA-agarose resin
Ni2+-NTA-agarose (QIAGEN) was pre-treated according to the

m anufacturer's instructions.
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2.25.2 Purification of tagged proteins

2.25.2.1 Ni2+-NTA affinity Chromatography

Imidazole was added to the WCE to a final concentration of 20mM 

and incubated with 4% (v/v) pre-equilibrated N i2+-NTA beads (QIAGEN) 

for 1 hour at 4°C on a rotator. The beads were separated from the flow 

through (Ni2+-FT) by centrifugation and washed w ith >100 co lum n 

volumes with lx  lysis buffer supplem ented with 20mM Imidazole. The 

colum n was finally eluted (Ni2+-eluate) using three volum es of lx  Lysis 

buffer containing 400mM Imidazole.

Aliquots were saved from each step in the above procedure and 

used to m onitor the recoveries of the tagged proteins during the 

purification, using an immunoblot assay with the 9E10 antibody.

2.25.2.2 9E10 immunoaffinity chromatography

The Ni2+-eluate was added to 10% (v/v) 9E10 coupled to protein G-agarose 

beads (a gift from Takashi Seki, ICRF) pre-equilibrated w ith H10 Buffer 

(lOmM Hepes.NaOH pH 7.2, 400mM NaOAc, 0.1% Triton X-100, 10% 

Glycerol, 5mM MgOAC, 0.5mM EDTA, protease inhibitors) and incubated 

overnight at 4°C on a rotator. The 9E10 beads were separated from the 

flow through (9E10-FT) by centrifugation and washed w ith > 500 co lum n  

volumes w ith H10 buffer. The beads were finally recovered and used for 

the subsequent reactions.

From each purification step, an aliquot was taken and used for 

imm unoblotting analysis using the 9E10 monoclonal antibody for Dbf4p- 

myc detection and Cdc7p rabbit polyclonal antibody.
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2.26 Gel Filtration A nalysis o f Proteins
Samples were analysed using a Superose 6 32/30 co lum n

(Pharmacia) in a SMART system (Pharmacia). A flow rate of 40 jil/m in  

was routinely used and the volume of the sample injected onto the 

column was 50ml. The column was previously calibrated using 50pl of a

m ixture containing thyroglobulin (670k Da), y-globulin (158kDa), 

ovalbum in (44 kDa) and lOpg of myoglobin (17 kDa). 50|l l 1 fractions were 

automatically collected.

2.27 Kinase assays
The wild type and cdc7-l strains both harbouring the tagged

version of DBF4 under its own prom oter were grown to logarithm ic 

phase and arrested nocodazole when required. These cultures were used 

in the two step affinity purification and the final step divided into 5m l 

aliquots of 9E10 beads containing Dbf4p-myc.his. The beads were 

incubated either in the absence or presence of a bacterial expressed and 

N i2+-NTA agarose affinity purified Mcm2p N-term inal truncation (1-500 

aa) that served as substrate. The reaction were carried in a final volum e of 

30ml of kinase buffer (25mM Hepes pH  7.2, 15mM MgCl2, 2mM DTT, 

5mM NaF) containing 0.133pM of y^P-ATP. The reactions were incubated

at 30°C for 30min and stopped by adding 15|nl 3x  Leammli buffer and

heated at 95°C for 3 minutes. The reactions were fractionated in a 7.5% 

SDS-PAGE and the gels exposed on a phosphor screen. The results were 

analysed using a Phosphoimager (Molecular Dynamics).
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3. Developing means for detecting Dbf4p

3,1 Introduction

In order to study the cell cycle regulation of Dbf4p at the pro tein  

level it was necessary to devise methods for detecting the protein in yeast 

cell extracts. This chapter will describe how this was achieved in two 

ways: by substitution of the genomic copy of DBF4 by an epitope tagged 

version, and by raising rabbit polyclonal antibodies. Epitope tagging is a 

commonly used and efficient method for the detection and purification of 

proteins. This technique had been previously used with success in ou r 

laboratory with several proteins (including Orc2p and the Mem family, 

(Donovan, 1997; Micklem et al., 1993). The tag used possesses two features. 

It consists of a peptide sequence derived from the hum an c-myc gene and 

nine histidine residues. The c-myc epitope is recognised by the 9E10 

m onoclonal antibody (Evan et al., 1985) and can be used as m ethod of 

detection in imm unoblots or as an affinity purification step. The second 

feature, a poly-histidine sequence, can be used as an additional affinity 

purification step using N i2+-NTA-agarose chromatography. A m ore 

conventional means of detecting proteins in cell extracts is the use of 

rabbit polyclonal sera raised against the whole or part of the protein for 

im m unoblotting. This strategy has the advantage of avoiding of genetic 

m anipulation of the yeast strain under study.
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3.2 E pitope Tagging DBF4

The strain expressing epitope tagged Dbf4p was constructed by 

replacing the genomic copy of DBF4 w ith a version of the gene encoding 

the full length Dbf4p with the epitope fused to the C-terminus of the 

protein (figure 1.A). With this strategy, the tagged version is the only full 

length copy of the DBF4 gene. The epitope tagged version of DBF4 is 

expressed from its own promoter, therefore the tagged protein should be 

expressed at levels similar to that of the untagged protein in w ild type 

cells. To accomplish this, the 3' end of the DBF4 gene was amplified using 

PCR with oligonucleotides primers designed to remove the stop codon 

(see Materials and Methods; section 2.11) . The PCR product was cloned 

in frame into the pMHT vector (Micklem et al., 1993), which contains the  

epitope tag sequence. The resulting plasmid linearised within the cloned 

sequence was used to transform a wild type yeast strain. The result of the 

transform ation is expected to be an integration of the plasmid into the  

yeast genome near the site corresponding to the cleavage (figure l.A). 

Transform ants were selected on the basis of prototrophy for the yeast 

m arker contained in the plasmid.

In order to identify a strain harbouring the correct in tegration  

event, the transformants were screened with four PCR reactions design to 

identify both the occurrence of the tagged gene as well as the rem oval of 

the untagged version (figure l.B). The primers used in these PCR 

reactions were designed in such way that they were either unique to the 

plasmid sequence or unique to sequences in the genome (see figure l.B
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Figure 1: Epitope tagging DBF4.

A. Epitope tagging strategy. A plasmid containing the 3' sequence of DBF4 
w ithout the stop codon cloned in frame to the epitope tag was used to 
transform a wild type strain. Integration events result in the substitu tion 
of the endogenous copy of the gene by a full length tagged version under 
the control of the DBF4 promoter and a 3' truncation.

B. PCR selection of correctly epitope transform ants. Primers 1 and 3 are 
specific for the endogenous gene DNA sequence whereas primers 4 and 5 
anneal only to the plasmid DNA. Primer 2 sequence, contained both in  
the genome and plasmid sequences, serves as a positive control w hen  
used w ith prim er 1. PCR reactions using combinations of primers 1 and 3 
should only amplify products when using DNA isolated from parental 
strain and not from the transformant. The combinations of primers 1 and 
4 and prim ers 5 and 3 are only able to produce PCR products in DNA 
isolated from the correctly tagged transform ant cells. The size of the PCR 
product from prim ers 1 and 4 is larger than the one produced using 
primers 1 and 2 due to the amplification of the 3' sequence of DBF4 p lus 
the tag sequence.

C. Detection of epitope tagged Dbf4p. Im munoblot analysis using the 9E10 
monoclonal antibody was performed on yeast whole cell extracts derived 
from asynchronous cultures of wild type or epitope tagged transform ants. 
This revealed the presence of a band that migrates faster than the 97kDa 
marker which specific for the epitope tagged strain. The size of this band is 
slightly higher than the expected molecular weight for tagged Dbf4p 
(80kDa expected from the primary protein sequence added to 5kDa from  
the tag).
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for details). Using this strategy it was possible to select for the correctly 

tagged strain when compared to wild type (figure l.B). DBF 4 is an  

essential gene (Johnston and Thomas, 1982; Johnston and Thomas, 1982) 

and, as the only copy of the DBF4 is the tagged version, the viability of the  

tagged strain infers that the tag does not eliminate the essential function  

of DBF4.

The detection of Dbf4p-myc was achieved using the 9E10 

m onoclonal antibody in imm unoblots w ith whole cell extracts derived 

from asynchronously growing yeast cultures. One benefit of the epitope 

tagging strategy is that the untagged wild type strain provides a valuable 

control to confirm the identity of the detected protein. The m olecular 

weight expected for Dbf4p-myc is 85kDa calculated from the prim ary  

protein sequence (80kDa) plus the tag (5kDa). On im m unoblots, Dbf4p- 

myc was identified as a band that runs below the 97kDa molecular m arker 

(figure l.C), higher than its predicted molecular weight. The m igration of 

proteins in SDS-PAGE gels can be retarded, thereby over-estim ating their 

molecular weight. The band corresponding to tagged Dbf4p is absent in  

extracts derived from the untagged strain (figure l.C).

3.3 Production o f rabbit polyclonal antibodies against Dbf4p

Because it was impossible to rule out the possibility that the epitope 

tag could alter some subtle feature of Dbf4p expression, a m eans of 

detecting Dbf4p without altering the wild type protein was im portant for 

controlling studies in protein expression. Thus, in parallel to tagging 

Dbf4p, we set out to raise polyclonal antibodies against the protein.
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The first step consisted of producing recombinant Dbf4p protein in  

sufficient quantities to immunise rabbits. The bacterium E. coli provides a 

well-established system in which to produce recombinant protein. The 

PCR product of DBF4 coding for the first 136 aminoacids (primers MIG#12 

and DBF4#4) was cloned into pET15b E. coli expression vector (Novagen) 

downstream  of the T7 prom oter and in frame with a 5' sequence coding 

for six histidine. Bacteria transformed with this vector were grown to 

high cell density before inducing the expression of the recom binant 

protein and the polyhistidine peptide used to purify the recom binant 

protein. The Dbf4p 1-136 peptide sequence was efficiently expressed in the 

IPTG induced E. coli strain as determined by comparison of cell extracts 

derived from an uninduced and induced strain on a Coomassie stained 

SDS-PAGE gel (figure 2.A). The proteins in the induced extracts were 

analysed for their solubility and the majority of the recom binant p ro tein  

was present in the insoluble fraction (figure 2.A). In order to purify the 

tagged protein from these extracts by affinity chromatography, it was v ita l 

that the Dbf4p peptide sequence is in the soluble fraction. This was 

achieved by resuspending the insoluble fraction in a buffer containing 8M 

Urea, which rendered the recombinant protein almost totally soluble 

(figure 2.B).

Purification of the recombinant Dbf4p 1-136 was achieved by N i2+- 

NTA-agarose affinity chromatography using the 8M Urea soluble fraction 

of the E. coli extracts. The recombinant protein bound efficiently to the 

N i2+-column. Elution was achieved by using a high concentration of 

imidazole, that competes with the interaction of the polyhistidine tail of
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Figure 2: Production of polyclonal antibodies against Dbf4p.

A. Expression of recombinant N-terminal Dbf4p. E. coli cells carrying a 
plasmid containing the 5' DBF4 sequence cloned downstream  of a 
polyhistidine sequence under the T7 promoter were grown to logarithm ic 
phase and induced to express the recombinant protein. Whole cell extracts 
derived from induced and uninduced cultures were analysed by 
coomassie stained SDS-PAGE gels. The Dbf4p N-term inal fragment is 
revealed as a band migrating between the 31 and 21kDa in the induced cell 
extracts. The solubility of the N-terminal fragment was tested by 
centrifuging the induced whole cell extract thus producing a supernatant 
and an insoluble pellet fraction that were analysed as before. The 
recombinant Dbf4p truncation was present mainly in the insoluble pellet 
fraction.

B. Solubilisation of recombinant Dbf4p in 8M urea buffer. E. coli w hole 
cell extracts were fractionated by centrifugation and the resulting pellet 
solubilised in 8M urea containing buffer. The solubilised pellet was 
submitted to centrifugation generating a 8M urea soluble supernatant and 
an insoluble pellet. The several steps of solubilisation were analysed by 
coomassie staining of an SDS-PAGE gel. Dbf4p N-term inus present in the 
whole cell extract is efficiently solubilised in 8M urea buffer.

C. Affinity purification of recombinant Dbf4p. Dbf4p N -term inus 
solubilised in 8M urea buffer was loaded onto a N i2+-NTA-agarose 
column, the column was washed and the protein was eluted with buffer 
containing 400mM imidazole. Fractions collected from the elution step 
were analysed by coomassie stained SDS-PAGE gels. Recombinant Dbf4p 
loaded is efficiently retained in the column and is eluted with a peak in  
fractions 3-4. Fractions 3-6 were pooled, dialysed against 3% SDS so lu tion  
and used for antiserum production.

