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Abstract

The boundaries of replication research would be greatly extended by the 

establishment of an origin-dependent in vitro DNA replication system. Saccharomyces 

cerevisiae is a prime candidate from which to develop such a system, as it initiates 

replication from specific, well conserved, short origin sequences. The first step towards 

producing a yeast cell free replication system was the development of a method to 

assemble pre-replicative complexes (pre-RCs) onto short repeat sequences of the origin 

ARSl, immobilised on Dynabeads. I have extended this research to use plasmids with 

ARSl origins. The plasmids are competent for pre-RC assembly (ORC, Cdc6p, MCM) 

and this is specific for origin sequences with an A element, the element known to be 

essential for replication in vivo. Formation of the complexes is also time dependent and 

once the MCM complex has been loaded, it can stay associated even in the absence of the 

MCM loader Cdc6p. This is in accordance with in vivo data and suggests that the system 

will be useful to elucidate in vivo mechanisms of replication.

I have also explored the kinetics of pre-RC assembly using different nucleotides 

and competitor ARSl DNA. Different steps in pre-RC assembly have different 

nucleotide requirements and the loading of substantial levels of the MCM complex 

requires the hydrolysis of ATP. Loaded MCM complexes are stable on DNA, even in the 

presence of competitor ARS1 plasmid.

I have further investigated the nucleotide requirements using mutants of Cdc6p 

with changes in an ATP interaction region. Recombinant Cdc6p was produced in E. coli 

and purified by means of a poly-histidine tag. Cdc6p or mutant cdc6p was also expressed 

as a second copy in yeast cells and extracts were produced containing these proteins. 

Experiments with rCdc6p or the yeast extracts produced comparable results.

I have successfully established in vitro loading of pre-replicative complexes at 

ARS 1 origins on plasmid DNA and begun to investigate the requirements of this system.
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1.1 Introduction

The growth of an organism depends on production of new cells by cell division. 

For successful division, cell organelles, including the nucleus, must be faithfully copied 

and inherited by both daughter cells. Making a complete and perfect copy of the genome 

is, therefore, a crucial step in the division of any cell and DNA replication is a carefully 

choreographed event, subject to a multitude of controls.

In many prokaryotes and simple eukaryotes replication begins at well defined sites 

on DNA, origins. It has become clear that in Metazoa the situation is more complex and 

in some cases, e.g. early embryonic development, any sequence can act as an origin. In 

all cases however pre-replicative protein complexes assemble at origins prior to 

replication and this process begins with the binding of the initiator protein. In this chapter 

I will describe the formation of pre-replicative complexes and the systems of regulation 

that ensure DNA replication occurs exactly once in every eukaryotic cell cycle.

1.2 Replication Origins and Initiator proteins

The Replicon Model and Initiation of DNA Replication in Escherichia coli

Before the molecular basis of the initiation of DNA replication was elucidated, 

Jacob, Cuzin and Brenner suggested the Replicon model. This model predicted that a 

genetic element (the replicator) is recognised by a factor (the initiator), that induces DNA
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replication (Jacob et al., 1963). This model is useful for understanding initiation in E. 

coli and viruses, and has provided insights into eukaryotic DNA replication.

In E. coli the genome is a single circular chromosome and replication initiates 

from one origin, termed oriC (Hiraga, 1976). The protein dnaA is essential for initiation 

of replication and recognises and binds to four repeat sequences, each 9bp long, within 

oriC (Tomizawa and Selzer, 1979) (Fuller et al., 1984). Twenty to forty dnaA monomers 

bind to the origin, wrapping the DNA around them (Fuller and Komberg, 1983; Funnell 

et al., 1987). The dnaA proteins then begin to melt the origin DNA at three 13mers of AT 

rich sequence, and to recruit other proteins to the origin (Bramhill and Komberg, 1988). 

Thus, dnaA fulfills the predicted roles of an initiator protein, it recognises and binds the 

replicator, oriC. It is also clear that this protein has other roles and this knowledge was 

used to extend the predictions made in the Replicon Model. Three main roles for an 

initiator protein were proposed, binding to the origin, melting the origin DNA and 

recruiting other proteins. It was suggested that these roles may be applicable to the 

initiators of other organisms (Bramhill and Komberg, 1988).

SV40 and the initiation of DNA Replication

The genome of the Simian vims 40 (SV40) is a single circular chromosome, with 

just one origin, within which several domains have been identified (Deb et al., 1986a). 

SV40 encodes just one protein involved in DNA replication. Large Tumour antigen (T 

antigen), which binds strongly to two sites (I and II) and more weakly to a third site (III) 

within the origin (Deb et al., 1986a). Each site includes repeats of a recognition sequence
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(C^/gGGC). Site I contains two direct repeats of these sequences separated by an AT- 

rich tract, whereas site II contains a perfect inverted repeat where four copies of GAGGC 

are arranged as a palindrome, with two copies on each side.

Multimeric complexes of T antigen form at the origin, in bi-lobed structures, 

which sit over each side of the palindrome of site II (Mastrangelo et al., 1989). Each lobe 

is a hexamer that encloses the DNA helix. Binding causes structural changes in the origin 

DNA which includes DNA melting in site II, and other DNA distortions in site I, at the 

AT-rich tract (Borowiec and Hurwitz, 1988; DeLucia et al., 1983). Thus, the effects of T 

antigen on the viral origin are similar to those of dnaA on oriC, distortion of the DNA, 

including DNA melting.

T antigen also forms protein-protein interactions, for example with DNA 

polymerase a  and RPA, and thus can serve in the recruitment of host cell replication 

factors to the viral origin (Collins et al., 1993; Domreiter et al., 1992). In summary, T 

antigen conforms to the extended model for the functions of an initiator protein, it 

recognises and binds the viral origins, causes DNA melting and serves to recruit other 

proteins. However, T antigen has an additional function to dnaA, it has helicase activity 

(Stahl et al., 1986).

Initiation of DNA replication 2it Saccharomyces cerevisiae origins

The genome of the yeast S. cerevisiae is about four times the size of the E. 

coli genome and DNA replication is accomplished by initiation from hundreds of origins 

dispersed throughout its chromosomes. These origins were first identified as sequences
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in the genome, which, when cloned into plasmids, enabled them to replicate 

autonomously after transformation into S. cerevisiae (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 sequences were termed autonomously replicating sequences (ARS) 

and subsequently the initiation sites for DNA replication were mapped to within or near 

them, thus confirming their role as origins (Brewer and Fangman, 1987; Huberman et al., 

1987). A multiprotein complex was identified, that interacts with origins and this was 

isolated and termed Origin Recognition Complex (ORC) (Bell and Stillman, 1992). ORC 

was found to be essential for the initiation of DNA replication and was proposed to 

function as an initiator protein (Fox et al., 1995; Liang et al., 1995; Loo et al., 1995). 

ORC has since been identified in other eukaryotes and may serve a conserved function; 

this is discussed in following sections.

Of the hundreds of origins in S. cerevisiae, ARS 1 is perhaps the most well 

characterised. In vitro mutagenesis identified three functional domains within this origin, 

A, B and C (Celniker et al., 1984). Domain A contains a sequence highly conserved in all 

S. cerevisiae origins, the ARS consensus sequence, (ACS) (^/tTTTA^/c^/g TTT^/t) 

(Broach et al., 1983; Van Houten and Newlon, 1990). The ACS has been demonstrated 

to be a site for ORC binding (Bell and Stillman, 1992). DNase I footprinting of ARSl, in 

vivo and with purified ORC in vitro has demonstrated that ORC binds not only the A 

element of ARSl, but also an area of the B domain, B1 (Bell and Stillman, 1992; Diffley 

and Cocker, 1992; Rao and Stillman, 1995; Rowley et al., 1995).

Linker substitution mutations first identified different areas within the B domain, 

B l, B2 and B3, which contribute to ARSl activity (Marahrens and Stillman, 1992). As
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described above, the Bl element forms part of the sequence recognised by ORC. The 

function of B2 is not clear, however, it can be successfully replaced by a region of 

another origin, ARS305 which is easily unwound, suggesting that it may function as a site 

of unwinding (Lin and Kowalski, 1997). There are arguments against this idea because 

the sequence of B2 has been demonstrated to be important for its function and thus, the 

true role of B2 remains unknown (Wilmes and Bell, 2002). The B3 element of ARSl 

contributes only weakly to origin activity and was found to be the binding site for the 

transcription factor Abflp (Diffley and Stillman, 1988; Marahrens and Stillman, 1992). 

The function of Abflp in replication is not clear. There is evidence that it acts like a 

transcription factor and the B3 element of ARSl can be functionally replaced by either a 

binding site for a related transcription factor Rap Ip or for an unrelated transcription factor 

Gal4p (Marahrens and Stillman, 1992).

Other ARS elements also have modular structures and similar elements to 

ARSl A, B l, B2, and B3 have been identified; although, B l and B2 elements have been 

recognized by functional homology, rather than sequence similarities e.g. in ARS307 

(Rao et al., 1994; Theis and Newlon, 1994).

ORC is composed of six subunits, of 120, 72, 62, 56, 53 and 50kDa called Orcl- 

6p (Bell and Stillman, 1992). A subunit cross-linking approach has been used to examine 

the association of individual ORC subunits, within the ORC complex, to two origins, 

ARSl and ARS305 (Lee and Bell, 1997). In both cases each subunit of ORC had a 

different pattern of binding. For instance. Ore Ip binds to the ACS, whereas Orc5p is the 

only subunit that binds the area of the Bl element essential for ORC recognition. Orc2p, 

Orc4p and Orc5p each contact two regions of ARSl separated by a region without
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contact, which the authors suggest points to DNA bending within the origin. More 

evidence that ORC affects the conformation of origin DNA includes treatment with 

copper phenanthroiine. The ACS of ARSl is sensitive to cleavage by this treatment, 

indicative of this region being under torsional strain (Diffley and Cocker, 1992).

Thus, consistent with a role as an initiator protein, ORC both recognises origin 

DNA and affects the conformation of this DNA, although there is no evidence that it 

causes DNA melting. The third function predicted for initiator proteins is the recruitment 

of other proteins to origins. ORC also fulfills this role as the assembly of pre-replicative 

complexes at origins is dependent on ORC (Aparicio et al., 1997; Diffley et al., 1994). 

ORC may stimulate recruitment both directly and indirectly. Directly, ORC has been 

shown to interact with one of the factors that make up the pre-replicative complex 

(Cdc6p) (Liang et al., 1995) and indirectly, ORC may also encourage recruitment of 

factors by rendering origin chromatin accessible to them. The position of nucleosomes at 

origins have been mapped and ORC has been demonstrated to direct their positioning, to 

either side of its binding site (Lipford and Bell, 2001). Furthermore, if this pattern of 

positioning was disrupted, pre-replicative complex assembly was also disrupted and the 

initiation of DNA replication inhibited. In conclusion, S .cerevisiae ORC has an essential 

role in recruiting the pre-replicative complex to origins for DNA replication and this may 

be facilitated by nucleosome positioning.
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Initiation of DNA replication at Schizosaccharomyces pombe origins

In Schizosaccharomyces pombe, origins of DNA replication have been identified 

using similar methods to those used in S. cerevisiae: identifying ARS sequences using a 

plasmid transformation assay, then confirming these as true origins of replication in a 

chromosomal context (Beach and Nurse, 1981; Caddie and Calos, 1994; Dubey et al., 

1994; Johnston and Barker, 1987; Losson and Lacroute, 1983; Okuno et al., 1997; Olsson 

et al., 1993; Sakaguchi and Yamamoto, 1982; Smith et al., 1995; Wohlgemuth et al., 

1994; Wright et al., 1986).

ORC subunits have also been identified in S. pombe, mainly by amino acid 

sequence homology with ORC from other organisms (Gavin et al., 1995; Leatherwood et 

al., 1996; Moon et al., 1999; Muzi-Falconi and Kelly, 1995). The S. pombe Orclp, Orc2p 

and Orc5p are similar to those of other species, including S. cerevisiae, Orc3p and Orc6p 

are poorly conserved and Orc4p has two domains: a C terminal domain which is similar 

to Orc4 from other species and a N terminal domain which is unlike S. cerevisiae Orc4p 

(Chuang and Kelly, 1999). The N terminus contains 9 copies of an “AT” hook, a 

sequence found in many DNA binding proteins. AT hooks are known to mediate binding 

to the minor groove of AT nucleotide rich tracts in DNA and Orc4p has been shown to 

bind multiple AT rich sites of an origin arsl, with or without the other ORC subunits 

(Chuang et al., 2002; Chuang and Kelly, 1999; Kong and DePamphilis, 2001; Lee et al.,

2001). In support of this model, if S. pombe chromatin is treated with IM NaCl or 

digested with DNase I all six ORC subunits are extracted; however if milder conditions 

are used (0.3M NaCl) only ORC 1,2,3,5,6 are extracted and Orc4p remains on the

19



chromatin (Moon et al., 1999). Moreover, footprinting studies have shown that Orc4p 

makes a footprint at origins which is not significantly changed by the presence of the 

other subunits (Kong and DePamphilis, 2001). Thus, all the evidence points to the S. 

pombe ORC binding to origins via its Orc4p subunit. This is very different from the 

method of origin binding by S. cerevisiae ORC and this difference is reflected in the 

structure of S. pombe origins.

The origins of S. pombe are much larger, over VOObp (compared to 100 to 200bp) 

and although they share some of the same modular features as S. cerevisiae origins 

(Caddie and Calos, 1994; Clyne and Kelly, 1995; Dubey et al., 1994; Okuno et al., 1997; 

Zhu et al., 1994) recent work suggests that S. pombe ORC does not have very stringent 

sequence requirements and binds at multiple AT rich sites (Chuang et al., 2002; Kong and 

DePamphilis, 2001; Lee et al., 2001). Some essential elements of around 50bp have been 

identified and hypothesized to be the sites of ORC binding and it is possible that origin 

activity may depend on the presence of both AT rich stretches and more sequence specific 

enhancing elements (Clyne and Kelly, 1995; Dubey et al., 1996; Okuno et al., 1999).

In vitro experiments have demonstrated that S. pombe ORC interacts with CdclS, 

a protein essential for replication (known as Cdc6 in other eukaryotes) and recruits this 

factor to an origin, arsl (Chuang et al., 2002). Orclp is essential for the onset of DNA 

replication in this yeast and taken with the evidence that ORC binds origins, it is likely 

that S. pombe ORC does function as an initiator protein for DNA replication (Grallert and 

Nurse, 1996).
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Initiation of DNA replication in Higher Eukaryotes

ORC-related genes have also been identified in all the higher eukaryotes which 

have been analysed, including the toad Xenopus laevis and humans (reviewed in (Bell, 

2002)). In X. laevis the role of ORC in initiation has been proven. ORC is essential for 

the recruitment of pre-replicative factors to chromatin and for the initiation of DNA 

replication (Carpenter et al., 1996; Romanowski et al., 1996; Rowles et al., 1996). 

Although a requirement for ORC in human DNA replication initiation has yet to been 

shown it has been demonstrated that ORC binds the origin (oriP), of the Epstein-Barr 

Virus (EBV), which infects human cells, and is required for viral replication, once per 

cell cycle (Chaudhuri et al., 2001; Dhar et al., 2001). Thus, it is probable that eukaryotes 

have the initiator protein, ORC, in common. Identification of origin sequences in higher 

eukaryotes has, however, proved more complex.

In early metazoan embryos rounds of replication occur at very close intervals, for 

example S phase completes every 20 minutes in X. laevis early embryonic cells (reviewed 

in (Coverley and Laskey, 1994)). Injection of plasmid or other DNA into X. laevis eggs 

(Harland and Laskey, 1980; Mechali and Kearsey, 1984), or incubation of plasmid DNA 

or sperm nuclei with egg extracts (Blow and Laskey, 1986) has shown that such DNA is 

replicated regardless of sequence. However, it can be argued that initiation must occur at 

regular intervals along chromosomes for all the inter-origin sequences to be replicated, 

within the short S phase of these cells (Blumenthal et al., 1974; Laskey, 1985).

It has been speculated that embryonic cells support initiation from numerous sites 

because of high concentrations of initiator proteins and/or because of a non-restrictive
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chromatin structure (discussed in (DePamphilis, 1999)). The importance of a permissive 

chromatin structure was examined by adding purified histone HI to egg extracts; this 

reduced the number of replication forks by blocking the assembly of pre-replicative 

proteins onto chromatin (Lu et al., 1998). It is also hypothesised that as cells differentiate 

the choice of initiation sites may become limited due to restrictions of chromatin 

structure, transcription and nuclear organization that develop. Evidence in support of this 

idea includes two dimensional gel analysis used to study DNA replication from origins 

within the ribosomal RNA genes in X  laevis (Hyrien et al., 1995). In early embryos, 

when these genes are not transcribed, DNA replication initiates from sites throughout the 

area but in contrast, later in development, once transcription has begun, replication was 

found to no longer initiate from within the transcribed units. In summary, chromatin 

structure and transcription may influence initiation and increasing restrictions upon 

initiation sites may arise as organisms develop.

In somatic cells some specific origin sequences have been identified, one being 

upstream of the (3 globin gene. Deletion of this bidirectional origin prevented replication 

initiation from this site (Kitsberg et al., 1993). This region can act as an origin of DNA 

replication if it is cloned into the simian genome and its activity is impaired by deletions 

of specific nucleotides within the region, thus confirming the role of this specific |3 globin 

sequence as an origin of DNA replication (Aladjem et al., 1998).

A Locus Control Region (LCR) was discovered about 50 kb upstream of the (3 

globin initiation site which controls gene expression, chromatin structure and replication 

timing (Forrester et al., 1990; Forrester et al., 1987; Grosveld et al., 1987). Deletions of 

the LCR in erythroid cells, where (3 globin is usually expressed, prevented expression.
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stopped initiation from the |3 globin origin (Aladjem et al., 1995) and changed the timing 

of |3 globin locus replication from early to late in S phase (Forrester et al., 1990). Thus, 

additional features a significant distance away from the origin have been shown to affect 

its initiation and hence, when the surrounding area is replicated.

At other loci, evidence initially pointed to the existence of broad initiation zones, 

rather than defined replication origins. An example is the Chinese hamster ovary cell 

DHFR locus, which is reviewed by (DePamphilis, 1999). Two-dimensional gel analyses 

identified an initiation zone, spanning 55kb between the DHFR and 2BE2121 genes 

(Dijkwel et al., 1994; Vaughn et al., 1990). However, other investigations identified two 

specific Origins of Bidirectional Replication (OBRs) (Anachkova and Hamlin, 1989; Leu 

and Hamlin, 1989). The stronger one (ori-P) is located 17kb downstream of the 3’-end of 

the DHFR gene and accounts for over 80% of all initiation events from this origin 

(Burhans et al., 1990). The second site is much weaker (ori-y) and is located 23kb 

downstream of ori-p. More recently a third site was also identified (ori-P’) close to ori-P 

(Kobayashi et al., 1998). It is possible that initiation events may be split between these 

three origins, thus, explaining why a broad initiation zone was initially identified.

In summary the mechanisms for initiating DNA replication, from E.coli to 

humans show similarities to the predictions made in the Replicon model. In E. coli, SV40 

and the yeast S. cerevisiae, clearly defined origin sequences have been identified and the 

binding of initiator proteins found to be the first step towards initiation from these areas. 

In S. pombe, there is evidence that the initiator complex, ORC has less specific sequence 

requirements and in Xenopus embryos it appears that there is no sequence specificity at 

all. Perhaps somatic cells have a situation somewhere between that of S. cerevisiae and
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embryonic cells, but in all cases the binding of the initiator ORC is probably involved in 

determining the sites for initiation. Initiators recruit other factors and their association 

with origins is the first step in the assembly of protein complexes, essential for the 

initiation of DNA replication.

1.3 The Formation of Pre-Replicative Complexes at origins

1 The association o f ORC with origins

ORC binds origins throughout the cell cycle

To investigate protein binding at origins nucleotide resolution DNasel footprinting 

was performed both with chromatin taken from live cells and with DNA incubated with 

purified proteins in vitro (Bell and Stillman, 1992; Diffley and Cocker, 1992). The 

incubation of ARSl DNA with ORC and the transcription factor, Abflp, produced a 

pattern of protection from DNasel that differed from that obtained with naked DNA (Bell 

and Stillman, 1992). This included regions of protection and hypersensitivity, including a 

hypersensitive site at the centre of the Bl element. This footprint proved to be very 

similar to that seen with chromatin from asynchronous cells or cells arrested in G2/M 

suggesting that ORC and Abflp were bound to ARSl in these cells (Diffley and Cocker, 

1992; Diffley et al., 1994). Chromatin from cells arrested in G1 produced a different 

footprint; the hypersensitive site in Bl was diminished and more of the ACS was 

protected (Diffley et al., 1994). This suggested that origins can exist in two states during
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the cell cycle (Diffley et al., 1994; Santocanale and Diffley, 1996). In G2/M ORC and 

Abflp are bound to origins, whereas in G1 these factors remain bound and more factors 

also associate; the complexes present in these two states were termed the post-replicative 

complex (post-RC) and pre-replicative complex (pre-RC) respectively.

The evidence above demonstrated that S. cerevisiae ORC and the transcription 

factor Abflp are bound to origins throughout the cell cycle. In metazoa ORC is certainly 

bound for most of the cycle however some evidence suggests that Ore Ip dissociates 

during mitosis (Kreitz et al., 2001; Natale et al., 2000). In summary, in S. cerevisiae, 

ORC is bound to origins during all the phases of the cell cycle, including phases when 

DNA replication does not occur and in higher eukaryotes, although ORC may not be 

bound throughout the cell cycle, its binding is not strictly confined to periods of initiation. 

Thus, evidence suggests, that binding of ORC alone is not sufficient to stimulate the 

initiation of DNA replication and we examine the assembly of the additional factors of 

the pre-RC in following sections.

ORC and the role of ATP

Modules common to members of the AAA+ ATPase superfamily have been 

identified in S. cerevisiae Orel, Orc4 and Orc5 subunits (Bell et al., 1993; Neuwald et al., 

1999). 6'.c.Orel and Orc5 bind ATP and Orel can hydrolyse ATP (Klemm et al., 1997). 

In both X. laevis and S. cerevisiae ATP has been shown to be essential for ORC-origin 

association, however, hydrolysis of this ATP is not a requirement (Bell and Stillman, 

1992; Gillespie et al., 2001; Klemm et al., 1997). This raises questions about the role of
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ATP hydrolysis by ORC. SV40 T antigen requires ATP but not its hydrolysis for origin 

binding, then subsequent hydrolysis for helicase activity (Goetz et ah, 1988). As an 

initiator SV40 is unusual in having helicase activity and this activity has not been 

identified for ORC. This poses the questions, what is the role of ATP hydrolysis by 

ORC? And is hydrolysis a pre-initiation requirement?

One possibility is that ORC must hydrolyse ATP to recruit factors to origins. In S. 

cerevisiae overexpression of an Orel mutant protein, that could not hydrolyse ATP, 

inhibited assembly of pre-RCs at origins (Klemm and Bell, 2001). However, in these 

experiments the effect was suppressed by overexpression of a component of the 

complexes, (Cdc6p), suggesting that the mutant Ore Ip was in fact titrating this factor 

away from origins. A second possibility is that ATP hydrolysis might drive a later step, 

such as complex disassembly. The effects of single stranded DNA (ssDNA) and double 

stranded DNA (dsDNA) on the ATPase activity of ̂ .c.ORC have been compared (Lee et 

al., 2000). SsDNA stimulated the activity, whereas dsDNA inhibited it. Consistent with 

this, it has been demonstrated that dsDNA inhibits the ATPase activity of ORC from the 

fly Drosophila melanogaster, although the effect was to a lesser extent than with S.c.ORC 

(Chesnokov et al., 2001). These results indicate that ORC is unlikely to hydrolyse ATP 

upon origin binding and ATP hydrolysis may not be stimulated until after initiation of 

DNA replication, when a replication bubble has opened at the origin. This is consistent 

with a role for the ATPase activity of ORC in complex disassembly or other post

initiation event.
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Cdc6 and Cdtl proteins are recruited to origins

In eukaryotes, at the end of mitosis, two proteins are recruited to ORC at origins, 

Cdc6 and Cdtl. Cdc6 proteins have been identified in many eukaryotes, including S. 

cerevisiae, S. pombe (Cdcl8), X. laevis and humans (Coleman et al., 1996; Lisziewicz et 

al., 1988; Saha et al., 1998; Sanchez et al., 1999; Williams et al., 1997; Zhou et al., 1989). 

CDC6 has been linked to pre-RC assembly at origins and in each organism is essential for 

the initiation of DNA replication (Cocker et al., 1996; Coleman et al., 1996; Hateboer et 

al., 1998; Kelly et al., 1993; Nishitani and Nurse, 1995; Yan et al., 1998).

Y./.Cdc6p has been found to associate with chromatin as part of a stepwise 

sequence, being dependent on XORC (Coleman et al., 1996) and human Cdc6p has been 

shown to associate with human Ore Ip (Saha et al., 1998). Thus, Cdc6p may recognise 

ORC at origins and use this complex to associate with chromatin in Gl.

Similar to several subunits of ORC, Cdc6p is a member of the AAA+ ATPases 

(Neuwald et al., 1999). This group includes several clamp loading proteins and detailed 

analysis of the amino acid sequence of 6'.c.Cdc6p has revealed many similarities to these 

proteins (Perkins and Diffley, 1998).

Cdtlp on the other hand shows no significant similarity to other proteins. In S. 

pombe both CDC18 and CDTl are transcriptionally regulated by the same transcription 

factor, CdclO and protein levels peak in Gl (Hofmann and Beach, 1994; Kelly et al., 

1993; Mclnemy et al., 1997; Nishitani et al., 2000). This means that both Cdcl8 and 

Cdtl are present at the time of pre-RC assembly. Like CDC6, CDTl has been shown to
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be essential for this assembly and the initiation of DNA replication in many organisms, 

including S. pombe, X. laevis and more recently S. cerevisiae (Maiorano et ah, 2000; 

Nishitani et ah, 2000; Tanaka and Diffley, 2002).

Loading o f the MCM2-7 complex

At each origin, the next step in pre-RC assembly is the loading of multiple 

complexes, each made up of six related proteins, MCM2-7. MCM2-7 only associate with 

origins in Gl and association is dependent on ORC, Cdtlp and Cdc6p (Aparicio et ah, 

1997; Donovan et al., 1997; Liang and Stillman, 1997; Nishitani et al., 2000; Rialland et 

al., 2002; Tanaka et al., 1997; Weinreich et al., 1999). It has been demonstrated that 

MCM2-7 are essential for the establishment and maintenance of the pre-replicative 

footprint at the origin ARS305 in S. cerevisiae and are hypothesised to be components of 

pre-RCs (Labib et al., 2001).

In X. laevis loading of MCM2-7 is termed licensing. The licensing model was 

originally proposed to explain why DNA replication can initiate precisely once per cell 

cycle. It was hypothesised that a Licensing Factor binds chromatin during mitosis, when 

the nuclear envelope breaks down, and can support a single initiation event at the sites 

that it is bound. Either initiation or the passage of the replication fork then inactivates it 

and new licensing factor cannot gain access to the chromatin until the next mitosis (Blow 

and Laskey, 1988). Experiments later revealed that the license consists of two 

components, RLF-B, later found to be Cdtlp and RLF-M, MCM2-7 (Chong et al., 1995; 

Kubota et al., 1995; Madine et al., 1995; Tada et al., 2001). As described, ORC, Cdc6p
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and Cdtlp are required for the association of the MCM2-7 complex with chromatin, 

however, these factors are not required to maintain this association or for the initiation of 

DNA replication (Donovan et a l, 1997; Hua and Newport, 1998; Maiorano et a l, 2000; 

Rowles et a l, 1999). Thus, the role of these factors may be confined to the loading of the 

MCM2-7 complex at origins.

As discussed, Cdc6p is a member of the AAA+ ATPases and has similarities to 

the clamp loading proteins (Neuwald et a l, 1999; Perkins and Diffley, 1998). The 

mechanism of loading of MCM2-7 by Cdc6p has been investigated by making mutations 

in motifs of Cdc6p that are conserved in other clamp loading proteins. These include 

Walker A and Walker B motifs that are involved in ATP interaction. Experiments in vivo 

have shown a mutation in the Walker A motif makes the Cdc6 protein non-functional, 

since it prevents its association with chromatin and MCM2-7 are not loaded onto origins 

(Perkins and Diffley, 1998; Wang et a l, 1999). This motif is suggested to have a role in 

ATP binding, thus suggesting that ATP binding is required for Cdc6p chromatin 

association. However, there has been some data that conflicts this hypothesis; (Weinreich 

et a l , 1999) found that a Cdc6p Walker A mutant could associate with chromatin, 

although there was no evidence that this was ORC dependent and it did not support MCM 

loading.

A mutation in the Walker B motif of Cdc6 resulted in a protein that could support 

a form of pre-RC assembly, but the footprint differed slightly to that seen with wild type 

Cdc6p and in a chromatin binding assay less Mcm5p was found to be associated with 

chromatin when this mutant protein was expressed (Perkins and Diffley, 1998). The
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Walker B motif is suspected to be involved in co-ordination of ions and hydrolysis 

of ATP, thus linking ATP hydrolysis by Cdc6p, to MCM2-7 loading.

As well as the Walker A and B motifs there are other motifs that show 

conservation in the AAA+ ATPase superfamily. The effects of mutations in some of 

these motifs in Cdc6p have been examined (Schepers and Diffley, 2001; Takahashi et al.,

2002). Although some mutations affected protein stability, making it hard to assess if 

they could function in pre-RC assembly, a point mutation in a Sensor I motif had a 

similar effect on Cdc6p as a Walker B mutation. Although the mutant Cdc6p bound 

chromatin, Mcm7p association was blocked, suggesting that this motif, like the Walker B 

motif, is required for loading the MCM2-7 complex onto origin DNA (Schepers and 

Diffley, 2001).

Mutations have also been constructed in the Walker A and B motifs of human 

Cdc6p (Herbig et al., 1999). The Walker B mutant Cdc6p was found to bind ATP but 

showed reduced ATPase activity; the Walker A mutant could not bind ATP. These 

results are consistent with the predicted roles of the Walker A and B motifs, in binding 

and hydrolysing ATP respectively. An alternative approach to using mutant proteins has 

been to use ATP analogues. In Xenopus egg extracts, levels of Cdc6p chromatin 

association have been examined in the presence of ATP or the hydrolysis resistant 

analogue, ATPyS (Gillespie et al., 2001). Both these nucleotides supported Cdc6p 

loading onto chromatin and this is consistent with the results for the yeast Walker B 

mutant, suggesting that ATP hydrolysis is not required for Cdc6p loading onto chromatin. 

In summary evidence suggests that Cdc6p binds ATP for chromatin association then 

requires ATP hydrolysis for its role in MCM2-7 loading.
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Amino acid sequence searches have shown that MCM2-7 are also all members of 

the AAA+ ATPase superfamily (Neuwald et ah, 1999). Using HeLa cells, MCM2, 4, 6 

and 7 have been co-purified, Mcm2p being weakly associated (Ishimi, 1997). A 

MCM4,6,7 hexamer was found to have both ATPase activity and weak helicase activity 

{in vitro), although this was not very processive, unwinding only about 30bp of DNA 

(Ishimi, 1997).

MCM2-7 are required throughout S phase, for both initiation and elongation 

(Labib et al., 2000; Yan et al., 1993) and in vivo crosslinking studies have shown that 

MCM proteins are associated with origins in Gl but dissociate from origins during S 

phase and are found associated with non-origin DNA (Aparicio et al., 1997). Taken 

together with the demonstration of helicase activity in vitro, this led to speculation that 

MCMs are functioning as the helicase for DNA replication and are moving with the 

replication fork.