D. Im m unoblots against Dbf4p using polyclonal antibodies. Yeast w hole 
cell extracts produced from wild type and tagged strains were separated in  
SDS-PAGE gels and used for immunoblot with Dbf4p-36 polyclonal 
antibodies. Epitope tagged Dbf4p should migrate slower than the untagged 
version present in the wild type cells. Detection of Dbf4p was achieved by 
verifying one band with a different mobility present in extracts derived 
from wild type cells compared to the epitope tagged strain. The expected 
size for untagged Dbf4p of 80kDa is consistent with the mobility of the 
band present in wild type cell extracts.
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the recombinant protein for interaction with the column. The peak of 

eluted recombinant protein was in fractions 3-5 (figure 2.C) and was 

calculated to be approximately 2 mg in total, by comparison of the  

molecular weight markers loaded and the coomassie stained band. These 

fractions were pooled and dialysed against a 3% SDS solution in order to 

substitute the 8M Urea buffer. The recombinant protein was used for the  

immunisation of rabbits which was performed by the ICRF animal facility 

un it.

Following the set of im m unisations, the anti-serum  was collected 

and tested in im m unoblots for detection of Dbf4p in yeast whole cell 

extracts derived from asynchronous cultures. The detection of the p ro tein  

was controlled by comparing extracts derived from the wild type and the 

epitope tagged strain, since the tagged protein should migrate m ore 

slowly than its untagged counterpart. As shown in figure 2.D, Dbf4p was 

detected in a wild type strain as a single band with greater mobility th an  

the tagged version. Comparison of the am ounts of tagged versus 

untagged Dbf4p in equivalent extracts derived from the same num ber of 

yeast cells shows that the tagged protein is expressed to very similar levels 

as its untagged counterpart (figure 2.D). Therefore, the tag does not appear 

to alter the protein amount in the tagged strain.
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4. Regulation of Dbf4p expression during the cell

4.1 Introduction

Previous studies of Cdc7p kinase activity have shown that, despite 

Cdc7p levels being constant throughout the cell cycle, its associated kinase 

activity varies, having a m axim um  at the G1 to S transition (Jackson et 

al., 1993; Sclafani et al., 1988; Yoon et al., 1993). Further evidence suggests 

that Cdc7p kinase activity is regulated by its association w ith Dbf4p 

(Jackson et al., 1993). Therefore, it is possible that the Dbf4/Cdc7 kinase 

activity could be m odulated by regulation of Dbf4 protein levels during  

the cell cycle. This chapter describes the regulation of Dbf4p expression 

during the cell cycle and shows that, contrary to w hat was previously 

reported (Jackson et al., 1993), Dbf4/Cdc7p remains active after S phase is 

completed.

4.2 Dbf4p is present a t different levels throughout the cell cycle

In order to determine if Dbf4p levels vary through the cell cycle, 

yeast cell cultures were synchronised at different stages. Two different

chemicals were used for this purpose. Using the yeast pheromone a  factor

it is possible to synchronise yeast cells in G1 before START. W ith the 

second blocking agent, nocodazole, cells are arrested in G2/M  before 

undergoing anaphase, as nocodazole acts as an inhibitor of m icrotubule
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polym erisation (Jacobs et al., 1988). Yeast cell cultures from both tagged 

and untagged strains were synchronised in G1 and in G2/M , whole cell 

extracts were made from them and the detection of Dbf4p was achieved by 

im m unoblotting. The imm unoblots were probed either w ith the tag- 

specific m onoclonal antibody, 9E10, or with the Dbf4p polyclonal 

antibody. In the im m unoblot probed with 9E10, Dbf4p is only visible in  

the tagged strain as seen in the extracts derived from asynchronous 

cultures (figure 3.A). In the extracts derived from cells synchronised in  

G l, no Dbf4 protein was detected, this contrasts with extracts derived from  

G2/M  blocked cells, where Dbf4p is present in greater am ounts th an  

synchronous cells (figure 3.A). The result was confirmed w hen the 

immunoblots were probed with the Dbf4p polyclonal antibody. Dbf4p can 

be detected in the extracts corresponding to the G2/M  blocked cells and is 

absent in extracts from cells blocked in G l (figure 3.B). This experim ent 

shows that Dbf4p levels vary depending upon the part of the cell cycle in  

which the cells are blocked.

Two different forms of Dbf4p can be discerned in G2/M  arrested 

cells on the basis of their mobility in SDS-PAGE. The confirm ation that 

these two forms correspond to Dbf4p comes from comparison of 

im m unoblots using extracts derived from wild type and epitope tagged 

cells, as both bands shift to slower migrating forms w hen Dbf4p is tagged 

(figure 3.B). Dbf4p has been reported to be a phosphoprotein in v i tro  

(Hardy and Pautz, 1996), therefore the modification seen in G2/M  blocked 

cells could be due to phosphorylation. It was possible to investigate if 

Dbf4p was phosphorylated in G 2/M  blocked cells by subm itting extracts to



Figure 3: Dbf4p is present in G2/M but undetectable in G l

blocked cells.

A. Dbf4 protein levels in epitope tagged blocked cells. Wild type and DBF4 
epitope tagged cell cultures were grown to logarithmic phase and blocked 
either in G l (using the mating pheromone a  factor) or in G 2/M  (using the 
m icrotubule inhibitor nocodazole). Whole cell extracts produced from  
these cultures were analysed by im m unoblotting using the 9E10 
monoclonal antibody that recognises the epitope tagged version of Dbf4p. 
Dbf4p-myc is present only in epitope tagged cell extracts. In asynchronous 
cell extracts, Dbf4p-myc runs as a single band and in G2/M  blocked cell 
extracts Dbf4p is present as a doublet. In extracts derived from Gl arrested 
cells Dbf4p is undetectable.

B. Epitope tagging Dbf4p does not alter protein levels. Whole cell extracts 
derived from the blocked cultures were used in im m unoblots with the 
Dbf4p-36 polyclonal antibody. Dbf4p levels were undetectable in Gl 
blocked cells and accumulate in G2/M blocked cell extracts. Dbf4p-myc 
protein levels are similar to Dbf4p present in wild type cells. The protein 
accumulates as a doublet in both G2/M cell extracts. The Dbf4p doublet is 
shifted to higher mobility in the epitope tagged cell due to addition of the 
tag.

C. Dbf4p is phosphorylated in G2/M blocked cells. In order to investigate if 
the different mobility of Dbf4p present in G2/M  cell cultures was due to 
phosphorylation, whole cell extracts derived from wild type cells blocked 
with nocodazole were treated with potato acid phosphatase either in the 
presence or absence of phosphatase inhibitor. Phosphatase treated extracts 
show a complete loss of the slower migrating band. This effect is 
prevented by the addition of the protease inhibitor to the reaction.
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phosphatase treatment. The phosphatase reactions were perform ed either 

in the absence or the presence of a phosphatase inhibitor. Extracts w here 

phosphatase was added show a complete loss of the slower m igrating 

form (figure 3.C). This effect is prevented if the phosphatase inhibitor is 

present (figure 3.C), demonstrating that the slower m igrating form is due 

to Dbf4p phosphorylation in G 2/M  blocked cells.

4.3 Dbf4p is periodically expressed in the cell cycle

The observation that Dbf4p is absent in G l blocked cells and present 

in G 2/M  suggested that the protein might be periodically expressed in the 

cell cycle. Levels of Dbf4p were therefore investigated in synchronised cell 

cultures. Cell cultures carrying epitope tagged Dbf4p under its ow n 

prom oter were synchronised in G l and released into the cell cycle. Dbf4 

protein levels were m onitored through three consecutive cell cycles. 

Dbf4p levels fluctuate within each cell cycle (figure 4.A). The pattern of 

Dbf4p expression is repeated in each cell cycle. Dbf4p appears in late G l 

coincident with bud emergence (figure 4.A, lanes 3, 9 and 15). The protein  

subsequently accumulates through the cell cycle and disappears w hen  

cells become binucleate in mitosis (figure 4.A, lanes 7, 13 and 19). Dbf4p 

reappears in late G l of the following cell cycle, w hen it is required for 

initiation of DNA replication.

To analyse further Dbf4p levels in a single cell cycle, another a

factor block and release experiment was performed w ith time points 

taken more frequently. Cells synchronised in G l lack Dbf4p (figure 4.B). 

The protein was first detectable in late Gl before the first budded cells
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Figure 4: Dbf4 protein levels fluctuate in the cell cycle

A. Dbf4p has a periodic pattern of expression. Cells expressing Dbf4p-myc 
from its endogenous prom oter were grown to mid-log and blocked in a  
factor. The a  factor was removed by harvesting the cells, washed w ith  
fresh m edium  and allowed to proceed in the cell cycle. Samples were 
taken every ten minutes for 200 min and analysed for Dbf4p-myc levels by 
imm unoblotting with the 9E10 monoclonal antibody. At each time point, 
cells were observed for their budding index (O) and for the percentage of 
binucleate cells (A).

B. Kinetics of Dbf4p expression during the cell cycle. Wild type cells were 
synchronised in G l and released into the cell cycle. Samples were collected 
every five minutes and analysed for Dbf4p expression by im m unoblotting  
with Dbf4p-36 polyclonal antibody during one cell cycle. The cell cycle 
progression was m onitored by determining the budding index (□) and 
percentage of binucleate cells (♦).

C. Initiation of DNA replication was monitored by FACS analysis. Cells 
enter S phase at 15-20 min and S phase is complete 40-45 min after release 
from a  factor. Dbf4p levels appear in late Gl (10-15 min) and peak after S 
phase is complete (45-50 min). Dbf4p degradation is coincident w ith 
nuclear division (55 min).
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appeared. Dbf4p levels increased as cells proceeded through the cell cycle 

and reached a m axim um  after replication had finished, as judged by the  

FACS profile (figure 4.C). Finally, Dbf4p levels started to decline at the  

onset of anaphase, when binucleate cells appeared (figure 4.B). Dbf4p 

expression during the cell cycle, as observed in these two experim ents, 

possesses the same characteristics as those reported for the cyclin proteins, 

and is consistent w ith a role as an activator of Cdc7p, since it was reported 

that Cdc7p-associated kinase activity is low in G l blocked cells and  

subsequently rises in late G l (Jackson et al., 1993).

4.4 The degradation ofD bf4p is cell cycle regulated

The observed pattern of expression of Dbf4p could be the result of 

either cell cycle dependent degradation or the result of periodic 

transcription, if Dbf4p were unstable throughout the cell cycle. The DBF4 

prom oter region contains M lu l  cell cycle box (MCB) elements (Chapm an 

and Johnston, 1989). Promoters containing MCB elements were shown to 

regulate the periodical transcription during the cell cycle (Lowndes and 

Johnston, 1992; McIntosh, 1993). In a similar m anner, DBF4 transcription 

is periodical, exhibiting a m axim um  in late G l (Chapman and Johnston, 

1989). Despite the peak of DBF4 transcription being coincident w ith the 

time of the cell cycle where Dbf4p starts to accumulate, the gene is 

expressed at a high basal level throughout the cell cycle (Chapman and 

Johnston, 1989), thus making it difficult to explain the decline of the 

protein levels at the end of the cell cycle.
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Figure 5: Dbf4 protein levels are periodic when constitutively 

expressed.

A. Strategy for prom oter substitution of DBF4. A plasmid containing the 
5' DNA sequence of DBF4 cloned in frame to the c-myc polyhistidine 
epitope tag and downstream of the Gall-10 prom oter was used to 
transform  a wild type strain. The result of the integration is the 
substitution of the endogenous copy of the gene by a full length version of 
DBF4 under the control of the Gall-10 promoter and a 5' truncation. 
Control of Dbf4p expression is achieved by either growing the cells in  
galactose medium (promoter "on") or glucose medium (promoter "off").

B. Overexpressed Dbf4 protein levels are periodic in the cell cycle. Yeast 
cells expressing DBF4 under the Gall-10 promoter grown in galactose 
containing m edium  were synchronised in G l and released into the cell 
cycle. The ceil cycle progression was monitored by determ ining the 
budding index (□). Overexpressed Dbf4p is present in G l blocked cells and 
accumulates during the cell cycle. Transition between the first and second 
cell cycles (lanes 8-10) is accompanied by a reduction in Dbf4 pro tein  
levels.
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To investigate the effect of periodic transcription of DBF4 on the 

protein levels during the cell cycle, the DBF4 prom oter was replaced by 

the GAL1-10 inducible promoter. This was achieved in a very similar way 

to the tagging strategy: the DBF4 5' region was amplified using PCR 

(primers: MIG#12 and DBF4#4) and cloned downstream  of the GAL1-10 

prom oter in a plasmid vector in frame with a c-myc polyhistidine tag 

located 5' to the subcloned PCR product. The plasmid was linearised 

w ithin the DBF4 sequence and used for transform ation of a wild type 

strain (see Materials and Methods; section 2.11 for details). The expected 

result of the integration (figure 5.A) is the replacement of the DBF4 

prom oter by the GAL1-10 prom oter that is capable of expressing the gene 

constantly throughout the cell cycle. The resulting yeast strain was used 

in an identical cell cycle block and release experiment w ith the GAL1-10 

prom oter constitutively active.