This idea was complicated by the fact that, although depletion of any of the 

MCM2-7 subunits blocks fork progression, helicase activity was only demonstrated for a 

complex with MCM4,6,7 in vitro (Ishimi, 1997; Labib et al., 2000). MCM3 and 5 are 

also known to form a stable complex but there is no evidence that this has helicase 

activity (Burkhart et al., 1995; Kimura et al., 1995). Furthermore, purifications of MCM 

complexes from S. pombe, mouse and human, have all identified a hexamer made from 

only the MCM4,6,7 subunits (Ishimi, 1997; Lee and Hurwitz, 2000; You et al., 1999). 

Addition of the other subunits: Mcm2p, or Mcm3p and 5p actually caused inhibition of 

helicase activity (Ishimi, 1997; Lee and Hurwitz, 2000). This suggests that in vivo
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specific conditions maybe required for an active hexamer with all six subunits to form; 

this might be modification of MCM 2,3,5 by phosphorylation, or other activity.

Known helicases e.g. SV40 Large T antigen and E.coli dnaB have a hexameric 

structure (Mastrangelo et al., 1989; Reha-Krantz and Hurwitz, 1978). Six subunits form a 

ring thought to encircle DNA (Bujalowski et al., 1994; Dean et al., 1992; San Martin et 

al., 1995). In these cases and others, hexamers are formed from identical monomers, 

however there is evidence that they do not all serve identical functional roles. For 

example the T7 Gp4 helicase shows 6-fold structural symmetry but only 3-fold functional 

symmetry with alternating catalytic and non-catalytic subunits in respect to their NTP 

binding sites (Hingorani et al., 1997). Electron microscopic images of purified S. pombe 

MCM proteins have shown a globular complex comprising all six subunits, which has a 

central cavity (Adachi et al., 1997). Thus, the MCMs may assemble into a hexamer, in a 

similar way to the helicases described. The catalytic MCM4,6,7 subunits may be 

interdigitated between regulatory MCM2,3,5 subunits (Schwacha and Bell, 2001; Tye and 

Sawyer, 2000).

4 The Timing o f initiation from replication origins

In most eukaryotic cells origins are activated sequentially throughout S phase. In 

S. cerevisiae for example, experiments using oligonucleotide microarrays and DNA from 

different times during replication have shown that there is a continuum of origin 

activation throughout S phase, with the highest number of events in mid S (Raghuraman 

et al., 2001).
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ARS501 is an example of an origin in S. cerevisiae which initiates late in S phase 

(Ferguson et ah, 1991). This origin is located in a 66kb late replicating domain at the 

right end of chromosome V. In contrast, replication from ARSl, an origin on S. 

cerevisiae chromosome IV, initiates early in S phase (McCarroll and Fangman, 1988). 

The effect of chromosomal location on the timing of initiation from these origins has been 

examined by changing their positions (Ferguson and Fangman, 1992). ARSl was moved 

to a position on Chromosome V, 4Kb from ARS501, 17Kb from the telomere. In this 

new location, initiation from this origin occurred late in S phase, with a similar timing to 

initiation from ARS501. ARS501 was cloned into three different plasmids, each with 

different sequences, and in each case initiated replication early in S phase. When one of 

the plasmids was linearised and telomeric sequences placed at the ends, ARS501 

initiation became late. Thus, the chromosomal context of the origins affected when they 

fire and close proximity to telomeric sequences correlated with late initiation from either 

origin. Telomeres have a highly condensed chromatin structure, heterochromatin and 

have been linked with both transcriptional silencing and late DNA replication 

(Gottschling et al., 1990; McCarroll and Fangman, 1988).

Experiments have been performed to determine when in the cell cycle patterns of 

origin activation are determined. Site specific recombination has been used to move a 

late firing S. cerevisiae origin away from its position close to a telomere, at different 

times during the cell cycle (Raghuraman et al., 1997). If the origin was moved prior to 

mitosis, it replicated early in S phase, however, if it was moved during Gl it replicated 

late. These results suggest that the timing of origin activation is established early in each 

cell cycle, in Gl and that once established at an origin, persists, even if the origin is
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relocated. There is evidence for a similar system in higher eukaryotes. This includes 

experiments performed with Chinese hamster ovary (CHO) nuclei and X. laevis egg 

extracts. The timing of replication of two loci, |3 globin and Dihydrofolate reductase 

(DHFR) were studied when CHO nuclei were isolated at different times after mitosis and 

placed in % laevis egg extracts to stimulate replication (Li et al., 2001). Only nuclei 

isolated in early Gl phase of the cell cycle maintained the original pattern of timing of 

replication of these loci. Thus, the temporal programme for origin firing in higher 

eukaryotes, as well as in yeast, is established in G l, when pre-RCs assemble. It is not 

clear if and how these two processes are linked.

5 Pre-RC maturation into pre-initiation Complex (pre-IC)

Before DNA replication initiates, it has been suggested that pre-RCs mature into 

pre-initiation complexes (pre-ICs) (Zou and Stillman, 1998). This process may rely on 

the recruitment of additional factors to origins, including Cdc45p, Sld3p, D pbllp  and 

Dna43p (Diffley and Labib, 2002; Zou and Stillman, 1998).

Cdc45p was the first factor implicated in pre-IC formation (Zou and Stillman, 

1998). Depletion of this protein in Gl prevents DNA replication and depletion in S phase 

inhibits the progression of individual replication forks (Tercero et al., 2000). Thus, 

Cdc45p has roles in both the initiation of DNA replication and in elongation.

Evidence from both in vitro and cellular experiments in S. cerevisiae suggest that 

Cdc45p physically interacts with the MCM proteins at Gl/S and in the Xenopus cell free 

system Cdc45p chromatin association is dependent on MCMs (Hopwood and Dalton,
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1996; Kukimoto et al., 1999; Mimura et al., 2000; Zou and Stillman, 2000; Zou and 

Stillman, 1998). The loading of Cdc45p has also been demonstrated to depend on 

Dna43p (Wohlschlegel et al., 2002) and Sld3 (Nakajima and Masukata, 2002). Sld3p- 

Cdc45p have been found associated as complexes throughout the cell cycle and the two 

factors bind origins simultaneously (Kamimura et al., 2001). Thus, several factors may 

be involved in the maturation of complexes at origins, and the assembly of these factors at 

origins is likely to be in a stepwise fashion.

6 The initiation o f DNA replication and the roles o f  two

protein kinases.

Cyclin Dependent Kinase

Two protein kinases have been identified in eukaryotes that have essential roles 

for the initiation of DNA replication. One is a cyclin dependent kinase (CDK) and the 

other is Cdc7-Dbf4. In S. cerevisiae there is a single CDK involved in all the major cell 

cycle transitions; this is CDC28, which was first identified in the original Cell-Division 

Cycle (CDC) screens. Most cdc28 mutants caused cell cycle arrest at the Gl-S transition 

suggesting that CDC28 has an essential role for the initiation of DNA replication 

(Hartwell, 1974; Hartwell, 1973; Hartwell et al., 1970; Hartwell et al., 1973).

Cyclins were identified as factors that appeared and disappeared in synchrony 

with the cell cycles of sea urchin embryos (Evans et al., 1983). From work in a number 

of eukaryotes, it was subsequently discovered that they form a complex with CDKs
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(Booher et al., 1989; Draetta et al., 1989; Gautier et al., 1990; Meijer et al., 1989; 

Wittenberg et a l, 1990). CDKs pair with different cyclins during different phases of the 

cell cycle and for each phase there are specific patterns of cyclin-CDK combinations.

In S. cerevisiae the cyclins can be classified in two groups, B type cyclins (Clbs) 

and Gl cyclins (Clns). The Gi cyclin family includes two similar proteins (57% 

identical), Clnl and Cln2 and a third protein with little sequence similarity, Cln3. The 

Clns are important for preparing Gl cells for replication and they precede CDK-Clb 

activity. There is a small rise in CLN3 at the M/Gl border and this is thought to activate 

the transcription of CLNl and CLN2 (Dirick et a l, 1995; Mclnemy et a l, 1997; Tyers et 

a l, 1993). Clnl and Cln2 are required to increase activity of CDK-Clb. They achieve 

this by accelerating the proteolysis of a Clb inhibitor, Sicl (Mendenhall, 1993; Schwob et 

a l, 1994; Verma et a l, 1997; Verma et a l, 1997). Thus the roles of Clnl and Cln2 

include the activation of the B type cyclins and they are essential for the timely 

commitment of Gl cells to S phase, a point known as Start (Tyers et a l, 1993; Wittenberg 

et a l, 1990).

Cdc28 can pair with 6 B-type cyclins. These can be subdivided into 3 distinct 

pairs, by sequence homology and transcriptional regulation. CLBl and CLB2 transcripts 

peak 10 minutes before anaphase (Fitch et a l, 1992; Ghiara et a l, 1991; Richardson et al, 

1992; Surana et a l, 1991). CLB5 and CLB6 are then co-expressed with CLNl and CLN2 

in G l (Epstein and Cross, 1992; Kuhne and Linder, 1993; Schwob and Nasmyth, 1993) 

and CLB3 and CLB4 are transcribed after CLB5,6, during S phase, being present until 

late anaphase (Epstein and Cross, 1992; Fitch et a l, 1992; Richardson et a l, 1992). Thus,
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there are clearly overlaps in CLB expression but it is Clb5 and Clb6 which are known to 

drive S phase (Schwob and Nasmyth, 1993).

While a single CDK functions in yeast cell cycle transitions, there are multiple 

related genes in mammalian cells. In human cells, early in G l, two Cdks, Cdk4 and Cdk6 

associate with cyclin D and phosphorylate the retinoblastoma protein (pRb), which 

activates the transcription factor E2F (Bates et al., 1994; Draetta, 1994). E2F activates 

the transcription of genes required for S phase and among these are cyclin E and cyclin A, 

which associate with a third Cdk, Cdk2 (Dulic et al., 1992; Hengstschlager et al., 1999; 

Pines and Hunter, 1990). Cyclin E/Cdk2 promotes pre-RC assembly, whereas cyclin 

A/Cdk2 activates the initiation of DNA replication (Coverley et al., 2002). Additionally 

another Cdk, Cdk3 has been demonstrated to have an essential function in S phase entry 

(Hofmann and Livingston, 1996; Vandenheuvel and Harlow, 1993). A dominant negative 

mutation in Cdk3 caused a Gl block which could not be rescued by cdk2, demonstrating 

that cdk3 has an essential role in the Gl to S transition which is distinct from the role of 

cdk2 (Vandenheuvel and Harlow, 1993).

In summary, although there are multiple CDKs involved in initiating S phase in 

mammals they are tightly regulated, similar to in yeast. In both cases, initiation of DNA 

replication involves carefully scheduled activation of CDKs by different cyclins and 

subsequent changes in the roles of CDKs as the cell cycle progresses.
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Cdc7-Dbf4 kinase

The second kinase essential for S phase is CDC7-DBF4 and this is reviewed in 

(Johnston et al., 1999). CDC7 is the kinase subunit and like Cdc28 was first identified in 

S. cerevisiae in the original screens for CDC mutants (Hartwell, 1974). DBF4 is the 

regulatory subunit and was identified in a later screen for mutants defective in the 

initiation of S phase (Johnston and Thomas, 1982). Cdc7p contains serine/threonine 

protein kinase domains (Hollingsworth and Sclafani, 1990; Patterson et al., 1986), but 

kinase activity depends on both Cdc7p and Dbf4p (Jackson et al., 1993). Thus, Cdc7 is 

similar to Cdc28, in that it relies on a non-catalytic subunit for activity, Dbf4 having a 

parallel role to the cyclin subunits.

Cdc7-Dbf4 activity peaks in Gl-S phase (Jackson et al., 1993; Yoon et al., 1993). 

Levels of Cdc7 protein are constant throughout the cell cycle, suggesting that kinase 

activity must be subject to regulation (Jackson et al., 1993; Yoon et al., 1993). Similar to 

Cdc28, this regulation is achieved by changes in the abundance of the non-catalytic 

subunit. Expression of Dbf4 is weakly cell cycle regulated, with a peak in transcript in 

G l and additionally, similar to the cyclins, this protein is unstable (Chapman and 

Johnston, 1989). Dbf4p first appears in G l, accumulates in S and G2, then disappears in 

mitosis (when it is subject to degradation by the Anaphase Promoting Complex (APC) 

(Cheng et al., 1999; Godinho Ferreira et al., 2000; Oshiro et al., 1999). Thus, the Dbf4 

subunit accumulates during S phase and stimulates Cdc7-Dbf4 activity at the time of 

DNA replication.
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Cdc7 has been identified in many eukaryotes, ineluding S. cerevisiae, S. pombe, 

humans, mouse Xenopus (Brown and Kelly, 1998; Hartwell, 1974; Jiang and Hunter, 

1997; Kim et al., 1998; Kumagai et al., 1999; Masai et al., 1995; Sato et al., 1997). 

Evidence from these organisms suggest that the targets of this kinase may include 

members of both the pre-RC and pre-IC. In vitro, S. cerevisiae Cdc7-Dbf4 

phosphorylates MCM2,3,4,6 and Mcm2p has also been identified as a substrate in vivo 

(Lei et al., 1997). Similarly, human Cdc7-ASK complex can phosphorylate human 

Mcm3p in vitro (Kumagai et al., 1999; Sato et al., 1997). S. cerevisiae Cdc45p, a 

member of the pre-IC has also been demonstrated as a substrate for Cdc7-Dbf4 in vitro 

(Nougarede et al., 2000).

Targets of CDK and Cdc7 for the Initiation of DNA Replication

Both CDKs and Cdc7 have been shown to be essential for triggering the initiation 

of DNA replication (Bahman et al., 1988; Buck et al., 1991; Hartwell, 1974; Hartwell et 

al., 1974; Hereford and Hartwell, 1974). While CDKs are essential for the Gl-S 

transition, there is evidence that Cdc7-Dbf4 acts at individual origins as they fire during S 

phase (Bousset and Diffley, 1998).

As discussed, several members of the pre-RC and pre-IC have been identified as 

substrates for these kinases. Of these, the substrates actually targeted to promote 

initiation have been hard to identify. Members of the MCM2-7 complex are strong 

contenders. A mutation in Mcm5p, termed bobl, bypasses the requirement for Cdc7 

kinase in initiation of DNA replication and it has been suggested that the actions of Cdc7
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kinase and the bobl mutation may cause similar changes in the structure of the MCM 

complex, these changes being required for initiation (Geraghty et al., 2000; Hardy et al.,

1997).

Cdc45 is another contender, although the timing of the formation of the pre-IC has 

been subject to some controversy. Experiments in S. cerevisiae, where formaldehyde 

crosslinking was used to link proteins to DNA, before immunoprécipitation, suggested 

that Cdc45p binds to early firing origins in Gl (prior to Start) and to late firing origins 

later, just before initiation (Aparicio et al., 1999; Kamimura et al., 2001). In contrast, 

chromatin binding experiments without crosslinking, performed in both S. cerevisiae and 

X. laevis demonstrated that pre-ICs did not assemble until later, after both Cdc7 and CDK 

activation (Mimura and Takisawa, 1998; Zou and Stillman, 2000; Zou and Stillman,

1998). A model to explain these differences would suggest that Cdc45p and other 

members of the pre-IC associate loosely with origins prior to kinase activation, then 

associate more tightly when CDK and Cdc7 are active. Thus, CDK and Cdc7 may lock 

Cdc45p and other pre-IC components to origins, activating the origins ready for initiation.

1.4 Once per Cell Cycle DNA Replication

For successful cell division a cells genome must be replicated exactly once before 

mitosis. In all organisms there are, therefore, mechanisms to control when DNA 

replication occurs and to ensure that all sequences in the genome are replicated only once. 

In E. coli at least three mechanisms that prevent re-initiation events at oriC have been
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identified (Katayama, 2001). Two target the initiator protein, dnaA and one targets the 

replicator, oriC.

E. coli DNA is subject to méthylation by Dam methylase. When DNA sequences 

are replicated, there is a delay before residues of the new strand of DNA are methylated 

and this is especially long at oriC, being about 10 minutes; during this time the SeqA 

protein binds preferentially to these hemimethylated regions and inhibits re-initiation (Lu 

et al., 1994; Russell and Zinder, 1987; Slater et al., 1995). Thus, the replicator is 

inactivated once it has been replicated and inhibition of re-initiation is tightly linked to 

DNA replication.

Of the two mechanisms that target dnaA, one effects the availability of this 

protein. A large proportion of cellular dnaA protein binds to a DNA region, termed datA 

(dnaA titration) and replication of this region may thus be linked to a decrease in dnaA 

availability for oriC binding (Kitagawa et al., 1996; Kitagawa et al., 1998). The second 

mechanism affects the proportion of dnaA in an active form. DnaA can bind both ATP 

and ADP, but only the ATP bound form is active for initiation of DNA replication 

because it induces origin opening (Sekimizu et al., 1987). Cellular levels of the two 

forms were found to be linked to events in the cell cycle (Kurokawa et al., 1999). During 

replication the |3 subunit of the DNA polymerase III holoenzyme, which acts as a “sliding 

clamp” to allow processive DNA synthesis, accelerates hydrolysis of ATP bound to 

dnaA, thus increasing levels of dnaA-ADP (Katayama et al., 1998). This effectively 

inactivates dnaA as an initiator, so that immediately after each round of DNA replication 

it can not bind oriC. If ATP is replaced by the poorly hydrolyzed analogue, ATPyS, dnaA 

can still function in initiation (dnaA still binds oriC and recruits dnaB) (Sekimizu et al..
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1987). This confirms that rather than driving reactions through hydrolysis, the role of 

dnaA bound ATP is allosteric, and that there is a regulatory role for nucleotides in the E. 

coli cell cycle.

In SV40, DNA replication is subject to regulation by changes in the 

phosphorylation state of T antigen. T antigen requires phosphorylation by CDK to 

promote DNA replication (McVey et al., 1989) and also dephosphorylation of T antigen 

in vitro, by alkaline phosphatases has been shown to activate viral DNA replication 

(Crasser et al., 1987; Mohr et al., 1987). An enzyme known to activate in vitro 

replication, phosphatase 2A (PP2Ac) was found to dephosphorylate specific serine 

residues (Virshup et al., 1989). However more recently it has been demonstrated that not 

all dephosphorylations activate T antigen. The PP2A enzyme can assume different 

subunit compositions, which dephosphorylate different residues of T antigen, some 

having positive effects, and some negative, on replication activity (Cegielska et al., 1994). 

Thus, the form of cellular PP2A protein may play a regulatory role in SV40 DNA 

replication.

In eukaryotes once per cell cycle DNA replication is ensured by a number of 

different mechanisms, including changes in the availability of proteins and their activity. 

In eukaryotes, a key player in these regulation mechanisms is CDK. Thus, in addition to 

its role in triggering the initiation of DNA replication this kinase has a second essential 

role in preventing origins re-initiating. Re-initiation is prevented by a number of 

mechanisms that inhibit the re-assembly of pre-RCs at origins that have already been 

replicated. These mechanisms are discussed below.
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Phosphorylation of ORC

In S. cerevisiae, S. pombe and X. laevis there is evidence that Orc2p is 

phosphorylated by CDKs in the later phases of the cell cycle (Nguyen et al., 2001; 

Rowles et al., 1999; Vas et al., 2001). In both S. cerevisiae and S. pombe experiments 

have been performed where the CDK consensus phosphorylation sites within 0RC2 have 

been removed (Nguyen et al., 2001; Vas et al., 2001). In both organisms removal 

contributed to re-replication, under specific conditions, (when accompanied by down 

regulation of Cdc6p activity and nuclear exclusion of MCM2-7 complexes,) suggesting 

that these motifs and the CDK play a role in preventing re-initiation by inactivation of 

ORC. \nX. laevis ORC is not bound to chromatin throughout the cell cycle and exposure 

to high CDK levels has been shown to cause release of ORC from chromatin (Hua and 

Newport, 1998; Rowles et al., 1999). However, the reduced affinity of ORC for 

chromatin after Gl has been shown to depend on licensing, rather than increased CDK 

activity (Rowles et al., 1999). Thus the licensing reaction itself may also prevent ORC 

rebinding to origins. Consistent with this, recent experiments in fission yeast have 

suggested that although Cyclin B/Cdc2 kinase ensures S phase initiates only upon 

completion of mitosis, it is not responsible for the temporal licensing of origins (Wuarin 

et a l, 2002).
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Cdc6p, Regulation of abundance and activity

While Cdc6p is available for pre-RC assembly in G l, once it has fulfilled this 

role, the level of Cdc6p in the nucleus is reduced so that it cannot participate in 

reformation of complexes at origins that have already fired. The details of this regulation 

have been found to vary bebveen different organisms. In S. cerevisiae and S. pombe 

expression of the protein is periodic, with a peak in late Mitosis-early Gl phase, when 

pre-RCs assemble (Kelly et al., 1993; Zhou and Jong, 1990). In both these yeasts, the 

abundance of Cdc6p/Cdcl8 is also affected by degradation. Cdc6p/Cdcl8 is very 

unstable, with degradation at its most rapid rate after pre-RC assembly, during late Gl/S 

phase (Drury et al., 1997; Jallepalli et al., 1997; Muzi-Falconi et al., 1996; Piatti et al., 

1995). This rapid degradation is dependent on the proteolytic machinery, the Skpl Cullin 

F box (in S. cerevisiae) with the subunit Cdc4 (SCF^^^"^) and phosphorylation by CDK 

(Drury et al., 1997; Jallepalli et al., 1997).

In humans Cdc6p levels remain similar throughout the cell cycle (Saha et ah,

1998). Rather than changes in total cellular protein, Cdc6p is subject to changes in 

cellular localisation and this is regulated by CDK (Delmolino et ah, 2001; Peterson et ah, 

1999; Saha et ah, 1998). Changes in localisation ensure that in G l, human Cdc6p is 

nuclear, and in S phase most is exported to the cytoplasm (Saha et ah, 1998).
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CDTlp, changes in abundance and negative regulation

Similar to Cdc6p, the abundance of Cdtlp in the nucleus is subject to regulation. 

As described, transcription of CDTl is periodic, being at its maximum at the time of pre- 

RC assembly. In S. pombe, subsequent to pre-RC assembly Cdtlp levels are reduced by 

degradation in S phase (Hofmann and Beach, 1994; Kelly et al., 1993; Nishitani et al., 

2000). In 5. cerevisiae, levels are reduced by exclusion from the nucleus (Tanaka and 

Diffley, 2002). Thus, like Cdc6p, Cdtlp is only abundant in the nucleus in Gl and this 

regulation may contribute to preventing origin re-initiation events during S phase.

In metazoans an additional form of regulation of Cdtlp has also been identified, a 

negative regulator of Cdtlp activity, geminin (Quinn et al., 2001)](Wohlschlegel et al., 

2000). During late mitosis and G l, geminin is degraded by the anaphase-promoting 

complex (APC), the APC being regulated by CDKs (McGarry and Kirschner, 1998; 

Quinn et al., 2001). Degradation of geminin permits Cdtlp activity during the period of 

pre-RC assembly. During S and G2 when CDK levels rise, the APC becomes inactive 

and thus, geminin becomes more abundant and Cdtlp activity is reduced (Wohlschlegel 

et al., 2000). In summary, CDKs play an indirect role in the regulation of Cdtl through 

their affect on the stability of the Cdtlp inhibitor, geminin.
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MCM2-7, subcellular localisation and inhibition of helicase activity

In S. cerevisiae the total level of MCM2-7 proteins remains constant throughout 

the cell cycle but they are subject to regulated subcellular localisation (Dalton and 

Whitbread, 1995; Hennessy et ah, 1990; Yan et ah, 1993). It has been demonstrated that 

both Cdc28-Clbs and Cdc28-Clns cause exit of Yc.Mcm4 from the nucleus, suggesting 

that MCM2-7 exit begins before pre-RCs fire, thus, ensuring there can be no re-assembly 

at origins after replication (Labib et ah, 1999). In other organisms there has been no clear 

evidence for changes in subcellular localisation, therefore other forms of regulation may 

affect MCM2-7.

In vitro experiments have identified human Mcm4p as a substrate for CDKs and 

linked this to the inhibition of MCM helicase activity (Hendrickson et ah, 1996; Ishimi et 

ah, 2000). Thus, both the availability of MCM2-7 at origins and their activity may be 

subject to regulation by CDKs, and the method of regulation in operation may vary 

between organisms.
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1.5 Conclusions

In prokaryotes and eukaryotes the first step towards the initiation of DNA 

replication is recognition and binding of origins by an initiator protein. These initiators 

provide a landing pad for recruitment of other proteins to origins and are the first 

component of pre-replicative complexes which assemble at origins before initiation. In 

eukaryotes, the strongest contender for the role of the initiator is ORC. Although ORC 

associates with origins during many phases of the cell cycle, only in Gl are the additional 

factors of the pre-RC recruited, Cdc6p, Cdtlp and MCM2-7. Experiments inX. laevis 

have clearly demonstrated that once licensing is complete, ORC, Cdc6p and Cdtlp are 

not required for initiation itself suggesting that the function of the pre-RC is the loading 

of the MCM complex. In vitro helicase activity of MCMs and their positioning at forks 

have lead to speculation that they function as the replicative helicase. Thus, the function 

of pre-RC assembly may be to load the replicative helicase and other proteins required for 

DNA replication, such as Cdc45.

I have also described some of the regulative mechanisms that ensure DNA 

replication occurs once per cell cycle. These centre on the assembly of the pre-RC and 

are dependent on the activity of Cyclin Dependent Kinases. CDK activity is a 

requirement for initiation but at the same time inhibits pre-RC assembly. This ensures 

that that pre-RCs can only assembly in G l, when CDK activity is low and that the 

initiation of DNA replication can only occur in S phase, when CDK activity is high.
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Thus, pre-RC assembly and the initiation of DNA replication are mutually exclusive 

events and replicated origins are prevented from re-firing.

The development of an in vitro system for DNA replication, that is dependent on 

specific origin sequences, would allow many more of the mechanisms involved in 

initiation to be elucidated. It is clear that the development of such a system must take into 

account the regulative mechanisms described. Because of the exclusivity of pre-RC 

assembly and initiation it was decided to approach in vitro reconstitution in two steps, one 

for pre-RC assembly, then one for initiation. In our laboratory a cell free system to 

accomplish step one has been developed and here I will describe developments to this 

system and its utilisation to elucidate mechanisms of complex assembly.
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Chapter 2

Materials and Methods
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2.1 Yeast Strains

2.1.1 Yeast Strains

Strain Genotype Reference

YSC3 MATa ade2-l ura3-l his3-11,15 trpl-1 
leu2-3,112 canl-100
cdc 15-2 barl::kanMX cdc6;:GAL-CDC6 
pep4::HIS3

Made by Stéphane Chedin

YGP24 MATa ade2-l ura3-l his3-ll,15 trpl-1 
leu2-3,112 canl-100 
his3::HIS3 GAL-CDC6

(Perkins et al., 2001)

YGP26 MATa ade2-l ura3-l his3-ll,15 trpl-1 
leu2-3,112 canl-100 
his3::HIS3 GAL-CDC6-K114E

(Perkins and Diffley, 1998)

YGP29 MATa ade2-l ura3-l his3-ll,15 trpl-1
leu2-3,112 canl-100
his3::HIS3 GAL-CDC6-dl (B224G)

(Perkins and Diffley, 1998)

2.1.2 Medium

Yeast Rich Media (YP)

Contained 1% w/v Bacto-peptone and 1% w/v Bacto-yeast extract. Solid medium 

used 2% w/v agar.

Unless otherwise stated appropriate sugars were added to 2% w/v (glucose, 

galactose or raffmose.)

2.1.3 Storage

S. cerevisiae strains were stored at 4°C on solid medium for up to 2 weeks. For 

long term storage glycerols were made (overnight culture plus 15% glycerol, frozen in 

ethanol/dry ice) and stored at -80°C.
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2.2 Bacterial Strains

2.2.1 Bacterial Strains

Genotype Reference Sections

BL21 (DE3)
F ompT hsd^B (rfi-niB-) gal dcm

DH5a
F (|)d/flcZAM15 A(/flcZYA-flrgF) 
U169 JeoR recAl endkX hsdR ll 
(rk', nik ,) phoK supEAA X  thi-1 
gyrA96 relAl

FB810
RecAwTnlO derivative of 
BL21(DE3)

Made by Fiona Benson

FB810pET15b-CZ)Cd Made by Gordon Perkins 2.6

FB810 ^V.T\5h-CDC6-E224G Made by Gordon Perkins 2.6

FB810 pET15b-CDCd-Æ77^E' Made by Gordon Perkins 2.6

BL21-Codon Pius™
Tetr g a /  end A
Hte [argU ileYleuW Cam^

Stratgene

BL21-Codon Plus™ pET15b-CDCd This study 2.2.4, 2.6

D H 5aPucll9, URA3A, CEN4, (Celniker et al., 1984; Diffley 2.2.4, 2.4.1
ARSl.4.1 WTA (W) and Stillman, 1988)

DH5a P u g  119, URA3A, CEN4, (Bell and Stillman, 1992; 2.2.4, 2.4.1
ARS 1.4.1 865-872 mutant (A') Marahrens and Stillman, 1992)

DH5a Pucl 19, URA3A, CEN4, 
ARS 1.4.1 756, 758 mutant (B3‘)

(Marahrens and Stillman, 1992) 2.2.4, 2.4.1
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2.2.2 Medium

Luria-Bertani Broth (LB)

Contained 1% w/v Bacto-tryptone, l%w/v Bacto yeast extract, 0.17M NaCl. 

Solid medium used 2% w/v agar (adjusted to pH7 with NaOH).

Ampicillin was added at 50p.g/ml and Chloramphenicol at 25|Lig/ml.

SOB medium

Contained 20% w/v Bacto-tryptone, 0.5% Bacto-yeast extract, lOmM NaCl, 

2.5mM KCl, lOmM MgCh, lOmM MgS0 4  (adjusted to pH7 with NaOH).

SOC medium

SOB medium plus 20mM glucose.

W medium

0.5% yeast extract, 2% tryptone, lOmM KCl, 20mM MgS0 4 . Solid medium used 

2% w/v agar (adjusted to pH7 with NaOH).

2.2.3 Storage

E. coli strains were stored at 4°C on solid medium for up to 1 week. For long 

term storage glycerols were made (overnight culture plus 15% glycerol, frozen in 

ethanol/dry ice) and stored at -80°C.
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2.2.4 Transformation of co//

DH5a was transformed with the three Pucl 19, URA3A, CEN4, ARS 1.4.1 (W/A' 

/B3‘) plasmids as described by Hanahan 1985. DH5a was grown on W solid medium. 10 

colonies were picked and used to inoculate 100ml SOB. The culture was incubated at 

37°C until its density reached an OD550 of 0.4. The culture was then cooled on ice for 10 

minutes before centrifugation at 1075g (SS34 rotor 3000 rpm), 4°C, for 10 minutes. The 

cell pellet was resuspended in 33ml RFl (lOOmM rubidium chloride, 50mM manganese 

chloride, 30mM potassium acetate pH7.5, 10.2mM calcium chloride dihydrate, 15% w/v 

glycerol), incubated on ice for 10 minutes then centrifuged as before. Pellets were 

resuspended in 8ml RF2, (lOmM MOPS pH 6.8, lOmM rubidium chloride, lOmM 

potassium chloride, 74.8mM calcium chloride, 15% w/v glycerol) incubated on ice for 10 

minutes then aliquots frozen in dry ice/ethanol. Cells were then competent for 

transformation. Aliquots were thawed and incubated with plasmid DNA on ice for 30 

minutes. Heat shock was performed, 42°C for 90 seconds, before addition of 1ml SOC 

broth and incubation at 37°C for 1 hour. Cells were then centrifuged as before and the 

pellet resuspended in fresh SOC before plating out onto selective medium (LB 

ampicillin).

BL21-Codon Pluŝ "" was transformed with pET15b-CDC6. pET15b-CDC6 was 

isolated from FB810 pET15b-CDC6 by miniprep (Qiagen, as per manufacturers 

instructions). BL21-Codon Plus™ was then transformed using a protocol based on 

suppliers instructions (Stratgene). 50pl of competent cells were thawed on ice. 5fxl of the 

plasmid prep was added, the tubes mixed then incubated on ice for 30 minutes. A heat 

shock at 42°C was performed for 1 minute then the tube placed on ice for 2 minutes.
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500^1 of SOC was added and cells incubated at 37°C for 1 hour before plating out onto 

selective medium (LB ampicillin).

2.3 Production of Y east Extracts

2.3.1 Extracts with Cdc6p

Preparation of whole cell extracts was carried out using a protocol based on one 

originally described by (Schultz et al., 1997), and developed further by (Seki and Diffley, 

2000). The yeast strain used for extracts containing Cdc6p was YSC3: cdcl5-2 

barl::kanMX cdc6::GAL-CDC6pep4::HIS2 (constructed by Stéphane Chedin). 80L 

fermenter liquid cultures were grown in YP galactose, to ensure CDC6 expression, at 

24°C, the permissive temperature for cdc 15-2, until cell density reached 1x10^ cells/ml. 

The temperature was then increased to 37°C, the restrictive temperature for cdc 15-2, for 2 

hours so that cells blocked at the end of mitosis. The temperature was then reduced to 

24°C, galactose added to 1 % w/v (to ensure overexpression of Cdc6p) and alpha factor 

added to 100 ng.ml'\ After 2 hours cells were arrested in G1 and were harvested. One 

wash was performed with Wash Buffer (20mM hepes pH7.8, IM sorbitol,) one with Lysis 

Buffer (lOOmM hepes pH7.8, 50mM potassium glutamate, 800mM sorbitol, lOmM 

magnesium acetate, 2mM EDTA) and then the cell pellet was resuspended in a quarter 

volume of Popcorn Buffer (Lysis Buffer + the protease inhibitors: Ipg/ml pepstatin A, 

lOpg/ml aprotinin, ImM AEBSF, ImM benzamidine, 10|xg/ml leupeptin and ImM DTT) 

The cell paste was then extruded into liquid nitrogen to produce cell popcorn.
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Cell popcorn was ground in a Waring blender with liquid nitrogen to lyse cells, 

then thawed at room temperature. The resulting paste was extracted by addition of 

300mM potassium glutamate and incubation at 4°C for 30 minutes. Extract was then 

subjected to centrifugation at 47,000g, the supernatant collected and spun at 100,000g.

The final supernatant was collected for use in the loading assay. Extract protein 

concentration was typically 60fxg/p.l (determined by Bradford assay (Bradford, 1976)) and 

salt concentration was equivalent to 500-600mM potassium glutamate (conductivity 

measured). Extract was frozen in liquid nitrogen then stored at -70°C.

2.3.2 Extracts free of Cdc6p

Extracts were made from YSC3 strain: cdcl5-2 barl ::kanMX cdc6::GAL-CDC6 

pep4::HlS3. Cells were grown in YP galactose at 24°C until density 1x10^ cells/ml. 

Temperature was then increased to 37°C for 2 hours so that cells block at the end of 

mitosis. 2% w/v glucose was then added to suppress the expression of Cdc6p. The 

temperature was maintained at 37°C for a further half an hour. The temperature was then 

reduced to 24°C and alpha factor added to 100 ng.ml"\ After 2 hours cells were arrested 

in G l. Cells were harvested, washed and processed, to produce extracts as described in 

2.3.1. Extracts were then subjected to two rounds of ammonium sulphate precipitation 

and dialysis to concentrate them (see below).
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2.3.3 Extracts for testing mutations in CDC6

Extracts were produced from three strains: YGP24, YGP26, YGP29: his3::HIS3 

GAL-CDC6/GAL-CDC6-K114E/GAL-CDC6-dl respectively. In each case IL of culture 

was grown at 30°C in YP raffmose (2%) until density reached 5x10^ cells/ml.

Nocodazole was added to 5|ig/ml and the incubation continued until cells were large 

budded (about 2hours 30 minutes). Cells were then washed twice (centrifuged at l,500g 

for 5 minutes at RT then the pellets resuspended in YP rafflnose) then resuspended in YP 

raffmose (2%) galactose (2%) with 10|ig/ml alpha factor. Cells were incubated until 

arrested in Gl (about 2 hours) then harvested, washed and extruded into liquid nitrogen to 

produce frozen cell popcorn. Because of the small scale of this protocol cells were then 

lysed by grinding the popcorn with a mortar and pestle (with liquid nitrogen.) Protein 

extraction and centrifugation was performed as described in 2.3.1.

2.3.4 Ammonium sulphate cut extracts

Ammonium sulphate cut extracts were prepared by precipitating 1 volume of 

whole cell Gl extract with 45% saturation of ammonium sulphate, on ice (developed in 

cooperation with Stéphane Chedin). Centrifugation at 47,000g, for 30 minutes at 4°C was 

used to pellet precipitated protein. All the supernatant was removed and the pellet was 

resuspended in a half volume of Dialysis buffer (20mM hepes-KOH pH 7.8, 600mM 

potassium glutamate, 160mM sorbitol, 2mM magnesium acetate, 0.4mM EDTA, O.SmM 

DTT) plus protease inhibitors (l|Lig/ml pepstatin A, lOpg/ml aprotinin, ImM AEBSF, 

ImM benzamidine, 10p,g/ml leupeptin). Dialysis was then performed against Dialysis
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buffer for 4x 1 hours using a dialysis cassette (Slide-A-Lyzer® lOK Diaylsis Cassette). 

Precipitation and dialysis was then repeated for a second time.

2.4 The Loading Assay

2.4.1 Production of ARSl beads

Plasmids based on pUCl 19 were chosen for use in the Loading assay. W ARSl 

(pARS/WTA, Marahrens and Stillman, 1992) and A' ARS 1 (pARS/865-872, Marahrens 

and Stillman, 1992) are Pucl 19, URA3A, CEN4, ARS 1.4.1 W/A" and are 5822bp in size. 

These plasmids were routinely used for the Loading assay. W ARS 1 has an insert with 

the A, B l, B2 and B3 regions of ARSl, whereas A" ARSl has the same insert, but with an 

Xhol site replacing most (positions 865-872) of the A element (refer to Appendix 1).

In Figure 4 the W and A ARSl plasmids are labelled Large, and compared to a 

smaller set of plasmids, in the loading assay. The Small set of plasmids have identical 

origin regions to the Large set, W and A ARSl, however do not have the URA3 and 

CEN4 sequences and hence, are only 3322bp in size.

Figure 5 compares W and A" plasmid beads to B3" plasmid beads, produced from 

the plasmid ABFl (PTS)(Pucl 19, URA3A, CEN4, ARS 1.4.1 756, 758) (Marahrens and 

Stillman, 1992). This plasmid contains a double point mutation, (C to G at position 756 

and T to C at position 758) in the Abflp binding region, within the B3 element.

All plasmids were prepared using Gigapreps (Qiagen), as per manufacturers 

protocol. To biotinylate the plasmids a photoactivatable form of biotin was chosen:
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PHOTOPROBE® (S-S) BIOTIN (biotin) and a protocol devised, based on manufacturers 

instructions.

Initially the biotin reagent was titrated into a reaction with the plasmid, to 

maximise the number of plasmids biotinylated, but minimise the number of biotin groups 

per plasmid (see section 3.3 Figure la) and a ratio of 1:18 was chosen for moles of 

plasmidibiotin and used in all subsequent reactions.

Routinely reactions were set up with 0.13p,Molar plasmid and 2.34p.Molar biotin 

(in 80pil reactions) and incubated under UV 365nM for 30 minutes. Samples were then 

recovered and cleaned of excess biotin using two 2-butanol washes. An ethanol 

precipitation was performed and the plasmid resuspended in water.

Where it was necessary to determine the proportion of plasmid biotinylated 

(Biotin titration. Figure la), samples were incubated with an excess of Dynabeads®M-280 

Streptavidin (Dynabeads) (300|Lig Dynabeads/pmole plasmid). In all other cases plasmid- 

biotin samples were incubated with 120p,g Dynabeads/pmole plasmid, as determined by a 

titration of Dynabeads (see section 3.3, Figure Ic). All incubations were carried out on a 

wheel, overnight, at room temperature, in lOmM tris-HCl pH 7.6, ImM EDTA, 2M NaCl, 

before washing the DNA-beads on a magnet, with HlOEl (lOmM Hepes-KOH pH 7.6, 

ImM EDTA), three times, to remove any unbound plasmid. Washed DNA-beads 

(30mg/ml beads) were stored in HlOEl, at 4°C, for up to 2 weeks before use in the 

Loading Assay.

Where it was necessary to compare concentrations of DNA in different DNA-bead 

samples, samples were heated to 65°C for 20 minutes, with Laemmli buffer, to free bound 

DNA. Samples were then diluted in loading buffer (0.25% bromophenol blue, 0.25%
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xylene cyanol, 30% glycerol in H2O) and run on a 0.8% agarose gel, with 0.5jrg/ml 

ethidium bromide, to visualise plasmid recovery (see Figure 1). To estimate the 

concentration of plasmid in preparations of beads, liberated plasmid was compared to 

samples of known concentration. For the bead preparations of 30mg/ml, described above, 

plasmid concentration was estimated at 15nM.

2.4.2 The Loading Assay with extracts

Unless otherwise stated, loading assays were performed in 40pl reactions. A 

titration of DNA-beads (Figure 2, section 3.4.1) showed that 300p.g of DNA-beads was 

sufficient per reaction (at 3.75nM plasmid, therefore 0.15 pmoles per reaction). The 

volume supplied to the reaction by DNA-beads was minimal as once aliquoted, this 

component was held in a magnetic separator (available from Dynal) and all supernatant 

removed to leave only a bead pellet. 20p,l of extract was supplied per reaction and the 

remaining volume made up with a Reaction buffer. The final concentrations of reagents 

in each reaction were 24mM hepes pH7.6, 312.5mM sorbitol, lOmM magnesium acetate, 

2.5mM EGTA, ImM DTT, 3mM ATP, 20mM creatine phosphate (CP), 20U/ml creatine 

phosphate kinase (CPK), 837.5p.g/ml Poly(dl-dC)"Poly(dl-dC)* and the protease 

inhibitors: 1 p.g/ml pepstatin A, 10p.g/ml aprotinin, ImM AEBSF, ImM benzamidine, 

lOpig/ml leupeptin. There was also a salt concentration equivalent to appoximately 

300mM potassium glutamate, provided by the extract (determined by conductivity 

measurements).
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DNA-beads were gently resuspended in the reaction mix and tubes placed in an 

Eppendorf Thermomixer, for 20 minutes at 24°C (temperature having been optimised in 

Figure 3.) After the incubation, tubes were recovered on ice then placed in a pre-cooled 

(4°C ) magnetic separator, until all beads were settled against the magnet (this takes 2 

minutes). Supernatants were then carefully removed holding the pipette tip away from 

the bead pellet (and in some cases kept for analysis by immunoblotting). Samples were 

then replaced on ice and the DNA-beads gently resuspended in 400p,l of Wash buffer 

(50mM hepes pH7.6, 300mM potassium glutamate, 10% w/v glycerol, 5mM magnesium 

acetate, ImM EGTA, ImM DTT, 0.1% Triton xlOO, and the protease inhibitors: Ip-g/ml 

pepstatin A, 10p,g/ml aprotinin, ImM AEBSF, ImM benzamidine, 10p.g/ml leupeptin) by 

pipetting up and down. Resuspended samples were returned to the magnetic separator 

and the washing process repeated for a second time. After the removal of all supernatant, 

samples were resuspended in 20p.l Laemmli buffer (6.7% w/v glycerol, 0.715mM |3- 

mercaptoethanol, 3% SDS, 62.5mM tris-HCl pH 6.9, 0.0042% bromophenol blue) and 

boiled for 3 minutes.

*Poly(dI-dC) "Poly(dl-dC) was purchased as double stranded DNA from Amersham 

Pharmacia Biotech and dissolved to lOmg/ml in HlOElKOAcSO (lOmM Hepes-KOH 

pH7.6, ImM EDTA and 50mM Potassium Acetate), before heating to 45°C for 5 minutes. 

The tube was then cooled on ice and sonicated (5 microns amplitude) for 30 seconds, 

twice. This produced short stretches of single stranded DNA.
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2.4.3 The Loading Assay with semi-purified ORC

Loading Assays with semi-purified ORC were carried out in the same buffers as 

described in 2.4.2. The ORC used was from the elution of a DNA cellulose column and 

contained about 300mM KCl (see section 2.5). Reactions were performed at a final 

concentration of 60mM KCl and 180mM potassium glutamate. The Loading Assay was 

performed at 24°C as described in 2.4.2.

2.4.4 The Loading Assay with competitor DNA

In Figure 6, Loading Assays were carried out as described in 2.4.2. After 20 

minutes, when pre-RCs had assembled, W ARSl plasmid was added to be in competition 

with W ARSl plasmid bound to Dynabeads. This competitor DNA was at a very high 

concentration (25pg/pl) to avoid large dilutions of the reactions and in a control reaction 

was replaced by an identical volume of water. ARS 1 plasmid bound to beads was 

estimated to be at 4nM (3.75nM). Competitor DNA was added to 40nM (lOx) or 400nM 

(lOOx) with an energy stock providing 3mM ATP, 20mM creatine phosphate and 20U/ml 

creatine phosphate kinase. Incubations were continued for the times stated, before 

isolation of DNA-beads , washing and analysis, as described previously.

2.5 Purification of ORC

The protocol for ORC purification was based on the method by (Bell and 

Stillman, 1992), and developed in co-operation with Stéphane Chedin. Whole cell 

extracts were produced as described in section 2.3.1. 100ml of extract was precipitated on
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ice with 45% saturated ammonium sulphate, and incubated on ice for 30 minutes. 

Centrifugation was carried out (155,000g: Ti45 30,000rpm, 30 minutes, 4°C), the protein 

pellet resuspended in 25ml potassium glutamate, hepes based buffer (40mM hepes KOH 

pH7.8, 0.5mM Edta, 5mM (3-mercaptoethanol, 10% glycerol, 500mM potassium 

glutamate) and loaded onto a 60ml SP sepharose column. After washing with 5 column 

volumes a 10 column volume step elution to 800mM potassium glutamate was 

performed. ORC eluted from 650mM and ORC containing fractions (36ml) were pooled 

and dialysed against a potassium chloride, tris based buffer (25mM tris HCl pH8, ImM 

EDTA, ImM EGTA, 5mM magnesium acetate, 0.02% NP40, ImM DTT, 10% glycerol, 

0.18M potassium chloride) and loaded onto a 24ml Q sepharose column. After washing 

with 5 column volumes a 10 column volume gradient elution from 0.18M to 0.6M 

potassium chloride was performed. ORC elutes from 0.3M KCl and ORC containing 

fractions (63ml) were pooled and dialysed against potassium chloride, hepes based buffer 

(50mM hepes pH7.5, ImM EDTA, ImM EGTA, 5mM magnesium acetate, 0.02% NP40, 

10% glycerol, O.IM potassium chloride) and loaded onto a 3ml DNA cellulose column. 

After a 5 column volume wash a 10 column volume step elution from O.IM KCl to 0.6M 

KCl was performed. ORC eluted around 300mM KCl and ORC containing fractions 

were pooled for use in the Loading Assay.
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2.6 Purification of rCdc6

2.6.1 The strains for rCdc6p expression

The CDC6 gene was subcloned in frame with a 6 his tag, into pET15b 

(Novagen). The resulting protein has a 6 his tag at the N terminus, (constructed by 

Gordon Perkins). Two different strains of E. coli have been transformed with the CDC6 

plasmid, FB810 and BL21-Codon Plus™ (Codon+).

FB810 was transformed with pET15b-CDC6 previously in our laboratory and 

shown to express rCdc6 protein (Gordon Perkins). This strain has several elements for 

expression of recombinant proteins and these are shown in appendix 3. In the genome the 

RECA gene has been replaced by DE3 which encodes T7 RNA polymerase. T7 RNA 

polymerase transcription originates from a lac promoter which is switched on by IPTG 

induction. When induced, T7 RNA polymerase is produced, and binds a T7 promoter on 

the pET15b plasmid which controls transcription of the target gene, in this case CDC6. 

The strain also carries the pLysS plasmid which encodes T7 lysozyme. This enzyme 

binds to T7 RNA polymerase making it inactive and is used to completely switch off 

expression of the target gene in the absence of IPTG. As a secondary effect T7 lysozyme 

also makes the cells easy to lyse.

The FB810 strain was also used for production of two mutant forms of the Cdc6 

protein. The first has a mutation in the Walker A motif, K114E and the second has a 

mutation in the Walker B motif (E224G) (Perkins and Diffley, 1998). Both these genes 

were previously subcloned into pET15b and the resulting plasmids used to transform 

FB810 (constructed by Gordon Perkins).
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The BL21-Codon Plus'^’̂  (Codon+) strain has been designed (by Stratgene) to 

overcome low translation rates for heterologous proteins expressed in E. coli, that often 

limit protein production. These limitations in translation arise due to the rarity of certain 

tRNA species which are more common in the organisms from which the protein has been 

derived. To overcome this problem, the Codon+ strain contains extra copies of the genes 

that encode rare tRNAs and thus can support high level expression of many heterologous 

recombinant genes. The genes for the rare tRNAs (argU, ileY and leu W) are carried on a 

pACYC plasmid, which is incompatible with pLysS and hence this strain does not have 

the pLysS plasmid.

2.6.2 Induction of Cdc6p

To produce rCdc6 protein, all strains were grown in liquid cultures of LB 20pg/ml 

ampicillin, 25pg/ml chloramphenicol (usually IL) at 37°C until cell density reached 0.4 

ODôoo- Cultures were then cooled to 24°C before addition of IPTG to ImM, to induce 

CDC6 expression. Cultures were incubated at 24°C to allow accumulation of rCdc6p, 

then centrifuged for 20 minutes, 4°C, at 14,000g to pellet the E. coli cells, before 

removing the medium. The cell pellets from FB810 strains were directly frozen in liquid 

nitrogen and stored at -70°C. BL21-Codon Plus^^ pET15b-CDC6 cell pellets were 

washed before freezing and this is described below.
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2.6.3 Cell Lysis

FB810 pET15b-CDC6/E224G/Kl 14E cell pellets were thawed and resuspended in 

the appropriate buffer for purification (see below). The cells began to lyse during 

resuspension and lysis was completed by sonication for 2 minutes. Extracts were then 

centrifuged at 47,000g to remove insoluble protein and cell debris.

BL21-Codon Plus™ pET15b-CDC6 was more difficult to lyse as it does not have 

the pLysS plasmid. I optimized the method to include several steps. The cell pellet was 

first washed with Wash Buffer I (50mM glucose, 25mM tris pH8, 2mM EDTA, 0.2% 

NP40). This wash includes EDTA, which was found to be essential for lysis. It has been 

suggested that EDTA is needed for disruption of cells’ outer membranes and chelation of 

divalent cations, such as calcium (Hamouda and Baker, 2000). Cells were then washed 

with Wash Buffer II (50mM glucose, 25mM tris pH8, 0.2% NP40) to remove the EDTA, 

before freezing in liquid nitrogen. On thawing pellets were resuspended in an appropriate 

volume of Buffer II with lysozyme (final 1 mg/ml) and incubated at room temperature on 

a wheel for 30 minutes. Sonication was then performed to complete lysis. An addition of 

one volume an appropriate buffer (at a 2x concentration) for the purification protocol was 

then made, and these buffers are described below. Extracts were centrifuged at 47,000g 

to remove insoluble protein and cell debris.

2.6.4 Buffers for Cdc6p purification

Previous work from our lab has demonstrated that a relatively high salt buffer is 

required to maintain Cdc6p solubility (Gordon Perkins personnel communication). As 

described in Chapter 5 rCdc6p/E224G rCdc6/Kl 14E rCdc6 were purified from the FB810

65



strains using a potassium glutamate based buffer, “KGI20” (5mM |3-mercaptoethanol, 

20mM imidazole, 40mM hepes-KOH pH 7.8, 160mM sorbitol, 0.1% triton xlOO, 2mM 

magnesium acetate, 0.25mM AEBSF, 600mM potassium glutamate). The protease 

inhibitor AEBSF was included to limit any proteolysis of Cdc6p.

Purification of Cdc6p from BL21-Codon Plus^^ pET15b-CDC6 proved more 

complex and is described in more detail in Chapter 5. Several different buffers were 

tested for purification. The potassium glutamate buffer described above proved 

unsuccessful. A potassium chloride based buffer KCU2G (50mM Hepes pHT.S, 0.1% 

NP40, 10% glycerol, 20mM imidazoleSOOmM, potassium chloride) and an ammonium 

sulphate buffer ASI20 (5mM p-mercaptoethanol, 20mM imidazole, 40mM Hepes-KOH 

pH 7.8, 160mM sorbitol, 0.1% triton xlOO, 2mM magnesium acetate, 0.25mM AEBSF, 

500mM ammonium sulphate) were also tested. Because potassium glutamate is routinely 

used in the loading assay we also tried loading nickel agarose columns KC1I20/ASI20 

then switching to KGI20-KGI300 for the elution of Cdc6p. These protocols are described 

in detail below.

2.6.5 Nickel Agarose Columns

In all cases new nickel agarose resin was washed six times (by resuspension in a 

tube) using 10 volumes of milliQ water, then six times using 10 volumes of the 

appropriate buffer to equilibriate the resin. Where the resin was used in columns, the low 

pressure system, BIO-RAD BioLogic LP was used at a constant temperature of 4°C.

Routinely IL FB810 pET15b-CDC6/E224G CDC6/K114E CDC6 produced 80ml 

of extract, which was applied to a 7ml nickel agarose column. A 3.5 column volume
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wash (24.5ml) was performed using the potassium glutamate buffer with 30mM 

Imidazole (KGI30), followed by a 10 volume gradient elution from KGI30 to KGI200 

(200mM Imidazole).

A nickel agarose column was performed as described above, using extract from 

BL21-Codon Plus^^ pET15b-CDC6, but Cdc6p was not eluted from this column. Hence, 

I tried small scale batch tests using buffers with potassium chloride and ammonium 

sulphate (described in 2.6.4). These batch tests were performed in 15ml falcon tubes 

(352095) using 200pil nickel agarose resin and cell extracts of 10ml (from 25ml cultures) 

which were incubated on a wheel at 4°C for 40 minutes. Gentle centrifugation (lOOOrpm) 

was used to pellet the resin. The supernatant was recovered and kept for analysis (Flow 

Through). The samples of resin were then washed twice with 5 column volumes of the 

appropriate buffer, with 20mM Imidazole. The washes were performed by adding the 

appropriate wash buffer, then placing samples on a wheel, at 4°C, for 5 minutes. 

Centrifugation (lOOOrpm) was used to pellet the resin so that all the supernatant could be 

removed, and kept for analysis (Wash 1 and Wash 2). Proteins bound to the resin were 

then eluted by incubation with the appropriate buffer and 300mM Imidazole. Samples 

were placed on the wheel, at 4°C for 10 minutes before centrifugation to pellet the resin. 

Supernatants were recovered and kept for analysis (Elute).

Batch tests were performed using different combinations of the buffers described 

in section 2.6.4. One test used the potassium glutamate buffers throughout the procedure; 

another used the potassium chloride buffer throughout. The two final tests were 

performed using the potassium chloride/ammonium sulphate buffer, for incubation of cell
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extracts with nickel agarose resin and for the first wash. The second wash and elution 

were performed using the potassium glutamate based buffers (KGI20 and KGI300).

2.6.6 Talon Column

The elutes from the nickel agarose column were purified further on a Talon 

(cobalt) column. The rCdc6/E224G rCdc6 elutes were dialysed against KGI20, in Pierce 

Slide-A-Lyzer® 1 OK dialysis cassettes for 4x 1 hour to remove excess imidazole. They 

were then loaded onto a pre-equilibrated 3ml Talon column. A 3.5 column volume wash 

was performed using the KGI30, followed by a 10 volume gradient elution from KGI30 

to KGI200 (200mM Imidazole). For the K114E rCdc6 samples, we found that the protein 

was a lower concentration and thus the volume of the Talon column was reduced to 1ml.

A talon column was not performed with the rCdc6 from the BL21-Codon Plus™ 

pET15b-CDC6 strain.

2.6.7 Preclearing

Where ammonium sulphate was used during the purification of rCdc6p from 

BL21-Codon Plus™ pET15b-CDC6, rCdc6p could be “pre-cleared” before use in the 

Loading Assay to improve its binding specificity for W ARS 1 (reduce the signal for A' 

ARSl samples). For pre-clearing, 15p.l or 30p,l of Dynabeads were washed in HlOEl 

then held with a magnetic separator while all the supernatant was removed. 8jxl of rCdc6 

was added to each with 2mM ATP and 4mM magnesium acetate. Samples were
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incubated for half an hour at 24°C with gentle shaking. Beads were then held with the 

magnetic separator while rCdc6p was removed for use in the Loading Assay.

2.7 Analysis on SDS Page Gels

2.7.1 Immunoblotting

Samples were loaded on 10% SDS Page gels as described in (Sambrook et al., 

1989) (Resolving gel; 10% acrylamide, 0.132% bis-acrylamide, 375mM tris-HCl pH 8.7, 

0.1% SDS, 0.125% TEMED, 0.05% APS, Stacking Gel: 5.1% acrylamide, 0.14% bis- 

acrylamide, 125mM tris-HCl pH 6.9, 0.1% SDS, 0.4% TEMED, 0.08% APS). Gels were 

run at 200 Volts for about an hour.

For western blotting gels and nitrocellulose membrane were soaked in Transfer 

Buffer l(48mM tris base, 39mM glycine, 0.0375% SDS, 20% methanol) for five minutes 

then placed in a semi dry blotter. Protein transfer was carried out at 15 Volts for 45 

minutes, unless otherwise stated. Membranes were stained with ponceau S (2% w/v 

Ponceau S, 3% w/v trichloroacetic acid) to check loading, then cut horizonatally at 

appropriate markers. Membrane strips were incubated with appropriate antibodies and 

ECL carried out, (see section 2.7.3 for more details.)

2.7.2 Immunoblotting Loading Assays performed with purified ORC

Loading Assays performed with semi purified ORC produced samples with very 

low protein concentration. These samples were loaded on 10% SDS Page as already
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described (2.7.1). For western blotting conditions had to be modified however to achieve 

successful transfer of proteins onto a membrane. Gels and nitrocellulose membranes 

were soaked in Transfer Buffer 2 (48mM tris base, 39mM glycine, 0.1% SDS, 10% 

methanol) for five minutes then placed in a semi dry blotter. Protein transfer was carried 

out at 0.8mA / cm2 for 2 hours. Membranes were incubated with appropriate antibodies 

and ECL carried out.

2.7.3 Antibodies used in immunoblotting

Primary Antibody Secondary Antibody
Antigen Name Conditions Name Conditions

Abflp Anti-Abfl 
Rabbit polyclonal

1:10,000 
5% milk TEST

Protein A-HRP 
(Amersham)

1: 10,000 
5% milk TEST

Orc2p Jabl2 
Rabbit polyclonal

1:500 
2.5% yeast extract, 

5% milk TEST

Protein A-HRP 
(Amersham)

1:10,000 
5% milk TEST

Orc6p SB49 (B) mouse 
monoclonal

1.4[xg/ml 
in 5% milk TEST

Anti mouse IgG 
-HRP 

(Amersham)

1:10,000 
5% milk TEST

Cdc6p
(C

terminal
peptide)

9H8/5 
mouse monoclonal

5|Lig/ml 
in 5% milk TEST

Anti mouse IgG- 
HRP 

(Amersham)

1:10,000 
5% milk TEST

Mcm2 (N 
terminal 
peptide)

Santa Cruz-6680 
Goat polyclonal

0.1|ig/ml 
in 5% milk TEST

Anti goat-HRP 
(Santa-Cruz)

1:10,000 
5% milk TEST

In all cases membranes were washed with TEST (140mM NaCl, 2.5mM KCl, 

25mM tris-HCl pH8, 0.1% tween 20) then blocked for 30 minutes at room temperature
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with the milk and/or yeast extract solution used for the primary antibody (milk is Marvel 

milk powder). The primary antibodies were applied to membranes, in the described 

solutions for 1 hour at room temperature with gentle rocking. Membranes were then 

washed with TEST before application of the secondary antibody solutions for 1 hour at 

room temperature with gentle rocking. Final washes were performed with TEST before 

ECL (as per manufacturers instructions).

2.7.4 Silver Staining

10% SDS Page gels were run as already described (2.7.1). Silver staining was 

then performed using an established protocol (Stéphane Chedin personal communication). 

Gels were soaked in Fixator (50% methanol, 12% acetic acid, 0.02% formaldehyde) for 

one hour, then twice in 50% ethanol for half an hour, then in 30% ethanol for half an 

hour. Solution One (519pM sodium thiosulfate) was applied to each gel for one minute, 

then each gel was washed with water three times, each wash for one minute. Gels were 

soaked in Solution Two (1 l.SmM silver nitrate, 0.029% formaldehyde) for twenty 

minutes then washed with water four times, each wash for one minute. Each gel was 

soaked in Solution Three (17.3pM sodium thiosulfate, 0.016% formaldehyde, 566mM 

sodium carbonate) until bands of an appropriate intensity were visible. Five washes with 

water were carried out, each of one minute, before the gel was soaked in Fixator (30 

minutes) and dried down.
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Chapter 3

Establishing pre-RC assembly onto 

plasmid-based origins.
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3.1 Introduction

The boundaries of eukaryotic replication research would be greatly extended by 

the establishment of an origin-dependent in vitro DNA replication system. As described, 

replication can be considered a two step process. The first step is assembly of pre-RCs at 

origins in G l, a phase in the cell cycle when there are low levels of Cdc28-Clb activity. 

The second step is the initiation of DNA replication when Cdc28-Clb levels rise prior to 

the onset of S phase. A system has been developed in our laboratory, to reconstitute the 

first step, pre-RC assembly, in vitro (Seki and Diffley, 2000). This loading assay uses 

extracts made from G 1-arrested cells to sequentially load ORC, Cdc6p and MCM2-7 

proteins onto exogenously added origin DNA.

For pre-RC assembly extracts were produced on a small scale from cultures 

synchronized in two stages. Primarily, cultures were arrested in G2/M using the 

microtubule inhibitor Nocodozole. Cells were then released into medium containing the 

mating pheromone, alpha factor, which causes arrest in G l. During this second stage 

proteins can be expressed or repressed without killing cells, for example extracts without 

the essential protein Cdc6p are produced by repressing Cdc6p expression during the 

release from the Nocodazole arrest. It was also observed that synchronization in two 

stages produced more active extracts than extracts made with a single arrest, although the 

reason for this is unclear. Cells arrested in Gl were washed then frozen by extrusion into 

liquid nitrogen. This produced cell “popcorn” which was ground in a coffee mill with dry 

ice powder to lyse cells at subzero temperatures (Schultz et al., 1997; Seki and Diffley, 

2000). These extracts have negligible Cdc28-Clb activity because they are made from Gl
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cells, and therefore should be competent for pre-RC formation. To ensure high levels of 

Cdc6p, a protein essential for pre-RC assembly, the endogenous CDC6 gene was replaced 

by a copy of C D C 6 under the control of the GAL 1,10 promoter, allowing it to be 

expressed to high levels in the presence of galactose.