Cells synchronised in G l contained detectable but low levels of 

Dbf4p (figure 5.B). Once released from the block, protein levels rose 

sharply before buds appeared and remained at similar levels until the 

latter part of the cell cycle. At the end of the cell cycle, before the drop in  

the budding index, Dbf4p levels show a modest decline (figure 5.B) at a 

similar time observed in previous experiments. Despite the protein being 

present at a basal level throughout the experiment, the expression of 

Dbf4p remains periodic even under the control of a constant p rom oter 

(figure 5.B). This result does not exclude an effect of DBF4 periodic 

transcription on the periodicity of Dbf4p expression during the cell cycle, 

but it suggests the existence of a cell cycle dependent degradation of Dbf4p



occurring from the onset of anaphase in mitosis and persisting until late 

G l in the following cell cycle.

4.5 Dbf4p is an unstable protein

To investigate the degradation of Dbf4p, the strain where the DBF4 

prom oter sequence was substituted by the GAL1-10 inducible p rom oter 

was used in a series of prom oter shut-off experiments. These invo lved  

growing the strains with the prom oter induced, synchronising the cells at 

the required part of the cell cycle and repressing DBF4 expression by 

shifting the media carbon source from galactose to glucose, hence 

effectively repressing the GAL1-10 promoter.

First, to rule out the interference of the epitope tag w ith the 

stability of Dbf4p, exponential cultures expressing either GAL-DBF4 or 

GAL-mycDBF4 (see Materials and Methods; section 2.11 for constuction of 

strains) substitutions grown in media containing galactose were 

transferred to media containing glucose. After the shift, samples were 

collected at different time points and im m unoblots perform ed w ith the 

Dbf4p polyclonal antibody. The levels of Dbf4p declined w ithin 15-30 

minutes after the galactose prom oter was repressed in both the tagged and 

untagged strains (figure 6.A). Thus, the epitope tag does not appear to 

interfere w ith the protein stability, since the rate of Dbf4p degradation is 

similar for tagged and untagged proteins (figure 6.A).

Synchronised cell cultures were used to investigate the stability of 

Dbf4p at different stages of the cell cycle. The GAL-mycDBF4 strain was 

grown in media containing galactose and synchronised in either G l or
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Figure 6: Dbf4p is an unstable protein.

A. Stability of Dbf4p is not influenced by addition of the epitope tag. 
Logarithmically growing cultures expressing DBF4 and mycDBF4 under 
the control of the GAL1-10 prom oter were grown in YPgal/raff and 
transferred to YPD (time 0). Dbf4p and Dbf4p-myc were detected on  
im m unoblots using the Dbf4p-36 polyclonal antibody. The protein levels 
decline immediately after promoter repression, being absent after 30 m in  
The tag appears not interfere with the rate of degradation of Dbf4p, as both 
tag and untagged protein levels decline similarly.

B. Dbf4p is highly unstable in G l blocked cells. GAL-mycDBF4 was grown 
in YPgal/raff to mid-log and divided into two cultures that were 
synchronised either in Gl or G2/M. DBF4 expression was repressed by 
transferring the cultures to YPD containing the same blocking agent and 
cycloheximide. Samples from different time points, were processed for 
detection for Dbf4p-myc on immunoblots. Dbf4p-myc accumulates to 
higher levels in G 2/M  than in G l arrested cells (compare lane 1 to lane 7). 
The degradation rate of Dbf4p-myc is considerably higher in G l than  
G 2/M  blocked cells.
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G2/M . Once the cells were blocked, the cultures were transferred to 

glucose media containing 0.2 m g/m l cycloheximide, which inhib its 

further protein translation, and the appropriate blocking agent. Sam ples 

were collected at different time points and processed for im m unoblo tting . 

Im m unoblotting showed that, despite the levels of Dbf4p declining in  

both blocks, the stability of Dbf4p is considerably higher in G2/M  than in  

G l (figure 6.B). Degradation of Dbf4p in G2/M  blocked cells appears to 

follow a biphasic pattern. Dbf4p levels decline rapidly once the p rom oter 

is repressed (figure 6.B, lanes 7-9) and remain constant thereafter (figure

6.B, lanes 9-12). This overall slower rate of degradation is consistent w ith  

the higher levels of Dbf4p observed in G2/M  blocked cells at the time of 

prom oter repression (figure 6.B). Therefore, a mechanism of degradation 

acting in the G l phase of the cell cycle renders Dbf4p highly unstable. This 

result helps to explain the previously observed absence of detectable 

protein in G l blocked wild type cells.

4.6 D egradation of Dbf4p is im paired in m utants o f  the  

anaphase prom oting complex

The APC is responsible for the recognition and targeting of B-type 

cyclins and other proteins for degradation in mitosis (Amon et al., 1994; 

Cohen-Fix et al., 1996). The timing of Dbf4p destruction at the onset of 

anaphase and the high instability in G l blocked cells, provides Dbf4p w ith  

the characteristics of an APC substrate. As Cdcl6p is an essential 

component of the APC, Dbf4p stability was analysed in cdcl6 tem perature 

sensitive mutants. Wild type and cdcl6ts cell cultures were synchronised
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in G l and G 2/M  at the permissive temperature and extracts were analysed 

by im m unoblotting using the Dbf4p polyclonal antibody. W hilst both 

cultures blocked in G2/M  had similar levels of Dbf4p, the c d c l 6 m u tan t 

blocked in G l at the permissive tem perature accumulated Dbf4p (figure

7.A). Tem perature sensitive m utants coding for APC subunits can im pair 

the function of the complex even at the perm issive tem perature (Irniger 

et al., 1995). The incapacity of cdcl6ts mutants to completely degrade Dbf4p 

at the perm issive tem perature suggests that fully functional CDC16 is 

required for the effective proteolysis of Dbf4p in G l blocked cells.

To investigate in more detail the APC requirem ent for the 

degradation of Dbf4p in Gl, cells carrying tem perature sensitive 

m utations for two components of the APC, cdcl6te and cdc23ts, were 

modified as previously for the wild type strain, so that the endogenous 

prom oter of DBF4 was replaced by the GAL1-10 prom oter w ith the 

addition of the c-myc epitope tag. Wild type and APC m utant strains were 

grown in galactose containing media at the permissive tem perature and

synchronised in G l. During the a  factor block, the cultures were shifted to

the restrictive tem perature for 30 m inutes to fully inactivate the APC. 

Subsequently, cultures were shifted to media containing glucose to 

repress DBF4 transcription, while m aintaining the block and the 

restrictive temperature. Cell aliquots were taken at the time of the shift to 

glucose m edium  and at different time points thereafter. The sam ples 

were processed for immunoblotting using the 9E10 monoclonal antibody. 

The APC m utant cells blocked in G l at the restrictive tem perature
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Figure 7: Fast degradation of Dbf4p in Gl is impaired in APC 

mutant cells.

A. Dbf4p is present in cdc!6te m utants blocked in G l. Wild type and cdcl6- 
123 cells carrying DBF4 under the control of the endogenous prom oter 
were arrested in Gl and G2/M  at the permissive temperature. In the 
G2/M  blocked cells, Dbf4p levels are very similar in the wild type and the 
APC m utant (lanes 3 and 4). Dbf4p is present in cdcl6-123 cells arrested in  
Gl (lane 2) whereas in the wild type cells Dbf4p is absent (lane 1) 
suggesting that cdcl6-123 mutants are deficient in Dbf4p degradation even  
at the permissive tem perature.

B. Absence of APC function in Gl causes stabilisation of Dbf4p. Wild type 
and APC tem perature sensitive m utants (cdcl6-123 and cdc23-l) carrying 
mycDBF4 under the control of the GAL1-10 prom oter were arrested in G l 
at the permissive temperature. Cells were then incubated at the restrictive 
tem perature for 30min after which the prom oter was repressed by 
transferring the cells to glucose containing medium. Samples from 
different time points were processed for detection of Dbf4p-myc on  
imm unoblots. In G l arrested cells, Dbf4p is stabilised in the absence of 
APC function. The stability of Dbf4p in the APC m utants arrested in G l at 
the restrictive tem perature is similar to that observed in wild type cells 
arrested in G2/M (see figure 6).
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accumulate Dbf4p to higher levels than the wild type (figure 7.B). 

Consistent w ith this observation, the rate of degradation of Dbf4p is 

severely im paired in the compared to the parental strain (figure 7.B). 

Therefore, APC activity is required for the high instability of APC 

m utants, cdcl6ts and cdc23te upon repression of the prom oter, w hen Dbf4p 

in cells blocked in G l.

4.7 Dbf4p possesses a “destruction box'' on its N -term inu s  

responsible fo r  A PC  dependent degradation

Previous studies of APC dependent degradation identified a 

peptide sequence present in its substrates that allows them  to be 

recognised by the APC (Glotzer et al., 1991; Yamano et al., 1996). This 

peptide sequence, known as the destruction box, is characterised by a 

m inim um  consensus of arginine and leucine spaced by two am inoacids 

(RXXL) that is frequently located in the N-term inus of the p ro te in  

sequence. In order to identify the sequence in Dbf4p responsible for the 

APC dependent degradation, a set of sequential 5' deletions of DBF4 were 

constructed using PCR and cloned into a yeast integrative vector under 

the control of the GAL1-10 prom oter along with the epitope tag. These 

constructs were used to transform  both the wild type and the cdcl6ts 

strains in such a way that the vector's integration site was directed to the 

hom ologous sequence of the plasm id marker in the genome, thereby 

producing an additional copy of DBF4. These strains were used in shut-off 

experiments, as described above, in order to identify the m inim al N- 

terminal deletion that would stabilise Dbf4p in G l blocked cells. Using



Figure 8: Dbf4p possesses a destruction box sequence responsible 

for APC dependent degradation in Gl.

Cells harbouring a wild type copy of mycDBF4 and a destruction box 
m utant m ycDBF4 R62A L65A under the control of the GAL1-10 prom oter 
were grown in YPgal/raff and arrested in G l at the perm issive 
tem perature. The strains were then incubated at the restrictive 
tem perature for 30 min, after which time the prom oter was repressed by 
transferring the cells to YPD. Samples from the different time points were 
processed for im m unoblots using 9E10 monoclonal antibody. The Dbf4p 
R62A L65A m utation stabilises the protein in G l blocked cells. The 
stability of Dbf4p R62A L65A in wild type cells (lanes 13-18) is similar to 
the stability of Dbf4p in cdcl6-123 m utants (lanes 7-12). The m utations 
imposed on Dbf4p are sufficient to prevent its APC dependent 
degradation.
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this strategy it was found that the removal of the first 67aa was sufficient 

to stabilise Dbf4p to the same extent as observed in the cdcl6ts m utant. The 

peptide sequence of the 67 N-terminal aminoacids contained two m atches 

for the APC destruction-box consensus sequence. Deletion of a short 

region of the N-term inus only containing the first these sequences did 

not lead to stabilisation of Dbf4p (data not shown). The second sequence 

match, in aminoacids R62 L65, was submitted to site directed m utagenesis 

such that both these aminoacids were m utated to alanine. A second copy 

of full length Dbf4p having the m utated peptide sequence R62A L65A was 

introduced into the yeast genome (see Materials and Methods; section 2.10 

for construction of strains). Wild type and cdcl6ts strains carrying Dbf4p 

R62A L65A under the GAL1-10 prom oter were synchronised in G l and 

used in a prom oter shut-off experiment using 0.2m g/m l cycloheximide. 

As expected, both Dbf4p and Dbf4p R62A L65A were stable in the cdcl6ts 

m utant (figure 8). Interestingly, it was found that that Dbf4p R62A L65A 

was considerable stabilised in wild type Gl blocked cells w hen com pared 

to unm utated Dbf4p (figure 8). The degradation rate of Dbf4p R62A L65A 

in the wild type strain was very similar to that observed in the absence of 

APC function using the cdcl6te m utant (figure 8). The R62 L65 sequence 

therefore constitutes a destruction box, m utation of which results in  

stabilisation of the protein in G l blocked cells to the same extent as 

observed in an APC m utant, showing that Dbf4p undergoes APC 

dependent degradation in this part of the cell cycle.
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4.8 Neither the APC nor the CDC4-dependent degradation  

p a th w a y  are responsible fo r  the degradation o fD bf4p  in G U M

The previous section showed that Dbf4p is a substrate for APC 

dependent degradation in Gl. Despite this, Dbf4p is still relatively 

unstable in G l in the absence of APC function to the same degree as in  

G 2/M  blocked cells. Previous studies have identified a second degradation 

pathw ay involved in the periodic destruction of cell cycle proteins, such 

as Sicl and Cdc6p (Drury et al., 1997; Schwob et al., 1994). In order to 

investigate if this pathway was involved in the degradation of Dbf4p, a 

tem perature sensitive m utant in one of its components, cdc4is, was used 

in similar prom oter shut-off experiments.

The DBF4 prom oter was replaced w ith the GAL1-10 prom oter 

sequence in wild type and cdc4's m utant cells (see Materials and M ethods; 

section 2.11), and the resulting cell cultures synchronised in either G l or 

G2/M . After the cells were pre-incubated at the restrictive tem perature, 

Dbf4p expression was repressed and its stability investigated by w estern  

blot analysis. The degradation of Dbf4p observed in the absence of CDC4 

function is very similar to the one observed in wild type cells blocked in  

G l (figure 9.A). In the same way, the inactivation of CDC4 does n o t 

im pair the degradation of Dbf4p in G2/M  blocked cells (figure 9.A) 

Therefore, the CDC4-dependent degradation pathway appears neither to 

add to the degradation of Dbf4p in G l nor to be involved in the Dbf4p 

stability in G 2/M  blocked cells.

The contribution of the APC to the degradation of Dbf4p in G 2/M
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Figure 9: Degradation of Dbf4p is not impaired in cdc4ts mutants 

nor is in cdc!6ts mutants in G2/M.

A. Degradation of Dbf4p is not influenced by the Cdc4p proteolytic 
pathw ay. Wild type and cdc4te m utants expressing mycDBF4 under the 
control of the GAL1-10 prom oter were arrested either in G l or G2/M  at 
the perm issive tem perature. The cells were then incubated at the 
restrictive tem perature for 30min after which time the prom oter was 
repressed. Samples from the different time points were processed for 
detection of Dbf4p-myc on immunoblots. In the absence of CDC4 function 
in these two cell cycle blocks, Dbf4p stability is not altered.

B. The APC does not contribute to Dbf4p degradation in G2/M . Wild type 
and cdcl615 m utants were tested for Dbf4p stability in G2/M  blocked cells as 
previously performed. Degradation of Dbf4p in this block is similar either 
in presence or absence of APC function.
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blocked cells was also tested by synchronising both wild type and cdcl6is 

m utants carrying the GAL1-10 prom oter substitution at this point of the 

cell cycle. The repression of the GAL1-10 prom oter at the restrictive 

tem perature demonstrated that Dbf4p degradation was not altered in the 

cdc26ts m utant when compared to the wild type strain (figure 9.B).

These experiments suggest that the degradation of Dbf4p in G2/M  

blocked cells appears not to be under the control of either the APC or the 

CDC4-dependent degradation pathways. This may reflect the fact that 

Dbf4p possesses an inherent instability or, alternatively, an un identified  

degradation pathway for Dbf4p exists, not cell cycle regulated, that acts 

continuously on Dbf4p throughout the cell cycle.
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5. Biochemical characterisation of Dbf4p during 

the cell cycle

5.1 Dbf4p associates w ith  chromatin in late G1 and G U M  

blocked cells

Previous studies from our laboratory had shown that Dbf4p 

interacts w ith origin sequences in vivo (Dowell et al., 1994) and, m ore 

recently, an assay that investigates protein association w ith chrom atin has 

been developed (Donovan et al., 1997). Using this chrom atin binding 

assay, it is possible to study the interaction of proteins with chrom atin at 

different stages of the cell cycle. In this study it has been shown that Dbf4p 

is present in the cell from late G1 until mitosis. As Dbf4p is required for 

initiation of DNA replication, it was therefore of interest to investigate 

w hether Dbf4p associates w ith chrom atin at the time of initiation of 

replication and, once replication has finished, if Dbf4p remains attached 

to chromatin.

As a first approach, the association of Dbf4p w ith chrom atin was 

investigated in asynchronous cell cultures using the epitope tagged strain. 

Cells were grown to logarithmic phase and subjected to lyticase trea tm ent 

to produce spheroplast cells. The spheroplasts were lysed under gentle 

conditions using a non-ionic detergent to produce a whole cell extract. 

The whole cell extract was subsequently centrifuged at low speed, 

generating two equivalent cell fractions: a supernatant fraction containing
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the majority of the cellular proteins and a pellet fraction enriched for 

chrom atin and associated proteins (see Materials and Methods; section 

2.23). The result showed that Dbf4p in asynchronous cell culture is 

present predom inantly in the chrom atin fraction (figure 10.A). The 

association of Dbf4p with chromatin is consistent w ith previous studies 

show ing that Dbf4p interacts w ith origins of replication (Dowell et al., 

1994).

The association of Dbf4p with chrom atin was studied in  

synchronised cell cultures. Two cell cycle blocks were used, late G l, using 

a cdc7ts strain blocked at the restrictive tem perature or G2/M , using the 

nocodazole arrest of a wild type strain. Synchronisation of cdc7te m utan ts 

in late G l can be effectively accomplished by first synchronising the 

culture at the permissive tem perature with a  factor, pre-incubating it at 

the restrictive tem perature for 30 minutes, and then releasing the cells at 

the restrictive tem perature from the a  factor block into the cdc7ts block. 

Using this m ethod, all cells block at the execution point for CDC7 before 

initiation of DNA replication has occurred. As expected, Dbf4p was 

detected in cells blocked in this part of the cell cycle (figure 10.B), 

consistent w ith the previous observation that Dbf4p appears before the 

onset of S phase. Dbf4p in this block is visible in both supernatant and 

chrom atin fractions, showing that part of the protein population  

associates w ith chrom atin (figure 10.B). In cells arrested in G2/M , Dbf4p 

w as found in both supernatant and chromatin fractions (figure 10.B). This 

result is similar to that observed in late G l and shows that Dbf4p is still
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Figure 10: Dbf4p associates with chromatin in late Gl and in 

G2/M.

A. Dbf4p associates w ith chrom atin in asynchronous cell cu ltu res. 
Asynchronous cell cultures (Async.) expressing epitope tagged DBF4 
under its own prom oter were processed for the chrom atin binding 
protocol (see Materials and Methods; section 2.23). Aliquots from w hole 
cell extract (WCE), supernatant fraction (Su) and chrom atin fraction (Ch) 
were analysed on im m unoblots using the 9E10 monoclonal antibody. 
Dbf4p-myc present in the WCE is mainly retained in the chrom atin  
fraction.

B. Dbf4p is able to interact w ith chrom atin in cdc7te and G2/M  blocked 
cells. Wild type cells arrested in G2/M  and cdc7ts m utant cells arrested at 
the restrictive tem perature were submitted to the chrom atin binding 
assay. Upon fractionation of whole cell extract (WCE) into the supernatant 
(Su) and chrom atin (Ch) constituents, extract samples were processed for 
imm unoblotting using the Dbf4p-36 polyclonal antibody. In cdc7is arrested 
cells, prior to initiation of DNA replication, and in G2/M  arrested cells, 
when S phase is complete, Dbf4p is present in the chrom atin fraction 
(lanes 3 and 6). The hyperphosphorylated and hypophosphorylated form s 
of Dbf4p present in G2/M  arrested cells are equally able to associate w ith  
chromatin (lane 6).
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capable of interacting w ith chrom atin in later stages of the cell cycle at a 

time when the cell has completed replication of DNA. These two 

experiments suggest that Dbf4p interacts with chrom atin shortly after 

being made in Gl and that it is still able to associate with chrom atin in  

late stages of the cell cycle, when its essential function in initiation of 

replication is no longer required. This observation agrees w ith the 

previous result showing that the majority of the protein is associated 

w ith chromatin in asynchronous cell populations.

5.2 Partial Purification ofDbf4p

Taking advantage of the epitope tagged Dbf4p, it was possible to 

devise a purification that would allow the identification of copurifying 

proteins. Yeast whole cell extracts were subjected first to N i2+-NTA- 

agarose affinity chromatography and the eluate from this colum n was 

used in a second step of affinity chromatography using the 9E10 

monoclonal antibody coupled to agarose beads. The yeast extracts used for 

purification were made by crushing yeast cells frozen in liquid nitrogen in 

dry ice and thawing the extract on ice in the presence of lysis buffer 

containing 400 mM sodium  acetate. This m ethod perm its all the lysis 

steps to occur at tem peratures below the freezing point, therefore 

preventing denaturation of proteins from shear force. The extracts were 

loaded onto N i2+-NTA-agarose beads and washed w ith lysis buffer. The 

protein was subsequently eluted using a high concentration of im idazole 

that outcompetes the interactions of the polyhistidine tagged protein w ith  

the column. This represents an efficient purification step as seen by the
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increased amounts of Dbf4p in the eluate recovered from the N i2+-NTA- 

agarose (figure 11.A). The N i2+ eluate was immediately loaded onto 9E10- 

agarose beads and washed with buffer devoid of imidazole. This 

purification step was very efficient, since no detectable Dbf4p was found  

in either the flow through or the subsequent washes and all rem ains 

bound to the 9E10-agarose beads (figure 11.A). The purification of Dbf4p 

through the two chromatography steps facilitates the identification of any 

copurifying proteins. The several chromatography steps were analysed for 

the presence of Cdc7p using polyclonal antibodies developed in th is 

laboratory (Bousset, K. unpublished observations) and it was seen tha t 

Cdc7p copurifies with Dbf4p throughout the purification (figure 11.A).

5.3 Dbf4p form s a complex w ith  Cdclp

Interactions between Dbf4p and Cdc7p have been shown previously 

using several methods, but all these methods relied on the over

expression of one or both of the components. In the previous section, it 

show n that Cdc7p copurifies with Dbf4p at physiological levels. This 

section shows that Dbf4p forms a complex with Cdc7p using gel filtration  

size exclusion chromatography. Whole cell extracts derived from  

asynchronous were submitted to gel filtration analysis and the fractions 

collected used in immunoblots against Dbf4p and Cdc7p. Dbf4p elutes as a 

single peak centred in fraction 13-14, which lies in between the e lu tio n  

peak for thyroglobulin (670 kDa) at fraction 12 and alcohol dehydrogenase 

(158 kDa) at fraction 16 (figure 11.B). Although it would be inaccurate to 

determ ine the molecular weight of Dbf4p complexes simply by gel
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filtration chromatography, and analysis of glycerol gradients w ould be 

also needed to determine an accurate value, it is clear however that Dbf4p 

elutes in fractions considerably larger than monomer size («94 kDa for the 

tagged protein). This observation suggests that Dbf4p is present in a 

complex in yeast whole cell extracts.

The im m unoblot of Cdc7p for the gel filtration fractions show s a 

broader elution peak at fraction 12-18 (figure ll.B). The elution of Cdc7p at 

higher fraction num bers would be consistent with some of the p ro te in  

not being bound to Dbf4p (58 kDa), but even so, some protein is present in  

the same fractions as Dbf4p (figure ll.B). It therefore appears that, u n lik e  

Dbf4p that is present in a single peak higher than m onom er size, Cdc7p is 

present in either the m onom er form or as a complex. This is consistent 

w ith the observation taken from the previous section that a proportion of 

Cdc7p does not copurify with Dbf4p.

In order to further evaluate the existence of a complex betw een 

Dbf4p and Cdc7p, the eluate from the Ni2+-NTA-agarose column was used 

for gel chrom atography analysis. Dbf4p elutes at similar fractions as tha t 

observed in whole cell extracts (figure ll.C ), inferring that this step of 

purification did not exclude Dbf4p complexes present before the  

chrom atography step. The im m unoblot for Cdc7p on these fractions 

shows that all the Cdc7p copurifying w ith Dbf4p is now present in a single 

peak that coelutes precisely in the same fractions as Dbf4p (figure ll.C ). 

Taken together, the observations that Cdc7p copurifies with Dbf4p over 

two steps of affinity chromatography and that Cdc7p coelutes w ith Dbf4p
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Figure 11: Dbf4p forms a complex with Cdc7p in asynchronous

growing cells.

A. Cdc7p copurifies w ith Dbf4p over two affinity chromatography steps. 
Logarithmic cell cultures expressing epitope tagged DBF4 from the 
endogenous prom oter were subjected to affinity chrom atography using a 
N i2+-NTA-agarose colum n followed by an im m unoaffinity 9E10-agarose 
column (see Materials and Methods; section 2.25). The several steps from  
the purification procedure were analysed on im m unoblots for Dbf4p-myc 
detection using the 9E10 antibody and for Cdc7p, using Cdc7p polyclonal 
antibodies. Whole cell extract (lane 1), Ni2+-column flow through (lane 2), 
three washes (lanes 3-5), N i2+-column eluate (lane 6), Ni2+-agarose beads 
after elution step (lane 7), 9E10-column flow through (lane 8), three 
washes (lanes 9-11), 9E10-agarose beads, the final step of the purification 
(lane 12).