The origin DNA used was ARSl A, B l and B2 elements, which comprise a 

reasonably efficient origin (without B3). A mix of oligonucleotides, a proportion of 

which were tagged with a biotin at the 5’ end, were ligated together to produce linear 

arrays of double stranded ARSl elements, each with one 5’ biotin tag. These arrays were 

attached to streptavidin-coated paramagnetic beads by means of the strong biotin- 

streptavidin interaction.

This chapter will describe the refinements I have made to the loading assay. This 

includes the introduction of plasmid-based origins which have streamlined the production 

of ARS beads and more importantly provide longer, circular DNA to serve as a more 

efficient substrate for DNA replication in future uses of this system.

3.2 Preparation of Cell Extracts on a Large Scale

To prepare cell extracts on a large scale, that are competent for pre-RC assembly, 

we utilised the strain YSC3 (YSC3, cdcl5-2 barl : :kanMX cdc6: :GAL-CDC6 

pep4::HIS3). Four features of this strain made it suitable for this purpose. Firstly, the 

strain has a temperature sensitive mutation of cdcl5, which, at the restrictive temperature, 

arrests cells at the end of mitosis. This mutation was used for the first arrest, in the two 

step synchronisation process required to make extracts, and replaced the use of
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nocodazole. Secondly, YSC3 contains CDC6 under the control of the GALIJO  promoter 

and is grown in YP galactose to ensure Cdc6p overexpression. Thirdly, the PEP4 gene, 

which encodes a major vacuolar protease has been deleted to minimise degradation of 

proteins in the extracts (Ammerer et al, 1986), Finally, the BARI gene which encodes an 

extracellular protease that specifically cleaves, and inactivates a-factor pheremone, has 

been deleted to make the strain supersensitive to a-factor (MacKay et a l, 1988).

G1 extract preparation is described in detail in section 2.3.1. Fermenter cultures 

were grown at the permissive temperature (24°C) to mid-log phase, then the culture was 

shifted to the restrictive temperature (37°C) to inactivate CdclSp and arrest cells in 

mitosis. Cells were released synchronously from the cd c lS  arrest by return to the 

permissive temperature and arrested in G1 using alpha factor, before harvesting.

3.3 Preparation of Plasmid-Based ARSl Beads

pUCl 19 plasmids with ARSl were chosen to replace the oligonuceotide arrays, 

for assembly of pre-RCs using the loading assay. We hoped that these plasmids would be 

more suitable for initiating DNA replication and for elongation in future experiments. 

Wild type (W) ARSl plasmid (pARS/WTA, Marahrens and Stillman, 1992) and A 'ARSl 

plasmid (pARS/865-872, Marahrens and Stillman, 1992) are 5822bp in size and are 

described in section 2.4.1. W ARSl plasmid contains the A, B l, B2 and B3 regions of 

ARS1 whereas A" ARS1 plasmid has the same insert, but with an Xhol site replacing 

nucleotides 865-872 of the A element. This mutation is known to inactivate the origin 

and to prevent ORC binding in vivo and in vitro (Marahrens and Stillman, 1992; Rowley
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et al., 1995; Seki and Diffley, 2000)). These two plasmids were used to examine the 

requirement for an intact A element for protein loading in vitro.

The protocol to immobilise plasmids on streptavidin coated paramagnetic beads 

(Dynabeads® M-280 Streptavidin, DYNAL) was developed and is described in detail in 

section 2.4.1. Plasmids were biotinylated using a photoactivatable form of biotin, 

PHOTOPROBE® (S-S) Biotin. This product is activated by UV 365nm, a wavelength 

that causes minimal DNA damage. Under these conditions an aryl nitrene group binds 

covalently to DNA, at random positions, thus not targetting any particular groups (Forster 

et al., 1985). After this treatment samples contain both biotinylated plasmid and a 

subpopulation of unbiotinylated plasmid.

Ideally, each plasmid molecule would have only one PHOTOPROBE® (S-S) 

Biotin, presuming this is enough to tether it to a Dynabead. Multiple biotin molecules per 

plasmid might interfere with protein loading onto the plasmids. To find the minimum 

concentration for biotin in the coupling reaction, we carried out a titration of 

biotin:plasmid (Figure lA). 0.13p,M of bluescript plasmid was incubated with between 

0.13p.M (1:1) and 0.13mM (1:1000) of biotin reagent at UV365nm for 30 minutes. 

Excess biotin was removed from the sample, as described in section 2.4.1, then bound to 

an excess of Dynabeads. After washing, DNA-bead samples were heated with Laemmli 

buffer to break the disulphide bond and thus, release the DNA from the Dynabeads. The 

DNA was then subjected to electrophoresis on agarose gel and visualised with ethidium 

bromide staining.

In Figure IB the mobility of samples of non-biotinylated and biotinylated 

bluescript plasmid (1:5) were both analyzed by electrophoresis on a 0.8% agarose. Both
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samples migrated with the same mobility, and thus, mobility was not effected by the 

biotinylation. Figure lA shows samples of plasmids recovered from Dynabeads in the 

titration described above. Two forms of plasmid can be visualized on this agarose gel, 

even at low biotin concentrations. These are the supercoiled form (I) (also visible on 

Figure IB) and a nicked circle form (II), which migrates slowly on the gel. The starting 

plasmid preparation did not contain significant levels of nicked circular DNA and thus, 

the nicked circle form arose during the process of bead binding and recovery. It is 

possible that the process used to recover plasmid bound to Dynabeads, beating with 

Laemmli buffer, may have caused plasmid nicking.

A high recovery of plasmid was seen with ratios of plasmidibiotin of 1:1000 or 

1:100. With reduced biotin concentrations plasmid recovery fell, to virtually nil by the 

ratio of 1:4. Both 1:25 and 1:12 samples showed relatively good recovery, therefore, 

1:18, a value between these two points, was chosen for future experiments. This value 

represented a compromise between ensuring that a reasonable number of plasmids were 

biotinylated and hence, recovered by the streptavidin-Dynabeads and yet minimising the 

number of biotin molecules on each plasmid.

A titration of Dynabeads® M-280 Streptavidin was also carried out to find the 

minimum concentration of Dynabeads required to recover the biotinylated plasmid 

(Figure 1C). By maximising the concentration of DNA bound to the beads my aim was 

to increase efficiency in the system. Bluescript plasmid was biotinylated as described
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Figure 1 Optimization of plasmid biotinylation and binding to 

streptavidin beads.

A A ratio of plasmidibiotin of 1:18 ( i )  allows recovery of the plasmid on 

streptavidin beads, but aims to minimise biotin groups per plasmid.

0.13pM of bluescript plasmid was incubated with PHOTOPROBE® (S-S) BIOTIN at 

ratios of 1:1 (0.13piM), 1:2 (0.26 piM), 1:4, 1:6, 1:8, 1:10, 1:12, 1:25, 1:50, 1:100 or 

1:1000 (0.13mM) under UV 365nm for 30 minutes. Each sample was cleaned of excess 

biotin with a 2-butanol wash, ethanol precipitated, resuspended in water and incubated 

with an excess of Dynabeads®M-280 Streptavidin (300|xg/pmole plasmid).

DNA-beads were washed then heated to 65°C with Laemmli buffer to release bound 

DNA. Samples were subjected to electrophoresis on a 0.8% agarose gel. Both nicked 

circles (II) and supercoiled (I) forms were visualized.

B Biotinylation of bluescript plasmid does not affect its mobility on a 0.8%

agarose gel.

One sample of bluescript plasmid (a) and one sample of biotinylated bluescript plasmid 

(b) (0.13|iM of bluescript plasmid was incubated with 0.65p,M PHOTOPROBE® (S-S) 

BIOTIN as described in Figure lA) were analysed on a 0.8% agarose gel. Plasmid from 

both samples is in the supercoiled form (I) with a very small proportion showing lower 

mobility, this may be nicked circles (II).

C 120pg dynabeads/pmole plasmid gave a good recovery of biotinylated

plasmid.

Bluescript plasmid was biotinylated as described in Figure 1A using a plasmid:biotin ratio 

of 1:18. After removal of excess biotin with 2-butanol, DNA was incubated with 40 to 

240 pig dynabeads/pmole plasmid, overnight, at room temperature. DNA-beads were 

washed, then heated to 65°C with Laemmli buffer to release bound plasmid. Samples 

were run on a 0.8% agarose gel. Both nicked circles (II) and supercoiled (I) forms of 

plasmid were visualized.
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previously (using 1:18 ratio,) then split into 6 samples. Samples were incubated with 40 

to 240pg dynabeads/pmole plasmid, overnight, as described in section 2.4.1, then the 

DNA released and subjected to electrophoresis on an agarose gel.

Again, both supercoiled and nicked circles were seen. The best plasmid recovery 

was seen with ^120pg Dynabeads/pmole and therefore, 120pg Dynabeads/pmole plasmid 

was chosen for use in future experiments. Img of Dynabeads binds 650 to 900 pmoles of 

free biotin (Dynal product information) and thus approximately 1% of the theoretical 

binding sites are occupied by biotinylated plasmid. This may be because of the size of 

the plasmid and competition for space around the binding sites.

3.4 Optimizing the in vitro loading assay

3.4.1 Optimization of plasmid concentration in the loading assay

The introduction of new methods for producing extracts and DNA for the loading 

assay meant that the assay conditions developed by Takashi Seki needed modification and 

optimization. Figure 2 shows a titration of the W ARSl plasmid beads in loading assays, 

carried out at 24°C, under the conditions described in section 2.4.2. 60pg, 120pg, ISOfrg, 

240pg, 300pg and 600pg of DNA-beads were each tested in 40|il reactions containing 

1.2mg whole cell extract, to determine the optimal amount for protein loading. Each 

sample was incubated with whole cell extract (see section 2.3.1) and Reaction buffer (see 

section 2.4.2,) which includes 3mM ATP and an ATP regenerating system. Incubations 

were carried out at 24°C, for 20 minutes with gentle shaking to prevent settling of the W
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Figure 2 Maximising Pre-RC assembly on W ARSl plasmid beads

W ARSl beads were produced from pARS/WTA (Pucll9 , URA3A, CEN4, 

ARS 1.4.1 W) (Marahrens and Stillman, 1992 ) which were biotinylated using a ratio 1:18 

plasmidibiotin and bound to Streptavidin dynabeads (120pg beads/pmole plasmid.)

G1 extracts were produced from the strain YSC3 {cdcl5-2 barl::kanMX  

cdc6::GAL-CDC6pep4::HIS3) as described in 2.3.1. Cells were grown in YP Galactose 

at 24°C in a fermenter until they reached a density of 1 x 10  ̂ cells/ml. The temperature 

was then increased to 37°C for 2 hours to inactivate CdclS and arrest the cells at the end 

of mitosis. The temperature was then reduced to 24°C, galactose added to 1% (to ensure 

overexpression of Cdc6p) and lOOng.mf’ alpha factor added to arrest the cells in Gl. 

After 2 hours the cells were harvested, washed and frozen in liquid nitrogen to produce 

cell popcorn, that was ground to lyse cells, then treated with potassium glutamate 

(300mM) to extract chromatin bound proteins. Centrifugation was carried out to produce 

an extract for use in the Loading Assay.

40pi reactions were performed as described in 2.4.2. 20pl of Gl extract was used 

in each Loading Assay with between 60 and 600pg of W ARSl plasmid beads. A 

reaction buffer (see 2.4.2 ) supplied 3mM ATP and an ATP regenerating system (Creatine 

Phosphate CP and Creatine Phosphokinase CPK). Incubations were performed at 24°C 

for 20 minutes, with gentle mixing. Using a magnetic separator beads were then washed 

and finally resuspended in Laemmli buffer. Samples were analysed by immunoblotting 

to determine proteins bound (see 2.7.1).

Proteins bound to nitrocellulose membranes were incubated with polyclonal 

antibodies raised against Abflp, Orc2p and Mcm2p and monoclonal antibodies for Orc6p 

and Cdc6p, using the conditions described in 2.7.3.
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ARSl beads. Samples were then recovered, and placed in a magnetic separator 

(MPC, Dynal) which holds the paramagnetic beads on the side of the tube. This allowed 

removal of the supernatant from the beads and washing steps before they were 

resuspended in Laemmli buffer for analysis by immunoblotting (see section 2.7.1 and 

2.7.3).

The loading of Orc2p, Orc6p, Cdc6p, Mcm2p and Abflp was analysed and this is 

shown in Figure 2. The signal for each protein increases in samples with 60|xg to 240p.g 

of W ARSl plasmid beads, but is similar for samples with ^240pig. Thus, under the assay 

conditions tested, 240p.g of W ARS beads is sufficient for maximum loading of all the 

proteins analysed. To ensure that the system was optimized for a maximum number of 

factors, including those not analyzed in this experiment, 300p,g of DNA-beads per 

reaction was used for all the following experiments.

3.4.2 24°C is the Optimal Temperature for pre-RC assembly in the loading 

assay.

Different temperatures were tested for the loading assay. Figure 3A shows 

loading assays performed at 24°C, 30°C and 37°C, each carried out as described in 

section 2.4.2. In each case samples were taken at 10, 20 and 40 minutes to investigate 

how the kinetics of the loading reactions were affected by temperature. In this 

experiment W ARS 1 and A ARS 1 beads were compared to determine if the loading of 

the pre-RC is specific for an intact A element since origin activity in vivo depends on this 

element (Marahrens and Stillman, 1992).
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Figure 3 24 °C is the optimum temperature for pre-RC assembly in

the loading assay.

A Loading assays were carried out at 24®C, 30°C and 37°C.

Three sets of Loading assays were performed with W and A' ARSl beads (pARSAVTA 

and pARS/865-872, Marahrens and Stillman, 1992) and Gl extracts, at the three different 

temperatures. Samples were taken from each set at 10, 20 and 40 minutes and analysed 

by immunoblotting with polyclonal antibodies raised against Abflp, Orc2p and Mcm2p 

and monoclonals for Orc6p and Cdc6p, using the conditions described in 2.7.3.

B Orc6p is present at 40 minutes, at every temperature.

The concentration of Orc6p that was present in reactions, but did not bind W ARSl 

plasmids, was examined. Supernatants from each W ARSl 40 minute sample were 

analysed by immunoblotting with a monoclonal for Orc6p.
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Abflp loading is similar at each temperature and in each case it associates with 

both W ARSl and A'ARS 1. (Diffley and Stillman, 1988) showed that Abflp recognises 

the B3 element of ARSl. Our results are consistent with Abflp recognising the intact B3 

element in W ARSl and A' ARS land therefore is not affected by the mutation in the A 

element of A ARSl. (This is investigated further in Figure 5, section 3.7). Abflp can be 

detected by 10 minutes and thus binds quickly to the origins.

Analysis of the two ORC subunits, Orc2p and Orc6p, showed that at each 

temperature loading occurred by 10 minutes and only on W ARSl, not A ARSl. This 

suggests that ORC loads quickly in the system and in a manner requiring an intact A 

element on ARSl. Comparing the signals for 10 minutes, at different temperatures, both 

Orc2p and Orc6p have weaker signals at 37°C, suggesting that efficiency of loading is 

reduced at this temperature. The results also suggest that the longevity of the association 

of ORC with W ARSl is inversely proportional to temperature. At 24°C the ORC signals 

for 10, 20 and 40 minutes are of equal intensity, whereas at 30°C both Orc2p and Orc6p 

have reduced signals by 40 minutes. At 37°C, Orc2p and Orc6p cannot be detected. The 

3 panels of Figure 3B show samples of supernatants taken from the W ARSl assays at 

24°C, 30°C and 37°C, after 40 minutes. From these panels it is evident that levels of 

Orc6p are similar in all three assays. Although proteolysis of other ORC subunits can’t 

be ruled out, from these results it is probable that the differences in loading, seen in 

Figure 3A are not due to differences in the level of ORC proteolysis. These results 

suggest that the rate of dissociation of ORC from origins may be faster at higher 

temperatures. One explanation for this is that the activity of competing ATPases present 

in the extracts is higher at higher temperatures and thus, the concentration of ATP
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decreases more rapidly during the incubations. This would suggest a continual 

dependence of ORC on ATP during the incubations and the effects of ATPases and 

changes in ATP concentration are discussed further in future sections.

The loading of Cdc6p shows specificity for origins with wild type A elements at 

the lower temperatures, 24°C and 30°C. At both temperatures Cdc6p binds W ARSl 

plasmid beads, not A'ARSl plasmid beads. In both cases binding is significant in the 10 

and 20 minute samples, but very faint at 40 minutes. These results suggest that Cdc6p, 

similar to ORC, starts to associate with W ARSl by 10 minutes, but dissimilar to ORC, 

Cdc6p shows a clear dissociation from origins by 40 minutes, even at low temperatures. 

(The dissociation of Cdc6p has been investigated in more detail and this is shown in 

Figure 7, section 3.9).

At 37°C Cdc6p is present in both the W and A' ARSl samples, at similar levels 

and signals are stronger in later time points. It is clear that the association of Cdc6p to 

DNA-beads is not of the same nature at 37°C as at the lower temperatures because it is 

not specific for an intact A element. It is possible that Cdc6p is precipitating or that it is 

forming non-specific associations with non-origin DNA and/or the Dynabeads 

themselves.

Figure 3 shows that Mcm2p loading is strongest for W ARSl, with much lower 

signals for A ARSl samples. At 24°C there is some Mcm2p origin association by 10 

minutes and this increases by 20 minutes and remains constant for 40 minutes. A similar 

pattern is seen for the 30°C samples, although the signals are slightly weaker. These 

results suggest that MCM loading requires an intact A element and once loaded, MCMs
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form a stable origin association, even after the dissociation of Cdc6p (by 40 minutes). 

This is investigated further in Figure 7, section 3.9.

From in vivo studies we know that Cdc6p is involved in the loading of the MCM 

complex (Donovan et al., 1997; Liang and Stillman, 1997; Tanaka et al., 1997). In Figure 

3, at 37°C, there is little detectable Mcm2p loading, suggesting that the MCM complex 

cannot associate with origins at this temperature. Taking the results for Cdc6p and 

Mcm2p together, it suggests that there are two forms of association of Cdc6p with the 

DNA-beads. The first is seen at 24°C or 30°C, where Cdc6p binds to origins with intact 

A elements only, loads the MCM complex and then dissociates. The second is seen at 

37°C, where Cdc6p binds to both W and A' ARS beads and cannot load the MCM 

complex. The latter form of Cdc6p association may be nonspecific binding to DNA, or to 

the Dynabeads and does not support pre-RC assembly.

In conclusion, most efficient pre-RC loading was achieved at the lowest 

temperature tested, 24°C and this temperature was used in all future experiments. We 

have also shown that pre-RC assembly is dependent on an intact A element and this is 

consistent with evidence from live cells.

3.5 The effect of plasmid size on pre-RC loading

Active origins on yeast chromosomes are on average between 35 and 90kb apart 

(Rivin and Fangman, 1980). We were interested to know if the length of DNA 

surrounding an origin could effect the efficiency of pre-RC assembly. In Figure 4 loading 

assays were performed with two sets of plamid-beads. The first set are the W and A'
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ARS plasmids, 5822bp in size, described previously (sections 2.4.1, 3.3) and in this 

experiment labelled Large. The W/A" ARS inserts from this set of plasmids were cloned 

into plasmids without URA3 and CEN4 sequences. This produced a second set of Small 

plasmids, 3322bp in size, that contained identical ARSl sequences to the Large set, but 

less surrounding plasmid DNA.

Plasmid beads were produced by the usual method (see section 2.4.1) using equal 

molarities of the Large and Small plasmids. Loading assays were carried out for 20 

minutes, at 24°C, under the conditions described in section 2.4.2, before analysis of the 

proteins bound to the DNA-beads by immunoblotting.

Abflp bound to both Large and Small plasmids with similar efficiency, suggesting 

that plasmid size has no effect on the association of this protein. Orc2p loading was also 

similar, binding to both W ARS 1 Large and W ARS 1 Small. There is a weak signal for 

Orc2p on A' ARSl Large that is not detectable on A' ARSl Small and there are two 

possible explanations for this difference. Firstly, if a proportion of Orc2p associates with 

non-origin DNA, because there are more of these sequences on the Large plasmids more 

Orc2p would bind to Large A' ARS 1 than Small A' ARS 1. Alternatively, only the Large 

plasmids contain CEN sequences which are AT rich and it is possible, although unlikely, 

that these may act as ARS elements. Despite these possibilities, the level of Orc2p 

association with Large A' ARSl plasmids is very low compared to the association with 

Large W ARS 1 plasmids suggesting that the binding to the former may not have any 

great significance.

Cdc6p associates withl both Large and Small W ARSl plasmids to a similar 

extent and does not associate with either Large or Small A' ARS plasmids. Thus, plasmid

89



Figure 4 More Mcm2p is loaded onto W ARSl positioned on a Large 

plasmid than is loaded onto W ARSl on a Small plasmid.

Two sets of plasmids, of different sizes, Large (5822bp) and Small (3322bp), were 

used to test whether plasmid size can have an effect on pre-replicative complex assembly. 

Equal molarities of Large (P ud  19, URA3A, CEN4, ARS 1.4.1 W and A') and Small 

(P ud  19, ARS 1.4.1 W and A ) plasmids, which have identical origin regions, were used 

to produce ARSl plasmid beads as described in Figure 2 and Section 2.4.1. Loading 

Assays were performed with both sets of plasmid-beads and Gl extracts for 20 minutes, 

at 24°C. ARSl beads were then isolated and bound proteins analysed by 

immunoblotting.

Proteins bound to nitrocellulose membranes were incubated with polyclonals 

raised against Abflp, Orc2p and Mcm2p and a monoclonal for Cdc6p, using the 

conditions described in 2.7.3.
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size does not affect the level or specificity of Cdc6p ARS 1 association.

In contrast to the other proteins, the signal detected for Mcm2p is stronger for the 

Large W ARSl plasmid than the Small. This suggests that plasmid size does effect the 

level of origin specific MCM loading in this experiment. There is a very weak signal for 

Mem2p on Large A" ARS plasmid, which is not visible on the Small A' ARS plasmid. It 

is too weak for non-specific associations with the larger plasmid to explain the 

differences in loading seen between Large and Small W ARSl plasmids.

The increased MCM signal on the larger plasmid can be explained in either of two 

ways. Firstly it could be due either to an increased number of plasmids loading MCMs. 

Alternatively an increased number of MCMs may be loading per plasmid. The first 

possibility is unlikely as MCM loading at an origin depends on ORC and Cdc6p 

(Aparicio et al., 1997; Donovan et al., 1997; Liang and Stillman, 1997; Tanaka et al., 

1997; Weinreich et al., 1999) and neither of these proteins show a stronger signal on the 

Large W ARSl plasmid, compared to the small. If the second possibility is true a higher 

number of MCMs may load on each of the Large plasmids, compared to the number 

loading on smaller plasmids. This is not inconsistent with data from Xenopus where a 

minimum length of DNA has been identified for ORC and MCM loading and the number 

of MCM complexes loaded per origin has been found to increase with longer DNA 

fragments (Edwards et al., 2002).
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3.6 A nonfunctional B3 element does not affect pre-RC 
loading

Previous studies have shown that ORC binds ARSl at both the A and Bl elements 

and that Cdc6p association is also dependent on the ACS, within the A element (Bell and 

Stillman, 1992) (Diffley and Cocker, 1992; Liang et ah, 1995). MCM loading depends 

on ORC and Cdc6p (Aparicio et ah, 1997; Donovan et ah, 1997; Liang and Stillman, 

1997; Tanaka et ah, 1997; Weinreich et ah, 1999) and hence the A and Bl elements. The 

factor Abfl, however, binds to the B3 element of ARSl and although makes some 

contribution to ARS activity, is not essential (Diffley and Stillman, 1988).

We have shown that loading of Orc2,6p, Cdc6p and Mcm2p are dependent on an 

intact A element in our system, whereas Abflp loading is not. In Figure 5 these 

investigations were extended to determine the effects of B3 mutations known to lie in the 

Abflp binding site, on loading of these factors. B3‘ ARSl plasmid beads were made 

from ABFl (PTS) (see materials and methods), (Marahrens and Stillman, 1992) by the 

usual method of biotinylation, as described in section 2.4.1. Loading assays were 

performed with W, A", B3 plasmid beads for 20 minutes, at 24°C, as described in section 

2.4.2, then both DNA-bead bound proteins and the supernatants from the reaction, were 

analysed by immunoblotting.

Orc6p, Cdc6p and Mcm2p all showed a similar pattern of binding, with strong 

signals for both the W and B3 ARSl beads and minimal signals for the A' ARSl beads. 

Thus, pre-RC loading is efficient in the presence of the B3 mutation and does not require 

this element to be intact.
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Figure 5 Loading of Orc6p, Cdc6p and Mcm2 is unaffected by a B3 

mutation in ARSl, however this mutation inhibits Abflp loading.

A Loading Assay was carried out with W, A" or B3’ ARSl beads, the latter being 

prepared using pARS/ABFl (PTS), (Marahrens and Stillman, 1992 ). Plasmid beads 

were incubated with Gl extracts at 24°C, for twenty minutes. Bound proteins and those 

in the supernatants were then analysed by immunoblotting.

Proteins bound to nitrocellulose membranes were incubated with polyclonals 

raised against Abflp and Mcm2p and monoclonals for Orc6p and Cdc6p, using the 

conditions described in 2.7.3.
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Abflp bound only the W and A' ARSl beads, with a minimal signal for the B3' 

sample. This indicates that Abflp recognises the B3 element of ARSl, in the W and A" 

samples and the B3 mutation abrogates Abfl binding. Thus, for ARSl binding, Abfl 

requires an intact B3 element and is unaffected by the A' mutation.

In summary pre-RC assembly (ORC, Cdc6p, MCMs) in the loading assay requires 

an intact A element and can tolerate a mutation in the B3 element that inhibits Abflp 

binding. Thus, pre-RC assembly does not require Abfl binding, nor the B3 element and 

therefore, the modified loading assay recapitulates the known features of pre-RC 

assembly in vivo.

3.7 The Stability of DNA interactions

3.7.1 The effect of W ARSl plasmid on pre-RC components

We were interested in the nature of association of pre-RC components with ARSl 

in the loading assay. Do proteins form stable associations with the origins or do they 

continually cycle on and off the DNA? Figure 6A shows the effect of competitor DNA 

on pre-RC stability. W ARSl plasmid beads were used in the assay, but in this case, after 

the proteins had loaded, an excess of free W ARS 1 plasmid was added into the reactions, 

to act as a competitor for protein association. Extra ATP was also supplied to some of the 

reactions, to ensure that ATP concentration would not limit any activity.

A large scale loading assay (SOOpl) was performed with W ARSl plasmid beads, 

as described in section 2.4.2. Samples were taken from this reaction mix while it was on
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ice before the 24°C incubation (t=0) and after the 20 minute incubation (t=20). The 

reaction was then split into four and additions were made of equal volume (see section 

2.4.4). To the first sample, the addition was water, to the second ATP and ATP 

regenerating system (3mM ATP, 20mM creatine phosphate, 20U/ml creatine phoshate 

kinase), to the third ATP and ATP regenerating system with competitor DNA at ten times 

the concentration of the bead bound DNA (lOx) and to the fourth the ATP and ATP 

regenerating system with lOOx competitor DNA. Incubations were then continued at 

24°C and samples taken from each of the four conditions at 5, 20 and 45 minutes (+5, 

+20, +45). Samples were washed then analysed by immunoblotting, as described for 

routine loading assays.

On examination of the sample taken before the primary incubation (t=0), the only 

protein to assoeiate with ARSl was Abflp. Thus, this protein only, binds quickly to the 

origin DNA and can do so while the reactions are still on ice. By 20 minutes the Abflp 

signal had increased, suggesting that the binding was not at full capacity at time=0. From 

five minutes after the additions were made, the two samples without any competitor DNA 

(lanes 1, 2) show a strong Abflp signal, whereas the samples with lOx or lOOx 

competitor DNA (lanes 3,4) have very weak Abflp signals, the signal for lOOx being 

almost undetectable. This suggests that Abflp quickly dissociates (within 5 minutes) 

from the bead bound W ARS 1 in the presence of free ARS 1 plasmid. A concentration of 

competitor plasmid lOx that of bead bound DNA, is enough to achieve a high level of 

dissociation, although complete dissociation is only seen with lOOx.

Components of the pre-RC were also examined. Orc2p and Orc6p show 

equivalent patterns of W ARSl plasmid bead association. At t=0 there were no
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Figure 6 The stability of protein-DNA interactions

6A ORC and Abflp, but not Mcm2p, can be removed from assembled pre-RCs 

by the addition of W ARSl plasmid.

A large scale Loading reaction was set up with W ARSl plasmid beads, on ice and a 

sample taken (t=0) before carrying out a standard incubation at 24°C for 20 minutes. 

This reaction was used to assemble pre-RCs and a sample of the reaction was taken 

(t=20) to analyse protein binding.

The reaction was then split into four samples and additions of equal volume were made 

(see section 2.4.4):

1 water

2 energy stock (3mM ATP, 20mM creatine phosphate, 20U/ml creatine phosphate kinase)

3 energy stock and W ARSl plasmid at lOx the concentration of bead bound ARSl

4 energy stock and W ARSl plasmid at lOOx the concentration of bead bound ARSl.

All reactions were replaced at 24°C and samples were taken from each reaction after a 

further 5, 20 and 45 minutes (+5, +20, +45). ARSl beads were then isolated and bound 

proteins analysed by immunoblotting. Proteins bound to nitrocellulose membranes were 

incubated with polyclonals raised against Abflp and Mcm2p and monoclonals for Orc6p 

and Cdc6p, using the conditions described in 2.7.3.

6B The relative signal intensities for Orc2p at 5, 20 and 45 minutes after the 

addition of W ARSl plasmid.

Using Figure 6A the relative signal intensities of Orc2p were measured using Adobe 

Photoshop. For each band Total intensity and Background intensity were measured and 

Relative Signal Intensity calculated (Total intensity-Background intensity).
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6C The relative signal intensities for Mcm2p at 5, 20 and 45 minutes after the 

addition of W ARSl plasmid.

Using Figure 6A the relative signal intensities of Mcmlp were measured using Adobe 

Photoshop. For each band Total intensity and Background intensity were measured and 

Relative Signal Intensity calculated (Total intensity-Background intensity).

6D Abflp, but not Orc2p, can be removed from assembled pre-RCs by the 

addition of A ARSl plasmid.

This experiment was performed in a similar way to 6A. The additions made were:

1 water,

2 energy stock with lOOx W ARSl plasmid,

3 energy stock with lOOx A ARSl plasmid.

Reactions were then incubated for a further 45 minutes before analysis by 

immunoblotting. Proteins bound to nitrocellulose membranes were incubated with 

polyclonals raised against Orc2p, Abflp and Mcm2p.
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detectable signals, showing that ORC cannot associate with origins before the 24° C 

incubation. Association does occur by 20 minutes, when the reaction was split and 

additions made as described. By measuring the signal intensities of bands on the western 

blot a bar graph was constructed of Relative Signal Intensities of Orc2p after the different 

additions (Figure 6B). From both Figure 6A and 6B it is clear that where no competitor 

DNA was added (lanes 1, 2) ORC signals were strong at 5, 20 and 45 minutes showing 

that ORC remains associated with W ARSl plasmid beads. Where competitor DNA was 

added ORC dissociated from origins. Dissociation was more complete with lOOx 

concentration of competitor than lOx, although there was a significant decrease with both. 

Thus, like Abflp, ORC dissociates from origins in the presence of competing W ARSl 

plasmids and shows the most complete dissociation in the presence of lOOx competitor.

Similar to ORC, Cdc6p could not associate with origins before the 24°C 

incubation (t=0). At 20 minutes, when the reaction was split, there was a strong 

association. When a water addition was made (lanes 1), it is clear that the Cdc6p signal 

has decreased by 5 minutes, was only just detectable by 20 minutes and was undetectable 

by 45 minutes. This indicates that Cdc6p dissociates quite quickly from origins, even in 

the absence of competitor DNA (see section 3.9 and Figure 7). Thus, although Cdc6p 

dissociates from W ARSl plasmid beads in the competitor DNA samples (lanes 3,4) no 

conclusions about the effects of the competition can be drawn from these results.

In the samples where the ATP and ATP regenerating system only were added 

(lanes 2), the signal for Cdc6p was stronger than for the other samples. At 5 and 20 

minutes the ATP addition promoted a strong Cdc6p signal which did not disappear until 

the 45 minute time point. This suggests that the second addition of ATP (the first being
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in the original reaction mix) caused increased Cdc6p binding to W ARSl plasmid beads 

and thus, offset Cdc6p dissociation. (This is investigated in more detail in Section 3.9.2 

and Figure 7C.)

Mcm2p was also investigated in this experiment. Like the other pre-RC 

components it is not present in the t=0 sample and thus, requires the 20 minute pre

incubation to load at origins. Figure 6C shows a bar graph of relative Mcm2p signal 

intensities during the second incubation. In samples without competitor DNA (lanes 1, 

2), a small but clear difference exists between the samples where water was added (1) and 

those where ATP was added (2). In the first case the Mcm2p signal remains strong 

throughout the experiment showing that there is no dissociation, even after Cdc6p is

undetectable. This is consistent with Figure 3 and is discussed in later sections. In the
stronger

latter case, where ATP was added, the Mcm2p signal was at 20 and 45 minutes than at the 

beginning of the incubation. This may be explained by the increased Cdc6p binding seen 

in these samples increasing MCM loading onto W ARSl plasmid beads. It is interesting 

that ORC loading does not increase in these samples and this suggests that there are more 

origins with ORC bound than with assembled pre-RCs and that the increase in pre-RC 

assembly occurs at origins which are already associated with ORC.

Where competitor DNA (and ATP and ATP regenerating system) were added 

(lanes 3, 4) the Mcm2p signals seen were similar to where only water was supplied (lanes 

1). Thus, for Mcm2p, competitor DNA does not cause dissociation from pre-assembled 

origin complexes. Although the Mcm2p signals with competitor DNA and ATP and ATP 

regenerating system (lanes 3,4) are not as strong as for where the ATP and ATP 

regenerating system was supplied alone (2), any further loading of MCMs in these
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samples may have occurred onto the free ARS1 plasmids, hence restricting the Mcm2p 

signal detected for the DNA-heads.

In summary, hoth Ahflp and ORC dissociate from pre-assembled origin 

complexes upon the addition of free ARSl plasmid DNA. There are two possible 

explanations for this dissociation. The first, which is unlikely, but can’t be ruled out, is 

that the free origins interfere with Abflp and ORC that are assembled at origins and 

directly cause their dissociation. The second and preferred explanation is that both Abflp 

and ORC continually associate and dissociate with origins in the loading assay. Once 

competitor DNA is added, at a much higher concentration than the DNA bound to heads, 

ORC and Abfl would begin to form associations with these origins, so less of these 

proteins would be detected in the bead fraction.

Cdc6p showed a pattern of origin binding then dissociation, also seen in Figure 3 

and so was not successfully analysed by the addition of competitor DNA.

The competitor DNA failed to cause dissociation of Mcm2p from pre-assembled 

complexes. From this it is clear that the loading of Mcm2p at origins, takes a different 

form from the association of ORC and Abflp. The results also demonstrate that Mcm2p 

remains bound to origins in the absence of ORC and Cdc6p. In conclusion, we suggest 

that MCM2-7 forms a stable association with DNA, that is not dependent on ORC or 

Cdc6p and that the complex does not cycle on and off of origins.
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3.7.2 W and A ARSl plasmid in competition with ARSl-beads, for protein 

loading.

Figure 6A shows that the W ARS plasmid works as an effective competitor for 

ORC and Abflp. In Figure 6D we examined whether this competition was dependent on 

an intact ARS element. Loading assays were performed as before, to assemble pre-RCs, 

then additions of competitor DNA were made. Two different plasmids were tested as 

competitor DNA, W ARSl plasmid and A ARSl plasmid.

Loading assays were performed with W ARSl plasmid beads at 24°C, for 20 

minutes, as described in Section 2.4.2. A sample of the reaction mix was taken for 

analysis (t=20). The reaction was then split in three and three different additions were 

made: (lane 1) water only, (lane 2) ATP and ATP regenerating system with lOOx W 

ARSl plasmid and (lane 3) ATP and ATP regenerating system with lOOx A' ARSl 

plasmid. The reactions were then returned to 24°C for a further 45 minutes before 

recovery and analysis by immunoblotting.

Abflp was effectively removed from the W ARSl plasmid bead sample by both 

competitor plasmids (lanes 2, 3), thus, both the W and A' ARSl plasmids effectively 

compete for Abfl binding. As described previously, Abflp binds the B3 element of 

ARSl (Diffley and Stillman, 1988) and hence this result is in line with predictions.

Orc2p was effectively removed from assembled complexes by W ARS 1 plasmid 

(lane 2) but not by A' ARSl plasmid (lane 3). Thus, for Orc2p, dissociation from 

assembled pre-RCs is dependent on competitor DNA with an intact A element. This 

suggests that binding to the competitor DNA is via the A element and therefore in a 

manner similar to ARSl-bead binding and also origin binding in vivo.
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Mcm2p was not removed from the W ARSl plasmid bead samples by either the 

W or A' ARSl plasmid. Therefore, neither plasmid works as a competitor for this 

protein. This evidence is consistent with the results shown in Figure 6a and reconfirms 

that Mcm2p and thus, in all likelihood, the MCM complex, forms an association with 

origins that can not be undone by the presence of competing ARSl sequences.

3.8 Loading and Unloading of Cdc6p

Using the in vitro loading assay we have evidence that Cdc6p dissociates from 

origins (Figures 3A, 6A). Experiments using the Xenopus cell free system suggest that 

Cdc6p may fulfill its role early in the replication process, then dissociate from chromatin 

(Coleman et al., 1996). I was interested in looking into the timing and cause 

of Cdc6p dissociation in our assay.

3.8.1 Cdc6p is not required to maintain the association of MCMs with ARSl

Figure 7 A shows a time course of the loading assay that was carried out using the 

routine conditions described in section 2.4.2. Both W and A' ARSl plasmid beads were 

incubated with extracts in large scale reactions (360pl) and samples removed for analysis, 

at 15 minute intervals.
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Figure 7 Dissociation of Cdc6p in the loading assay.

A Cdc6p dissociates from W ARSl origins but Mcm2p remains bound.

A Loading Assay was performed with W and A" ARSl beads and G1 extracts as 

described in section 2.4.2. Samples were taken from the reactions at 15 minute intervals 

and the plasmid-bead bound fraction analysed by immunoblotting. Nitrocellulose 

membranes were incubated with polyclonals raised against Orc2p and Mcm2p and 

monoclonals for Orc6p and Cdc6p.

B Cdc6p is present in reactions at the end of the time course.

The supernatants from the reactions with W ARSl at t=0 and t=105 minutes were 

analysed by immunoblotting for Cdc6p.
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The ORC subunits, Orc2p and Orc6p showed strong binding to W ARSl plasmid 

beads at 15 minutes. Due to the practical restrictions of processing samples, 

more frequent time points could not be taken. However, on examination of the results 

shown in Figure 7a and Figure 3 (24°C), it is clear the ORC begins to associate with 

origins around 10 minutes into the incubations and remains associated throughout the 

experiments (up to 105 minutes tested).

Cdc6p was also examined. In Figure 7a there is no signal at 0 minutes, a strong 

signal at 15 minutes for W ARSl plasmid beads, then weak signals for 30, 45 and 60 

minutes. By again using both Figures 7a and 3, a more detailed picture can be obtained. 

Cdc6p loading begins on W ARSl around 10 minutes. It remains associated with origins 

until a point between 20 and 30 minutes when levels fall. After this time very low levels 

of origin association are seen until 60 minutes into the incubation, when levels fall below 

the detection threshold.

Supernatants from the W ARSl plasmid bead reactions at 0 and 105 minutes were 

analysed by immunoblotting, to compare Cdc6p levels at the start and end of the 

experiment. The panels in Figure 7b indicate that Cdc6p levels are similar in both 

samples suggesting that degradation of Cdc6p is not responsible for the dissociation of 

Cdc6p from origins.

Mcm2p origin association is slower than the binding of the other factors (Figure 

7a). Mcm2p has a weak signal at 15 minutes, reaching its maximum signal by 30 

minutes. Looking at both Figure 3 and 7a, Mcm2p origin association begins by 10 

minutes and low levels are seen in both 10 and 15 minute samples. By 20 minutes levels

109



have reached their maximum and this level is maintained for the duration of the time 

course.

To summarise, early in the loading assay incubations (before 10 minutes) both 

ORC and Cdc6p associate with origins. Mcm2p origin association does not reach 

maximum levels until later (at 20 minutes) and at this point Cdc6p begins to dissociate. 

This suggests that once MCMs have been loaded onto origin sequences, Cdc6p is no 

longer required to maintain the association. The reason for Cdc6p dissociation in our 

system is unknown, but it maybe linked to changes in the concentration of ATP as in 

Figure 6a the timing of Cdc6p dissociation was delayed by the readdition of ATP.
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3.9 Conclusions

In this chapter we have successfully optimized the in vitro loading assay to 

assemble pre-RCs onto plasmid based origins. Consistent with in vivo data, assembly is 

dependent on an intact A element and is largely unaffected by mutations within the B3 

element. Taken together, these results suggest that pre-RC assembly in our system 

resembles that of living cells and will be useful for further investigation into the 

mechanisms involved.

We have also examined the nature of the associations that pre-RC components 

make with origins. Cdc6p was found to associate transiently with origins in our system, 

whereas Abflp, Orc2p, Orc6p and Mcm2p were found bound to origins for the duration 

of long incubations. The experiments using competitor DNA suggest that ORC and 

Abflp origin binding is Dynamic, whereas MCMs make a more continuous association.

In conclusion we have a system for loading pre-RCs in vitro which can be used to 

further elucidate the mechanisms involved and may serve as a first step towards 

developing a cell free origin dependent replication system.
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Chapter 4

The Role of Nucleotides in pre-RC

assembly
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4.1 Introduction

Many components of the pre-RC are ATPases and nucleotides may play important 

roles during DNA replication. In this chapter I have investigated the roles of nucleotides 

in the assembly of the pre-replicative complex. Loading assays were performed with 

whole cell extracts and also extracts in which endogenous nucleotides were depleted.

This has allowed us to investigate the role of nucleotide binding and hydrolysis in the 

assembly reaction, by making additions of exogenous nucleotides/nucleotide analogues.

4.2 Whole cell extracts support ORC loading without 

nucleotide addition.

Following ATP binding, ATP hydrolysis by a protein is not always immediate; for 

instance, the E. coli initiator DnaA requires ATP to bind oriC, but ATP hydrolysis is not 

required at this time (Sekimizu et al., 1987). Thus, ATP binding and hydrolysis can be 

two separate events. In order to investigate the roles of ATP in pre-RC assembly and to 

distinguish ATP binding from hydrolysis, loading reactions were performed with 

different nucleotide analogues. ATPyS (Adenosine-5’-0-2-thiotriphosphate) is resistant to 

hydrolysis but may hydrolyze slowly. The structure of ATPyS is identical to ATP, except 

that a sulphur atom replaces the oxygen atom at the end of the phosphate chain (see 

appendix 2).
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I also tested AMP-PNP (Adenylyl-imidodiphosphate), which has a similar 

structure to ATP. In this case the oxygen atom connecting the |3 and y phosphate groups 

is replaced with a nitrogen, which inhibits hydrolysis (see appendix 2).

A large stock of the loading reaction was prepared on ice, with W ARSl plasmid 

beads and the usual reaction buffer (section 2.4.2), without ATP or the regenerating 

system. The stock was split into 4 and separate additions (of equal volume) made: (1} 

water, (2) 5mM ATP, 20mM creatine phosphate, 20U/ml creatine phoshate kinase, Q)_ 

5mM AMP-PNP and (4) 5mM ATPyS. The ATP regenerating system (creatine 

phosphate (CP) and creatine phosphate kinase (CPK) was added with ATP to help 

maintain ATP at a concentration similar to the analogues that are resistant to hydrolysis. 

Reactions were incubated at 24°C and samples taken at 20 and 45 minutes for analysis by 

immunoblotting. The results are shown on Figure 8.

In the presence of ATP (2) pre-RC assembly was observed, consistent with 

the experiments of Chapter 3. ORC loading was observed at 20 and 45 minutes and 

Cdc6p was detected at 20 minutes, but dissociated by 45 minutes. Mcm2p was associated 

with origins at both time points. Thus, in this experiment, consistent with those 

performed previously, pre-RCs assembled and Mcm2p remained associated with 

chromatin once Cdcc6p has dissociated.

When no nucleotides were added to the loading assay (1) Abflp, Orc2p and Orc6p 

loading were detected by 20 minutes, but Cdc6p and Mcm2p loading were not. While it 

is known that ATP is not a requirement for the binding of Abflp to origins (Diffley and 

Stillman, 1988), this is not the case for ORC. It has been shown previously that ORC- 

origin association depends on ATP (Bell and Stillman, 1992), and therefore my results
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Figure 8 Nucleotide/nucleotide analogue addition to loading assays 
with whole cell extracts.

Four loading assays were prepared using W ARSl beads and G1 extract (as

described in 2.4.2) without ATP or regenerating system. Separate additions, of equal 

volume, were made to the four assays: water (0), 5mM ATP addition with 20mM CP, 

20U/ml CPK (ATP), 5mM AMP-PNP and 5mM ATPyS addition. All tubes were 

incubated at 24°C as described previously. For the 0 reaction samples were taken for 

analysis at time 0, 20 and 45 minutes. For the other reactions samples were taken at 20 

and 45 minutes. In all cases analysis was carried out by immunoblotting. Proteins bound 

to nitrocellulose membranes were incubated with polyclonals raised against Abflp, Orc2p 

and Mcm2p and monoclonals raised against Orc6p and Cdc6p, using the conditions 

described in 2.7.3.
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indicate that the extraets may supply signifieant levels of endogenous nucleotides to the 

reactions, which support ORC loading in the absence of added nucleotide. Similar results 

were seen in experiments performed previously in our laboratory, with ARSl-beads 

containing ligated oligonucleotides (Seki and Diffley, 2000). In these experiments, ORC 

loading was seen without nucleotide addition, however, this was eliminated by the 

incubation of extracts with apyrase, an enzyme capable of hydrolyzing ATP to AD? and 

ultimately to AMP. This confirmed that ORC binding in crude extraets is supported by 

endogenous nucleotides. Because I observed ORC loading but not Cdc6p or Mcm2p 

loading, this indicates that the extracts used for Figure 8 do not contain high 

concentrations of ATP. There may be a low coneentration of ATP, which is enough to 

support ORC loading, but no subsequent reactions. Alternatively, other nucleotides may 

be present and may support ORC association with origins, but not the association of the 

other faetors.

In the presence of the nucleotide analogue AMP-PNP (3) only Abflp, Orc2p and 

Ore6p were loaded onto origins. Experiments with purified ORC have previously 

suggested that AMP-PNP eannot support ORC loading at origins and thus, the loading 

observed here is likely to be due to the endogenous nucleotide eontent of the extracts 

(Bell and Stillman, 1992). AMP-PNP did not stimulate Cdc6p and MCM loading. 

Sequence analyses of ORCl and CDC6 have shown a high level of similarity and it is 

probable that similar to Ore Ip, Cde6p cannot utilise AMP-PNP (Bell et al., 1995).

It has been shown previously, that ORC can associate with DNA in the presence 

of the nucleotide analogue, ATPyS (Klemm et al., 1997). In my experiments, in the 

presenee of ATPyS (4) Abflp, ORC and Cdc6p loading were detected at levels similar to
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those seen with ATP and a low level of Mcm2p loading was also detected. While the 

presence of endogenous nucleotides complicates this experiment, the loading of Cdc6p 

and a proportion of Mcm2p may be significant, because this was not observed in the 

control samples (i).

There are several interpretations of the results with ATPyS. Firstly, it can’t be 

ruled out that some ATPyS is being hydrolysed in the reactions and that the hydrolysis is 

supporting Cdc6p and/or Mcm2p loading. For Cdc6p however, the level of loading is 

similar to loading with ATP and thus, if nucleotide hydrolysis is a requirement for this 

step, high levels of ATPyS hydrolysis must be occuring. ATPyS is a hard to hydrolyse 

analogue and although it may be the subject of slow hydrolysis, it is unlikely that rapid 

hydrolysis occurs in the reactions. Also, if rapid hydrolysis was occuring, you would 

perhaps expect higher levels of MCM loading. Thus, the results suggest the Cdc6p 

loading does not require nucleotide hydrolysis. Secondly, both Cdc6p and Mcm2p levels 

are similar in both the 20 and 45 minute samples. It can be argued that if the loading of 

these proteins was due to slow ATPyS hydrolysis, then it would increase significantly 

with time and this was not observed. Thus, like Cdc6p loading, the low level of Mcm2p 

loading may not be dependent on nucleotide hydrolysis.

The second explanation for the results observed in the presence of ATPyS, is that 

ATPyS binds to and inhibits phosphatases in the extracts. This might increase the level of 

endogenous ATP, and this ATP may then support the observed Cdc6p and Mcm2p 

loading. Although this explanation cannot be ruled out, relatively strong Cdc6p loading 

was observed making it unlikely.
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The last and favoured explanation is that ATPyS remains largely unhydrolysed in 

the reactions and supports the loading of Cdc6p and a proportion of Mcm2p onto origins. 

For Cdc6p these findings are again consistent with the known similarity between Cdc6p 

and Ore Ip and taken with previous experiments, indicate that both proteins bind origins 

in the presence of ATPyS (Klemm et al., 1997). The different results observed with the 

two different analogues, AMP-PNP and ATPyS may be indicative of a structural 

requirement for nucleotides recognised by ORC and Cdc6p. The low level of Mcm2p 

loading observed in the presence of ATPyS may indicate one of two possibilities. The 

first is that inefficient MCM2-7 loading occurs in the absence of nucleotide hydrolysis 

and complexes only load onto a proportion of origins. Secondly and more plausibly, a 

small number of MCM2-7 complexes may load onto each origin.

Thus, the results seen with ATPyS indicate that in the presence of ATP, the 

loading of the MCM2-7 complexes may occur in two stages. The first stage does not 

require nucleotide hydrolysis and is the loading of a small proportion of MCMs at origins, 

perhaps a single complex per origin. The second stage is the subsequent loading of more 

complexes at each origin, and this requires nucleotide hydrolysis because it is observed 

with ATP, but not with ATPyS and thus, efficient loading of MCM2-7 complexes does 

require nucleotide hydrolysis. The second stage may be linked to Cdc6p dissociation as 

Cdc6p was observed in the 45 minute sample with ATPyS, but not with ATP.

To summarize, from this experiment, three separate nucleotide requirements for 

pre-RC assembly can be identified. The first is for ORC loading and is satisfied by 

endogenous nucleotides present in the extracts. The second is for Cdc6p loading and is
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satisfied by ATPyS or ATP, suggesting that nucleotide hydrolysis is not essential. The 

third is for efficient MCM loading and this depends on nucleotide hydrolysis. 

Additionally I observed a low level of Mcm2p loading in the presence of ATPyS and have 

speculated that a proportion of the MCM2-7 complexes that are loaded at each origin, can 

load independently of nucleotide hydrolysis.

4.3 Ammonium sulphate extracts do not support ORC 

loading without nucleotide addition.

The results described above were complicated by the presence of nucleotides in 

the extracts. Reducing the nucleotide content of cell extracts would allow us to perform 

cleaner experiments with exogenously supplied nucleotides and nucleotide analogues. 

Ammonium sulphate ((NH4)2S0 4 ) precipitation is a method commonly used to separate 

different protein fractions. I used this technique, with dialysis, to reduce the nucleotide 

content of the whole cell extracts. Precipitations with a range of different salt saturations 

were performed. It was determined that the components of the pre-RC could be enriched 

using an ammonium sulphate saturation of 45% (personnel communication, S. Chedin). 

Conditions are described in more detail in section 2.3.4. After the precipitation, pellets 

were resuspended in a buffer suitable for the loading assay (see 2.3.4) and subjected to 

dialysis, to reduce the concentration of ammonium sulphate and perhaps nucleotides. 

With the aim of further reducing nucleotide content, precipitation and dialysis were then 

repeated, before testing the activity of the extracts in the loading assay.
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Figure 9 ATP addition to whole cell and ammonium sulphate extracts 
in the loading assay.

Whole cell extracts (WCE) were produced as described in 2.3.1. Ammonium

sulphate extracts (AS) were prepared by two rounds of ammonium sulphate precipitation 

to 45% saturation followed by dialysis. More details are given in section 2.3.4.

Loading Assays were performed with both W and A ARSl plasmid beads. Both 

extracts were used at 20p,l per 40p,l reaction and two sets of reactions produced for each. 

In both cases water was added to one set (-) and 5mM ATP, 20mMCP and 20U/mlCPK to 

the other (+).

Loading assays were incubated using the routine conditions and 20 minute 

samples taken for analysis by immunoblotting. Proteins bound to nitrocellulose 

membranes were incubated with polyclonals raised against Abflp, Orc2p and Mcm2p and 

monoclonals raised against Orc6p and Cdc6p, using the conditions described in 2.7.3.
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Figure 9 shows the results of testing whole cell extracts (WCE), which have been 

used in previous experiments, and the new ammonium sulphate (AS) precipitated 

extracts, for activity in the loading assay. Four sets of reactions were set up in total (each 

with one W ARSl and one A ARSl plasmid bead sample), two sets with 20p,l WCE and 

two with 20p.l AS extract per 40p,l reaction. One set of reactions from each pair had no 

exogenous nucleotide added (only water) (-), and 5mM ATP, 20mM creatine phosphate 

and 20U/ml creatine phosphate kinase was supplied to the other sets (+). All samples 

were incubated at 24°C, for 20 minutes, before washing and analysis by immunoblotting, 

as described previously.

Whole cell extracts produced results consistent with previous experiments. Both 

Orc2p and Orc6p loaded on W ARSl plasmid beads without addition of ATP (1), 

whereas the other components of the pre-RC loaded when ATP was supplied (2). In 

contrast, the ammonium sulphate extracts did not support ORC loading without ATP 

addition. With these conditions a weak signal for Cdc6p was seen on both W and A' 

ARS 1 plasmid beads, with no Mcm2p loading. Thus, without added ATP, some Cdc6p 

was detected but this protein did not bind in an ARS 1 specific manner and did not support 

pre-RC assembly. The non-specific Cdc6p binding was similar to that observed in 

Chapter 3 when loading assays were performed at 37°C and may indicate conformational 

changes in Cdc6p.

Where exogenous ATP and regenerating system were supplied to AS extracts, 

there was very efficient pre-RC loading, with strong signals for Orc2p, Orc6p, Cdc6p and 

Mcm2p on W ARSl plasmid beads. Because pre-RC assembly was more efficient than 

in whole cell extracts it is possible that ammonium sulphate treatment removed an
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inhibitor/inhibitors of the reaction. The results also indicate that the AS extracts require 

an exogenous supply of ATP to load ORC and the other components of the pre-RC. This 

suggests that the ammonium sulphate precipitation and dialysis removed some of the 

nucleotides present in the extracts and thus, that these extracts will be useful for further 

experiments. I have also demonstrated a requirement for ATP in ORC loading, a finding 

consistent with former experiments.

4.4 The nucleotide requirements for pre-RC loading

I used the ammonium sulphate precipitated extracts, with a reduced nucleotide 

content, to investigate nucleotide requirements for protein loading in the in vitro system. 

Loading assays were performed with ATP, ADP and ATPyS to investigate the importance 

of nucleotide structure and hydrolysis in pre-RC assembly.

Four sets of loading assays were prepared with both W and A' ARSl plasmid 

beads, as described in section 2.4.2, with no ATP, nor CP, CPK. Additions, of equal 

volume, were then made to each set: (1} water, (2} 5mM ATP, 20mM creatine phosphate 

and 20U/ml creatine phosphate kinase, (3) 5mM ADP, (4} 5mM ATPyS. All the 

reactions were incubated at 24°C and samples taken for analysis at 20, 40 and 60 minutes, 

except for the control reaction where samples were only taken at 20 and 60 minutes. The 

results of electrophoresis and im m unoblotting are shown in Figure 10.
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Figure 10 Nucleotide/nucleotide analogue addition to loading assays 
with ammonium sulphate extracts.
A Loading assays carried out in the presence of ATP, ADP or ATPyS

Four sets of loading assays were performed with W and A' ARSl beads and ammonium 

sulphate cut G1 extracts. The following additions were made: (1) no nucleotide addition, 

(2) 5mM ATP with 20mMCP and 20U/mlCPK, (3) 5mM ADP or (4) 5mM ATP yS. 

Samples were taken at 20, 40 and 60 minutes and the ARS1 beads were isolated. Bound 

proteins were analysed by immunoblotting with polyclonals raised against Orc2p and 

Mcm2p and monoclonals raised against Orc6p and Cdc6p, using the conditions described 

in 2.7.3.

B Mcm2p loading in the presence of ATPyS was detected on a long exposure.

Long exposure the samples from reaction 4 (ATPyS), using the polyclonal raised against 

Mcm2p.
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Consistent with the results shown in Figure 9, the ammonium sulphate extracts 

alone could not support ORC or pre-RC loading (i)  and ATP stimulated the loading of 

these factors (2). In the presence of ATP, Cdc6p was easily detectable in the 40 and 60 

minute samples and therefore although Cdc6p dissociation was observed, this was not as 

complete as when whole cell extracts have been used. This may be an indication of 

changes in the extracts due to ammonium sulphate precipitation.

In the samples with ADP (3), both Orc2p and Orc6p were detected on W ARSl 

origins, at levels similar to loading with ATP, however, loading appeared slower, with 

faint signals for the proteins at 20 minutes. The possibility that the experiment is 

complicated by the presence of other nucleotides in discussed later in Section 4.6, 

however if the results are taken at face value they suggest that ADP supports the loading 

of the ORC complex, but that it cannot stimulate the association of Cdc6p or MCMs.

In the presence of ATPyS (4) Orc2p, Orc6p and Cdc6p were loaded onto W ARSl 

origins. Again, the presence of and interference by other nucleotides cannot be ruled out 

and this is discussed in Section 4.6. However, this experiment can be used to extend the 

conclusions made from Figure 8. Whereas in Figure 8 ORC loading was supported by an 

endogenous nucleotide content, in this experiment, addition of ATPyS or ATP was 

required for ORC loading. Thus, consistent with findings from other groups, ATPyS can 

support the association of ORC with origins and nucleotide hydrolysis is therefore not a 

requirement for this reaction (Klemm et al., 1997).

Consistent with Figure 8, ATPyS also supported Cdc6p loading. In Figure 8 it 

was possible that Cdc6p-ATPyS was loading onto origins with bound ORC-ATP, but in 

this experiment ORC-ATPyS and Cdc6p-ATPyS are present at origins. Thus, the results
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demonstrate that nucleotide hydrolysis by neither ORC or Cdc6p is a requirement for 

Cdc6p loading.

Mcm2p was loaded onto W ARSl at very low levels compared to loading with 

ATP, and was detected by using a long exposure of the film, shown in Figure 10b. While 

Figure 8 demonstrated that a subset of MCM2-7 complexes may load in the absence of 

ATP hydrolysis by Cdc6p or MCM2-7, this result extends these conclusions, to suggest 

that ATP hydrolysis by ORC is also not a requirement.

In conclusion this experiment confirmed that there are three main roles for 

nucleotides in pre-RC assembly. The first role demonstrated, was for ORC loading and 

this can be fulfilled by the addition of ADP, ATP or ATPyS. This first step therefore, 

does not require nucleotide hydrolysis and maybe satisfied by the nucleotide diphosphate 

ADP. The second role identified is in Cdc6p loading and is supported by either ATP or 

ATPyS, demonstrating that nucleotide hydrolysis by neither Cdc6p nor ORC is required. 

The third role is for MCM2-7 loading and this may occur in two parts. Initially, a subset 

of MCM2-7 complexes may be loaded without a requirement for ATP hydrolysis (this 

reaction can occur in the presence of ATPyS). For the subsequent loading of additional 

MCM2-7 complexes and thus, efficient MCM loading, ATP hydrolysis is then required.

128



4.5 Nucleotide Titrations

In the experiments performed so far, contamination or conversion of nucleotides 

in the loading assay incubations cannot be ruled out. ADP for example is 96% pure with 

unspecified contaminants, which may include ATP (Amersham Pharmacia) and ATPyS is 

>90% pure with <10% contamination, including ADP but no ATP (Boehringer 

Mannheim).

To address these possibilities I performed titrations of the three 

nucleotides/nucleotide analogues in the loading assay. For instance, it can be argued that 

if the Orc2p loading observed with ADP was due to contamination by ATP, higher 

concentrations of ADP, compared to ATP, would be required to stimulate similar levels 

of Orc2p loading. However, if ADP can truly stimulate ORC loading, similar 

concentrations of ADP and ATP would support similar levels of Orc2p loading.

4.5.1 ATP Titration with and without Regeneration System

To determine the requirements for ATP and for the ATP regeneration system in 

loading assays, a titration of ATP was performed, with and without the ATP regenerating 

system. The results are shown in Figure 11a. Seven loading assay reactions were 

prepared using ammonium sulphate precipitated and dialysed extracts (to ensure efficient 

removal of endogenous nucleotides) and W and A' ARSl plasmid beads. Additions of 

ATP were made to three reactions (+): 300pM, ImM and 3mM ATP, with the ATP
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regeneration system (20mM creatine phosphate and 20U/ml creatine phosphate kinase). 

To the other four tubes (-), 300p.M, ImM, 3mM and lOmM ATP were added, with an 

equalizing volume of water. All the reactions were incubated for 20 minutes using the 

routine conditions and the bound proteins analyzed by immunob lotting, as described 

previously.

Reactions 4 to 7 in Figure 1 la  show loading assays performed without the 

addition of the ATP regeneration system. On addition of 300[xM of ATP (7) no Orc2p or 

Mcm2p was detected in the ARSl bead-bound samples, suggesting that the ATP 

concentration was too low to stimulate binding of ORC to origins or for the loading of the 

MCM complex. Cdc6p on the other hand, was detected in both the W and A" ARSl 

samples at a relatively high concentration. This is consistent with previous experiments, 

which have demonstrated that Cdc6p is present in the bead-bound fractions of W and A' 

ARSl loading assays when no ATP is added to reactions. We suggest that at low 

nucleotide concentrations the conformation of Cdc6p is affected and that the protein 

sticks, nonspecifically, to DNA or to the dynabeads themselves.

When ImM ATP (no regeneration system) was added to reactions (6) Orc2p was 

detected in the W ARSl bound fraction, although this was at a relatively low level. Thus, 

the addition of ImM ATP stimulated some specific binding of ORC to W ARSl origins. 

In these reactions Cdc6p was again detected in both the W and A ARS samples and 

Mcm2p was barely detectable, demonstrating that although ORC bound origins, pre-RC 

assembly was not stimulated.

When 3mM ATP (no regeneration system) was added to reactions (5) efficient 

Orc2p loading was observed on W ARSl, the concentration of bead-bound Cdc6p was
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Figure 11 Titrations of nucleotides/nucleotide analogue

A ATP titrations with and without an ATP regeneration system

Loading Assays were performed with W and A ' ARSl beads and triple ammonium 

sulphate cut G1 extracts (ammonium sulphate precipitation and dialysis performed three 

times to maximise removal of nucleotides.) Incubations included ATP concentrations 

between 300p.M and lOmM, +/- the ATP regenerating system (20mMCP and 

20U/mlCPK). After 20 minutes at 24°C, the ARSl beads were isolated and bound 

proteins analysed by immunoblotting.