B. and C. Gel filtration chromatography of asynchronous whole cell 
extracts (B̂  and of eluate recovered form the N i2+-column (Q . Yeast whole 
cell extract and N i2+-column eluate were loaded onto Superose6 colum n. 
An aliquot of the load fraction (Load) and the several elution fractions 
were analysed on im m unoblots for detection of Dbf4p and Cdc7p. In 
whole cell extract Dbf4p elutes in a single peak (fractions 12-15) w hereas 
Cdc7p over a broader peak (fractions 12-18). After the N i2+-colum n 
purification step Dbf4p elutes in similar fractions, (fractions 12-16) and 
copurifying Cdc7p is present exact same elution fractions. The co lum n 
was previously calibrated w ith the molecular markers shown.
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by gel filtration chromatography, provide strong biochemical evidence 

that Cdc7p forms a complex with Dbf4p under physiological conditions in  

the cell.

5.4 Dbf4ICdc7p purified from  asynchronous and G U M  cultures 

is active in vitro

Previous studies have shown that Cdc7p is a protein kinase that 

requires Dbf4p for its activity (Jackson et al., 1993). Recently, in v itro  

studies w ith either recombinant or overexpressed subunits have show n 

that Dbf4/Cdc7p is capable of phosphorylating several com ponents of the  

Mem family (Lei et al., 1997). The Dbf4/Cdc7p kinase has also been 

reported to autophosphorylate on its own regulatory subunit, Dbf4p 

(Hardy and Pautz, 1996). In this section, a recombinant N -term inal 

truncation (1-500 aminoacids) of Mcm2p was used to investigate the  

activity of the purified complex.

The final purified fraction of Dbf4/Cdc7 coupled to 9E10 agarose 

beads using extracts derived from asynchronous growing cultures was 

incubated either w ith or w ithout the Mem substrate in the presence of

T^P-ATP. The products of the reaction were run in a SDS-PAGE gel and

analysed using a phosphoim ager. Two controls were employed in this 

experiment: first, the product of an identical purification using the  

parental untagged strain and second, Dbf4p purified from a cdc7-l m u tan t 

strain epitope tagged as described above. The first control allows us to 

determ ine if the kinase activity in the purified fraction is associated w ith
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Figure 12: Dbf4/Cdc7 protein kinase is active in G2/M blocked

cells.

A. Kinase assay for Dbf4/Cdc7p purified from asynchronous cell cu ltu res. 
Affinity purified Dbf4p from wild type logarithmic cell cultures expressing 
epitope tagged DBF4 from the endogenous prom oter (WT) was incubated 
with recom binant Mcm2p substrate (Mem) in the presence of y^P-ATP 
(see Materials and Methods; section 2.27). Two asynchronous cell cultures 
were used as controls in this experiment: untagged wild type cells (Untag.) 
and cdc7ts m utants carrying an identical epitope tagged version of DBF4 
(cdc7te). The products of the reaction were loaded onto SDS-PAGE gels and 
analysed using a phosphoimager. The reaction using Dbf4/Cdc7p purified 
from wild type cell cultures contain two major phosphorylated products 
that are absent in the control reactions. The higher molecular w eight 
product migrates in an identical position to Dbf4p on SDS-PAGE gels and 
the lower molecular weight product migrates in the same position as the  
Mcm2p substrate.

B. Dbf4/Cdc7p purified from G2/M blocked cells possesses kinase activity. 
Asynchronous and G2/M  arrested cell cultures expressing epitope tagged 
DBF4 from the endogenous prom oter were used for affinity purification 
of Dbf4p-myc. The last step of the purification was incubated w ith  
recombinant Mcm2p substrate (Mem) in the presence of t 32P-ATP and the 
products of the kinase reaction were loaded on SDS-PAGE gels and 
analysed using a phosphoimager. Upon addition of the substrate, a 
product corresponding to phosphorylated Mcm2p substrate appears in the 
reactions containing Dbf4p purified from both asynchronous and G2/M  
arrested cells.
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Dbf4p and the second perm its us to specifically examine w hether th is 

kinase activity detected is Cdc7p dependent.

The result of the in vitro kinase assay shows that, in the absence of 

Mem substrate, one band specific for the purification of the tagged strain is 

present (figure 12.A). This band has the same mobility in SDS-PAGE as 

tagged Dbf4 protein, and taken together with previous reports that Dbf4p 

is a substrate for the Dbf4/Cdc7p kinase, it is very likely that this band 

corresponds to the product of autophosphorylation of the purified kinase 

complex. W hen the Mem substrate is added to the reaction, a second 

phosphorylation product is present that migrates at the same position as 

the recom binant Mcm2p truncation (figure 11.A). Both of the two 

phosphorylation products described above are specific for the tagged Dbf4p 

strain and both are dependent on functional Cdc7 protein, therefore the  

Dbf4/Cdc7p complex purified using the tagged Dbf4p strain retains its 

activity in vitro .

Previous studies of Cdc7p kinase activity, using histone H I as a 

substrate, reported that Cdc7p was inactive at the later stages of the cell 

cycle (Jackson et al., 1993). In chapter 3, it was shown that Dbf4p 

accumulates in cells arrested in G2/M. However, if Dbf4p is the activator 

of the Cdc7p kinase activity, it would be surprising if Dbf4/Cdc7p were 

inactive in this part of the cell cycle. Using the above described kinase 

assay, we purified Dbf4/Cdc7p from tagged cell cultures synchronised in  

G2/M  and analysed the associated kinase activity. The result of this 

experim ent is that the kinase complex is as able to phosphorylate the  

Mem substrate as the one purified from asynchronous growing cultures
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(figure ll.B). Therefore, the observation that Dbf4p is present in G 2/M  is 

consistent w ith Dbf4/Cdc7p kinase retaining its activity at this stage of the 

cell cycle.
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6. Dbf4p is a target for the origin firing  

checkpoint

6.1 Introduction

It was discovered in our laboratory that conditions which block the 

elongation phase of DNA replication, such as hydroxyurea and m u tan ts  

in DNA synthesis enzymes, also block late origin firing (Santocanale and 

Diffley, 1998). This effect was shown to be dependent on the 

M eclp/Rad53p checkpoint proteins. Parallel studies in our laboratory 

have dem onstrated that Dbf4/Cdc7p activity is required for late origin 

firing after blocks to elongation, such as hydroxyurea (Bousset and Diffley, 

1998). Therefore we were interested in testing whether M eclp and Rad53p 

prevent late origin firing in these conditions by targeting com ponents of 

SPF, thereby preventing activation of new origins of replication. In this 

section it will be shown that Dbf4/Cdc7p is a target of the Rad53p origin 

firing checkpoint, and a possible mechanism for the inhibition of late 

origin firing will be proposed.

6.2 Dbf4p is phosphorylated in S phase arrested cells

The result from the synchronisation experiments showed that 

Dbf4p is present in the cell throughout S phase. Yeast cells can be 

effectively synchronised during S phase by the use of hydroxyurea. This 

chemical is able to prevent S phase progression by blocking the elongation
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step of DNA replication, as it acts as an inhibitor of ribonucleotide 

reductase, an enzyme involved in the synthesis of dNTPs. The levels of 

Dbf4p in an S phase block were investigated. Im m unoblots perform ed 

using whole cell extracts derived from wild type cells show that Dbf4p is 

present in S phase blocked cells (figure 13.A). It was observed that Dbf4p 

from cells arrested in S phase w ith hydroxyurea runs as a slow er 

m igrating form when compared with Dbf4p from cells derived from  

asynchronous cultures (figure 13.A). It was investigated if the 

m odification in S phase blocked cells was due to phosphorylation. As 

perform ed previously, extracts prepared from S phase blocked cells were 

treated with phosphatase in either the presence or absence of the 

phosphatase inhibitor NaF. The phosphatase treated extracts showed a 

complete conversion of Dbf4p to a faster m igrating form (figure 13.B), 

coincident w ith the mobility observed in extracts collected from  

asynchronous cell cultures. This conversion to the faster m igrating form  

was prevented by addition of the phosphatase inhibitor (figure 13.B). 

Therefore, Dbf4p is phosphorylated w hen cells are arrested in S phase by 

inhibiting elongation of DNA replication.

6.3 Dbf4p phosphorylation in S phase is dependent on the 

Rad53p checkpoint p a th w ay

The involvement of Dbf4p in the origin firing checkpoint was first 

observed as a dependence of Dbf4p phosphorylation on the proteins 

know n to control this checkpoint. Rad53p and M eclp are required to 

prevent the firing of late origins in response to blocks in elongation of
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Figure 13: Dbf4p is phosphorylated in S phase blocked cells.

A. Dbf4p is modified in S phase whole cell extracts. Wild type cell cultures 
grown to logarithmic phase were blocked in S phase (using hydroxyurea). 
Whole cell extracts produced from asynchronous cultures and S phase 
arrested cells were analysed on imm unoblots using the Dbf4p-36
polyclonal antibody. Dbf4p present in S phase blocked cells (lane 2)
migrates slower than in extracts derived from asynchronous cultures
(lane 1).

B. Dbf4p is a target for phosphorylation in S phase. In order to determ ine 
if the modification of Dbf4p was due to phosphorylation, whole cell 
extracts derived from S phase blocked cells were treated to potato acid 
phosphatase (phosphatase) either in the presence or absence of sodium  
fluoride (inhibitor). Products from this reaction were processed for
imm unoblotting using the Dbf4p-36 polyclonal antibody. Dbf4p present in  
phosphatase treated extract migrates faster than in untreated extracts 
(lanes 3 and 4). Addition of sodium fluoride to the phosphatase reaction 
caused Dbf4p to migrate as in untreated extracts (lane 5), therefore the 
slower m igrating forms of Dbf4p are due to hyperphosphorylation in S 
phase arrested cells.
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DNA replication (Santocanale and Diffley, 1998). As Dbf4/Cdc7p function  

was shown to be required for late origin firing once this block is rem oved  

(Bousset and Diffley, 1998), it was conceivable that the checkpoint 

pathw ay inhibited initiation of replication by targeting this in itia to r 

complex. Therefore, it was tested whether this phosphorylation of Dbf4p 

required the Rad53p pathway. This was achieved by synchronising both  

wild type and rad53 m utants in G l and then releasing the cells in to  

hydroxyurea. In both wild type and rad53 mutants, Dbf4p was absent in G l 

arrested cells and appeared shortly after the block is released (figure 14.A), 

consistent w ith what was observed previously. However, the 

hyperphosphorylated forms of Dbf4p that accumulate once wild type cells 

progress into S phase are completely absent in the rad53 m utant (figure 

14.A), although the kinetics of Dbf4p expression are similar to the wild 

type. This experiment shows that Rad53p function is required for the 

phosphorylation of Dbf4p when cells are exposed to the S phase block.

It was shown previously that Rad53p is also required for inhib iting  

S phase progression once cells encounter DNA damaging agents, such as 

MMS, that are thought to block replication fork m ovem ent (Paulovich 

and Hartwell, 1995). It was also tested if Dbf4p was being targeted for 

phosphorylation in these conditions in a Rad53p dependent m anner. As 

previously, wild type cells and rad53 m utants were synchronised in G l 

and released to fresh media containing a low am ount of the DNA 

damaging agent MMS. As previously observed, Dbf4p accum ulates 

shortly after the G l block is released in the wild type and rad53 m u tan t 

(figure 14.B). Once the wild type cells encounter the S phase block, Dbf4p
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Figure 14: Dbf4p phosphorylation in S phase is dependent on the 

Rad53p kinase.

A. and B. Dbf4p phosphorylation is dependent on R A D 53 in cells exposed 
to hydroxyurea or methyl methane sulfonate. Cultures of wild type and 
rad53 m utants were arrested in G l (using a  factor) and then released in to  
the cell cycle in the presence of hydroxyurea (HU) or methyl m ethane 
sulfonate (MMS). Aliquots of cells were taken at different time points 
after the release. Extracts derived from these cells were processed for 
im m unoblotting and Dbf4p was detected using the Dbf4p-36 polyclonal 
antibody. Dbf4p is absent in both wild type and rad53 Gl arrested cells (A. 
lanes 1 and 10: B. lanes 1 and 6). Once the cells are released into the cell 
cycle, Dbf4p appears at a similar time in both cell cultures. In wild type 
cells arrested in S phase by exposure to either to HU or MMS, Dbf4p 
accumulates as smear of phosphorylated forms. In rad53 m utant cells 
exposed to HU, Dbf4p is present only as a hypophosphorylated form (A. 
lanes 13-18). In rad53 m utant cells released into media containing MMS, 
Dbf4p is transiently present in its hypophosphorylated form (B. lane 8) 
and accumulates as a doublet, which is characteristic of G 2/M  blocked cells 
(B. lanes 9-10)
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accumulates in its hyperphosphorylated form, whereas in the rad53 

m utant, Dbf4p remains mostly non phosphorylated (figure 14.B). It was 

also observed that in the rad53 cells a second slower m igrating form of 

Dbf4p appears (figure 14.B) which had not previously been identified in  

other S phase blocks but which is very similar to that seen in nocodazole 

arrested cells.