Proteins bound to a nitrocellulose membrane were incubated with polyclonals 

raised against Orc2p and Mcm2p and a monoclonal raised against Cdc6p, using the 

conditions described in 2.7.3.

B ADP titration

Loading assays were performed with W and A ' ARSl beads and triple ammonium 

sulphate cut G1 extract, with ADP concentrations between 0 and lOmM (without any 

ATP regenerating system). A control was also prepared with 3mM ATP (with ATP 

regenerating system: 20mMCP and 20U/ml CPK) After 20 minutes at 24°C the ARSl 

beads were isolated and bound proteins analysed by immunoblotting.

Proteins bound to a nitrocellulose membrane were incubated with polyclonals 

raised against Orc2p and Mcm2p and a monoclonal raised against Cdc6p, using the 

conditions described in 2.7.3.

C ATPyS titration

As in B, using the nucleotide analogue ATPyS.
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reduced and no Mcm2p was detected. These results suggest that this higher concentration 

of ATP stimulated more ORC binding to origins and reduced the non-specific sticking of 

Cdc6 to DNA/Dynabeads, perhaps by changing the conformation of Cdc6p. Because 

Cdc6p did not bind to W ARS 1 specifically and no Mcm2p loading was detected it seems 

that although the conformation of Cdc6p may have been altered by addition of 3mM 

ATP, Cdc6p was still not active.

On addition of lOmM ATP (no regeneration system) to reactions (4) Orc2p and 

Mcm2p loading specific for W ARSl was detected. Although Cdc6p was detected in 

both the W and A' ARS 1 samples, the loading of Mcm2p suggests that some proportion 

of Cdc6p was active in respect to the loading of the MCM2-7 complex.

Reactions i  to 3 were incubated in the presence of ATP and the ATP regeneration 

system. Orc2p bound efficiently to W ARSl on addition of 300p.M, ImM or 3mM ATP, 

suggesting that ATP was in excess, in respect to ORC binding, in all of these reactions. 

At 300|liM ATP, Cdc6p was detected in both the W and A' ARSl samples. In the 

presence of ImM ATP loading of Cdc6p was more efficient for W ARSl and in the 

presence of 3mM ATP Cdc6p was bound only to W ARSl. Thus, Cdc6p loading became 

more specific for W ARSl origins at increased concentrations of ATP, suggesting that 

higher proportions of Cdc6p were converted to an active conformation. Mcm2p loading 

was detected in all three reactions with the ATP regeneration system, and increased in 

efficiency with increased ATP concentration.

The loading assays with the ATP regeneration system have therefore 

demonstrated that the different components of the pre-RC have different thresholds of 

ATP concentration, which stimulate their association to W ARSl origins. 300|iM of ATP
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is sufficient to support W ARS 1 specific loading of Orc2p and Mcm2p, whereas Cdc6p 

requires 3mM ATP for specific loading. Because Mcm2p was loaded onto W ARSl in 

the presence of 300[iM ATP, some Cdc6p in these reactions was competent to load 

Mcm2p. This may have been a small proportion of the total Cdc6 protein, the rest being 

in an inactive conformation that bound non-specifically to the DNA/Dynabeads. In 

comparison, the association of Cdc6p to W ARSl specifically, observed at 3mM ATP, 

may indicate more complete activation of the population of Cdc6p at this ATP 

concentration.

In summary the addition of the ATP regeneration system had a significant effect 

on the efficiency of loading of the components of the pre-RC. In the presence of the ATP 

regeneration system, 300p.M ATP or less, was sufficient for pre-RC loading at detectable 

levels. However, without the ATP regeneration system, between 3mM and lOmM ATP 

was required for loading of Mcm2p. This suggests that without the ATP regeneration 

system, the concentration of ATP is reduced during the incubations. The ATP 

regeneration system may have affected the ATP concentration in two way. Firstly, 

because cell extracts contain many different proteins, even after ammonium sulphate 

precipitation, many factors independent of pre-RC assembly will bind to ATP and 

hydrolyse, or otherwise reduce its concentration. The Creatine phophokinase catalyzes 

the production of ATP, so may have served as a balance to these reactions. Alternatively 

the Creatine Phosphate in the regeneration system may have inhibited phosphatases and 

thus, prevented some of the consumption of ATP. This experiment has shown that the 

ATP regeneration system is essential to maintain the concentration of ATP and, thus, to 

stimulate in vitro pre-RC assembly.
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4.5.2 ADP Titration

Figure 1 lb shows a titration performed with 0 to lOmM ADP (without any ATP 

regeneration system). Loading reactions were prepared as described above, with ADP at 

0, 300|xM, ImM, 3mM and lOmM concentrations. One reaction was also prepared with 

3mM ATP and the ATP regeneration system (20mM creatine phosphate and 20U/ml 

creatine phosphate kinase) as a positive control. All reactions were incubated under 

routine conditions and analyzed by immunoblotting.

Both Orc2p and Cdc6p showed similar patterns of binding to that in the ATP 

reactions without CP, CPK (Figure 1 la, lanes 4 to 7): Orc2p bound W ARSl specifically 

when ImM ADP was added and Cdc6p showed non-specific loading which was reduced 

at higher nucleotide concentrations. In contrast to the ATP reactions, however, at no 

ADP concentration was Mcm2p loading detected.

It seems clear that ADP does not support origin association of active Cdc6p or 

Mcm2p, however for ORC there is more than one way of interpreting the results. 

Possible explanations include contamination of the reactions by ATP, conversion of ADP 

to ATP or the presence of another nucleotide and these are discussed further Section 

However, because more ADP than ATP (with regeneration system) is required for ORC 

loading I would argue that it is unlikely that the loading reaction is supported by ADP 

itself.
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4.5.3 ATPyS Titration

Figure 11c shows a titration performed with 0 to lOmM ATPyS (without any ATP 

regeneration system). Loading reactions were prepared as described above, with ATPyS 

added to 0, 300jj,M, ImM, 3mM and lOmM concentrations. One reaction was also 

prepared with 3mM ATP and ATP regenerating system, as a positive control. All 

reactions were incubated under routine conditions and analyzed by immunoblotting.

Orc2p loading on W ARSl origins was detected on addition of ^300p.M ATPyS, 

with loading increasing in the presence of higher concentrations of the nucleotide. 

Consistent with previous experiments, this suggests that nucleotide hydrolysis is not a 

requirement for ORC loading and shows that 300p.M of the nucleotide is enough to 

support this reaction.

Cdc6p was detected at a significant level, in the W ARS 1 samples, in the presence 

of lOmM ATPyS and at a low level in the presence of 3mM ATPyS. However, in the 

ATP samples for Figures 1 lb and 1 Ic, Cdc6p was not detected. This may have been due 

to the timing of the experiments and Cdc6p may have already begun to dissociate from 

origins. Despite this anomaly, it is clear that ATPyS supports Cdc6p loading and it can be 

concluded that nucleotide hydrolysis is not a requirement for this reaction.

Significant Mcm2p loading was detected in the presence of lOmM ATPyS, 

although the level of loading was low compared to that in the ATP sample. Although I 

can’t rule out that these results are due to the presence of another nucleotide (see Section 

4.6), they are consistent with those of the previous experiments and I suggest that ATPyS
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supports some MCM2-7 loading, but that this is only a proportion of the total loading 

which occurs in the presence of ATP.

4.6 Discussion of Nucleotides present in Reactions.

In the experiments performed so far several factors complicate the interpretation 

of the results. Firstly, extracts contain a multitude of different enzymes, even after 

ammonium sulphate precipitation and these may include enzymes which change the 

concentration of nucleotides added to reactions. For example, where ADP was added to 

reactions this may have been converted to ATP and where ATP was added, this may have 

been hydrolysed to ADP. You might imagine that addition of either would eventually 

produce similar equilibrated states, where both ADP and ATP were present. The fact that 

Cdc6p and Mcm2p were found associated with origins only upon addition of ATP, not 

ADP, provides evidence that such a state has not been reached in my reactions, however 

slow rates of nucleotide conversion cannot be ruled out. In figure 10 ORC was loaded in 

the ADP reactions, however loading was slower than in the ATP reactions. While it is 

possible that ADP itself supports ORC loading, these results may also be interpreted as an 

indication that nucleotide conversion is occurring. Further evidence for conversion 

comes from the ADP titration in Figure 1 lb, where higher concentrations of ADP than 

ATP (with regeneration system) were required for similar levels of ORC loading. It is 

possible that higher concentrations of ADP would increase the rate of ATP production.

ATP and ADP might also be converted to other species of nucleotide, such as 

AMP. In Figure 11a the ATP regeneration system had a significant effect on the
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concentration of ATP which had to be added to support ORC loading and pre-RC 

assembly. The most likely explanation for this is that that ATP molecules were being 

hydrolyzed or otherwise converted, so that the concentration of ATP decreased in the 

absence of the regeneration system and thus, without the regeneration system ORC 

loading was at a low level. If ATP was being converted to ADP this would again suggest 

that ADP cannot support ORC loading, however, hydrolysis may also be more complete 

in these reactions with AMP, rather than ADP, being produced.

An alternative explanation for the difference seen between ATP reactions with 

and without the ATP regeneration system is that the regeneration system would actually 

increase ATP levels above those added. This could be the case if the reactions contained 

significant levels of ADP. This explanation seems unlikely and thus it can be argued that 

the ATP concentrations in reactions with ATP plus the regeneration system, is less than 

or equal to that added.

ATPyS may also be a substrate for enzymes in the extracts. While this nucleotide 

analogue has some resistance to hydrolysis this is not Foolproof.In Figure 8 and lOa both 

Cdc6p and low levels of Mcm2pload onto W ARSl origins in the presence of ATPyS. In 

both cases the level of loading is similar in both early and late time points suggesting that 

slow ATPyS hydrolysis is not the cause. I thus favour the explanation that ATPyS itself 

can support the loading of Cdc6p and a small subset of MCM2-7 complexes.

As well as the conversion of nucleotides by extracts, the nucleotide preparations 

added to reactions may have been a source of nucleotide contamination. As discussed the 

ADP used was 96% pure and the ATPyS >90% pure. Using these figures and the results 

shown in Figure 11 estimates for actual nucleotide concentrations in the reactions.
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compared to the concentration of nucleotide added, can be made to investigate whether 

nucleotide contamination could explain the results observed.

Using Figure 11a, if the concentration of ATP in the reactions with the 

regeneration system is estimated to be close to that of the concentration added, an upper 

estimate for the actual concentration of ATP in the reactions without the regeneration 

system can be made. The concentrations of Orc2p, Cdc6p and Mcm2p detected with 

lOmM ATP, no regeneration system, were similar to the concentrations detected with 

300|liM ATP, in the presence of the regeneration system. Thus, the concentration of ATP 

in the lOmM reaction can be estimated at 300|xM. From these figures, ATP 

hydrolysis/other conversion during the incubation can be estimated at >97%. This would 

produce many different nucleotides, including ADP, at an estimated total concentration of 

9.7mM.

Without the ATP regeneration system, addition of ImM ATP was the minimum 

requirement for Orc2p loading. Although the rate of ATP hydrolysis would depend on 

the concentration of ATP, the above estimation for the rate can be used to give a rough 

guide. Using this rate, the ImM ATP incubation may actually contain a much lower 

concentration of ATP, around 30pM ATP. Thus, the minimum ATP requirement to 

stimulate ORC loading may be as little as the estimate of 30pM ATP.

In Figure 11b addition of ImM ADP stimulated Orc2p loading onto W ARSl. 

The ADP added was 96% pure (Amersham Pharmacia) and so may have been 

contaminated with ATP up to a level of 4%. If it was contaminated with ATP at a level 

of 3% this would supply 30p.M ATP, which I ’ve argued may stimulate ORC loading. 

Although very rough estimations, these calculations do demonstrate that ATP
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contamination of ADP is a plausible explanation for the ORC loading seen with ADP in 

my experiments.

The minimum concentration of ATPyS tested, was 300p-M, and this stimulated the 

loading of Orc2p onto W ARSl. The purity of ATPyS is >90%, giving a maximum 

concentration for nucleotide contaminants, including ADP, was 30|iM. It is known that 

ATPyS is not contaminated with ATP so for ATP to be present conversion of ADP/other 

nucleotide to ATP would have to occur. The minimum ATP requirement for ORC 

loading has been estimated at 30pM. It is highly unlikely that 30fxM of contaminating 

nucleotides (including ADP) could be converted to 30p,M ATP and thus is more 

reasonable to presume that ATPyS stimulated the ORC loading observed. This is 

consistent with previous work.

A similar argument can be made for low level of MCM2-7 loading in the presence 

of ATPyS. While it can’t be ruled out that low concentration of ATP supports this 

loading it is unlikely that enough ATP would be produced in the reaction, and sustained 

in the absence of the ATP regeneration system.

In summary, the following suggestions can be made from the results so far:- 

ORC and Cdc6p loading can be supported by ATP or ATPyS and thus, nucleotide 

hydrolysis is not a requirement. The presence of a nucleotide triphosphate rather than 

diphosphate maybe a requirement as it seems unlikely that ADP can fulfill these roles.

For saturation of MCM2-7 loading nucleotide hydrolysis is required and thus ATP but not 

ATPyS can support the reaction, however for a subset of MCM complexes to load ATPyS 

maybe sufficient.
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However, to gain a true understanding of these requirements a purified system would be 

required.

4.7 Nucleotide Titrations with Purified ORC

To avoid the complications of using cell extracts, with their multitude of different 

enzymes, ORC was purified. Loading assays were performed with purified ORC, with 

the aim of clarifying which nucleotides can support its loading onto origins. ORC was 

purified using a series of chromatographic steps, as described in Chapter 2, section 2.5. 

The purification was based on a protocol devised previously (Bell and Stillman, 1992; 

Rowley et al., 1995) and produced a preparation of ORC which was approximately 50% 

pure ( Personal communication).

Figure 12 shows loading assays performed with purified ORC. Orc6p loading 

was compared in reactions with ATP (with the regeneration system), ADP or ATPyS and 

reactions were prepared with 0, 1, 10, 100 or 1000p,M of each nucleotide/nucleotide 

analogue. Orc6p was not detected in the sample without any nucleotide addition, 

suggesting that the reactions were free of endogenous nucleotide that could support ORC 

loading.

In the reactions with ATPyS, efficient association of Orc6p with W ARSl origins 

was observed. Only lOpM ATPyS was required for Orc6p loading, at a level similar to 

loading with lOOp-M ATP, indicating that loading in the ATPyS reactions was more 

efficient. I conclude that ATPyS stimulates origin association of ORC and thus, that
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Figure 12 Loading assays performed with semi-purified ORC.
ORC was purified using a protocol based on that developed by (Bell and Stillman,

1992) and this is described in detail in Section 2.5. G1 extract was ammonium sulphate 

cut and dialysed, before chromatography using S sepharose, Q sepharose and DNA 

cellulose columns. The ORC eluted from the DNA cellulose column was used in the 

Loading Assay.

Loading Assays were carried out with W and A' ARS 1 beads, the purified ORC 

and ATP (with CP, CPK), ADP or ATPyS, at concentrations between 0 and ImM 

(lOOOjxM). After incubation using the routine conditions, samples were analyzed by 

immunoblotting. Proteins bound to nitrocellulose membrane, which was incubated with a 

monoclonal raised against Orc6p, using the conditions described in 2.7.3.
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nucleotide hydrolysis is not required for this reaction. I do not know the significance of 

the inereased efficiency of ORC loading with ATPyS compared to ATP, but it may 

indicate that ATP is subjeet to hydrolysis in the incubations. This hydrolysis may be 

eatalyzed by ORC, or another protein present in the ORC preparation.

Orc6p loading with ADP differed significantly from loading with ATP. The 

Orc6p signal detected in the 100|iM ADP reaction looked most similar to Orebp loading 

with lOpM ATP and similarly the lOOOpM ADP reaetion resembled the 100p.M ATP 

reaction. Thus, there is at least a ten fold difference in nucleotide requirement and 

because ATP may be subject to hydrolysis in the reactions it is likely that the difference is 

even greater than lOfold.The difference in requirement, and the reduced specificity for W 

ARS 1 that was observed for Orc6p in the presence of ADP, give weight to the hypothesis 

that ADP is contaminated with ATP and that it is ATP that is stimulating ORC loading. 

Alternatively conversion of ADP to ATP may be driven by a contaminant present in the 

ORC preparation. The results presented in this ehapter lead to the speculation, that, in the 

presenee of pure ADP, ORC would assoeiate with W and A' ARSl beads with equal 

efficiency.
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4.8 Conclusions

In this chapter I have demonstrated three separate roles for nucleotides in pre-RC 

assembly. Firstly, there is a nucleotide requirement for ORC loading. From my 

experiments it is possible that ADP can support this step, and this would be consistent 

with experiments that have since been performed using ORC from other organisms 

(Gillespie et al., 2001). However, several observations made in this chapter suggest 

otherwise. These include the relatively slow binding of ORC in the presence of ADP, 

seen in Figure 10, and the higher concentration of ADP, compared to ATP, that was 

required for ORC binding in both the cell extract and purified ORC systems. I suggest 

that in the presence of ADP, as a single nucleotide source, S. cerevisiae ORC would not 

bind specifically to ARS 1.

Origin association of ORC was observed in the presence of ATPyS and this 

reaction had a similar efficiency and level of specificity for W ARSl, as binding in the 

presence of ATP. The loading of pre-RC components did not increase with longer 

incubations and this suggested that ATPyS was not the subject of hydrolysis in the 

incubations. Thus, it can be concluded that nucleotide hydrolysis is not a requirement for 

the loading of ORC at origins and this is consistent with previous work (Klemm et al., 

1997). This raises questions about why ADP could not support efficient origin 

association of ORC. It is possible that it is the conformation of ORC-ADP, rather than 

the inefficient hydrolysis of ADP, that inhibits this reaction.
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The second nucleotide requirement identified was for Cdc6p origin loading. 

Either ATPyS or ATP satisfied this requirement, but ADP could not. Again this suggests 

that a nucleotide triphosphate is required, but that hydrolysis of this nucleotide is not 

essential for the loading reaction. This is consistent with the similarity between ORCl 

and CDC6.

The third nucleotide requirement identified was for MCM loading. While ATP 

stimulated efficient loading of Mcm2p onto W ARSl, ATPyS stimulated relatively low 

levels of loading. As discussed, evidence suggests that ATPyS is not hydrolysed at high 

rates in our incubations and thus, some MCM2-7 complexes may be loaded onto origins 

in the absence of nucleotide hydrolysis. It seems unlikely that the low levels of MCM2-7 

observed were due to efficient MCM2-7 loading at a small proportion of the origins with 

ORC and Cdc6p. Instead, it can be argued that a small number of MCM2-7 complexes 

associated with each origin in the presence of ATPyS. I hypothesise that without ATP 

hydrolysis the number of MCM2-7 complexes that can load at each origin may therefore 

be limited, for example one complex per origin. For subsequent loading of multiple 

complexes per origin, ATP hydrolysis is then required. It is interesting that I also 

observed a requirement for ATP hydrolysis in Cdc6p dissociation from origins. Does this 

indicate a link between Cdc6p dissociation from origins and completion of the MCM2-7 

loading process? The role of Cdc6p and ATP in MCM loading, is investigated further in 

the next chapter.
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Chapter 5

The Role of the ATP binding site of 

Cdc6p in pre-RC Assembly
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5.1 Introduction

In the previous chapter I described the role of ATP in pre-RC assembly. ORC, 

Cdc6p and MCM2-7 are all ATP binding proteins and part of the superfamily of AAA^ 

ATPases, which includes clamp-loaders like RFC (Perkins and Diffley, 1998). A 

component of the AAA"  ̂ATPase homology are the conserved Walker A and B motifs 

which are involved in ATP interaction (Neuwald et al., 1999).

This chapter describes experiments designed to clarify the role of the Walker A 

and B motifs of Cdc6p in pre-RC assembly. In our laboratory, wild type CDC6 and 

Walker A and Walker B CDC6 mutants have been previously subcloned in frame with a 6 

his tag, into pET15b and here I describe steps to produce and purify these proteins from 

E. coli. To examine the efficiency of pre-RC assembly in the presence of wild type or 

mutant Cdc6p, I performed loading assays with both the recombinant proteins and 

proteins expressed in S. cerevisiae. The recombinant proteins have also been used to 

investigate whether, in addition to loading the MCM complex onto chromatin, Cdc6p has 

a role in unloading this complex.

5.2 CDC6 is expressed at higher levels from a Codon Plus 

strain.

The CDC6 gene was subcloned in frame with a 6 his tag, into pETlSb (Novagen) 

to produce a protein with a 6 his tag at the N terminus (constructed by Gordon Perkins). 

Initially two different strains of E. coli were transformed with the plasmid, FB810 and
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BL21-Codon Plus™ (Codon+). Both these strains have a system for inducing expression 

of heterologous proteins, in this case rCdc6p. This system is described in more detail in 

section 2.6.1 and uses T7 RNA polymerase. Transcription of this polymerase can be 

induced by the addition of IPTG to the growth medium, and under these conditions it 

binds a T7 promoter on the pETlSb plasmid and induces CDC6 transcription.

An important difference between the two strains is in additional plasmids that they 

carry. FB810 cells have a pLysS plasmid, which encodes T7 lysozyme. In the absence of 

IPTG, the lac represser, encoded by the E. coli genome inhibits expression of the 

heterologous gene, although low levels of expression can occur (see Appendix 3). T7 

lysozyme is a natural inhibitor of T7 RNA polymerase and thus serves to reduce the 

levels of expression further. As a secondary effect production of T7 lysozyme also makes 

these cells easy to lyse. The Codon+ strain contains the plasmid pACYC. pACYC 

contains genes encoding rare E.coli tRNAs (argU, ileY and leu W) to overcome the 

problem of codon bias, this is described in more detail in section 2.6.1. pACYC may 

increase the translation of many eukaryotic proteins in E.coli.

I investigated levels of CDC6 expression in both the FB810 pET15b-CDCd and 

BL21-Codon Plus™ pET15b-CDCd strains. Both strains were grown in liquid culture at 

37°C, until cell density reached 0.4 ODôoo, then cooled to 24°C. A sample of each culture 

was then taken, before IPTG was added to ImM, to induce CDC6 expression. Cultures 

were then incubated at 24°C for 3 hours to allow accumulation of rCdc6p. Final cultures 

and culture samples were subjected to centrifugation to produce cell pellets, which were 

then resuspended in Laemmli buffer and subjected to SDS PAGE electrophoresis and 

analysed by immunoblotting for Cdc6p.
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Figure 13 Expression of rCdc6p from FB810 pET15b-CZ)Cd and 
BL21-Codon Plus™ pET15b-CDC6 E, coli strains.

The CDC6  gene was subcloned in frame with a 6xhis-tag, into pETlSb 

(Novagen). The resulting plasmid was used to transform two different strains of E. coli, 

FB810 and BL21-Codon Plus™ (Codon+). Both strains contain an inducible system for 

T7 RNA polymerase production which transcribes the target gene, in this case CDC6. 

This system is described in more detail in 2.6.1. FB810 also contains a plasmid for T7 

lysozyme which can inactivate T7 RNA polymerase when there is no induction. The 

Codon+ strain lacks this plasmid but contains a plasmid with genes encoding tRNAs that 

are otherwise rare in E. coli and can limit translation of heterologous proteins.

Both strains were grown at 37°C, in liquid cultures of LB with the appropriate 

antibiotics, until cell density reached 0.4 ODeoo- Cultures were then cooled to 24 ° C and 

an addition of ImM IPTG made to induce the expression systems. A further incubation 

of 3 hours allowed rCdc6p to accumulate.

Samples were taken from cultures before the addition of IPTG and after the 3 hour 

incubation with IPTG. Cells were harvested by centrifugation. Cells were then 

resuspended in an appropriate volume of Laemmli buffer, boiled for 3 minutes and 

sonicated to fragment chromosomal DNA, and thus reduce viscosity. Samples were then 

subjected to SDS Page electrophoresis

A Immunoblotting using a monoclonal raised against Cdc6p.

B Red ponceau stain of the same area of the membrane, to show protein content of

samples.
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The results are shown in Figure 13. Figure 13A shows an immunoblot using a 

monoclonal raised against Cdc6p. Figure 13B shows a red ponceau stain of the same area 

of the membrane and serves as a loading control. From 13B it is clear that similar 

concentrations of cellular protein were loaded onto the gel, for each strain. Figure 13A 

demonstrates that rCdcbp was not expressed in FB810 in the absence of IPTG, but in the 

presence of IPTG, rCdc6 was detected. In the Codon+ strain, a low level of CDC6 

expression was present without IPTG and with IPTG, expression was at relatively high 

levels. The differences in expression can be attributed to the different plasmids present in 

these strains. The FB810 strain contains pLysS and thus, does not express CDC6 in the 

absence of IPTG. The Codon+ strain does not show such tightly regulated expression of 

CDC6 but with IPTG expression levels are higher and this may reflect the enhanced 

tRNA content. I decided to perform purifications from both strains and test the activity of 

the rCdc6p preparations.

5.3 Purification of rCdc6p with Ni-NTA Agarose

The rCdc6 protein was produced with a 6 his tag at the N terminal. This tag is 

designed to facilitate binding to transition metal cations and Nickel-agarose (Ni-NTA 

agarose) (Qiagen) was chosen for affinity purification. The NT A group occupies four of 

the ligand binding sites around the nickel ion, leaving two sites for the stable interaction 

by 6xHis tagged proteins. To reduce the binding of contaminants to Ni-NTA a low 

concentration of Imidazole (20mM) was included in reactions. The structure of histidine
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includes an imidizole ring and it is this ring which binds Ni-NTA. Imidizole itself has an 

affinity for Ni-NTA and at low concentrations it can compete with and prevent the 

binding of low affinity contaminants. A high concentration (200mM), of Imidazole can 

compete with 6xHis tagged proteins for binding of Ni-NTA and these conditions can be 

used to elute proteins from the resin.

Previous work in our laboratory has shown that Cdc6p precipitates at low ionic 

strengths and thus, requires high salt conditions to remain soluble during purification 

(Gordon Perkins personnel communication). Since Cdc6p is soluble in cell extracts 

which contain a final salt concentration equivalent to 600mM potassium glutamate, I 

decided to use these conditions for the purification of rCdc6p. The buffer used for each 

step of the purification includes 600mM potassium glutamate. Other components are 

listed below.

CDC6 expression was induced in the FB810 pET15b-CZ)Cd and BL21-Codon 

Plus™ pET15b-CDCd strains using IPTG, as described previously. The cell pellets from 

the FB810 strain were frozen in liquid nitrogen then resuspended in KGI20 (5mM (3- 

mercaptoethanol, 20mM imidazole, 40mM hepes-KOH pH 7.8, 160mM sorbitol, 0.1% 

triton xlOO, 2mM magnesium acetate, 0.25mM AEBSF, 600mM potassium glutamate). 

Resuspension caused a large proportion of cells to lyse and this process was then 

completed by sonication. The cell pellets from the Codon+ strain had to be treated more 

harshly to induce lysis and this included washes with an EDTA buffer, digestion with 

lysozyme and strong sonication, and is described in detail in section 2.6.3. The Codon+ 

cell extracts were also prepared using KGI20.
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To test the solubility of rCdc6 in the cell extract from the Codon+ strain, it was 

centrifuged at 30,000xg for 15 minutes (4°C) and samples taken before and after 

centrifugation. Both cell extracts were then loaded onto Ni-NTA agarose columns 

(described in section 2.6.5) and samples taken and analysed by immunoblotting. Figure 

14a shows samples from the FB810 pET15b-CDCd column and Figure 14b samples from 

the BL21-Codon Plus™ pET15b-CDCd column. In both cases 4|xl of extract (from 

80ml), 4p.l of flow through (from 80ml), 8p.l of wash (from 25ml) and 8p,l of each 

fraction (from 1ml fractions) were analysed by immunoblotting with a monoclonal raised 

against Cdc6p.

A small proportion of the rCdc6p from the FB810 strain (A) was detected in the 

flow through of the Ni-NTA agarose column. There was also a small amount of rCdc6p 

detected in the wash, however most rCdc6p bound to the Ni-NTA agarose resin and was 

eluted during the imidazole gradient.

The rCdc6p from the Codon+ strain (B) could not be purified using the conditions 

described. This protein did not precipitate as it was present in the whole cell extract after 

centrifugation, however it was also detected at high levels in the flow through of the 

column. Because no rCdc6p was detected in the fractions of the imidazole gradient, 

rCdc6p could not associate with Ni-NTA under these conditions, and thus, flowed 

through the column.

The difference between the rCdc6 proteins from the different extracts could be 

due to different conditions in the cells of the two strains, the difference in the 

concentration of rCdc6 produced or due to the differences in the procedure for cell lysis.
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Figure 14 Ni-NTA chromatography of rCdc6p from FB810 and Codon 
Plus™ pET15b-CZ)C6 strains.

1 litre of FB810 pET15b-CZ)C5 (A) and BL21-Codon Plus"" pET15b-CDCd (B)

were grown and rCdc6p with a 6xHis-tag was induced as described in Figure 12. Both 

strains were lysed (see 2.6.3), the conditions for the Codon+ strain lysis being most harsh, 

as these cells do not produce T7 lysozyme. Cell extracts were centrifuged to remove 

insoluble protein and other cell debris, then loaded onto 7ml Ni-NTA agarose columns in 

KGI20 buffer (5mM (3-mercaptoethanol, 20mM imidazole, 40mM hepes-KOH pH 7.8, 

160mM sorbitol, 0.1% triton xlOO, 2mM magnesium acetate, 0.25mM AEBSF, 600mM 

potassium glutamate) and the flow through collected. Columns were washed with 3.5 

column volumes of KGI30 then proteins eluted with a gradient of imidazole from KGI30 

to KGI200 (200mM Imidazole).

Samples were taken from each stage of the protocols and analysed by 

immunoblotting for Cdc6p. 4pil (from 80ml) of the Charge, 4|nl (from 80ml) of Flow 

through, 8p,l (from 25ml) of Wash and 8p,l of the 1ml fractions were analysed.
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I decided to investigate whether the behaviour of rCdc6p during Ni-NTA agarose 

chromatography could be influenced by the ionic conditions chosen for purification, and 

the results are described in the next section.

5.4 The ionic conditions for Ni-NTA agarose purification 

effect the concentration and activity of the rCdc6p.

5.4.1 rCdc6p from Codon+ binds Ni-NTA agarose in the presence of potassium 

chloride or ammonium sulphate.

To establish whether the ionic conditions chosen for purification of rCdc6 from 

the BL21-Codon Plus™ pET15b-CDC(5 strain could affect the affinity of rCdc6 for Ni- 

NTA agarose, I decided to perform small scale purifications in the presence of different 

ions. As described in sections 2.6.4 and 2.6.5 four conditions were chosen. For the first 

sample all chromatographic steps were performed in the presence of 600mM potassium 

glutamate. For the second sample all steps were performed in the presence of SOOmM 

KCl. For the third sample the E. coli extract was incubated with the Ni-NTA agarose in 

the presence of 500mM potassium chloride, then proteins eluted in the presence 

potassium glutamate. For the fourth sample the ionic conditions were similarly changed, 

in this case, from SOOmM ammonium sulphate to potassium glutamate. For all samples, 

binding steps were performed in the presence of 20mM Imidazole (represented by 120)
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and elution steps with SOOmM Imidazole (1300). The other buffer components are 

described in materials and methods.