These experiments show that in response to conditions that block S 

phase progression, either by depleting the dNTP pool using hydroxyurea 

or by preventing the replication fork m ovem ent using MMS, Dbf4p is 

targeted for phosphorylation under the control of the Rad53p checkpoint 

protein.

6.4 Reconstitution o f  the Rad53p dependent phosphorylation o f  

Dbf4p in vitro

The in vivo studies presented above could not distinguish if the  

Rad53 protein kinase was able to directly phosphorylate Dbf4p. To fu rther 

investigate the Rad53p dependent phosphorylation of Dbf4p, an in v itro  

system was devised taking advantage of bacterial expressed Rad53 p ro tein  

in conjunction with the partially purified Dbf4p obtained from  

asynchronous growing tagged yeast cells. Epitope tagged Dbf4p, purified  

over the two steps of affinity chromatography, was incubated in a reaction 

either in the presence or absence of recombinant Rad53 protein (a gift 

from Corrado Santocanale, ICRF). The products from this reaction were 

separated by SDS-PAGE and processed for immunoblotting using the 9E10 

monoclonal antibody. As previously shown, in the final step of the
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Figure 15: Recombinant Rad53p phosphorylates Dbf4/Cdc7p in

v i tro .

A. Rad53p promotes a mobility shift of Dbf4p in im m unoblo ts. 
Asynchronous wild type cell cultures, expressing epitope tagged DBF4 
under the endogenous promoter were used for two step affinity 
purification of Dbf4p-myc. The product of the last step of the purification 
was incubated with bacterial expressed Rad53 protein kinase in the 
presence of ATP. The products of the reaction were loaded onto an SDS- 
PAGE gel and im m unoblotted to detect Dbf4p-myc and Cdc7p. In the 
absence of Rad53p, Dbf4p and Cdc7 proteins migrate as single bands (A. 
lane 2). W hen recombinant Rad53p is added to the reaction, Dbf4p is 
modified to smear of slower migrating forms (A. lane 3).

B. Rad53p induced modification of Dbf4p is due to phosphorylation. The 
reaction product of the incubation of Rad53p with Dbf4/Cdc7p was 
submitted to phosphatase treatment. Products from this reaction were 
processed for im m unoblotting and detected using the 9E10 m onoclonal 
antibody. Dbf4p purified from asynchronous ceil cultures migrates as a 
single band on imm unoblots (lane 1). Upon incubation with Rad53p, 
Dbf4p shifts its mobility to slower migrating forms (lane 2). When the 
product of this reaction is incubated with potato acid phosphatase, Dbf4p 
regresses its mobility shift to the fast migrating form (lane 3).

C. Rad53p in vitro phosphorylation of Dbf4p is dependent on presence of 
Cdc7p. Wild type and cdc7ls cells grown at the permissive temperature and 
expressing epitope tagged DBF4 from the endogenous promoter were used 
for two step affinity purification of Dbf4p-myc. The last step of the 
purification was incubated with recombinant Rad53p and ATP. The 
products of the reaction were im m unoblotted for detection of Dbf4p-myc 
and Cdc7p. Purification of Dbf4p-myc from wild type cells results in the 
co-purification of Cdc7p (lanel) whereas in a identical purification 
performed w ith cdc7's cells Cdc7p does not copurify with Dbf4p at 
detectable levels (lane 3). Upon incubation of recombinant Rad53p w ith  
Dbf4/Cdc7p purified from wild type cells, Dbf4p migrates as a smear of 
phosphorylated forms (lane 2) whereas incubation of Rad53p with Dbf4p 
purified from cdc7ts cells does not alter the mobility of Dbf4p on SDS- 
PAGE gels (lane 4).
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purification for Dbf4p, the Cdc7 protein is present (figure 15.A). U pon 

incubation of the Dbf4/Cdc7p complex with the Rad53p kinase in vitro, 

Dbf4p converts to a smear of slower migrating forms that are absent in the 

complex isolated from asynchronous cells (figure 15.A). This smear is 

reverted to a faster migrating form when the products of this reaction are 

subm itted to phosphatase treatm ent (figure 15.B), showing that Rad53p is 

capable of prom oting the direct phosphorylation of Dbf4p in vitro. The 

product of the Rad53p reaction results in a smear of phosphorylated 

forms of Dbf4p to that observed previously in extracts derived from  

tagged yeast cells blocked in S phase (compare figure 15.A w ith figure 

14.A).

Parallel studies carried out in our laboratory have show n that the 

phosphorylation of Dbf4p in S phase blocked cells is also dependent o n  

active Cdc7 protein (Bousset, K. unpublished observations). To 

investigate the requirem ent for Cdc7p in the previous in v i tro  

experiment, parallel purification of Dbf4p was carried out in both the w ild 

type and cdc7ts m utants grown at the permissive tem perature for cdc7te. 

Figure 15.C shows that Dbf4p was present in the last step of the 

purification from both strains. Although Cdc7p was present in the 

fraction purified from the whole cell extract it was not detectable in the 

last step of the purification from the cdc7ts m utant (figure 15.C). The 

products of the purification of Dbf4p from both wild type and cdc7ts strains 

were subsequently incubated with recombinant Rad53p kinase. As 

previously shown, Dbf4p purified from wild type cells converts to a 

slower m igrating form upon addition of Rad53p (figure 15.C). In contrast
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to this, Dbf4p purified from the cdc7ts strain is still hypophosphorylated 

w hen incubated with Rad53p under the same conditions (figure 15.C). 

This result shows that in vitro Rad53p phosphorylation of Dbf4p is 

dependent upon the presence of active Cdc7p, consistent with the in v i v o  

observation that Dbf4p is not phosphorylated in cdc7ts strains blocked in S 

phase at the restrictive temperature.

In this study, it was shown that the Dbf4/Cdc7p kinase 

phosphorylates a polypeptide of the same size as Dbf4p (figure 12.A). It is 

possible that Cdc7p is responsible for the phosphorylation of Dbf4p u p o n  

the addition of Rad53p and that the function of Rad53p is to activate 

Cdc7p for Dbf4p phosphorylation. Alternatively, the phosphorylation of 

Dbf4p may be achieved by Rad53p directly, and if that is the case Rad53p 

kinase can only recognise Dbf4p when in a complex with Cdc7p.

6.5 The Dbf4/Cdc7p kinase activity  is no t im paired in S phase  

blocked cells

A possible function of Rad53p phosphorylation of Dbf4p, could be 

the inactivation of the Dbf4/Cdc7p kinase activity, thereby preventing late 

origins from firing in response to blocks in S phase. In order to test th is 

hypothesis, the Dbf4/Cdc7p complex was purified from cells blocked in S 

and its associated kinase activity tested. The strain in which Dbf4p was 

epitope tagged was blocked in S phase and whole cell extracts derived 

from it were submitted to the two steps of affinity chrom atography as 

previously described. The fractions from this purification were analysed 

by im m unoblotting. Figure 16.A shows that Dbf4p and Cdc7p co-purify
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Figure 16: Hyperphosphorylated Dbf4p forms a complex with

Cdc7p.

A. Cdc7p. but not Rad53p. copurifies with Dbf4p in hydroxyurea arrested 
cells. Logarithmic cell cultures expressing epitope tagged DBF4 under the 
endogenous prom oter were arrested in S phase (using hydroxyurea) and 
were processed for affinity chromatography using a N i2+-NTA-agarose 
column followed by a immunoaffinity 9E10-agarose column. Fractions 
from the purification procedure were analysed on imm unoblots to detect 
Dbf4p-myc/ Cdc7p and Rad53p. Cdc7p copurifies with Dbf4p over the two 
steps of affinity purification (lanes 6 and 12). However, Rad53p is excluded 
from the purification in the first column flow through fraction (lane 2). 
Whole cell extract (lane 1), N i2+-column flow through (lane 2), three 
washes (lanes 3-5), N i2+-column eluate (lane 6), Ni2+-agarose beads after 
elution step (lane 7), 9E10-column flow through (lane 8), three washes 
(lanes 9-11), 9E 10-agarose beads, the final step of the purification (lane 12).

B. and C. Gel filtration chromatography of S phase whole cell extracts (B) 
and of eluate recovered form the Ni-column (Q . Whole cell extract and 
Ni-column eluate were loaded onto Superose6 column. An aliquot of the 
loaded fraction (Load) and elution fractions were analysed on  
im m unoblots to detect Dbf4p and Cdc7p. In the whole cell extract Dbf4p 
elutes in a single peak (fractions 12-15) whereas Cdc7p elutes over a 
broader peak (fractions 12-18). After the N i2+-column purification step 
Dbf4p elutes in similar fractions to those obtained using asynchronous 
cell extractsO (fractions 13-16) and copurifying Cdc7p is present exact same 
elution fractions. The elution pattern of hyperphosphorylated Dbf4p and 
Cdc7p purified from S phase arrested cells is very similar to that observed 
with the products obtained from asynchronous cell cultures (figure 11). 
Molecular weight markers are shown above the fractions.
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w ith a very similar pattern to that observed in extracts derived from  

asynchronous growing cells. The presence of Rad53p was also tested in  

this fractions and it can be shown that Rad53p is almost completely lost in  

the flow through recovered from the first affinity chrom atography step 

and that virtually no protein is detected in the last step of the purification 

(figure 16.A).

The whole cell extracts derived from the S phase blocked cells were 

subm itted to gel filtration chromatography and the resulting fractions 

were analysed using im m unoblots against Dbf4p and Cdc7p. The pattern  

of elution from this column is very similar to that observed in extracts 

derived from asynchronous growing cultures (figure ll.B). The Dbf4p 

signal is present in a single elution peak between fractions 13-14 and the 

Cdc7p elution peak spreads to higher fractions (figure 16.B). The e lu tion  

of Cdc7p is consistent with the observation that not all the protein present 

in the S phase blocked cells co-purifies w ith Dbf4p. In a similar way, the 

eluate recovered from the first affinity chromatography step was analysed 

by gel filtration chromatography. After the first step of purification, Dbf4p 

elutes in a single peak at fractions 14-15 (figure 16.C). The copurifying 

Cdc7 protein from this affinity chromatography step co-elutes at the exact 

same fractions as Dbf4p (figure 16.C). These results show that Dbf4p form s 

a complex with Cdc7p in S phase blocked cells. The Dbf4/Cdc7p e lu tion  

pattern  in these extracts is very similar to the one observed in extracts 

derived from asynchronous cells, suggesting that the Dbf4p associated 

complex retains the same composition in the S phase block.

Dbf4/Cdc7p kinase activity was investigated in the fraction from
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the final step of purification of Dbf4p from S phase blocked cells. As 

previously described for asynchronous and G 2/M  blocked cells, the kinase 

reaction was performed by incubating Dbf4/Cdc7p with y^P-ATP either in

the presence or absence of the Mem substrate. The products of this 

reaction were separated by gel electrophoresis and analysed using a 

phosphoim ager. In the absence of the Mem substrate the same band 

corresponding to the mobility of Dbf4p is present, and upon addition of 

the Mem substrate, an additional band is present that corresponds to the 

phosphorylated Mem product (figure 17.A). Therefore, the kinase activity 

associated with Dbf4p is present in S phase blocked cells, suggesting that 

the in vivo Rad53p dependent phosphorylation of Dbf4p does not act by 

inhibiting the Dbf4/Cdc7p kinase activity.

In order to confirm that Rad53p does not inhibit Dbf4/Cdc7p kinase 

activity, Rad53p was used to phosphorylate Dbf4p in vitro, and the 

associated Cdc7p kinase activity analysed. The final product of Dbf4p 

purification obtained from asynchronously growing wild type and cdc7ts

m utant strains was incubated w ith recombinant Rad53p and ŷ P-ATP

either in the presence or absence of the Mem substrate. The result from  

the reaction using partially purified Dbf4/Cdc7p showed that both Dbf4p 

and Mcm2p are phosphorylated in the absence of Rad53p (figure 17.B). In 

the reaction containing the recombinant Rad53p, these same two signals 

are present w ith an increased signal, in addition to a third of slower 

mobility corresponding to the m igration of the Rad53 protein (figure 

17.B). Rad53p was shown to be capable of au tophosphorylation
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Figure 17: Hyperphosphorylation of Dbf4p does not inhibit the

Cdc7p kinase activity.