Figure 15a shows the results of SDS PAGE electrophoresis and analysis by 

immunoblotting, for samples from each step of the purifications. In each case samples of 

cell extract (charge) were taken before (1) and after (2) a centrifugation step, to assess 

rCdc6p solubility. Samples were also taken from the flow through and washes of each 

purification. The eluate contains proteins removed from the resin by incubation with 

SOOmM Imidazole.

rCdc6p was not detected in the elution of Sample 1, where all steps of purification 

were performed in the presence of potassium glutamate. This result was consistent with 

Figure 14b, and reconfirms that rCdc6p does not bind Ni-NTA agarose in the presence of 

600mM potassium glutamate. rCdc6 was detected in the flow through of the incubation, 

which is consistent with this idea.

In sample 2, where potassium chloride was used for all steps of the purification, a 

strong signal for rCdc6p was detected in the flow through. However, Cdc6p was also 

detected in the elute of this column, demonstrating, that the protein associated the Ni- 

NTA agarose and was eluted with SOOmM Imidazole. The Cdc6p detected in the flow 

through of the column may indicate that the concentration used was higher than the 

capacity of Ni-NTA agarose.

Cdc6p was detected in the washes and elution of Sample 3, the highest 

concentrations of Cdc6p being detected in the second wash and elution. In this sample, 

the incubation of the extract with resin and the first wash was performed in the presence 

of potassium chloride. Potassium glutamate was then used for the second wash and
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Figure 15 rCdc6p from BL21-Codon Plus™ pET15b-C7)C6, purified 
using Ni-NTA in the presence of different ions.
A Ni-NTA chromatography.

rCdc6p was induced from BL21-Codon Plus^“ pET15b-C£)Cd as described previously. 

The Cell pellet was lysed, then split into 4 different samples. Ion concentrations were 

adjusted by the addition of different buffers, as follows: ( i)  KGI20 (5mM p- 

mercaptoethanol, 20mM imidazole, 40mM hepes-KOH pH 7.8, 160mM sorbitol, 0.1% 

triton xlOO, 2mM magnesium acetate, 0.25mM AEBSF, 600mM potassium glutamate), 

(2) KC1I20 (50mM Hepes pH7.8, 0.1% NP40, 10% glycerol, 20mM imidazoleSOOmM, 

potassium chloride), (3) KC1I20, (4) ASI20(5mM P-mercaptoethanol, 20mM imidazole, 

40mM hepes-KOH pH 7.8, 160mM sorbitol, 0.1% triton xlOO, 2mM magnesium acetate, 

0.25mM AEBSF, SOOmM ammonium sulphate).

A sample of each extract was taken before and after a centrifugation step to 

determine rCdc6p solubility (Charge 1/Charge 2). Each charge was then incubated with 

Ni-NTA agarose in small scale incubations that are described in section 2.6.5. The resin 

was washed twice and a step elution performed with 300mM imidazole. The buffers for 

elution were: (i)  KGI300, (2) KC1I300, (3) KGI300, (4) KGI300. Samples from each 

step of the purifications were subjected to electrophoresis on a SDS page gel then 

immunoblotting with a monoclonal for Cdc6p.

B Activity for pre-RC assembly.

Loading Assays were performed with W and A' ARSl beads, Cdc6p free ammonium 

sulphate cut extracts and rCdc6p samples from different purification procedures (after 

dialysis of each againt KG600): (A) rCdcbp produced from the FB810 pETlSb-CDCd 

(FB810) with KGI20 buffer as described in Figure 14a. (2, 3, 4) rCdc6p produced from 

BL21-Codon Plus^“ pETlSb-CDCd as described above.

C The Supernatants

The Supematents from the reactions in B.
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elution. The results indicate that when the buffer was changed, a proportion of Cdc6p 

was eluted (Wash 2), before the concentration of imidazole was increased. Despite this 

loss Cdc6p was detected in the imidazole elution.

In Sample 4 Cdc6p was again detected in the second wash and elute. In this 

sample the incubation and first wash were performed in the presence of ammonium 

sulphate, then the second wash and elute in the presence of potassium glutamate. The 

results from Samples 3 and 4 suggest that changing the anions after the incubation of 

extracts with Ni-NTA agarose, causes an elution of protein from Ni-NTA, independent of 

imidazole concentration. In both cases however, some Cdc6p remained bound to the 

resin and was eluted when the concentration of imidazole was increased for the elution 

step.

In conclusion, rCdc6p from BL21-Codon Plus'^’̂  pET15b-CDCd does not bind 

Ni-NTA agarose resin in the presence of SOOmM potassium glutamate. Binding does 

occur in the presence of SOOmM potassium chloride or SOOmM ammonium sulphate. 

Changing the anion present or increasing the concentration of Imidazole to 300mM 

induces elution of rCdc6p from the resin. In the next section we performed loading 

assays with the different rCdc6p elutions obtained from this experiment, to investigate 

their activity in pre-RC assembly.
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5.4.2 The activity or rCdc6p preparations in the loading assay

Extracts without endogenous Cdc6p were produced from the YSC3 yeast strain, 

which has been used in all previous experiments. YSC3 contains a sole copy of the 

CDC6 gene under the control of the GAL1,10 promoter. Because Cdc6p is essential, 

cells were grown in the presence of galactose to induce transcription of CDC6. Mid-log 

phase cultures of cells were arrested in mitosis by raising the temperature to 37°C, which 

inactivates the temperature sensitive cdcl5 protein. An addition of 2% w/v glucose was 

then made to suppress CDC6 transcription, the temperature lowered and the cells released 

into a  factor. G1 arrested cells were harvested and used to produce ammonium sulphate 

extracts as described previously. Cdc6p is degraded rapidly in G1 phase (Drury et al., 

1997; Piatti et al., 1995) and it is demonstrated in a later figure that these extracts do not 

contain significant levels of Cdc6p and do not support Mcm2p loading in vitro (see 

Figure 23).

Figure 15B shows the results of four loading assays, which were prepared using 

rCdc6p from the different purifications described in Figures 14a and 15a. All 

preparations were first dialysed against a buffer containing 600mM potassium glutamate 

(as KGI20, with no imidazole, see section 2.6.4) to remove the imidazole and other salts. 

Samples were very small and it was not possible to accurately measure the concentration 

of Cdc6p in each. Concentrations were therefore estimated and the volumes of each 

added to the loading assay adjusted accordingly. The supernatants from the loading assay 

performed are shown in Figure 15C. This shows rCdc6p in the supernatant of the
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reactions after incubation with the DNA-beads and levels must therefore be considered in 

conjunction with the concentrations detected in the bead-bound fractions (Figure 15B).

Firstly, the rCdc6 prepared from FB810 pET15b-CDC6 extracts, in the presence 

of potassium glutamate was tested (A). In this loading assay both rCdc6p and Mcm2p 

bound to W ARSl origins at a higher concentration than to A' ARSl origins. This 

suggests that this rCdc6p preparation is active: it binds wild type origins and stimulates 

MCM2-7 loading.

The other loading assays were performed with rCdc6p from the BL21-Codon 

Plus™ pET15b-C£)Cd strain. In the second set of reactions I examined the activity of 

rCdc6p purified in the presence of potassium chloride (2). Figure 15 B and C show that 

the concentration of rCdc6p added to reaction (2) was similar to that of (A) and thus the 

two reactions can be compared. Dissimilar to reaction (A), in reaction (2) both rCdc6p 

and Mcm2p bound to W ARSl origins and A ARSl origins at similar levels. This 

suggests that rCdc6p prepared in the presence of SOOmM potassium chloride was not 

binding specifically to wild type origins and did not stimulate MCM2-7 loading. Thus, 

this rCdc6p preparation was inactive, compared to preparation (A).

In the third set of loading assays (3) rCdc6p from the purification with potassium 

chloride and potassium glutamate was tested. Figures 15 B and C show that a lower 

concentration of this protein was added to the reactions, however 1 SB demonstrates that 

some rCdc6 was detected in the bead-bound fraction. Similarly to set 2, no Cdc6p or 

Mcm2p loading specific for W ARSl was observed. Although this result may have been 

affected by the low concentration of rCdc6p it is more likely that the protein was 

inactivated in a similar manner to (2).
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Finally, rCdc6p from the purification with ammonium sulphate and potassium

glutamate was tested in the loading assay (4). In this case rCdc6p was observed in both

the W and A' ARSl samples, however, Mcm2p loading was efficient, and specific for W

ARS1. These results suggest that rCdc6p from the Codon+ strain can stimulate MCM2-7

loading if prepared in the presence of SOOmM ammonium sulphate.

It can be concluded, that in reactions (2) and (3) rCdc6p had been inactivated,

probably by treatment with potassium chloride. The nature of inactivation is unknown.

In reaction 4, although Mcm2p loading was efficient rCdc6p was found in both the W and

A ARSl samples. This may indicate that a proportion of rCdc6p was inactivated by

ammonium sulphate, and that the inactive protein associates with non-origin DNA and/or

the Dynabeads themselves.

I next examined whether it was possible to reduce the non-specific interactions of

the rCdc6p purified using ammonium sulphate. In this experiment three samples of

rCdc6p were treated before use in the loading assay as described in section 2.6.7. A

preincubation was performed at 24°C for 30 minutes, with (-) 2mM ATP and 4mM
Magnesium acetate

magnesium acetate, (+) 2mM ATP, 4mM and 15pl Dynabeads (450p-g, all
Magnesium acetate

supernatant removed) or (++) 2mM ATP, 4mM and 30|xl Dynabeads (900pg, all

supernatant removed). After the incubations, a magnetic separator was used to hold the 

Dynabeads (with any bound proteins) and the supernatants were removed for use in the 

loading assay. Figure 16 shows the results of loading assays performed with these 

supernatants. In both the + and ++ reactions, rCdc6p bound strongly to W ARSl but not 

to A ARSl plasmid beads. This suggests that pre-incubation of rCdc6p with Dynabeads
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Figure 16 Pre-clearing rCdc6p.
The rCdcôp preparation, purified in the presence of ammonium sulphate (Figure

15, 4) was subjected to pre-clearing incubations before use in the loading assay. For pre

clearing three samples of rCdc6p were incubated at 24°C for 30 minutes, each with 2mM 

ATP, 4mM magnesium acetate. Two samples of dynabeads were also included in the 

incubations: 15pT dynabeads, all supernatant removed (+) and 30p,l dynabeads, all 

supernatant removed (++).

After pre-clearing a magnetic separator was used to hold the dynabeads and the 

rCdc6p removed for use in the loading assay. A set of reactions was prepared for each 

rCdc6p population, using ammonium sulphate cut extracts free of endogenous rCdc6p. 

Loading assays were carried out using routine conditions and the bound protein fraction 

analysed by immunoblotting. Membranes were incubated with a monoclonal antibody for 

Cdc6p and a polyclonal for Mcm2p.
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can remove inactive rCdc6p that otherwise makes non-specific associations with 

Dynabeads in the loading assay.

Mcm2p loading was also affected by pre-clearing. Loading of Mcm2p was more 

efficient in the + reaction than the -  reaction and most efficient in the ++ reaction. This 

suggests that pre-clearing of rCdc6p had a positive effect on MCM2-7 loading. There are 

two main interpretations of this result. The first is that pre-clearing removes inactive 

rCdc6p that otherwise inhibits assembly of pre-RCs by forming inactive complexes with 

either active Cdc6p molecules or Mcm2-7. The alternative interpretation is that pre

clearing removes another factor(s) that otherwise inhibits rCdc6p MCM2-7 loading 

activity. It is possible that a factor from E. coli can associate with rCdc6p and affect its 

activity.

In conclusion, active rCdc6p can be produced from either the FB810 pETlSb- 

CDC6 or BL21-Codon Plus™ pBT15b-CZ)C(5 strains. While rCdc6p was produced at 

high levels by the Codon+ strain, its purification using Ni-NTA agarose could not be 

performed in the presence of potassium glutamate and potassium chloride was found to 

inactivate the protein. Although, pre-clearing of the rCdc6p prepared using ammonium 

sulphate and potassium glutamate resulted in a preparation which stimulated pre-RC 

assembly it is likely that some rCdc6p had been inactivated in this preparation. In 

contrast, rCdc6p from the FB810 strain could be affinity purified using Ni-NTA in the 

presence of potassium glutamate and this protein was active in the loading assay. The 

FB810 strain was chosen for expression of rCdc6p for use in the loading assay and this 

strain has been used in all the following sections.
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5.5 Purification of wild type rCdc6p, K114E rCdc6p and 

E224G rCdc6p.

Cdc6p contains a nucleoside triphosphate (NTP)-binding site which includes two 

motifs identified in a number of ATP binding proteins, by Walker and colleagues 

(Koonin, 1993; Walker et al., 1982). The Walker A motif contains a consensus sequence, 

GxxGxGKT and is the site for association of a nucleotide triphosphate molecule 

(Guenther et al., 1997; Story and Steitz, 1992). A mutant form of this protein, with a 

lysine to glutamate transition at position 114, a highly conserved residue directly involved 

in NTP interaction, was found to be nonfunctional in vivo (Perkins and Diffley, 1998). 

The second motif identified was termed Walker B and contains conserved acidic residues 

for co-ordination of a magnesium ion and possibly a water molecule for the hydrolysis of 

NTP (Story and Steitz, 1992). A mutant form of Cdc6p, with a transition from glutamate 

to glycine within the Walker B motif (residue 224) was identified in a screen for 

dominant negative mutants and Mcm5p loading onto chromatin, in vivo, was found to be 

inhibited in this mutant (Perkins and Diffley, 1998). Thus, it has been suggested that the 

Walker A and B motifs play important but different roles in NTP co-ordination and pre- 

RC assembly. Here I describe the purification of the two mutant forms of Cdc6 protein, 

the Walker A mutant, K114E and the Walker B mutant, E224G and an investigation of 

the activity of the Walker B mutant in the loading assay with the aim of further 

elucidating the mechanisms of pre-RC assembly.

rCdc6 proteins were purified from three strains of E. coli, FB810 pET15b- 

CDC6/E224G CDC6/K114E CDC6. Expression was induced in each strain by IPTG and
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extracts produced, as previously described. For each protein the first step of purification 

was affinity chromatography using Ni-NTA agarose. One litre cultures o f E.coli were 

used to produce 80ml of extracts, which were loaded onto 7ml Ni-NTA agarose columns 

as detailed in section 2.6.5. Samples from these columns were subjected to 

electrophoresis on 10% SDS PAGE gels then analysed by both silver staining (section 

2.7.4) and immunoblotting for Cdc6p.

Figure 14a and 17 show samples from the Ni-NTA column with wild type rCdc6, 

Figure 19 those from K114B rCdc6p and Figure 21 those from B224G rCdc6p. In each 

case significant levels of rCdc6p were detected in the flow through of the columns, 

suggesting that either some protein cannot bind Ni-NTA or that the columns used were 

too small. Despite the presence of rCdc6 proteins in the flow throughs, significant levels 

of each protein did associate with the resin and were eluted during the imidazole gradient. 

Other contaminating proteins were also detected in the silver strains, the strongest 

contaminant being of approximately 66kDa. Both wild type and B224G rCdc6p were of a 

similar concentration to the 66kDa contaminant, however the concentration of K114B 

rCdc6p was lower.

In each case elution fractions containing the rCdc6 proteins were pooled and 

dialysed to reduce the imidazole concentration to 20mM. The samples were then 

subjected to a second stage of purification, affinity chromatography using a Talon column 

(Clonetech). Talon resin contains cobalt, for which polyhistidine tags have a high 

affinity, and is used in a similar way to Ni-NTA agarose. We reasoned that the use of a 

cobalt based resin could help remove contaminants with high affinity for nickel.
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Figure 17 Ni-NTA agarose chromatography with wild type rCdc6p (*)
rCdc6p was subjected to Ni-NTA chromatography as described in Figure 14.

Samples were collected from each stage of the purification and analysed by 

immunoblotting (Figure 14) and silver stain. The silver stain shows the following 

samples: 4pl (from 40ml) of Charge, 8 pi (from 40ml) of Flow through, 8 pi (from 25ml) 

of Wash and 8pi (from 1ml per fraction x 70) of elution fractions.
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Figure 18 Talon chromatography with wild type rCdc6p (*)
The pooled fractions from the Ni-NTA agarose column (Figure 17) were dialysed against

20mM Imidazole buffer (KG20). The sample (Charge) was then loaded onto a 3ml Talon 

Column. A 5.5 column volume wash was performed with KG30, then rCdc6 was eluted 

with a 5 volume step elution to KG 150 (150mM Imidazole).

A Immunoblotting

4p.l (from 18ml) of Charge, 8 \i\ (from 18ml) of Flow through, 8p.l (from 17ml) of Wash 

and 8p.l (from 0.5ml per fraction x 30) of elution fractions were subjected to 

electrophoresis and analysed by immunoblotting 

B Silver Stain

Samples as above.
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Figure 19 Ni-NTA agarose chromatography with K114E rCdc6p (*).
Charge was prepared from FB810 ^ET\5h-CD C6-Kl 14E and run on a 7ml nickel

agarose column as described for wild type rCdc6 in Figure 17.

A Immunoblotting

4p,l (from 40ml) of Charge, 8 p.1 (from 40ml) of Flow through, 8p,l (from 25ml) of Wash 

and 8fxl (from 1ml per fraction x 70) of elution fractions were run on a gel and analysed 

by immunoblotting.

B Silver stain.

Samples as above.
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Figure 20 Talon chromatography with K114E rCdc6p (*).
The pooled fractions from the nickel agarose column (Figure 19) were dialysed against

KG20. The sample (Charge) was then loaded onto a 1ml Talon Column. A 5.5 column 

volume wash was performed with KG30, then rCdc6 was eluted with a 5 volume step 

elution to KG 150 (KG150mM Imidazole).

A Immunoblotting

4pl (from 21ml) of Charge, 8 pi (from 21ml) of Flow through, 8pi (from 5.5ml) of Wash 

and 8pi (from 0.5ml per fraction x 10) of elution fractions were run on a gel and analysed 

by immunoblotting 

B Silver Stain

Samples as above.
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Figure 21 Ni-NTA agarose chromatography with E224G rCdc6p (*)
Charge was prepared from FB810 Tç>EÏ\5h-CDC6-E224G and run on a 7ml nickel

agarose column as described for wild type rCdc6.

A Immunoblotting

4\i\ (from 40ml) of Charge, 8 yd (from 40ml) of Flow through, 8p,l (from 25ml) of Wash 

and 8pl (from 1ml per fraction x 70) of elution fractions were run on a gel and analysed 

by immunoblotting.

B Silver Stain

Samples as above.
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Figure 22 Talon chromatography with E224G rCdc6p (*).
The pooled fractions from the Ni-NTA agarose column were dialysed and

chromatography performed with a Talon column, as described for wild type rCdc6.

A Immunoblotting

4|bil (from 26ml) of Charge, 8 |il (from 26ml) of Flow through, 8|il (from 17ml) of Wash 

and 8pi (from 0.5ml per fraction x 30) of elution fractions were run on a gel and analysed 

by immunoblotting with a monoclonal for Cdc6p.

B Silver stain.

Samples as above.

C rCdc6p/E224G rCdc6p/Kl 14E rCdc6p

The preparations of each protein after purification on the Talon column were dialysed to 

remove imidazole then samples taken for anlaysis on SDS Page gel. Immunoblotting was 

carried out with a monoclonal for Cdc6p.
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Figure 23 Wild type and E224G rCdc6 proteins in the Loading Assay.
A Loading assays were performed using W ARSl plasmid beads, Cdc6-free cell

extract and (1) no Cdc6p addition, (2) 169ng wild type rCdc6p, (3) 118ng wild type 

rCdc6p, (4) 169ng E224G rCdc6p or (5) 118ng E224G rCdc6p. Incubations were 

performed using the standard conditions, for 20 minutes before analysis by 

immunoblotting. Nitrocellulose membranes were incubated with polyclonals for Orc2p 

and Mcm2p and a monoclonal for Cdc6p.

B Three loading assays were prepared using W ARSl plasmid beads. The first with 

extract containing Cdc6 and the second and third with Cdc6-free cell extract and 169ng 

wild type rCdc6p or 169ng E224G rCdc6p respectively. Reactions were incubated for 70 

minutes and samples taken for analysis at 0, 10, 20, 30, 40 and 70 minutes. 

Immunoblotting as above.

C The supernatants from the reactions described in B.
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In (3) E224G rCdc6p was supplied to the reactions, also at 73nM and 51nM 

respectively. Similar to wild type rCdc6p, some loading was detected in A" ARSl 

reactions, however, loading was stronger for W ARSl. Dissimilar to wild type rCdc6p 

reactions, Mcm2p loading was at very low levels, only detectable on a long exposure and 

with little specificity for W ARS1. These results indicate that although E224G rCdc6p 

can associate with origins, it does not stimulate strong levels of MCM loading.

The timing of origin association by the two rCdc6 proteins was also investigated, 

and compared to that of endogenous Cdc6p. The results are shown in Figure 23b and the 

supernatants from the reactions in Figure 23C. Three loading assays were prepared, all 

with W ARSl plasmid beads. To the first reaction lOpI of ammonium sulphate extract 

containing Cdc6p (YSC3 extract prepared in the presence of galactose) was supplied to 

the reaction. To the second and third reactions lOpl of Cdc6p-free extract was added per 

40pl reaction. 51nM rCdc6p and E224G rCdc6p were then added to reaction 2 and 3 

respectively, and the reactions incubated for 70 minutes. Samples were taken for analysis 

at ten minute intervals for the first 40 minutes, then at 70 minutes. In all three reactions 

Orc2p loading was observed at a similar level until 40 minutes, but by 70 minutes this 

protein had begun to dissociate (even though it is present in the supernatant from these 

time points). This result is different from that observed in Chapter 3, Figure 7a where 

ORC was still in the bead-bound fraction at 105 minutes. The experiment shown in 

Figure 7a was performed with whole cell extracts and the earlier dissociation of Orc2p 

observed in Figure 23a may be linked to changes in the extracts due to ammonium 

sulphate precipitation. The form of these changes is unknown. In Figure 23b Mcm2p 

was detected in the bead-bound fraction at 70 minutes, in the samples with wild type
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Cdc6 or rCdc6. This suggests, that like Cdc6p, Orc2p is not required for the maintenance 

of the MCM2-7 association with origins. This is consistent with previous findings with 

protein from S. cerevisiae andX. laevis (Donovan et ah, 1997; Rowles et al., 1999).

In the first reaction, where extract containing Cdc6p was used, Cdc6p began to 

dissociate from origins after 20 minutes. This is consistent with previous results seen 

with whole cell extracts, but is different to the slow dissociation seen previously with 

Ammonium sulphate cut extracts (see Figure 10a). There thus seems to be some 

variability between different batches of extract and the cause of these differences is 

unknown.

rCdc6p loading was similar in both the wild type and E224G rCdc6p reactions, 

with partial dissociation from 30 minutes onwards. This dissociation was less complete 

than with the extract containing Cdc6p. It is hard to draw any conclusions about these 

differences due to the variability in the dissociation of Cdc6p that has been observed over 

the course of experiments.

The main difference between the two reactions performed with rCdc6 and E224G 

rCdc6p was in Mcm2p loading. Mcm2p was observed in all the time points, from 10 to 

70 minutes in the presence of wild type rCdc6p at a level just below that with the Cdc6p 

containing extracts. However, with E224G rCdc6p, Mcm2p was barely detected.

In summary, both wild type and E224G rCdc6 proteins associate with origins in 

our reactions. Both also show some level of dissociation after 20 minutes, although this 

was not as complete as with Cdc6p. Only the wild type rCdc6p protein supports the 

loading of Mcm2p and this is at a similar level, although slightly reduced, compared to 

loading with the Cdc6p extracts. In conclusion, the mutation in the Walker B motif does
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not affect Cdc6p origin association or dissociation in our assay. The main effect of the 

mutation was to reduce Mcm2p loading to barely detectable levels. This suggests that the 

Walker B motif is essential for high level MCM2-7 loading.

5.7 Cdc6p and E224 Cdc6p yeast extracts

While E224G rCdc6p was produced at a useful concentration and tested in the 

loading assay, K114E rCdc6p was not purified at high enough concentrations to use in the 

assay. With the aim of confirming the results obtained with E224G rCdc6p and to 

investigate the activity of K114E Cdc6p we extended our investigations by expressing 

both these proteins in yeast. Neither K114E CDC6 or E224G CDC6 can replace a CDC6 

deletion and thus, they were expressed as second copies of CDC6 (Perkins and Diffley,

1998). Three strains have been previously produced in our laboratory, each with an 

endogenous copy of the CDC6 gene and a second copy of CDC6 /  E334G cdc6 /  K114E 

cdc6  under the control of the GAL1,10 promoter and it has been shown that the 

endogenous Cdc6p is not found at significant levels when these cells are arrested with a  

factor (Gordon Perkins personnel communication). YGP24 contains GAL-CDCd, 

YGP26 GAE-CDC6-K114E and YGP29 GAL-CDC6-dl {E224G). Each strain was 

grown in YP raffinose until growing exponentially, then 5pig/ml nocodazole added to 

arrest cells in G2/M. Cells were then washed to remove nocodazole and released into YP 

raffinose galactose, 5pg/ml a  factor. Once cells were arrested in G1 they were harvested 

and used to produce cell extracts. Extracts were produced using routine conditions.
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except that lysis was achieved using a mortar and pestle because of the small scale of 

extract production.

A sample of each extract was taken and analysed by immunoblotting. Figure 24a 

shows the results of immunoblotting with a monoclonal for Cdc6p. Both wild type and 

E224G rCdc6p were detected, however K114E Cdc6p was not. Thus, disappointingly, 

the concentration of the K114E Cdc6 protein was below the levels of detection. 

However, this result also confirmed that the endogenous Cdc6p cannot be detected in 

these extracts. Interestingly, similar to the recombinant proteins, E224G Cdc6 shows a 

higher mobility on SDS PAGE gel than wild type Cdc6.

Figure 24b shows the results of loading assays performed with cell extracts 

containing wild type Cdc6p and E224G Cdc6p. Orc2p loading was similar in both 

reactions, binding specifically to W ARSl origins. The signal for the wild type reactions 

was slightly stronger than for the E224G reactions and this may reflect small differences 

in protein concentration or other properties of the extracts. In both cases Cdc6p/E224G 

Cdc6p bound to both W ARS 1 and A" ARS 1 origins with equal efficiency. Despite the 

non-specific loading of wild type Cdc6p, in the presence of this protein, Mcm2p loading 

onto W ARS 1 origins was stimulated.

The non-specific loading of Cdc6p resembles that seen with rCdc6p produced by 

the Codon+ strain. The pre-clearing experiment demonstrated that this kind of loading 

may be due to the inactivation of a proportion of Cdc6p protein and binding of this 

protein to non-origin DNA and/or the Dynabeads themselves. In both cases specific 

loading of Mcm2p suggests that a proportion of Cdc6p is not inactivated in this way.
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Figure 24 Only wild type Cdc6p, not E224G Cdc6p loads significant 
levels of Mcm2p onto ARSl in the Loading Assay.

Extracts were produced from three strains: YGP24, YGP26, YGP29: his3::HIS3

GÂL-CDC6/GAL-CDC6-K114E/GAL-CDC6-dJ respectively. In each case IL of culture 

was grown at 30°C in YP raffinose until density reached 5x10^ cells/ml. Nocodazole was 

added and the incubation continued until about 95% of cells were large budded (2hours 

30). Cells were then washed twice and resuspended in YP raffinose galactose with alpha 

factor. Cells were incubated until >95% single cells (2 hours) then harvested, washed, 

extruded into liquid nitrogen and processed to make extracts as described in Figure 3.

A Cdc6p expression

Cdc6p expression was checked in each extract by immunoblotting. Cdc6p-Kl 14E was not 

present at detectable levels.

B Activity in the Loading Assay

Loading assays were performed with W and A ARS 1 beads and the extracts with wild 

type Cdc6 or Cdc6-E224G. After 20 minute incubations ARS 1 beads were isolated and 

bound protein analysed by immunoblotting.
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In the reactions with E224G rCdc6p, no Mcm2p loading was detected and this is 

consistent with the investigations using protein expressed from E. coli. This result 

confirms that the Walker B motif is essential for Cdc6p to stimulate Mcm2p loading and 

thus, suggests a link between nucleotide hydrolysis by Cdc6p and MCM2-7 loading.

5.8 Pre-RC stability

Previously it has been demonstrated that CDC6 is essential for the establishment 

and maintenance of pre-replicative complexes in vivo (Cocker et al., 1996). In these 

experiments pre-RCs were monitered by DNasel footprinting during G1 phase, in the 

presence of wild type CDC6  or a temperature sensitive mutant at the restrictive 

temperature. In the presence of wild type protein pre-RCs persisted, but with the mutant 

protein they gradually disappeared. Possible explanations of these results include the 

following two interpretations. The first is that the mutant protein chosen is inactive and 

thus, that CDC6 is essential for pre-RC maintenance. This would suggest that there is 

decay of the pre-RC and that Cdc6p is required for continual re-assembly reactions. The 

second interpretation is that the mutant form of Cdc6p chosen cannot stimulate MCM2-7 

loading onto chromatin, but can stimulate unloading. Since these experiments were 

performed there has been a lot of evidence suggesting that the first interpretation is 

incorrect. In the time course in Chapter 3 for example, I have demonstrated that Mcm2p 

remains associated with W ARSl origins once Cdc6p has dissociated and thus, that
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Cdc6p is not required for the maintenance of Mcm2p-origin association. This has led us 

to question whether Cdc6p has MCM2-7 unloading activity.

If wild type Cdc6p has MCM2-7 loading and unloading activity you might predict 

that certain conditions would stimulate one activity over the other. Thus, I designed an 

experiment to look for Mcm2p unloading in the presence of different nucleotides, ATP, 

AD? and ATPyS. A primary loading assay was carried out using the routine conditions, 

with W and A' ARSl beads and ammonium sulphate extracts, for 25 minutes, at 24°C. 

Under these conditions Mcm2p is loaded onto W A R Sl. The reactions were then held in 

a magnetic separator and the extracts removed. After washing, each sample was divided 

into six and additions made. rCdc6p was added with rCdtlp (purified by means of a 6- 

His tag, by Stéphane Chedin) because both these proteins are known to be involved in 

pre-RC assembly. These proteins were added to half the samples (+) and an equal 

volume of water was added to the other half (-). Reactions were then incubated in the 

presence of 5mM ATP (with regeneration system), ADP or ATPyS, for 25 minutes at 

24°C.

The results of the second incubations are shown in Figure 25. Cdc6p was detected 

in both W and A" ARSl samples in all of the reactions. Interestingly, with ATPyS a 

doublet was actually detected, suggesting a modification of the protein under these 

conditions. In all cases Mcm2p was unaffected by the rCdc6p and rCdtIp addition, being 

of similar concentration in the W ARSl samples in + and -  reactions. Thus, in the 

presence of ATP, ADP or ATPyS Mcm2p unloading was not detected. It is possible that 

different conditions could stimulate MCM2-7 unloading, however, from our results we 

cannot conclude whether Cdc6p has this activity.
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Figure 25 rCdc6p does not show MCM unloading activity.
A primary Loading Assay was carried out with W and A' ARSl beads and

ammonium sulphate cut G1 extract for 25 minutes at 24°C, to allow pre-replicative 

complexes to fully assemble.

ARSl beads were then washed and divided into 6 sets of samples. Samples were 

resuspended with 1 ATP, CP, CPK, 2 ADP or 3 ATPyS with (+) / without (-) rCdc6p and 

rCdtlp. A second incubation was then carried out for 25 minutes at 24°C before ARSl 

beads were isolated and bound proteins analysed by immunoblotting.
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5.9 Conclusions

In summary, the activity of Cdc6p protein has proved to be affected by several 

factors. When expressed in E. coli the ionic conditions chosen for purification affected 

both the behaviour of rCdc6p during affinity chromatography and its activity in the 

loading assay. When expressed in S. cerevisiae the specificity of origin loading by Cdc6p 

also varied and the cause of this variation remains unknown.

rCdc6p was successfully purified from E. coli using the FB810 strain and 

potassium glutamate. Preparations of wild type protein showed binding specificity for W 

ARSl origins, over A' ARSl origins and stimulated Mcm2p loading. In comparison, 

preparations of Cdc6p with a mutation in the Walker B motif (E224G) bound W ARS 

origins specifically, but did not support strong levels of Mcm2p loading. These results 

were confirmed by expression of wild type and E224G CDC6 in S. cerevisiae. The 

resulting proteins bound both W and A' ARSl origins equally but a clear difference was 

seen with respect to Mcm2p loading, as only wild type Cdc6p stimulated this activity. 