A. Dbf4/Cdc7 kinase is active in S phase blocked cells. Wild type cell cultures 
blocked in S phase expressing epitope tagged DBF4 from the endogenous promoter 
were used for the two step affinity purification of Dbf4. The product of the last 
step of the purification was incubated with recombinant Mem substrate (Mem) in 
the presence of y^P-ATP, the products of the kinase reaction loaded onto SDS- 
PAGE gels and analysed using a Phosphoimager. The incubation of Dbf4/Cdc7p 
with y^P-ATP reveals a phosphorylation product that migrates in sam e 
position as Dbf4p on im m unoblots (lane 1). Upon addition of the Mem 
substrate, a second faster migrating product appears which corresponds to 
phosphorylated recombinant Mem substrate (lane 2).

B. In vitro Rad53p phosphorylation of Dbf4p does not inhibit Dbf4/Cdc7p 
kinase activity. Asynchronous wild type and cdc7ts cell cultures grown at 
the perm issive tem perature and expressing epitope tagged DBF4 under 
the endogenous prom oter were used for two step affinity purification of 
Dbf4p-myc. The last step of the purification was incubated w ith  
recom binant Mem substrate (Mem) in the presence of Rad53p and y32P- 
ATP. The products of the kinase reaction were loaded onto SDS-PAGE 
gels and analysed using a Phosphoimager. Dbf4p-myc purified from cdc7ts 
cells does not produce detectable phosphorylation products (lanes 4-6). 
Dbf4/Cdc7p purified from asynchronous wild type cells is able to 
phosphorylate the Mem substrate (lane 2). Addition of recom binant 
Rad53p to this reaction, produces an increase of the phosphorylated 
product corresponding to Dbf4p and a third slower migrating product 
corresponding to the autophosphorylation of Rad53p (lane 3). A ddition of 
recom binant Rad53p to the reaction (lane 3) does not inhibit 
phosphorylation of the Mem substrate by Dbf4/Cdc7p. Mem 
phosphorylation is dependent on the activity of the Cdc7 protein kinase 
(compare lanes 3 to lane 6).
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(Stern et al., 1991), consistent with the observed slower m igrating 

reaction product. In contrast to the result obtained using the purification 

products of the wild type strain, neither the Dbf4p nor the M em 

phosphorylation products was observed using the purification obtained 

from the cdc7te strain (figure 17.B). Even when Rad53p is added, the 

signals observed are the ones corresponding to the major com ponents 

present in this reaction, the autophosphorylation product of Rad53p and 

the weak phosphorylation of recombinant Mem substrate (figure 17.B). 

This in vitro study shows that the same phosphorylation products of the 

Dbf4/Cdc7p kinase reaction are present even in the presence of 

recom binant Rad53p, suggesting that Rad53p does not inhibit the 

Dbf4/Cdc7p kinase activity in vitro. It could also be observed that in the 

reaction containing Rad53p, the phosphorylation product associated w ith  

Dbf4p is significantly increased, consistent w ith the slower m igration of 

Dbf4p in immunoblots from identical reactions.

6.6 Phosphorylation o f Dbf4p preven ts its association to  

chromatin in S phase blocked cells

Previously, it was shown that Dbf4/Cdc7p kinase is still active in S 

phase blocked cells. It was also observed that the phosphorylation of 

Dbf4p does not inhibit its associated kinase activity both in vivo and i n 

vitro. These results suggest that Rad53p inhibition of late origin firing 

does not occur by the inhibition of the Dbf4/Cdc7p kinase activity. 

Previous results from our laboratory have shown that Dbf4p interacts 

w ith yeast origins of replication (Dowell et al., 1994), suggesting that Dbf4p
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is responsible for recruiting Cdc7p to the replication origins thereby 

prom oting initiation of DNA replication. In this study, it was observed 

that Dbf4p is able to associate with chromatin in the cell cycle. It is possible 

that Rad53p induced phosphorylation of Dbf4p could target its ability to 

associate w ith chromatin. This hypothesis was tested by analysing the 

ability of Dbf4p from wild type and rad53 m utant cells blocked in S phase 

to associate w ith chromatin. As observed in previous im m unob lo ts 

derived from rad53 m utants, Dbf4p appears only as the 

hypophosphorylated form (figure 18). W hen the whole cell extract 

derived from rad53 m utants was fractionated into its chrom atin and 

supernatant components, it was seen that essentially all of the Dbf4p was 

associated with the chromatin fraction (figure 18). This contrasts to resu lt 

obtained from whole cell extracts derived from wild type cells, w here 

Dbf4p is present in a smear of bands of which the slower m igrating 

corresponds to the phosphorylated forms (figure 18). The fractionation of 

the whole cell extract derived from wild type cells showed that that the 

faster hypophosphorylated form is associated with the chrom atin fraction 

(figure 18). In contrast, the slower migrating hyperphosphorylated form s 

of Dbf4p present in S phase blocked cells remain in the supernatan t 

fraction (figure 18). Therefore, the Rad53p dependent phosphorylated 

form of Dbf4p is unable to associate with chromatin. This experim ent 

shows a role for the phosphorylation of Dbf4p in cells blocked in S phase: 

w hen phosphorylated, Dbf4p cannot associate with chromatin. This result 

suggests that in response to an S phase block, Rad53p acts by 

phosphorylating Dbf4p, thereby rendering it incapable of recruiting Cdc7p



to origins of replication and, consequently, unable to prom ote in itia tion  

of DNA replication.
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Figure 18: Hyperphosphorylated Dbf4p is unable to access 

chromatin.

Wild type and rad53 m utant cell cultures arrested in S phase using 
hydroxyurea were submitted to the chromatin binding assay. 
Fractionation of whole cell extract (WCE) produces supernatant (Su) and 
chromatin (Ch) fractions. Extracts were loaded so that the total am ount of 
proteins in the Su and Ch fractions equals the amount in the WCE. These 
extracts were processed for im m unoblotting and Dbf4p detected using the 
Dbf4p-36 polyclonal antibody. In the whole cell extract from S phase 
arrested wild tvpe cells, Dbf4p migrates in smear of hyperphosphorylated 
and hypophosphorylated forms (lane 1) whereas in the rad53 whole cell 
extract, Dbf4p is present only in its hypophosphorylated form (lane 4). 
Hypophosphorylated Dbf4p present in both wild type and rad53 m u tan ts 
copurifies with the chromatin fraction (lanes 3 and 6). In contrast, 
hyperphosphorylated Dbf4p present in wild type whole cell extracts does 
not copurifv with chromatin and is completely retained in the 
supernatant fraction (lane 2).
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7. Discussion

Two m ain conclusions can be draw n from this work: Dbf4p, the  

regulatory subunit of the Cdc7p kinase, is periodically expressed during  

the cell cycle and it is a target for the origin firing checkpoint in S phase 

arrested cells.

In an analogous way to the Cdks and their cyclin partners, Cdc7p 

kinase was shown to be periodically active and to require the association 

with Dbf4p for its cell cycle function (Hardy and Pautz, 1996; Jackson et al., 

1993). This study further extends this analogy by demonstrating that Dbf4p 

is periodically expressed. Dbf4p contains a cyclin destruction box on its N- 

term inus, which is recognised by the APC targeting it for proteolysis in a 

similar fashion to the B-type cyclins. Therefore, although not related to 

the B-type cyclins in its primary aminoacid sequence, Dbf4p is regulated in 

a similar fashion and performs an analogous function.

The timing of Dbf4p expression in the cell cycle is revealing. Dbf4p 

is absent in early G l, appears in late G l, accumulates through the cell cycle 

and disappears once cells enter anaphase. This periodicity reproduces the  

m irror image of Cdc6p expression (Drury et al., 1997) and the presence of 

pre-RCs on origins of replication (Diffley et al., 1994). Conversely, it 

follows the pattern of activation of the Clb/Cdc28p kinase in G l and its 

inactivation during mitosis. The requirem ent for the Dbf4/Cdc7p kinase 

activity for initiation of DNA replication, added to the finding that Dbf4p 

is periodically expressed, qualifies this kinase complex, along w ith
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Clb/Cdc28p, as an integral part of the S phase prom oting factor. Thus, a 

dual switch exists responsible for initiation of DNA replication, the 

activation of Cdc28p by Clb5p and Clb6p and the activation of Cdc7p by 

Dbf4p.

Partial re-replication of the genome or the inappropriate activation 

of some or all origins prior to START could be a dangerous, even lethal 

event. Consequently, cells utilise m ultiple m echanisms that ensure that 

replication origins fire on schedule and just once per cell cycle. Some of 

these mechanisms have already been unveiled. The Cdc6 protein, w hich  

plays an essential role by loading the Mem proteins into pre-RCs, is 

degraded before S phase begins (Drury et al., 1997) and the Mem proteins 

are only present in the nucleus during G l and early S phases (Dalton and 

W hitbread, 1995; Hennessy et al., 1990; Yan et al., 1993). In addition, DNA

polymerase a-prim ase complex only binds to chrom atin during G l and S

phases and this association, unlike the Mcms, is independent of CDC6

function (Desdouets et al., 1998). Pre-RCs and DNA polymerase a-prim ase

can only assemble onto chromatin during a period of time that lasts from  

the inactivation of the Clb/Cdc28 in mitosis to its reactivation in late G l 

(Dahm ann et al., 1995; Desdouets et al., 1998; Diffley et al., 1994; Piatti et 

al., 1996).

W hat is the requirement for a dual switch regulating the onset of S 

phase? Cells spend significant am ounts of energy in ensuring the proper 

regulation of essential cell cycle events such as initiation of DNA 

replication. These apparent redundant mechanisms provide the m axim al
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control in providing the daughter cell w ith the correct replica of the 

genome of the m other cell. Thus, the existence of a dual com ponent of 

SPF should allow a safer regulation of initiation of DNA replication. 

Clb/Cdc28p kinase is mainly involved in regulating the proper 

alternation of the different cell cycle stages. In this scenario, Dbf4/Cdc7p 

m ay confer a second trigger adding a fine tuned component to the general 

role of the Cdc28 kinase in the cell cycle. The existence of a "general" and 

a more "specialised" switch may provide cells with a safe proof regulatory 

m echanism leading to timely entry into S phase.

Conversely, it is possible that these protein kinases respond to 

different cellular signals controlling the cell cycle. The Cdc28p kinase is 

know n to respond to several cellular stimuli during the stage know n as 

START. These include cell size, nutrient availability and pherom one 

response (Hartwell et al., 1974). It is possible that parallel, or additional, 

inform ation is transduced to the Dbf4/Cdc7 protein kinase. M utagenesis 

studies perform ed on cdcl m utants showed that these cells respond 

peculiarly to DNA damaging agents. cdc7-l m utants exposed to m utagens, 

such as UV, yield significantly lower levels of induced m utagenesis th an  

wild type cells, despite survival rates being similar (Njagi and Kilbey, 

1982; Njagi and Kilbey, 1982). On the contrary, the same trea tm en t 

im posed on cdc7-4 m utants showed that these cells increased their 

m utation frequency (Kilbey, 1986). These results suggest that CDC7 may be 

involved in a mechanism responsible for the fidelity of DNA replication 

in response to damaging agents. Thus, Dbf4/Cdc7 pathway may be a target 

for m echanism s controlling improperly replicated or damaged DNA



during S phase. In this way, a dual switch may be accounted by the 

specialised functions of these two kinase complexes.

The dual nature of SPF may also be im portant in late m itosis. 

Transition from high to low kinase activity at the end of mitosis is a 

potential dangerous time when, at interm ediate kinase levels, new ly 

formed pre-RCs might immediately and accidentally activated. Dbf4p m ay 

provide a mechanism  whereby newly formed pre-RCs cannot 

im m ediately fire. Dbf4p is targeted for degradation by the APC at the 

m etaphase to anaphase transition. Previous studies have show n that 

Clb2p is targeted for degradation at a later stage in mitosis (Amon et al., 

1994; Seufert et al., 1995). This result suggests that Dbf4p proteolysis occurs 

before pre-RCs assembly and inhibition of Clb/Cdc28 kinase. Hence, 

during the transition from high to low B-type cyclin kinase levels, new ly 

form ed pre-RCs will be unable to immediately re-fire because cells lack 

not only Clbs, but also Dbf4p. This model provides a fine-tuned 

m echanism  for initiation of DNA replication. Not only origin firing is 

controlled by the cycles of Clb/Cdc28 activity, but also by Dbf4/Cdc7 

activation. If the two kinases are phased in such way that inactivation of 

one occurs before the other, transition periods can be safeguarded. In th is 

way, if Clb/Cdc28 would be inappropriately re-activated, the lack of 

Dbf4/Cdc7 activity should prevent initiation of DNA replication.