We have demonstrated that the Walker B motif is essential for efficient Mcm2p loading 

in vitro.

Preparation of Cdc6p with a mutation in the Walker A motif (K114E) was not 

successful. Purification from E. coli produced protein at a concentration too low for use 

in the loading assay and expression in S. cerevisiae did not produce protein at detectable 

levels. This protein is known to be very unstable (Gordon Perkins personal 

communication) and did not lend itself to investigation with the loading assay.
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Finally we tested wild type rCdc6p for Mcm2p unloading activity. In the presence 

of ATP, ADP and ATPyS it failed to unload Mcm2p although we can’t rule out that such 

an activity could be stimulated under different conditions.
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Chapter 6

Discussion
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6.1 The Assembly of proteins at origins resembles that in vivo

Pre-RC (ORC, Cdc6 and Mcm2) assembly is dependent on a wild type A element

The investigations into pre-RC assembly to date have included many experiments 

with S. cerevisiae, which demonstrate the dependence of complex assembly on intact 

origin sequences and specifically the ACS within the A element. The protocol developed 

for the purification of ORC includes a DNA binding step, using these origin sequences 

and an intact A element has been linked to both ORC loading and plasmid stability (Bell 

and Stillman, 1992). Human Cdc6p has been demonstrated to associate with ORC and it 

has been shown in X. laevis that Cdc6p loading at origins is dependent on ORC (Coleman 

et al., 1996; Saha et al., 1998). In turn MCM loading forms part of the stepwise sequence 

of pre-RC assembly, being dependent on ORC, Cdtlp and Cdc6p (Aparicio et al., 1997; 

Donovan et al., 1997; Liang and Stillman, 1997; Nishitani et al., 2000; Rialland et al., 

2002; Tanaka et al., 1997; Weinreich et al., 1999).

In Chapter 3 it was demonstrated that Orc2p, Orc6p, Cdc6p and Mcm2p 

associated with origin sequences with a wild type A element with relatively high 

efficiency, compared to the association with origin sequences with a mutation within the 

A element, loading to the latter being undetectable in many cases. This demonstrated that 

pre-RC loading in the system resembles loading in vivo in regard to origin recognition 

and specificity of binding.

Abflp loading in the assay also resembled loading in vivo. The binding site for 

this protein has been identified as the B3 element within ARSl (Diffley and Stillman, 

1988; Marahrens and Stillman, 1992) and in the loading assay the B3 element was
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demonstrated to be essential for the loading of this factor (Figure 5, Chapter 3). In 

contrast, Orc2,6p, Cdc6p and Mcm2p loading were unaffected by a mutation in B3. The 

B3 element is known to be non-essential for pre-RC assembly and replication, thus this 

result is also in line with those previously obtained (Rowley et al., 1995).

Takashi Seki first developed the in vitro loading system, using ligated 

oligonucleotides containing origin DNA and I have extended this research to achieve 

ORC, Cdc6p and MCM loading onto single origins within plasmid DNA. This suggests 

that pre-RC loading can occur at single origin sequences in the assay and the plasmid 

based origins may provide a more efficient substrate for DNA replication, in future uses 

of the system.

Future experiments with the system could include investigation into whether 

additional factors bind origins, for example Cdtl, DNA polymerase alpha and Cdc45p. 

This would give a clearer indication of the nature of the protein assembly at origins and 

whether they are potentially competent for the initiation of DNA replication. The next 

step would then be to see if initiation could be stimulated in vitro. Because Cdc28p 

activity is essential for initiation, but inhibits pre-RC assembly, a two step system for 

initiation assays may be the most effective. The first step would use cell extracts from G1 

arrested cells, similar to the experiments presented in this thesis. The second step would 

then use S phase cell extracts, with high Cdc28 activity, to try to initiate DNA replication.
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6.2 The maintenance of MCM -  Origin association is not 

dependent on ORC or Cdc6p.

In my experiments I have observed the dissociation of both Cdc6p and ORC from 

origins. With whole cell extracts containing Cdc6p, Cdc6p began to dissociate from 

origins after 20 minutes of incubation (for example in Figure 7). Dissociation was not as 

clear with some ammonium sulphate extracts or recombinant Cdc6p. The reason for this 

is unknown, although possibilities include protein dénaturation or changes in the 

nucleotide content of reactions. With whole cell extracts dissociation was relatively 

rapid, the protein being barely detectable by 45 minutes. Mcm2p however, remained in 

the bead-bound fraction after Cdc6p dissociation showing that its continued association 

with W ARS 1 was not dependent on Cdc6p.

Significant dissociation of Orc2p from origins was observed in Figure 23B, at 70 

minutes. At this time point Mcm2p was still bound to origins, demonstrating that this 

association was not dependent on ORC. The reasons for the dissociation of ORC and 

Cdc6p observed in my experiments are unknown. It is possible that they are linked to 

changes in nucleotide concentration however there is no direct evidence to support this 

idea. Whatever the cause of the dissociation of the proteins in these experiments, it does 

demonstrate that once Mcm2p, and most likely the whole MCM complex has been loaded 

at origins in my system, its continued association is not dependent on ORC or Cdc6p.

In X. laevis the association of ORC and Cdc6p with chromatin is unnecessary for 

DNA replication, once licensing is complete (Hua and Newport, 1998; Rowles et al.,

1999). The association of each of these proteins becomes destabilized once MCMs have
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loaded and there is even evidence that Cdc6p must dissociate from chromatin for DNA 

replication to initiate (Hua and Newport, 1998; Rowles et ah, 1999). Experiments in S. 

cerivisiae have also suggested that MCM2-7 can remain bound to origins without Cdc6p 

and ORC, when these two factors are removed by high salt treatment (Donovan et ah, 

1997). The experiments in this thesis are consistent with this research and further support 

the idea that once yeast MCM2-7 have been loaded at origins, yeast ORC and Cdc6p are 

not required for their continued association. Thus, in S. cerevisiae, like X. laevis, the 

loading of the pre-RC may function to load the suspected helicase MCM2-7, the other 

members of the pre-RC becoming dispensible once this aim has been achieved. It is 

possible that the dissociation of ORC and Cdc6p may be part of the once per cell cycle 

regulation of DNA replication, a conserved phenomenon amongst all eukaryotes.

6.3 The nature of the associations between pre-RC  

components and ARSl

Figure 6 shows the effects of adding competitor DNA to the loading reactions. In 

these experiments complexes were first allowed to assemble onto W ARSl origins, then 

W ARSl (Figure 6A) or W ARSl or A' ARSl plasmids (Figure 6C) were added to the 

reactions. In these experiments W ARS 1 competitor DNA caused a decrease in Abflp, 

Orc2p and Orc6p in the W ARSl bead-bound fraction and A" ARSl competitor caused 

dissociation of only Abflp. This demonstrated that Orc2p and Orc6p dissociation was 

dependent on the wild type ARS 1 A element. While it has not been proven, it is likely 

that the whole of the ORC complex dissociated in these experiments and bound to the
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ARS 1 sequences of the competitor DNA, this binding being dependent on the A element. 

This kind of binding would be similar to ORC loading at origins in vivo, since it is 

dependent on the A element of ARSl. Thus, while it cannot be ruled out that the 

competitor DNA effects the association of ORC with ARSl-beads by some kind of direct 

interference with assembled complexes, the results point to a standard form of ORC 

loading at the competitor origins. A more favoured explanation therefore, is that free 

ORC, ORC which is not assembled in complexes, binds to the competitor origins. This 

would indicate that ORC cycles on and off of the bead-bound origins, being captured 

upon the addition of competitor DNA.

In the future it would be interesting to investigate the mechanism of ORC 

dissociation in these experiments. It can be imagined that it could be dependent on 

nucleotide dissociation and/or nucleotide hydrolysis. To look into this a similar 

experiment to Figure 6A could be performed, in the presence of the hard to hydrolyse 

nucleotide analogue ATPyS.

Abflp also dissociated in the presence of competitor origin DNA, W or A' ARSl. 

This result is consistent with Abflp binding to the B3‘ element of the ARSl competitor 

DNA and this could be proven in future experiments using B3‘ ARSl DNA as a 

competitor. The experiments in Figure 6 strongly suggest that like ORC, Abflp may 

associate, dissociate and re-associate, cycling on and off origins during the loading assay 

incubations. Together the results for these two proteins suggest that members of the 

complexes forming at origins may not be static, but rather be in a continual state of 

change. It was not possible to obtain a clear result for Cdc6p, as this protein dissociates 

from origins anyway. It would be interesting to know if this protein behaves in a similar
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way to ORC. In the future, conditions where Cdc6p did not dissociate, for example in the 

presence of the ATPyS (as described in later sections) could be used to test the behaviour 

of Cdc6p in the presence of competitor origin DNA.

In contrast to the results for ORC and Abfl, Figure 6 suggested that the MCM2-7 

complex makes more stable, static interactions with ARSl in the loading assay. The 

graph shown in Figure 6C shows the signal intensity for Mcm2p over the course of the 

competitor incubation, the intensity being very similar in the presence or absence of 

competitor DNA. As discussed, other results presented in this thesis have demonstrated 

that once Mcm2p has been loaded at origins, its continued association is independent of 

the association of ORC and Cdc6p. The results of the competitor DNA experiments are 

consistent with this and together the results suggest that once loaded the MCM complex 

forms a stable association, directly with DNA, which is independent of the other members 

of the pre-RC. Electron microscopic images of purified S. pombe MCM proteins have 

been interpreted to show a globular complex comprising all six subunits, with a central 

cavity (Adachi et al., 1997) and Archael MCMs have also been shown to form ring 

shaped multimers (Chong et al., 2000)(Yu et al. 2002). MCM2-7 is suspected to be the 

helicase for DNA replication and other helicases, e.g. SV40 Large T Antigen, form a 

heximeric ring, thought to encircle DNA (Bujalowski et al., 1994; Dean et al., 1992; San 

Martin et al., 1995). If the S. cerevisiae MCM2-7 complex is of a similar structure to that 

of S. pombe it may also form a hexameric ring, encircling DNA. This would be 

consistent with the results presented here, as you could predict that such an interaction 

with DNA would be intrinsically stable.
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6.4 Variations in the specificity of Cdc6p association with 

origins.

During the course of the experiments presented in this thesis the behaviour of 

Cdc6p, with respect to the specificity of its association with origin DNA has varied. In 

most of Chapter 3, where whole cell extracts containing Cdc6p were used, Cdc6p was 

detected in W ARSl bound fractions, but not (or at very low levels) in the A' ARSl 

bound fractions. The exception to this was seen in Figure 3 when loading assays were 

performed at 37°C. In Chapter 4 Cdc6p loading showed specificity for W ARSl origins 

when reactions were carried out with whole cell extracts or ammonium sulphate extracts, 

in the presence of significant concentrations of nucleotides. However, when nucleotide 

concentration was very low (for example Figures 9 and 11 when no nucleotide or very 

low concentrations of nucleotides were added to ammonium sulphate extracts) Cdc6p was 

detected in both the W and A" ARSl bound fractions. In Figure 5 rCdc6p was purified 

from E. coli. When the protein was expressed at high levels and purified from the 

Codon+ strain of E. coli, using ammonium sulphate and potassium glutamate during the 

purification, Cdc6p bound to W and A' ARS 1 origins equally, unless it was pre-cleared 

with Dynabeads (Figure 16). When rCdc6p was purified from the FB810 strain loading 

showed some specificity for W ARSl (Figure 23C) although significant levels of rCdc6p 

were also detected in A ARSl fractions. Finally extracts were produced on a small scale 

from yeast containing either wild type Cdc6p or E224G Cdc6p and in this case both Cdc6 

proteins bound to the W and A' ARS 1 origins with equal efficiency.
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It is difficult to draw firm conclusions from these results as a reduction in the 

specificity of Cdc6p loading at origins was observed under a number of different 

circumstances and it is likely that there was more than one cause for the variations seen.

The non-specific Cdc6p loading seen when nucleotide concentration was very low 

suggests that nucleotide concentration may be one factor which plays a role. This might 

also explain the results observed when the loading assay was performed at 37°C, as you 

might expect nucleotide hydrolysis by non-specific ATPases to occur more rapidly at this 

temperature. In both these cases there was no ORC or MCM loading and Cdc6p was 

therefore associating with the DNA or the Dynabeads independently of pre-RC assembly. 

When nucleotide concentration (ATP or ADP, loading with ATPyS being difficult to 

detect in this experiment) was increased, ORC loading was observed and the non-specific 

loading of Cdc6p was reduced (Figure 11).

Binding of Cdc6p to DNA, in the absence of ORC has been observed by other 

groups, for example with X. laevis Cdc6p (Gillespie et al., 2001) and *S.c.Cdc6p has been 

characterised as a dsDNA binding protein (Feng et al., 2000). There are several possible 

explanations for my observations. The first is that Cdc6p has precipitated or denatured in 

some way and thus, it binds to the DNA non-specifically or in my reactions, to the 

Dynabeads themselves. If this was the case the conformation of Cdc6p may be linked to 

the concentration of nucleotides present. It may be that for Cdc6p to assume a correct 

conformation for pre-RC assembly, where non-specific binding to DNA/beads is 

prevented, it must bind to ATP. (ADP also reduced the non-specific binding however it 

is not clear whether in these reactions, the addition of ADP was stimulating the 

production of ATP). This idea could be tested by future experiments using K114E
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Cdc6p. While I have been unable to successfully express and purify this protein, if these 

difficulties could be overcome K114E rCdc6p could be tested in the loading assay. 

K114E Cdc6p has a mutation in the Walker A motif, a motif involved in the phosphate 

binding of ATP (Saraste et a l, 1990; Walker et a l, 1982). If nucleotide binding is the 

key to W ARS 1 specific association, you would predict that this protein would bind the 

W and A" ARS 1 origins with equal efficiency.

Alternatively, Cdc6p may have some affinity for origin DNA, which is usually 

inhibited by binding of ORC to origins and thus, is only observed in the absence of ORC 

binding. With higher nucleotide concentrations, which stimulated ORC loading, the 

association of Cdc6p with DNA may have thus, been out-competed. Cdc6p is similar in 

sequence to Orel and archael Cdc6p has a domain recognized as a potential DNA binding 

domain (Winged helix) (Liu et a l, 2000).

A final explanation might be that the specificity of Cdc6p loading is linked to its 

status, regarding multimerisation. X. laevis Cdc6p has been shown to form multimers 

(Frolova et a l, 2002). It is possible that this is dependent on the presence of nucleotides, 

however Frolova and colleagues found that multimerisation still occurred between Cdc6p 

Walker A mutants, making this unlikely. Future work with S. cerevisae Cdc6p and 

Walker A and B mutant Cdc6 proteins, might include running purified protein fractions 

on a gel filtration column to determine whether complexes are present.

As described Cdc6p was also detected in both W and A' ARSl-bead bound 

fractions in other experiments, in the presence of nucleotides. This included the 

experiments with wild type rCdc6p purified from the Codon + strain and the final yeast 

extracts produced. The non-specific binding was prevented by pre-incubation of the
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Codon + rCdc6p with Dynabeads, before the loading assay. This demonstrated that in 

this case rCdc6p was associating with the Dynabeads themselves. In these reactions it is 

unlikely that rCdc6p was precipitated as centrifugation steps were included in the steps of 

rCdc6p purification. Thus, it is likely that the conformation of rCdc6p was affected in 

some other way, leading it to become sticky and bind to the Dynabeads.

These problems were not seen to such a great extent with rCdc6p purified from 

the FB810 strain. There were differences in the purification procedure used for rCdc6p 

from these two strains and also differences in the concentration of rCdc6p expressed in 

the cells. One possibility is that at high concentrations of rCdc6p (when expressed in the 

Codon+ strain), the conformation of the protein may be changed. This might take the 

form of multimerisation, a possibility already discussed, or perhaps changes due to 

autophosphorylation, Autophoshorylation activity has been identified for archael Cdc6p 

(Grabowski and Kelman, 2001) and thus, it is possible that Cdc6 proteins from other 

organisms also have this activity.

6.5 The length of non-origin DNA affected Mcm2p loading

In Figure 4 two different sizes of plasmid were tested in the loading assay (Large 

5822bp and Small 3322bp). Both contained the same fragment of the W ARSl origin/A' 

ARS 1 origin but the larger plasmids additionally contained greater stretches of plasmid 

DNA, including the URA3A and CEN4 genes. ORC and Cdc6p loading was at a similar 

level on both sizes of W ARSl plasmid, suggesting that the loading of these proteins was 

not affected by the length of DNA surrounding the origins. In contrast, a stronger signal 

for Mcm2p was detected for Large W ARSl than for Small W ARSl.
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I have discussed two possible explanations for these results. The first is that more 

Large plasmids than Small load MCM2-7 complexes. It is difficult to imagine why this 

might be the case, as MCM2-7 loading depends on ORC and Cdc6p (Aparicio et al., 

1997; Donovan et al., 1997; Liang and Stillman, 1997; Tanaka et al., 1997; Weinreich et 

al., 1999) and levels of ORC and Cdc6p loading was similar for both sizes of plasmid.
9

The second idea is that more MCM2-7 complexes loaded per origin, in the incubation 

with the Large plasmids. Many experiments have pointed to the fact that multiple 

MCM2-7 complexes load per origin of replication. The number of MCM2-7 complexes 

at S. cerevisiae origins has been estimated by dosage experiments, at between 10 and 20 

(Donovan et al., 1997; Lei et al., 1996) and% laevis origins may have even more, up to 

40 per active origin (Walter and Newport, 1997)(Mahbubani et al., 1997). Experiments 

performed with the X. laevis cell free system where different lengths of linear DNA were 

tested for MCM loading has identified 82bp as the minimum length of linear DNA 

required for ORC and MCM2-7 loading (Edwards et al., 2002). With this length of DNA 

loading of these factors occurred in a one to one ratio. When the length of DNA was 

increased, the loading of ORC complexes did not increase, but the loading of MCM 

complexes did increase, with DNA lengths up to a 300kb. This demonstrated that once 

loaded MCM2-7 probably distribute over a wide length of DNA. Active S. cerevisiae 

origins are known to lie between 35 and 90kb apart (Rivin and Fangman, 1980) and it is 

possible that as in X. laevis, stretches of non-origin sequence between origins, may play 

an important role in the initiation of DNA replication.

My experiments are consistent with the data described above. Mcm2p loading 

was much more efficient when 2500bp of extra plasmid DNA was present. Although this
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included URA3 and CEN4 genes it is very unlikely that these could have affected these 

results because little Mcm2p was detected in the Large A ARSl sample. In summary, 

my results suggest that MCM2-7 loading onto the Large plasmid, was specific for an 

intact origin and was stimulated by the longer length of plasmid DNA. Thus, as in X. 

laevis, MCM2-7 complexes may be distributed along a long length of DNA as they are 

loaded. This may leave the origin free for additional loading of complexes, allowing the 

number of complexes loaded per origin to increase. If, as discussed, MCM2-7 complexes 

have a hexameric stucture which encircles DNA you can imagine that they would be able 

to migrate along DNA strands away from their point of loading.

6.6 Nucleotide Requirements for pre-RC assembly

Figure 9 shows the results of loading assays performed with both whole cell 

extracts and ammonium sulphate extracts, in the presence, or absence of ATP addition. 

The results demonstrate that after ammonium sulphate treatment, extracts are dependent 

on ATP addition to support pre-RC assembly in the loading assay. Without ATP addition 

no Orc6p, Orc2p or Mcm2p were detected in the ARS 1 bead-bound fraction and Cdc6p 

was detected at a relatively low level, bound to both W and A ARSl (as discussed 

previously). Thus, the ammonium sulphate extracts provided a system with reduced 

nucleotide content, which was suitable for testing the nucleotide dependency of the steps 

in pre-RC assembly.
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The Nucleotide Requirement for ORC Loading at Origins

From the results in Chapter 4 1 would argue that both ATP and ATPyS can support 

ORC loading at W ARSl origins, in accordance with data from (Klemm et ah, 1997). 

The evidence includes the similarity between the kinetics of ORC loading in the presence 

of ATP and ATPyS, shown in Figure 10A. In this figure it is clear that Orc2p and Orc6p 

are bound to origins by 20 minutes in both the ATP and ATPyS reactions. If ORC 

loading was dependent on slow hydrolysis of ATPyS you might expect to see slower 

loading or ORC in the presence of this nucleotide analogue, than in the presence of ATP 

and this is not the case. The second line of evidence is the similarity in concentration of 

ATP and ATPyS required for ORC loading. In Figure 11C ORC was detected at similar 

concentrations in both the 3mM ATP (with ATP regeneration system) and the 3mM 

ATPyS reactions. The evidence is not totally clear in this experiment because Orc2p 

loading with 300|liM ATPyS was barely detectable, whereas in Figure llA  Orc2p was 

easily detected in the reaction with 300p,M ATP. To clarify these results nucleotide 

titrations were performed with purified ORC (Figure 12). In this experiment ORC 

loading was at similar, if not at higher levels with ATPyS than with ATP (plus 

regeneration system).

I conclude that ATPyS can support the loading of the ORC complex onto wild 

type origins in my system and thus, that nucleotide presence, but not nucleotide 

hydrolysis is essential for this step. This is consistent with previous work by other 

laboratories showing that ATP but not ATP hydrolysis is essential for ORC loading, in 

both yeast and % laevis (Bell and Stillman, 1992; Gillespie et al., 2001; Klemm et al., 

1997).
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As discussed previously, O rel,4,5 contain motifs in common with other AAA+ 

ATPases (Bell et al., 1993; Neuwald et al., 1999) and ScOrcl and Orc5 bind ATP and 

Orel can hydrolyse ATP (Klemm et al., 1997). The role of ATP hydrolysis by ORC is 

unknown but in Chapter 1 I discussed some possibilities. These included the assembly of 

the pre-RC. Evidence presented in this thesis, and by other laboratories have shown that 

hydrolysis of ATP by ORC is not essential for ORC, or Cdc6p loading and thus it is 

unlikely that ATP hydrolysis by ORC serves a role in the assembly of other factors at 

origins.

A second hypothesis for the role of ATP hydrolysis by ORC, was for a post

initiation event, such as complex disassembly. I have obtained some evidence, which is 

not inconsistent with this idea. While the dissociation of Cdc6p has been somewhat 

varied during different experiments, in Figure 8 it was very clear for the reaction 

performed in the presence of ATP. In the presence of ATPyS however, Cdc6p 

dissociation was not observed. This could be due to the inhibition of nucleotide 

hydrolysis by ORC and/or Cdc6p, however Figure 23B provides evidence that it may not 

be Cdc6p. In this Figure E224G rCdc6p, Cdc6p with a mutation in the Walker B motif, a 

motif associated with ATP catalysis (Neuwald et al., 1999) did show a similar rate of 

origin dissociation to wild type rCdc6p (this is discussed further in later sections). This 

evidence is somewhat indirect but is not inconsistent with a role for ATP hydrolysis by 

ORC, for Cdc6p dissociation from origins. Future experiments could be performed with 

mutations in the Walker motifs of ORC, to investigate these ideas further.
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I also examined the association of ORC with origins in the presence of ADP. My 

results using this nucleotide were somewhat confusing. In extracts, there was evidence 

that ORC-origin association was supported by ADP. For example, in Figure IIB  both 

Orc2p and Orc6p associated with W ARSl in the presence of ImM or more ADP. 

However, there were also observations that this association could be due to the presence 

of ATP (or other nucleotide) due to conversion of ADP to ATP in these reactions. In 

Figure lOA ORC association with origins was investigated at 20, 40 and 60 minutes. In 

this experiment significant ORC loading, in the presence of ADP, was not detected until 

40 minutes, whereas, with ATP, ORC was detected at 20 minutes. It is hard to think of 

reasons why ORC loading would be slower with ADP, than with ATP, unless ADP 

conversion to ATP was taking place. This could also explain why ImM ADP was 

required for significant ORC loading in Figure 1 IB, when only 300p.M ATP (with 

regeneration system) was required in Figure 11 A. Confusingly, ORC loading with 3mM 

ADP and 3mM ATP (Figure 1 IB) looked very similar, but this could be due to excesses 

of ATP, in the ATP reaction.

To try to clarify these results I performed the nucleotide titrations with purified 

ORC (Figure 12). In these reactions approximately lOx the concentration of ADP, 

compared to ATP, was required, for similar levels of Orc6p-W ARS 1 association. Orc6p 

was also detected at relatively high levels on A" ARSl origins, compared to loading in the 

presence of ATP.

From these results it seemed most likely that S. cerevisiae ORC does not associate 

with origins specifically in the presence of ADP. .S', c. ORC may not be able to recognise 

and bind origins in the presence of this diphosphate nucleotide, however I observed
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significant binding of purified Orc6p to A' ARS 1 - beads in the ADP reactions, suggesting 

that in my system, ORC may bind non-specific DNA sequences/or the Dynabeads in the 

presence of ADP.

Since these experiments were performed, more research on ORC-chromatin 

association in the presence of ADP has been published. Consistent with my experiments 

S. cerevisiae ORC has been demonstrated to bind origins specifically in the presence of 

ATP or ATPyS, but to non-specific DNA sequences in the presence of ADP (Takenaka et 

al., 2002). These results are in contrast to those obtained using X. laevis ORC, where 

chromatin association was supported by ADP (Gillespie et al., 2001). These differences 

perhaps represent evolutionary changes to ORC that have arisen between the two 

organisms.

The Nucleotide Requirement for Cdc6p Loading at Origins

I have also examined the nucleotide requirement for Cdc6p loading onto origins. 

In none of my experiments did Cdc6p load specifically onto W ARS 1 in the presence of 

ADP. The sequence of Cdc6p is related to Ore Ip, and as described previously, both 

contain nucleotide binding domains (Bell et al., 1995). These proteins may share a 

triphosphate nucleotide requirement for assembly at origins.

With ATPyS Cdc6p loaded specifically onto W ARSl origins (not onto A' ARSl 

origins), and this occurred at a similar rate as with ATP (Figure lOA). These results 

suggest that hydrolysis of ATP by Cdc6p is not a requirement for Cdc6p association with 

origins. Consistent with this hypothesis, the E224G (Walker B mutant) rCdc6p bound
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more efficiently to the W ARS 1 plasmid, than the A' ARS 1 plasmid. As described, the 

Walker B motif is suspected to be involved in ATP catalysis and thus, this result may 

confirm that loading of Cdc6p onto origins, is not dependent on ATP hydrolysis by this 

protein. This result is consistent with previous work where E224G Cdc6p was found to 

allow formation of a DNasel footprint very similar to that usually observed with pre-RC 

formation (Perkins and Diffiey, 1998) and work performed since my experiments, where 

X.l. Cdc6p required ATP or ATPyS for chromatin association (Gillespie et al., 2001).

It would have been very interesting to see if the Walker A mutant Cdc6p also 

bound to chromatin. As described, the Walker A motif is involved in nucleotide 

association. Unfortunately this protein could not be purified to a high enough 

concentration for use in the loading assay and was not found in significant levels in the 

yeast strains used. Past experiments with this protein have yielded mixed results. 

Experiments in vivo with S.c. Walker A mutant Cdc6 found this to be a non functional 

protein, which did not associate with chromatin, support MCM2-7 loading or DNA 

synthesis (Perkins and Diffiey, 1998; Wang et al., 1999). However, another group did 

report chromatin association of this protein, although this was not demonstrated to be 

ORC dependent (Weinreich et al., 1999).

I would suggest that nucleotide association by Cdc6p is a requirement for its 

binding to ORC and for assembly of the pre-RC assembly. The chromatin association of 

the Walker A mutant Cdc6p observed in the past may have been a non-specific 

association, as I have seen in the absence of nucleotides. I would therefore predict that in 

the loading assay, K114E rCdc6p would bind to both the W and A' ARSl origins with 

equal efficiency and independently of ORC.
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The Nucleotide Requirement for MCM2-7 Loading at Origins

The loading of Mcm2p in the presence of the different nucleotides and Cdc6p 

Walker B mutation was also investigated. With ATPyS very low levels of Mcm2p 

loading were observed (Figures 10 and 11). This occurred at a similar rate to Mcm2p 

loading in the presence of ATP (Figure 10A) and thus, it can be argued that it was not due 

to slow hydrolysis of ATPyS, or conversion of contaminating ADP to ATP, although 

these possibilities cannot be ruled out. This led me to consider the possibility that a 

proportion of MCM2-7 complexes could be loaded at origins without the hydrolysis of 

ATP. Perhaps, MCM2-7 complexes are loaded in two steps, initially one complex being 

loaded per origin without ATP hydrolysis, then ATP hydrolysis occuring to drive the 

loading of multiple complexes.

When loading assays were performed with E224G rCdc6p, Mcm2p loading was 

however, barely detectable. This result was also confirmed by the experiments with 

E224G Cdc6p expressed in yeast. These results did not really support the idea of the two 

step loading of MCM2-7 complexes. Instead, these results suggest that ATP hydrolysis 

by Cdc6p is a requirement for any MCM2-7 loading. This result is in line with previous 

work, where experiments in vivo have shown that E224G Cdc6p does not load the MCM 

proteins (Perkins and Diffiey, 1998). This leads me to suggest that in the ATPyS 

experiments, the Mcm2p loading observed was an artefact, perhaps due to low levels of 

ATPyS hydrolysis, or due to conversion of ADP to ATP in the extracts.
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6.7 Conclusion

In conclusion, I have developed the system for in vitro assembly of pre-RCs using 

yeast proteins. This shows many characteristics that resemble pre-RC assembly in vivo, 

suggesting that it will prove a useful system for further determining the events and 

controls involved in this assembly. It may also prove competent for initiation of DNA 

replication in future uses of the system.

The nature of origin association by pre-RC components has also been 

investigated. The dissociation of Cdc6p and ORC seen in some experiments and the 

results obtained using competitive origin DNA have demonstrated that ORC and Cdc6p 

are not permanent members of the complex, whereas, once associated the MCM2-7 

complex may form a more stable association with chromatin. This is consistent with the 

suspected role of MCM2-7 as the replicative helicase.

The work described in this thesis has also demonstrated three clear roles for 

nucleotides in pre-RC assembly. The first is a requirement for ORC loading, which can 

be satisfied by ATP or the hard to hydrolyse analoge ATPyS, the second is for Cdc6p 

association, also satisfied by ATP or ATPyS and the last is for the loading of significant 

numbers of MCM2-7 complexes, this being dependent on ATP. Thus, ATP hydrolysis is 

not required until loading of the MCM2-7 complexes, and this role is at least partially 

fulfilled by ATP hydrolysis by Cdc6p. Future uses of this in vitro system may help 

elucidate further the events leading up to initiation.
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Appendix 1 The Plasmids used in the Loading Assay

amp

CEN4

URA3

amp̂ "

yURA3

A R Sl

ICEN4

A
Xhol A"

ARSl

Large W A R S l plasmid 
(pARS/W TA, Marahrens and Stillman, 1992) 

5822bp

Large A A R Sl plasmid 
(pA R S/865-872, Marahrens and Stillman, 1992) 

5822bp

amp

B3̂  A R Sl

amp^

Xhol

B3®̂ A R Sl

Small W A R S l plasmid 
3322bp

Small A A R S l plasmid 
3322bp
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Appendix 2 Structures of ATP, ATPyS and AMP-PNP
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Appendix 3 The Control elements of the pET system
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