Degradation of Dbf4p occurs at a similar time as other APC 

substrates such as Pdslp (Schwab et al., 1997; Visintin et al., 1997). There 

are two separated degradation pathways prom oted by the APC in m itosis, 

one under the control of Cdc20p (Visintin et al., 1997), occurring at the
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onset of anaphase, that is responsible for Pdslp degradation, and ano ther 

under the control of H ctlp (Schwab et al., 1997; Visintin et al., 1997), that 

prom otes Clb2p proteolysis at the end of mitosis. The synchronisation 

experiments showed that the timing of Dbf4p degradation occurs at the 

m etaphase to anaphase transition. The similarity in tim ing to Pdslp 

proteolysis suggests that Dbf4p may be targeted by Cdc20p, thus preceding 

B-type cyclin proteolysis. However, further work would be required to 

investigate which of these targeting factors is required for Dbf4p 

degradation.

Previous studies have reported that Cdc7p kinase activity was 

periodic in the cell cycle. Jackson et al. have shown that Cdc7p kinase 

activity, measured by the in vitro phosphorylation of calf thym us h istone 

H I, was low in G l blocked cells (a  factor, cdc28ts and cdc4ts), high in early S

phase blocks (a  factor block and release either into cdc8ts or HU) and low

again in S phase (cdc8ts and HU) and G2/M  blocked cells (nocodazole) 

(Jackson et al., 1993). However, this study has shown that Dbf4p levels are 

present in S and G2/M  blocked cells. Additionally, comparison of the 

Cdc7p kinase activity purified from asynchronous, S and G2/M  blocked 

cells suggests that Dbf4/Cdc7p retains activity in these cell cycle blocks. 

These results suggest that Dbf4/Cdc7p remains active until Dbf4p is 

degraded at the end of the cell cycle. If Cdc7p is solely regulated by the 

periodical levels of Dbf4p, the Dbf4/Cdc7 kinase activity should possess 

same periodicity as Dbf4p in the cell cycle. However, the periodicity of the 

Cdc7p kinase activity detected by Jackson et al does not superim pose w ith
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the periodicity of Dbf4p levels observed in this study. The peak of the 

Cdc7p kinase activity in synchronised cell cycle experim ents was at the 

G l/S  transition (Jackson et al., 1993) whereas, in this study, Dbf4p was 

show n to present in increasing am ounts to later stages of the cell cycle. 

The difference in the results obtained may rely on the different substrates 

used for the analysis of the Dbf4/Cdc7p kinase activity. A lternatively, 

unidentified modes of regulation may exist that provide h igher 

Dbf4/Cdc7p kinase activity at the G l/S  transition w hen lower levels of 

Dbf4p are present. Thus, a more precise study of Cdc7p kinase in the cell 

cycle using physiological substrates is required to investigate if Dbf4p 

periodical levels are the only regulator of the Cdc7p kinase activity.

The analysis of the two known biochemical properties of Dbf4p 

indicates that Dbf4p is associated with chrom atin and Dbf4/Cdc7p retains 

activity after S phase. Dbf4/Cdc7p can be purified from G 2/M  blocked cells 

and is able to phosphorylate Mcm2p in vitro. It was also observed that 

Dbf4p is able to interact w ith chrom atin before S phase and retains this 

property in G2/M  blocked cells. These results suggest that this kinase 

complex is potentially able to execute its function at later parts of the cell 

cycle, even after DNA replication has already occurred. However, during  

this period, Dbf4/Cdc7p is likely to be prevented from initiating DNA 

replication by other cell cycle events, namely the absence of Mcms from  

origins of replication in this part of the cell cycle (Aparicio et al., 1997; 

Tanaka et al., 1997).
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Cell cycle regulation ensures that S phase only initiates once sister 

chrom atids have separated. In a similar way, it only allows m itosis to 

occur once S phase is completed. In cycling cells, the alternation of S 

phase w ith M phase may be accomplished through a simple tim ing  

m echanism  intrinsic to the periodic activation of the cyclin dependent 

kinases (Koch and Nasmyth, 1994). Checkpoint controls, the m echanism s 

whereby the cell ensures the correct order of the cell cycle, become 

essential once the cell cycle progress is perturbed (Weinert and Hartw ell, 

1988). W hen cells are exposed to blocks to cell cycle progression, active 

processes are triggered that delay the onset of the next phase of the cell 

cycle.

The origin firing checkpoint represents an active response that is 

triggered w hen blocks to elongation of DNA replication are detected. 

W hen cells undergoing replication are exposed to drugs, such as 

hydroxyurea, the M ecl/Rad53p checkpoint pathway is triggered and 

prevents new origins from firing (Santocanale and Diffley, 1998). How 

does M ecl/Rad53p prevent further origins of replication from firing? 

W hen cells are exposed to blocks in S phase, CDC7 is unable to execute its 

function in prom oting initiation of DNA replication (Bousset and Diffley, 

1998; Donaldson et al., 1998). This result suggests that the M ecl/Rad53p 

checkpoint pathway prevents Dbf4/Cdc7p from firing late replicating 

origins. This study has shown that Dbf4p accumulates in S phase blocked 

cells as hyperphosphorylated forms. Furthermore, the phosphorylation of 

Dbf4p in this block is dependent on the function of the Rad53p checkpoint 

protein. Therefore, it was conceivable that this checkpoint pathway could
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act through the inhibition of this component of SPF. The existence of cdc7 

m utants presenting phenotypes that alter the ability of cells to acquire 

m utations (Kilbey, 1986; Njagi and Kilbey, 1982) would be consistent w ith  

a mechanism that targets Dbf4/Cdc7p for slowing replication in response 

to blocks in S phase, such as DNA damage.

The Rad53p kinase promotes the phosphorylation of Dbf4 p ro tein  

in vitro, suggesting that Dbf4p is a direct target of the Rad53p checkpoint 

protein. Parallel studies in our laboratory have shown that the Dbf4p 

phosphorylation in S phase blocked cells is also dependent on the 

function of its kinase partner, Cdc7p (Bousset, K. unpublished  

observations). This dependency was tested in vitro using Dbf4p purified 

from cdc7ts m utants cells. In these conditions, Cdc7p did not copurify w ith  

Dbf4p and Rad53p was unable to promote Dbf4p phosphorylation in v i tro  

(Figure 15.C). The ability of Rad53p to directly phosphorylate Dbf4p is, 

therefore, dependent on Cdc7p both in v iv o  and in vitro. This 

observation suggests that Rad53p is only capable of phosphorylating Dbf4p 

w hen in a complex w ith its kinase partner. Alternatively, Dbf4p is 

phosphorylated by Cdc7p under the control of the Rad53p kinase. 

However, the product of Dbf4p in vitro autophosphorylation observed on  

im m unoblots differs substantially from the one obtained due to the 

addition of recombinant Rad53p. If Cdc7p is the kinase responsible for 

Dbf4p hyperphosphorylation in S phase blocked cells, its kinase specificity 

for Dbf4p should be modified by action of the Rad53p checkpoint protein . 

The distinction between these two hypotheses could be achieved by 

investigating the Rad53p dependent in vitro phosphorylation of the Dbf4



protein purified form a strain harbouring cdc7 m utated in the catalytic 

dom ain (kinase dead m utant). If Rad53p is only able to recognise the  

Dbf4/Cdc7p complex, the kinase function of Cdc7p should not be required 

for the phosphorylation of Dbf4p, thus resulting in Dbf4p being 

phosphorylated by Rad53p.

W hat is the function of the Rad53p dependent phosphorylation of 

Dbf4p in S phase blocked cells? Rad53p might prevent origins from firing 

by inhibiting Dbf4p function. Potentially, this task could be achieved in  

two ways. Hyperphosphorylated Dbf4p may be incapable of activating the  

Cdc7p kinase, hence inhibiting the Dbf4/Cdc7p kinase activity. 

A lternatively, the Rad53p dependent modification may render Dbf4p 

unable to recruit active Cdc7p to unfired origins of replication.

The Rad53p dependent phosphorylation of Dbf4p does not inh ib it 

D bf4/Cdc7p kinase activity in vitro and in vivo. The Dbf4/Cdc7p complex 

isolated from S phase blocked cells was shown to possess kinase activity, 

suggesting that active Dbf4/Cdc7p is present during this block. 

Furtherm ore, addition of recombinant Rad53p to active Dbf4/Cdc7p did 

not impair its kinase activity. However, Rad53p contributed to an increase 

of the signal corresponding to the Dbf4 protein, consistent w ith the 

previous observation that Rad53p promotes the phosphorylation of the  

Dbf4 protein. These results suggest that the Rad53p checkpoint function  

does not target the function of Dbf4p as an activator of the Cdc7p kinase

Late origins of replication remain unfired in S phase arrested cells 

(Santocanale and Diffley, 1998; Shirahige et al., 1998). The CDC7 function  

was shown to be required to prom ote initiation of DNA replication from
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these origins once the block is relieved (Bousset and Diffley, 1998). These 

results suggest that, while the block is retained, the Dbf4/Cdc7 p ro te in  

kinase is prevented of activating late origins of replication and departure 

from this block is accompanied by the ability of Cdc7p to execute its 

function. Further studies in our laboratory showed that phosphorylation  

of Dbf4p is reversed once the S phase block is relieved (Bousset, K. 

unpublished observations). Thus, it appears that the phosphorylation of 

Dbf4p and the ability of Cdc7p to initiate replication are closely related.

The study of the origin firing checkpoint showed that rad53 

m utants are unable to restrain late origins firing in response to blocks in  

elongation of DNA replication. W hen these m utants are exposed to S 

phase blocks, late origins of replication have initiated DNA replication 

(Santocanale and Diffley, 1998). In the rad53 m utants, Dbf4p is present in  

the hypophosphorylated form and is able to interact w ith chrom atin , 

consistent w ith the fact that Dbf4/Cdc7p had executed its function. 

However, in wild type cells, the hyperphosphorylated form of Dbf4p is 

unable to interact with chromatin. Previous studies have show n that 

Dbf4p interacts w ith origins in v ivo  (Dowell et al., 1994), suggesting that 

the observed ability to interact with chrom atin correlates w ith Dbf4p 

association w ith replication origins. If such premise is true, the fact that 

hyperphosphorylated Dbf4p is unable to associate w ith chrom atin  

provides an interesting model for the Rad53p inhibition of late origin 

firing and Dbf4p phosphorylation.

Based on these results, a mechanism for the role of Rad53p in  

preventing origin firing in cells exposed to blocks in S phase progression
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can be suggested. In response to blocks in elongation of replication, 

Rad53p triggers a checkpoint response that, among other effects, inhibits 

further origins from firing and causes a delay in S phase progression 

(Santocanale and Diffley, 1998; Shirahige et al., 1998). One of the targets of 

Rad53p is the Dbf4 protein. The Dbf4/Cdc7 protein kinase is required for 

activating individual origins of replication throughout S phase. Rad53p, 

by directly phosphorylating Dbf4p, does not cause the inhibition of 

Dbf4/Cdc7p kinase activity, but prevents the active complex from gaining 

access to unfired origins of replication. While the block is present, Rad53p 

action on Dbf4p is m aintained and the late origins rem ain unfired. Once 

the block is relieved, Rad53p inhibition ceases, Dbf4p becomes 

hypophosphorylated thus regaining access to chromatin and, by recruiting 

active Cdc7p to the unfired origins, promotes the initiation of DN A 

replication.

Further studies will provide requiring evidence for this hypothesis. 

The m apping of Rad53p dependent phosphorylation sites in Dbf4p and 

their subsequent m utation should produce im portant tools to investigate 

the relevance for the observations provided in this study. Constructing a 

m utated strain possessing a version of Dbf4p that is insensitive to the 

action of Rad53p will allow us to observe if the m utant Dbf4p is able 

associate w ith chrom atin in S phase blocked cells. More im portantly, it 

would be possible to investigate if the origin firing checkpoint is bypassed 

in such strain. If Dbf4p is the only target for the Rad53p inhibitory role in  

origin firing, it would be expected that, in such m utant strain, origins of 

replication would fire in conditions that block S phase progression. It is



likely, however, that other targets exist. As initiation of DNA replication 

is under regulation of Dbf4/Cdc7p and Clb/Cdc28p kinases, it is possible 

that the Rad53p checkpoint pathway will act on both components of SPF. 

It would be interesting to extend this analysis to Clb/Cdc28p. Recent 

studies on the requirement of Clb/Cdc28p kinase to activate early and late 

origins of replication have suggested that, like Dbf4/Cdc7p, this kinase is 

involved in individual origin activation during S phase (Donaldson et 

al., 1998). Such being true, they represent a second very good candidate for 

inhibition of initiation of DNA replication. Similar to Dbf4/Cdc7p, 

Clb/Cdc28p kinase is active in S phase blocked cells (Basco et al., 1995), 

thus the level of regulation may reside in their ability to access yeast 

origins of replication. The results provided by this thesis suggest an 

analogous m ode of regulation of Dbf4p to the B-type cyclins. Regulation 

of these proteins may be extended to other functions in the cell cycle, 

namely being targets for checkpoint regulatory mechanisms.
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